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ABSTRACT

The Immunoglobulin Gene Superfamily is characterized by a common protein
homology unit that is present in arguably the largest and most diverse set of genes and
gene families of any protein motif. This distribution indicates that the homology unit is
a remarkably versatile functional unit. Its central role in defining the complex
phenotypes of the immune and nervous systems, likewise, is testament to the ability of
the motif to support an amazing and unique degree of diversification. Understanding
more about the function, structure and evolution of the Immunoglobulin Gene
Superfamily can provide insights into both the general issues of complex system
evolution as well as the specific nature of the various systems the superfamily plays a
central role in. This thesis is a collection of work aimed at a more thorough
understanding of these elements. Particularly, these works summarize much of our
current understanding of the members of the Immunoglobulin Gene Superfamily along
with speculations on their evolutionary history as well as both the evolutionary and
somatic mechanisms responsible for their diversity. This work includes initial
descriptions of several features relevant to somatic diversification of rearranging
immune receptors, including: 1) the role of joining imprecision in the generation of
junctional diversity in immunoglobulin kappa chain; 2) the initial description of the T-
cell beta chain J/C locus; 3) the translation of T-cell beta chain D gene segments in all
three reading frames; 4) the occurrence of a cryptic rearrangement signal in most
rearranging V families; 5) the first description of the mechanisms of class switching
between heavy chain mu and delta genes; 6) the limited diversity of germline T-cell
beta chains; 7) the shared complementary determining region structure of T-cell beta
chains and immunoglobulin heavy chains. Also, from these efforts, new members of
the superfamily have been identified including MHC class I molecules, L3T4 and
Myelin Associated Glycoprotein. Various observations concerning the evolutionary
relationships of these molecules and motifs have been made. Particularly, a variation
on the basic homology unit motif has been proposed that probably more nearly
represents the primordial sequence and function.

As a result of these discoveries, a new, comprehensive picture of the
immunoglobulin superfamily is emerging that has implications for interpreting current
functional relationships in the context of the evolutionary history of the members.
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Particularly, it is suggested from this work that the ability of the homology unit to
accommodate diversity has made possible the evolution of the superfamily. Given the
tremendous diversity within the superfamily, it might be assumed that selective
pressures favoring diversity have driven its evolution. However, much of the analysis
within this collection suggests that, on the contrary, diversity is an inherent feature of
the conserved protein and gene structure of the homology unit and that it was the a
priori diversity itself that drove and shaped the evolution of the complex systems that
employ the homology unit today. This basic diversity is the consequence of three
characteristics of the homology unit. First, the tertiary structure of the protein motif is
such that homology units tend to interact preferentially to form homo- or heterodimers,
forming the basis of many of the receptors and the receptor/ligand interactions common
within the superfamily. These combinatorial associations increase both the somatic and
evolutionary potential for diversification. This can lead to the rather sudden
appearance of new functional associations between existing members of the superfamily
preadapted for otherwise unrelated functions. Second, except for a minimal number of
amino acid residues involved in critical intra- and interchain interactions, the primary
structure of these units can vary dramatically and still provide for essentially the same
tertiary structure. This has been bome out by various crystallographic studies. The
variability is particularly true of the loop structures normally identified with antigen
specificity, but seen in other extended families as well. Reduced constraints on
structural sequences inherently promote the establishment of variation within
populations. Third, with very few exceptions the genes of the superfamily, the
homology units are not only encoded by discrete exons, but these exons have a shared
1/2 splicing rule. That is, each is begun with the second 2 bases of a codon and ended
with the first base. This allows the in-frame splicing of any number of tandem
homology units, while maintaining functional protein domains. This rule generally
applies to the non-homology unit exons of member genes as well. This allows, through
relatively simple genetic events, the development of new contexts for homology unit
expression, both by simple expansion and contraction of homology unit number and
exon shuffling. This is probably at work, as well, in the frequent occurrence and
utilization of alternative transcripts seen throughout the superfamily. Many of the
recognized occurrences of alternative splicing, such as that between membrane-bound
and secreted forms, indicate that this gene structure provides for a further level of
functional diversity and the expansion of the virtual genetic information.
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Beyond the explicit discussion of the superfamily members, this work also
speaks to various issues of evolution in general. In particular, the history of the
superfamily suggests the importance of canalization and non-gradual episodes of
evolutionary change. It can contribute, as well, to the discussion of adaptive versus
neutral change.
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FOREWORD

Although members of the immunoglobulin gene superfamily have been identified
mostly as the main effectors of the immune response, their evolutionary history appears to
significantly predate the appearance of immune specificity. Figure 2 on page 10 illustrates the
structural and functional protein sequence characteristic of this superfamily, the
immunoglobulin homology unit. This motif was first recognized in the antigen receptor
molecules of the humoral immune system, the antibodies or immunoglobulins, hence the name.
However, the same basic motif is now known to occur in an array of molecules critical to the
development of phenotypes as disparate from the immune receptors as the nervous system and
cartilage formation. Homologous gene segments are found in both protostomes and
deuterostomes, further indicating an ancient history. The primary function of these proteins as
mediators of cellular interaction suggests a critical role in the evolution of multicellular
organisms. Over fifty different gene families incorporating the superfamily motif have been
identified, representing thousands of different gene segments. Figure 1 on page 12 represents
the diversity of these families. The baroque nature and enormous potential for the somatic
diversification of the immune receptors also provide a unique model for the evolutionary
development of strategies for somatic adaptability.

This thesis is a collection of papers concerned with characterizing the genes and
proteins of the immunoglobulin gene superfamily. It represents my efforts to more fully
understand the evolution of this complex array of genes and associated phenotypes, particularly
the vertebrate immune system. These efforts have included both theoretical and practical
contributions. Also, along with the biology, considerable effort has been aimed towards
developing tools that facilitate both the collection and understanding of the type of data needed
to more thoroughly understand these as well as other molecular information.

This collection is organized into three sections. The first or introductory section
includes, besides this foreword, two papers that specifically summarize the observations,
conclusions and speculations to be found in the following papers. The first paper in this
section is a particularly broad discussion of the immunoglobulin gene superfamily and, as well,
provides a reasonably concise summation of the biological and evolutionary insight represented
by the work in the following sections. The second paper was a review of the state of
molecular T-cell biology at the time of its writing and provided a synthesis of a comprehensive

model of T-cell antigen recognition based significantly on much of the work in the final section
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Its most basic tenets concerning T-cell selection, activation and structural implications
have held up well under further testing. These two papers were written explicitly as
introductions to my work included in this collection and should be seen, hence, as the
introduction and summation to this thesis.

The second section is a collection of papers that cover the more general issues of the
immunoglobulin gene superfamily, providing an introduction to the structure/function
implications of multigene families, the superfamily motif and its occurrence in diverse complex
phenotypes. The papers in this section provide syntheses concerning the evolutionary
implications of the superfamily as well as the identification of novel members and predictions
regarding their function.

The final section is concerned with research papers directly describing the isolation
and/or characterization of specific immune receptor genes and proteins. It is divided into four
subsections. The first three contain contributions regarding the three main classes of immune
receptors in T-cell antigen recognition and activation: T-cell receptors, molecules of the major
histocompatibility complex (MHC) and the co-receptor molecules that work with T-cell
receptors to define and aid in T-cell function (CD4 and CD8). The fourth subsection contains
early experimental work that defined two novel forms of somatic diversification of
immunoglobulins.

As indicated, the work presented here was done in collaboration with many other
authors over an extended period. The general theme of all of these efforts has been a desire to
understand the history and implications of the diversity of the Immunoglobulin Gene
Superfamily. In this regard, my contributions to these efforts have established several new
observations and conclusions regarding the mechanisms of diversity within the superfamily,
including the following.

1) The combinatorial rearrangement of a set of V and J gene segments was likely to be
the driving force of somatic variation of immunoglobulin chains. However, further
diversification of immunoglobulin kappa chains likely resulted from variation introduced at the
time of joining of the V and J gene segments during development. An imprecision of the
joining site created variability from the germline of the codons included in the final protein
coding transcript. This observation relied on protein sequencing of related kappa chains and
was subsequently verified with the characterization of the germline sequences. This
mechanism has been found to be a significant diversifying factor in all other known

rearranging gene segments of the immune system (Sec. VI.4.1).
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2) The first analysis of the T-cell beta chain constant region locus found 2 C regions,
each with a cluster of 6 J gene segments. V rearrangements were possible to both clusters of J
segments, using the same basic rearrangement signals as immunoglobulins (Sec. VI.1.1).

3) Diversity of the T-cell beta chain is further enhanced by the ability to join the D
gene segment in all three reading frames. This was the first observation of a sequence coding
for protein in all reading frames. A similar, but more limited use of the same mechanism was
subsequently found in immunoglobulin heavy chains (Sec. VI.1.2).

4) A region of protein coding sequence conserved in most rearranging V gene families
was likely able to serve as a secondary rearrangement signal for V/D and V/J joining. The
conservation was due to both protein sequence constraints as well as codon preferences
resulting from eukaryotic distaste for CG dinucleotides. Subsequently, rearrangements were
discovered that used these sequences and illustrated their role in rescuing nonfunctional
primary rearrangements. This observation is the foundation for a model on the evolution of
the D gene segment from existing V genes (Sec. V.5).

5) During differentiation of B cells, the same Variable regions become associated with
different Constant regions in a process called class switching. For the expression of mu and
delta constant regions, we were able to show that both alternative splicing of long transcripts
that included both constant regions as well as actual rearrangement events that repositioned the
V to the Delta constant region were involved. This provided for the association of the same
antigen recognition element with different effector functions (Sec. VI1.4.2).

6) There was significant question as to how T-cell receptors were able to recognize
both antigen and molecules of the MHC. Complicated models of dual recognition sites were
proposed. My analysis of the distribution of the variability of T-cell V beta chains, however,
indicated that they employed the same complementary determining regions that
immunoglobulins did. This, along with a detailed analysis of the conserved residues of both
receptor families lead to the currently accepted view that both receptors share the same basic
structure and antigen recognition mechanism (Sec. VI.1.2).

7) Diversity of the T-cell receptor was assumed to be greater than that of
immunoglobulins. We were the first to show that, if this were true, it was not a result of
more germline segments as T-cell receptors with non-overlapping specificities employed the
same V beta chain. Most significant, these analyses rebutted the widely held view that antigen

and MHC specificities must be relegated to either the alpha or beta chain exclusively (Sec.
1 I ) 1
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Along with variation and diversification of rearranging immune gene segments, several
more general observations have been made with regard to other members of the superfamily,
including the following.

1) A randomly isolated brain transcript was described by another lab. My analysis
discovered it to be a member of the superfamily. It was subsequently found to be Myelin
Associated Glycoprotein (MAG), a major cell adhesion molecule and perhaps involved in
cellular homing (Sec. V.3).

2) Analysis of Neural Cell Adhesion Molecule (NCAM) indicated that the several
immunoglobulin homology units of the initially incompletely characterized transcript were, in
fact, likely to be the recognition elements responsible for homodimeric interactions. Further
characterization of the gene confirmed this (Sec. V.3).

3) Analysis of NCAM, MAG and several other non rearranging members of the
superfamily resulted in the description of a third major family of homology units (H) along
with the V and C families. This was simultaneous with another author (Sec. IV.2).

4) Class I and Class II MHC sequences present antigen to T-cell receptors. Class I
receptors are heterodimers of alpha and beta chains while Class I receptors have a heavy chain
associated noncovalently with a small light chain , beta-2 microglobulin. Novel computational
tools were applied to the analysis of the Class I sequences to discover and define statistically
the likelihood that they were members of the superfamily. The first analysis of the mouse
Class II E-alpha and A-beta sequences along with the genomic structure of the genes suggest
that alpha chains and beta-2 microglobulin are related, while the beta chains appear more
similar to the Class I heavy chain (Sec. VI.3.1-3).

5) L3T4 (CD4) is a coreceptor for T-cell recognition and activation involved in the
recognition of MHC Class II. Analysis discovered it be constructed of multiple homology
units analogous to NCAM and MAG, but with interesting truncations of the motifs. Analysis
of T8 (CDS8), the analogous coreceptor for MHC Class I sequences indicated a single motif
structure that was significantly related to V gene sequences and not L3T4, indicating
independent derivations (Sec. VI.2.1-2).

6) MRC OX-2 is a cellular marker of unknown function, but with a distribution similar
to another superfamily member, THY-1. Analysis indicates not only a V-like homology unit,
but also a relict J-like region even though OX-2 does not rearrange. This, along with the
subsequent discovery of a similar J-like sequence in Lyt2 beta (mouse CD8), has interesting

implications for the evolution of the multisegmented immune receptors (Sec. V.5).
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ADVANCES IN IMMUNOLOGY, VOL. +4

Diversity of the Immunoglobulin
Gene Superfamily

TIM HUNKAPILLER AND LEROY HOOD

Division of Biology
California institute of Technology,
Pasadena, California 91125

l. Introduction

The vertebrate immune response consists of a complex set of cellular
and serological reactions that provide protection from foreign and abnor-
mal seif-macromolecular structures (antigens). These responses are
mediated by an equally complex array of immune recognition elements.
During the past decade, many of these molecules have been characterized
and have been found to share a common evolutionary precursor, the
immunoglobulin homology unit (Cunningham et al., 1973; Strominger
et al.., 1980; Williams, 1984; Hood et al., 1985). Recently, several
molecules with no known immunological functions have also been shown
to share this same precursor element (Hunkapiller and Hood, 1986;
Williams, 1987). Together, the genes encoding these related molecules
have been defined as the immunoglobulin gene superfamily (IgGSF) and
include both multigene and single-gene representatives. These IgGSF
products represent an amazingly diverse array of functions from immune
receptors to cartilage formation, reflecting the versatility of the shared
common structure (see Fig. 1).

We summarize here our understanding of the members of the IgGSF
and speculate particularly on their evolutionary history as well as both
the evolutionary and somatic mechanisms responsible for their diver-
sity. We define here a new variation on the homology unit motif that
probably more nearly represents the primordial sequence organization
than either of the two previously defined units. We believe that the unique
ability of the immunoglobulin homology unit to accommodate diver-
sity (information) has made possible the evolution of the complex
phenotvpic traits of the IgGSF. We also suggest that the diversity poten-
tial of the informational multigene families (Hood et al., 1975) of the
immune receptors is generally more important evolutionarily than the
individual strategies used to generate it. Thus, many different, but selec-
tivelv equivalent. diversifying strategies are seen in the immune recep-
tor gene families of the IgGSF. Finally, the genetic organization of IgGSF

1

Copyright € 1989 by Academic Press, Inc.
All rights of reproduction in any form reserved.
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THE IMMUNOGLOBULIN GENE SUPERFAMILY 3

members and gene families as well as structural and interactive proper-
ties of their proteins impart unique possibilities for their further evolu-
tionary diversification. Recently, a review on the IgGSF has appeared
elsewhere (Williams, 1987).

Il. The Immunogiobulin Homology Unit and the IgGSF

We define a superfamily as a series of genes that share an evolutionary
homology (i.e., common ancestor), but do not necessarily share func-
tion. genetic linkage, or coordinate regulation (Hood et al., 1985).
Members of the IgGSF have been defined by the presence of one or more
regions homologous to the basic structural unit of immunoglobin (Ig)
molecules, the Ig homology unit (Hill et al., 1966). These units are
characterized by a primary sequence about 70-110 residues in length
with an essentially invariant disulfide bridge spanning 50-70 residues
and several other relatively conserved residues involved in establishing
a tertiary structure referred to as an antibody fold. Two basic homology
unit types have been defined from crystallographic analysis of the variable
(V) and constant (C) regions of Ig (see below). The tertiary structure
of a V region is dominated by a series of nine antiparallel 8 strands,
connected by variable-length loop sequences, that assume a characteristic
barrel or sandwichlike structure with two B sheets, stabilized by the
disulfide bridge (Fig. 2) (see Amzel and Poljak, 1979). There are four
3 strands in one sheet and three in the other. The extra pair of 38 strands
is essentially stituated between the faces of the sandwich. The 3 strands
are characterized by alternating hydrophobic and hydrophylic amino
acid residues. The hydrophobic side chains are oriented toward the
interior and help stabilize the interaction between the two sheets. The
outpointing hydrophylic residues mediate the interchain interactions.
The disulfide bridge further stabilizes this basic structure, providing
compact, globular domains that are relatively proteolytically insensitive.

FIG. 1. Schemartic diagrams for the members of the IgGSF. Disulfide bonds are
represented by (s-s). Homology units are indicated as loops labeled V, C, or H (see text).
Loops of uncertain relationship to homology units are labeled with a question mark.
Different-sized loops illustrate the relative differences in length between the conserved
disuifide bond of the labeled types. Membrane-spanning peptides are shown as simple
helices. Glvcophospholipid linkage to the membrane is represented as an arrow.
Intracvioplasmic regions are drawn with wavy lines that indicate their relative lengths.
Extra- and intracellular orientations are indicated by NH, and COOH labeis on the
protein chains. respectively. Possible asparagine-linked carbohydrates are shown as jagged
lines extending from the protein chains. Note that these sites are not necessarily con-
served between alleles or across species, but are representative of at least one known
example of the labeled protein. Related IgGSF members are illustrated with a single
structure. as indicated by the name labels above each structure.
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FiG. 2. Teruary organization of V and C homology units (after Edmundson et al.,
1973). This illustrates the tertiary structure of an Ig light chain. The 3 strands and
their orientation are shown as flat arrows. Opposite faces of the sandwich structure are
indicated by either blank or hatched 3 strands. The disulfide bond is indicated with
the solid bar.

The C region units lack the pair of internal 8 strands (Fig. 2), but other-
wise assume the same general structure with a distinct, but overlapping,
series of conserved residues. The lack of this extra pair of 3 strands
decreases the distance between the two cysteine residues of C regions
relative to those of V regions. The extra loop sequence connecting these
two strands in V regions is critical to the formation of the antigen-binding
pocket of antibodies (see below). Though there are enormous variations
of primary sequences used. the basic scaffold structure of the antibody
fold appears to be highly conserved within the IgGSF members. As new
members of the IgGSF have been characterized, their homology units
have generally been defined as either V- or C-like based on primary
sequence similarities and secondary structure predictions. Many of the
more recently discovered members have a primary and secondary struc-
tural motif that, although shared among themselves, does not preferen-
tially fit either the previously defined V or C homology units. It is a
more compact unit. even shorter in length between the two cysteines
than most C-like units. Accordingly, we define a new class of homology
unit, denoted H, to encompass these members. This third type of
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homology unit has also recently been defined as C2 (constant 2) mostly
due to its lack of the V-defining extra 3-strand pair (Williams, 1987).
Overall. however, this unit appears to have a relatively equidistant rela-
tionship to both V and C homology units. Therefore, we prefer a more
generic definition that does not suggest any functional relationship to one
or the other homology unit types and emphasizes the building block nature
of this unit. Because both V and C units are each more closely similar
to H units than to each other, the H unit probably reflects a more primor-
dial mortif (see below), suggesting that the original members of the super-
family arose in early metazoa and clearly carried out cell-surface
recognition funcrions unrelated to vertebrate immunity. Figure 3 represents
the consensus structures of each of the three homology unit types.
To discuss this or any other superfamily, criteria must be defined that
establish the likelihood that any particular sequence is a homolog to
the superfamily. When attempting to define evolutionary homology
between any two sequences, various mathematical calculations can be
made to advance arguments of statistically significant similarity (e.g.,
Davhoff et al., 1983). These methods rely on defining the similarity or
distance score between any two protein sequences, calculated as a

2 g c e et D E F G
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FiG. 3. Sequence motifs of each homology unit type. This figure illustrates idealized
aligned examples of each homology unit type. Representative amino acid residues of
each tvpe are shown in their relative position along the polypeptides. Uppercase letters
are single-letter amino acid code. Lowercase letters represent a selection of amino acids
with similar funcuonal or physical properties. The key to this code is shown in the lower
left. Relative gaps are introduced into each chain to align residues conserved between
tvpes. The more nearly invariant cysteine and tryptophan residues are highlighted. The
distances between the conserved cysteine residues are shown beneath each chain. The
approximate locations of the 3 strands are illustrated with heavy bars above the sequence
representations. Note the two 3 strands (C’ and C”) not found in the C and H domains.
It is aiso clear that 3 strand D may not be found in the shorter H domain sequences.
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function of the degree of sequence identity between them. A significant
relationship is usually defined by a similarity score a minimum number
(e.g., >2-3) of standard deviations (SD) above what would be expected
from comparison of two random sequences. The expected value is generally
calculated by randomizing or “shuffling” one or both sequences many
times (100-150) and each time recalculating their similarity. It is the
mean of these scores that forms the basis for the reference score for
“unrelatedness.” The greater the deviation is from this standard, the closer
the relationship. Therefore, these values should reflect the evolutionary
history and particular relationships within a family of related sequence,
i.e., genealogy. These methods work well for relatively recently diverged
sequences whose differences can be statistically viewed within a model
of gradual sequence divergence at relatively constant rates. However, selec-
tive constraints against further sequence divergence berween more
distantly related sequences disrupt this model. For example, the con-
served structure of IgGSF members is apparently mediated by a limited,
but selectively conserved, set of amino acid residues at particular posi-
tions in the primary sequence, while many of the rest of the sequences
are allowed to vary dramatically. There must be, then, a limit to the
apparent sequence divergence between any two sequences such thart they
can maintain shared strucrural features. That the number of explicitly
conserved amino acid residues need not be large is illustrated by the
fact that even proteins generated by genes belonging to the same family
may be less than 20% similar. However, many of the remaining residues
are relatively conservative substitutions for the same position in another
member. Consequently, similarity scores between proteins with variably
selected residues decrease linearly with actual evolutionary distance only
within a relatively restricted distance range. In other words, as evolu-
tionary distance increases, distance scores tend to level out within a
relatively narrow (and low) range, thus losing any fine distance informa-
tion. Within this range (~2-6 SD) significant noise is generated by
localized regions of presumably convergently similar sequences. This is
because no protein sequence can be viewed as legitimately random; i.e.,
not all possible combinations of linear and tertiary relationships between
amino acids are biologically meaningful. Hence, linear sequences that
successfully define a limited number of structural motifs must con-
vergently (independently) arise much more frequently than statistical
analyses would predict from amino acid composition alone. Thus,
relatedness scores between sequences that share analogous structural
fearures will tend to overestimate their actual evolutionary relatedness.
In the case of the IgGSF this is particularly true because of the domi-
nant structural role of the 3 strands. The alternation of hydrophobic
and hvdrophylic residues certainly imposes a bias in these sequences for
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the presence of certain amino acid combinations. Presumably any
sequence that relies heavily on B-sheet structures will, by selective
constraint, be biased toward a similar amino acid composition. There-
fore, the contribution of covergent evolution cannot be ignored when
considering the relationship of distantly similar sequences. Another
complication that exacerbates the difficulty in distinguishing divergent
from convergent relationships is the relative overrepresentation of IgGSF
sequences in the data bases that new sequences are generally compared
against. In the absence of truly significant matches, a data base com-
parison of almost any sequence will generate a list of “best” matches
that includes at least some members of the IgGSF because there are so
many diverse IgGSF examples in the data bases.

To identify significantly related sequences it is critical to start with
reasonable sequence alignments. Alignments are the means by which
residue-to-residue or base-to-base homologies are established. This means
that the various penalty and weighting factors used to calculate the
distances implied by the substitutions, deletions, and insertions of a par-
ticular alignment must reflect biologically and structurally “appropriate”
assumptions about the likelihood of the various genetic events as well
as the selective pressures for maintaining structural integrity. In this
regard, it is important to take into consideration established sequence
and structural homologies when evaluting the addition of a new member
to the IgGSFE. It is meaningless, for example, to align a new sequence
to two established IgGSF members in ways that maximize its similarity
to each of the two independently, but would result in a misalignment
of already well-defined relationships between the two established
members. Therefore, it is important that all family members fit a con-
sensus alignment. In the IgGSF this consensus alignment must take into
consideration the 3-strand/loop organization and the repertoire of con-
served amino acid residues. As reflected in the voluminous collection
of V- and C-like sequences aligned by Kabat and Wu (1987), not only
substitutions burt length heterogeneities (deletions/insertions) are over-
whelmingly concentrated in the loop regions of IgGSF sequences,
presumably because they have less selective impact on the basic struc-
ture. Therefore, while indiscriminate use of gaps during alignment of
any two IgGSF members (or potential members) may optimize the
statistical score between them, it may ignore the selective constraints
dictated by biological considerations.

Unfortunately, the evolutionary distance between the major groups
of the IgGSF and the nonrandom modes of modification of its members
make standard methods of statistical comparison singularly unreliable
for establishing not only the broader relationships within the superfamily
but also for determining whether a sequence belongs to the IgGSF at
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all. For example, one attempt to calculate the relative distances between
various distantly related 1gGSF members using standard techniques
(Williams et al., 1987) determined that the Thy-1 molecule (a T cell
surface antigen; see below) had a similarity score 4.2 SD above random
with the fibrinogen v chain and a score of 6.6 SD with the poly(Ig) recep-
tor (see below). These scores represent highly significant p values of about
10 -2 and 10—, respectively. However, the fibrinogen <y chain and the
poly(Ig) receptor had a score of only 0.8 SD, exhibiting no significant
relatedness. Except in unusual circumstances, a syllogism between scores
should be maintained, i.e., if sequence A and sequence B are related
to sequence C, then A and B should also be related. If these relation-
ships are lacking, then one must question whether, in the example given
above, any significant evolutionary relationships are reflected. Accord-
ingly, other criteria must also be considered when attempting to establish
IgGSF relationship(s). For example, secondary and tertiary protein struc-
ture conservation can be critical when considering the relationships within
a family of molecules so strongly dependent on a conserved structure.
However, there is no three-dimensional structural information for most
IgGSF members, only calculated predictions based on less-than-perfect
methods (Novotny et al., 1984). Also, there are the caveats concerning
the possibility that presumably unrelated sequences can convergently
assume a similar tertiary structure (e.g., Richardson et al., 1976).
Therefore, we have taken a broadly cladistic approach to defining
members of the IgGSF and their relationships, based upon a series of
hopefully reasonable, objective, and subjective predefined taxa of features
and assumptions, no single one of which is absolute. Primarily, a sequence
must have a consistent, statistically significant degree of primary sequence
identity to many, divergent representatives of the IgGSF. In addition,
a sequence must also minimally maintain most of a small series of par-
ticularly conserved residues (Fig. 3) and a predominant 3-strand potential
throughour its sequence for us to consider it a member of the IgGSFE.
Also. direct or functional association with other, better defined homology
units can lend subjective support to considering a more ambiguous
sequence as a relic unit. even if it does not meet enough of the more
objective criteria alone. Several of the larger, polydomain sequences (to
be discussed later) exhibit sequence regions that can be argued to be
derived evolutionarily from IgGSF sequences, given this latter assump-
tion. Another striking general feature of IgGSF members, also useful
in defining IgGSF membership, is that individual homology units of
IgGSF members are encoded by discrete exons (with a few exceptions
to be discussed later). Moreover. splicing between these exons always
occurs between the first and second base of the boundary codon
(Y2 rule). Other factors such as percentage identity, the ability to
undergo somatic DNA rearrangements, the particular gene segments
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used in the rearrangement process, the comparative exon organization
of sequences, the functional roles and associations, and the chromosomal
linkages can be considered to refine further the genealogical relation-
ships. The sequences discussed in this paper all comfortably conform to
this set of rules and are all generally accepted as members of the I[gGSF.

Ill. Receptors of Immune Recognition

Any discussion of the diversity of the IgGSF must, by weight of data.
be dominated by the molecules that mediate specific recognition of
antigens: the Ig of B cells, the antigen-specific receptors of T cells (TcR),
and the class I and class II proteins of the major histocompatibility
complex (MHC). Ig can be expressed either as cell surface-bound recep-
tors or as secreted humoral antibodies. Ig are capable of recognizing
soluble or “free” antigens and play a role in both the cell surface trig-
gering of B cell differentiation and as the effector molecules of humoral
immunity. TeR, in contrast, occur only as surface-bound molecules and
are able to recognize antigen only when it is presented in association
with a class I or class I MHC molecule on a target cell. Hence, T cell
recognition is said to be MHC restricted (see Schwartz, 1984). The T cells
generally mature in the thymus and it is there that self-reactive T cells
are eliminated and the processes that confer MHC restriction occur
(Bevan. 1981). In general, class I molecules present antigen to cytotoxic
T cells while class II molecules present antigen to regulatory or helper
T cells. TcR do not appear to mediate directly the effector responses
that occur upon T cell activation. Rather, they are present in a matrix
of accessory molecules (CD3, CD4, CD8, etc.) that are involved in
T cell activation and responses (see Townsend, 1985).

The basic Ig structure is a tetramer constructed of two identical,
disulfide-linked heterodimers, each composed of one light (L) and one
heavy (H) chain. Both chains are divided into an N-terminal V and a
C-terminal C region. This interaction is homophylic in the case of the
C-terminal Cy domains and heterophylic between the V regions and
the C and Cyy; regions. The V and Cy regions are single homology
units while Cy regions consist of two to four related, but distinct, units
tandemly linked. Pairs of similar homology units between chains associate
to generate globular domains which represent the functional units of
the molecules. The V and C homology units use opposite faces of the
sandwich structure to interact with like units through mostly 8-sheet
interactions. Interchain association is often stabilized through disulfide
bonds. Together. the V regions from both chains form the antigen-
binding domain while the C region domains mediate various effector
responses. As will be discussed later, many of the C-related functions
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are initiated through further heterophylic associations of the C domains
with homology units of other IgGSF members. Ig are humoral or
membrane-bound depending on which exons of the Cy genes, i.e., those
responsible for secretion or those responsible for membrane insertion,
are included in the mature RNA by alternate pathways of RNA splic-
ing (Early et al., 1980a). The antigen-binding site of an Ig V domain
is derived mostly from three or four relatively “hypervariable” (HV) loop
sequences from each chain that connect the 3 strands of the more con-
served “framework” regions (Wu and Kabat, 1970; Capra and Kehoe,
1974). The second HV region is generated by the connecting loop of
the V-specific pair of 3 strands (Amzel and Poljak, 1979).

The predominant TcR are heterodimers, composed of an « and a 3
chain (see Hannum et al., 1984; Meuer et al., 1984). The /3 TcR have
been found on all functional cytotoxic T cells and helper T cells. Together,
they appear to be necessary and sufficient to confer specificity for antigen
and MHC (Yagiie et al., 1985; Ohashi et al., 1985; Dembic et al., 1986;
Kuo and Hood, 1987). Each receptor is associated in the membrane with
CD3, a multimeric protein complex of four or five polypeptides that
appears to have a transducer role in T cell activation (see Terhorst et al.,
1986). Molecular analyses have shown that both the « and 3 chains have
a single V and C homology unit, a connecting sequence of unknown
function, a transmembrane, and a cytoplasmic region (Fig. 1) (see Davis,
1985; Kronenberg et al., 1986). The C, homology unit has a highly
unusual structure apparently lacking an internal (8 strand and a highly
conserved tryptophan residue important in stabilizing the overall fold.
It is assumed to be evolutionarily derivative of the C unit lineage rather
than that of H units, because of a gene and protein organization
analogous to other immune receptor C units (see below). Although the
sequence similarity between T and B cell V regions is low, the V regions
of both receptors share about 15 conserved residues (Kronenberg et al.,
1986) that have been shown in Ig to be critical sites for determining three-
dimensional structure through intra- and interchain interactions (see
Amzel and Poljak, 1979). Various theoretical calculations of structure
potential also suggest that the V domains of both receptors share essen-
tially the same three-dimensional form (Goverman et al., 1986; Novotny
et al., 1986). However. a reduced intracysteine distance in both Vg and
V. relative to Ig sequences may indicate a generally shallower (flatter)
binding site (Goverman et al., 1986). The total variability between the
known Vj sequences examined so far is greater than that of the
available Ig chains (Patten et al., 1984), and this variability is more
distributed throughout the sequence. However, analysis of extensive
sequence data indicates that there are HV regions in Vg sequences at
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positions homologous to those of Ig chains (Barth et al., 1985; Behlke
et al., 1985; Concannon et al., 1986). High background variability leads
to ambiguous HV results for the V, sequences (Arden et al., 1985;
Becker et al., 1985; Hayday et al., 1985a). The broader distribution
of variability, combined with possibly flatter loop structures, may indicate
that a generally larger area of the TcR is available to interact with antigen
than is available in many Ig. Although Ig can also have relatively flat
interactive surfaces with antigen (Amit et al., 1986; Colman et al., 1987;
Sheriff et al.. 1987), such a general trend in TcR may have implications
for the nature of the antigenic surfaces they recognize. Ig interact
primarily with epitopes (antigenic sites) that are defined by a tertiary
relationship between amino acids of a protein rather than their linear
relationship along the sequence. It seems that the most flexible local
structures of proteins may be generally more antigenic than the stiffer
ones. as they would be able to adjust their conformation and generate
a structure that better fits an Ig binding pocket (Westhof et al., 1984;
Fieser et al., 1987). It has been suggested that an analogous flexibility
of the Ig binding site could reciprocally facilitate such interactions
(Colman et al.. 1987). The extremes seen in Ig, from the deep binding
pockets of antihapten Ig to the flat surfaces of antiprotein Ig, might
demonstrate a steric accommodation of the loop structures to the antigen
with which they are bound more than some general binding-pocket
geometry. ICR are not generally thought to interact with tertiary epitopes,
but rather short linear sequences presented in a planar motif (see below).
Hence. there would be less need for TcR as opposed to Ig to adjust to
the variable shape of the antigen. However, it seems likely that there
are no fundamental differences in the antigen-binding structures of Ig
and TcR. This implies that they also share basic recognition strategies
(Goverman et al.. 1986: Novotny et al., 1986).

A second class of TcR also associated with the CD3 complex has a
heterodimeric structure consisting of v and & chains (Brenner et al.,
1986: Bank et al., 1986: loannidis et al., 1987). This class of TcR is found
on early thymocvtes and about 1-5% of peripheral T cells (Lew et al.,
1986: Borst et al.. 1987: Moingeon et al., 1987; Pardoll et al., 1987;
Bluestone et al., 1987). The v chain is more similar in overall sequence
and organization to the TcR 3 chain (Saito et al., 1984; Kranz et al.,
1985; Lefranc and Rabbits, 1985; Murre et al., 1985). The 6 chain is
much more similar to the « chain, including sharing the deletion of
the same internal 3 strand (Chien et al., 1987a). The role of a v/6 TcR
1s unknown. but. as mentioned above, neither the v nor the § chain
is necessary to confer antigen or MHC specificity. The concordance
between the structures of v and 3 chains and § and « chains does,
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however, seem to imply a complementary function. The v/§ TcR might
define an important functional subset of T cells, with either or both
a unique target repertoire or functional response. Some ~/6-expressing
cells can apparently exhibit both nonspecific and MHC-linked killing
(Matis et al., 1987).

A. ORGANIZATION, REARRANGEMENT, AND DIVERSIFICATION OF Ig
AND TcR GENES

Ig chains are encoded by three unlinked gene families, the heavy chain
gene family and the x and X light chain gene families (Fig. 4) (see Honjo,
1983). In each family, V gene formation occurs through a process of
gene segment rearrangement. The Vy genes are constructed by the jux-
taposition of a V gene segment and a joining (J) gene segment, while
a Vy gene is generated from the joining of a V, a diversity (D), and a
] gene segment. RNA processing removes the intervening sequence
between the rearranged ] gene segment and the C gene. TcR « and 3
chains are encoded similarly, with V, genes employing V and ] gene
segments and Vg genes constructed from V, D, and J gene segments
(Fig. 4) (see Davis, 1985; Kronenberg et al., 1986). The organization
and sequence of the v gene are most similar to those of the X light chain
genes, and do not appear to employ D segments (Fig. 4) (Hayday et al.,
1985b). The 6 gene, while more similar to the « gene, does include at
least two D segments (Fig. 4) (Chien et al., 1987b). More interestingly,
the 6 gene family is entirely located within the « locus. The C; gene
is located 5 of the ], gene segments and appears to rearrange both with
uniquely V; gene segments and with V, gene segments.

DNA rearrangements of Ig and TcR gene segments are mediated by
specific recognition sequences proximal to the gene segments in comple-
mentary orientation (Fig. 5) (see Honjo, 1983; Kronenberg et al., 1986).
These sequences consist of a conserved heptamer linked by 12 or 23 non-
conserved nucleotides to an A/T-rich nonomer. A recognition sequence
with a 12-base spacer joins to one with a 23-base spacer and vice versa
(Fig. 5) (Early et al.. 1980a; Sakano et al., 1980). Transfected TcR Dg
and Jz gene segments can rearrange appropriately in B cells (Yan-
copoulos et al., 1986), and Ig/ TeR hybrid rearrangements are known
(Baer et al., 1986). Thus. the same or similar enzymes are used for B and
T cell gene rearrangement. Tissue-specific rearrangements probably
reflect the tissue-specific accessibility of the local chromatin structure
of the loci.

B. MECHANISMS OF SoMmaTic DIVERSIFICATION

The diversity of both Ig and TcR must complement the range of poten-
tial anrigenic determinants. An amazing array of mechanisms is employed



18

v -

‘Ajurey ound 0 ayy 01 11asUL UR SB UMOYS ST A1)
ouaf ¢ ay g Ajzeqius paziuedio are saf[ture) JUAE URINE] "SIIUBISIP UMOWNUN IILIIPUL SIIGUNU INOYIUM SIYSE]S I|qNO(] 'SIsEqo(y Ul
saduelstp are Apure) ureyd Kaeay a1 ut ssuad woidar- uaamiaq s quiny ‘siuawrdas suald [ pue (g arensnyp saulf (11137 SIWIWTos
auad uoi8a1-p a1e saxoq papqy pue sauad uoidar-ny are saxoq uad(y ‘sarpiurey auaf yay, pue J| ssnowr 3y Jo uoneziuediy ‘91

O tH—— ——— —— m
An ) ) V
——— t +——— + —+—+ A+t ———+—+ »lllsl*!.lp D
EU nu“, U_.. Eﬂ cﬂ E—. Ui. U—_ U—— U—- uﬂ Uﬂ U_a U_A _.w_: U—, 5_.

Joydadal 190 |

PR eY T 1 %)OWI

= TSR | ek sl e ST, v L] L L EEE | g Y=o €k *
Ty RETS a5 %oty nays IETTA S Qe L Yy My D,
1 07 W o (e O3 it
ity §oqan E oy e /A
B - wm o Bl oy,

N e e s
5 . Wl

urngobounuiw)



14 TIM HUNKAPILLER AND LEROY HOOD
\ D d
12 23
A - - F-
Cap——— 2% 12
K - -- P
23 WS e HD 23
H ‘——_-i—:“< A | - - - —i |-=
o e — 12
(o4 __Fi:—— - —m }-—

23 _ 8 e 83 12
BT e o mle o}
23 12

e 23 12
) - - - - - -3 e

FIG. 5. Organization of V' gene rearrangement signal sequences. The rearrange-
ment signals for V. D, and ] gene segments are shown in the relative orientation in which
they are found in each gene family. The conserved heptamer is shown as a filled box
and the nonomer is an open box. The distance in bases between each heptamer and
nonomer is indicated.

to provide it. The basis of mammalian receptor diversity is the germline
repertoire of gene segments and the consequent combinatorial possibilities
that arise at both the DNA and protein levels during differentiation of
both B and T cells (Table I) (see Honjo, 1983; Kronenberg et al., 1986).
At the DNA level there is a combinatorial rearrangement of gene
segments within a family (e.g., any V,, can join to any J,). At the protein
level a combinatorial association may occur between the heterodimers
(e.g., any & may associate with any 3). Particular immune receptor loci
may also have additional “nonstandard” combinatorial possibilities. The
Djs and Djs gene segments are flanked by asymmetric rearrangement
signals, suggesting the possibility of D-D and V-] joining according to
the 12-23 joining rule (Fig. 5). Possible examples of both events have
been described for the 3 chain (Yoshikai et al., 1984; Concannon et al.,
1986), but their frequency is unknown. However, the occurrence of Ds-D;
Jjoinings is well established (Chien et al., 1987b). The Vy gene segments
have been shown to rearrange into already compiete Vi genes at an inter-
nal sequence near the 3’ end of the Vi gene segment that mimics the
5' rearrangement heptamer of D gene segments (Kleinfield et al., 1986).
This results in a combinatorial potential between any Vi gene segment
and the very 3’ sequence of anv other downstream Vi gene segment.
Interestingly, all four families of TcR V gene segments conserve the same
cryptic rearrangement signal sequence (data not shown) and, accordingly,
have the potential for similar secondary rearrangements.

Two other diversifying mechanisms directly linked to the rearrange-
ment process operate to extend the basic combinatorial diversity of both
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B and T cell sequences. First, the actual site of joining can vary across
a range of several coding nucleotides proximal to the heptamer in both
segments (Fig. 6) (see Tonegawa, 1983). This results in the generation
of length heterogeneities and, hence, significant diversification of the
protein products. However, this flexibility also results in many V and
J gene segments joined out of reading frame with respect to each other
and, hence, “nonproductive” V genes. Each rearrangement appears to
have only the randomly expected one-in-three chance of joining the
segments in frame (Alt et al., 1984; Lewis et al., 1985). This possibility
suggests that joining efficiency in both B and T cells has been sacrificed
for the diversity contributed by a flexible joining process. It has
been suggested that secondary V rearrangements into the cryptic rear-
rangement signal may “rescue” some fraction of these nonproductive
V genes (Kleinfield et al., 1986).

A consequence of joining flexibility is that the Dy and Dg gene
segments can be used in all three reading frames, essentially multiply-
ing the size of each D segment family by three (Goverman et al., 1985;
Kaartinen and Makela, 1985). However, Dy gene segments appear to
be more restricted in the reading frames they employ than are Dg gene
segments. This distinction cannot be accounted for by termination codons
in the unused frames. It is unclear, then, whether this distinction is a
consequence of specific differences in the rearrangement process, of selec-
tion at the protein level, or simply of a sampling bias (most characterized
TcR sequences have been isolated without regard to specificity, unlike

FiG. 6. Somatic diversification of Ig gene elements. Shown are the 3’ sequences
of three related heavy chain V genes that each use the same V, D. and ] gene segments
(see Kim et al.. 1981, for sequence references). This figure is a simple illustration of
how somaric diversification mechanisms can generate different proteins even if the same
germ line information is used. Each rearranged V gene is listed beneath the represen-
tative germ line elements from which they were constructed. Dots indicate base-to-base
similarity of each V gene to the germ line sequences. Translation of the germ line
sequences are shown directly above in single-letter amino acid code. Differences in transla-
tion between the germ line and rearranged sequences is also shown above the respective
V gene. Junctional variation in the exact joining point between elements length can
be seen. Non-germ-line N-region sequences at the joining sites are labeled.
Random nucieoride differences within the body of an element are the result of somatic
hypermutation.
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the Ig sequences). As regards the first possibility, it should be noted that
the heptamer sequences of TcR gene segments are not as conserved as
those of Ig (data not shown). Rearrangement efficiency can apparently
be influenced in B cells by differences in the heptamer sequence
(Goodhardt et al., 1987).

A second process adds random nucleotides between gene segments
during joining (Fig. 6) (Alt and Baltimore, 1982; Kurosawa and
Tonegawa, 1982). These “N regions” can range from 1 to greater than
10 nucleotides and are found in Vi (see Tonegawa, 1983) and in all four
characterized T-cell-expressed chains (see Kronenberg et al., 1986;
Quartermous et al., 1986; Chien et al., 1987a). Human and mouse V,
sequences do not appear to include N regions, but rabbit V, chains may
(Heidmann and Rougeon, 1983). Interestingly, mouse » constructs trans-
fected into rearranging B cells can include the N sequence upon rear-
rangement (Lewis et al., 1985). This certainly implies that light chain
sequences can be productive substrates for the enzyme(s) mediating
N-region diversification. It is possible that the lack of recognized N
regions in mouse and human V genes reflects a biased sample set, rather
than biological constraints. All known Ig N sequences have a high G/C
content. However, this bias is considerably reduced in mouse and human
Vg N regions (data not shown). Potential V, N sequences do not appear
to be G/C rich either, but the lack of germ line data and the conse-
quent difficulty in rigorously defining the germ line contribution to Vg
and V, junctional regions make the calculations less than certain. The
Vs N sequences, on the other hand, have a clear G/C bias. A G/C bias
reduces the possibility of generating stop codons as well as several amino
acid codons, such as those for aromatic residues. It is possible that clonal
selection favoring or not favoring G/C-rich codons may explain this
discrepancy among chains, rather than specific differences in the diversi-
fying processes. Selection at both the DNA and protein level may play
a role in this bias (Milner et al., 1986). It has been suggested that the
N sequence is the result of the operation of deoxynucleotidal transferase
(TdT) on the free ends of DNA exposed during V gene rearrangement
(Alt and Baltimore, 1982). TdT is known to add a random sequence
with a G/C bias to a free end of DNA (Kunkel et al., 1986), such as
might be expected to exist during rearrangement. A correlation has been
demonstrated between the extent of N-region sequence and the expressed
levels of TdT (Desiderio et al., 1984).

Both junctional and N-region diversification alter the third HV loop
of Ig and TcR V regions and can have a profound effect on the reper-
torre of antigen specificities (e.g., Auffray et al., 1981; Azuma et al., 1984;
Darsley and Rees. 1985; Hedrick et al., 1988). In fact, these mechanisms
result in the greatest variability of each of these chains being concentrated
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in their third HV regions. with the possible exception of Vi chains (Barth
et al., 1985). This variability can be so great that essentally no recognizable
germ line D gene segment sequence remains (Fig. 7). The role of the
D gene segment may be more as a substrate for the diversifying mechanisms
than as a contributor of specific amino acid sequence information.

Ig genes undergo a third type of somatic variation not directly linked
to rearrangement. This process, denoted somatic hypermutation (Fig. 6),
distributes point mutations throughout both Vy and Vi genes and
flanking sequences, resulting in as much as a 3% nucleotide change
from the germ line sequence (Kim et al., 1981). The rate of hypermuta-
tion may approach 1 X 10 ~3/base/cell generation (e.g., Wabl et al.,
1985; Sablitzky et al., 1985), which is three to four orders of magnitude
greater than expected in most cell types (Kimura, 1983). Hypermuta-
tion may contribute less than 5% of the total sequence diversity of the
expressed Vy chain repertoire of the mouse (Gojobori and Nei, 1986).
However, as many as 90% of B cells may express Vy genes that have
undergone somatic hypermutation. These mutations may be clustered
and are localized to about 1 kb of sequence centered about the rearranged
V gene (Kim et al., 1981; Gearhart and Bogenhagen, 1983). Although
it may occur in pre-B cells without surface Ig expression (Wabl et al.,
1985), hypermutation appears to be an ongoing process (Rudikoff et al.,
1984; Clarke et al., 1985). Antigen selection appears to drive the preferen-
tial expansion of mutated clones with increased affinity, contributing
to the affinity maturation observed in the development of a humoral
immune response (Gearhart et al., 1981; Clarke et al., 1985; Sablitzky
et al., 1985). Somatic mutation can also generate new specificities
(Diamond and Scharff, 1984; Giusti et al., 1987). However, somatic
hypermutation probably more often has impact on affinity maturation
rather than on increasing the overall repertoire of antigen specificities.
The V, and Vg and apparently V., genes do not frequently, if at all,
undergo hypermutation (Barth et al.. 1985; Ikuta et al., 1985; Behlke
et al., 1985; Davis, 1985). Information on the Vg genes is not yet
available. It is possible that T cells do not diversify in this manner in
order to avoid the potential for generating autoreactive specificities
outside the selective environment of the thymus (Barth e al., 1985; Honjo
and Habu. 1985; Eisen, 1986). Consequently, it may be that TeR affinities
for antigen will be on average lower than those of Ig. The possibility
of generating autoreactive B cells may pose a smaller risk because of
the regulatory safeguards provided by T cells.

Cy class switching is a further rearrangement process found in Ig
genes (see Honjo, 1983). Initially, a rearranged Vy gene is immediately
upstream of the first Cy gene, C, (Fig. 4) (Shimizu et al., 1982), to
which it splices to create a complete mRNA. During class switching,
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FIG. 7. Representative variation possible within a junctional window. The sequences
in this tfigure are the 3’ sequences of a collection of human #-chain V genes (see Wilson
et al.. 1988. for a key to the sequences). The V, D, and J gene segment sequences are
labeled. The N-region sequence is included with the D sequences. An attempt was made
to align the junctional sequences to the core D gene segments. However, so little of the
germ line information remains in many of the regions that the alignment is often
arbitrarv. Likewise. the boundary between the V and junctional region is difficult to
indicate precisely because of the lack of much germ line V gene segment information.
The conserved Cvs of the V region and the conserved Phe-Gly of the ] segment are
indicated for reference. Note the enormous variability of both length and coding potential
between the 5' most conserved ] sequences and the 3’ most conserved V gene segment
sequences even though only two D gene segments are used. Also, the (N)D(N) sequence
can be translated in all three reading frames. The three sequences highlighted with
an asterisk have the reading frame of their junctional sequence indicated by vertical
bars separating codons. All three possible reading frames are represented.
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the same Vy gene is juxtaposed 5’ to one of the other Cy genes further
downstream within the Cy gene cluster, with the concomitant loss of
the intervening DNA. The result is not diversification of the antigen
recognition repertoire, but rather the expression of this diversity within
the various functional contexts provided by the different C genes. This
process occurs within repetitious “switch” sequences 5’ of most Cy genes.
Like hypermurtation, switching is often associated with the maturation
of an immune response (Gearhart et al., 1981).

C. STRATEGIES OF DIVERSIFICATION

There are obvious similarities among the gene families of the immune
receptors (Fig. 4). However, each family and each receptor has a unique
combination of strategies for organization and diversification, both
species and chain specific. The A L chain family is illustrative in this
regard. The N\ L chains are used in only 2-3% of mouse and rabbit Ig,
but may comprise as many as 40% of the L chains of human and
95% of chicken Ig (Hood et al., 1967). The mouse A chain employs
primarily three functional V/]J pairs and is mostly diversified by somatic
hypermutation (see Eisen and Reilly, 1985). The human X family, though
organized similarly to that of the mouse, has many more V and J elements
and employs all of the general diversifying strategies discussed above to
some degree. The chicken X locus, on the other hand, has only a single
functional V and J gene segment (Reynaud et al., 1985), but has 25
tightly arrayed pseudo-V gene segments just 5’ to the funcrional V) gene
segment (Weill, 1986). It appears that somatic diversification of the
chicken A repertoire results almost entirely through gene conversion-like
events of the functional V gene segment by the pseudogene segments.
Thus. a single V) gene segment appears capable of generating virtually
the entire L chain repertoire of the chicken. The A chain diversity in
different species can obviously arise by very different mechanisms.
Presumably then, the contribution of any gene family to the total reper-
toire of Ig or TeR diversity is determined by its overall diversifying poten-
tial rather than merely by its size.

The number of gene segments employed by various gene families is
illustrative of how combinatorial potentials can vary in a family and
in a species-specific manner. For example, the mouse has >500 Vy gene
segments (Livant et al., 1986), but <30 Vg gene segments (Patten
et al., 1984; Barth et al., 1985; Behlke et al., 1985). The human, on
the other hand, may have only about 50 Vy gene segments but 75
V; gene segments. Both the mouse and human may have less than 100
V, gene segments and no D, gene segments. However, the o locus has
5 to 10 times more | gene segments than other loci (Arden et al., 1985;
Becker et al., 1985; Hayday et al., 1985a; Winoto et al., 1985; Yoshikai
et al., 1985). As Table I illustrates, when all variations are considered,
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mouse B cells and T cells are probably capable of generating comparable
levels of combinatorial diversity (Goverman et al., 1986). Presumably,
the same is true for other mammals as well.

As great as the combinatorial diversification potential may seem, the
gene segment combinatorial values of Table I imply a much more modest
diversity potential for Ig and TcR than would be expected if all diversi-
fying mechanisms are factored in. It is impossible to be rigorous in
quantifying the contributions of these mechanisms, but reasonable
approximations can be made. Basically, instead of simply factoring in
D segments in the combinatorial calculation, it may be better to quanrify
the total number of potential junctional sequences that can be generated
between V and ] gene segments, the loop of the third hypervariable
region. The sequence in this region reflects the effects of N-region diversi-
fication. joining-site variation, multiple D elements (translated in three
reading frames), and nonstandard rearrangements. Diversification from
these mechanisms can be so great that each V gene family has a certain
junctional window that can be virtually any sequence at the protein level.
This window is defined as the sequence between the most C-terminal
V segment residue that is never altered from germ line by junctional
variation and the equivalent most N-terminal residue of the J regions
(Fig. 7). Each chain has a characteristic minimum and maximum length
for this window. Examination of known Ig and TcR HV3 regions sug-
gests that all 20 amino acids can be found at each residue position in
this region. Therefore, to a first approximation the number of poten-
tial junctional sequences for any chain is

max

1P

N = min

where max is the maximum length of the window and min is the
minimum length. The window for known Vg sequences for example is
from abour 6 to 15 amino acid residues. In practice, however, not all
lengths within this range are equally represented, as this distance is only
seldom greater than 8 residues. The similarly limited window size of V,,
sequences appears to be from 3 to 7 residues. The number of sequences
between 6 and 8 residues in length with any amino acid possible at any
position is almost 2.7 X 101°. When this value (and 1.3 X 10? for V,)
is factored into the combinatorial “V X ] X junctional sequences” (using
values from Table I), 4.4 X 1013 Vg and 6.5 X 10!2 V, chains can be
generated. Assuming that only 1% of each of these is a viable protein
because of inherent constraints of protein structure (e.g., chains with
eight cvsteines in a row are not likely to be functional), there is still the
potential for generating 2.9 X 10?2 receptors. If the number of these
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pairs is reduced by another factor of 100 because of the inability of certain
dimers to form or removal because of self-reactivity, 2.9 X 1020 poten-
tial TcR are possible from the germ line repertoire of one mouse. During
the lifetime of a mouse, probably fewer than 109 thymocytes will ever
leave the thymus, perhaps 1% of all those actually generated there
(E. Rothenberg, personal communication). The difference in the poten-
tial TeR diversity and the actual level of diversity manifested in T cells
is striking, particularly considering that these estimates of potential are
certainly conservative. It is interesting that poorly formed chains and/or
dimers may be more responsible for elimination of maturing thymocytes
before migration to the periphery than selection against autoreactive
clones. This could imply a role in T cell development for a test for the
functionality of the expressed TcR gene products as a major aspect of
MHC restriction, rather than a test for self-recognition per se (Gover-
man et al., 1986).

Similar calculations for Ig (a window of from 5 to 10 for Vy regions
and only 2 to 4 for V| regions) (Chothia and Lesk, 1987) would result
in 3.9 X 10'® potential Ig molecules. This may seem substantially less
than the number of potential TcR, but Ig undergoes the added diversi-
fication of somatic hypermuration. Calculating the effects of hypermuta-
tion is difficult, but assuming that the product of any B cell division
is susceptible to the process, the potential number of unique clones must
be several orders of magnitude greater than the combinatorial poten-
tial alone. Again, compare these figures to a possible 1011-10!2 total
B cells generated over the lifetime of a mouse.

Calculations of the potential diversity of v/6 TcR are even less certain
because the number of V, gene segments that may rearrange with Cs
is unclear. However, to visualize the potential combinatorials it is suffi-
cient to merely calculate the junctional sequence diversity potential of
the V; sequences known (Elliot et al., 1988). A window length of
between 5 and 16 is readily possible, much wider than any other V family
and primarily the result of the frequency of Ds-Dj; joining. A window
this size could potentially generate 6.9 X 1020 V; junctional sequences.
Though it is certain that not all of these sequences are viable and that
there will be skewed distribution of certain amino acids (because of the
contribution of the D segments), the true diversity potential for a v/é
dimer must be enormous. [Using a different method, Elliot et al. (1988)
estimate a potential diversity of 10V +/6 dimers.] The potential is
amazing when it is considered that there may be fewer than 10 V, or
V; gene segments.

Of course, the diversity potentials just calculated primarily reside in
the HV3, critical for determining the specificity of both Ig and TcR.
It seems. in fact, that the presence of D segments and/or expanded J gene
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segment families is the means by which to promote the complete diversi-
fication of the junctional region and can be considered as essentially
equivalent diversifying strategies. However, HVS$ is only one of three or
four regions of each chain that contribute most to antigen specificity.
Also, even residues outside the HV regions can interact with the antigen
on occasion (e.g., Sheriff et al., 1987). It is possible that alteration of
HV3 often adjusts the specificity of a receptor that has a more general,
but sull restricted specificity provided by the V segment structure. This
can be seen in fine specificity differences between TeR sequences that
differ only in the HV3 (Winoto et al., 1986; Fink et al., 1986). In other
words, it is selectively important to provide not only a large number of
different receptors, but to ensure as broad a range of differences between
these receptors as possible. Even though there are plenty of examples of
single residues having profound effects on specificity, the most reasonable
assumption is that the more nearly similar two receptor sequences are,
the more nearly their specificities will overlap. No matter how diverse
a junctional window is, if the rest of the sequence is essentially the same
as many of the other members of the V gene family, the overall range
of specificities will be severely truncated. Therefore, a diverse germ line
repertoire of V gene segments may have more to do with providing this
range than in contributing to greater combinatorial numbers. Certainly,
from our previous calculations the number of potential receptors would
not be much affected relative to actual clones expressed even if the number
of V segments is reduced substantially (compare Vy and Vg, for
example). In Table I there is a value for the number of known subfamilies
of each chain. Subfamilies are defined by members of a particular gene
family that are 75% or more similar (that cross-hybridize). The number
of subfamilies. therefore, is one indication of the range of differences within
a family (Barth et al., 1985). The Vg and V, gene families, although
they have generally smaller subfamilies than Ig V gene segment families,
have many more of them relative to the total number of genes and, hence,
have much greater variance by this criterion than either Vy or Vi fam-
ilies. [Even though the maximum difference reported between Vg gene
segments and between Vi gene segments is similar (Barth et al., 1985),
if two randomly picked Vi gene segments are selected, they will by
chance be more similar to each other than two randomly chosen Vg
sequences.] Does this imply a greater need for diverse TcR than Ig? Again,
it must be remembered that hypermutation diversifies the entire Ig V
region, perhaps mitigating any differences in range. The generally greater
number of Ig V segments should also be considered. Also, experimental
sampling differences could give a false impression about the true extent
of germ line diversity in these families (Barth et al., 1985).

The use of such varied diversifying strategies by the different gene
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families and species argues that it is the total receptor diversity and the
range of that diversity that generally represents the selectable phenotype,
rather than particular sequences or modes of variation. This is an impor-
tant perspective when considering the functional implications of the dif-
ferent strategies and their evolution. Most importantly, the level of
potential diversity implies that virtually every pre-B and pre-T cell gener-
ates a unique receptor structure. Given even conservative estimates, the
potential number of different receptors is certainly much greater than
the number of different B or T cell clonal types expressed in any
individual at any given moment (106-107; Jerne, 1955; Klinman ef al.,
1976). The potential is so great for Ig that the loss of large segments
of the germ line contribution can fail to have an appreciable impact
on the level of functional diversity (Vice et al., 1970; Kelus and Weiss,
1977). This variation is uniquely accommodated by a basic receptor struc-
ture that essentially allows the somatic tailoring of immune receptor
repertoires to the current antigenic environment.

IV. Gene Organization and Diversity
of the Major Histocompatibility Complex

Class I and class II MHC molecules are both noncovalently linked
heterodimers (Fig. 1). Class I molecules are constructed of a class I heavy
or a chain and a non-MHC-encoded light chain, g-microglobulin
(Be-m). Class II molecules consist of o and 3 chains of similar size. Both
class I and class II molecules appear to fold into paired membrane-distal
and -proximal domain structures (Fig. 1). The proximal domain
sequences of all four chains are composed of classical C homology units
(see Hood et al., 1983). The distal regions of both class I and class II
molecules have torally distinct structures. Therefore, the possibility of
an evolutionary relationship between the distal regions and Ig homology
units must remain conjecture (Ohnishi, 1984).

It seemns that MHC molecules act as low-affinity, broadly specific recep-
tors that interact with and present short peptide antigens to TcR (see
Claverie and Kourilsky, 1987). These interactions are mediated by the
distal domains (see Germain and Malissen, 1986) and hypervariable
sequences analogous to those of Ig (see Mengle-Gaw and McDevite, 1985).
Although not generally similar, the distal sequences of class I and class
II molecules do share specific sequence and structural similarities that
are probably homologous in origin (Malissen et al., 1984), implying not
only a direct evolutionary relationship, but also suggesting that they
present antigen in a similar fashion (Germain, 1986). The presented
peptides arise as products of an intracellular “processing” or degrada-
tion of protein antigens. Processed peptides have been shown to bind
to a single site on class II molecules (Giuillet et al., 1986).
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Recently, a high-resolution crystallographic analysis has been completed
on a human class I molecule (Bjorkman et al., 1987a). This structural
data confirm that the membrane-proximal region of the « chain and
B2-microglobulin are canonical Ig C homology units. However, the most
striking feature of the structure is the nature of the antigen-presenting,
distal regions. Each of the two regions consists of four antiparallel
3 strands in a single sheet, overlayed by an extended «-helical structure.
Interdomain alignment creates essentially a single, eight-stranded 3 sheet
that appears as a table topped with two parallel helical structures running
its length. forming a groove between them (Fig. 8). The residues lining

Fic. 8. Teruary organization of an MHC class I protein. This figure (after
Bjorkman et al . 1987a) illustrates two views of a class I MHC molecule. A full-length
side view (A) shows all three regions (al, a2, and a8) of the class I molecules as well
as their relationship to 3:-microglobulin. The 3 strands are shown as flattened arrows.
The two long «-helical structures resting on the 3-sheet platform of the al and o2 regions
and the groove berween them are viewed end-on. A view directly above the al/a2 B-sheet
platform (B) locks directly into the antigen-presenting groove.
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this groove as well as those on the “top” surface of the helices contain
most of the previously identified hypervariable residues of class I
sequences (Cowan et al., 1987; Gussow et al., 1987). Therefore, it appears
that the helical groove is the binding site of the peptide antigens
(Bjorkman et al., 1987b).

In various strains of mice, there are from 25 to 36 class I genes, but
only two or three (K, D/L) are generally involved in antigen presenta-
tion and are coexpressed on most somatic cells (see Hood et al., 1983).
There are two class II loci, I-E and I-A, each encoding an « and f3
chain (see Mengle-Gaw and McDevitt, 1985). The class II molecules of
both loci (isotypes) are coexpressed, but usually only on specialized
antigen-presenting cells. The rat and human MHC are similarly
organized (see Howard, 1987; Wake, 1986). Class I and class II loci
involved in antigen presentation are the most polymorphic protein coding
loci known in vertebrates. At least 50-100 alleles of each expressed locus
are found in both mouse and human populations, and none of these
loci is dominant (see Klein and Figueroa, 1981). Analogous to the V/C
dichotomy of Ig and TcR. most of the heterogeneity is found in the mem-
brane distal regions and can reflect a variation of up to 109 between
allelic proteins (see Mengle-Gaw and McDevitt, 1985; Klein and Figueroa,
1986). Although there are interesting exceptions (Streilein and Duncan,
1983; O'Brien et al., 1985), most mammals studied appear to share this
high level of MHC polymorphism. This heterogeneity and multigenic
expression assure the presence of multiple class I and class II molecules
in normal individuals. For example, 75% of Caucasians will express four
different alleles at their three class I loci (Bodmer and Bodmer, 1978).
Because of this heterozygosity, class II « and 3 proteins can contribute
further to this diversity in an intraisotypic combinatorial manner
analogous to that of the two chains of Ig or TcR (see Bevan, 1981).
However. limitations on particular intraisotypic pairings have been seen
and may account for the tight genetic linkage berween pairs of o and
3 class II genes (Braunstein and Germain, 1987). Combinarorial pro-
ducts between the different class II isotyvpes have also been reported
(Germain and Quill, 1986: Malissen et al., 1986), but the frequency of
functional interisotypic combinations is unknown.

MHC polvmorphism and combinatorial associations directly comple-
ment the TcR repertoire by expanding the context for antigen presenta-
tion, thereby broadening the range of antigen recognition possible with
a given set of TcR (Goverman et al., 1986). Unlike Ig and TeR, MHC
molecules must rely solely on evolutionarily acquired variation. There
are two recombinational mechanisms of diversification operating on
MHC genes as a result of their multigenic organization. The first is the
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process of homologous, but unequal crossing over. Such recombination
events lead to the expansion and contraction of multigene families and
changes in the repertoire of variant members (see Hood et al., 1975).
The variation in the gene number of both class I and class IT genes seen
among mouse strains is consistent with a frequent occurrence of such
events (Rogers, 1985; Stephan et al., 1986). This mechanism can also
generate functional hybrid variants if recombination occurs within the
genes (Sun et al., 1985).

“Minigene” conversion is a second, presumably recombinatorial,
mechanism affecting MHC gene families (Mellor et al., 1983; Pease et al.,
1983; Weiss et al., 1983). Independent events often generate the same
clustered set of point substitutions (Geliebter et al., 1986) and appear
to result from small. gene conversion-like events between similar
sequences. These events may account for much of the high rate of muta-
tion at some MHC loci, as high as 10~3/gene/generation in mice
(Melvold and Kohn, 1975). The donor sequences of analyzed examples
appear to be the non-antigen-presenting class I genes of the Qa and
Tla loci (Mellor et al., 1983). Interestingly, certain K alleles appear to
undergo spontaneous gene conversion-like events an order of magnitude
more frequently than the D alleles. Thus, position in the multigene family
may dictate the frequency of recombination-like events.

While miniconversion events will extend diversity between alleles, they
will also maintain a higher level of similarity between gene family
members in general (a conversion inherently makes the two involved
sequences more similar). Therefore, while frequent minigene conver-
sions will maintain a dynamic heterogeneity between alleles, it will also
provide a force for concerted or coincidental evolution within a popula-
tion. particularly if the donor and recipient genes are not extremely
tightly linked and., or the correction is directional in nature (Dover, 1982).
Such conversion and homologous recombination events are probably
responsible for the high degree of species-specific character found in
MHC gene families (Hood et al., 1975; Ohta, 1982; Bregegere, 1983;
Havashida and Mivata. 1983).

Once variants have arisen, what are the forces responsible for their
fixation within a population? Are there positive selective forces favor-
ing variants or is their establishment generally neutral? Is the process
of variation itself selected? These are vexing questions because, even
though there are no particularly frequent alleles, the collection of alleles
is relatively stable within wild populations over time (Arden and Klein,
1982: Havashida and Mivata. 1983; Figueroa et al., 1985). Studies of
variation between allelic polymorphic regions of MHC sequences
demonstrate that the pattern of silent and replacement base changes
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more nearly resembles that expected for random substitution than that
of conserved sequences like globins (Havashida and Miyata, 1983;
Gustafsson et al., 1984). These values imply that MHC polymorphic
regions are under relatively weak constraining pressures as to their exact
protein sequence. Paradoxically, the absolute rate of evolutionary change
between class I alleles and species homologs is actually less than that
of most other genes analyzed, including the globins (Hayashida and
Mivata, 1983). This might indicate that structural variation is sometimes
less important in the effects it can have on the interaction between an
allele and antigen or TcR per se, than in how concomitant variation
in its specificities complement or fail to complement the collective
specificities of the allelic population. Thus, the lack of frequent MHC
alleles implies that there is no “best” collection of MHC genes and that
selection for variation occurs in the context of a population and par-
ticular lifestyle (Streilen and Duncan, 1983). This reflects the ability of
pathogens to alter their antigenic profile more rapidly than host popula-
tions can acquire new MHC alleles. Because of its degenerate specificity,
mutations leading to the improvement in the interaction of an allele with
one antigen may weaken its interaction with other antigens, potentially
exposing the organism to a host of other infectious agents. Therefore,
within a changing antigen mileu no single MHC molecule or limited
collection of molecules can ever optimally present all possible antigens.
It is not only advantageous for an individual to be heterozygous for MHC
molecules (in order for it to be able to respond to the broadest range
of antigens), burt also for it not to duplicate completely the repertoire
of a neighbor. Pathogens have a much more difficult time expanding
within a heterogeneous population in which the neighboring host
organism will have a different repertoire of antigen-presenting alleles
to be circumvented than the one already successfully invaded. The
negative consequences of losing this populational diversity may have
recently been demonstrated in cheetahs (O’Brien et al., 1985). Cheetahs
are much more susceptible to viral epizootics than are other big cats.
It appears that cheetahs have undergone at least two severe populational
bottlenecks (O’'Brien et al., 1987) that. because of founder effects, have
essentially eliminated diversity of the MHC locus within the species.

The mechanisms responsible for assuring MHC variation are not
special to the MHC. Rather. they are inherent consequences of the
organization of the multigene families encoding the MHC. We assume
that analogous recombination mechanisms also play significant roles in
generating the germ line variation within the Ig and TcR gene families
(e.g.. Krawinkel et al., 1983: Havashida et al.. 1984; Clarke and Rudikoff,
1984; Kodaira et al., 1986). However, Ig V gene segments do not appear
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to undergo homologous crossing over as frequently as do MHC genes.
This may reflect the lack of conserved linear sequences in V genes that
would facilitate crossing over or correction and a shorter target length.
Such factors would presumably also affect the rate of gene conversion
and may account somewhat for the difference in conversion rates between
K and D class I loci. Therefore, differences in the organization of MHC
genes and V gene segments may affect not only the rate, but also the
narure and mode of their evolutionary diversification.

For both MHC and V gene families, it appears that the overall reper-
toire of diversity, rather than the individual variant, is generally the select-
able phenotype. However, it is presumably the clonal expression (one
receptor per cell) of Ig and TcR diversity versus the nonclonal expres-
sion (multiple receptors on each cell) of MHC diversity that establishes
the selective constraints on the gene copy number of each family and,
hence, the differences in how diversity in each system is selected and
maintained. For the large Ig and TcR gene families these organizational
differences reflect a selection for diversity within a family rather than
between alleles. On the other hand, a single antigen-presenting cell
presents multiple peptides MHC complexes at any one time. It is the
combination of peptides MHC molecule that is the functional T cell
antigen. The same peptide in association with a different MHC mole-
cule 1s effectively a different antigen and would generaily be recognized
only by different T cells. There is certainly a practical limit on how many
MHC molecules per se can be expressed on a single cell as well as a limited
amount of any particular processed peptide antigen available for presen-
tation by that cell. Too many coexpressed class I or class II variants would
lower the concentration of any particular peptide/MHC combination,
potentially below the threshold level required to trigger a specific T cell.
With such constraints, diversity of the smaller repertoire of MHC genes
is assured through the maintenance of extreme allelism and a
heterozvgous population. This extreme allelism ensures that the broadest
possible range of antigen specificities is available to every antigen-
presenting cell in a manner analogous to the contribution to the range
of T cell specificities by the large number of subfamilies in TcR V genes.

V. Nonimmune Receptor Members of the IgGSF

At least 23 other distinct genes or gene families with no direct role
in antigen interaction have been identified as belonging to the IgGSF.
Most are single-gene members and most appear to encode distinct cell
surface. receptor molecules. Although these genes are generally non-
polymorphic. the diversity of the examples is striking. For convenience,
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these molecules can be loosely associated in eight categories: (1) non-
antigen-presenting, (3;-microglobulin-associated molecules, (2) T-cell-
associated molecules, (3) molecules expressed on both T cells and nervous
system cells, (4) nervous-system-associated molecules, (5) Ig-binding
molecules, (6) growth factor/kinase receptors, {7) miscellaneous and
(8) uncertain examples. Note that these categories are not meant to imply
necessarily functional or evolutionary relationships.

A. NON-ANTIGEN-PRESENTING, [3o-MICROGLOBULIN-ASSOCIATED
MOLECULES

As mentioned, $s-microglobulin is a single C homology unit, the light
chain of the MHC class I molecule (Cunningham et al., 1973). It is
probably divergently related to the MHC class II « chain (McNicholas
et al., 1983) and may be considered functionally an orphan MHC gene.
It is encoded by a single, nonpolymorphic gene (Parnes and Seidman,
1982). Besides the antigen-presenting class I sequences,
Bo-microglobulin is also found in association with the Qa and Tla MHC
molecules and the CDI family of antigens.

In the mouse. most MHC:-linked class-I-like genes are encoded in the
Qa and Tla regions and are not involved in antigen presentation.
Although the Qa and Tla alleles are not as polymorphic as the X and
D alleles, substantial rearrangements of the loci through unequal cross-
ing over is seen (see Flavell et al., 1986; S. Hunt, personal communica-
tion). These sequences are strongly conserved within species, but may
not be conserved at all between species (Rogers, 1985). The function
of purative Qa and Tla gene products is unknown, but it has been sug-
gested that the genes serve primarily to drive the evolutionary diversifica-
tion of the antigen-presenting K- and D-like alleles by providing a pool
of diversity for gene conversion-like events (e.g., chicken \; see Howard,
1987). However, the differential expression of many of these genes in
distinct populations of hematopoietic cells and the relatively low fre-
quency of obvious pseudogenes (S. Hunt, personal communication) argue
that there may be selection of these sequences directly at the protein
level, perhaps as elements involved in the differentiation of hematopoietic
cell subsets. The chicken VA gene family indicates that there is no strict
requirement for maintenance of open reading frames to be efficient donor
sequences in gene conversion-like events. Accordingly, without selection
at the protein level, one might expect a larger number of pseudogenes
within this group. Also. some Qa molecules are secreted and may have
regulatory functions (Soloski et al., 1986).

The human CDI antigens are differentiation antigens that characterize
immature thymocytes and some lymphoid malignancies (Bernard et al.,
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1984). Like class I sequences, CD] molecules associate noncovalently with
Bs-m (Ziegler and Milstein, 1979), but at least one CDI1 antigen (T6)
is also found disulfide linked, in some thymocytes, to the CD8 molecule
(Ledbetter et al., 1985; Snow et al., 1985), another member of the IgGSF
(see below). Recent characterization of the CD1 genes indicates that they
have an exon and protein structure similar in organization to class I heavy
chain genes, with one membrane-proximal, C homology unit and two
unrelated distal regions. However, they are not linked to the MHC and
they are no more similar to class I than to class II sequences (Calabi
and Milstein, 1986). This family has at least five members that may be
clustered. Hybridization results indicate homologous sequences are
present in mice (Martin et al., 1986). The role of these molecules is
unknown, but their interspecies conservation, dissimilarity to MHC genes,
and differential expression imply an independent protein function,
possibly morphogenic in nature. The T6 molecule is expressed on all
epidermal Langerhans cells. These are the only epidermal cells that
express MHC class II molecules and are believed to be specialized antigen
presenting cells (see Wolff and Stingl, 1983). Recent work reveals that
the T6 molecule expressed on Langerhans cells is cointernalized with
MHC class II molecules through the process of receptor-mediated
endocytosis, indicating a potential role of the T6 antigen as a receptor
invoived in some immune function (Hanau et al., 1987).

B. T-CELL-ASSOCIATED MOLECULES

Besides the TcR, T cells express a host of accessory molecules that
are presumably involved in signal transduction, cell adhesion, and even
the facilitation of antigen/MHC targeting. The CD4 and CD8 molecules
are accessory molecules of T ceils that appear to play an important role
in facilitating T cell interactions with target cells. The CD4 and CD8
molecules are expressed on most thymocytes together. However, most
peripheral T cells fall into two mutually exclusive populations, those
expressing only CD4 or only CD8 molecules. Both molecules appear to
interact directly with either class I (CD8) or class IT (CD4) molecules
(Dembic et al., 1987; Gabert et al., 1987) and hence may be predomi-
nantly responsible for restricting cytoxic T cells to class-I-presented
antigens and helper T cells to class-II-presented antigens (see Townsend,
1985). The human CD8 molecule is usually characterized as a homodimer
of @ chains. unlike the CD8 of mouse, which is a heterodimer with an
« and 3 chain (Lyt-2 and L3T4, respectively). The CD4 molecule appears
to be monomeric. However, recent evidence indicates that the human
CD8 molecule may also exist as a heterodimer employing a Lyt-3 ()
homolog (J. Parnes, personal communication). Each molecule has an



Iv - 37

32 TIM HUNKAPILLER AND LEROY HOOD

N-terminal V homology unit, most like those of light chains, linked by
a connecting sequence to transmembrane and cytoplasmic regions (Fig. 1)
(Johnson et al., 1985; Littman et al., 1985; Maddon et al., 1985;
Sukhatme et al., 1985; Zamoyska et al., 1985; Johnson and Williams,
1986; Tourvieille et al., 1986; Gorman et al., 1987; Nakauchi et al.,
1987). Beyond these similarities, the CD4 and CD8 molecules have very
different structures. The CD8 « and 8 chains have connecting sequences
approximately 60 residues long. The CD8 « and, perhaps, the CD8 38
chain have an immunoglobulin hingelike sequence in this region that
presumably plays an important role in determining how the molecule
is displayed into the extracellular environment (Sukhatme et al., 1985).
The CD8 3 chain has a short peptide sequence that is indistinguishable
from those of Ig and TcR ] segment sequences (Fig. 9). Neither the
CD8 « or 3 chain gene rearranges during differentiation. Considering
the high level of identity between the CD8 3 J-like sequence and those
involved in rearrangement, this lack of rearrangement in CD8 @ raises
interesting evolutionary possibilities that will be discussed later. The
CD8 o and [ genes are single copy, are located within a few kilobases
of each other, and are closely linked to the x light chain locus (J. Parnes,
personal communication). The CD8 homodimers and heterodimers appear
to form single V domain-like receptors possibly interacting with a con-
served epitope on MHC class I molecules (see Goverman et al., 1986).

Even though CD4 and CD8 molecules appear to perform analogous
functions with homologous ligands, class IT and class I MHC molecules,
respectively, they do not appear to share a recent common origin. The
CD8 « and 3 V-like regions are more closely related to V| sequences
than the N-terminal V-like element of the CD4 molecule (Tourvieille
et al., 1986). Moreover, the CD4 molecule has a connecting sequence
approximately 280 residues in length. Within this sequence and
immediately C terminal to the first V-like sequence is a second, albeit
truncated, homology unit sequence (Tourvieille et al., 1986). It has

TMeUEE & =an WVFEGGTKLTVL
MOWSE .. C2N T sy v EAK
mouse ., <on Dowe Q. TV 8B
MoEsE _3 03 M o T sy s v
Bumar o7 Ne W S Lwm e LN
rat MRE Sx-=Z NM S.=.VSGT

FiG. 9. The J-like sequences in nonrearranging IgGSF members. Shown for com-
parison are consensus J sequences for the three Ig families. Similarity to the J A con-
sensus is indicated by dots. Gaps inserted 1o optimize alignment between ] elements
are indicated with dashes.
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been suggested that there are two even more extensively diverged homology
units tandemly arrayed in the connecting sequence (Clark et al., 1987),
one without a disulfide loop. The second homology unit is more nearly
similar to the first V-like region than to other IgGSF member sequences,
indicating its probable origin through a duplication event involving the
first V-like or related region (Tourvieille et al., 1986). Therefore, although
the foreshortened nature of the second homology unit might suggest that
it belongs to the H class of sequences, its similarity to the V-like region
implies that it should also be classified as V-like. The evolutionary
implications of its truncated nature will be discussed later.

With such dramatic differences in structure, how do the the CD4
and CD8 molecules perform such apparently analogous functions? How
can the CD4 molecule form a domainlike receptor structure like the
CD8 chains presumably do? It is still possible that CD4 is expressed as
a homodimer or heterodimer. As mentioned, it is only recently that a
human CD 3 chain may have been identified, and a loosely coupled
CD4 homodimer would be difficult to identify. Alternatively, two of the
V-like units of the CD4 molecule, presumably the most N-terminal pair,
could fold together to generate a pseudodimeric structure (Parnes and
Hunkapiller. 1987). Monoclonal antibody epitope mapping of the CD4
chain does indicate that these two regions are in close enough apposi-
tion to generate a composite epitope (B. Jameson, personal communica-
tion). It is possible, however, that the CD4 and CD8 molecules perform
their roles in completely unrelated ways. CD4 may interact monomerically
with its MHC ligand through (-sheet interactions between a homology
unit of CD4 and a C unit of the class II molecule in the manner of other
IgGSF domain-forming interactions.

The a/8 and v/6 heterodimers are noncovalently associated on the
T cell surface with the CD3 complex. The human and mouse CD3
molecules are composed of v, 8, €, and { chains. CD3 v, 6, and e cDNA
sequences have been characterized (van den Elsen et al., 1984; Krissansen
et al., 1986; Gold et al., 1986, 1987). Each has a single H-type homology
unit. a short connecting sequence, a transmembrane element, and a
hydrophylic cvtoplasmic tail. It is believed that an unusual asparagine
residue conserved in the transmembrane region of all three chains is
involved in forming a salt link with an equally conserved lysine residue
in the transmembrane peptide of all four TeR chains. The v and 6 chains
are each significantlv more similar to each other than either is to any
other IgGSF member. indicating a relatively direct evolutionary rela-
tionship (Krissansen et al., 1986; Gold et al., 1987). The CDS$ ¢ chain,
on the other hand. is not any more similar to the v or § chain than
it is to several other members of the IgGSF, indicating a more distant
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divergence. A particular relationship between the CD3 v, 6, and € chains
and another H-structure IgGSF member, the neuronal-cell adhesion
molecule (see below), has been argued on the basis of statistically greater
similarity scores and close chromosomal linkage, each to band q23 of
human chromosome 11 (Gold et al., 1987). However, the scores appear
more to indicate that these molecules share homologous H-structures
rather than a particularly close evolutionary relationship. The Thy-1
gene maps as well to band g23, but has no particular similarity to the
CD3 gene.

The CD28 (Tp44) molecule is a disulfide-linked homodimer expressed
on CD3~ T cells that coexpress o/f3 TcR (Hara et al., 1985), but
apparently not on peripheral T cells that express the v/6 TcR (Poggi
et al., 1987). Monoclonal antibodies to the CD28 chain added in the
presence of phorbol esters can cause CD28 ~ T cell proliferation (Hara
et al., 1985). The normal ligand, and hence the function of the CD28
molecule, is still unknown. Its apparent absence from peripheral /6
TcR, however, suggests that it may play a role in as-yet undefined activa-
tion requirements of a/3 T cells that might define functional distine-
tions between /3 and v/ T cells (Poggi et al., 1987). The CDZ28 chain
is encoded by a single-copy gene (Arrufo and Seed, 1987a) and has a
single N-terminal V-like homology unit, a short connecting peptide, a
transmembrane region, and a short cytoplasmic sequence. Immediately
extracellular (N-terminal) to the transmembrane-spanning sequence is
a highly distinctive hingelike region. A CD28 molecule is, consequently,
organized very similarly to the CD8 molecule. It will be interesting to
see whether the CD28 molecule plays an analogous accessory function.

The CTLA-4 gene was identified by analyzing a cDNA isolated from
a subtracted mouse cytotoxic T-cell-derived cDNA library (Brunet et al.,
1987). There is a single CTLA-4 gene. The protein has not yet been
identified. but the predicted protein sequence clearly suggests it is an
IgGSF member. Like the CD28 antigen, the CTLA-4 protein has a rather
classic V-like homology unit except for the absence of the V-region-
invariant tryptophan (Fig. 3). In fact, when the CD28 and CTLA-4
sequences are compared, it is evident that they are very closely related
(data not shown). The connecting sequence is particularly conserved
(one stretch of 25 amino acids has 15 exact matches and 4 highly con-
servative substitutions). Also, all five extracellular cysteine residues are
precisely conserved. It is quite possible that the CTLA-4 gene is the mouse
homolog of the human CD28 antigen gene. Interestingly, the hingelike
sequence in the CD28 chain is precisely deleted from the CTLA-4 chain.
If the CD28 and the CTLA-4 genes are homologs, the absence of the
hinge region in the CTLA-4+ mRNA may reflect the deletion of an exon
encoding this region during evolution or alternate RNA splicing.
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The human CD7 (gp40) antigen is a highly glycosylated surface antigen
of thymocytes and T cells (Palker et al., 1985). It is one of the earliest
and most definitive markers of cells belonging to the T cell lineage. Its
function is unknown. It appears to be a single, 40-kDa chain. A CD7
cDNA sequence (Aruffo and Seed, 1987b) reveals an organization
remarkably similar to that of the CD28 and CTLA-4 cDNAs, but it is
not directly related to either by sequence similarity. Like the CD28 and
CD8 « chains, the CD7 antigen has a pronounced hinge sequence just
N-terminal to the probable transmembrane region. Also, like the CD28
and CTLA-4 chains, the CD7 chain has a classical V-like homology unit
without the conserved tryptophan. The CD7 protein also shares an
interesting feature with the CD8 3 chain, an apparent J-region-like
sequence located appropriately C-terminal to the V-like region (Fig. 9).
Although the similarity of the CD7 J sequence to Ig or TcR ] elements
is not as dramatic as that of the CD8 3 chain, it nevertheless maintains
the core residues of the canonical ] motif: a hydrophobic residue, an
aromatic residue, a Gly, a small residue, a Gly, a Thr, any residue, and
a hydrophobic residue (Fig. 9). In fact, the CD7 J sequence is more similar
to that of the CD8 (8 chain than to any other J element: 7 of 11 residues
are identical with one single residue gap and two highly conservative
substitutions (Phe — Tyr, Thr — Ser). The CD7 gene, like the CD8 3
gene, does not rearrange during differentiation (Aruffo and Seed, 1987b).

It seems that T cells express a whole class of accessory molecules with
analogous. if not directly homologous, structures: one N-terminal V-like
homology unit, a connecting sequence of approximately 50 residues,
a proline-rich. hingelike sequence immediately N-terminal to a trans-
membrane sequence, and a relatively short cytoplasmic sequence 15-40
residues long, which is unrelated to the cytoplasmic regions of the other
sequences of the IgGSF. The CD8 « and 8, CD28, CTLA-4, and CD7
chains all belong to this group. Besides the hingelike sequence, each
of these chains also has a conserved a cysteine residue just N-terminal
to the transmembrane sequence. Cysteine residues associated with the
hinge regions of immunoglobulins are involved in interchain disulfide
bonds. as they appear to be in the CD8 and CD28 chains. The struc-
tural homology of these molecules suggests that they are displayed in
a similar manner on the cell surface and probably interact with their
ligands in a similar manner. If the CD8 molecule is typical of this group
we would predict that the ligands for the CD7, CD28, and CTLA-4 pro-
teins are superfamily members, perhaps even MHC or CD1 molecules.

C. T-CELL- AND NERVOUS-SYSTEM-ASSOCIATED MOLECULES

The Thy-1 molecule is one of the simplest members of the IgGSF, with
only a single V-like homology unit (Cohen et al., 1981) attached to the
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cell membrane by a glycophospholipid anchor (Tse et al., 1985; Fig. 1).
The murine Thy-1 molecule is found in abundance on thymocytes and
neurons as well as fibroblasts and a variety of other cells. The function
of Thy-1 is unknown. However, it apparently can act as a signal trans-
duction molecule in cellular activation (Kroczek et al., 1986). Although
Thy-1 is generally isolated as a monomer, there is evidence that it can
form multimeric complexes, probably through homophylic interactions
(Xu et al., 1987). This might imply a role for Thy-1 in cell-cell inter-
actions mediated by homophvlic interacrions of Thy-1 molecules berween
cells.

The rat Ox-2 cell-surface antigen has a tissue distribution similar to
Thy-1 (Barclay, 1981; Webb and Barclay, 1984) and likewise has an
unknown function. Its structure resembles that of a TcR « or 3 chain,
with V, C, transmembrane, and cytoplasmic regions (Clark et al., 1985).
Like the CD7 chain, the Ox-2 chain has a J-like region between the V
and C regions (Fig. 9) (Barclay et al., 1986). Ox-2 is presumed to be
a single-chain molecule. However, its striking organizational similarity
to other chains found only as dimers suggests that it is best to leave this
question open.

The CD4 gene is also expressed in the brain, but the cell type(s) in
which it is expressed and its functions are unknown (Tourvieille et al.,
1986). It is interesting that the predominant CD4 transcript in mouse
brain encodes a protein with the first 200 or so N-terminal residues trun-
cated, including the first two V-like regions (Gorman et al., 1987).

D. NERvOUS SYSTEM MOLECULES

The most intriguing new group of Ig-like sequences may be those
expressed predominantly by cells of the nervous system. The first to be
described was a neural cell adhesion molecule (N-CAM) isolated from
chick embryo brain (Hemperly et al., 1986a). The N-CAM gene encodes
five H-type, N-terminal homology units, a long connecting sequence,
a transmembrane region. and a very large cytoplasmic domain (Cun-
ningham et al., 1987: Barthels et al., 1987). N-CAM belongs to a limited
number of cell adhesions whose binding is involved in cell-cell inter-
actions that coordinate patterns of migration, proliferation, and cellular
differentiation during tissue development (see Edelman, 1986). N-CAM
is found in several developmentally regulated and tissue-specific forms,
apparently the products of alternate splicing pathways that include
varying amounts of the cvtoplasmic tail and determine whether mem-
brane attachment is mediated via a transmembrane peprtide sequence
or a glvcophospholipid anchor (Hemperly et al., 1986b). These dif-
ferences. along with modulation of the amount and distribution of
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expression, correlate with different patterns of tissue formation. N-CAM
binding is homophylic and polyvalent (Edelman, 1983) and maps to the
Ig-like regions (Cunningham et al., 1983). It is possible that these proper-
ties reflect Ig domainlike association between N-CAM molecules on dif-
ferent cells (Hunkapiller and Hood, 1986) and could have implications
for other examples of interactions berween other members of the IgGSE,
such as the Thy-1 molecule.

Another brain protein, rat myelin-associated glycoprotein (MAG), is
most similar in structure and sequence to N-CAM (Fig. 1) (Hunkapiller
and Hood. 1986; Arquint et al., 1987; Noronha et al., 1987). MAG has
two well-defined and possibly three additional relic H homology units
as well as a transmembrane and large cytoplasmic region. It appears
that MAG is involved in neuron-glial and gliai-glial cell interactions
mediating myelination and the maintenance of periaxonal space (Stern-
berger et al., 1979; Nobile-Orazio et al., 1984), possibly by providing
an adhesion system in the manner of N-CAM (Riopelle et al., 1986).
MAG is found in low abundance in both central and peripheral nervous
system myelin (Quarles, 1984). A protein has recently been described
on both T and B cells as having serological and biochemical
characteristics similar to those of MAG (Peault et al., 1987). The protein
is conserved phylogenetically and is regulated in a developmentally
specific manner. The authors suggest that this protein is MAG and that
it may be involved in the “homing” process of both immune and nervous
system cells, mediated by its cell adhesion properties. It will be interesting
to learn whether these putative homing interactions are regulated or
facilitated by interactions between MAG and other immune/nervous
svstemn coexpressed members of the IgGSF such as the Thy-1 or Ox-2
anugens.

The similarity of N-CAM and MAG suggests there may be an entire
family of IgGSF sequences involved in cell-to-cell interaction or adhesion
in neuronal morphogenesis and raises the possibility that other CAMs
also belong to the IgGSF. However, recent characterization of liver
(L)-CAM reveals it to be distinct from the IgGSF (Gallin et al., 1987).
[t is interesting to note, however, that L-CAM and several related CAM
sequences (Ringwald et al., 1987; Nose et al., 1987) share an analogous
structural motif with N-CAM and MAG. The apparent adhesive pro-
perties of each molecule is mediated by N-terminal repeat units approxi-
matelv 100 residues in length. The non-IgGSF CAM sequences each have
three or four such repeats that are obviously the products of internal
duplication. as appears to be the case for N-CAM and MAG. These
repeats. as with H-type homology units, are predicted to have secon-
dary structures dominated by six or seven alternating 3 strands (data
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not shown; after Chou and Fasman, 1978). Further analysis might
elucidate whether the homophylic association of these CAM:s is mediated
by B-sheet interactions as would be predicted for N-CAM and MAG.

P, is a myelin-associated protein that constitutes over 50% of
peripheral nervous system myelin, but is not found at all in the central
nervous system. P, has a single external V-like homology unit (Fig. 1;
Lai et al., 1987) that is interestingly similar to the V-like unit of the Ox-2
antigen, suggesting an independent evolution from N-CAM and MAG.
P, molecules are thought to facilitate the compaction of peripheral
myelin by linking adjacent lamallae of Schwann cell membrane (Braun,
1984). It is suggested that P, brings the external membrane surfaces of
adjacent lamallae together through homophylic interactions between
the extracytoplasmic domains of P, molecules expressed on opposing
membranes (Lemke and Axel, 1985), presumably through domainlike
B-sheet interactions. The cytoplasmic sequence of P, is highly positively
charged. The intracytoplasmic membrane surfaces could be compacted
through electrostatic interactions of the positive charges of the P,
cytoplasmic tail with the negative charges of the head groups of acidic
lipids of the opposing membrane surface.

E. Ig-BINDING MOLECULES

The poly(lg) receptor (p-IgR) shuttles polymeric IgM and IgA
antibodies from the blood side to the serosal side of mucous membranes
(Brandtzaeg, 1981; Kiihn and Kraehenbuhl, 1981; Mostov et al., 1980).
The external portion of the p-IgR is released during the process and
is known as the secretory component (SC). The SC molecule has five
V homology units {Fig. 1) (Mostov et al., 1984). Comparison of the
individual units indicates that they are each more closely related to each
other than to other IgGSF members. Hence, they are likely to be the
product of a series of internal duplication events that resulted in the
expansion of a single unit sequence. It is possible that two or more units
of p-IgR form a pseudedimer domain structure that acts as an Ig-like
receptor for the Ig heavy chain. Alternatively, individual p-IgR homology
units may interact with Ig units through domainlike 3-sheet interactions,
similar to the interaction of Ig units with themselves. These interactions
would presumably be between p-IgR and the C-terminal regions of the
heavy chain. Disulfide bonds can be generated between p-IgR and some
subclasses of IgA (Brandtzaeg, 1981).

Humoral Ig/antigen complexes are bound by various cell types through
receptors to a portion of the Cy region of Ig molecules known as the
Fc portion. This process helps mediate cooperation between the humoral
and cellular immune pathways (Springer and Unkeless, 1984; Dickler,
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1982). The Fc receptors (FcR) for the mouse < isotype have been
characterized (Ravetch et al., 1986). Two similar genes and alternate
RNA processing are responsible for at least three different tissue-specific
FcRy. Each has an external region composed mostly of two tandem
homology units. a transmembrane region, and different cytoplasmic
regions. The two homology units are more similar to each other than
to any other Ig-like sequence, and hence are probably the result of an
internal duplication. Both domains are H unit sequences. It remains
to be seen whether any of the FcR for other Ig isotypes belong to an
encompassing FcR multigene family. However, at least one FcR for Ig ¢
does not appear to belong to the IgGSF (Kikutani et al., 1986). The
polydomain structure of the FeR«y is similar to that of p-IgR and may
indicate analogous functional interactions with their Ig ligands, even
though they are clearly not directly evolutionarily related.

F. GrRowTH FAcTOR/KINASE IgGSF MEMBERS

The receptor for platelet-derived growth factor (PDGFR) and the fms
transforming gene have clearly related sequences and share an
intracytoplasmic region similarity to src-related tyrosine kinases (Yarden
et al., 1986). The c-fms protein is thought to be the receptor for
macrophage colony stimulating factor (CSF-1R) (Coussens et al., 1986)
and hence, both PDGFR and CSF-1R appear to be responsible for pro-
moting cell proliferation and differentiation. Both PDGFR and CSF-1R
have three and perhaps five extracytoplasmic H-type homology units
(Lai et al.. 1987). Thus it seems that an IgGSF receptor has been coupled
to a kinase activity, perhaps through an exon shuffling event, and then
.diverged to generate a family of growth factor receptors. The similarity
of the intracvtoplasmic region of CSF-1R and that of a partial cDNA
of the v-kit oncogene (Yarden et al., 1986) suggests that c-Azt also belongs
to this family. Except for antigen receptors and link protein (see below),
PDGFR and CSF-1R are unusual as examples of IgGSF receptors with
characterized ligand that are not also IgGSF members.

G. MISCELLANEOUS MEMBERS

Carcinoembryonic antigen (CEA) is the most commonly used human
tumor diagnostic antigen (see Shiveley and Beatty, 1985). Although it
is not strictly tumor specific, its expression is greatly increased in colonic
tumors and possibly those of lung and breast. CEA represents an entire
family of heterogeneous, highly glycosylated proteins, including several
serologically related antigens; e.g., nonspecific cross-reacting antigen
(NCA), biliary glycoprotein I, and normal fecal antigen (INFA-1).
The distribution of expression of members of this family is extensive,
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including some within the immune system, but no functions are known.
Recent protein and cDNA sequences reveal that CEA is an integral mem-
brane protein with six external Ig homology units (Paxton et al., 1987;
Thompson et al., 1987; Zimmerman et al., 1987). These are remarkable
in that they represent three tandem repeats of two H-type units each.
It appears there are about a dozen CEA-related genes by hybridization.
The heterogeneous nature of the proteins suggests that varying numbers
of tandem repeat units may also be found in different members. (While
CEA has three, it appears that NCA-55 may contain only one repeat
and NCA-95 contains two.) Each CEA-related protein also has an
N-terminal sequence, with no cysteine pair, about the same length as
the homology units. It is possibly an evolutionary relic of a homology
unit (Paxton et al., 1987).

The alB-glycoprotein («lB) is a prevalent human plasma protein of
unknown function (Schultze et al., 1963). Like SC, «lB has five
N-terminal homology units (Ishioka et al., 1986). It has been suggested,
therefore, that alB may be the secretory component of the p-IgR for
IgG antibodies (Ishioka et al., 1986). Also, like p-IgR, alB appears to
be the product of multiple internal duplication events. Unlike p-IgR,
however, alB is constructed of H homology units, like most of the other
polydomain IgGSF members. An interesting feature of the «lB struc-
ture, which appears to distinguish it from other polydomain IgGSF
members, is the presence of a proline-rich hingelike sequence between
each of the homology units. How such structures would affect the quarer-
nary relationship of the individual units is unclear. It is interesting to
note that rigid hinge sequences producing similar angles berween adja-
cent units, could generate a spiral or circular arrangement of homology
units.

The proteoglycan aggregates of cartilage are composed of proteoglycan
monomers associated with hyaluronic acid (HA). Link glycoprotein
stabilizes the aggregate structure by binding to both proteoglycan and
HA. These interactions result in the formation of an extracellular matrix
of cartilage. A prominent species of link protein has been sequenced
using material from a rat chondrosarcoma and bovine nasal cartilage
(Neame et al., 1986; Bonnet et al., 1986). Surprisingly, the link protein
was found to belong to the IgGSF. This may be the only known example
of an IgGSF member that may never be deployed in the context of a
membrane-bound receptor (as mentioned, «1B may be a secretory com-
ponent of a membrane-bound molecule). Link protein is essentially
divided into two functional regions. The N-terminal 125 amino acids
represent a specialized V-like homology unit. It has the repertoire of
V-like residues, but is longer between the two cysteines than any other
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known member by about eight residues. This length difference can be
accounted for by extra residues between the N-terminal conserved cys-
teine and the conserved tryptophan, the region that corresponds to the
HV1 of V regions. The remaining 60% of the sequence is constructed
of two internally homologous non-IgGSF regions. It is probably these
two repeats that interact with HA, while the V-like region binds the
proteoglycan (Neame et al., 1986). The sequences of rat and bovine link
proteins are extremely conserved, including the HVIl-equivalent loop
(one mismatch in 20 residues). This contrasts dramatically with the lower
level of conservation seen across species for many of the other IgGSF
receptors, such as CD8 and CD4 molecules. When the nature of the
interactions between these molecules is better understood, it will be
interesting to determine whether the extra loop sequence is involved in
generating a specilized binding pocket. Developing reasonable scenarios
for the evolutionary relationship of the link protein to other V-like
sequences should also prove interesting.

H. UNCERTAIN MEMBERS

It should be noted that several other sequences have been proposed
as members of the IgGSF on the basis of limited stretches of identity
with other members. Several of the polydomain members (i.e., CD4,
CEA, PDGFR) have sequences that may be relic homology units. This
possibility is supported by statistical analysis as well as their presence
in molecules with other well-defined IgGSF domain sequences. Several
of these relic regions do not have the conserved cysteine pair. However,
there is at least one excellent example of a functional immunoglobulin
V region also lacking the disulfide bridge (Rudikoff and Pumphrey, 1986).
Thus, it is clear that no single rule of membership in the IgGSF is
absolute.

Whether or not the sequences mentioned above are IgGSF homology
unit descendants is irrelevant to defining the molecules themselves as
members of IgGSF, because each does contain rather obvious homology
units. However, there are a number of sequences where the history is
a bit more ambiguous. The CD2 molecule is one example. The CD2
(T11) antigen is expressed on CD4* and/or CD8* thymocytes and
T cells (Reinherz, 1985). Monoclonal antibodies to the CD2 antigen in
the presence of phorbol esters can initiate T cell proliferation. The CD2
molecule is involved in antigen-independent adhesion of thymocytes to
thymic epithelial cells and adhesion of cytotoxic T cells to target cells.
Its ligand in these reactions is the LFA-3 molecule, a rather ubiquitous
cell surface marker (Takai et al., 1987). On the basis of limited stretches
of similarity to various members of the IgGSF, it has been claimed that
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the CD2 molecule is also a member (Sewell et al., 1986). The recent
characterization of LFA-3 (Wallner et al., 1987; Seed, 1987) indicates
that the CD2 and LFA-3 chains are homologs. It is suggested that the
CD2 and LFA-3 molecules are constructed of an N-terminal homology
unit without a disulfide bridge immediately followed by a disulfide-
defined unit, a short connecting sequence, a transmembrane peptide,
and a cytoplasmic region of moderate length. The LFA-3 chain can be
membrane linked by a glycophospholipid anchor (Seed, 1987). Although
statistical similarity scores between one region of the CD2 chain and
various IgGSF members (primarily the CD4 molecule) have values >4 SD
(Williams et al., 1987), the sequence does not share the conserved
cysteines or many of the other IgGSF conserved residues.

Blast-1 is an activation marker of B cells (Thorley-Lawson et al., 1982)
and probably T cells (Staunton and Thorley-Lawson, 1987) that forms
a noncovalently linked heterodimer with another, uncharacterized protein
(Thorley-Lawson et al., 1986). The Blast-1 molecule has also been pro-
posed as an IgGSF member, with two external units analogous to those
of the CD2 chain (one with and one without the disulfide bridge) (Staun-
ton and Thorley-Lawson, 1987). The authors suggest that the Blast-1
sequence is homologous to the « chain of the MHC class II molecule,
which also has an N-terminal domain without a disulfide bridge followed
by a classical C homology unit. However, the authors indicate homology
of the N-terminal region of the Blast-1 chain with those of both the CD4
chain, which is classically V-like, and the MHC class II « chain, sequences
that share no apparent similarity themselves. As discussed earlier, if these
chains are truly homologous, it is difficult to explain why the CD4 and
class II o chains do not appear related. Also, if the crystal structure
of the MHC class I molecule proves to be a good model for the struc-
ture of the class II molecule, it is apparent that the N-terminal region
of the class II @ chain does not share any structural homology with Ig
domains.

Other molecules that have been proposed as members of the IgGSF
include the CD5 molecule (Ly-1) (Huang et al., 1987), a T cell differen-
tiation marker contact site A (cs-A), a cell adhesion molecule from
aggregating slime mold (Matsunaga and Mori, 1987), and adenoviral
E3 glycoprotein (Chatterjee and Maizel, 1984). We cannot argue that
these are not distantly diverged members of the IgGSF. However, none
of them meet many of our criteria of membership so we are not con-
vinced it is appropriate to include them as members of the IgGSF. We
also believe that the arguments for including the CD2, LFA-3, and Blast-1

molecules are inconclusive as of now.
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Vi. Evolution of the Immunoglobulin Gene Superfamily

A. RoLE oF THE HomoLocy UNIT

Given the tremendous diversity within the IgGSF, it might be assumed
that selective pressures favoring diversity have driven the evolution of
the family. However, we believe that diversity is an inherent feature of
the conserved protein and gene structure of the Ig homology unit and
that it was the a prior: diversity itself that shaped the evolution of the
complex systems seen today. This diversity is a natural consequence of
three basic characteristics of the unit. First, the tertiary structure of the
homology unit is such that homology units tend to interact preferentially
to form homo- or heterotypic dimers, thereby forming the domains that
are the basis of the receptor structures and, at times, receptor/ligand
interactions. Combinatorial associations between homology units increase
both the evolutionary and somatic diversification potentials. Such inter-
actions may also favor the establishment of new functional associations
between existing members of the IgGSF. Second, except for a few con-
served residues involved in direct inter- and intrachain interactions, the
primary structure of these units can vary dramatically and still result
in essentially the same tertiary structure (Lesk and Chothia, 1982). This
is easily seen when comparing V gene segments, where even proteins
encoded by members of the same gene family may be less than 20%
similar. This flexibility is particularly true of the loops connecting the
3 strands. as seen in the HV regions of Ig and TcR. Such reduced con-
straints placed by structural requirements on the primary sequence would
inherently promote the establishment of variants within populations.
Third, in most examples of IgGSF genes for which there is genomic
sequence information, the homology units are encoded by discrete exons.
This allows. through relatively simple genetic events, the development
of new contexts for homology unit expression. For example, most of the
known polydomain sequences like N-CAM and FcR+y probably arose
independently from internal duplications of unit exons rather than
orthologous divergence from a common polydomain precursor. The CEA
molecule illustrates that even pairs of exons may duplicate to generate
polydomain structures. The number of such independent examples of
polvdomain sequences indicates the facility of this process. This varia-
tion is accommodated by the ¥z splicing rule of IgGSF exons, which
allows correct splicing between any number of tandem homology unit
exons. The "4 splicing rule generally applies as well to the non-Ig-like
exons (interestingly, except in the cytoplasmic regions exons) and
facilitates the considerable alternative splicing of transcripts seen
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throughout the IgGSF. The differential expression of alternately spliced
products such as secreted versus membrane Ig and the developmentally
expressed variants of N-CAM indicate that alternate RINA splicing pro-
vides a further level of functional diversity to the IgGSF. In fact, nearly
all members examined to date generate alternate splicing products. Also,
the kinase region of PDGFR and CSF-1R and the probable HA binding
regions of link protein illustrate the construction of new gene products
through the shuffling of exons encoding functionally discrete domains.

B. THE ROLE oF DIVERSITY IN THE HisToRY OF THE IgGSF

While it is likely that many additional members of the IgGSF will
be found, we believe general scenarios for the evolution of the IgGSF
can be proposed from the current data. We believe that the original
homology unit-based molecule was a surface-bound ligand involved in
cellular adhesion through binding of like homology units, perhaps
nothing more complicated than a cellular glue and probably structurally
resembling the Thy-1 (Williams, 1982) or CD3v chains. The compact
structural nature of the homology unit may have contributed to its
stability in the extracellular environment. The self-adhesion character
of N-CAM and perhaps P, lends support for a scenario of such
homophylic interactions. [It has been suggested that the bisymmetry of
the homology unit is an argument for an ancestral “half-domain” struc-
ture (Bourgois, 1975). This half-domain would presumably have to form
a dimer to function similarly to a current homology unit. Alternatively,
its function (or functional capacity) could have been totally unrelated
to that of the full domain.] The earliest gene was presumably under
selective pressure primarily to maintain the primordial antibody fold
and those residues responsible for interchain interactions. Reduced con-
straint on the primary sequences would promote the establishment of
many functionally equivalent alleles. Nonselective emergence of such
markers could have been an important preadaptation for several reasons.
Differential expression of multiple variants in an individual could result
in tissue-specific markers, potentially allowing more complex interactions
in morphogenesis to develop. A possible demonstration of a homology
unit in a squid brain protein (Williams, 1982) suggests that the IgGSF
has probably existed from at least the time of the earliest metazoans
and may have an ancient role in morphogenesis. The morphogenic roles
of N-CAM, MAG, and P, may also suggest similar roles for other dif-
ferentially expressed IgGSF members such as the CD1, Tla, and CEA
sequences.

Allelic variants will also represent genotypic markers, and once there
is a marker for self, there is conversely an assay for nonself. Recognizing
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nonself is important to any organism, such as many invertebrates, that
competes with its own kind for space or substrate. Histoincompatibility
reactions have been recorded in most multicellular phyla, particularly
colonial types (see Hildemann et al., 1980), raising the possibility that
MHC-like genes were integral to the development of complex metazoa.
Histocompatibility mechanisms could presumably also respond to any
“altered-self” markers arising from the interaction of self-
histocompatibility molecules and another macromolecular structure. This
implies that the immune response is an outgrowth of histocompatibility
defenses and could explain the present linkage of MHC and antigen
recognition. It has been proposed that the inherent polymorphism was
initially incorporated into systems of gametic exclusion to inhibit cross-
fertilization of like genotypes and was subsequently harnessed for immune
surveillance (Monroy and Rosati, 1979; Burnet, 1971). Interestingly,
tunicates have a highly polymorphic gene system responsible for both
histocompatibility and gametic exclusion (Scofield et al., 1982). Others
suggest that tissue-specific expression of alleles could act as targets for
keving developmentally regulated tissue necrosis, a process critical to
the development of highly complex metazoa (Williams et al., 1987).
Other than the relative order of occurrence, however, none of these
scenarios is exclusive of the others; fundamental to each is the a prior:
existence of established polymorphism.

For early members of the IgGSF, tandem duplication of homology
units may have been favored initially due to an increase in valency
of interaction (i.e., N-CAM). However, subsequent specialization of
duplicated regions would also become possible analogous to the
divergence of entire duplicated pseudoalleles (Lewis, 1954). A funda-
mental specialization along these lines appears to have been the establish-
ment of receptor and effector/structural motifs and the subsequent V/C
dichotomy. Of course, V and C elements may have become associated
through an exon shuffling event long after the divergence of the original
elements. Classical V and C homology units have been defined through
crystallographic studies of Ig molecules and there has been a tendency
to define newly identified members of the IgGSF as either V- or C-like.
However, many of the recently described members may not belong to
either the V or C group, but rather to a third class of homology unirt,
H. Though most often described a V-like by primary sequence, the
domains of the N-CAM, MAG, PDGFR, CSF-1R FcRy, «l1B, CEA, and
CD3 molecules have intercysteine distances even shorter than those of
C domains, with the concomitant loss of the extra §-strand/loop struc-
ture of V regions as well as possibly another 3 strand that forms an edge
to one of the two 3 sheets (Fig. 3). The 3-strand lengths of the sandwich
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faces may tend to be shorter than those of C regions, however, and more
nearly like those of V regions. Though more V-like, these sequences also
have a distinct collection of conserved residues (Fig. 3). It will be
interesting to do a thorough study of the distribution of hydrophobic
residues across the faces of the putative (3 sheets to see if these sequences
have a V- or C-like pattern. Such analysis may suggest- which face mediates
interchain interactions. Given that these sequences tend to share both
V and C features, it is possible that they represent more nearly the proto-
typical homology units and may indicate a more ancient role for the
IgGSF in morphogenesis.

C. THE SiGNIFICANCE OF DNA REARRANGEMENT IN THE EVOLUTION
OF THE IgGSF

The development of regulated rearrangement of V gene segments may
have occurred through the opportune insertion and subsequent
developmental capture of a transposable element at the 3’ portion of
a V-like exon (Sakano et al., 1979). With only the two elements, however,
this process could have contributed little to receptor diversity. It seems
more probable that the initial selective significance of rearrangement
was as a mechanism to provide for allelically exclusive regulation of V
gene expression. Immune receptor sequences are nearly unique in
vertebrates for allelic exclusion. This phenomenon is crucial to the
establishment of clonally expressed receptors and, hence, the fine
specificity and memory of a complex immune system. Rearrangement
provides a mechanism whereby only one V gene is brought near enough
to transcriptional promoters in the J-C intron or made available for
proper RNA splicing to the C gene. It is also possible that the junc-
tional flexibility of joining may have played initially a more important
role in this regulation than in the generation of diversity by further
attenuating the possibility of more than one functional rearrangement
in one cell (Hunkapiller and Hood, 1989). Once established, allelic exclu-
sion provided an opportunity to express a more specific repertoire of
antigen receptors, increasing selective forces on diversity and diversifying
mechanisms. Recent characterization of the shark heavy chain locus may
support this model (Kobuku et al., 1987). The shark locus heavy chain
contains many tandemly repeated V-] repeats, which appear to rearrange
only within the linked pairs. This rearrangement preference is essen-
tially the same as for the V) loci of mammals. This organization
eliminates any combinatorial diversification and reduces the potential
for junctional diversity. It is possible, in fact, that it was the acquisition
of DNA rearrangement that ultimately drove the divergence of the
V and C homology units by allowing the expansion and specialization
of the V region repertoire. Furthermore, the development of V-to-]
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rearrangement fortuitously established the components that allowed for
the evolution of D segments, allowing even further somatic diversifica-
tion (Hunkapiller and Hood, 1989).

Gene segment rearrangement signals and switch regions also play
frequent roles in major recombination events not only within families,
but also between families and unrelated sequences on other chromosomes.
It has been noted that transposable sequences promote duplication of
neighboring sequences and that the rearrangement signal sequences
might likewise promote duplicative expansion of V gene segments (Siu
et al., 1984). The highly recombinogenic switch sequences of the Cy
genes may also lead to expansion of the C gene family as well as the
production of novel, hybrid C genes (Hisajima et al., 1983). Transloca-
tions involving rearrangement or switch sequences are frequently found
in transformed T and B cells (Croce et al., 1984; Tsujimoto et al., 1985).
It is unclear whether such events are mediated by the specific enzymes
of normal rearrangement or are merely facilitated by the recombinogenic
nature of the sequences. The J-like sequences of the CD8 8, CD7, and
Ox-2 chains are interesting in this regard (Fig. 9). Unlike most of the
single-gene members, the CD8 3 (and CD8 «) chain seems to have directly
diverged from the Ig light chain V families (Hunkapiller and Hood,
1986). On the other hand, neither the Ox-2 V or C sequence is par-
ticularly similar to any of the rearranging gene families. The J-like region
of both the CD8 8 and Ox-2 genes is encoded within the same exon
as the V-like sequence. No germ line information for the CD7 gene is
available. Such J-related sequences might be representative of V-like genes
that existed before the development of rearrangement, with modern
] gene segments the evolutionary descendants of the C-terminal portion
of these primordial V genes (Johnson and Williams, 1986). The unique-
ness of the Ox-2 (and probably CD7) gene may argue in favor of placing
it in this category. The J-like sequence of the CD8 3 gene, on the other
hand. is nearly identical to some A J segments, implying a much more
recent divergence. Therefore, this | sequence may represent the product
of V] rearrangements in germ cells (Hood et al., 1985). If so, the
sequences and perhaps even enzymes involved in somatic variation may
occasionally promote rearrangements in germ cells and thus contribute
to evolutionary diversification. We feel that this scenario reflects the
history of the CD8 3 gene and raises interesting questions regarding the
role of such events in the evolution of the IgGSF.

D. ImpLicaTiONs OF THE IgGSF

The physical nature and organization of particular genetic informa-
tion establish the limits and possibilities of its variation. What is strik-
ing about the IgGSF is the hierarchical nature of its organization and,
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hence, the hierarchical potential of its evolution. The history of the IgGSF
reflects both the fundamental diversifying and combinatorial proper-
ties of the Ig homology unit. Also, the multigene organization and recom-
binogenic nature of much of the family establishes particular diversifying
potentialities on many of the members. New functional possibilities arise
primarily through the duplication of the various informational units
involved, e.g., nucleotides, exons, genes, and entire multigene families.
Duplication of a multigene family and the attendant cis-acting control
mechanisms can in a single event create the genetic basis of a complex
new phenotype, suggesting the possibility of rapid evolutionary change.
Duplications within the IgGSF not only generate the potential for direct
evolutionary change, but also are the seeds of their own subsequent
expansion and diversification by the fact that multiple copies of sequences
promote further duplication and realignment of gene families. Somatic
rearrangement-promoting sequences can apparently also promote such
events in the germ line as well. The tendency of even divergent homology
units to interact expands even further the potential for rapidly develop-
ing new functional relationships between new and existing members.
This picture leads to an image of rapid, even saltational evolutionary
acquisition of complex new phenotypes that share the regulatory machin-
ery of established systems.

Until recently, members of the IgGSF had been primarily associated
with immune recognition or cells of the nervous system. In these systems,
complex cell interactions require a surface recognition structure with
a high informational potential. The Ig homology unit provides the basic
architecture upon which multiple sequence substitutions can be rapidly
imposed, thus providing a diverse repertoire of recognition and target
elements. The adhesins N-CAM and MAG suggest that other
developmentally regulated and cell-specific adhesins may also be depen-
dent on the informational capacity of the homology unit. Interestingly,
the number of the identified single-gene IgGSF members that are
expressed in both the brain and the immune system suggests the possibility
of shared cell surface recognition functions and that related molecules
may be involved in some of the intriguing phenomena linking mental
states and immune response. It seems likely that the fruitful strategies
of somatic diversification employed by well-characterized members of
the IgGSF will also be used by other receptor families, perhaps involved
in morphogenesis or neuronal development. At present, there is no
evidence for this possibility, although candidate systems (e.g., olfaction)
have been suggested (Hood et al., 1985). It is thus remarkable to view
the entire IgGSF in the context of its evolutionary origins: from a single
gene encoding roughly 90 amino acids has arisen a superfamily of
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elements with extraordinarily complex interactions both within and
outside of the family structure.
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Introduction

Recent data on the molecular biology of T celis have given
us a detailed view of the genes and proteins involved in
antigen recognition by T cells. T and B cells are responsi-
ble for specific antigen recognition in the vertebrate im-
mune response. B cells recognize free antigen through
cell surface-bound immunoglobulin (Ig) with no other re-
guirement except antigenfreceptor complementarity. T
cells recognize antigen only when it is presented on the
cell surface in the context of class | or class Il molecules
encoded by the major histocompatibility complex (MHC).
This interaction is said to be self-MHC restricted in that
only antigen presented on cells expressing self-MHC al-
leles can be recognized. Three functional classes of T
cells have been defined: T helper (Ty) cells, which stimu-
late immune responses; T suppressor (Tg) cells, which
diminish these responses; and T cytotoxic (T¢) cells,
which are involved in the direct killing of cells expressing
antigenic molecules. Ty ceils usually recognize antigen
associated with class Il MHC moiecules expressed selec-
tively on antigen presenting cells (APC) such as B cells
and macrophages. T¢ cells generally respond to anti-
gens of cellular origin, such as viral or tumor antigens in
association with the class | molecules present on most
cells. Tg cells are less well characterized and will not be
further considered in this review. Various models have
been proposed to provide a conceptual framework for the
unique requirements of T cell antigen recognition. We
present here a model that is in many ways a synthesis of
some of these earlier views, but expands upon them in an
attempt to rationalize the known cellular constraints with
those imposed by the new molecular data. This paper
reflects our point of view and is not meant to be a compre-
hensive review of the literature.

Biological Constraints

There are five important phenomena that must be ad-
dressed by any model of antigen recognition by T cells.
First. antigen recognition appears to require simultaneous
recognition of self-MHC molecules (Kindred and Shreffler,
1972; Katz et al., 1973a: Doherty and Zinkernagel, 1975).
Second. chimera studies with T ceil precursor populations
(bone marrow) and thymus grafts suggest that T cell popu-
lations are “educated” as to what constitutes seif during
maturation in the thymus (for review, see Longo et al.,
1981). It has been proposed that this resuits from a pro-
cess of selection for T celis that recognize only the collec-
tion of seif-MHC alleles of thymic origin (Fink and Bevan,

Review

1978; Waldman et al., 1978; Zinkernagel et al., 1978).
Third, in generating a T cell repertoire that recognizes for-
eign antigen in association with self-MHC, receptors spe-
cific for self-MHC molecules alone must be eliminated.
However, a large fraction of T cells recognize allo-MHC
molecules alone (Ford et al., 1975; Fischer-Lindahl and
Wilson, 1977). Since vertebrate immune systems never
see allogeneic cells under normal circumstances, the fre-
quency and intensity of allo-responses presumably reflect
some fundamental property of the T cell receptor. Fourth,
animals that generate otherwise normal immune re-
sponses can be nonresponders to particular antigens.
Genes controlling these immune response (Ir) effects en-
code the class | and class Il MHC molecules (for review,
see Schwartz, 1984). Fifth, the class of restricting MHC
molecules generally correlates with T cell effector func-
tion, class | with T¢ cells and class il with Ty cells (Katz
et al., 1973b; Zinkernagel and Doherty, 1975; Kappler and
Marrack, 1976).

Molecular Constraints

Each T celi expresses a clone-specific receptor, a hetero-
dimer of a and f glycoproteins (Allison et al., 1982;
Haskins et al., 1983; Meuer et ai., 1983). in humans and
mice the a/p complex noncovalently associates with T3, a
multi-protein cell-surface complex (Meuer et al., 1983; van
den Elsen et al., 1985). Expression of both a and B chains
is required for MHC and antigen specificity (Yagle et ai.,
1985). Each chain, like the Ig light (L) and heavy (H)
chains, has a variable (V) and constant (C) region (Acuto
et al., 1983; Kappler et al., 1983; Mcintyre and Allison,
1983). These regions are similar to Ilg homology units, and
hence a and B genes belong to the Ig gene superfamily
(for review, see Hood st al., 1985). The Vy genes are en-
coded by mulitiple Vjp, diversity (Dg), and junctional (Jy)
gene segments that rearrange during differentiation to
form a contiguous gene (for reviews, see Davis, 1985;
Kronenberg et al., 1986). V, genes rearrange V, and Jq
gene segments, but no D, gene segments have been
demonstrated (Chien et al., 1984; Saito et al., 1984a; Sim
et al., 1985; Arden et al., 1985; Hayday et al., 1985a;
Winoto et al., 1985). Statistical analysis indicates that in
mice there are about 100 V., gene segments (calculation
not shown) and about 30 Vg gene segments (Barth et al.,
1985: Behlke et al., 1985). At least 30, and probably
greater than 50, J, gene segments are dispersed over 60
kb preceding a single C, gene (Hayday et al., 1985a;
Winoto et al., 1985). There are two linked Cg genes, each
preceded by one Dg gene segment and a cluster of six J;
gene segments (Gascoigne et al., 1984; Malissen et al.,
1984). The two Cy sequences appear to be functionally
equivalent (Kronenberg et al., 1985). it appears that es-
sentially any VgDgdg or VoJ, combination is possible, ex-
cept that Dy, probably only rearranges to the Jg; cluster.
Apparently, only one functional a and one functional (3
chain is expressed per cell, a phenomenon analogous to
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Table 1. Combinatonal and Somatc Diversification of Mouse V Genes
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The number of V gene segments represents calculated estimates of
germ line segments modified here to accommodate a 25%-50% inci-
dence of pseudogenes. The number of +'s indicates the relative con-
tnbution of the iIndicated mechanism to diversity between the different
V gene families. Members of subtamihes are assumed to be about 80%
similar at the DONA level. The number of subfamilies listed are those
known from the estimated V gene segment sample size and are in-
cluded to indicate the degree of vanabiity between the members of
any one family. The contribution of somatic hypermutation to the B
celi repertoire may function more to “fine-tune” secondary responses
to particuiar antigen responses rather than to extend the basic reper-
towre (Gearnart et al.. 1981; Herron and Voss. 1983).

the allelic exclusion of Ig genes in B cells (Luzzati et al.,
1973. Goverman et al., 1985; Kronenberg et al., 1985;
Malissen et al.. 1985). Both a and p genes share with Ig
genes several somatic variation processes directly linked
to rearrangement (for reviews, see Tonegawa, 1983; Kro-
nenberg et al., 1986). As indicated in Table 1, somatic
hypermutation has been seen only in B cells, but may be
involved more in affimity maturation than in generating
new B cell specificities. We believe that consideration of
combinatorial possibilities. gene-segment germ line diver-
sity. and somatic variation indicates that T cells are capa-
ble of expressing at least as diverse a receptor population
as B cells (Table 1). Another T cell-specific gene, v, is con-
structed by rearranging gene segments similar to a and
B genes (Saito et al.. 1984b: Hayday et al., 1985b). No y
protein has been demonstrated. however, and the poten-
tal diversity of V, sequences appears to be limited
(Kranz et al.. 1965). This suggests to us that y does not
play an important role in antigen recognition, although
other views have been proposed (Permis and Axel, 1985;
Raulet et al.. 1985).

T cells aiso express accessory molecules that define
distinct subsets of the mature T cell population. L3T4 and
Lyt2 are two such molecules in mice whose expression
correlates with Ty and Tc cell lineages. respectively
(Swain. 1981; Meuer et al.. 1982; Marrack et al., 1983;
Spits et al.. 1985). The Lyt2 gene and those of the human
equivalents of Lyt2 and L3T4, T8 and T4. are single-copy,
nonpolymorphic genes. Each contains a V-like homology

T Cell

Activation
FAR
~

T-Cell \
Accessory
Molecule

Target Cell
Figure 1. Model of Interaction-antigen Recognition by T Cells
Different molecules are indicated by different shadings. Immunoglobu-
lin-like regions are indicated by V and C. The interaction-antigen is
formed by the complex of the black antigen with the membrane distal
domain of the MHC class | molecule. The T cell a/p receptor is com-

pi y to the comp Lyt2 recognizes a nonpolymaorphic struc-
ture on the distal domain of the MHC molecule and may direct the a/f
receptor to antigen which is presented by that same MHC molecule.
LFA-1 isincluded as an example of T cell-specific molecules potenually
involved in T cell activation. Antigen recognition involving MHC class
1l molecules is presumably similar to that shown for class I. but wouid
involve L3T4 instead of Lyt2.

unit and hence belongs to the Ig gene superfamiiy and
may form V domain-like receptors for nonpolymorphic de-
terminants (Littman et al., 1985; Maddon et al., 1985; Suk-
hatme et al., 1985; Zamoyska et al., 1985).

Model

Our view of antigen recognition by T cells has five tenets.
First, the a/p receptor recognizes novel determinants of a
complex formed by interaction of an antigen and MHC
molecule. The receptor does not distinguish the antigen
or MHC source of the structures forming these deter-
minants. Consequently, T cell receptors do not identify
self-MHC-specific determinants, and individual T cells are
not a priori limited to recognizing antigen only presented
by self-MHC molecules. Second, T cells are not specifi-
cally selected during development to recognize self-MHC
determinants, either preferentially or exclusively. Thymic-
MHC restriction is a limited bias imposed on a T cell popu-
lation both by interaction-antigen-selected clonal trigger-
ing and non-allele-specific, low-affinity interaction with
MHC molecules alone. Exposure of T celis to the same an-
tigen and/or MHC at different points in their development
may play a role in both the establishment of seif-tolerance
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and the expansion of a peripheral T cell population. Third,
the class of an antigen-presenting MHC molecule is func-
tionally defined through T cell recognition of MHC se-
quences different from those invoived in antigen presen-
tation. These sequences are recognized by accessory
molecules such as Lyt2 and L3T4, and play a role in deter-
mining T cell effector function. Fourth, binding of an inter-
action antigen by the a/p complex is required but not
sufficient for T cell activation. Other factors or signais
generated by the cellular presentation of antigen are gen-
erally required; thus, binding of free antigen is possible
but will not result in T cell activation. Fifth, all structures
involved in specific antigen or MHC recognition belong to
the Ig gene superfamily and consequently employ similar
recognition strategies.

The basis of this model is that the a/p receptor recog-
nizes an antigen/MHC complex in essentially the same
way that the Ig H/L dimer recognizes antigen alone. In or-
der for T cell responses to be limited to cellularly presented
antigens, some cell-surface structure must be recognized
independently of antigen. MHC molecules perform a dual
role of cell-surface marker and antigen-presenting struc-
ture (Figure 1). T cell accessory molecules recognize non-
polymorphic, class-specific MHC structures and are in-
volved in determining the T cell effector response to
antigens. Self-MHC restriction is primarily a consequence
of the involvement of autologous MHC molecules in anti-
gen presentation and their allele-specific contribution to
interaction antigens. This model is based on a single-
recognitive strategy for antigen/MHC recognition, but in-
vokes additional receptors to facilitate this recognition and
T cell activation.

Model Rationale

Structural Similarities Suggest that Important
Features of Antigen Recognition Are Shared

by B and T Cell Receptors

Several observations indicate that the secondary and ter-
tiary structures of the V regions of a/f complexes and
those of antibodies are fundamentally the same. First,
they are similar in size and significantly homologous to
one another. Each V region has two cysteines separated
by 60 to 70 amino acids that define Ig homology units
(Hood et al., 1985). Both V, and V; share essentially the
same set of conserved residues involved in stabilizing
the intra- and inter-chain structural features of Ig chains
(for review. see Kronenberg et al.. 1986). Second. when
B-pleated sheet potential and the hydropathic profiles of
T cell V regions are analyzed, the predicted structural fea-
tures are remarkably similar to those of Ig V regions (Pat-
ten et al., 1984; Barth et al., 1985). These data suggest
that T and B cell receptors fold into very similar tertiary
structures based on an “antibody fold.”

These structurai similarities suggest that T and B cells
use similar strategies for antigen recognition. Ig antigen-
binding pockets are derived from three hypervariable se-
quences found on both L and H chains. Analyses of the
sequence variability of V, and Vy chains have been car-
ried out by us and others (Patten et al.. 1984: Arden et al.,

1985: Barth et al., 1985; Becker et al., 1985; Behlke et al.,
1985). We believe that the profiles of both are essentially
the same as those of their Ig counterparts and reflect
structurally similar binding pockets. In addition, antibod-
ies can be selected that exhibit MHC-restriction compar-
able to that of T cell receptors (Wylie et al., 1982). This is
consistent with observations indicating that B cell re-
sponse to certain antigens can be MHC-restricted (Katz et
al., 1978; Sprent and Bruce, 1979; Singer and Hodes,
1982). Thus, different requirements for activation may be
more fundamental in distinguishing B and T cell re-
sponses to antigens than antigen recognition itself.

Expression of a and § Chain Gene Segments
Correlates with Neither Antigen Nor MHC Specificity
Models of MHC-restricted T-cell antigen recognition differ
by using either a single binding site for an antigen/MHC
compiex (single-recognitive), or separate, nonoveriapping
sites specific for either antigen or MHC (dual-recognitive).
A two-chain T cell receptor is consistent with a simple
duai-recognitive model with V regions of a and B chains
responsibte for either MHC or antigen recognition exclu-
sively. However, when pairs of T cells with different anti-
gen and different MHC specificities are fused, they fail to
generate the novel combinations of specificities expected
if antigen and MHC are recognized independently (Kap-
pler et al.. 1981). In addition, there are several known ex-
amples of functional T cell clones that use the same V or
J gene segments in either chain but have different antigen
and MHC specificities (Goverman et al., 1985; Malissen
et al., 1985; Rupp et al., 1985; Sim and Augustin, 1985).
There are also examples of different T cell clones specific
for the same antigen and MHC that use the same V, or
Vs gene segments but differ for the other chain. These
results imply that MHC-restricted antigen specificity is a
unique property of an a/B combination, and that the a and
B chains together can contribute to both antigen and MHC
recognition as L and H chains contribute to g antigen
recognition.

MHC Polymorphism Plays an important Role in

Restricted Antigen Presentation and Ir Gene Effects
Two properties of MHC molecules impact on their role in
antigen recognition: they are encoded in multiple, simul-
taneously expressed loci and they exhibit enormous poly-
morphism in populations. There are an estimated 50-100
expressed major alleles of class | and class || molecules
in humans and mice (Klein, 1979). At least two class il loci
in mice and three in humans are expressed (for review,
see Mengle-Gaw and McDevitt, 1985). Allowing for com-
binatorial association, heterozygous individuals may ex-
press eight or more different class Il molecules. Two to
three class | loci are expressed in both mice and humans,
with the potential expression of four to six antigen-pre-
senting class | molecules (Bevan, 1981). A class | mole-
cule is composed of one MHC-encoded heavy chain that
associates with the non-MHC-encoded fz-microgiobulin.
Class Il molecules are composed of two chains, denoted
a and 3. Both class | and ciass Il molecuies appear to fold
into similar, two-domain cell-surface structures (Kimbail
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and Coligan, 1983) (Figure 1). The membrane-proximal
regions of both classes are C region-like homology units
and structural analysis suggests that the distal regions
may have a distant relationship to V homology units (Hood
et al., 1983; Novotny and Auffray, 1984; Mengle-Gaw and
McDevitt, 1985; Norcross and Kanehisa, 1985). The poly-
morphism of both class | and class |l molecules is con-
fined primarily to the V-like domains (for review, see
Mengle-Gaw and McDevitt, 1985). Exon-shuffling experi-
ments and analyses of mutant MHC polypeptides indicate
that restricted antigen presentation and Ir effects segre-
gate with these distal domains (Nairn et al., 1980; Evans
et al., 1982; Sherman, 1982; Clark and Forman, 1983;
Ozato et al., 1983; Reiss et al., 1983; Stroynowski et al.,
1984).

Noncovalent associations have been observed between
several combinations of ciass | molecules and particular
viral proteins (for review, see Paabo et al., 1985). Recently,
Babbitt et al. (1985) demonstrated that an antigenic pep-
tide of lysozyme binds to a class Il molecule expressed by
a responder, but not to one expressed by a nonresponder.
Other work indicates that such interactions invoive the
polymorphic domain of class Il molecules (for review, see
Schwartz, 1985). These data suggest that antigen presen-
tation may require direct binding of antigen by the MHC
polymorphic domains. Consequently, we believe many Ir
effects are due to the inability of an MHC allele to bind,
and hence present, certain antigens. It is also possible
that binding occurs but that MHC allele-specific contribu-
tions result in interaction complexes for which no respond-
ing T cells can be generated. Such “holes" in the reper-
toire could result from genetic deficiencies of certain gene
segments or from specific tolerance requirements. Qur
model is consistent with both explanations for Ir effects,
as both have a basis in direct antigen-MHC interaction.
The difficulty in demonstrating such interaction in vitro
may arise from the fact that particular antigen-MHC af-
finity must be low in order for a limited number of MHC
molecules to present a broad range of antigens. Interac-
tion with the a/B receptor may further stabilize some com-
plexes (Schwartz, 1985).

Another consequence of direct antigen-MHC interac-
tion postulated by interaction-antigen models is that one
antigen/self-MHC pair can generate the same local com-
binatorial determinants as a different antigen/allo-MHC
pair (i.e.. self-MHC plus antigen X can equal allo-MHC
plus antigen Y) and. hence, can appear to be the same
antigenic structure to a particular T cell. Hanig and Bevan
(1982) described a T cell clone specific for two separate
minor histocompatibility antigens, each restricted by
different. nonallelic class | molecules. Reciprocal combi-
nations of antigen and MHC were not recognized by the
T cell clone, indicating that each specificity was for a com-
plex rather than for the individual components. Similarly,
several "degenerate” T cell clones have been isolated
which recognize the same antigens, or only slightly al-
tered antigens. when presented by allelic MHC products
(for review, see Schwartz, 1985). The same MHC mole-
cuies can present other antigens such that their recogni-
tion is restricted exclusively of the other MHC alleles. This

¥

demonstrates that this degeneracy is also a consequence
of the antigen-MHC combinations and not simple cross-

reactivity.

Alloreactivity May Be the Same Phenomenon

as Degenerate Antigen Recognition

Antigen-specific T cell clones have a 2%-5% chance of
recognizing any single allo-MHC tested, indicating that al-
loreactive T cells are not a separate subset of the normal
T cell population (Schwartz and Sredni, 1982). Both
molecular and cellular data seem to rule out the idea that
these cells have separate receptors specific for only allo-
MHC (von Boehmer et al., 1979; Sredni and Schwartz,
1981; Malissen et al., 1985; Yagiie et al., 1985). If T cell
receptors do not distinguish the source of interaction-
antigen determinants, one receptor could recognize both
a specific antigen/MHC complex and an allo-MHC mole-
cule alone, provided that its structure mimics the novel
determinants of the complex. In support of this, recent
work indicates that the antigen specificity of a T cell clone
biases its specificity for particular allo-MHC molecules
(Ashwell et al., 1986). Our model predicts a bias in the pe-
ripheral population for such cross-reactivity because the
polymorphic domains of different MHC alleles already
share many determinants involved in interaction-antigens.
Therefore, we believe that many allogeneic responses
represent cross-reactivity for interaction-antigen com-
plexes. Alloreactivity may be amplified because the con-
centration of MHC molecules on any single cell will gener-
ally be much greater than that of presented antigen.
Alloreactivity may also be due to allo-presentation of ei-
ther non-MHC allo-antigens or seif-antigens to which the
T cell population is tolerant in the context of self-MHC
molecules.

MHC Polymorphism Functionally Expands

the T Cell Receptor Repertoire

In dual-recognitive models, T cells require separate pools
of diversity to accommodate both MHC molecules and an-
tigen (Pernis and Axel, 1985). Thus, minimun T cell diver-
sity must equal the number of potential antigens multi-
plied by the number of MHC alleles. Interaction-antigen
models are not constrained by this combinatorial because
the determinants of an interaction complex cannot be dis-
tinguished from those found in the general pool of poten-
tial antigens. We believe that MHC polymorphism in fact
reduces the number of T cell receptors necessary to
recognize a given pool of antigens. Expression of multipie
MHC molecules provides the potential for presenting an
antigen in different contexts, thereby increasing the likeli-
hood that the T cell repertoire has a complementary
receptor structure. Extensive polymorphism insures this
hetergeneity in individuals.

Qur view predicts that the degree of MHC polymor-
phism expressed in individuals and populations should
reflect the potential antigenic exposure. The Syrian ham-
ster is essentially nonpolymorphic for class | molecules,
which usually present viral antigens, but is polymorphic
for class |l molecules (Streilein and Duncan, 1983). It was
suggested that the Syrian hamster is seldom exposed to
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viruses due to its extremely solitary lifestyle and thus may
have a reduced need for diverse structures to present viral
antigens. In a complementary manner, sudden loss of
MHC polymorphism within a population exposed to a nor-
mal antigenic environment should place that population at
increased risk. Cheetahs seem particularly susceptible to
viral epizootics relative to other populations of big cats.
Unlike other big cats, cheetahs lack polymorphism for
class 1, presumably because of a recent founder event
resulting from overhunting (O'Brien et ai., 1985).

Recognition of MHC Class Correlates with T Cell
Effector Function and Involves Sequences
Unrelated to Those involved in Antigen Recognition
Different Ig effector functions are mediated by different
Cy regions or isotypes. The expression of the two Cg
gene segments does not correlate with differences in T cell
function and there is also no indication that gene seg-
ments of either chain divide into class-specific subsets
(Becker et al., 1985). If there is no restriction on com-
binatorial association between V, and Vp genes, it seems
unlikely that particular combinations would generate
class-specific receptor sites. Therefore, the a/p receptoris
insutficient to define T cell functional response.

Because the class of MHC moiecuie presenting antigen
correlates well with the effector function of responding T
cells, recognition of class-specific determinants may help
define functionai response. It has been suggested that
MHC class is recognized independently of allele-specific
determinants by molecules other than the antigen-specif-
ic receptor (Biddison et al., 1982; Swain et al., 1983). Ex-
periments in which T¢ function was inhibited by anti-Lyt2
antibodies led to the proposal that Lyt2 directly recognizes
class | MHC products (Wettstein et al., 1978; Okada and
Henney, 1980; Swain, 1981) (Figure 1). Similarly, T4 and
L3T4 may recognize class Il molecules (Biddison et al.,
1982; Marrack et al., 1983). The presence of Lyt2 and L3T4
is more strictly correlated with class | and class |l antigen
presentation, respectively, than with particular T cell func-
tions. The V-like structure of these molecules suggests
that they function as receptors for MHC class-specific de-
terminants. However, following in vivo immunization it is
possible to isolate class I-restricted T cells that respond
to antigen in vitro even when Lyt2 is blocked by antibody
(MacDonald et al., 1981). It was proposed that these cells
were selected in vivo for high antigen avidity and that Lyt2
and L3T4 operate to enhance the overall avidity between
T cells and target cells.

There are various mechanisms by which Lyt2 and L3T4
could modulate celi-cell avidity. By binding to MHC
molecules, they could bring T cell and target cell surfaces
together transiently and increase the likelihood that an o/
complex will encounter only presented antigen. In addi-
tion to shifting the kinetics of cellular interactions, acces-
sory molecule~MHC binding couid increase the avidity of
target and effector cells and compensate for lower avidity
a/B-antigen/MHC interactions or for low concentration of
presented antigen. This process could occur between any
target cell and T cell with the appropriate combination of
MHC and accessory molecule, regardless of whether anti-

. T Cell
a/A ' Lyt2
= 1
Class Il + Class |
Antigen
APC

Figure 2. A Possible Mode of T Cell/Target Cell Interaction Mediated
by Lyt2

MHC class ll-expressing APCs also express class | molecules. This fig-
ure illustrates the interaction of an Lyt2-exprassing T cell with a target
cell that is presenting antigen (black diamond) with a class il molecule.
If the recognition functions of the «/p receptor and the accessory
molecules (Lyt2 or L3T4) are not linked. Lyt2 could bind to an MHC mol-
ecule not involved in antigen presentation. Therefore, Lyt2 should be
able to mediate T cell recognition of an MHC class ll-presented anti-
gen. This scenario predicts a less exclusive correlation between L3T4
expression by T cells and recognition of class ll-presented antigens.

gen was present. In this scheme, a/f receptors could bind
antigen presented by any MHC molecule—not just those
MHC molecules directly bound by the accessory mole-
cules. This implies that, because APCs expressing class
Il molecules also express class | products, both Lyt2 and
L3T4 would facilitate interaction of an a/B complex with a
class || MHC/antigen complex (Figure 2). Therefore, the
correlation between Lyt2 expression and recognition of
class |-presented antigen should be less exclusive than
the correlation between L3T4 expression and recognition
of class ll-presented antigen. Because breakdown of the
specificities of both these accessory molecules is rarely
observed, it may be more likely that Lyt2 and L3T4 spe-
cifically direct a/B compiexes toward the same MHC mol-
ecules bound by the accessory molecules. We have
described a six residue (6-mer) sequence conserved be-
tween the polymorphic regions of class | molecules and
those of the class il B-chains, and suggested that this se-
quence might be part of a general target for T cell recogni-
tion of MHC molecuies (Malissen et al., 1983). A related
but distinct peptide is also conserved in class il a-chains,
but not in the structurally equivalent region of class | mole-
cules. This a-chain peptide, in conjunction with class-
specific variation in the sequences neighboring the 6-mer,
may help functionaily define MHC class. T cell response
to xenogeneic class | molecules and recent results of ex-
periments with class ll/class { chimeric molecules suggest
that both Lyt2 and L3T4 interact with the polymorphic do-
main of MHC molecules (Swain et al., 1983; Golding et al.,
1985a). We propose that Lyt2 and L3T4 are specific for
6-mer-related sequences and bias T cell surveillance to-
ward the antigen-presenting domain of the same target
cell MHC molecules. Some Lyt2 and L3T4 blocking experi-
ments indicate that these molecules are not always re-
quired for T cell antigen recognition. However, the high
concentration of antigen used in in vitro experiments rela-
tive to that encountered in vivo may decrease the need for
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MHC targeting by increasing the number of interaction
complexes on the cell surface. As a refinement of this
directed scheme, accessory molecules might preferen-
tially direct a/f compiexes toward MHC moiecules that are
conformationally altered by antigen presentation. Pa&bo
et al. (1985) suggest that the 6-mer may be more exposed
when the MHC molecule is sterically modified, perhaps by
antigen interaction. Whether or not the process is antigen
independent, direction of the a/B receptor by Lyt2 and
L3T4 requires a testable interaction between these mole-
cules and the receptor. ’

T Cell Activation

The a/f complex in our model does not distinguish MHC
from antigen determinants and consequently could bind
free antigen without other constraints. We believe acces-
sory molecules direct T cell receptors to MHC molecules
and, hence. could convey at least some of these con-
straints. Since some T cells can be stimulated in the ab-
sence of accessory molecule interaction, the role of these
molecules in T cell activation cannot be essential in all sit-
uations (Marrack et al., 1983). T cells can also be activated
in vitro independently of antigen recognition by various
lecuins. lymphokines, and serological reagents directed
toward different T cell surface structures. Therefore, T cell
activation in vivo probably involves several different com-
ponents (Greenstein et al., 1984). In our model, antigen
recognition is required but not sufficient for T cell activa-
tion. Additional requirements may be either transmission
of other specific signals or formation of an activation com-
plex in which multiple moiecules coordinately transmit an
antigen-recognition signal. In addition to Lyt2 and L3T4,
there are numerous other cell surface molecules that ap-
pear to be important in T cell activation (for review, see
Townsend. 1985). Different subsets of these molecules
may participate in activation depending on the conditions
of antigen presentation. For example. different types of
APCs may interact with particular subsets of these mole-
cules.

T Cell Ontogeny Results in But Does Not

Select for a Population Biased for

Recognition of Antigen Presented by Self-MHC
Although our model is primanly functional, it must be
viewed in a broader developmental context. In particular,
our model has implications for the process of thymic edu-
cation. Most dual-recognitive models have been proposed
specifically to explain positive thymic selection for self-
MHC-restricted T cells. However. while some bone mar-
row chimeras appear to demonstrate nearly complete re-
striction of the donor T cells to host MHC molecules, many
similar expernments demonstrate only a bias (Blanden
and Andrew. 1979: for review. see Klein and Nagy, 1982).
Most studies of MHC-restriction in normai animals also do
not show absolute restriction of T cells to thymic MHC
molecules. If a normal T cell population is first depleted
of alloreactive clones by negative-selection techniques or
by rendering mice neonatally tolerant to an alio-MHC mol-
ecule, a portion of the remaining T cells can respond to
an antigen presented by that allo-MHC molecule (for re-
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view, see Schwartz, 1984). In several experiments, these
allo-restricted cells were shown to be a separate popula-
tion from those cells that were self-restricted for the same
antigen. Although some negative-selection experiments
did not indicate allo-MHC antigen presentation, most ex-
periments. compared self-restricted response to the re-
sponse for only one or two other ailo-MHC alleles. The
results, therefore, seem to depend on the particular com-
binations of antigen and MHC alleles tested (Doherty and
Bennink, 1979). The actual contribution of the thymus to
MHC-restriction has been investigated by determining the
ratio of self- to allo-restricted T cells responding to a partic-
ular antigen in T cell populations that had nat been primed
previously with that antigen (Wagner et al., 1981; Stock-
inger et al., 1981). In general, the ratio was found to be only
about 2-6 to 1 for any one allo-MHC tested in both al-
logeneic chimeras and normal mice, with no differences
between thymic and splenic T cell populations. When
all these experiments are considered, a clear pattern
emerges: restriction to thymic MHC type is not function-
ally absolute, but is only a bias. This implies that models
of T cell antigen recognition are not constrained to accom-
modate strict selection for thymic MHC type and that T
cells exiting the thymus express a receptor repertoire es-
sentially unlimited in its ability to recognize antigen with
allo-MHC molecules.

In Figure 3 we illustrate a program of T ceil maturation
consistent with our view of T cell antigen recognition. In-
teraction of the a/p receptor with some ligand might be im-
portant at one or more stages of development to facilitate
or redirect this program. These stages may be defined by
susceptibilities to various lymphokines, perhaps present
in different developmental compartments of the thymus
(for review, see Reinherz, 1985). If a T cell were to be trig-
gered at an early stage by binding a self-MHC molecule
or a self-MHC/antigen interaction complex, it would be
eliminated or made tolerant. A similar stimulus at a later
stage, on the other hand, may trigger functional matura-
tion. it is possible that T cells must be tested for the pres-
ence of a functional receptor during this later stage before
exit to the periphery. This process would favor those T
cells that interact with ligand, but others may passively
“escape” from the thymus by some stochastic process.
Two-thirds or more of developing T ceils may not produce
a full complement of functional receptor genes because
of aberrant rearrangements (Kronenberg et al., 1985), and
therefore wouid fail a test for a functional receptor. This at-
trition, and that caused by the elimination of cells for seif-
reactivity, could account for a great deal of the observed
cell turnover in the thymus.

We believe that antigen priming in the context of self-
MHC alleles is primarily responsible for the bias toward
self-MHC-restricted T cells in the periphery of normai
animals. However, the thymus may be the first place
maturing T cells have an opportunity to encounter anti-
gen. Longo and Schwartz (1980) have shown that T cells
recognizing class ll-presented antigen are restricted pri-
marily to the MHC motecules of thymic APCs rather than
to those of thymic epithelial cells. The involvement of
APCs in this restriction suggests to us a role for self-MHC
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Figure 3. Simple Model of
Thymus

After T cells with unique receptors are generated. there is a negative
selection against those that are complementary to seif-MHC
molecules alone (small filled forms attached to a wavy cell membrane),
or to seif-MHC molecules presenting antigen (open forms attached to
MHC molecules). An X indicates that the responding T cell will be elim-
inated. A dashed line between the first two phases indicates that there
may be a compartmental or temporal separation between these two
events, but that such a distinction is not required. Once autoreactive
clones have been eliminated or made tolerant. remaining clones are
tested for the presence of a functional receptor by interaction with
MHC-presented antigen or by low-affinity, nonspecific interactions with
self-MHC molecules. Presumably. those T cells without a receptor
complex are not triggered to leave the thymus. Those T ceils with
otherwise functional receptors that are not triggered sufficiently by the
expressed MHC molecules may be eliminated: alternatively, they may
escape through a more stochastic process, albeit at a lower frequency
than stimulated T celis. A sohd line indicates that this later process
must be separated from the negative selection process. After exit from
the thymus. the surviving T cells are available for activation and
proliferation

plus antigen in biasing the T ceil repertoire. Although
proliferative response of thymocytes to antigen is difficult
to detect (for review. see Rothenberg and Lugo, 1985), an-
tigen priming in the thymus can be demonstrated (Fink et
al., 1984; Kyewski et al., 1984). Other experiments fail to
show any involvement of APCs with class I-restricted T
cells (Zinkernagel, 1982). However, recognition of class
|-presented antigen is generally less restricted to thymic
MHC alleles than is recognition of class I!-presented anti-
gen (Bradley et al., 1982). Recent experiments suggest
that this distinction may reflect differences in develop-
mental influences on Ty and T¢ cell subsets (Kruisbeek
et al.. 1983; Golding et al., 1985b). For example, the
stronger influence of the thymus on class ll-restricted T

a/B

e

Figure 4. Low-affinity, Nonspaecific Interaction between T Cell Recep-
tors and Self-MHC Molecules in the Thymus

Identical a/p receptors have the same hatching pattern. Identical MHC
molecules are filled or not filled similarly. The same T cell receptor is
shown interacting with nonhomologous determinants on different
MHC molecules in the thymus. Also included are different T cell recep-
tors interacting with the same MHC molecule. This illustration is de-
signed to indicate that there is no requirement for an MHC-specific rec-
ognition region on a T cell receptor or a specifically recognized
structure on the MHC molecule to impart a bias for self-MHC recogni-
tion in a T cell repertoire.

cells may be due in part to a greater likelihood of class
ll-presented antigens being found in the thymus.

Our view of the T cell receptor suggests that receptor in-
teractions in the thymus would frequently involve anti-
gen/self-MHC complexes. However, low-affinity binding of
some thymocytes to self-MHC molecules alone may also
be sufficient for stimulating maturation (Reinherz, 1985).
In our model, this interaction would not be mediated by a
specific binding site for MHC and would not necessarily
involve allele-specific determinants. Therefore, it does not
reflect a required selection for recognition of self-MHC.
The receptors must merely accommodate the MHC mole-
cules present, not be specific for them (Figure 4). The
MHC determinants that would participate in these low-
affinity interactions are presumably the same determi-
nants involved in antigen interactions and would often be
altered or lost in particular interaction complexes. How-
ever, complexes would form in which some of the original
MHC determinants remained. A T cell population ex-
panded through this process should express a bias for
recognition of interaction antigens that retain original
MHC determinants. This process may explain why T ceil
recognition of smaller antigens is generally more re-
stricted than recognition of larger ones; that is, smaller an-
tigens would disrupt or mask the MHC determinants to a
lesser degree than larger antigens (Schwartz, 1984).

Members of the Ig Superfamily Use

Similar Recognitive Strategies

T ceil receptors, class | and class Il MHC molecules, and
accessory T cell molecules such as Lyt2 and L3T4 all
belong to the Ig superfamily. We suggest that these
molecules use specific recognition sites structurally ho-
mologous to the Ig antigen binding pocket. The structural
and functional potentials of these V-like regions are the
consequence of two fundamental properties of homology
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units. First, they tend to form stable, pairwise associations
(domains) with other similar units. The binding pockst is
essentially the cleft formed between the two interacting
V-like regions; hence, both chains are able to contribute
to specificity. Second, with conservation of only about fif-
teen specific amino acids, most of the V-like sequence is
relatively free of evolutionary constraints. The resuiting
potential for diversity accounts for the exquisite specificity
and range of recognition structures available to the ver-
tebrate immune system. Given these two principles, the
simplest scenarios for the evolution of the Ig superfamily
do not require radical variation on the basic receptor struc-
ture, but rather require use of the same general recogni-
tive strategies in novel contexts.

Conclusion

We have presented here what we believe to be a simple
model of T cell response to antigen and have attempted
to integrate the growing body of molecular data with the
rich body of information derived from cellular research.
Other models have recently been proposed that aiso take
into account aspects of the molecular data, but, un-
like ours, accommodate positive selection for self-MHC
(Schwartz, 1985; Norcross and Kanehisa, 1985; Langman
and Cohn, 1985; Pernis and Axel, 1985; Raulet et al.,
1985). We have presented our model in the hope that its
testing will contribute to a more complete understanding
of the immune response.
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Evolution is a tangible and dynamic aspect of biological communities.
However, while evidence of its occurrence is overwhelming, its precise
nature is much more obscure. The pioneering work of Haldane, Fisher,
Wright, and others in the 1920s and 1930s laid the theoretical frame-
work for population genetics. From this foundation, Huxley, in the
early 1940s, developed the first widely accepted model for evolutionary
change and the forces involved—the “modern synthesis” or Neodar-
winism. This theory is essentially a marriage of Mendelian genetics
and classic Darwinian selection and has been a cornerstone of modern
biological thought. Today, however, the theory of evolution as embod-
ied by Neodarwinism is a theory in some turmoil. There are phyletic
gradualists and punctuated equilibrists. There are strict selectionists
and just as strict neutralists. There are altruistic genes that turn out
to be selfish. There are even reports that acquired traits can be inher-
ited. Unfortunately, classic paleontological and taxonomic approaches
to these and other issues and problems have yielded results too equiv-
ocal for general consensus. Even the refinement of taxonomy to the
biochemical level has stirred as much controversy as it has shed light.

In just the last few years, exciting technological advances in the
field of molecular genetics have been responsible for a revolutionary
new view of the structure and organization of genetic information.



HUNKAPILLER, HUANG, HOOD, CAMPBELL/CHAPTER 10
THE IMPACT OF MODERN GENETICS ON EVOLUTIONARY THEORY

Likewise, this new perspective has suggested many intriguing and
novel means of genetic variation. It is our belief that this new model
of the genome imposes both constraints and potentialities on any new
synthesis of evolutionary theory and should aid in resolving many of
the outstanding issues of debate. In this chapter we will present a
brief outline of several of the phenomena responsible for this new
genetic model, in order to convey something of the current view of the
complex nature of genetic elements, their functional and structural
organization within the genome, and the modes of physiological var-
iation of germline information.

The genetic elements that we will discuss represent, by themselves
and as components, different levels of organizational complexity that
generate hierarchical strategies of function and fitness. Variation, it
seems, is an integral part of the dynamic equilibrium between these
systems. The rate and style of evolution then depends not only on the
external forces exerted upon organisms but also upon the nature of
variation prescribed by their genetic organization.

We will start our discussion with a brief description of some par-
ticular genomic structural elements and the implications they have
for genetic variation. We will then describe examples of the higher
level functional organization of these components and the possibility
they provide for integrated genetic change.

SPLIT GENES—EXONS AND INTRONS

Perhaps no observation has come as such a great surprise to molecular
biologists as the fact that eukaryotic genes are split into a series of
alternating peptide-coding regions (exons) and intervening sequences
(introns) that are transcribed together as a single, high molecular
RNA species. Known exon numbers range from two to as many as 52
for a-collagen (for review, see Abelson, 1979). Subsequent enzymatic
excision of the noncoding information from the RNA transcript is
required to generate a functional messenger RNA in which all coding
information is contiguous and translatable. This process is called RNA
splicing (Figure 1).

The discovery of split genes was followed by the corollary obser-
vation that often functionally discrete domains of particular proteins
are coded for by individual exons (Blake, 1981). The simplest and
perhaps clearest example of this phenomenon is seen in the antibody
system where discrete exons encode homologous structural domains of
the antibody molecule (Calame et al., 1980; Sakano et al., 1979) (Fig-
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FIGURE 1. A model of RNA splicing. The original RNA transcript of a split
gene includes both coding (exons or E) and noncoding (introns or I} sequences.
RNA processing, which includes the splicing together of all exons and the
subsequent loss of introns, produces a mature, translatable messenger RNA.
Non-protein coding RN As (transfer RNAs, ribosomal RNAs) undergo a similar
RNA splicing process.

ure 2). In this context, the evolution of many multidomain proteins,
like antibodies, can readily be explained by the duplication of a single
primordial exon and the subsequent divergence of the homologs. Thus,
exons encode evolutionary as well as functional units in proteins. The
duplication of functional domains without exon splicing would require
the far less likely event of precisely contiguous and in-phase alignment
of the duplicate and original coding sequence. Even more striking are
the evolutionary implications of the rearrangement of exons referred
to as “exon shuffling” (Doolittle, 1978; Darnell, 1978; Gilbert, 1978;
Crick, 1979). When genes are composed of multiple discrete exons that
encode distinct functional or structural peptide domains, new combi-
nations of exons can generate novel synergistic combinations of these
domains. Any intra- or intergenic recombinational event or mutation
in splice-site signal sequence can generate unique permutations of
this kind. Isolation of the coding information as exons surrounded by
nontranslated DNA sequence helps maintain the integrity of genetic
information during such events and insures a proper reading frame
alignment. This evolutionary strategy removes the requisite of rein-
venting the wheel or rather reevolving certain structural and/or func-
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tional strategies before they are employed within significantly new
contexts. For example, recombination of the exon encoding the mem-
brane-anchoring domain of one gene with a second gene whose product
previously was secreted drastically alters the functional context of the
second protein. Exon shuffling would allow significant evolution of
proteins to proceed in major steps rather than through a series of
intermediates reflecting minor incremental changes. Since the do-
mains involved in exon shuffling would have already experienced
selection for their structural and functional viability, selection on new
combinations will need to operate less on this aspect and more on the
functional relationship of the new product and the cell producing it.
This view does not imply that eukaryote genomes are organized to
encourage such evolution, but rather that the evolution is a fortuitous
by-product of an arrangement that serves other primary functions.

A Gene Protein
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FIGURE 2. A. The correlation of immunoglobulin exons and globular do-
mains. The DNA organization of an immunoglobulin heavy chain gene and
domain structure of the corresponding heavy chain polypeptide are repre-
sented. The boxes represent exons, and the lines represent flanking sequences
or introns for the gene. The circles represent discrete globular domains for
the protein (the light chains are omitted for clarity). There is a perfect cor-
relation between the exons and the corresponding globular domains. B. Exon
shuffling. Classical genetic phenomena can result in the rearrangement or
“shuffling” of exon information. Shown are possible rearrangement events
involving immunoglobulin heavy chain constant region genes that could result
in new exon arrangements and, subsequently, new synergistic associations of
functionally and/or structurally discrete domains.
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FIGURE 3. Antibody molecules are expressed in either the secreted (s) or
the membrane-bound (m) form, depending on the RNA splicing and processing
pathways employed after transcription of the genes. The exons (boxes) and
introns (lines) of the u heavy chain gene (encoding antibodies of the IgM class)
are depicted. Alternative splicing patterns result in two mRNAS, tmembrane and
Msecrereas that differ only at the 3’ (C-terminal) coding end. Open boxes denote
the 3’ untranslated regions. Black boxes represent the membrane tail coding
region and stippled boxes the secreted tail-coding region. L, V, and C, denote
the leader-, variable-gene-, and constant-domain exons, respectively.

Not only can new exon permutations be generated, but develop-
mental expansion of the information content of any given germline
sequence is possible through the use of alternative RNA splicing path-
ways. As shown in Figure 3, antibody heavy chain genes have distinct
coding regions for two relatively small, alternative carboxy-terminal
tails. One of these coding regions (Ts) encodes a peptide sequence
associated with the secreted form of the antibody molecule that carries
out the effector functions of humoral immunity. The second of these
coding regions (T,;) encodes a membrane tail which inserts into the
lipid bilayer of the cell membrane and renders the antibody molecule
a cell-surface receptor for triggering subsequent steps of differentia-
tion upon interaction with a foreign molecular pattern (antigen).
Though both exons are arrayed sequentially with other heavy chain
exons, two alternative modes of RNA splicing ensure that only one of
the two tail-exons is included in a mature message RNA (Kehry et
al., 1980; Early et al., 1980; Rogers et al., 1980).

The exon-intron arrangement is complicated even further. One
gene’s intron may in part code for a different, structurally unrelated
protein. Specifically, it has recently been shown that a protein involved
in the processing of cytochrome b6 mRNA in yeast ("mRNA maturase”)
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actually resides within the intron of the gene it helps regulate (La-
zowska et al., 1980).

The hypothesis of evolutionary exon shuffling readily permits us
to understand how extremely sophisticated gene systems can arise
through relatively few genetic events. Therefore, under the appropri-
ate environmental conditions, such systems also can arise in relatively
short periods of evolutionary time. Let us now consider an analogous
but higher order of organization for eukaryotic information that is
characteristic of virtually all eukaryotic systems that have been stud-
ied to date, the multigene family.

MULTIGENE FAMILIES

Many eukaryotic genes are found in groups or families of multiple,
related copies. These multigene families are made up of information
units that (1) are homologous in structure, (2) overlap in function, and
(3) are generally tandemly linked (Figure 4) (for review, see Hood et
al., 1975). Multigene families range in size from the few gene copies
of the hemoglobin families to thousands of copies of ribosomal genes
and satellite DNAs. The gene copies within a family can be virtually
identical or can vary markedly from one another. Multigene families
are evolutionarily dynamic entities that provide special opportunities
for processing, expression, expanding, and evolving information. Cer-
tain general properties of multigene families have important evolu-
tionary implications.

1. Variation in gene copy number. Multigene families often vary
in size from one species to another. For example, the clawed toad
Xenopus laevis has 24,000 copies of 5S ribosomal genes, whereas its
counterpart Xenopus borealis has 6,000 copies of the same information
(Brown et al., 1971). Presumably the expansion and contraction of
multigene families is promoted through homologous but unequal
crossing-over (Figure 5) and can occur relatively rapidly. Variation in
copy number on this scale has important implications as to the vari-
ation between copies and will be discussed shortly.

Chromosome
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R TR =l

FIGURE 4. Model of a multigene family. (From Hood et al., 1975.)
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FIGURE 5. A model of homologous but unequal crossing-over. Homologous
crossing-over events can be promoted by the mispairing of homologous genes
between chromosomes carrying closely linked, homologous multigene families.

This process yields one chromosome with an increased number of genes and
a second with a decreased number of genes. (From Hood et al., 1975.)

2. Heterogeneity. A single gene can generally encode only a single,
chemically homogeneous gene product. In contrast, a multigene family
can encode a heterogeneous collection of closely related protein species.
For example, the hemoglobins synthesized by humans are encoded by
two multigene families (Figure 6A), the o family and the 8 family,
whose individual genes are expressed in a developmentally regulated
fashion (Figure 6B) (Bernards et al., 1979; Efstratiadis et al., 1980;
Weatherall and Clegg, 1979; Proudfoot et al., 1980). Accordingly, dis-
tinct globins are expressed at the embryonic ({,€,, a,¢.), the fetal (a.y,),
and the adult («.8,, a.B,) stages of development. Interestingly, the
developmental order of 3-like gene expression directly reflects the g
family genomic order (5' to 3’). Also, different globins have distinct
oxygen-binding properties and are regulated by various effector mol-
ecules in quite different fashions. Thus, microheterogeneity has
evolved which is physiologically useful and is expressed in a precisely
regulated fashion. Certainly the most extreme example of heteroge-
neity in the gene families analyzed to date is the diversity seen among
the antibody genes, which provides the basis for the enormous range
of specificities in the immune system.

3. Multigene families shield their gene copies from natural selec-
tion. Gene copies that overlap in function are shielded from selection,
in the sense that deleterious mutations of one gene copy will be buff-
ered if other gene copies can assume at least in part the mutated
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FIGURE 6. A. Models of the beta (8) and alpha (a} globin gene families in
man. Individual genes (boxes) denote separate genes and do not indicate exon-
intron configurations. Open boxes represent pseudogenes (¢). The € and {
genes are embryonic; the y genes are fetal; the «, 8, and & genes are adult.
The size of these families is indicated in kilobases (kb). (Courtesy of T. Man-
iatis.) B. Time course of concentrations of the respective polypeptides.

gene'’s function. For example, hundreds of virtually identical histone
genes are present in most higher organisms. The effect on the organ-
ism from the loss of function of one histone gene copy through muta-
tion would be negligible. Thus, redundant gene copies would be ex-
pected to diverge spontaneously over evolutionary time. Besides
promoting this divergence, shielding has at least two other interesting
consequences. First, pseudogenes arise and appear to be a character-
istic feature of multigene families (see Figure 6A). A pseudogene is
one whose sequence has been altered so that it no longer is functionally
expressed at the polypeptide level. Pseudogenes arise through muta-
tions generating stop codons within exons, changes in the RNA pro-
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cessing signals, or sequence interruptions which lead to changes in
the reading frame. Indeed, 25 percent of known globin genes appear
to fall in this category. The frequency of pseudogenes underscores the
fact that individual members of a gene family may be under reduced
selective restraint. Presumably pseudogene sequences will eventually
randomize through mutation unless they have selectable functions
(e.g., regulation) within the gene family (Li et al., 1981). Second, and
most important, selection will tend to operate on the function of the
multigene family taken as a whole rather than operating on the func-
tion of the individual gene copies that comprise that family. Thus, in
one sense, the unit of selection becomes the multigene family rather
than a single Mendelian gene.

4. Coincidental evolution. Homologous multigene families in dis-
tinct evolutionary lines can evolve in a coincidental fashion. Coinci-
dental evolution denotes the tendency for genes within the same gene
family to evolve in a similar or coincidental fashion (Figure 7). Coin-
cidental evolution may arise either by homologous but unequal cross-
ing-over or some type of gene conversion (Figure 8). Thus when genes
are organized into tandemly linked families, there are mechanisms
(Figure 8) which often insure coincidental evolution and, accordingly,
limit variation.

The inherent tendency of gene copies in a multigene family to
evolve coincidentally opposes their reciprocal tendency to diverge, due
to their shielding from natural selection. As has been noted previously,
some gene families containing hundreds of members, such as the
histones, are highly uniform in structure while others, especially the
antibody genes, are remarkably heterogeneous. Explanations for dif-
ferences in the heterogeneity may relate to the structural character-
istics of particular gene families which might increase or decrease
unequal crossing-over or gene correction and the propensity for coin-

Mouse —rabbit ancestor

PV Ve Ve L Vo
T f | =

Coincidental
evolution
Vv, Vo o Vs Vs Vo Vi Va Vi Va Va
Mouse Rabbit

FIGURE 7. A diagram of coincidental evolution during the divergence of the
mouse and rabbit evolutionary lines. X, d, 0 and A represent coincidental
changes in the respective evolutionary lines. (From Hood et al., 1875.)
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FIGURE 8. Two models of coincidental evolution. A. Linear transmission
implies that all genes have been altered in a similar manner. B. Transmission
by gene duplication, as in homologous but unequal crossing-over, indicates
that particular gene copies have been expanded while others have been lost.
(From Hood et al., 1975.)

cidental evolution. Alternatively, they may reflect structural and/or
quantitative constraints at the gene product level. Copy homogeneity
in gene families can be directly selected for when many functional
gene copies are needed to express large quantities of product or when
homogeneity of the gene product is critical for effective function or
control. Ultimately the degree of homogeneity must reflect the balance
between the constraints on variation imposed by the physical nature
of the family and the information content necessary for that family to
function.

5. Information expansion by combinatorial and mutational mech-
anisms. Multigene families can have informational and/or quantita-
tive functions. The high copy number of ribosomal RNA genes, for
example, insures the sufficient quantity of a very important, virtually
homogeneous product. On the other hand, informational families like
the globins produce heterogeneous products that allow an organism to
fine tune its phenotype to various physiclogical signals (see Figure
6A, B). The antibody gene families code for specific antibody molecules
against an amazingly broad spectrum of antigens. These families are
predominantly informational systems that greatly expand their infor-
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FIGURE 9. Organization of the three antibody gene families of the mouse.
Exon-intron organization of heavy chain constant region genes is not shown.
V, D, J, and C denote variable, diversity, joining, and constant genes, respec-
tively. (From Early and Hood, 1981.)

mation content by DNA rearrangements and somatic mutations dur-
ing development.

Antibodies are composed of two polypeptides, light and heavy
chains, which in turn are divided into two distinct regions, an amino-
terminal variable (V) and a carboxy-terminal constant (C) region.
These polypeptides fold into four to five discrete domains which carry
out distinct functions—pattern recognition by the variable domains
and effector functions by the constant domains. The antibody mole-
cules are encoded by three multigene families, two for light chains A
and «, and a third for heavy chains (Figure 9). Light chains are

TABLE 1. Estimated numbers of antibody gene segments in
the mouse and the diversity they can express via combinatorial
mechanisms operating at the DNA and protein levels (see text).

1. GERMLINE
Kappa ~250V,
4J,
Heavy ~250 V4
~10D
4Jdy
Lambda 2.3V,
2-3dJ,
2. COMBINATORIAL JOINING
Kappa 250V, x 4J, = 1000 « genes
Heavy 250 Vy x 10D x 4 Jy = 10,000 H genes

3. COMBINATORIAL ASSOCIATION
1000 « x 10,000 H = 107 antibody molecules
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encoded by three separate gene elements, variable (Vy), joining (J.),
and constant (C.). Heavy-chain gene families include a fourth seg-
ment, diversity (D). Table 1 gives our current estimates as to the
number of germline gene segments within each of the three antibody
gene families of mice.

The initial expression of antibody genes requires DNA rearrange-
ment events that bring into contiguous apposition the elements of V
and Vy genes with the subsequent loss of any intervening DNA se-
quence (Figure 10) (Brack et al., 1978; Seidman et al., 1978; Davis et
al., 1980a). In light chains V| and J, gene elements are joined, while
in the heavy chains, the Vy, D, and Jy elements are joined together.
These rearrangements are presumed to occur during the development
of particular antibody-producing (B) cells. Table 1 shows that unre-
stricted combinatorial joining of the gene elements within the anti-
body gene families would be equivalent to having 1,000 V, and 10,000
Vyu germline genes in one organism. In the heavy-chain family, the
joined Vy gene can be juxtaposed with different C;; segments through
a developmentally regulated DNA rearrangement called class switch-
ing (Figure 10). In this way, identical antigen specificity can be as-
sociated with the various effector functions encoded by the different
Cy sequences. The combinatorial association of the light and heavy

Light chain Heavy chain
v ) G vV D J Gy C¢
Sperm —R—/A—1—(_1— — -
\ I N \
< /
& / % Y b VDJ joining
vVJ ¢ Y
Myeloma——m}—(—— T, B T
VDJ |\ Cu, Co
/
\\ 5 Cy switching
\\ o
gD -— ——__—
vDJ Cd

FIGURE 10. Two types of DNA rearrangements which occur during the
differentiation of antibody-producing cells. In light and heavy chain genes V-
J or V-D-J joining juxtaposes the gene segments encoding the V and Vy
genes. Subsequently in heavy chain genes class, or Cy, switching may occur.
The class switch leads to the expression of different immunoglobulin classes.
Sperm indicates DNA undifferentiated with regard to antibody function,
whereas myeloma denotes DNA in which one or more DNA rearrangements
have occurred.
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polypeptide chains is necessary to generate functional antibodies.
Thus, the combinatorial pairing of light and heavy chains, at the
protein level, also permits an enormous expansion of the information
potential of antibody gene families and, presumably, the functional
range of antigen-binding specificities. Indeed, from Table 1 we can see
that 107 distinct antibody molecules could be generated through com-
binatorial mechanisms operating at both the nucleic acid and the
protein level.

The mechanism that joins together the distinct gene elements has
another, more subtle consequence for antibody diversity. The site of
joining is flexible and may be at many different points in the junctional
sequences—thereby leading to hybrid codons and junctional regions of
varying size (Weigert et al., 1980; Sakano et al., 1981). Junctional
diversity occurs in an area of the light and heavy chains that has a
particularly important contribution to the antigen-binding site. A fi-
nal, less well-understood form of antibody diversification is a muta-
tional mechanism that appears to operate only during a narrow time
span of B-cell differentiation and is probably activated by antigen
stimulation (Gearhart et al., 1981; Crews et al., 1981). It causes the
equivalent of point mutations in the rearranged variable gene ele-
ments and correlates with heavy-chain class switching. This muta-
tional mechanism expands enormously the variability and hence the
functional information of antibody genes and their corresponding poly-
peptide products.

Although presently demonstrated only in antibody gene families,
these combinatorial and mutational mechanisms for information ex-
pansion may well be employed in other complex eukaryotic systems,
such as those seen in the nervous system. In this regard, two points
are striking. First, the antibody system employs strategies that op-
erate in somatic cells to vastly increase the amount of useful infor-
mation carried by the germline, but which are directly dependent on
the physical nature of the germline families. Hence, gene structure
and organization that allows such information amplification is directly
selectable. Second, the existence of enzyme systems for altering DNA
in these somatic cells poses the intriguing question as to whether
similar mechanisms also exist for changing genetic information in
germ cells.

6. Multigene families are a new unit of evolution. The emergence
of informationally complex multigene families may have paralleled
that of metazoan organisms (Figure 11). Indeed, these multigene fam-
ilies may reflect the enormous increase of information required at the
metazoan cell surface for cellular interactions, transmembrane sig-
naling, and cellular migrations. Once generated, these families pre-
sented the organism with a new evolutionary unit—the multigene
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family itself. A multigene family may be duplicated in part or ir toto.
Duplicate gene families could then diverge just as duplicate genes do
and come to encode new and complex aspects of eukaryotic phenotype.
Since the duplication of a multigene family would include the atten-
dant control mechanisms as well as structural genes, very sophisti-
cated multigene families could arise in relatively short periods of
evolutionary time, without the need to recreate the exhaustive and
meticulous evolutionary process that was used in initially shaping the
gene family. Thus, in time, a superfamily composed of many multigene
families, each devoted to encoding distinct aspects of a eukaryotic
phenotype, could emerge (Figure 11). This attractive hypothesis has
recently been supported by the intriguing observation that genes en-
coding the transplantation antigens of mammals appear to be homol-
ogous to those of the antibody gene families (Strominger et al., 1980;
Steinmetz et al., 1981). Thus, two complex mutigene families encoding
various aspects of phenotype relating to development of the immune
response appear to have a common evolutionary heritage. With the
duplication of trans-active regulatory strategies, functional interac-
tion and informational feedback schemes also can be maintained be-
tween disparate families. Again, these mechanisms permit very so-
phisticated gene families to evolve through a limited number of
genetic events and possibly within a very short evolutionary time.

DYNAMIC GENOME—MOBILE GENETIC ELEMENTS

Perhaps the most difficult group of genetic phenomena to incorporate
into the current evolutionary synthesis is represented by a staggering
array of quasi-stable genetic elements. These are sequence units that
are able to rapidly alter the genetic structure and information of an
organism through rearrangement and/or expansion of genetic infor-
mation, often in physiologic response to that organism’s environment.
Particularly interesting are mobile forms that are able to transfer
genetic information between organisms, and even between species.
Also, their frequent capacity for independent replication gives many
of these elements a semiautonomous nature and makes them the
purest example of selfish DNA: that is, DNA sequences within a cell
that experience selective forces distinct from those experienced by the
cell itself. Since the fitness of selfish DNA is to some degree indepen-
dent of the fitness of the cell, selfish DNA is capable of independent
evolution. It can be argued that all DNA possesses some selfishness.
However, elements capable of interorganismic transmission are cer-
tainly less constrained by the selective needs of a particular host.
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<4 FIGURE 11. A hypothetical scheme for the evolution of certain informational
multigene families. The order of gene duplication events is unknown. A num-
ber of genetic mechanisms seem to be employed in the evolution of these
families, as indicated by numbers adjacent to arrows. These are (1) discrete
gene duplication, (2) gene duplication by polyploidization or chromosomal
translocation, (3) contiguous gene duplication, and (4) coincidental evolution
of multiple genes. Mechanisms 1 and 4 may be identical. (Adapted from Gally
and Edelman, 1972.)

The mobile quasi-stable systems range in size and complexity from
the tiny viroids of plants and insertion (IS) sequences of bacteria to
sophisticated viruses. Their effects upon the host organism range from
altering the expression of single genes to subverting the entire genome
to their own purposes. Although most of the well-studied examples of
mobile quasi-stable elements are found in prokaryotes, analogous sys-
tems are known or suspected in eukaryotes as well.

The best known and most widely studied group of mobile genetic
elements are the transposable elements of prokaryotes (for review, see
Kleckner, 1977; Bukhari et al., 1977). They are relatively short seg-
ments of DNA with direct or inverted repeats at either end. They are
characterized by their participation in “illegitimate recombination”
events (independent of the cell’s normal recombination machinery),
which may involve the duplication and translocation of their genetic
information. Some are highly site specific in their transposition, while
others insert randomly throughout the host’s DNA. Deletion occurs
independently of transposition. Similar elements that are near one
another can transpose as one unit and duplicate genetic information
in the DNA sequence between them, thus generating larger and more
complex assemblies of mobile elements. Therefore, transposable ele-
ments represent a spectrum of forms of increasing complexity. Within
this spectrum, the simpler types occur both individually and as build-
ing blocks for more complex elements, and so on to even more complex
units (Figure 12).

The simplest transposable elements in bacteria are insertion se-
quences (IS) about 1,000 base pairs (1 kb) long with direct repeats of
about 150 base pairs at either end (Figure 12). Many different types
of IS are known in E. coli, strains of which may harbor 6 to 10 copies
of an IS element. A duplication event that inserts an IS element into
or adjacent to a gene can positively or negatively attenuate or totally
block the expression of the gene.
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When a phenotypically recognizable gene becomes associated with
a transposable element, the unit is called a transposon (Tn) (Figure
12). Transposons carry a wide variety of genes. Most often these genes
are nonessential for the normal function of the cell, but they may play
a critical role under conditions of stress. The best examples, and cause
of much current medical concern, are transposons that carry genes
which confer resistance to antibiotics.

Transposons can be quite simple. However, by fortuitously captur-
ing genes involved in their own replication and expression, more com-
plex entities can arise with greater selfish characteristics. For exam-
ple, element Tn117 encodes an erythromycin-resistance gene that is
under repressor control of another gene specified by the same trans-
poson. This repressor also seems to regulate transposition. Thus, ex-
posure to erythromycin not only derepresses the resistance gene that
protects the host organism but also facilitates duplication of the ele-
ment.

Plasmids are autonomously replicating molecules (10'-10% kb) that
exist as nonintegrated or extrachromosomal bodies within the host
cell (Figure 12). Conjugative plasmids constitute still higher levels of
organization. The first of these to be widely studied was the fertility

element (F) of E. coli. This element is able to initiate conjugation, a
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FIGURE 12. Four classes of prokaryote mobile genetic elements. Note the
overlapping structural organizations.
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process that directly transfers plasmic and ‘chromosm.nal information
of an F* cell into a recipient F~ cell. More promiscuous conjugative
plasmids can even move between different species. Nonconjugative
plasmids can be transferred to recipient cells during conjugation me-
diated by conjugative plasmids. Plasmids serve as vehicles for the cell-
cell transmission of IS and transposons (Figure 12). Transposition
from plasmid to host DNA can result in the stable transfer of pheno-
types between the chromosomes of different organisms. Therefore,
environmental conditions which promote transposition in one cell can
directly facilitate the rapid acquisition of any transposition-linked
trait by a very large cell population with little or no regard for that
trait’s selective value within the population.

The transmission of plasmids is a replication process in which the
donor cell retains the same information transmitted to the recipient.
Like transposons, plasmids tend to accumulate information that di-
rectly affects their own reproduction and fitness as well as the fitness
of the host cells. Also, examples of both plasmids and transposons
seem to have evolved through this cumulative process into still more
complex units known as bacteriophages. Some members of this group
are clearly plasmids (PI) or transposons (mu) that have acquired in-
formation necessary for a phage-type packaging, replication, and in-
fection, while retaining the ability to behave in a plasmid or transpo-
son fashion within the cell. These alternative modes of existence are
determined by environmental conditions.

Many advanced phage like lambda are actually a mosaic of distinct
chromosomal segments that display various modes of plasmid- and
transposon-like replication, maintenance, and control. Nonlytic phage
or those that integrate into the host genome also are able to provide
phenotypic advantages to the cell (primarily in the form of resistance
to further infection). Most important, phages represent extremely pow-
erful vectors of genetic information between widely divergent cells.

Besides duplication of sequence information and disruption of res-
ident gene activity, transposition is frequently associated with struc-
tural changes of the genomic material itself. Primarily, these are seen
as deletions, duplications, and inversions at or near the site of trans-
position and may or may not include the mobile element (for review,
see Nevers and Saedler, 1977).

In contrast to the above, some heritable recombination events are
site specific and are directly involved in gene regulation. Inversion of
a region of bacteriophage mu called the G loop appears to correlate
with the production of infectious particles. In Salmonella, two genes
(H-1 and H-2) code for the flagellar protein, flagellin. Phase variation
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occurs when expression of one gene is replaced by expression of the
other. Alternate expression of the H-1 and H-2 genes is controlled by
an inversion event that changes the association between the H-2 gene
and its promoter. In one orientation, H-2 is expressed along with a
linked gene that encodes a repressor of H-1 expression. In the other
orientation, only H-1 is expressed (Zieg et al., 1978). Interesting se-
quence homologies between this 1,000 bp element and Tn3 and bac-
teriophage mu suggest that phase variation might represent the evo-
lutionary integration of a transposon-like selfish element into the
physiologic economy of its host (Simon et al., 1980). A similar evolu-
tionary relationship between transposable elements and many other
prokaryote and eukaryote quasi-stable systems, including antibody
rearrangements, has been suggested.

Although their overall importance is less well-understood, phenom-
ena analogous to those just described for prokaryotes are displayed by
eukaryotes as well as complex and poorly understood elaborations on
these themes. Moreover, such phenomena appear quite common.
Therefore, we believe quasi-stable elements also will play a significant
evolutionary role in eukaryotic genomes.

The simplest quasi-stable eukaryotic systems are similar to bac-
terial insertion sequences and are exemplified by several dispersed
repeated gene families in Drosophila (Copia, 412, etc.) (Finnegan et
al., 1977; Potter et al., 1979). These elements are able to transpose
with no clear pattern of distribution. They are maintained at about
25-35 copies per genome, with some variation for family type, and
among individual cells, populations, and species. They are short (1 to
5 kb) with terminally redundant repeats (0.2 to 0.5 kb). As is the case
with IS elements, they are frequently correlated with large chromo-
somal disruptions, such as deletions and inversions. Likewise, the
elements may remain in place and initiate further local chromosomal
disruptions. The control of transposition of these elements is not
understood.

Although these elements generate no obvious protein product,
members of these families are highly represented in the cytoplasmic
pool of poly(A)* RNA. Consequently, some investigators have sug-
gested a regulatory function for them. As a class, they make up per-
haps 1 percent of the Drosophila genome. Similar DNA sequences and
quasi-stable genetic elements are seen in yeast (Cameron et al., 1979)
and appear to be present in many other eukaryotes. These and similar
phenomena in eukaryotes are referred to specifically as mobile ele-
ments.

Eukaryotic mobile elements also exhibit a wide range of complex-
ities analogous to prokaryote elements. For example, a series of mu-
tations in the white locus (eye color) of Drosophila seem to be mediated
by a transposon-like element derived from Copia (Rasmuson et al.,
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1974). However, their nature and diversity do not alwayé suggest the
simple evolutionary connection obvious between many prokaryote
mobile elements. Eukaryotes seem, in fact, to employ an even more
diverse repertoire of mobile strategies.

The first phenomena to be suspected of a quasi-stable nature in
any type of organism were the controlling elements of maize first
studied by Rhoades and McClintock and others more than thirty years
ago (for review, see Nevers and Saedler, 1977). Their apparent move-
ment about the maize genome affected the regulation and expression
of a wide variety of genetic markers. Furthermore, these changes were
inherited. There are two separate component elements of maize con-
trolling elements: (1) a receptor that inhibits gene expression and (2)
a regulator that controls, transactively, the excision and transposition
of itself, and the receptor. These maize-controlling elements can exist
independently or linked together into an “autonomous” unit that can
perform both functions. Note that the regulator has the ability to
affect its own copy number in a heritable way.

In contrast to the apparently chaotic genetic changes associated
with certain eukaryotic mobile elements, other quasi-stable genetic
changes may be precisely controlled for gene regulation. For example,
Saccharomyces cerevisiae (yeast) haploid cells each express one of two
distinct mating types. Clonal derivatives of one type can switch to
express the alternate form (for review, see Strathern and Herskowitz,
1979). Switching occurs in a cyclical manner and is under control of
many genes. Mating type switch is the result of the physical replace-
ment of one cassette of sequence information at the single mating-type
expression locus with a new cassette from either of two alternate silent
loci (Hicks et al., 1979). The silent master cassettes are not affected
by mating type switching. The new mating type is then heritable.

Trypanosomes exhibit a similar cassette system for serotype deter-
minants (Pays et al.,, 1981). Offspring of a single clone are able to
express any one of an array of variant protein antigens by replacing
the previously expressed sequence with a copy of a different one. This
serotype is then inherited as a quasi-stable trait of that lineage. The
original copy remains intact. The ability to vary the protein is impor-
tant to the trypanosome’s ability to escape the immune system of its
host. The significance of all these examples is that the eukaryote
genome can possess heritable traits that affect the nature of its own
variation.

All examples of eukaryote quasi-stable genetic changes discussed
so far produce changes that are, presumably, only vertically trans-
mittable. The eukaryotic genome is incredibly complex, and the
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metazoan nature of most studied eukaryotes makes horizontal trans-
mission of information between germlines very difficult to study.
Certainly, plasmid analogs are difficult to find, except perhaps in
yeast. However, animal and plant viruses are abundant and could be
quite significant in the horizontal transmission, both within and be-
tween organisms of information that could then be inherited. Integra-
tion of viral information within eukaryote genomes is well docu-
mented. In fact, 0.1 percent of the murine genome is thought to be
related to the sequence of retroviruses, a class of RNA tumor viruses.
Related viral sequences have been found in most vertebrate genomes
studied and are closely identified with highly conserved repeat ele-
ments that resemble those of transposons (for review, see Bishop,
1978). Presumably, the repeat elements facilitate the integration of
the viral sequence into the host genome and perhaps even transposi-
tion. Many human ailments are thought to result from the activation
of information from these and other types of viruses that is normally
present but latent in the genome.

Two other examples of horizontal transmission are particularly
intriguing, because they imply exchange of genetic information over
an incredibly wide phylogenetic range. Agrobacterium tumefaciens is
a gram-negative soil bacterium that is the agent of crown gall neopla-
sia in many dicotyledonous plants. Oncogenic varieties of A. tumefa-
ciens possess a large plasmid (Ti) that is able to conjugatively transfer
to the cells of infected plants. Much of the information is then inte-
grated into the host cell genome where it is ready to direct the syn-
thesis of bacteria-related products (Chilton et al., 1976; Zambryski et
al., 1980). Another class of genetic disease normally associated with
plants involves the transfer of tiny agents called viroids. These are
small (1 to 10 kb), naked single-stranded RNAs that can somehow
subvert cellular functions upon infection. Although they have been
recognized in plants for some time, recently certain animal diseases
also have been linked to viroid-like agents. Very little is known about
their biology or origin, however. An interesting hypothesis concerning
their nature is that one organism’s viroid may be another’s discarded
RNA. It remains to be seen whether or not viroids or bacterial plas-
mids can transfer heritable information into eukaryote genomes. Ul-
timately, however, there is no reason to believe eukaryote genomes
are less prone to violation than prokaryote genomes.

The existence and nature of quasi-stable genetic changes have
three particularly important theoretical implications. First, mobile
elements can attain the status of a parasite of the genome. This is
particularly so if originally, by its physical nature, the mobile element
mimics necessary genetic elements and becomes a competitive sub-
strate for the enzymatic and replicative mechanisms of the host. If
transposition of an element is frequent enough, a population can be
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parasitized with a genetic element that is irrelevant or even delete-
rious to the host. Also, heritable mutations within an element that
affects its transposability can bring to bear unique, intragenic selec-
tive pressures and initiate competition between various transposable
elements with little regard to the phenotype of the host. Of course, as
with most symbiotic relationships, the parasite-host interaction will
tend toward a mutualistic relationship over evolutionary time, as any
benefit that the element can provide its host will reflect upon its own
fitness. Thus, transposable elements are expected to evolve roles in
the economy of the host genome even if they also have the capacity to
evolve toward their own selfish ends. Second, transmissible elements
can be seen as mobile extensions of the genome that maintain direct
genetic continuity between divergent organisms. By lateral transmis-
sion, they can promote the rapid spread of selectively advantageous
(e.g., antibiotic resistance) or even deleterious traits throughout pop-
ulations and between species. Third, these types of recombination can
generate novel genic and phenotypic arrangements with a single ge-
netic event. These new arrangements can affect regulatory mecha-
nisms for existing traits or even introduce entire new gene products.

Taken together, these phenomena describe a remarkably dynamic
genome, one that can respond to its environment and affect its own
variation. Genetic heritage must be seen as a compromise between
the various selfish activities of the individual components and the
selective needs of the whole.

HIERARCHICAL ORGANIZATION OF GENE EXPRESSION

The genome is dynamic but not chaotic. It is an interactive and fluid
informational system best represented by hierarchical relationships.
This hierarchical organization of genetic systems results in large sets
of information being under common and thereby coordinate regulatory
control. Therefore, it is possible for even one or very few genetic loci
to control the expression of large numbers of other genetic loci. This
is best exemplified by the bithorax complex. The bithorax complex is
a cluster of at least 12 genetic loci that control the developmental fate
of the majority of the body segments of Drosophila melanogaster
(Lewis, 1981). Drosophila is a dipteran insect, characterized by having
two wings on the second or mesothoracic segment and a pair of halteres
on the third or metathoracic segment. The halteres are homologous to
the pair of wings on the metathoracic segment on most other insects.
Flies homozygous for bx® and pbx, mutant alleles at two loci in the
bithorax complex, have four wings and no halteres (Lewis, 1963). Thus,
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two genetic changes in the bithorax complex are sufficient to effect an
enormous phenotypic change, presumably through the suppression of
“haltere genes” and the activation of a large number of genetic loci
involved in the construction of wings. Similar transformation of other
segments through genetic changes in the bithorax complex are also
seen, resulting, for example, in eight-legged flies (Lewis, 1981).

The hierarchical organization of gene expression during develop-
ment has important implications for evolutionary theory. First, it
makes possible major phenotypic changes that result from relatively
few genetic changes, and thus rapid evolution of morphology can read-
ily occur, provided selective conditions are favorable or neutral. It is
probable that during the evolution of the Insecta, genetic changes in
regulatory genes, perhaps only very few in number, created two-
winged forms from the primitive four-winged state, and thus gave rise
to the dipterans. It is certainly attractive to view even large-scale
phyletic experiments like expansion or loss of segmentation in this
context.

Second, although the new pair of wings in homozygous bx? pbx flies
are smaller than normal (Lewis, 1951, 1963), they are remarkably
faithful copies of the regular wings [bx® pbx plus mutation at a third
locus, abx, renders the new pairs of wings virtually identical to the
normal pair (Lewis, 1981)]. This leads us to believe that the second
pair of wings are not the result of the activation of a cryptic set of
“wing genes” specific for the metathoracic segment. Such cryptic genes
should have been lost some time during the long evolutionary history
of dipterans. Instead, we believe that the same set of “wing genes” are
activated in a coordinated fashion in both the meso- and metathoracic
segments during the development of the mutant flies. Thus the poten-
tial for the change from cryptic to manifest can be maintained for long
periods of time if the genes involved are expressed elsewhere in the
organism, and therefore are maintained by selection.

This potential is not limited to simple duplication or deletion of
expression during development. If information that was under regu-
latory control of one hierarchy also is expressed within the context of
other overlapping or even unrelated hierarchies, the genetic heritage
of the one hierarchical order can then remain even after it is no longer
coordinately expressed. Bizarre occurrences of ancestral forms are
probably the best examples of this model. For instance, the enamel
structure of reptilian-like teeth can still be induced in chickens (Kollar
and Fisher, 1980).

Cryptic maintenance of phenotypic potential can only be one side
of the coin. Changes in regulatory schemes that alter the timing of
expression or even the nature of association between individual genes
can result in entirely new, large-scale phenotypic experiments. The
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coordinate nature of the expression of such systems will tend to mit-
igate (though certainly not eliminate) the negative'pleiotropic effects
experienced upon such changes. Goldschmidt’s “hopeful monster” may
not be so foreign after all.

EVOLUTION AND THE NEW GENETICS

The advent of recombinant DNA technologies has led to a profound
increase in our knowledge about prokaryotic and eukaryotic gene
organization—indeed, it has given birth to the “new genetics,” which
has expanded enormously our view of the Mendelian gene and its
organizational environment. This view has been very exciting. Instead
of the simplicity and order many expected, an enormously complex
array of structural systems and hierarchies has been found, suggesting
novel mechanisms for altering genetic information. Assuming that
patterns of evolution reflect the modes of genomic variation and there-
fore the structural and functional organization of genetic information,
the perspective provided by the “new genetics” should impose specific
constraints and potentialities upon evolutionary theory. Four features
of the "new genetics” have particularly important implications for our
views on evolution.

1. Genomic information is organized in a hierarchical manner
whose range extends from pieces of genes to the coordination of diverse
multigene families and batteries of genes. First, genes are composed of
exons that often encode the individual functional domains of multi--
domain proteins. Combinations of domains generate sophisticated pro-
tein molecules that exhibit synergistic cooperation of functions among
the domains. Second, individual genes are frequently assembled into
multigene families whose members may be virtually identical or
highly diverse in character. Members of the multigene family may, in
turn, be simultaneously expressed, as happens to identical multigene
families such as the 5S genes, or individually expressed, as happens
with informational multigene families such as the antibodies. Clearly
the multigene family is a primary organizational unit for control and
regulation. Finally, collections or batteries of individual genes, as well
as diverse multigene families, may be functionally coordinated in a
hierarchical manner to generate complex patterns of development
such as that seen in the bithorax system. Thus, units of evolutionary
information must be seen as components and orders of overlapping
structural and functional organizations.
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2. The organizational features of the genome provide it with the
potential for dynamic flexibility in. organization. Prokaryotic and eu-
karyotic genomes have mobile elements that can move around vir-
tually at will. The movement of these elements can change dramati-
cally the patterns of gene expression. Their dynamic nature predicts
novel methods for intra- and intergenomic transmission and expansion
of information. Somatically, antibody gene element rearrangements
during differentiation lead to the expression of the B-cell program for
development. Both of these systems contain enzymes which can alter
the structure of the genome. Thus, organisms have the enzymatic
machinery to change the organization of their genomes. Almost cer-
tainly, organisms will have evolved additional, as of yet unstudied,
mechanisms for changing genome organization. To what extent these
elaborations can operate on germline, as opposed to somatic, DNAs is
a fascinating but unanswered question.

3. These hierarchical organizations and the dynamic properties of
the genome have led to a variety of mechanisms for creating rapid and
extensive variation of phenotype. These mechanisms, once again, can
operate at many levels, extending from the single subcomponents of
genes to their complex hierarchical organizations. First, exons can be
duplicated to create new exons with the potential for diversification
and the assumption of new functions. In addition, exons can be com-
bined together in different linear combinations to create novel genes
for new multifunctional proteins generating unique combinations of
synergistic functions. Second, multigene families may be duplicated
in part or in their entirety to create new raw material for evolution.
These duplications include the cis-attendant control mechanisms as
well as the structural genes—thus very complex new gene families
can be created by a single genetic event. Third, the intricate program
of hierarchical gene organization and/or expression such as that seen
for the bithorax complex can be altered—thus potentially leading to
strikingly new developmental features (e.g., the placement of a haltere
where wings were previously located). Thus, extremely complex or-
ganizational changes, both functional and structural, can arise from
few genetic events. While the evolutionary significance of this latter
class of phenomena remains at present formally unproven, it may well
be that large-scale systematic and phyletic variations, such as the
evolutionarily rapid increase in human brain size, or even the Cam-
brian explosion, will be readily understandable within this context.
Also, the role of speciation and its pattern within evolution will un-
doubtedly be considered within this context of dramatic, often coor-
dinated phenotypic change.
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4. Selection may operate at many different levels of gene organiza-
tion. Selfish DNA sequence elements exist that experience selective
constraints distinct from those of their host genomeés. Selection may
operate on the unique advantages conferred by a certain exon and its
corresponding domain. It may view as a selective unit the integrated
functions of a multi-exon gene. Selection may operate on the overall
expression of an entire multigene family, or it may respond to the
dramatic changes in the regulatory patterns of complex developmental
programs such as that of the Drosophila bithorax complex. Therefore,
as our knowledge of how genetic information is maintained and trans-
mitted grows, our concept of the evolutionary unit must broaden to

include relational strategies that extend from the smallest identifiable
genetic element to entire organisms.

Geneticists in the last five years have developed a strikingly dy-
namic picture of the eukaryotic genome. Given these emerging views,
new theories of evolution must clearly specify the context in which
terms like selection, competition, randomness, and fixation have evo-
lutionary meaning. Obviously, molecular genetics will not provide all
of the answers for understanding evolution—rather, it must be viewed
as an integral aspect of a larger synthesis that will include the rich
efforts of paleontology, taxonomy, and classical genetics; for in the
last analysis, knowing the organism is essential.
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The vertebrate immune response employs two categories
of celis that react specifically with antigens: B lympho-
cytes react with soluble antigens and T lymphocytes react
with antigens that are present on cell surfaces. The recep-
tor molecules that mediate these specific immune re-
sponses have similar heterodimeric structures: light (L)
and heavy (H) polypeptides for immunoglobulins serve as
the antigen receptor for B cells. and « and 8 chains com-
prise the T cell antigen receptor. Light and heavy chains,
as well as o and f# chains. have variable (V) regions that
recognize antigen and constant (C) regions that are in-
volved in membrane anchoring and possibly signal trans-
mission. Different immunoglobulin heavy chain constant
regions also mediate ditferent eftector functions such as
complement fixation or the degranulation of mast cells.
The population of T or B cells in individual animals ex-
hibits an extremely diverse antigen-binding repertoire due
to the diversity of antigen receptors. However, individual
B cells express only a single type of functional receptor
and the same is probably true of T cells. Antigenic chal-
lenge leads to clonal expansion of lymphocytes that have
receptors specific for that particular antigen.

The Organization and Rearrangement of
Immunoglobulin and T Cell Receptor Genes

Immunoglobulin and T cell antigen receptor genes have
similar organizations and undergo similar DNA rearrange-
ments. Immunoglobulih light chains are encoded by the
two untinked gene families. x and A. In each family, the
light chain variable regions are encoded by separate V,
and J_ (joining) gene segments while heavy chain varia-
ble regions are encoded by V., Dy (diversity) and Jy
gene segments (Figure 1). These gene segments can join
together to generate complete light and heavy chain V
genes. Three different classes of T cell-specific cDNA
clones. o (Chien et al., Nature 312, 31-35, 1984; Saito et
al.. Nature 372, 36-40. 1984}, 3 (Yanagi et al., Nature 308,
145-149, 1984: Hedrick et al., Nature 308. 149-153, 1984),
and y (Saito et al.. Nature 309, 757-762. 1984), have heen
recently isolated and portions of them show similarities to
immunoglobutin V. J. and C regions. In each case, the
genomic DNA encoding these cDNA clones is rearranged
in T lymphocytes. Amino acid sequence analyses of the
o (Hannum et al., Nature 372, 65-67. 1984) and 8 (Acuto
et al., PN.A.S. 87. 3851-3855. 1984) polypeptides corre-
late with the o and f3 clones. whereas the y class does not
encode any of the T cell receptor components that have
been identified by numerous monoclonal antibodies (re-

viewed in Immunol. Reviews 87, 1984). The function of the
y polypeptide is unknown.

The genomic DNA encoding the 8 and y chains has
been studied extensively. The T cell receptor V, region.
like the V| region, is encoded by V;, Dy and J, gene seg-
ments that rearrange during T cell differentiation to gener-
ate a V; gene (Chien et al., Nature 309. 322-326. 1984:
Siu et al., Cell 37, 393-401, 1984a). Three V, gene seg-
ments and three J,-C, clusters have been identified (Hay-
day et al., Cell, this issue). The genomic organization of
the o genes is unknown. but the cDNA sequences sug-
gest that V,, J,, and possibly D, gene segments rear-
range to generate V, genes.

Several observations suggest that immunogliobulin and
T cell receptor genes rearrange by similar mechanisms.
First, immunoglobulin light and heavy chain gene seg-
ments and T cell receptor 3 (Chien et al., op. cit.; Siu et
al., 1984a, op. cit.) and y (Hayday et al., op. cit.) chain gene
segments have similar recognition sequences associated
with DNA rearrangement. The joining boundary of each
gene segment is flanked by a highly conserved heptamer,
a nonconserved spacer sequence of 12 or 23 nucleotides
(denoted > and >> in Figure 1) and an A/T-rich nonamer.
The length of the nonconserved spacer sequence corre-
sponds to approximately one and two turns of the DNA he-
lix, respectively. in both immunoglobulin and T cell recep-
tor gene segments, a one-turn recognition sequence
always joins 10 a two-turn sequence. Second, the joining
process in these gene families is imprecise; joining may
occur at different nucleotides in the junctional regions of
the V, D, and J gene segments. Third, in B cells. Dy is
joined to Jy before the rearrangement of Vy gene seg-
ments; incomplete Vy-Dy rearrangements have not been
observed (Alt et al., EMBO Journal 3, 1209-1219. 1984).
Frequent incomplete Dg-Jgs joinings occur in thymocytes.
suggesting that this rearrangement is also the first step
in V; gene formation, followed later by a Vj joining to the
Dy-Jp rearrangement (Kronenberg et al.. Nature, in
press).

Diversification of T Cell Receptor Genes

T and B lymphocytes are capable of responding to a di-
verse spectrum of foreign molecular structures. Four
strategies are employed for B cell antigen receptor diversi-
fication: multiple germiine gene segments, combinatorial
joining of these gene segments. somatic mutation, and
combinatorial association of the polypeptide subunits.
These strategies are also employed by the # gene family.

Although only a limited number of different V, gene
segments have been characterized, there are several ex-
amples of T lymphocytes with different antigen specifici-
ties that utilize the same V; gene segment (Patten et al..
Nature 372, 40-46, 1984; Goverman et al., Cell, in press).
This impiies that there is only a small repertoire of V4
gene segments or that there are biases in V; gene usage
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such that a few gene segments from a much larger pool
are used by most T ceils. Because the f§ gene family also
has twelve functional J, gene segments. six in each clus-
ter. and at least two D,; gene segments (Figure 1), com-
binatorial use of even a moderately sized V, gene seg-
ment repertoire with the D, and J, gene segments would
permit substantiai V, region diversity. In contrast, only
one of the three V, and one of the three J, gene seg-
ments appears to be expressed in the T cells studied to
date (Hayday et al., op. cit.). The mouse y family therefore
resembles the murine immunoglobulin A gene family with
regard to both J-C gene organization and the limited V
gene segment repertoire (two V, gene segments) and,
accordingly. exhibits little or no diversity due to com-
binatorial joining.

The 3 genes of T cells employ two somatic mutational
mechanisms used by B cells. Junctional flexibility arises
from the vanability in the sites at which the gene seg-
ments may be joined (Malissen et al. Cell 37. 1101-1110,
1984: Patten et al.. op. cit.), and N-region diversification
results from the random addition of nucleotides to either
end of the D gene segment in the process of joining to the
V and J gene segments (Kavaler et al.. Nature 370,
421-423, 1984 Siu et ai.. Nature 377. 344-349, 1984b). T
lymphocytes exhibit a somatic diversification mechanism
not found in B cells: namely, the D; gene segments can
be joined to the V, gene segments in all three transia-
tional reading frames. whereas in B cells each Dy gene
segment is joined in a single transiational reading frame
(Goverman et al.. op. cit.). Somatic hypermutation, a
mutational mechanism that occurs late in B cell develop-
ment and can generate diversity throughout Vy and V,
genes by single base substitutions, has so far not been
detected in T lymphocytes. Thus. T cell V, diversification
differs from B cell immunogiobulin diversification in that

the T cell mechanisms all operate early in development at
the time of V,; gene assembly, and diversify only the 3’
end of the V; gene. The apparent lack of somatic hyper-
mutation in f genes means that the functional 8 chain
repertoire, and hence the T cell antigen receptor reper-
toire, is likely to be smaller than the immunoglobulin
repertcire. The extent to which the o genes share these
strategies for diversification remains to be determined.

T Cell Antigen Receptors and T Cell Function

T lymphocytes can only recognize antigen on the surface
of other cells in conjunction with molecules encoded by
the major histocompatibility complex (MHC). Therefore.
despite the similarity between immunogiobulin and T cell
receptor gene organization and rearrangement, T cell
receptors differ fundamentally from immunoglobulin
molecules, which can bind readily to antigens in the ab-
sence of MHC gene products. Another difference is that
the T cell receptor is part of a macromolecular complex
that aiso includes the three invariant polypeptides of the
T3 antigen (Borst et al., J.B.C. 258, 5135-5141, 1983),
which may form an ion channe! in response to antigen.

At least three classes of functional T cells have been de-
fined: cytotoxic or killer (T¢) lymphocytes destroy cells
displaying foreign antigen. and regulatory T cells either
help (Tw) or suppress (Ts) immune responses. There is a
correlation between the T cell functional class and the
type of MHC-encoded molecule that is recognized in con-
junction with antigen. T¢ cells tend to recognize antigen
in conjunction with a class | MHC molecule, while Ty
cells tend to recognize antigen with a class || MHC mole-
cule. The molecular basis for this correlation has not been
elucidated, aithough the 8 genes, which are rearranged
and expressed in every Ty and T¢ lymphocyte examined.



are apparently not responsible. In fact, the two constant
region genes. Cy and Cyp, may be expressed in either
type of T cell (Kronenberg et al., op. cit.), and there do not
appear to be major Ty-specific or Ts-specific biases in
the use of the V,, Dg, and J; gene segment repertoires.
Therefore, the type of § chain expressed is not correlated
with either Ty or T¢ functions, or with recognition of class
lorclass Il molecules. In contrast, some but not all, appar-
ently functional mouse Tg hybridomas deiete their § gene
family from both chromosomal homologues (Hedrick et
al., PN.A.S.. in press: Kronenberg et al., op. cit.). It is pos-
sible that two classes of Tg cells exist: one with § genes
rearranged and expressed and the other with 3 chains de-
leted. The latter class may express a different Ts-specific
antigen receptor gene family.

The y gene is transcribed preferentially in T¢ lympho-
cytes (Hayday et al.. op. cit.). This observation has led to
speculation that the y chain is part of a second receptor
complex, distinct from the antigen-binding receptor, that
is specific for class | MHC molecules, and is therefore inti-
mately related to the correlation of T activity with MHC
class | recognition.

Accessory Molecules Involved in T Cell Antigen
Recognition and Function

Monocional antibodies against the o-f§ heterodimer have
marked effects on T-cell function. In addition. monoclonal
antibodies against four other molecules found on the sur-
face of human T lymphocytes, including T4 (Biddison et
al.. J. Exp. Med. 759, 783-797, 1984), T8 (Landegren et al.,
J. Exp. Med. 755, 1579-1584, 1982), T11 and LFA-1 (Davig-
non etal., PN.A.S. 78, 4535-4539, 1981), also affect T cell
function. In contrast. antibodies against other cell surface
proteins have no effect on T cell function. Homologues for
several of these human proteins have been found in
mouse (e.g., human T4/murine L3T4, human T8/murine
Lyt2) as weill as in other species. The T11 and LFA-1
molecules are found on most mature T lymphocytes, while
mature T cells express either T4 or T8 molecules. There
appears to be a correlation between T4 expression, class
Il recognition and Ty function on the one hand, and T8
expression. class | recognition and T function on the
other.

Although biochemical evidence indicates that the ac-
cessory molecules lack the structural heterogeneity ex-
pected of antigen receptors, antibodies to T4, T8, T11, and
LFA-1 inhibit T cell activation by blocking an early event.
such as the recognition of a cell displaying an antigenic
molecule or the formation of a stable conjugate between
a Tq cell and its target (Biddison et al., op. cit.; Lan-
degren et al.. op. cit.; Davignon et al., op. cit.). It has been
hypothesized that the accessory molecules may be recep-
tors that recognize nonpolymorphic structures on the tar-
get cell. The ligands that bind to these putative receptors
have not been characterized. aithough the correlations
mentioned above have led to the conjecture that the T4
molecule binds the MHC class Il molecule and the T8 pro-
tein binds the MHC class | protein. The binding of ligand
by the T cell antigen receptor alone may be insufficient for

stable cell-cell interaction because the T cell antigen
receptor has a low binding affinity or because there is a
low concentration of antigen plus self MHC molecules
available at the cell surface. Ligand binding by other T cell
surface accessory molecules may be required to form a
stable celi-cell interaction that will lead to T cell activation.

The cloning and analysis of the T8 cDNA demonstrates
that this polypeptide is homologous to immunoglobulins
(Littman et al., Cell, this issue; Sukhatme et al., Cell, in
press) and confirms that at least some of the accessory
molecules belong to what is called the immunoglobulin
supergene family.

Immunoglobulin Supergene Family

A multigene family is a group of homologous genes with
similar functions (Hood et al., Ann. Rev. Genetics 9,
305-354, 1975). A supergene family is a set of multigene
families and single-copy genes related by sequence (im-
plying common ancestry), but not necessarily related in
function. Sequence analysis of MHC class | (Strominger
et al., Scand. J. Immunol. 77, 573-593, 1980; Steinmetz
et al., Cell 24, 125-134, 1981) and class Il (Larhammar et
al., Cell 30, 153-161, 1982; Malissen et al.. Science 227.
750-754, 1983) gene products, as well as the Thy-1 poly-
peptide (Williams and Gagnon, Science 276, 696-703.
1982), suggested that these proteins belong to the im-
munoglobulin supergene family, named after the first
genes of this family to be analyzed. In the last year, the
sequences of cloned genes for the « and 3 chains of the
T cell antigen receptor, the T cell y chain, the poly-ig
receptor for polymeric IgA and IgM immunoglobulins
{Mostov et al., Nature 308, 37-43, 1984), and the T8 moie-
cule have been analyzed, and all show a clear relationship
with other members of the immunoglobulin supergene
family. Many of the genes known to be involved in the ver-
tebrate immune response may therefore have a common
evolutionary origin.

The prototypical members of this supergene family, the
immunoglobulins, are constructed primarily of polypep-
tide units that have a common evolutionary origin. Similar-
ities between these homology units exist at the level of pri-
mary, secondary, and tertiary structure (Amzel and Poljak.
Ann. Rev. Biochem. 48, 961-998, 1979) as well as at the
level of gene organization. Each homology unit is approxi-
mately 110 amino acids long and has a centrally-placed
disulfide bridge spanning about 65 amino acids. The im-
munaglobulin homology units fold to generate a con-
served tertiary structure, the antibody fold. which is com-
prised of two sheets of antiparallel beta strands. Pairs of
homology units fold together to create discrete polypep-
tide domains (e.g., V(-Vu, C_-Cn,; see Figure 2). Thus the
tertiary structure of the homology units appears to faciii-
tate interaction with a second homology unit. Other mem-
bers of the immunoglobulin supergene family are cell-
surface polypeptides participating in various aspects of
the vertebrate immune response and are composed of
one or more immunoglobulin-like homology units (Figure
2). The degree of amino acid sequence similarity between
homology units ranges from about 15% to 40% across
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gene families. At the DNA level. each homology unit is
usually encoded by a separate exon. demonstrating a
striking correlation between the distinct structural features
of these proteins and the exon/intron structure of the cor-
responding gene.

Evolution of the Genes of the Immunogiobulin
Supergene Family

A geneaiogical tree has been constructed for the single-
copy genes and muitigene families of the immunoglobuiin
supergene family by assuming that evolutionary related-
ness correlates with the degree of sequence similarity
among the members (Figure 2). Other features such as
exon/intron structure and the ability to rearrange DNA
were also assessed: since these are not easily quantified,
a subjective element enters into the determination of the
relative divergence times of the gene families. Neverthe-
less. we believe the genealogical tree depicts a likely se-
quence of events for the evolution of the immunoglobulin
supergene family.

The primordial gene of the immunoglobulin supergene
family may have encoded a cell-surface protein and would
therefore have exons for a leader peptide. an immu-
noglobuiin homology unit. and a transmembrane re-
gion. The tendency for homology units to interact sug-
gests that this molecule may have been a homodimer or
interacted with like units of other cells. A partial duplica-
tion of this gene, leading to a gene with exons encoding
primordial V and C regions. was probably an early critical
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event in the evolution of the supergene family. Contem-
porary V and C homology units have little primary se-
quence similarity, suggesting an ancient divergence. al-
though a few highly conserved amino acids are present
in both types of units. Also, it is known that the V and C
homology units of immunoglobulins have similar tertiary
structures (Amzel and Poljak. op. cit.). Several features in-
cluding extra beta strands in V regions and certain other
conserved amino acids distinguish the V from the C ho-
mology units. This original duplication would make it pos-
sible to generate proteins with separate regions for recog-
nition and for membrane-anchoring or effector functions.

At some point relatively early in the evoiution of the im-
munoglobulin supergene family, the genes encoding Thy-
1, the poly-Ig receptor, and the MHC ciass | and class Il
molecules may have begun to diverge from one another.
The immunaogiobulin homology units of the poly-lg recep-
tor are most like V homology units (Mostov et al.. op.
cit.), while one domain of the MHC polypeptides is com-
posed of C homology units (Strominger etal., op. cit.). The
Thy-1 gene may have diverged first since it contains a sin-
gle immunogiobulin homology unit that is either inter-
mediate between V and C, or somewhat more similar to
a V homology unit (Williams and Gagnon, op. cit.). The
Thy-1 glycoprotein is exceptional in that it is present on the
cell-surface as a free homology unit and apparently does
not associate either with itself or with other polypeptides.
The role of Thy-1 in immune responses is unclear; it is ex-
pressed on many fibroblasts and brain cells in addition to
some T cells. The poly-Ig receptor is expressed on several
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glandular epithelia in liver. mammary gland, and other tis-
sues. and it mediates the transcellular transport of poly-
meric immunoglobulin molecules. This receptor has five
V homology units and a transmembrane region, which
also has slight homology to some immunoglobulin varia-
ble regions. It is not known whether the V homology units
of this receptor fold together to form domains. as is indi-
cated in Figure 2. The class | MHC molecule is expressed
on virtually all cell types. It is a heterodimer consisting of
a heavy chain that is associated with f3,-microglobulin.
The heavy chain has three external regions, a1, 2. and
a3. The o3 region and f},-microglobulin fold to form a do-
main: both are immunoglobulin C homology units. The a1
and o2 regions are either very distantly related to the im-
munoglobulin supergene family, or they may have an in-
dependent origin. A similar analysis applies to the class
Il molecules that are expressed on some lymphocytes.
macrophages. and endothelial cells. The class Il molecule
is a heterodimer comprised of two integral membrane pro-
teins that each have two external regions. As indicated in
Figure 2. the more membrane proximal regions are ho-
mologous to immunoglobulin C homology units, while the
more distal regions are of uncertain origin.

The acquisition of the ability to rearrange DNA was a
critical event in the evolution of the immunoglobulin su-
pergene family. It has been suggested that this ability may
have arisen from the capture of a complex transposon by
a primordial V gene (Siu et al.. 1984b. op. cit.). The devel-
opment of the rearrangement mechanism would present
new opportunities for receptor diversification through ex-
tensive duplication of germiine gene segments, through
combinaterial joining of these gene segments, and
through somatic mutation arising from an imprecise join-
ing process.

The nonrearranging T8 gene is more closely related to
V, or V, gene segments than to any other members of the
immunoglobulin supergene family. This observation has
two possible explanations. First. the T8 gene may have
diverged from a V| gene segment. lost the ability to rear-
range. and acquired exons encoding a flexible hinge re-
gion. a transmembrane segment. and a cytoplasmic do-
main. Alternatively, the T8 gene may have diverged from
aV homology unit prior to the acquisition of the rearrange-
ment mechamsm. and has. for some unknown reason.
evolved in parallel with V, gene segments.

Evolutionary Strategies in the Supergene Family

Evolution proceeds by a variety of mechanisms at differ-
ent levels of gene organization in the immunoglobulin su-
pergene family: 1) Individual nucleotides may be mutated.
deleted. or inserted. 2) Exons may be deleted. duplicated.
shuffled by homologous but unequal crossing over, or
generated de novo through RNA splicing mutations. 3)
Genes may be duplicated (or deleted) to generate mul-
tigene families that rapidly change their sizes. 4) Entire
muitigene families may be duplicated and adopt new func-
tions. The duplication of a gene family creates new oppor-
tunities for evolutionary divergence and can increase the
rate of evolution enormously, for not only has an array of

structural genes been duplicated, but so have the cis-
linked regulatory mechanisms. For example, the ability to
rearrange gene segments is now found in at least six dis-
tinct gene families, presumably generated by the duplica-
tion of a primordial rearranging gene family. Thus, as
the hierarchical leveis of organized information become
more complex, evolution can proceed at more rapid rates
under appropriate selective conditions because duplica-
tion of information can occur at the successively higher
levels of organization.

A variety of different cell-surface molecules that partici-
pate in the vertebrate immune response are members of
the immunoglobulin supergene family; thus, in part, the
evolution of this complex phenotypic trait—immunity —has
proceeded within the confines of this supergene family. It
now seems plausible that at least some of the other acces-
sory molecules besides T8, and some of the other recep-
tors for the constant region or Fc portion of immunogiob-
ulins, will have immunoglobulin homology units. The
widespread use of this unit in the immune response un-
derscores two important features of these sequences.
First, because the antibody fold may accommodate many
different sequences, the homology unit can evolve rapidly
to generate diverse structures (e.g., the families of differ-
ent V genes of immunoglobulins and T cell receptors, the
polymorphism of MHC genes). Second, homolegy units
associate with one another to form domains; thus the
duplication of gene famiiies ieads to new sets of gene fam-
ilies already capable of interacting. It remains to be deter-
mined whether there are genes or gene families in the im-
munoglobulin supergene family whose function is not
associated with the immune response. Likewise, it re-
mains to be determined whether other complex traits in
eukaryotes, perhaps some of those encoded by the ner-
vous system. will also employ the informational strategy of
supergene families to evolve and elaborate their complex
phenotypic traits.
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The growing immunoglobulin
gene superfamily

from Tim Hunkapiiler and Leroy Hood

MEemBeRrsHip of the immunoglobulin gene
superfamilv. named for the immuno-
globulin light- and heavy-chain gene fami-
lies, has been growing rapidly in recent
years'. The report by Johnson and Wil-
liams on page 74 of this issue” on the gene
encoding a rat T-cell-associated antigen
adds vet another member to the expand-
ing list. Members of this superfamily all
share a common structure called the
immunoglobulin homology unit'. a struc-
ture composed of a sequence about 100
amino-acid residues long and character-
ized by a centrally placed disulphide
bridge tirat stabilizes a series of anti-
parallel 8 strands into the so-called anti-
body fold'. The variable (V) and constant
(C) homology units. defined for the res-
pective portions of the immunoglobulin
chains from which they were identified.
have similar but distinct three-dimen-
sional structures. Members of the super-
family extend beyond the immune system
and it appears the homology unit has
plaved a central role in the ecvolution of
cell—ell recognition.

The immunoglobulin gene superfamily
so far includes eight muitigene families
and twelve single-gene representatives
(see figure). The multigene families in-
clude the light (4. x)- and heavy-chain
gene families of immunoglobulin. the a.
B and y families encoding T-cell recep-
tors and the class | and class I genes of
the major histocompatibility complex
(MHC)'. Single-gene members include
those encoding T-cell accessory molecules
involved in class I (CD8) " and class 11
(CD4)"" MHC recognition and possibly
ion channel formaton (T30. T3e)"": a
receptor responsible for transporting cer-
tain classes of immunoglobulin across
mucosal membranes  (polv-lg)”:  f.-
microglobulin. which associates with class
I molecules': a human plasma protein
with unknown function (alB-glycopro-
tewn)"™: two molecules of unknown func-
tion with a tissue distribution that includes
both lymphocytes and neurones (Thy-1.
0X-2)"". and two brain-specific mol-
ecules. N-CAM and neurocytoplasmic
protein 3 (NP3)" ™. These widely diver-
gent examples indicate the incredible evo-
lutionary versaulity of the immunoglobu-
lin homology unit.

CD8 is a homodimer in humans and a
heterodimer in rats and mice (containing
the Lyt 2 and Lyt 3 chains). The primary
structure of the human CD8 singie chain
(also denoted T8 or Leu2) and its homo-
logue 1n mouse (Lvt 2) and rat (OX-8)

x

Domain  structures  of
members of the immuno-
globulin gene superfamily.
a, Molecules of the immun-
oglobulin gene superfamily
that are directly involved
in  antigen interaction
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(immunogiobulin,  T-cell
receptor and MHC class I
and class II). The y chain is
included because of its
structural similarity to the
a and 8 chains. All these
sequences are encoded by
muitigene families except
B,-microglobulin, included
here because of its interact-
ion with the class I heavy
chain. Immunoglobulin
homology-unit sequences
are represented by circles
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interaction. CD4 and T34 have disuiphide bridges indicated without homology-unit loops.
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have been previously determined and
found to contain one V homology unit.
most like those of light chains, as well as a
connecting hinge sequence and trans-
membrane and cytoplasmic domains*’.

In this issue, Johnson and Williams®
complete the molecular characterization
of rat CD8 with the report of the com-
plementary (c)DNA sequence of the Lyt
3-like chain. This chain also has one V-like
homology unit. consistent with the notion
that CD8 recognizes conserved determi-
nants of class I molecuies with a receptor
domain similar to the paired hom-
ology unit, antigen-binding domains of
immunoglobulin and the T-ceil receptor”.

The Lyt 3-like chain of rat CD8 is dis-
tinct from the Lyt 2-like chain in that is
also contains a sequence highly homolo-
gous to the joining (/) segments of immu-
noglobulin and the T-cell receptor, parti-
cularly those of light-chains. But in con-
trast, the J sequence of the rat CD8 gene
does not rearrange and is encoded by the
same exon as the V sequence.

The V sequences of both rat CD8 chains
are more similar to light-chain V regions
(~30%) than they are to each other
(21%). Johnson and Williams suggest that
this similarity to both V and J sequences
implies that the CD8 genes have de-
scended from genes encoding a hetero-
dimer that existed before the develop-

ment of gene-segment rearrangement.
However, others have suggested that the
gene encoding the Lyt 2 chain of CD8
actually is an orphan V-gene segment that
lost 1ts ability to rearrange'. This view is
supported by the extremely close linkage
of human and mouse CD8 genes with
immunoglobulin x light-chain genes™.

An intriguing alternative possiblity for
the evolution of the rat Lyt 3-like gene is
that it is the product of an fortuitous V-/
rearrangement and translocation in a
germ cell. If correct. this suggests that the
sequences and perhaps even enzymes re-
sponsible: for the somatic rearrangement
of immunoglobulin and T-ceil receptor
genes can also occasionally generate rear-
rangments in germ cells and consequently
generate new gene combinations. Less
similar J-like sequences have also been
proposed for the V homology units of
OX-2 and human CD4 (T4)"*. neither
of which rearrange. The suggested J se-
quence of CD4 can be argued against by
data that indicate it is split by an intron (J.
Pamnes. personal communication). Inter-
estingly. mouse CD4 (L3T4) may contain
another J-like sequence elsewhere in the
molecule associated with the relic of
another V-like region’. The J-like sequen-
ces in various single-copy members of the
immunoglobulin gene superfamily may
represent the product of different evolu-



tionary pathways.

Though originally described as not be-
longing to the superfamily™", re-examina-
tion of the o- and e-subunits of the
human T-cell receptor-associated T3 mol-
ecule has led to the suggestion that both
have a single V-like homology unit (A.
Williams, personal communication). If
these similarities prove convincing, it is
striking that all the molecules directly as-
sociated with T-cell antigen and/or MHC
recognition characterized to date (T-cell
receptor, CD4. CD8 and T3) are or in-
clude members of the immunoglobulin
gene superfamily.

A cDNA for alB-glycoprotein en-
codes five internally repeated domains
most similar to V homology units". Its
‘structure is very like the poly-ig receptor.
which also has five tandem. distantly
related. immunoglobulin-like domains.
Although membrane-bound. poly-Ighasa
secretory component and alB-glycopro-
tein may be the secretory component of a
membrane-bound precursor”.

The most intriguing new member of the
superfamily is a developmentally regu-
lated neuronal cell-adhesion molecule. N-
CAM. Its binding is homophilic (self) and
probably polyvalent™ . The sequence of a
partial cDNA isolated from chick embryvo
brain suggests that like poly-Ig and alB-
glycoprotein. N-CAM has at least four
homology-unit sequences. probably aris-
ing from internal duplication. Although
described as V-like. these units are struc-
turaily more similar to C homology units.
As many as 500 amino-terminal residues
of N-CAM remain unknown. leaving the
possibility that even more immunogiobu-
lin homology units are present. The
homophilic binding function of N-CAM
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has been mapped to the amino-terminal
portion of the molecule along with the
homology units®. Therefore the homo-
philic and polyvalent nature of N-CAM
may result from receptor/ligand binding
analogous to the paired homology unit
associations that generate the domain
structures of other molecuies of the super-
family. If true, this finding supports
models for the origin of the immunoglobu-
lin superfamily that suggest primordial
homology units possibly mediate cell-cell
interactions through homophilic associ-
ations”.

N-CAM is a member of a new function-
al class within the superfamily based on a
polydomain structure. Others of this
group include alB-glycoprotein and
poly-Ig receptor; recent analyses suggest
that even CD4 is descended from a poly-
domain precursor’. As the CD4 molecule
is not known to form dimers, it may inter-
act with class II molecules in a manner
similar to the interactions of other poly-
domain molecules with their ligands, pre-
sumably in contrast to the heterodimeric
interactions of the CD8 molecule.
N-CAM is the first member of the immu-

" noglobulin superfamily that has a brain-

specific distribution.

A previously described brain protein,
neurocvtoplasmic protein 3, has recently
been identified as a member of the super-
family (T. H.. unpublished) and more
recent extended analyses of this molecule
suggest that it has four homology units
(J.G. Sutcliffe. personal communication).
Perhaps, like N-CAM, it functions in ceil-
cell interactions in the nervous system.
Indeed. N-CAM demonstrates that mem-
bers of the immunoglobulin superfamily
can function outside the immune system,

thus emphasizing the widespread distri-
bution and versatility of functional charac-
teristics of its members.

Many additional members of the super-
family are surely yet to be identified —the
intriguing question is how pervasive will
be the usage of immunoglobulin hom-
ology units as recognition molecules in
mammalian development. a
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L3T4 and the Immunoglobulin Gene
Superfamily: New Relationships between
the Immune System and the Nervous
System

JANE R. PARNES* & TiM HUNKAPILLERT

INTRODUCTION

L3T4 (mouse CD4) is a cell surface glycoprotein expressed on most thymocytes
and on the predominant subset of peripheral T lymphocytes. Mature T lympho-
cytes can be divided into two mutually exclusive populations based on their
expression of either L3T4 or the alternative T cell surface marker, Ly-2,3. Tra-
ditionally. these molecules have been considered to characterize T cells based on
their function. with L3T4 expressed primarily on helper and/or inducer T cells and
Ly-2.3 primarily on cytotoxic and/or suppressor T cells. While this classification is
generally true. there are many exceptions, and the expression of these distinct
surface proteins has been found to correlate best with the class of major histocom-
patibility complex (MHC) molecule recognized by the T cell (Dialynas et al. 1983.
Swain 1983). L3T4 cells recognize or are restricted by class II MHC molecules
(H-2 K. D or L). while Ly-2.3 T cells recognize or are restricted by class I MHC
molecules (IA or IE). Monoclonal antibodies (MAbs) specific for L3T4 or Ly-
2.3 inhibit the function of T cells which bear these proteins and have T cell
receptors which recognize the appropriate MHC molecule (Hollander et al. 1980.
Sarmiento et al. 1980. MacDonald et al. 1981. Dialynas et al. 1983). The best
functional data to date suggest that at least one function of these T cell surface
proteins is to increase the avidity of the interaction between the T cell and
antigen-presenting or target cells (MacDonald et al. 1983, Dialynas et al. 1983.
Swain 1983. Marrack et al. 1983. Greenstein et al. 1984, Dembic et al. 1987.
Gabert et al. 1987). It has been hypothesized that this is accomplished by binding

* Division of Immunology. S-021. Department of Medicine. Stanford University Medical
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of L3T4 or Ly-2,3 to nonpolymorphic regions on class II or class I MHC
molecules, respectively (MacDonald et al. 1983, Dialynas et al. 1983, Swain 1983,
Marrack et al. 1983, Greenstein et al. 1984, Dembic et al. 1987, Gabert et al.
1987). Although there is no direct evidence for such a receptor-ligand interaction,
much of the available functional data would be explained by such a role. It has
also been suggested that these molecules might function, at least under certain
circumstances, by transmitting a negative signal to the T cell (Hunig 1984,
Wassmer et al. 1985, Tite et al. 1986). This hypothesis has been used to explain
examples in which MAbs specific for these surface markers inhibit lectin-stimulat-
ed T cell activation or function in the absence of the appropriate class of MHC
molecule. However, there is currently no convincing data showing that such
transmission of a negative signal is a normal physiological role for L3T4 and/or
Ly-2.3.

L3T4 and Ly-2,3 have been called T cell differentiation antigens because of
their differential expression during the development of thymocytes into mature
T cells. A small population of thymocytes (< 5% of the total) expresses neither
of these proteins and such cells are called “double negatives” (Ceredig et al. 1983,
Mathieson & Fowlkes 1984). These cells are believed to include the earliest
population of T cell precursors in the thymus. The major population of thymo-
cytes. representing about 80% of the total, expresses both L3T4 and Ly-2,3.
These cells are referred to as “double positives” and are found predominantly in
the thymic cortex (Dialynas et al. 1983, Scollay et al. 1984). The most mature
thymocytes. the so-called “single positives”, are found mostly in the thymic
medulla and express either L3T4 (about 11%) or Ly-2,3 (about 4%), similar to
mature T cells in the periphery (Scollay et al. 1984). It is still unknown whether
the single positive cells arise from the double positives or as a separate lineage
directly from double negative cells. What is known is that most of the double
positive cells die in the thymus, and at least the vast majority of T cells which
emerge from the thymus are single positives (Scollay et al. 1984).

STRUCTURE OF L3T4

The L3T4 molecule was first described by Dialynas et al. (1983), who generated
a rat MAb. GK 1.5, which binds to a mouse T cell surface protein. Studies with
MAb GKI1.5 indicated that the mouse molecule is similar in distribution and
structure to the human CD4 molecule (Dialynas et al. 1983). L3T4 was shown
to be a single-chain glycoprotein of apparent molecular weight 52000 daltons
(Dialynas et al. 1983). We recently isolated cDNA clones encoding L3T4 using
a human CD4 probe (Tourvieille et al. 1986). Transfection of these clones in a
cDNA expression vector into L cells or T cells yields a cell surface molecule
which binds to 2 MAbs specific for distinct epitopes of L3T4 (unpublished
results). We deduced the amino acid sequence of the L3T4 protein from the
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nucleotide sequence of the cDNA clones (Tourvieille et al. 1986) (Fig. 1). The
amino-terminus of the mature protein has been determined by Classon et al.
(1986) by amino acid sequencing. The mature L3T4 polypeptide chain consists of
431 amino acids with a predicted molecular weight of 47 918 daltons (Tourvieille et
al. 1986). The nascent polypeptide chain is preceded by a 26 amino acid signal
peptide which is presumably cleaved during passage through the membrane of
the endoplasmic reticulum. L3T4 is predicted to have 368 amino acids external
to the cell. a 25 amino acid hydrophobic transmembrane segment and a 38 amino
acid extremely basic cytoplasmic tail. There are four potential sites of N-linked
glycosylation. at residues 161, 272, 297 and 366. The mature protein has a total
of 13 cysteine residues. Six are external to the cell, four are in the membrane and
three are in the cytoplasmic tail. Analysis of the disulfide bridges in the mouse
and sheep proteins has suggested that all six of the cysteines in the extracellular
portion of the molecule are involved in intrachain disulfide bonds to adjacent
cysteine residues (Classon et al. 1986). For mouse L3T4 this would imply disulfide
loops between cysteines 16 and 86, 133 and 162, and 302 and 344.

When compared to sequences in the Protein Information Resource (PIR) data
library. the amino-terminal portion of L3T4 (approximately 100 amino acids)
was found to be related by sequence to immunoglobulin (Ig) variable (V) regions,
particularly to those of kappa light chains (up to 35% identical) (Tourvieille et
al. 1986). This domain contains the two cysteine residues characteristic of mem-
bers of the Ig gene superfamily (discussed below). Various computer predictions
of secondary structure potential were also very similar for this amino-terminal
domain of L3T4 and for V regions of Ig light and heavy chains, as well as those
of the T cell receptor (Tcr) (data not shown). These findings suggest that the V-
like domain of L3T4 may fold in very similar fashion to Ig V regions. There is
a second V-related domain in L3T4 immediately downstream of the first (Tourvi-
eille et al. 1986) (Fig. 1). However. this domain (V’) is severely truncated. main-
taining ony a sequence related to the carboxy-terminal half of Ig V regions.
Comparisons to other V's indicate that this foreshortened domain is most similar
to the analogous region of the amino-terminal or primary V-like domain of
L3T4. suggesting that there may have been a duplication of at least part of the
primary V-like domain (see below). Although the L3T4 gene does not rearrange,
each of these V-like domains of L3T4 is followed by a sequence which bears
similarity to Ig joining (J) segments (Tourvieille et al. 1986) (Fig. 1). The J-like
sequence following V' (denoted J’) is the more convincing of the two based on
sequence comparisons, and it is followed by an intron at the appropriate place
for Ig and Ter J sements (Fig. 2). In contrast, the sequence of the J-like segment
following the amino-terminal V-like domain (denoted J) is less closely related to
Ig J segments. less conserved between species, and is interrupted at the DNA
level by an intron (Fig. 2). However, the evolutionary relationship of either region
to Ig I's is still uncertain.
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! GETCAGATTCCCAACCAACAAGAGCTCAAGGAGACCACE 33
Arg Arg Leu Leu Leu Leu Leu Leu Gln Leu Ser Gln Leu Leu Ala val Tne Gin -2
AGG CGC TTG CTG CTG CTG CTG CTG CAG CTG TCA CAA CTC CTA GCT GTC aCT Caa 114
*

=4 val Leu Gly Lys Giu Gly Glu Ser Ala Glu Leu Pro Cys Glu Ser Ser Gin Lys Lys lle Trr 24
115 G7T6 CTG GGG AAG GAA GGG GAA TCA GCA GAA CTG CCC TGC GAG AGT TCC CAG AAG AAG ATC aCa 188
25 .al Pne "nr Tro Lys Pne Ser asp Gln Arg Lys Ile Leu Gly Gln His Gly Lys Gly Val Leu Ile &rg Gly Gly 48
150 GTC TYZ ACC TGS AAG TTC TCT GAC CAG AGG AAG ATT CTG GGG CAG CAT GGC AAA GGT GTA TTA ATT AGA GGA GGT 264
3¢ Ser ®-¢ e Asp Ser Lys Lys Gly Ala Trp Glu Lys Gly Ser Pne Pro Leu Ile [le asn 7a
2685 TIG CIT GAT TCC AAA AAA GGG GCA TGG GAG AAaA GGA TCG TYT CCT CTC ATC ATC a4l 338

—J
o3 Ser Gin “nr Tyr Ile Cys Glu Leu Glu Asn Arg Lys Glu Glu val Glu Leu Tro val ag
340 TCT CAG ACT TAT ATC TGT GAG CTG GAG AAC AGG AAA GAG GAG GTG GAG TTG TGG GT0 414

—
100 Pre Lys .3l “nr 3ne Ser Pra Gly Tnr Ser Leu Leu Gln Gly Gln Ser Leu Tnr Leu The Leu Asp Ser Asn Ser 124
415 TTC aka GTG ACE TTC AGT CCG GGT ACC AGC CTG TTG CAA GGG CAG AGC CTG ACC CTG ACC TTG GAT AGC AAC TCT 489
—
Lys His Lys Lys Gly Lys Val Val Ser Gly Ser Lys Vval Leu Ser Met 143
AAA CAC AAA A2AG GGT AAA GTT GTC AGT GGY TCC AAA GTT CTC TCC 276 64
i i —_—

Pne T-o asn Cys Thr Val Thr Leu Asp Gln Lys Lys 4sn Iro 2ne Giy 174
TTC TG6 AAC TGC ACC GTG ACC CTG GAC CAG A4A AAG AAC T56 77C GGC 639

Ser Tnr ala Tnr ala Tyr Lys Ser Glu Gly Glu Ser 2ia Glu Zne

Ile Giu
AGC ACA GCT ATC ACG GCC TAT aAG AGT GAG GGA GAG TCA GCG GAG 771

Lys 23p Ser Pne ©ne zas

Asn Giy Trp Glu Ley Met Trp Lys Ala Glu
G/ AAG GAT TCT TTC ~TC 788

» Giy G
AAC GGG TGG GGA GAG CTG ATG TGG AaG GCA GA

228 Asn Lys Glu Val Ser val Gln Lys Ser Tnr Lys Asp teu Lys Leu Gin 249
S0 AAC AAA GAG GTG TCC GTA CAA AAG TCC ACC AAA GAC CTC 4AG CTC ZAG 884
.
Leu Lys Ile Pro Gln Val Ser Leu Gln Pne Alas Gly Ser Giy Asn Leu Tre 274
CTC 324G ATA CCC CTAG GTC TCG CTT CAG TTT GCT GGT TCT GGC AAC CTG ACT 829
.
h1s Gln Giu val asn vai Val Met Lys Vval G1 $ Asn 4sn Tnr

Leu Ala Gin Leu
CAT CAG GAA GTG AAC CTG GTG GTG ATG AAA GTG GCT CAG CTC AAC aaT aCT

Thr Leu Lys Gln Glu asn Gi

Thr Ser Pro Lys Me u n
AT G ACC CTG AAG CAG GAG AAC CAG

ACC TCT CCC A4AG

»

Tro Gln Cys Leu Leu Ser Glu Gly 243

TGG CAG TGT CTA CTG AGT GAA GGT 1184

—T™M "
Gin Tnr val'Pne Leu Ala Cys val 274
CAG ACA GTG TTC CIG GCT TGC G7 1238
* * — x CY
37e #ne veu Bly Phe Leu Sly Leu Cys Ite Leu Cys Cys Val Arg Cys Arg Hi8 Gln Gin ass
1240 TTT 276 GGT TTC CTT GGG CTC TGC ATC CTC TGC 7GT BGTC AGG TGC CGG CAC CAA CaG 1314
» "

4cc Ser Sin Ile Lys Arg Leu Leu Ser Glu Lys Lys Thr Cys Gln Cys Pro ris Arg Met a24
138 TCT CAG ATC AAG 4GG CTC CTC AGT GAG AAG AAG ACC TGC CaG TGC CCC CaC CGG 276 1383
azs a5n Trm 431
1390 2a7 34 3302 1417

Figure 1. Nucleotide and deduced amino acid sequence of L3T4 cDNA. The nucleotide
sequence of the L3T4 ¢cDNA is shown with the amino acid translation above. The number
of the first and last amino acid and nucleotide in each line is indicated in the left and right
margins. respectively. Predicted protein domains are labeled: L, leader; V and V' sequences
homologous to Ig V regions: J and J', sequences analogous to Ig J segments; CP. connecting
peptide: TM. transmembrane region; and CY, cytoplasmic tail. Cysteine residues are marked
by asterisks and potential N-linked glycosylation sites by closed circles. The approximate
(+ 10 bp) start of the L3T4 transcript in brain is indicated by a horizontal arrow.
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We have referred to the carboxy-terminal half of the external domain of L3T4
as a connecting peptide because its function is unknown and it is not closely
related to other known proteins. [t has been suggested (Clark et al. 1987) that
this portion of the molecule may be constructed of two additional, aibeit degener-
ate V-like domains. The more membrane-distal of these two has no cysteine
residues. while the membrane-proximal domain has a foreshortened disulfide
loop (spanning only 43 amino acids in the mouse protein). If this connecting
peptide region is derived from ancestral precursors of the Ig gene superfamily, it
is clear that it has diverged far more than the amino-terminal portion of L3T4.
Others have suggested that this region is more closely related to other, non-
Ig-related proteins (B. Jameson. personal communication). However, statistical
arguments are not completely convincing for either of these postulated relation-
ships. More diverse phylogenetic comparisons of L3T4 homologs may help
determine the true history of this region.

STRUCTURE OF THE L3T4 GENE

L3T4 is encoded by a single gene on mouse chromosome 6 (Tourvieille et al.
1986. Field et al. 1987). Using cDNA clones as probes. we isolated a series of
overlapping genomic clones containing the entire L3T4 gene. Analysis of these
clones indicated that the L3T4 gene spans 26 kb of DNA and is composed of 10
exons (Gorman et al. 1987) (Fig. 2). We determined the nucleotide sequence of
the exons. the intron/exon borders and at least a portion of each intron (Gorman
et al. 1987). One unusual. although not unique feature of this gene is the presence
of an intron (8.6 kb) within the 3" untranslated region. However, the most striking

L3TamANA  (SUT L] vty v s cp ™I CY ! 3UT T —

L

L3T4 GENE 50—
1 kb

Figure 2. Structure of the L3T4 gene. The structural organization of the L3T4 gene is
shown in the bottom half of the figure. Exons are indicated by boxes and numbered with
Roman numerals. Protein coding regions of the exons are indicated by shaded boxes., and
untranslated regions by open boxes. Introns and flanking sequences are denoted by open
bars. Dotted lines indicate where the exons are represented along the structure of the L3T4
mRNA. shown in the top half of the figure. Protein coding sequences are labeled as in Fig.

. 5’'UT. 5" untranslated region: 3'UT. 3" untranslated region.
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and unexpected finding was that a large intron (6.4 kb) divides the sequence
encoding the amino-terminal V-like domain into two exons (exons III and IV)
approximately half-way through the predicted protein domain (Gorman et al.
1987. Littman & Gettner 1987). With this exception, the remainder of the intron/
exon structure correlates reasonably well with the predicted protein domains
(Fig. 2), a feature characteristic of members of the Ig gene superfamily. Interest-
ingly, the connecting peptide region, which may contain two additional domains
ancestrally related to Ig V regions, is appropriately split between two exons. As
is true for other members of the Ig gene superfamily, introns interrupt codons
between the first and second nucleotides (1/2 codon split) in all cases except
between the exons encoding the evolutionarily unrelated cytoplasmic tail.

L3T4 mRNA IS EXPRESSED IN BRAIN

L3T4 protein has only been identified in thymocytes and mature T lymphocytes.
Although the human and rat homologs are also expressed in macrophages and
the related Langerhans cells (Wood et al. 1983, Moscicki et al. 1983, Jefferies et
al. 1985). this does not appear to be true in the mouse (Crocker et al. 1987). The
availability of L3T4 cDNA clones led us to examine the cellular distribution of
L3T4 mRNA by Northern blot analysis (Tourvieille et al. 1986). We identified a
3.7 kb L3T4 mRNA species in mouse thymus, spleen, lymph node and in T cell
lines which express L3T4 protein (Fig. 3). We did not see expression of this
mRNA in T cell lines which do not express surface L3T4 or in mouse liver, B
cell lines. a macrophage cell line, F9 teratocarcinoma cells or a rat glial cell line.
Although we detected a very small amount of this mRNA species in kidney, it
is unclear whether that represents true expression by kidney cells or rather the
presence of contaminating T cells. In contrast, we found that mouse brain
expresses low levels of a smaller mRNA species (2.7 kb) that hybridizes to the
L3T4 probe (Fig. 3). We did not see a similar mRNA species in any other tissue
or cell line examined. Even lower levels of the typical 3.7 kb L3T4 mRNA are
found in mouse brain, but this result is difficult to reproduce. Maddon et al.
(1986) examined different sections of mouse brain for expression of mRNA which
hybridizes to an L3T4 cDNA probe. They identified the shorter, brain-specific
transcript in forebrain but not hindbrain. They also cited unpublished data
showing that it is present in the cortex and most abundant in the striatum. but
absent from the cerebellum, brain stem and spinal cord. We have begun to
examine which cells in brain express this L3T4 transcript. By in situ hybridization
we have found large amounts of mRNA which specifically hybridizes to an L3T4
probe in primary cultures of mouse brain astrocytes (manuscript in preparation).
We do not yet know whether L3T4 mRNA is also present in neurons or in other
glial cells.

We had shown that L3T4 is encoded by a single gene in the mouse genome
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Figure 3. Northern blot analysis of L3T4 mRNA expression. A Northern blot of total
RNA (10 ug) from the indicated sources was hybridized to a **P-labeled L3T4 cDNA probe
and exposed to x-ray film. All RNA was of mouse origin unless otherwise indicated. RNA
sources were: |. thymus: 2. lymph node: 3. spleen: 4, brain: 5. kidney; 6. liver; 7, rat ghal
cell line C6: 8. thymoma cell line KKT2: 9. no sample: 10, thymoma cell line VL3/1: 11.
thymoma cell line 1112: 12. thymoma cell line MBL2: 13, thymoma cell line R1.IR/TLIII
7X.6: 14. B-cell line Bal 1: 15. B-cell line 225: 16. F9 teratocarcinoma cell line: 17.
macrophage cell line WEHI-3: 18, WEHI-3 after 48 h of induction with cell-free supernatant
Irom concanavalin A-treated mouse spleen cells. The migration positions of 28S and 18S
ribosomal RNAs are indicated in the left margin.

(Tourvieille et al. 1986). so it was clear that the smaller transcript seen in brain
must be a product of the same gene. We demonstrated that this transcript was
polvadenylated. and therefore uniikely to be a degradation product of the normal
L3T4 transcript (Tourvieille et al. 1986) (Fig. 4). We therefore examined the
structure of this brain-specific transcript both by hybridization of Northern blots
to cDNA probes defining different regions of the L3T4 gene. and by S1 nuclease
analysis (Gorman et al. 1987) (Fig. 5). We found that the 2.7 kb transcript only
contains sequences from the 3° untranslated region and the 3° half of the L3T4
coding sequence. By Northern blot analysis we could not detect any hybridization
of this mRNA species to probes containing the 3" untranslated region (data not
shown). We mapped the apparent start site of this transcript to the sequence
encoding amino acid 200 (+ 10 nucleotides) (Gorman et al. 1987) (Figs. 1 and
6). This site does not correlate with an exon/intron junction. but rather lies within
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Figure 4. The transcript of L3T4 in mouse brain is polyadenylated. Poly(A)- (lane 1) and
poly¥(A)- (lane 2) fractions of total mouse brain RNA were isolated and a Northern blot
prepared. The blot was hybridized to a *?P-labeled L3T4 cDNA probe and exposed to x-
ray film. The migration positions of 28S and 18S ribosomal RNAs are indicated in the left
margin.

protein coding sequence of exon VI (Figs. 1 and 6). The brain-specific mRNA
species then continues colinearly with the T cell form of L3T4 transcript. Al-
though we cannot completely exclude the possibility of a small amount on non-
contiguous sequence at the 5 end, these findings indicate that the brain-specific
transcript cannot result from a simple alternative pattern of mRNA splicing, and
rather suggest that it is most likely the product of an alternative transcriptional
start site. In accord with this conclusion we found the sequence TATAA located
32 bp upstream of the predicted start site of the 2.7 kb transcript (Fig. 6). This
sequence, which is also located within exon VI, may represent a promoter that
is regulated specifically in brain. The first ATG (methionine codon) downstream
from the predicted transcriptional start site is located 43 bp more 3’ (Fig. 6), and
would be the predicted initiation site for translation. This ATG is in the same
frame as that of the full-length T cell form of L3T4 mRNA. The predicted protein
from the brain transcript would therefore be a truncated form of L3T4 beginning
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Figure 5. S1 nuclease analysis of L3T4 transcript in mouse brain. An SI analysis of the
L3T4 mRNA in mouse brain was performed as described (Gorman et al. 1987). The single-
stranded probe used for protection consisted of the anti-sense strand of an L3T4 cDNA
clone of approximately 2 kb in length. beginning within the leader sequence. (Note: only
that part of the 3° untranslated region contained in our cloned cDNAs is illustrated in the
mRNA diagram). This probe protected a fragment equal to its full-length in thymus RNA
(lane 1). The probe did not protect a fragment in liver RNA (lane 2), but did protect a
fragment of about 1.4 kb in brain RNA (lane 3). The latter protected fragment could be
shown to extend linearly from the 3’ end of the probe (Gorman et al. 1987).

at amino acid 214 (within what we have called connecting peptide sequence) and
continuing through the normal cytoplasmic tail. It would be missing the normal
signal peptide and all of the sequences that are most similar to Ig V regions and
J segments. i.e.. the portion of the mature protein we believe most likely to be
involved in receptor function. Without a typical signal sequence, it is not known
what the fate of such a protein would be. It is possible that another internal
sequence could act in this capacity, or that the protein does not get expressed on
the ceil surface. In the latter instance it might either be maintained within the
cell or degraded. In any event. the predicted protein would certainly not function
in the same manner as the full-length L.3T4 molecule on T cells. We have examined
fixed mouse brain sections with MAbs specific for two distinct epitopes of L3T4
and have failed to see uny specific staining (unpublished results). Only one of
these MAbs could have any possibility of binding to the product of the 2.7 kb
transcript since the other. GK1.3. is specific for a determinant within the amino-
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»e+s« TGCCCCGACACACGCTCCCTCATCTTTCTCTTCACCTGTACCCAGAGTTATTTCTTCTTATCTCACACCT
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lyPheGlnSerThrAlalleThralalyrLysSerGluGlyGluSerAlaGluPheSerPhePralLeuAsn 204
CCAGGTTTTCAGAGCACAGCTATCACGGCCTATAAGAGTGAGGGAGAGTCAGCGGAGTTCTCCTTCCCACTCAAC

PneAalaGluGluAsnGiyTrpGlyGluLeuMet|TrpLysAlaGluLysAspSerPheRheGinProTrplleSer 228
TTTGCAGAGGAAAACGGGTGGGGAGAGC TG TGTGGAAGGCAGAGAAGGATTCTTTCTTCCAGCCCTGGATCTCC

PheSerIlelLysAsnLysGluvalServalGlniLysSerThrLysAspLeuLysLeuGlnLeuLysGluThrieu 254
TTCTCCATAAAGAACAAAGAGGTGTCCGTACAAAAGTCCACCAAAGACCTCAAGCTCCAGCTGAAGGAAACGCTC

ProLeuThriLeulLysIlePraGlnvalSerLeuGlnPheAlaGlySerGlyaAasnLeuThrLeuThrLeuASpLYS 279
CCACTCACCCTCAAGATACCCCAGGTCTCGCTTCAGTTTGCTGGTTCTGGCAACCTGACTCTGACTCTGGACAAA

Exon Vi«
GlyThrLeuHisGInGluvalAsnLeuValValMetLysv 293

GGGACACTGCATCAGGAAGTGAACCTGGTGGTGATGAAAGGIAAAGGGGTGGGesces

Figure 6. Location of the transcriptional start site of the L3T4 mRNA in mouse brain. The
nucleotide sequence of exon VI and parts of the preceding and following introns is shown
with the translated amino acid sequence of the exon indicated above. The numbers of the
first and last amino acid in each line are indicated in the left and right margins, respectively.
The start site of the L3T4 mRNA in brain is indicated by a horizontal arrow. The TATAA
sequence which may act as a promoter for this transcript is overlined. The ATG (methionine
codon) that may be used as a start site for translation of this brain transcript is boxed.
The GT (donor) and AG (acceptor) sequences at the splicing junctions are underlined.

terminal 172 amino acids (B. Tourvieille and J. R. Parnes, unpublished results).
Although the second MADb recognizes a non-overlapping more membrane-proxi-
mal determinant (B. Tourvieille and J. R. Parnes, unpublished results), it is
possible that the folding of the truncated protein (if stably synthesized) eliminates
this epitope even if the linear sequence is entirely present. We also found that
the primary mouse astrocytes which contained L3T4-specific mRNA by in situ
hybridization did not stain with either of these MAbs (manuscript in preparation).
New MAbs specific for the carboxy-terminal portion of L3T4 may be required
to determine whether cells in brain contain a stable protein product of the 2.7
kb transcript of the L3T4 gene and, if so, what the function of that protein
product might be.

The finding of L3T4 mRNA in brain became even more intriguing following
evidence from a variety of laboratories indicating that the human homolog, CD4,
is the receptor for human immunodeficiency virus (HIV), the retrovirus that
causes acquired immune deficiency syndrome (AIDS) (Dalgleish et al. 1984,
Klatzman et al. 1984, McDougal et al. 1986, Maddon et al. 1986). Central nervous
system involvement. especially a subacute encephalopathy, occurs with high fre-
quency in patients with AIDS (Snider et al. 1983, reviewed in Johnson & McAr-
thur 1986). Maddon et al. (1986) indeed found CD4 transcripts to be present in
human cerebral cortex mRNA. In contrast to findings in the mouse, human
brain contains not only a shorter transcript. but also easily identifiable quantities
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of “full-length™ CD4 mRNA that comigrates with human T cell CD4 transcripts
(Maddon et al. 1986). Although the equivalent TATAA sequence is conserved in
the human gene (Maddon et al. 1985), it is not yet known whether the shorter
CD4 transcript in human brain is analogous to that seen in the mouse. If it is,
it could not be translated into a protein similar to the predicted translation
product in the mouse. because the equivalent methionine codon is absent. (This
methionine codon is also absent in the rat CD4 homolog [Clark et al. 1987]). It
is most likely that receptors for HIV in human brain result from translation of
the full-length CD4 transcript. MAbs specific for CD4 have been found to
stain human brain sections (Pert et al. 1986, Funke et al. 1987). Since human
macrophages are known to express CD4, they are most probably the predominant
class of CD4+ cells in brain. This is supported by data demonstrating the presence
of HIV mainly within mononuclear and multinucleated macrophage-like cells in
the brains of patients with AIDS involving the central nervous system (Epstein
et al. 1985, Koenig et al. 1986, Wiley et al. 1986). However, one recent study
suggested that CD4 may also be present on neuronal and glial cells in human
brain (Funke et al. 1987), and on rare occasions HIV has been observed in
astrocytes in the brains of AIDS encephalopathy patients (Epstein et al. 1985,
Wiley et al. 1986). The physiological role (if any) of CD4 on these non-T cells is
not known.

EVOLUTIONARY CONSIDERATIONS
Ig gene superfamily

Over the last several years the number of known members of the Ig gene superfam-
ily has grown dramatically beyond the actual immune receptors, Ig and Ter (for
review. see Hunkapiller & Hood 1988). L3T4 is representative of a class of
immune-related members that includes class I and class II MHC antigens, fS:-
microglobulin. Ly-2.3 (CD8), T3 (CD3), poly-Ig receptor (PIR) and the gamma
Fc receptor (FcR). The most recently defined class of members includes a series
of molecules with growth factor properties, including the receptor for plateiet-
derived growth factor (PDGF-R), the receptor for macrophage colony stimulating
factor (CSF-1R) and the oncogene v-kit. However. potentially the most interesting
class of new member molecules consists of those which are expressed on cells of
the nervous system. Among these are a series of cell adhesion molecules: neuronal
cell-adhesion molecule (N-CAM), myelin-associated glycoprotein (MAG) and P.
a peripheral myelin-associated molecule. Yet what makes this class particularly
intriguing are those representatives. like L3T4/CD4, that are expressed by both
lvmphocytes and nervous system tissues, including two molecules of unknown
function. Thy-1 and OX-2. as well as. possibly, MAG (see below).

A molecule is considered homologous to the Ig gene superfamily if it maintains
at least one Ig "homology unit” (Hill et al. 1966). As described. a homology unit
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is a sequence of about 100 residues in length which has a series of conserved
residues significant for maintaining a characteristic tertiary structure, referred to
as the “antibody fold” (see Amzel & Poljak 1979). This structure is constructed
from a series of anti-parallel beta strands that assume a sandwich-like configur-
ation. The two planes are primarily stabilized by an invariant disulfide bond
between an internal pair of cysteines. Homology units are often described as V-
like or C-like depending on their similarity to Ig V or Ig constant (C) region
sequences. Each type has a specific, although overlapping set of conserved resi-
dues. However, C homology units lack an internal pair of beta strands relative
to V units. Structurally, these strands are found between the layers of the sand-
wich, and their absence or presence decreases or increases, respectively, the
distance between the two cysteine residues. Various comparative analyses indicate
that L3T4 has a definite V-like homology unit (data not shown).

Although comparison to other members of Ig gene superfamily indicates that
the L3T4 homology unit shares the greatest similarity with the V region sequences
of Ig and Ter (Tourvieille et al. 1986), this region is not as similar to true V
regions as the homology units of Ly-2 and Ly-3 (Zamoyska et al. 1985, Nakauchi
et al. 1985. Gorman et al. 1987). These latter can most easily be viewed as
“orphan” light chain genes that have lost their ability to rearrange further
(Hunkapiller & Hood 1986). The presence of a single light-chain-like V region
in both. a well conserved J sequence in Ly-3 and the close linkage to the kappa
locus of both genes in mouse (Gottlieb 1974) and at least the CD8 gene in
humans (Sukhatme et al. 1985) all tend to support this notion.

Although it may have an analogous function to Ly-2,3, L3T4 has an organiz-
ation more akin to the polydomain structures of the Ig-binding proteins (PIR
and FcR), the neural cell adhesion molecules (N-CAM amd MAG), and the
growth factor members (PDGF-R and CSF-1R). Each of these are surface-bound
molecules with four or five extracytoplasmic Ig-like domains. However, this
common structural motif does not necessarily imply direct evolutionary relation-
ships. Only N-CAM and MAG have any hint of a direct correspondence between
individual domains. Rather. it seems that tandem duplication of homology units
is a frequently advantageous occurrence. The general correlation between exons
and protein domains and the conserved 1/2 codon split between exons in members
of this family should facilitate the production of a functional product from such
a genetic event. [n fact. a polydomain organization is the most common motif
seen within the Ig superfamily. This prevalence, no doubt, reflects the inherent
functional properties of homology units, primarily their tendency to specifically
interact or bind with other homology units (see Hunkapiller & Hood 1988).
Polydomain structures may be important to increase valency or to produce
internal pairs of homology units necessary to define receptor structures. It is
unclear. then. if the differences in organizational structure between Ly-2.3 and
L3T4 imply significant functional distinctions or are merely the manifestation of
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different evolutionary pathways to convergent functional properties. Epitope
mapping of CD4 by MAbs indicates that the V and V' domains may interact to
form a “dimeric™ structure analogous to the Ly-2,3 dimer (B. Jameson, personal
communication).

Evolution of L3T4

Although L3T4 may or may not be the descendant of a four-domain sequence,
it certainly has derived from a multiple-domain sequence. As is true for most of
the other polydomain sequences in the superfamily, L3T4 shows no domain-to-
domain correspondence to any of the other polydomain sequences. However,
there are interesting similarities between the sequence of L3T4 and those of other,
non-immune members of the superfamily. Of particular note are the similarities
between L3T4 and N-CAM that may indicate a more direct evolutionary relation-
ship between these two molecules (Matsunaga & Mori 1987). Except for MAG,
to which it is most closely related. N-CAM has its greatest degree of similarity
between its first homology unit and that of L3T4, although this similarity is still
less than that between L3T4 and Ig light chains. N-CAM, like L.3T4, also has a
rare intron in the 5" untranslated sequence (Owens et al. 1987). Most significantly,
however, N-CAM is the only other member of the Ig gene superfamily with an
intron splitting its Ig-like domains, and this is true for all five of its domains
(Owens et al. 1987). The occurrence of introns in approximately the same position
in each of the N-CAM homology units is again supportive of the scenario of
tandem expansion of the number of units through homologous. unequal crossing
over. (A more obvious exampie of this phenomenon is found in the most recently
described member of the superfamily, carcinoembryonic antigen [Thompson et
al. 1987, Zimmerman et al. 1987]). It has been argued that the presence of these
introns implies that L3T4 and N-CAM are representative of the most primordial
Ig superfamily members and that such sequences support the notion that hom-
ology units themselves are derived from the tandem duplication of a primordial
“half-domain™ (Littman & Gettner 1987).

As intriguing as these arguments are. there are important caveats. Interestingly,
although both N-CAM and L3T4 are more similar to V homology units when
measured by number of identical residues. N-CAM domains have a definite C-
like nature with a particularly short distance between the two cysteines when
their § structures are predicted. In contrast, the primary homology unit of L3T4
has no particular C-like nature. N-CAM homology units may, in fact, represent
more generic or primordial homology units which are neither V- nor C-like.
Many of the other polvdomain sequences, including MAG and the growth
members. also have generic homology units. It’s most likely that they represent,
as a group, the most primitive motif (Hunkapiller & Hood 1988). The strong V-
like character of L3T4 definitely argues against its inclusion in this group. Also.
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the presence in L3T4 of homology units with (i.e., the first domain) and without
(i.e.. the second domain. and if one accepts them as homology units, the third
and fourth domains) a dividing intron may more easily argue that the intron in
the first domain has been inserted after the divergence of L3T4 from other
members of the superfamily. A similar event could have happened independently
during the history of N-CAM. It will be most interesting to learn the exon/intron
structure of MAG, which is less distantly related to N-CAM.

As mentioned above. the V unit remnant that constitutes the second domain
of L3T4. V’, is more similar to the primary domain of L3T4 than it is to any
other Ig superfamily member (Tourvieille et al. 1986). This implies a tandem
duplication of either part or all (with subsequent loss of much of the sequence)
of the primary unit. The exon/intron structure of the first domain may have
played an important role in this event. The sequence around the first cysteine of
V' is no more similar than random to the equivalent region of other Ig superfamily
members in general, or the primary (first) domain of L3T4 in particular. It may
be that only the second exon of the first domain was duplicated. or that a
subsequent deletion removed all of the first exon of the second domain. The 1/
2 codon split between exons would keep such a transcript in frame, facilitating
the development of the current structure. This implies that the first cysteine of
this domain is not a direct descendant of that of the primary domain.

Immunoglobulin gene superfamily and the nervous system

[t is still unclear whether L3T4 and/or human CD4 are expressed as functional
proteins on brain-specific cells. The possible role in brain of such proteins. either
truncated or full-length. is open to conjecture. However, the possibility that they
might be functional highlights the larger issue of why the same or related mol-
ecules are present on both immune and nervous system cells. Evolutionarily, the
finding that many immune system proteins and certain nervous system proteins
are distantly related members of the same Ig gene superfamily is most suggestive
of a cell-adhesion function of the primordial members of this family (Williams
1982). However. this does not explain those instances in which the same molecule
is expressed on both types of cells. Besides possibly L3T4 or CD4, Thy-1 and
OX-2 are also present on cells of both the immune system and the nervous
system. including thymocytes and neurons (as well as a variety of other cells for
Ox-2 and Thy-1). Thy-1 is organized essentially as a single V-like homology unit
attached to the cell surface by a glycophospholipid moiety (Cohen et al. 1981.
Tse et al. 1985). OX-2. on the other hand, looks very much like a Tcr chain with
one V- and one C-like region, including a J-like connector (Clark et al. 1985).
The functions of both of these proteins are unknown, and neither sequence is
particularly similar to any other superfamily member.

Without a defined function, these members do not much enlighten our perspec-
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tive on the significance of coexpression between these two cell systems. However,
a recent discovery concerning MAG may eventually prove interesting in this
regard. MAG appears to be involved in neuron-glial and glial-glial cell interac-
tions leading to myelination and the maintenance of periaxonal space, possibly
in a manner similar to the homophilic adhesion interactions of N-CAM (see
Arquint et al. 1987). Recently, a protein has been described on cells of both the
T and B cell lineages with the serological and biochemical characteristics of MAG
(Peault et al. 1987). This protein is conserved phylogenetically and is regulated
in a tissue- and developmentally-specific manner. If this protein is MAG. it is
suggested that its cell adhesion properties may be involved in the “homing”
process of cells of both the nervous and immune systems (Peault et al. 1987).
The tendency of Ig superfamily members to associate through their homology
units raises the interesting question of whether the cell-cell interactions involved
in these homing processes might be facilitated or regulated by interactions be-
tween MAG and some of the other superfamily members that are also expressed
on both cell systems. e.g. Thy-1, OX-2, and possibly L3T4 or CD4.

SUMMARY

L3T4 is a mouse cell surface protein expressed on most thymocytes and on the
subset of mature T cells that recognizes class II MHC molecules. Its primary
function on T cells is most likely that of increasing the avidity of the interaction
between T cells and antigen-presenting or target cells. It may accomplish this by
binding to a nonpolymorphic region on class II MHC molecules. The cDNA
and gene encoding L3T4 have been isolated and sequenced. Analysis of the amino
acid sequence predicted by the nucleotide sequence indicates that L3T4 is a
member of the Ig gene superfamily. It is most closely related to Ig and Ter V
regions. Although the amino-terminal domain of L3T4 is the portion of the
molecule that is most similar to V-regions, L3T4 is one of the polydomain
members of the Ig gene superfamily.

Studies of the expression of L3T4 mRNA in various tissues led to the surprising
finding that this gene is transcribed not only in T lymphoid cells, but also in
brain. The predominant form of L3T4 mRNA expressed in brain is foreshortened
as compared to that in T lineage cells, and it is most likely the product of a
distinct transcripitional start site. If translated. the protein encoded by this brain
transcript would be 217 amino acids in length and would lack the signal peptide
and the amino-terminal 214 amino acids of the mature protein. It is not known
whether u stable protein product is synthesized from this mRNA or what its
function might be. However, these findings place L3T4 in an intriguing class of
Ig gene superfamily members characterized by coexpression in the immune system
and the nervous system.
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The vertebrate immune response consists of a com-
plex set of cellular and serologic reactions that provide
protection from infectious foreign agents and abnormal
or damaged cells. Responses to these insuits are
mediated by a complex array of immune elements that
recognize distinct macromolecular structural patterns
(antigens). Characterization of these elements over the
past two decades has shown that many share a common
evolutionary precursor. a gene element encoding the
immunoglobulin homology unit (Cunningham et al.
1973: Strominger et al. 1980: Williams 1984; Hood et
al. 1985). Recently, a large number of molecules. with
no immunologic function and mostly expressed on a
cell surface. have also been shown to share this same
ancestral element (Williams 1987: Hunkapiller and
Hood 1989). Therefore. the genes encoding these re-
lated molecules are defined as belonging to the im-
munoglobulin gene superfamily. Together. these genes
encode an amazingly diverse array of functions from
immune recognition to cellular adhesion. reflecting the
versatility of the shared immunoglobulin homology unit
(Fig. 1).

The immunoglobulin gene superfamily includes
many unique genes as well as numerous muitigene
families. The potential to duplicate. delete, and reor-
ganize informational units at all levels in the hierarchal
organization of such a superfamilv—nucleotides.
exons. genes. and even multigene families—increases
the possibilities for rapid evolutionary change of com-
plex phenotypic characters. This potential has pro-
foundly affected views about the driving forces of evo-
lution. emphasizing the possibility of rapid acquisition
of novel phenotypic traits. Moreover. the fact that the
immunoglobulin homology unit is employed in many
different tvpes of systems argues that there is an under-
Iving unity of shared strategies for molecular recogni-
tion at the cell surtace. Thus. the immunoglobulin gene
superfamily is a common thread weaving through the
complex patterns of eukarvotic biology and evolution.

In this paper. we first define the homology unit and
describe the features that lend particular advantage to
its use in such a wide range of biological contexts. We
illustrate the diversity and combinatorial advantages of
the homology unit through a consideration of the
strategies of molecular recognition in the immune sys-
tem. The ability of the homology unit to accommodate
tremendous functional flexibility is discussed primarily
in the context of nonimmune receptor molecules. We

then discuss the evolution of the immunoglobulin gene
superfamily and the implications it has for eukaryotic
biology.

Immunoglobulin Homology Unit

Molecules are defined as belonging to the immuno-
globulin superfamily by the presence of one or more
regions homologous to the basic structural unit of im-
munoglobulins, the immunoglobulin homoiogy unit
(Hill et al. 1966) (Fig. 2). These regions are usually
between 70 and 110 residues in length and are charac-
terized by a series of nonparallel B strands that gener-
ate a compact sandwich of two 3 sheets (see Amzel and
Poljak 1979). This structure is stabilized by a small
series of conserved residues. particularly. two virtually
invariant cysteine residues that generate a signature
disulfide bond holding the faces of the 8 sheet sandwich
together. The loop sequences connecting the 8 strands
are less significant for the basic homology unit structure
and therefore. can accommodate extensive variability.

Three distinct types of immunoglobulin homology
units have been identified (Williams 1987: Hunkapiller
and Hood 1989). These are compared in Figure 3 and
are characterized by type-specific amino acid residues
and the presence or absence of particular 8 strands and
loop sequences between the two cysteine residues
forming the characteristic disulfide bridge. These
homology units include the V and C homology units
characteristic of the immune-antigen receptors (dis-
cussed later), both defined from crystallographic analy-
sis (Fig. 2). The V unit has an extra $-strand pair and
loop sequence relative to C units. The extra loop means
the V motif can accommodate even greater variability.
We have denoted a third unique homology unit type.
H. This motif appears to have a more C-like structure.
lacking the same B-strand pair and loop. but it has a
slightly more V-like sequence. Also. H homology units
are the primary motif of various molecules that seem to
predate in evolution the molecules of the immune re-
ceptors. Hence. V and C units appear to be the more
specialized versions. whereas H units more nearly rep-
resent the primordial homology unit motif.

The number and functional diversity of molecules
incorporating the immunoglobulin homology unit is
proof that it has been a tremendously successful protein
motif throughout evolution. Four particular factors
have contributed to this success (Hunkapiller and

Cold Spring Harbor Symposia on Quantitative Bioiogy. Volume LIV. © 1989 Cold Spring Harbor Laboratory Press 0-87969-057-7/89 $1.00 15
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Figure 2. Toeruany vrgamzation ot A and € homology units
tatter Bdmundson et al. 1975 This allustrates the tertiary
structure ot an immunogiobulin heht chain. The 8 strands and
their onentations are shown as Hat arrows. Opposite faces of
the sandwich structure are indicated by either blank or hatched
# strands. The disultide bond s indicated by a solid bar.
tReprinted. wath permission. trom Hunkapiller and Hood
1989)

Hood 1959). First. apart trom the verv few conserved
residues ivolved in direct inter- and intrachain interac-
tions. the primary structure ot the homology unit can
vary dramaucaily und sull generate the same tertiary
structure. The loops that connect the B-pleated sheet
strands are particularly vanable. Thus. because the
homoloey unit iy capable of accommodating enormous
diversity of primary sequence. it can be the structural
toundation tor an equally enormous array of highly
speditic interactions. Second. the tertiary structure of
the homology unmit is such that homology units tend to
interact with one another. This impacts both the de-
velopment of the homo- und or heterotvpic dimers that
are the basis of many receptor structures as well as the
protem-protein interactions between different or the
same immunoeglobulin supertamily members. Com-
binatonial associations between different protein chains
mediated by homology unit interactions increase both
the evolutionary and somatie diversitication potentials
ot the gene systems invohved. Such interactions should

favor the establishment of new functional associations
between existing members of the immunoglobulin gene
superfamily. The third feature that contributes to the
evolutionary advantage of the homology unit is its strik-
ing stability. It must be an effective cell-surtace display
structure for molecular recognition. and. as such. it
must be resistant to proteolvtic digestion by the en-
zymes that bathe these external receptors. Thus. the
need for a compact. globular structure resistant to pro-
teolysis may have been the initial driving force in the
evolution of the homology unit. Finaily. most homolo-
gy units are encoded by discrete exons. The 3’ end of
each exon ends with the first base of the next codon.
whereas each 53’ end has the last two bases. These
conserved splicing rules ensure correct. in-frame trans-
lation of any number of tandemiy encoded units regard-
less of their order. These exons. therefore. serve as a
basic unit of evolutionary diversification.

Molecular Recognition in the Immune System

There are four distinct classes of immune receptors.
molecules that interact directly with antigen. The im-
munogiobuiin homology unit was first recognized dur-
ing the study of antibodies. the immunoreceptors of B
cells (Hill et al. 1966). Antibodies can be either fixed to
the cell surface or expressed humorally: that is. se-
creted into the blood to carry out their functions at a
distance from the cell of origin. T cells. on the other
hand. synthesize oniy a surface-bound antigen recep-
tor. There are also two classes of receptors encoded
within the major histocompatibility complex (MHC).
Class I MHC molecules are present in varying amounts
on virtually all somatic cells. Class I MHC molecuies
are expressed only on particular antigen-presenting
cells (discussed later) such as macrophages and B cells.
The muitiple roles played by the homology units in
these molecules dramatically reflect the versatility of
the basic motif.

The basic structure of antibodies is a tetramer com-
posed of identical heterodimers of a light and a heavy
chain (Fig. 1) (see Klein 1982). The antibody molecule
is divided into variable (V) domains that are respon-
sible for pattern recognition and constant (C) domains
that carry out various effector functions. The V domain
is constructed of one V homology unit from both the
light (V, ) and heavy (V) chains. The C region of light
chains (C, ) likewise has only a single C homology unit.
whereas the C region of heavy chains (C,,) has two to
four C homology units, depending on the tyvpe of heavy

Figure 1. Schemane diagram of the members of the immunoglobulin gene superfamily ([gGSF). Disulfide bonds are represented
by 1S-51. Homology units are indicated as loops labeled V. C. or H (see text). Loops of uncertain relationship to homology units
are labeled with a guestion mark. Ditterent-sized loops illustrate the relative differences in length between the conserved disulfide
hond ot the fabeled tvpes. Membrane-spunning peptides are shown as simple helices. Glycophospholipid linkage to the membrane
iy represented as an arrow Intracyvtoplasmic regions are drawn with wavy lines that indicate their relative lengths. Extra- and
intracellular onentations are indicated by NH. and COOH labeis on the protein chains. respectively. Possible asparagine-linked
carbohyvdrates are shown as jagged lines extending from the protein chains. Note that these sites are not necessanly conserved
petween alleles or across species. but are representative of at least one known example of the labeled protein. Related I¢GSF
members are illustrated wath o single structure. as indicated by the name labels above each structure. For a description of the
molecules and therr reterences. see Hunkapiller and Hood (1989).
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Sequence motits of cach homology unit type. This figure illustrates idealized aligned examples of cach homology unit

tvpe. Representative amino acid residues of cach type are shown in their relative position along the polvpepudes. Uppercase
letters are single-letter amino acd code. Lowercase letters represent a selection of amino acids with similar functional or physical
properties. The kev to this code is shown in the lower left. Relative gaps are introduced into each chain to align residues conserved
between tvpes. The more nearly invariant cysteine and tryptophan residues are highlighted. The distances between the conserved
cystetne residues are shown bencath cach chain. The approximate locations of the g3 strands are illustrated with heavy bars above
the sequence representations. Note the two g strands (C* and C'') not found in the C and H domains. [t is also clear that 8 strand
D may not be tound in the shorter H domain sequences. (Reprinted. with permission. from Hunkapiller and Hood 1989).

cham. As with the V regions. pairs of C-region homolo-
oy units interact to torm discrete structural domains.
There are several different C,, genes. each of which
detines a different class or isotvpe of immunoglobulin.
Ditferent  etfector functions and  interactions are
mediated by ditferent classes of antibodies and facili-
tate the destruction or climination of antigen or an-
tigen-associated pathogens.

The T-cell anugen receptor is a simple heterodimer
with one V' domain involved in antigen recognition and
one C domain that interacts with a membrane-bound
protein complex. CD3. presumably involved in signal
transduction (Fig. 1) (see Davis [985: Kronenberg ct
al. 1986, T cells responsible tor general antigen recog-
nition use « and B chains (see Hannum et al. 1984.
Meuer et al. 19540 A small subset of T cells employs ¥
and & chains (Bunk et al. 1986: Brenner et al. 1986:
loannmdis et al. 1987). The tunction ot the v/ 8 cells is
unclear. but some form of interaction with particular
antigens appears fikely fe.e.. Matis et al. 1987). Unlike
B cells. T ocells do not express different isotypes.
Rather. there are subsets of T cells that use common
receptor recognition gene elements. but have different
tunctional responses upon activation. presumably due
to the expression of other. subset-specific gene prod-
ucts. This is consequent with the lack of direct effector
tuncuion of the T-cell receptor itself. Cyvrotoxic T cells
T, ) destroy altered or damaged cells, otten as the
result of viral infections or neoplastic transformation.,
Heiper T cells (T,,) tacilitate the differentiation and
activation of B eells and other T cells and. accordingly.
play a central role in the regulatory and developmental
processes ot the immune system.

[he primary sequences responsible for antigenic in-
teractuon and spectficity in immunoglobulins are the
four relatively hypervariable loop sequences between

the 8 strands of the V homology unit faces (see Amzel
and Poljak 1979). Homologous sequences are pre-
sumed to function the same for T-cell receptors (Gov-
erman et al. 1986: Novotny et al. 1986). These hy-
pervariable regions make up the antigen-binding pock-
et or cleft (Wu and Kabat 1970: Capra and Kehoe
1974) and. consequently. play a critical role in de-
termining the antigen-specific repertoire. The ability of
V regions to accommodate diversity is illustrated by the
fact that even V gene regions of the same gene tamily
can have less than 209 amino acid similarity.

Molecular recognition in the T and B cell systems is
mediated by distinctly different mechanisms. Antibod-
ies recognize the native three-dimensional structure of
macromolecules bv virtue of their molecular com-
plementarity to the foreign structural pattern. T cells
expressing a/ 3 receptors. on the other hand. recognize
only peptide fragments of antigens when they are
bound by a receptor encoded in the MHC expressed on
an antigen-presenting cell (see Schwartz 1984). As a
result. T-cell activation requires the formation of a
trimolecular complex. the T-cell receptor recognizing
portions of both the antigenic peptide and the MHC
molecule. Thus. the complex ligand of the T-cell re-
ceptor bears no necessary structural similarity to the
native antigenic protein. This requirement for direct
cell-cell interaction to activate T cells is perhaps the
primary operational distinction between T and B cells
and is critical to the regulatory role played by T cells in
the immune response.

A major aspect of this regulatory role of T cells is
establishing and maintaining tolerance to self-antigens.
This is accomplished in large part during T-cell de-
velopment in the thymus as T cells that react strongly to
self-molecules are clonally deleted (see Sprent und
Webb 1987). A subset of the cells remaining become



58

IMMUNOGLOBULIN GENE SUPERFAMILY

rosponsible for regulation of B-cell activation. Com-
munication between B und T cells is established
through the role of the B cell us an antigen-presenting
cell. That is. B cells bind native antigen with surface-
bound immunogiobulin. process the protein. then pre-
sent denatured fragments via class II MHC molecules
to T cells. Thus. T cells are the major arbiters of
whether or not B cells proliferate and differentiate to
produce quantitics of antibodies after they have inter-
acted with their complementary antigen.

There are two unique features shared by both B and
T cells. First. through numerous genomic and somatic
diversification strategies (discussed later). each set of
cells can express an enormous diversity of immune
receptors. Second. each individual B and T cell gener-
ally expresses only a single clonotype of receptor mole-
cule. u process referred to as allelic exclusion (Luzzati
et ul. 1973). This clonal expression provides a means
whereby cach B or T cell can express a unique receptor
type with a unigue specificity. Therefore. any particular
antigen will selectively amplify only the appropriate
subset of T or B cells that have complementary re-
ceptors. This antigen-specific expansion is referred to
as clonal selection. Thus, the primary consequence of
allelic exclusion 1s the ability to regulate finely the
immune response to particular antigens in the context
of the universe of all possible antigens.

MHC molecules ure not classic receptors. in that
their assoctation with their ligand peptide does not
occur on the cell surtace. Rather. the peptides are
products of intracytoplasmic enzymatic processing and
become associated with MHC molecules before cell-
surtace expression (see Claverie and Kourilsky 1987).
Class I MHC molecules present bound peptide primari-
lv to T, cells. whereas class [T molecules present pep-
tides generally to T, cells (see Schwartz 1984), The
class 1 molecule 1s a heterodimer composed of the
highly polvmorphic class 1 polvpeptide and the in-
variant.  non-MHC-encoded  g3.-microglobuilin. The
class I1 molecule s a heterodimer composed of two
highly polymorphic chamns, « and . All four chains
contain one C homology unit (Fig.1) (see Hood et al.
1U83). In the case ot cach pair. the association is

19

mediated by noncovalent interactions of the C homolo-
gy units. All but 3,-microglobulin also contain other.
non-homology unit regions that ure responsible for
peptide binding and antigen presentation (see Germain
and Malissen 1986). Unlike B- and T-cell receptors.
each individual expresses only a limited number of
different MHC molecules. Therefore. the peptide-
binding sites must be very degenerate in order to ac-
commodate the very large number of potential. differ-
ent peptide fragments. Also. because these genes are
not allelically excluded. all the different MHC mole-
cules expressed in an individual are co-expressed on the
same cells.

Diversity of the Immune Receptors

The genes encoding antibodies are divided into three
unlinked gene families: two encode light chains ( A and
«), and the third encodes heavy chains (Fig. 4) (sce
Honjo 1983). Likewise, the genes encoding the T-cell
receptors are divided into three gene families: two
encode the a and B chains, and a third encodes the y
chains (Fig. 4) (Davis 1985: Havday et al. 1985
Kronenberg et al. 1986). The & genes are contained
within the a@-chain locus (Chien et al. 1987). The vari-
able regions of antibodies and T-cell receptors are en-
coded by two or three gene segments that are separate
in the germ line: variable (V) and joining (J) for light.
a and y genes and V. diversity (D), and J for heavy. 8
and & genes (Fig. 4). The V. D. and J or V and J
elements are brought together through somatic DNA
rearrangement events to produce complete. expressible
V genes.

A large varietv of somatic and evolutionary strategies
for diversification are shared by T- and B-cell recep-
tors. The basis of the somatic strategies is the rear-
rangement process. In mammals, this joining is able to
unite virtually any VJ. DJ. or VD gene segments within
a family. generating by combinatorial means much
greater diversity potential than just the number of
germ-line elements would support (Table 1). Also. the
joining process itself is imprecise and generates enor-
mous additional molecular diversity at the junctional

Table 1. V Gene Diversity

@ B8 Heavy K
\ogene seements 100 30 500 200
(subtamilies) (1) (17) (8) ()
D gene segments e 2 15 —
J gene segments 50 6+6 4 4
Dson 3 reading trames ha Eae + n.a.
N-region sequence - ++ Sk =
Juncuonal diversity s et Fepr =
Somauuic hypermutation = = + F
Alternate joining order - +7? +2 =
V%] VxDxJ VxDx]J Vo
Combinatortal jomning 100 = 50 (30x3 x12) 500 % 15 x4 200 % 4
+(30x3x6)
Total 3000 1620 Ix10° 500

X
Combinatornal assocration X1 = 10°

<

24 %107

noa o ndicates not appheable
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=uions through various mechanisms (see Tonegawa
1983: Hunkapiller and Hood 1989). These mechanisms
lead to such extreme vanability in the junction regions
that o window of variability is generated between the V
and J elements within which virtually any amino acid
may be represented at any posizion (Elliot et al. 1988:
Hunkapiller and Hood 1989). Depending on the gene
family. these windows range in size from 3 to 15 res-
wdues. This juncuonal window comprises the third hy-
pervariable loop of the antigen-binding site. Accord-
ingly. variability here has a critical impact on the func-
tonal diversitv of antibody and T-cell receptor rep-
ertoires. '

A further mechanism for diversification is a con-
sequence of the Lact that essenually any light chain may
assoctate with any heavy cham (or any o with any g8).
Thus. u tinal fevel of molecular diversity is generated
through combinatorial association at the polypeptide
chain fevel (Table 1), The fact that the gene families
ure not linked increases the potential for diversity at the
level of populations even further by dissociating the
allelism of the famulies. This provides the possibility.
within o population over ume. for any V,, allele to
combine with any V| allele.

B cells have an additional mechanism for antigen-
speciic diversiticaton called somatic hypermutation
(Kim ¢t al. 1981 Gearhart and Bogenhagen 1983).
This process scatters random single-base substitutions
throughout the rearranged V' gene. generating variant
antibodies with altered affinity for the antigen. Thus.
the presence of antigen can selectively expand those B
cells producing variant antibodies with an increased
affinity: tor the sumulating antigen. Seen in normal
immune responses. this process is called affinity matu-
ration ( Gearhartetal. 1981: Clarke et al. 1985; Sablitz-
Ky ctoal. 1985). T cells do not undergo somatic hy-
permutation. Presumably . this inability to diversify fur-
ther atter leaving the thymus s linked to their role as
regulators of the immune response (Barth et al. 1985:
Honmo and Habu 19Ys3: Eisen 1986). Clonal deletion of
seif-reactive T eells occurs during thymie education. If
T ceils were to mutate randomly their receptors after
leaving the thyvmus. there would be no check on the
acadental development of harmtul. self-reactive T
cells. B cells can tihe this risk because T cells can still
maintain acuvaton control ot B cells with receptors for
selt-untigens.

B cells also employ two other novel strategies for
diversitving the immune response potential. However.
these do not atfect the possible range of antigen
speciticities. but rather the functional. temporal. and
spatial - distributions of - the  possible  receptor
spectticities. Both are related to the lack of any require-
ment tor cell-cell interacuons, First. alternative pat-
terns of RNA sphang of heavv-chain transcripts can
generate molecules with or without hyvdrophobic trans-
membrane regions ( Early et al. 1980). Thus. antibodies
with the same antigen specificity can be alternatively
bound to the ceil surtace to serve as receptors for the
differentiation of B cells or secreted into the blood to
serve as end-stage ctfector molecules. Second. the as-

sembled V,, chain gene can rearrange into juxtaposition
with different C,, genes during a process called class
switching (Davis et al. 1980). In this manner, the same
molecular recognition domain can be expressed with
very different kinds of effector or tissue-targeting do-
mains. Thus. the great variability in ligand specificity
provided by the V homology unit can be expressed in
the context of the functional and structural variability
accommodated by the C homology unit.

With the tremendous potential for somatic diversifi-
cation. the repertoire of unique T- and B-cell receptors
generated in one individual is. in theory. limited only
by the number of T- and B-progenitor cells that have
been generated over the lifetime of that individual.
When somatic hypermutation is considered. the poten-
tial for variety in antibodies begins to approach the
number of actual B cells. This variation is uniquely
accommodated by the V homology unit. allowing es-
sentially the somatic tailoring of antigen-receptor rep-
ertoires to the current antigenic environment.

Diversity of the MHC genes is based solely on evolu-
tionary mechanisms and the rules of Mendelian
genetics. The class [ molecules that present antigen in
the mouse are encoded by only two or three genes (with
a larger number of nonclassic MHC class I genes of
unknown function denoted Q. T. and Hmt). and the
class II molecules are encoded by two to four a and
three to five B genes (Fig. 4) (see Hood et al. 1983:
Mengle-Gaw and McDevitt 1985). Those portions of
the genes that encode the peptide-binding sites consti-
tute perhaps the most polymorphic non-viral protein-
coding sequences known (see Klein and Figueroa
1981). These variations are generated by point muta-
tions as well as recombinational and gene conversion
events involving the genes of the non-antigen-binding
MHC molecules (see Klein and Figueroa 1986). Thus.
although the diversity within populations of expressed
collections of MHC molecules can be veryv large. in-
dividuals can only express a relativelv small degree of
this diversity. The extreme allelism maintained in
populations ensures the widest range of variation of
peptide-presenting molecules possible for an individual
(Hunkapiller and Hood 1989). The class II genes can
also generate diversity by combinatorial association of
their discrete polvpeptide chains. However. the close
linkage between the a and 3 genes tends to reduce this
potential within a population.

The diversification strategies of the B- and T-cell
receptors. when compared to those of the MHC mole-
cules. reflect basically the different requirements of
target and effector cells. B and T cells require clonal
expression and specificity in order to respond specifical-
ly to antigen. Target cells. on the other hand. must be
able to present as wide a range of antigen to the effec-
tor cells as possible. Degenerate peptide binding. along
with the expression of multiple. highiv allelic forms. as
with the MHC. accomplishes this.

The mechanisms used for the diversification of these
antigen-recognition gene systems operate at the DNA.
RNA. and protein levels. This diversity is represented
in both the individual and the population as a vast array
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of different types of molecules employing very different
antigen-binding strategies. Most importantly, this abili-
ty to respond so specifically to the universe of antigens
indicates the tremendous flexibility of the immuno-
globulin homology unit in defining both recognition
and functional operations.

Features of the Immunoglobulin Gene Superfamily

The immunoglobulin gene superfamily now has more
than 40 different identified genes or gene famiilies that
fall into a variety of different evolutionary and func-
tional categories (Fig. 1) (Williams 1987: Hunkapiller
and Hood 1989). They are expressed by a variety of cell
types. including lymphocvtes (with an especially large
number on T cells). nerve cells. various nervous-
system-associated cells. bone-marrow-derived cells. fi-
broblasts. etc. The supertamily receptors fall into three
general categories defined by how they associate with
their ligand: homotypic (interaction with an identical
subunit). heterotypic (interaction with a nonidentical
homology unit). and a ligand without a homology unit.
The recognition function of these receptors may be
linked to various effector functions such as cellular
differentiation or the activation of previously pro-

grammed cellular functions. In other cases. the recogni-
tion function serves merely to fix cells in particular
positions with respect to other cells through cross-link-
ing of receptor and ligand.

The non-immune receptor members of the immuno-
globulin gene superfamily, most of which are involved
in molecular recognition at the cell surface. fall into

" several functionally definable categories (Fig. 3). Mor-

phogenic factors facilitate surface interactions between
cells that lead to changes in gene expression and
changes in cell movement. shape. and function (e.g..
N-CAM. fasciclin II. contactin. MAG. P,, I-CAM). A
second category is represented by kinase growth factor
receptors. a specialized group associated with a
tyrosine kinase domain (e.g.. PDGF receptor. CSF-1
receptor). These molecules play a key role in the prolit-
eration and/or differentiation of specific cell lineages
by linking a cascade of intracellular reactions with the
recognition of a specific triggering ligand. Third. the
specialized differentiation factors include many unre-
lated molecules responsible for diversity of functions
including cellular activation, differentiation. and migra-
tion. Many of these molecules facilitate even more
compiex interactions between other members of the
superfamily (e.g.. CD3. CD4. CD8). Fourth. the anti-
body-binding/transport proteins attach to particular C-

H-LIKE HOMOLOGY UNIT

Er——
METAZOAN
DIVERGENCE HOMOTYPIC CELLULAR GLUE
DUPLICATIONS/HETEROTYPIC INTERACTIONS
TYPE DIVERGENCE
[ [ )|
H v c
DEUTEROSTOME- Specific Selt/Nonsall
PROTOSTOME Catl Aghesian
DIVERGENCE
Specific Antigen
CHORDATE Receptors
DIVERGENCE
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MORPHOGENIC SPECIFIC GROWTH 1g RECEPTOR/ PROTEOGLYCAN IMMUNE
FACTORS DIFFERENTIATION FACTORS TRANSPORT PROTEINS MATRTIX PROTEINS RECEPTORS
FACTORS
Figure 5. Scheme for the evolution of the functions of the immunogiobulin gene superfamily. Major points of Metazoan

divergences are given at the left. Smaller print functions are associated with one of the five major lines of functional categories
now evident in the immunoglobulin gene superfamily (see text). The arc is to emphasize that this is not meant to be considered a

genealogic tree.
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~egion domains in order to immobilize humoral anti-
body or ferry specific isotypes across particular mem-
brane: cellular boundaries (e.g.. Fe receptors. polv[Ig]
receptor). Finally. the proteoglyean-associated proteins
stabilize complex connective matrices such as cartilage
(e.¢.. link protein. heparin sulfate proteoglycan
[HSP]). They must cross-link other molecules. hence
they have multiple binding moieties. The functions of
many immunoglobuiin superfamily molecules are not
known (e.g. CD1. Thy-i1. MRC OX2. CEA. Qa. Tla.
CD7. CD28. B29). However. most wouid appear.to fall
into one of these categories.

Analysis of the non-immune receptor members of
the immunoglobulin supertamily reveals that there is a
predominance of polyvunit structures (Fig.1): that is,
most ot the molecules are constructed from a series of
tandemly repeated homology units. Comparisons at the
sequence level indicate that most of these polyunit
structures have arisen independently: they are not all
the descendants of a primordial polvunit gene (Hun-
kapiller and Hood 1989). That the same organizational
moul arose so many times means both that it must have
signiticant advantages in many different contexts and
that it spontancously appears often enough for selective
processes to operate. The general encoding of homolo-
2y units in discrete exons and the conservation of sym-
metric splicing rules means that single genetic events
can expand. contract. or shutfle any number of exons
and stll generate an in-frame transcript. mitigating to
some degree possible negative selective issues. There-
fore. with simple recombinational events. valency for
ligand can be multiplied. and novel functional and
recognition associations can be generated (Fig. 6).

Essenually all of the polyunit sequences are made up
primanly of H units. With the exception of immuno-
globulin heavy chains. none of the known homology
unit polypeptides have more than a single V or C unit.
However. both can be in urray with units of a different
tvpe (Fig. 1), Also. Vand C homology units usually are
found in dimeric configurations. generating quaternary
domuins. whereas there are no known examples of
dimeric H-unit proteins. These differences between H
proteins and those with V and C units may reflect a
greater ability of H units to pack together into a poly-
domuin structure or. alternatively. not pack at all—to
exist as open half-domain structures. This latter con-
Rguration is consistent with a model of polyunit re-
ceptors that interact with their figands through domain-
like interactions ot complementary homology units. In
support ot this idea. essentially all characterized re-
ceptor-ligand operations between members of the im-
munoglobulin superfamily involve at least one. and
usually two. H-unit proteins. In either case. it seems
that the H unit retains the most tflexibility for interac-
tion with different homology units. probably represent-
ing the carliest. most basic form of the homology motif.

Tweo partucular examples of the morphogenic mem-
hers demonstrate the antiquity of the homology unit.
Fasciclin Il und amalgam are cell adhesion molecules
involved in the development of the nervous systems of

Primordial H-like
Homology Unity

/

i B c, e -
Vv [e} H
w&

e, ey - — -

Immunogiobulins

T cell receptors
Figure 6. Exon shuffling possibilities between V. H. and C
homoiogy units in the immunoglobulin gene superfamiiy (see
Fig. 1 and text).

Amaigam (?)

grasshoppers and Drosophila. respectively. in a manner
at least analogous to the vertebrate nervous system
adhesins. N-CAM and myelin-associated glycoprotein
(MAG) (Harrelson and Goodman 1988: Seeger et al.
1988). Both are polvdomain sequences with muitiple H
homology units (Fig. 1), indicating an ancient associa-
tion of the H motif with morphogenesis. Amalgam may
also include a single V motif. illustrating both the early
specialization of the V motif and the occurrence of
exon shuffling. This means that the homology unit
predated the divergence of protostomes and deutero-
stomes that occurred over 600 million years ago.

Another characteristic of the immunoglobulin super-
family is the association of homology unit regions with
other. unrelated functional motifs. presumably through
exon shuffling events. Among the best-characterized
representatives are the kinase growth factor receptors
for PDGF and CSF-1 (Lai et al. 1987). Each has an
extracellular array of H homology units for receptor-
ligand interaction and an intercellular domain that be-
longs to the tyrosine kinase superfamily. Also. fi-
bronectin-binding domains are found in various mor-
phogenic members. These examples share a recurring
organizational theme. a specific receptor region com-
posed of homology units. and an unrelated reactive
moietv. These exon shuffling events broaden the
biological contexts in which the homology unit func-
tions.

Evolution of the Inmunoglobulin Gene Superfamily

We believe that the immunoglobulin gene superfami-
ly emerged with the radiative evolution of Metazoan
organisms when the requirements for increased cell-
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surface molecular recognition were expanding rapidly,
presumably in association with increasing tissue
specialization. With this emergence. the gene encoding
the primordial homology unit was duplicated many
times in many different contexts. This resulted in an
explosion of different molecules involved in numerous
forms of cell-surface recognition that paralleled the
development of Metazoan complexity. Perhaps the
most primitive of these functions is evident in modern
morphogenic factors.

It is important to emphasize that molecules grouped
together by function as in Figure 5 are not necessarily
directly linked evolutionarily. In fact. over time. mole-
cules with evolutionary roots in one group can acquire
the attributes of another tunctional system. The de-
velopment of the V. C. and H homology units seems to
have coincided with this radiation of functional groups
and the development of Metazoan complexity. The
extreme divergence between homology unit sequences
belonging to different groups as well as to the same
group testifies to the early divergence of the distinct
motifs. Indeed. the enormous number of homology
unit representatives resulting from this expansion and
their current distant relatedness makes the determina-
tion of their exact lineage relationships virtually im-
possible except in the broadest contexts. The
genealogical tree for molecules containing homology
units is further complicated by the ability of different.
unrelated homology unit proteins to interact with each
other in novel combinatorial associations (e.g.. MHC
class I chain and B.-microglobulin) and the exon shuff-
ling allowed by conserved splicing rules (Fig. 6). For
example. it is not likely that V and C units have always
been tandemly linked since their divergence from the
precursor unit. or thev would most likely be more
similar to each other than either is to the H unit. MRC
OX2. which has a VC structural organization similar to
that of T-cell receptor chains. may be a paradigm of the
precursor molecule generated by the exon linkage of
separate V' and C homology units before the evolution
of rearrangement (Johnson and Williams 1986).
Hence. any detailed evolutonary tree drawn for the
members ot the immunoglobulin gene superfamily
must be considered significantly speculative.

[t is important to view the evolution of the immuno-
globulin gene superfamily as the result of preadaptive
events that generated molecules from precursors that
otten had no functonal relatedness to the descendant
molecules. We must be caretul. consequently, in de-
veloping ad hoc explanations for the evolution of
phenotypic systems that involve complex associations
between many members of the immunoglobulin super-
family. such as the systems of antigen recognition. It is
highlv unlikely that the molecules involved in such
svstems coevolved after their emergence within the
context of only one system. They more likely were
recruited from many different precursor origins. con-
verging toward an cver more complex association.
rather than diverging from simple origins to fill the
“needs’” of an emerging phenotype. Such coalescence

of immunoglobulin superfamily members was probably
facilitated by the tendency of different homology units
to interact. establishing the associative possibilities
from which complex interactions could arise. Given
these caveats, however. we believe that simple
generalizations can still be made as to the general flow

-of the evolution of the immunoglobulin gene super-

family (Fig. 5).

The existence of homology units in invertebrates
such as insects is consistent with the idea that the
immunoglobulin gene superfamily emerged early in
Metazoan evolution. It is likely that the original homol-
ogy unit exhibited homotypic interactions with homolo-
gy units on other like cells, perhaps acting as nothing
more than a cellular glue (Williams 1982) in a simple.
nondifferentiated.  muiticellular  aggregate. The
homophyllic character of morphogenic molecuies such
as the neural cell adhesin, N-CAM. supports the
feasibility of this scenario. The duplication of this early
homology unit gene enabled the accumulation of a wide
variety of novel mutations within the basic structure of
the homology unit. This variation generated markers
which, with the development of changes in the timing
of expression, evolved to become tissue-specific. sup-
porting ever more complex interactions in mor-
phogenesis. Alternatively, of course. it could have been
that cellular specialization arose prior to true multicel-
lularity and that it was the communication needs be-
tween such cells that drove the emergence of the
Metazoa and ultimately the diversity of the homology
unit proteins. In either case. this required that early in
Metazoan evolution, molecular recognition by homolo-
gy domains became tied to activation signals that trans-
mitted information from outside to inside the ceil. For
example, the association of homology units with a
tyrosine kinase domain was probably the result of exon
shuffling events, linking a specific receptor/ligand in-
teraction to established activation pathways.

The ability of the homology unit to tolerate a wide
range of variability no doubt allowed significant allelic
variation to arise and generate in effect genotypic or
self-markers (and conversely. non-self-markers). A test
for non-self could have initially proved useful in favor-
ing the fusion of heterogenetic gametes during sexual
reproduction (Burnet 1971; Monroy and Rosati 1979).
Members of the immunoglobulin superfamily have
been implicated in this process in mammals (Lyon
1984; V. Scofield. pers. comm.). However. the ability
to recognize and respond negatively to non-self is also -
important to any Metazoan organism that competes
with its own kind at some time in its life cvcle for space
or substrate, particularly those that expand through
asexual budding. This wouid require that heterotypic
homology unit interactions representing allogeneic in-
teractions become linked to potentially destructive pro-
cesses. Interestingly, tunicates have a highly poly-
morphic gene system apparently responsible for both
gametic exclusion and histocompatibility (Scofield et
al. 1982). Histoincompatibility reactions have been re-
corded in most multicellular animal phyla (Hildemann
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“t al. 1980), raising the possibility that MHC-like genes
were integral to the development of complex Metazoa.

Histocompaubility  mechanisms  that respond to
foreign tissues could presumably also respond to any
altered self-markers. for example. arising from the in-
teractions  of self-histocompatibility molecules with
other macromolecular structures. This suggests that the

specific immune response is an outgrowth of these his-

tocompatibility defenses. Early in the evolution of self-
defense mechanisms. presumably existing phagocytic
operations became linked and targeted to the al-
logeneic response by the association of the recognition
clements with the activation of phagocvtic processes.
perhaps in o manner analogous to the exon shuffling
scen in growth tactor receptors. These processes may
have represented the first forms of antigen processing.
It 15 possible that MHC-like molecules or at least the
precursor to the peptide-binding domain already served
as some Kind of membrane transport protein that be-
came linked to this process. Facilitated by their mem-
branc cveling, these MHC-like molecules eventually
become the receptors for foreign peptide fragments.
The ability o present allogeneic antigen on host cells
tied to secondary signaling processes allowed an ampli-
fication of the antigenic signal. Transport of that signal
away from the site ot allogeneic contact could recruit by
activauon even more effector cells. This could explain
the present linkage of the MHC and T-cell receptor
antigen recognition systems. The acquired ability of
MHC molecules to bind and present peptides as “‘al-
tered seit™ leads directly to the problem of how the
primitive allogeneic recognition system could distin-
guish MHC complexes with self versus non-self pep-
tides. Although the solution to the problem is not clear.
it must involve additional signaling between the an-
tgen-presenting cefl and the cetfector cell. It is also
possible that carly antigen presentation was restricted
to only specitic proteins. hmiting the problem of toler-
ance substanually. The example of the highly specific
binding und transport ot maternal milk antibodies by an
Fe receptor that s directly homologous to class I se-
guences may serve as a paradigm in this regard (Simis-
ter and Mostov [Y89).

[t 1~ probable that the cell-cell interactions involved
in morphogenesis arose betore the development of im-
mune-tyvpe reactions. This branching was no doubt a
maior event in the evolution of the family. each branch
taking advantage of the ability of the homology unit to
accommodate variability in a tundamentaily different
wav. Members ot the morphogenic differentiation
branches became more and more specialized and
targeted in their interactions. generating enormous var-
icties ot highly specialized molecules. The immune
branch. on the other hand. became more and more
dependent on the varmation possibilities within one
tamily of genes. allowing that family to have the broad-
est possibilities for teraction while retaining the high-
Iv specttic interactions of the individual receptors.

A key event in the evolution of antigen recognition
receprors was the acquisition ot the ability to rearrange

gene segments. A likely scenario is that a transposon
inserted into a primordial V gene separating the initial
V and J gene segments (Sakano et al. 1979). Trans-
poson excision with the subsequent joining of the sepa-
rated elements eventually came under developmental
control (e.g.. a limited window of time within which the
enzymes responsible for rearrangement are active).
However. this later process was never precise. generat-
ing more nonproductive than productive rearrange-
ments. This had the effect of “excluding” any non-
productively rearranged V gene from generating a
functional protein. With only a limited number of V to
J possibilities. this would be functionally the equivalent
of allelic exclusion because the likelihood of more than
one productive rearrangement in one cell would be
small. Thus. a single cell could produce only one or a
limited number of antigen-specific receptors. With
near-clonal expression. the process of clonal selection
by foreign macromolecular patterns could now occur.
generating selective pressure for ever finer control of
allelic expression. The lower the rate of productive
rearrangements per number of V-J rearrangement pos-
sibilities. the greater the number of such potential pair-
ings allowable while still maintaining near-clonal ex-
pression. Therefore. as the control mechanisms for
allelic exclusion became more defined. the number of
gene segments could be expanded. thereby generating
even more receptor diversity potential.

A T-cell-like recognition system probably evolved
before that of B cells. It maintained its earlier linkage
to non-self cell destruction and thus the recognition of
antigen in the context of MHC molecules. Duplications
of gene families occurred to generate the various types
of T-cell receptors and ultimately the B-cell receptor
gene families. Central to this would have been freeing
B cells from direct cell-cell interaction requirements
and thus the need for MHC binding.

Examination of the antibody genes and diversity in
the shark Heterodontus. the chicken. and mammals
illustrates three different stages in the evolution of
rearranging multigene families (Fig. 7). The shark has
muitiple clusters of tandemly repeated V-D-J-C genes
for heavy chains (Kokubu et al. 1987). It is unclear
whether V gene segments can only rearrange to their
tandemly associated J gene segment. but such possibili-
ties at least seem limited. reducing the combinatorial
possibilities. However. junctional variation is still pos-
sible. Increase in the effective total number of V-J-C
sets possible in one genome is probably limited as well

shark e — S e—

I 7
chicken e

mammal

Figure 7. Organization of immunoglobulin light-chain genes
in the shark. chicken. and mammal (see Fig. 4 and text).



26 HUNKAPILLER ET AL.

by the consequent increased likelihood of multiple pro-
ductive rearrangements. assuming that allelic exclusion
has some stochastic quality. These constraints are con-
sistent with the fact that cartilaginous fish have a more
reduced expressed antibody diversity than other ver-
tebrates (Litman et al. 1982). The chicken. on the
other hand. has a complex antibody repertoire. but has
only a single V and J gene segment for both light and
heavy chains. eliminating all combinatorials. However.
the single V gene can be corrected against 25 or more
closely linked pseudo-V, gene segments by a process of
random gene conversion. thus generating enormous
diversity (Weill 1986). Certainly. allelic exclusion is
much easier in such a system. Allelic variation may play
an important role in this system as a way to expand the
range of diversity (presumably. the more divergent are
two homologs. the greater the difference in the possible
antigens that can be surveved by one animal). The most
sophisticated potential for diversity is seen in the mam-
mals. The grouping of V. D. and J gene segments
should allow even tighter control on allelic exclusion,
because each nonproductive rearrangement actually re-
duces the remaining possible rearrangement target
sites. The number of possible V-J pairings is limited by
the element with the smallest number of copies. usually
D or J. The remaining element(s) can expand without
impact on allelic exclusion. Hence. with this organiza-
tion there is much less restriction on the expansion of
the number of V gene segments and the consequent
increase in combinatorial and junctional variation
potential. (It is interesting to note that allelic exclusion
of T-cell receptor a chains may not be as complete as
other chains [Malissen et al. 1988]. This may correlate
with the fact that the number of J gene segments far
outnumbers that of any other chain. approaching a
substantial fraction of the size of the V, gene segment
number. However. experiments with transgenic ani-
mals suggest that specific. nonstochastic regulatory
mechanisms also play a role in allelic exclusion [Bliith-
mann et al. 1988].) As diversity and its range increase
in a gene segment family. the importance of allelic
variation is probably reduced.

With the expansion of V gene segments. however. it
becomes more important to link their transcription to
rearrangement. In the case of the mouse V;, family. for
example. the productively rearranged V|, gene is de-
rived from one of over a thousand (including both
chromosomes) V,, gene segments (Livant et al. 1986),
each with its own transcription initiation site. However,
effective transcription is possible only when rearrange-
ment brings o V gene segment into the vicinity of
specitic enhancer sequences near the C gene. Thus. the
evolution of rearrangement probably had more to do
with regulation of allelic exclusion and expression than
diversity per se (Hunkapiller and Hood 1989). How-
ever. the development of clonal expression is what
freed the constraints on V gene expansion and facili-
tated the evolution ot diverse antigen-specific reper-
toires.

Implications of the Immunogiobulin
Gene Superfamily

The history of the immunoglobulin gene superfamily
reflects both the fundamental diversifving and com-
binatorial properties of the immunoglobulin homology
unit. New functional possibilities arise by alteration of
the informational units involved (e.g.. nucleotides.
exons. genes. and entire multigene families), by shuf-
fling of these elements. and by the linkage of homology
units with other. independent functional processes. The
duplication of a muitigene family and the attendant
cis-acting control mechanisms can in a single event
create the genetic basis for a complex new phenotype.
thereby increasing the possibility for very rapid evolu-
tionary change. The evolution of the rearranging gene
families illustrates this principle clearly. On the as-
sumption that the development of rearrangement oc-
curred only once. the proto-immune receptor was prob-
ably a homodimer (allowing for allelic forms). Duplica-
tion and subsequent divergence of the proto-family led
then to the modern heterodimeric form and. con-
sequently. a whole new diversifying principle. These
duplications promoted the creation of genes whose
products could interact with one another, generating
the combinatorial potentials between the products of
two gene families. Multiple pairs of specifically inter-
acting gene families would coevolve over time.
Changes in the regulation of these pairs would eventu-
ally generate the distinctive T- and B-cell receptors
seen today. It seems probable that the development or
addition of antibody effector domains arose after the
regulatory separation of the B- and T-cell lineages.
Thus. the duplication of multigene families can gener-
ate new multigene families with entirely distinct func-
tional potential. The duplication of entire or parts of
multigene families. therefore. provides the potential
for extremely rapid evolutionary change and the rela-
tivelv saltational acquisition of complex new
phenotvpes. This is consistent with recent models of
evolution that propose that more punctuated events
may be stronger drivers of large-scale phenotypic
change than the gradualism of simple point mutations
of structural genes (see Gould 1989).

The expansion of the immunoglobulin gene super-
family to carry out a multitude of different major func-
tions in eukaryotic biology is a classic example of evolu-
tionary canalization. This is the process whereby once
an evolutionary branching has been made. a de facto
direction for future evolutionary events has been made
more likelv, because the path taken at one juncture
limits the future paths available (i.e.. it is hard to go
backwards). The early success of the homology unit
signaled an important early juncture of Metazoan de-
velopment as regards the possible mechanisms and
motifs emploved in cell-cell interactions. Also. the ten-
dency of homology units to interact drives the develop-
ment of ever more complex associations of proteins
containing homology units. This complexity sub-
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Figure 8. A single homeotic mutation creates a four-winged fly from the wild-tvpe two-winged fly (courtesy of E. Lewis).

sequently generates the building blocks of additional.
complex phenotvpes. In this regard. the immuno-
globulin homology unit motif is repeated in many dif-
ferent variations and contexts. tving together in an
evolutionary and sometimes functional sense many
areas of eukaryotic biology. Particularly fascinating are
the members of the superfamily that are expressed by
both the immune and nervous svstems (see Parnes and
Hunkapiller 1987). This coexpression raises the pos-
sibility of shared receptor molecules that facilitate com-
munication between these two complex systems that
deal with external stimuli. Indeed. it seems likely that
the nervous syvstem plavs an important role in regulat-
ing the immune response. perhaps mediated by interac-
tions between immunoglobulin superfamily members.

The evolution of control mechanisms is one of the
real kevs to understanding how the complex pheno-
tvpes of eukarvotes have arisen. However, a full under-
standing of the evelution ot regulatory mechanisms is
impossible unul we understand more of the functional
details of current regulatory mechanisms. Hence. the
study of developmental biology and evolutionary biolo-
gy are two sides of the same comn. How is it that a new
multigene family can be created and in time its mem-
bers be expressed in ditferent cell types within different
tunctional contexts? In this regard. it 1s interesting to
consider the evolutionary processes that led to the
development of the modern fiy from the early annelids.
The more specialized descendants of a simple segmen-
tal creature had to acquire the developmental programs
that led to ever-increasing specialization of their seg-
ments (e.g.. head. thorax. and abdomen) and their
appendages. such as legs and wings. Presumably. these
teatures are encoded by coordinately expressed linked
and uniinked genes as well as gene families that must be
duplicated and controlled. It scems likely that the re-
yuired developmental changes were more the result of
regulation and timing changes than major modifications
to the structural genes. [ndeed. a single homeotic muta-
tion can convert a modern two-wing fly to a more
ancient four-wing form (Fig. X). indicating that the

genetic information for generating older phenotypes is
still contained intrinsically within contemporary
genomes and that it is the context of its expression that
determines the final phenotype. not the coding infor-
mation itself. Such changes in homeotic and multigene
systems illustrate that changes in the regulation of com-
plex traits may be more likely to generate selectively
tolerable phenotypic changes than direct major altera-
tion of structural genes. thus promoting relatively salta-
tional changes in phenotype.

The immunoglobulin gene superfamily has given us a
glimpse into the awesome complexities of modern biol-
ogy; at the same time. its study offers hope for unravel-
ing some of these complexities. Questions concerning
the overall diversity of the immunoglobulin gene super-
family and whether other complex eukaryotic systems
employ gene superfamilies of similar complexity await
future investigations.
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Summary

The germ-iine joining (J) gene segments and con-
stant (C) genes encoding the 3 chain of the mouse
T cell antigen receptor have been isolated on a
single cosmid clone. There are two constant genes,
Cyy and C,;, each associated with a cluster of J,
gene segments. The nucleotide sequences of the
C,2 gene and of the Js, cluster gene segments have
been determined. The coding sequence of the C,;
gene is very similar to the sequence of a cDNA clone
encoded by the C,, gene. The Cs,, gene has four
exons; exon-intron structure does not obviously cor-
respond to the functional domains of the protein.
The J.» gene segment cluster contains six functional
J gene seaments. We have isolated specific probes
for the C,i, Cua, Js1, and Js, regions to examine DNA
rearrangements in T lymphocytes. DNA rearrange-
ments can occur in both J; gene segment clusters,
and both C, genes appear functional.

Introduction

The ventebrate immune response employs two categories
of antigen receptors that are expressed on the surface of
lympnocytes. immunoglobulins on B cells and the antigen-
specific receptors on T cells. The extensive diversity of
poth receptor repenoires suggests that B cells and T cells
may employ simiar strategies for generating antigen-spe-
cific receptors. The immunogliobulins are composed of two
aistinct polvpeptides. light and heavy, that fold into variable
and constant domains. The variable domains recognize
foreign antigen. and the constant domains are involved in
a variety of eifector functions. The vanable region for light
chains is encoded by two distinct gene segments (Bernard
et al.. 1978). vanable (V.) and joining (J.), whereas the
variable regon for heavy chains 1s encoded by three
different gene segments. V., diversity (D), and J (Early et
al.. 1980). These gene segments are joined by DNA
rearrangement during B cell differentiation to generate

complete Vi (Vi-J) and Vu (Vi-D-Jw) genes (Honjo, 1983;
Tonegawa, 1983).

Until recently, the nature of the T cell antigen receptor
was controversial (Kronenberg et al., 1983). The genera-
tion of antibodies specific for individual T ceil lines (clono-
typic reagents) from humans and mice has permitted the
first biochemical characterization of the T cell antigen
receptor (Acuto et al., 1983; Kappler et al., 1983 Mcintyre
and Allison, 1983; Samelson et al., 1983). The T cell
receptor is composed of two disulfide bridged chains, «
and B, ranging in molecular weight from 40,000 to 50,000.
Peptide map analyses of these chains from several differ-
ent receptors indicate that both « and 8 chains are com-
posed of constant and variable peptides, presumably
encoded by separate variable and constant region genes.
Furthermore, there are virtually no peptides common to a
and B chains. Thus they are likely to be encoded by two
distinct gene families.

Several cDNA clones that encode the g chains of mouse
and human T cell receptors have been isolated by sub-
tractive and differential screening techniques (Hedrick et
al., 1984a, 1984b; Yanagi et al., 1984). The T cell receptor
cDNA clones exhibit sequence homology to the immuno-
globulin V, J, and C regions, and the corresponding re-
gions undergo DNA rearrangements during T cell differ-
entiation (Hedrick et al., 1984b; Toyonaga et al., submit-
ted). We have recently suggested that the g variable
regions are encoded by three distinct gene segments—
V,, Ds, and J; (Siu et al., 1984). In this paper we report the
isolation of a mouse cosmid clone containing two C,
genes, denoted C, and C,. Each C; gene has a 5'-
associated cluster of J gene segments. Therefore the
genes encoding at least one chain of the T cell antigen
receptor appear similar to the gene families encoding
immunoglobulins. We have determined the complete nu-
cleotide sequence of the Cs gene and the Jz gene
segment cluster.

Results

Southem Blot Analyses of Mouse Liver DNA with
the Mouse C, cDNA Probe Suggest That There Are
at Least Two C, Genes

Southern blot analyses of mouse liver DNA (liver DNA is
considered not rearranged for T cell receptor genes) hy-
bridized with a C, probe derived from the mouse T cell
tumor RBLS (Caccia et al., 1984) are given in Figure 1.
Only two or three distinct bands are present upon analysis
with various restriction enzymes. These data suggest that
there are at least two C, genes. Under low stringency
hybridization conditions, no additional bands have been
detected.

The C, Genes Are Linked and Each Has an
Associated Cluster of J Gene Segments

A cosmid library constructed with DNA from the livers of
B10.WR7 inbred mice was screened with the constant
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Figure 1. A Southern Blot Analysis of C57BL/6 Mouse Liver DNA with a
Cg Mouse cONA Probe

The C57BL/E DNA was digested with the restnction enzymes indicated.
Banas known to contain the C, or Cs genes from the intensity of
hybndization and the analysis of the germ-line cosmid clone are indicated.
The RBLS cONA probe used here contains most of the C,y coding region
and the 3" untransiated sequence. As we discuss below. the coding
regions of Cy and Cx are 96% similar. The aifference in hybridization
between C, and Cg is the result of lack of simitanty between the 3’
untransiated regions of Cyy and C. Size stancards are given in kilobases
for one blot: the positions of equivalent standards have been indicated for
the others.

region portion of the human 3 chain cDNA YT35 (Yanagi
et al., 1984). A hybridizing clone containing a 34 kb insert
was isolated and characternzed in detail. The restriction
map of this DNA is shown in Figure 2. To locate potential
coding sequences, Southern blots of the cloned genomic
DNA were hybridized with a human constant region probe
derived from YT35 or with synthetic oligonucleotides that
correspond to portions of the YT35 cDNA seqguence. The
synthetic oligonucleotides (Horvath et al., submitted) in-
clude a 30-mer derived from the J sequence (nucleotides
412-441 of YT35), a 20-mer derived from the 3’ end of
the constant region (nucleotides 757-776), a 17-mer de-
rived from the connecting peptide (nucleotides 868-884),
and an 18-mer derived from the transmembrane region
(nucleotides 941-958). From the restriction map and
Southern blots of the cosmid clone, we can draw the
following conclusions. There are two constant region se-
quences separated by approximately 6 kb of DNA denoted
Cs and Cg (Figure 2). Both C, gene sequences are in the
same 5’-t0-3" orientation. All of the hybridizing restriction
fragments detected on Southern blots of liver DNA are
also present on the cosmid (Figure 1). Therefore it appears
that we have cloned all the C, genes that are capable of
readily cross-hybridizing with mouse or human C, probes.
Sequences located 5’ to both C,, and Cas, genes hybridize
with the oligonucleotide derived from the J region of the
human cDNA clone. Partial nucleotide sequence analysis
of a region 5’ to the C, gene indicates that muitipie,
functional J gene segments are present (data not shown).
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Figure 2. Restriction Map of the Mouse Cosmid Clone 2.3W7 Containing
the Cy, and Cg, Genes with Their Associated J; Gene Segments

Boxes indicate regions that hybridize to the human cDNA or to the synthetic
oligonucleotides. The direction of transcnption, indicated by armows, was
determined by hybridization with 5’ and 3" probes for the C, genes or by
sequencing for the J, segments. A (+) between two restnction sites
indicates the presence of unassigned sites in this region for the same
enzyme. Probes 1 through 4 are the following restriction fragments: (1) a
3.2 kb Hind lil-Bam HI fragment; (2) a 2.5 kb Eco RI fragment: (3) a 2.3 kb
Eco Rl fragment, (4) a 3 kb Hind Ill fragment.

More complete nuclectide sequence of muitiple functional
Je sequences 5’ to the Cg gene is presented below. In
summary, the mouse genome contains two C, genes,
each of which is associated at its 5” end with a cluster of
J gene segments (Figure 2).

The Js Cluster Has Six Gene Segments
We have determined the nucleotide sequence of 2.3 kb
of DNA beginning approximately 1.8 kb upstream of the
Cauz gene and continuing in the 5" direction. This region of
the cosmid clone contains sequences that hybridize to the
oligonuclectide corresponding to the Js segment of the
human cDNA sequence. Coding sequences in this region
could be identified by several criteria. First, certain amino
acld sequences are characteristic of almost all immuno-
globulin and T cell receptor J gene segments. These nearly
invariant amino acids include Phe-Gly-X-Gly-Thr, followed
by a relatively hydrophobic sequence rich in leucine and
valine (see Figure 5). Second, the nucleotide sequence
that might encode a J gene segment could be checked
for the requisite 5’ rearrangement signal and 3’ splice
donor signal approximately 15-16 codons apart from one
another. These signals are discussed further below. Using
these criteria, six apparently functional Js gene segments
have been identified (Figures 3A and 3B). These gene
segments, spanning about 1100 nucleotides, are desig-
nated Jgzs through Jsze from the 57 end to the 3° end of
the cluster, The Js gene segments are separated by 40
to 300 nuclectides of intervening DNA sequence. We have
sequenced about 400 nuclectides &' of the Jx., gene
segment and 770 nucleotides 3" of Jsz¢ gene segment.
Since the widest separation among the identified J;. gene
segments is 300 bases, it is likely we have identified all of
the Js gene segments. Further sequence analysis in the
5’ and 3’ directions from the Jz gene cluster is being
carried out to verify this conclusion.

The Jsz gene segments range in size from 46 nucleo-
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Figure 3. Chromosomal Organization of the Je
Gene Cluster

(A) Partial restriction map of the Jz gene cluster
and the sequencing strategy employed to analyze
this region. Solid boxes indicate functional Jg
gene segments (Jz.1 10 Jres), and the dotted box
indicates a possible pseudogene segment (Jg).
Closed circles indicate a 3’ labeling and open
circles a 5’ labeling for Maxam Gilbert sequence
analysis. The restriction enzyme abbrewviations are
as follows: C, Cla | E, Eco Rl; K, Kpn I; P, Pst |
R, Sac Il; X, Xbal.

(B) 2.3 kb of DNA sequence for the Jz gene
cluster and flanking seguence. The recognition
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401 mrn~cv:raérsiscanrr:v v c ch jad GGCAGAG T NG D iy Bagle-etten i acid 9
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tides to 49 nucleotides (Figure 4). At the DNA level they
are 52% to 72% similar to each other. The transiated
sequences range in size from 15 to 16 amino acid residues
and are 50% to 87% similar to each other (Figure 5). The
N-terminal five residues of the Js segments are far more
variable than their C-terminal regions.

In immunoeglobulin genes., segments that are rearranged
to form variable region genes have conserved DNA rear-
rangement recognition signal sequences adjacent to the
sites of joining (Early et al., 1980). These recognition
sequences are composed of three parts: a highly con-

served heptameric sequence immediately adjacent to the
V, D, or J gene segments; a nonconserved spacer se-
quence 11-12 or 22-23 nucleotides in length; and a
relatively conserved nanomer sequence. The six Jg gene
segments have similar recognition sequences adjacent to
their 5" ends (Figure 4) and spacer seguences of 11-12
nucleotides in length. There do not appear to be unique
recognition sequences for T cell receptor gene rearrange-
ments (Figure 4).

At the 3’ side of the J gene segments are the canonical
RNA splicing donor signals (Breathnach and Chambon,
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Figure 4. Comparnison at the DNA Level of the Recogniion Sequences for DNA Rearrangement, the Coding Region, and the 3’ Ends of Mouse and Human

Js Gene Segments and Two Mouse A J Gene Segments

The mouse Jgz 1-Jsz s geNe segments are from this paper. The Jy ss aNd Ja nues S€quences are from two mouse cDNA clones (Hedrick et al.. 1984b). The
Jar v and Jg 2 SEQuences are from two linked human. J, gene segments (Siu et al., 1984). The Jx, and J,s are two mouse A joining gene segments (Blomberg
and Tonegawa. 1982). The recognition sequences for rearrangement and the RNA donor splicing sites are boxed. The arrow indicates the beginning of the
frame of transiation. Dots indicate identity with the first sequence hsted. Blanks indicate that gaps have been infroduced during the alignment.

mouse Jp2.1 NYAEQFFGPGTRLTVL
mouse Jg2.2 STEALY . BB e
mouse Jg2.3 BREFLY . o S it 2 4 &
mouse JB2.4 SANTLY . . &...+ /9
mouse Jg2.5 2D N SO .
mouse Jg2.8 S Yo o ey

mouse JB1.BBT! SéNfLY B S i I v

mouse Jg1.TMB6 AGODT . ¥ v nate Lo
human Jg1.1 vow YT o miie 5N
human Jg1.2 NG TR S \
mouse JH1 YWYFDVW . A, . TV..SS
mouse JH3 WFAYW. Q. .LV SA
mouse Jxi WT:. 6. .K,EIK
mouse Jx5 LT ol 5 oK ELK
mouse Jai Wv. . G. K

mouse Jx3 Fli <8 SRV

Figure 5. Companson of the Translated Sequences of Mouse and Human
Js Segments and Vanous Immunogiobuiin Light ana Heavy Chain J Seg-
ments

The Js gene segments are named as in Figure 4 with the addition of mouse
Joi and J.s (Max et al.. 1981) light chain joining segments and Jw and Jg
(Sakano et al.. 1980) heavy chain joning segments.

1981). Furthermore. the point of RNA splicing occurs
between the first and second bases in the junctional
codons, a conserved feature seen in all immunoglobulin,
T cell receptor, and MHC genes studied to date, with a
single exception to be discussed later.

It is interesting to note that a mouse 3 chain cDNA
clone, TM86 (Hedrick et al., 1984b), contains a J coding
segment that is identical with Jz2s except for the first two
nucleotides. The differences are not silent and result in
one amino acid difference upon transiation. The J gene
segment involved in this rearrangement could be encoded
by a Js gene segment. currently unidentified, from either
the Jg or Js gene clusters. A possibility we consider more
likely is that the TMB6 J sequence is encoded by Jss, and
the differences result from an imprecise joining of a D into
Juos, generating a novel codon. An analogous process is
responsible for similar junctional diversity in immunoglob-
ulins (Early and Hood, 1981), where such joining flexibility
results in somatic expansion of the immunoglobulin reper-
toire.

A possible J; pseudogene is located between the Jyzs
and Ja2 s gene segments. This region appears to be related
to the functional J gene segments because its translated
sequence exhibits homology to the other J, gene seg-

ments (Figure 3) and it has appropriately placed 5’ rear-
rangement signal sequences. However, this gene segment
has an in-frame termination codon, has lost the RNA
splicing signal at the 3" end, and has extensive differences
in coding sequence from the other Js gene segments.
The translated sequence does not contain the sequence
Gly-X-Gly found in all functional J gene segments (Figure
5).

The Csz; Gene Has Four Exons
An analysis of the translated human and mouse 3 cDNA
clones shows that the polypeptides can be divided into
four distinct regions (Hedrick et al., 1984b; Yanagi et al.,
1984): a region of about 113 residues that is homologous
to immunoglobulin C region domains, including a disulfide
bridge spanning 60 residues; 33 residues potentially form-
ing a connecting peptide to the transmembrane region
that is not homologous to any immunoglobulin regions; 22
relatively hydrophobic residues, probably encoding a trans-
membrane region; and five residues constituting a stop-
transfer signal and a highly charged cytoplasmic region.

The complete nucleotide sequence of the Cs. genomic
gene segment, given in Figure 6, includes four coding
regions determined by comparison with the cDNA se-
quences (Figure 7). The four exons of the Cz gene span
about 1600 nucleotides and appear to be functional in that
there are no in-frame termination codons and the RNA
splicing signals for the exon boundaries are all canonical.
Exon 1, 375 nucleotides in length, encodes the constant
domain and a portion of the connecting peptide; exon 2,
18 nuclectides, encodes a short stretch of the connecting
peptide; exon 3, 107 nucleotides, encodes the remainder
of the connecting peptide and a probable transmembrane
region; and exon 4 encodes one hydrophobic residue of
the transmembrane region, the three lysine residues pre-
sumably constituting the stop-transfer signal associated
with transmembrane regions, two additional hydrophilic
residues cormresponding to the cytoplasmic region, and
about 160 nucleotides of the putative 3’ untranslated
region including a canonical poly(A)* additional signal
sequence. These exons are separated by introns of 506.
145, and 383 nucleotides, respectively.

The exons of the Cg gene do not correlate precisely
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Figure 6. :Organization and Sequence of the Cg
Gene

(A) Partial restniction map of the C,z gene. Shaded
areas indicate exons. The hatched area indicates
the 3’ untranslated region. Open and closed cir-
cles are as descnbed in Figure 3A. The restnction
enzyme abbrewiations are as follows: A, Ava ll. B.
Bgl Il H, Hind IIl; P, Pst I: S, Sac |.

(B) 2.9 kb DNA sequence contaiung the C,2 gene
and flanking sequences. The RNA spiicing donor
and acceptor sites are undertined as is the 3"
untransiated region. The predicted amino acid
sequences encoded by the exons are shown
above in the one-etter amino acid code. The

H "T'VGA't""A'-A&G-’:‘i'ﬁtnﬂi‘Fc'F'Hcc.:"aff':ur,u:c.ncucrumcﬁuﬂccnumuN &0 "
' following abbrewiations are used: C. constant: CP.
BY  30AGAAAGGATCAAAAIAAAGTTTCTCTATTATCCAGAAGGICGTGGGTTIGCTAACACALAATATATCTATCTCTITTATE 180
! 1 ] connecting peptide: TM, transmembrane: Cy, cy-
181 T CAGTAMATCACTTIAAGCAARGARCAGAGAGARAGTCACAAAGAACTCGGAATGTTTAGAGGCAGAGAAGTTGATAG 240 3 %
toplasmic; 3°UT, 3’ untransiated.
241 TTTATTTCACACACTACAAAACTEAGTAMAICTTACATACTE .nn-=c:A:1'=vnAccmchcuc.:uncm 320
321 3AATSaARsiGOGCCATCTATIGTAGTSTGAAGARAGCET TCCCATGECARATGTTTATCTCAACTITAATTACCETTTA 400
[
401 ATCTTGGICTC TAGCYTICAGAACTTGGC GTGGCAAGATCI TATAMATCCTTCTGTCTCTTCTGGGGAAGTCAGTGTT 480
481 TCACATTTOACTTTOGAMAGALATTGATCLAGAGACATTAAAGAGACTCTCATGGTCACACGEGCACAGAAGGTCATTGE 360
s81 "‘iﬁnrlusn"'unn'V"A:ul"'urnGCAGGCF:‘u'r..u.l:chAEAAI‘lYAﬁrAAGAAAlAAﬁ:ETE 840 N
641 "C !"u-mu:mcncnurnr:'cucnmmc.l.;nnu:n1nccnnsumc'rncm‘mmccn’rv 720
|
21 3TTGrarcT ATGAGAATIGATGAATATAARTGACAAGEAAAGTGARAGATTAATGCCACAGAGAAN TGGAATGGTE 800
|
801 aTTCC nn:.un CCTSCITGCTTTITCAGAAACTCICTCAGCICTGAACCTTTCCAMATACAAATGATITGTAC 880
] i
“C
t E D LR NV YT PP £l
BBY  CTCATCCAGACAGTTATCAGCAAAATACTAATICCACCTETCTTTACTITCCAGAGGATCTGAGAAATGTGACTCCACCE 980
' i '
10 5. R s o« € i .a = a A T L v.C L A R G 33
381 T CT hT T GAGECATCA4anGTAGAGATTISCARACAAACARLAGGETACCCTEGTGIGETTGGCEAGGEGE 1038
v i [ 1
36 ol B3 e § w W vy N & % E v W § G Vv § Y Q@ P 0O 81
1039 “CortC CGA:E»"E':-’.IEE GAGCTSGTGGGTGAMIGGCAMGGAGG TCCACAGTGGGGTCAGCACGGACCETCAG 1118
) 1 ]
82 . E - a7
1117 3T u:ur.mmucus'.um'nc'mcwm:‘nc:.:: au.r.nr:rcn::uc:H:Incncnrccv:r.n 1194
88 v .m F W . C 9 vw.2 F u € € 113
1195 4ACCACTTICGCTGECAMGTGCAGTTEDAT m:sc-r':Ac.Aanmn-cur.rum::mu:scl:accuuccmrc 1272
1a - 3 125
1273 ac.nnuuX:aul;‘.Ar.n.m:'Gsncc:-.-r.nr.uuavccnc.cc!cnc.smneuncmcncusu:n 1352
1333 LAANARTATGAAACARTICATGTAGAAGTGAAGAATAGACCCAGGAAAAGGCCAGAGTGGTGGOACAGATGATCARGET 1432
1433 ST CAGAAAAC AT AGCCTaTGCT I CC I ICAMGGAGTATGTATGTARACTCAGTIGGEGCAGCTCAGGCCAATTE 1512
1513 CAGTTITTTAGIGTCTEAGAGETGIGLTTAMGAGTTCTCCCATACCTCCCTCACAACCTAGCATCGCTCATCCE 1992
1393 TATCCS IO TGO TAGAT T T AAGGTCACTCTCACAGTGTLTTATAACTTTCCCAGCACCATCAGAAAGACAGTGTGAGE 1672
1873 ACTTATAAGAGGAGAGIGCTTACACCATCTCACATGCATGTGICTGTGGECTTTACATTCGGCTTTAAGTTTTGTIGTIGE 1752
¢ i '
126 8 € @ f ¥ & 131
1783 itaTecaatste MGTOGITTTIT TCACIIAMITCITIIICCCCCYTTCTTICAGACTGTGGAATCACTTCA 1831
1 '
1832 AL T AL I I LT LGTITTGI0 T T TCAAAACAGGACACASATATCCTATAGACATE 191
' 1 '
132 138
1312 1990
13 182
1991 2088
163 s moam 167
Iise TETTAATGATIATIA AT IS AIEATGOACARATGET T IAGGTATAGACTTCAGTGTATGOATATAAAGGGATC 2148
|
2149 TTAGAGSAGGAZIINGICCTS u.'c:'accuv-n.u..r..::n-...--cA:aM’n:uuuuuu:mcn 2228
i229 TITTAtETTATac V"‘;;le.l':u\sau.q‘.IA.GAE:’:'"'Y[AAGATEArl:rYGAlLA'C?CCY?f'?GVA 2308
] '
= Cy - 2uT
x x N 173
= AMTGTCTTITCTTTCTCAGGTCAAGAAA ATTCCIGAGS 2388
SIATAGATTTCITICACCTTCTOTAAITCOTGITCCTAMGAL <2488
0 '
1469 ACTCTGAMACAGACTAMATCHATRARAACA 2348
249 GTSGTTACTGACATTCCTACTGGTCTGAAAAGGCARA 2628
|
MM T NESeES L S tACTITAGATCCTCCAATGAGTCATTTGTCTG 2708
AGACAGAGAAMGAAAAA" TACCACTAACAATAACCCCACCCAGTATAGGA 2788
|
ATTACAGAGTCIAGTTC " TSGTITTCAACTICAGATTTTIATCTGTAICT 2888
0 '
TTIAMAGCT" 2905

with the presumed functional regions or domains of the
constant region. The connecting peptide i1s encoded on
three separate exons. One of them, exon 2. encodes just
six amino acids. Some immunoglobulins have a flexible

proline-rich hinge peptide encoded by just such a small
exon following the first constant region domain (Honjo.
1983). However, there is no sequence obviously simiiar to
immunogiobulin hinge regions encoded by this exon or
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mouse Cs82 1 GAGGATCTGAGAAATGTGACTCCACCCAAGGTYCTCCTTGTTTGAGCCATCAAAAGCAGAGATTGCAAACAAACAAAAGGCTACCCTEGTGTGCTTGGCCA 100
mouse 8871 . aue o 8 I s o S 3 . :

human YT35 vre 2h gy WA B h o .G. 6.76 G. e BN E L AR s v Cr e W B e B

mouse C#2 101 GBGGCTTCTTCCCTGACCACGTGGAGCTGAGCTGGTGEGTGAATGGCAAGGAGGTCCACAGTGGGGTCAGCACGGACCCTCAGGCCTACAAGEAS 195
mouse 8671 s

human YT3s ca e 6. G " { YU T - ¢ caGCC 200
mouse Ca2 196 AGCAATTATAGC TACTGCCTGAGCAGCCGCCTGAGGGTCTCTGCTACCTTCTGGCACAATCCTCGAAACCACTTCCGCTGCCAAGTGCAGTTC 288
mouse BBT1 = A

human YT3% 201 cgecer G CTC.AGA 6 B G B0k 16 o c 300
= CP +
mouse Ca2 289 CAmGGcrTTc;l’.nnnnaalcAAGTGG::AGAGEGE!EACECAA‘CCYnYCACA!:AGAACAr:aGrG:AGAGECCTEGGGCCGAGCAGAC\'GTGG:ATEA 388
mouse B86T1 N G
human YT35 301 T c G a T G A.CC ATAGGG c c. T.G. I - = TA . cr. 1 400
) - TM
mouse Ca2 383 CTITCAGCATCCTATCATCAGGGGGTTCTGTCTGCAACCATCCTCTATGAGATCCTACTGGGGAAGGCCACCCTATATGCTGTIGCTGGTCAGTGGCCTGGT 488
mouse B6T1 c 4 A cr c. S e S o o . cosFan o ACA
human YT35 401 C. 6.T6 c 3 A c. c. G..a . i - o c.c T 500
4 =»Cy
mouse Ca2 489 GCTGATGGCCATGGTCAAGAAAAAAAATTEC 519
mouse 86T1 G T A G G s18
human vT13% s01 T ] GG T 531

Figure 7. Companson at the DNA Level between the Coding Region of the Cz Gene and the Constant Region Sequences of 8 Chain cDNAs from a Mouse

T Cell (86T1) and a Human T Cell (YT35)

A vertical arow above the sequences indicates an exon boundary. A honzontal arow denotes the possible domain organization. The following abbreviations
are used: C, constant; CP, connecting peptide; TM, transmembrane; Cy, cyloplasmic. 86T1: Hednck et al., 1984b. YT35: Yanag) et al., 1984.

mouse Ca2 1 EOLANVTPPKVSLFEPSKAEIANKOKATLYCLARAGFFPOHVELSWWVYNGKEVHSGYSTOPGAYKE SNYS YCLSSALRAYSATFWHNPANHFRCOVGF 58

mouse 86TH ¥R SR # S SRR TR e Misiizerass saine sware soiee s

hyman Y735 NK F O E AV E SHT it dleireln seaAG whb I e s i P i IR B sgre osnants site colinen Svmice ate 100
- CP Iy | BTM L Cy

mouse Co2 97 HGLSEEOKWPEGSPKPVTONISAEAWGAADCGITSASYHGGVLSATILYEILLGKATLYAVLVSGLVLMAMVKKKNS 173

mouse 8671 s . a.. R ) P .y L S | L

human rT35 101 Y N E TGORA Iv - SN S« G . O L P A.OF 177

Figure 8. Companson of the Translated Sequences of Mouse Cg (86T1) and C, Genes with a Human C, Gene (YT35)

Abbreviations and symbols are as descnbed in Figure 7

any other portion of the 3 gene. The third exon encodes
both a portion of the connecting peptide and. along with
one valine from exon 4, a stretch of 22 amino acids that
is, apart from a single lysine, hydrophobic and uncharged
and may encode a transmembrane segment. Bactenal
rhodopsin has charged residues in its transmembrane
segments, so presumably these charges can be shieided
in the lipid bilayer (Kyte and Doolittle, 1982). If this lysine
were excluded from the transmembrane region, the hydro-
phobic, uncharged sequence would only be 17 residues.
far shorter than most known transmembrane regions (gen-
erally such hydrophobic segments range n length from 21
to 26 residues).

The nearly complete DNA sequence of a mouse cDNA
clone 86T1 denved from the M12 T cell hybridoma has
been published (Hedrick et al., 1984b). The cDNA clone
appears to be encoded by the Cy4 gene by two critena.
First, the 86T1 cDNA clone shares an Eco Rl restriction
enzyme site with the cosmid C,, gene that is missing in
the Cy, gene. Since this Eco Rl restriction site is present
in all inbred mouse strains tested (Caccia et al., 1984), we
conclude that the differences between the 8671 cDNA
and Cs DNA sequence cannot result from allelic differ-
ences between inbred strains. Second. this cDNA clone
differs from the coding region of the Cs gene by 23
nucleotides, of which five represent replacement substitu-
tions (Figures 7 and 8). Four of the five replacement
substitutions are in the 3’ coding region of the C4 genes.
These differences are not likely to be due to somatic
mutation since the same substitutions have been seen at

the 3’ end of a second cDNA clone derived from the
mouse T cell RBLS5 tumor {data not presented). The coding
regions of the Cy; and Cg. genes are closely related, being
96% similar at the DNA level and 97% similar at the protein
level. These two genes may therefore have arisen by a
relatively recent duplication. This supposition is consistent
with the equidistant homology seen between both mouse
Cs genes when compared with the human cDNA sequence
(82%).

The RNA donor and acceptor splice signals for the four
exons obey the established rules for these sites. RNA
splicing occurs between the first and second bases in the
codons at the exon boundaries between exons 1 and 2.
as well as exons 2 and 3. RNA splicing between exons 3
and 4 occurs between codons (Figure 6B). This is to our
knowledge the first exception to the rule that RNA splicing
occurs between the first and second bases of the junc-
tional exon codons in all of the gene families associated
with the immune response (immunoglobulin, major histo-
compatibility, 8--microglobulin, and T cell receptor genes).

The translated Cgs and Cy genes have three possible
sites of glycosylation. The glycosylation recognition se-
quences Asn-X-Ser or Asn-X-Thr occur at positions 5-7,
70-72. and 120-122 in the constant region (Figure 8). The
human C,; gene shares only the second of these glycosyl-
ation sites and has no others.

In comparing the mouse C, and Cs. genes. the ratio of
silent to replacement amino acid substitutions is approxi-
mately ten times what would be expected of random
mutation (Miyata et al., 1980). This observation suggests
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that a high degree of selective pressure maintains the
coding sequences of these genes. The same skewed ratio
of silent to replacement substitutions is also observed
when either mouse C, gene 1s compared with the human
Cs gene. These observations are in keeping with the fact
that the genes encoding T cell receptors have diverged
far iess than their immunoglobulin counterparts (Hedrick et
al., 1984b: Honjo. 1983. Siu et al.. 1984; Yanagi et al.,
1984)

T Cells Can Rearrange Both J;, and J;; Gene

Segments .

The rearrangements of 3 genes seen in T cell lines appear
to be more complex than rearrangements seen in B cells
with immunoglobulin gene probes. We have obtained
probes specific for the Js, Cai, Jso, and C,z gene-encoding
regions. and these are indicated in Figure 2 as probes 1
through 4. The C,, and C,», probes hybridize more strongly
to their corresponding gene segments than to each other,
whereas the J,, and J,; probes do not cross-hybnidize. In
Figure 9A we have carried out Southern blot analyses on
paired sets of liver DNA from the C57BL/6 mouse (germ-
line) (left) and on DNA from a C57BL/6 helper cell clone
L2 (nght) (Glasebrook and Fitch, 1980), using these
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Figure 8. Southern Blot Analyses of T Cell DNA llustrating J, Gene Segment
Rearrangements

{A) Southemn piot analyses of iver DNA from C57BL/6 mice (lanes 1, 3, 5,
and 7) ana DNA from the T helper cell ine L2 (lanes 2, 4, 6. and 9). The
resinction enzymes used are as foliows: Hind Iil for lanes 1. 2, 5, and 6;
Pvu il for tanes 3 and 4: Sac | for lanes 7 and B. Probes 1-4 are as shown
n Figure 2. Size marker lengths are indicated in kiocbases for one biot.

(B) Diagrammatic representation of the DNA rearangement events that
have presumably occurred in the L2 T cell ine. The open boxes represent
the approximate iocanons of the Js, and Jg gene segments and Cp and
Ca genes Restnction enzyme abbrewiations: H. Hind lll: P, Pvu ii; S, Sac |.

probes. Hybridization with the Cs probe (Pr2) indicates
that both copies of the C, gene are deleted in the L2
clone. Surprisingly, hybridization of the L2 clone with a
probe 5’ of Cg, Jgi (Pr1). reveals a band that differs from
the germ line. This indicates that either the two Jg; homo-
logs of the L2 clone have undergone a similar rearrange-
ment or the L2 cells have rearranged the Js homolog on
one chromosome and deleted it on the other. Results with
six other restriction enzymes (data not shown) support the
second hypothesis. Only one band, non-germ-line, is found
in all cases. Using a Jg probe (Pr3) we can see that the
L2 clone has rearranged both alleles. The C4 genes are
both present and in a germ-line configuration. Therefore,
two rearrangements have occurred in the Jg, cluster 5” of
the Cyz gene (Figure 9A, lanes 5 and 6, 7 and 8). A
schematic representation of the rearrangements occurring
in L2 is shown in Figure 9B. Figure 10 shows the rearrange-
ments observed in a T lymphoma cell line (BAL 3); both
alleles of the C4 gene are maintained and two rearrange-
ments have occurred 5’ to the Cgs gene involving the Jg,
cluster.

Two important points emerge from these analyses. First,
in individual T cells both Js and Jg gene segments can
participate in DNA rearrangements. Second, the DNA rear-
rangements in T cells appear to be somewhat more com-
plex than their immunogiobulin counterparts. Multiple DNA
rearrangement or deletional events may occur on a single
chromosome, and rearrangements generally occur on both
chromosomes. DNA rearrangements occur in all functional
T cell helper and killer cells that have been tested (Kronen-
berg et al., unpublished data).
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Figure 10. Southem Biot Analyses of T Cell DNA llustrating Js,» Gene
Segment

DNA from BALB/c mouse liver (lanes 1 and 3) and from the BALB/c T
ymphoma cell line BAL 3 (lanes 2 and 4) digested by Pvu il and hybndized
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Discussion

We have isolated a cosmid clone containing mouse germ-
line Js gene segments and C, genes and have used this
clone to determine some features of the structure and
crganization of the T cell receptor 8 gene locus. Several
conclusions can be drawn from our analysis of the germ-
line 3 genes. First, there are two closely related C, genes
separated by 6 kb and in the same transcriptional orienta-
tion. Comparison of the cading region of the Cs. gene with
the previously published mouse C,; cDNA sequence (Hed-
rick et al., 1984b) indicates that these two C genes are
96% similar at the nucleotide level. Second, the-C4 gene
is split into four exons. The exon-intron boundaries do not
correspond obviously to recognizable domains of the
translated protein sequence. Third, each C, gene is pre-
ceded by a cluster of Js gene segments also in the same
transcriptional orientation. The nucleotide sequences of
these gene segments show significant homology to im-
munoglobulin J gene segments, including the presumed
rearrangement signal sequences found 5 to all immuno-
globulin J gene segments.

The data presented here strengthen the conclusion that
the T cell receptor 8 chain gene family is related to the
immunoglobulin gene families. Figure 11 compares the
organization of the g chain genes to the three antibody
gene families. Are the T cell receptor 8 chain genes more
evolutionarly related to the light chain gene family or to
the heavy chain gene family? The 8 chain genes share
three features with the heavy chain family that are distinct
from the light chain gene families. First, there is strong
evidence for the existence of D; gene segments (Siu et
al.. 1984). However, these gene segments have not been
isolated. Second, the Cy genes contain a sequence en-
coding a probable hydrophobic transmembrane region.
The 8 polypeptides, like immunoglobulin heavy chains, are
therefore likely to be integral membrane proteins. Third,
the Jx gene segments encode 15-16 amino acids. This
length 1s similar to that of the J4 gene segments, but longer
than the J gene segments of either light chain (Figure 5).

The difference in length is at the 5" end of the J gene
segments, the region encoding the most divergent portion
of both J; and Ju regions. In immunogiobulin heavy chains
this sequence encodes part of the third hypervariable
region and therefore is probably involved in antigen bind-
ing.

Although there are important similarities between the T
cell 8 genes and heavy chain genes, it is not conclusive
that the 3 genes are more closely related to these than to
immunoglobulin light chain genes. When aligned and com-
pared with the constant region domains of most known
immunoglobulin light and heavy chains, the C or immuno-
globulin-like region of the T cell 8 chain is most consistently
similar to A light chains (about 34%-37%). The next most
similar comparison is to the first domain of the various y
heavy chains (about 32%-36%). Most all other compar-
sons, including « light chains, show less than 30% simiiar-
ity. In addition, the organization and structure of the Jg
gene segments share distinctive features with those of
immunoglobulin A genes. The spacer region of the rear-
rangement signal sequence is about 12 nucleotides long
for both A and 8 J gene segments, but 22 for « and heavy
chains. Lambda constant region genes also are closely
linked. each with its own associated J gene segment
(Figure 11). If the T cell receptor 8 genes diverged from
immunoglobuiin genes during or prior to the divergence of
the immunoglobulin light and heavy chain genes, we rmight
expect the 3 genes to be equally related to the three
immunoglobulin gene families.

A unique feature of the T cell 8 genes is the presence
of multipie J gene segments in front of each of the Cy
genes. Both clusters of J; gene segments probably rear-
range with the same families of V, gene segments. The
C. gene of the immunoglobulin heavy chain gene family is
most 3’-proximal to the J. gene segments. The C,, genes
farther downstream from the C, gene can be expressed
in either of two ways. They can be transcribed with the C,
gene on a relatively long primary transcript that also in-
cludes a compiete variable region gene. Splicing of the Cn
gene in question to Ju can then form a complete heavy

B cell

v:1 er V:S V:m Jr1-5 E(
Kappa - f—H——————— ——

i Yaz it G W G 32 Gz e G
Lambda il AR R /- + -

Vi1 Vh2 VHn Dy1-1s IH1-4 C, Cs Cy3 Cy1 Cyzb Cy2a e Ca
Heavy - It p—tt - —r
T cell

Vg1 Vez Va3 Vam Dg1x Jg1-1oy Ca1 Jg2-1-6 Cg2
Beta - -y f——tH -} / A - -_— HHHHH- -

Figure 11. Diagrammatic Representation of the Organization of immunogiobulin and T Cell Receptor Genes
Breaks In the honzontal ines indicate sequences that have not yet been physically linked.
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chain messenger RNA. This mechanism is best character-
ized for the C, gene located about 4 kb 3’ to the C, gene
(Moore et al., 1981). Or they can replace the C, gene by
directly rearranging near the Ju gene segment with the
loss of all other intervening DNA and C genes (Davis et
al., 1980). This DNA rearrangement or class switching is
mediated via sequences 5’ to most Cw genes that contain
multiple, short repeats (switch sequences). It remains to
be determined whether the C,» gene is expressed by either
of these mechanisms. The presence of J gene segments
in front of the C.» gene may obviate the need for either a
long primary transcript or switch recombination, as seems
to be the case for A chain expression.

Finally, we might ask whether there is any functional
significance to the presence of these two C, genes in the
mouse genome. Clearly both C4 genes can be expressed.
In addition, the data presented here indicate that in T
lymphocytes DNA rearrangements occur to both Js gene
ciusters. The close sequence similarity of the Cg, and Cg
genes 1s most likely the result of a recent gene duplication
event. It seems unlikely that the few sequence differences
between the C, and Cy genes are of great biological
significance.

Experimental Procedures

Construction and Screening of the Cosmid Library

A cosmia library was constructed from Mbo | partially digested B10.WR7
Iiver DNA and the cosmid vector pTLS (Lund et al., 1982) according to
Grosveld et al. (1981) and Steinmetz et al. (1982a). The library contains
about 600.000 colonies aistributed on 60 filters.

Screening of the cosmid library was carned out according to Steinmetz
et al. (1982b) The hybnaization was for 18 hr at 65°C with a probe
concentraton of 10° com/mi (the specific actwvity of the probe was about
1-3 X 10° comfug). The tilters were then washed five times for 30 min
each at 65°C in 2x SSC. 0.1% SDS.

Hybridization Probes

To obtain nybndization probes from the cosmid clone 2.3W7, a Southem
blot of the cloned DNA was hybndized to total mouse DNA to a Cot that
only allows detection of repetitive sequences (Steinmetz et al., 1980). The
fragments that aiso hybnaized to human T cell cONA sequences wefe
isolated and used as probes against mouse liver DNA in the presence of
25 ug/mi total mouse DNA as competitor. The single- or low-copy fragments
were subcloned in pUCS8 (Viera ana Messing, 1982). These are indicated
n Figure 2.

Southern Blots

Ten micrograms of restnction enzyme digested iver or T cell DNA was
separated by eiectropnoresis on a 0.6% or 0.8% agarose gel and trans-
ferreo to nitrocetiulose (Soutnern. 1975). The hybndizations were performed
under the same conaitions as for the cosmia screening. but with a probe
concentration of 10° cpm/mi

DNA Segquencing

DNA sequencing was done by the method of Maxam and Gilbert (1980).
The 3'-end labeling was done either by filing 1n a recessed end using the
large fragment of DNA polymerase | or by using ceoxynucleotidyl terminal
transferase to add [¥P)-a-dideoxy ATP to an overhanging 3’ end. The 5°-
end labeing was cone using [#P]-v-ATP ana polynucleotide kinase after
treatment with calt intestinal phosphatase
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Note Added in Proof

One Pvu Il site has been omted in Figure 2 ana Figure 9. It 1s 19.2 kb from
the 5" end of the cosmid clone.
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Summary

The helper T cell clone 3H.25 is specific for hen egg
white lysozyme and the class || MHC molecule |-AP.
This Ty cell has three rearrangements in the f-chain
gene family—a V.~-D.-Js, and a Dq,-J4, rearrangement
on one homoiog and a D;,-J., rearrangement on the
other. These observations demonstrate that this func-
tional T lymphocyte expresses only a single V,; gene
segment and. accordingly, exhibits allelic exclusion of
fi-chain gene expression. The rearranged 3H.25 V,
gene segment is the same as that expressed ina T
helper cell specific for cytochrome ¢ and an |I-EX MHC
molecule. Thus. there is no simple correlation be-
tween the V. gene segment and antigen specificity or
MHC restriction.

Introduction

B and T cells recognize antigen through receptors ex-
pressed on their cell surfaces—the immunogiobulin
molecules on B cells and the antigen-specific receptors
on T cells. The extensive diversity of receptor repertoires
exnibited by both types of lymphocytes resuits from simi-
lar strategies of gene organization and genetic diversifica-
tion (Early ana Hood. 1981a: Honjo, 1983; Tonegawa.
1983). Both receptors are disulfide-linked heterodimers of
light and heavy chains for immunoglobulins or ¢ and f8
chains for T cell receptors. Each chain is composed of a
variable region involved with binding antigen and a con-
stant region that defines the type or class of the chain.
Genes encoding the vanable regions of immunoglobulins
are formed by DNA rearrangement events that juxtapose
either two gene segments—varnabie (V,) and joining
(J.)—n light chains (Bernard et al.. 1978) or three gene
segments —Vy, diversity (Dp), and Jy—in heavy chains
(Early et al.. 1980: Sakano et al.. 1980). The constant gene
(C) 1s separated from the J gene segment by an intron that
1s removed during RNA processing. The T cell 8 chain
also has a variable region encoded by three distinct gene
segments. V.. D.. and J., which rearrange during T cell
differentiation to generate a complete V. gene (Siu et al.,
1984a: Chien et al.. 1984). Rearrangement of both immu-

Vs and MHC Restriction

"noglobulin and ff-chain receptor gene segments appears

to be mediated by similar DNA recognition sequences.

The f-chain gene family is located on chromosome 6 of
the mouse (Caccia et al., 1984; Lee et al., 1984) and has
two closely linked C; genes. Cy and C,,, each as-
sociated with a cluster of six functional J, gene segments
about 2 kb upstream (Gascoigne et al., 1984; Malissen et
al., 1984). One D, gene segment, Dy, ,, has been identi-
fied 578 bases to the 5’ side of the Jg, gene cluster. An-
other Dy gene segment, Dy, ,, is located 647 bases 5’ 1o
the Jg, gene cluster (Siu et al., 1984b: Kavaler et al.,
1984). An unknown number of additional D;, gene seg-
ments may lie further upstream. Because each C; gene
has its own cluster of J; gene segments, V; gene seg-
ments may rearrange directly to either C; gene. Two
types of fi-chain gene rearrangements have been de-
scribed, VgDg-Jg joinings that generate a complete Vg
gene and DgJ, only, or incomplete rearrangements in
which no complete V; gene is produced (Siu et al..
1984b; Kavaler et al.. 1984; Kronenberg et al., 1985).
These rearranged f3-chain genes can be expressed as 1.3
kb and 1.0 kb RNA transcripts. respectively (Clark et al..
1984; Siu et al.. 1984b). In both immunocglobulins and the
B chain of T cell receptors, the diversity of the variable
regions arises from atleast three shared strategies: a mui-
tiplicity of germ-line gene segments, combinatorial joining
of the gene segments, and somatic variation associated
with the joining events.

Despite similarities in the ways in which B and T cells
generate V-region diversity, T cells differ from their B cell
counterparts in several striking regards. While B celis can
bind to free antigen, T cells recognize antigen only when
itis presented on a ceil surface in association with specific
polypeptides encoded by the major histocompatibility
complex (MHC), a property referred to as MHC restriction
(Golub, 1980; Rosenthal and Shevach, 1973; Schwartz et
al., 1978; Katz et al., 1973). There are three recognized
subsets of T lymphocytes: cytotoxic T cells (T¢), which kill
target cells expressing antigen on the cell surface, and
helper (Ty) and suppressor (Ts) T cells, which stimulate
or suppress immune responses. respectively. Antigen rec-
ognition by each subset is restricted by a different MHC
molecule: cytotoxic T cells recognize antigen in associa-
tion with class | MHC gene products (Doherty and Zinker-
nagel, 1975) and helper T cells recognize antigen in as-
sociation with Class Il I-A or I-E gene products (Thomas
et al., 1977). The nature of MHC restriction in suppressor
T cells is less clear (Germain and Benacerraf, 1981). The
molecular basis for the simultaneous recognition by a T
cell of antigen and MHC molecules is not yet understood.
A variety of experiments suggest that recognition of the
antigen and the MHC molecule is mediated by a single T
cell receptor molecule rather than by two receptors. one
specific for each (Kappler et al., 1981: Heber-Katz et al.,
1982; Hunig and Bevan, 1982). However. this latter possi-
bility has not been eliminated. Either the Cy, or the Cg,
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gene may be employed by helper and cytotoxic T cells,
whereas suppressor T cells often appear to deiete both
Cj genes (Kronenberg et al., 1985).

We are interested in the mechanisms responsible for
generating T cell receptor diversity and the relationship
between rearrangement of T cell receptor genes and their
expression on the cell surface. In B cells the expression
of immunoglobulins follows a principle known as allelic
exclusion; that is, only one tunctional light chain and one
functional heavy chain in each B cell is associated to pro-
duce a functional immunoglobulin molecule. Allelic exclu-
sion occurs because only one light chain gene and one
heavy chain gene are productively rearranged —the other
alleles are not rearranged or are nonproductively rear-
ranged. Nonproductive rearrangements result either from
D-J joinings without a V-gene segment or from V-D-J join-
ings that cannot be transiated into a polypeptide that will
associate with its counterpart chain (Bernard et al., 1981;
Kwan et al.. 1981: Early and Hood. 1981b: Alt et al., 1982).
The question of whether the principle of allelic exciusion
operates in T cells and what mechanisms may function in
generating receptor diversity can be approached by
analyzing all of the fi-chain gene rearrangements that oc-
cur in functional T cells. We report here an analysis of all
of the 3-chain gene rearrangements that have occurred in
the cloned helper T cell line 3H.25. This Ty clone was
generated from inbred C57BL/6 mice and is restricted
by the I-AP molecule (superscript b denotes the MHC hap-
lotype of the C57BL/6 mouse). This clone is specific for
the antigen hen egg white lysozyme (HEL) and requires
this antigen and syngeneic antigen-presenting ceils for
growth in culture. Three J; gene rearrangements have
been identified by Southern blot analyses with appropri-
ate fi-chain probes. These rearranged sequences were
cloned and analyzed. The Ty 3H.25 cell exhibits allelic
exclusion of its (-chain genes in that only one of the
f-chain gene rearrangements is functional. The function-
ally rearranged V,; gene segment in Ty 3H.25 is the same
as that employed in the T, clone 2B4. which is specific
for the antigen cytochrome C. This observation is dis-
cussed in terms of the relationship of the V. gene seg-
ment to antigen and/or MHC specificity and the size of the
V, gene repertoire.

Resuits and Discussion

Three 3-Chain Rearrangements Have Occurred

in Ty 3H.25

Tw 3H.25 and germ-line or unrearranged DNAs were ana-
lyzed by Southern blot analyses using fj-chain probes spe-
cific for the Da, 4, Jay, and Ja, gene segments and for
the C., and Ca, genes (Figure 1). When T cell and liver
(germ-line) DNAs are digested with the restriction enzyme
Bam HI and analyzed by Southe:n blot analyses with a
Cq, probe. two germ-line bands, C4, and C.,, are ob-
served in the liver DNA. and one germ-line. C,,, and one
rearranged band. Cp,. are noted in the T cell DNA (Figure
2. lanes 1 and 2). Because the Bam Hi sites flanking Ca,
lie 5" to some of the J,, gene segments and 3’ to the J;,
gene segments, rearrangement events occurring on either
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Figure 1. Partial Restriction Map of Germ-line T Cell Receptor 4
Genes

Vertical lines or boxes above the horizontal line indicate the exons en-
coding Dy 4, Day 1. Js. and C, gene segments. Restriction enzyme ab-
breviations are as follows: B. Bam HL: H, Hind Iil: K. Kpn I: R. Eco RI
Cleavage sites are indicated by vertical lines below the hornizomal line.
Hybridization probes were purified restriction fragments from sub-
clones made from the germ-line 3-gene cosmid 2.3W7 (Malissen et al..
1984) or from a C,, cDNA clone. The Dy, , probe is a 1.8 kb Pst | frag-
ment that has been subcloned into M13 mp8 and detects sequences
5'to Da , in germ-line DNA. The Js, probe 1s a Bam HI-Pwvu il Irag-
ment isolated from a 6.2 kb Bam Hi-Hind Ill fragment subcloned into
pUCS. It hybridizes 10 Js, 3, Jgr.a» @nd Jny 5. The Cy, probe is a 2.5 kb
Eco RI fragment derived from the same subclone as the J., probe.
The Cj, 3' probe is a 700 bp Pst | fragment of the ABL5-17 cONA clone
(Caccia et al.. 1984) that hybridizes to most of the constant region and
3’ untranslated sequences of Cg,. The J,, probe contains all of the Ja,
gene segments and is a 2.3 kb Eco Rl fragment 1solated from a 4.5 kb
Bam HI-Hind Il fragment subcloned into pUC8. The C,, and C,, 3'
probes also hybridize to Cy, as well as C,, sequences because of ho-
moelogy between these two genes.

side of Cp, in the Jg, or Jg, gene clusters (or both) can-
not be distinguished with this enzyme. To determine
whether a rearrangement of Dy, , to a J;, gene segment
had occurred, Eco Rl digests of liver and Ty 3H.25 DNA
were hybridized with a 3’ C;, probe. This probe detects
rearrangement of the Eco Rl fragment containing the
Dy, » gene segment (Figure 1). Lane 4 of Figure 2 shows
that this fragment, which is 3.2 kb in germ-line DNA, is
rearranged to a 4.1 kb fragment consistent with a deletion
of the Eco Rl site between the Dy, and Jg, gene seg-
ments. This demonstrates that a Dy, ,-Js, rearrangement
is present in Ty 3H.25 cells. One rearranged band corre-
sponding to 3’ Cy, sequences indicates again that only
one copy of Cg, is present in this cell line.
Rearrangements in the Jg, gene cluster were examined
using the Dy, and J4, probes (Figure 1). Southern blots of
Kpn- and Eco Ri-digested Ty 3H.25 and liver DNAs hy-
bridized with the J;, probe detected one rearranged J.,
band in the Ty 3H.25 DNA, consistent with a single rear-
ranged Ju,-Cy, fragment (Figure 2, lanes 5-8). A South-
ern blot analysis of Eco RI-digested T cell and liver DNAs
with the Dy, , probe (Figure 2, lanes 9 and 10) revealed a
single rearranged band of 7.1 kb, which is distinct from the
4.1 kb J,, band seen in a similar digest (Figure 2. lane 7).
This probe will only detect sequences that lie 5’ to the
Dy, gene segment in germ-line DNA. This implies that
there is a single rearrangement of the D4, , gene seg-
ment. which has not joined to a V; gene segment in the
Tw 3H.25 clone. and that this rearrangement is distinct
from that of the Js;, gene cluster. A Kpn Southern blot
hybridized with the Cg, probe establishes that the Ja,
rearrangement and Cg;, gene are on the same DNA frag-
ment (data not shown). The simplest explanation for these
observations is that a Ds;, gene segment has joined to the
Ja, gene cluster on one chromosome while there has
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Ty 3H 25 and iver DNAs were digested with: lanes 1 and 2. Bam HI: lanes 3 and 4. Eco RI: lanes 5 and 6. Kpn |: lanes 7-12, Ece RI. lanes 13
and 14. Bam HI. The probes are described in Figure 1. In lanes 1-4, the C,, bands detected by cross-hybridization are indicated by carets. The

migration distances of molecular weight markers are indicated.

been a D., , rearrangement, presumably to the J,;2 gene
cluster on the second, resulting in the deletion of the J;,
cluster and the C;, gene from this chromosome.

To examine rearrangements in the Js, gene cluster,
Southern blots of Eco RI- and Bam HI-digested Ty 3H.25
and liver DNAs were examined with the Jg, probe (Figure
2, lanes 11-14). Two distinct rearranged bands were noted
in each case, suggesting that both J;, gene clusters are
rearranged.

Together. these data demonstrate that there are three
f-chain rearrangements in Ty 3H.25 DNA: a Vp-DprJps
and a D, ,-Ja, rearrangement on one chromosome and a
Da, -4, rearrangement on the second. This latter rear-
rangement resuits in the deletion,of the intervening se-
guence including the C,;, gene and Dy, , gene segment.

Tuw 3H.25 Has Only One Functional 3 Rearrangement
A complete genomic library was constructed from Ty
3H.25 DNA and the rearranged clones were selected
using J and J,, probes. Restriction enzyme analyses
idenufied two classes of clones, represented by 3H1.74
and 3H2.22 (Figure 3). The positions within the clones of
the D. and J.: gene segments and the C; genes were de-
termined using the probes indicated in Figure 1. The re-
striction fragments contained in these clones account for
all the rearrangements detected in the Southern blot
analyses of Ty 3H.25 DNA. The regions of the clones cor-
responding to the rearranged gene segments were sub-
cloned and sequenced by the strategies outlined in Figure
3. The DNA sequences are given in Figure 4.

These sequences establish that the Ty 3H.25 clone
has a complete V~-D.-J., ; and an incomplete Dg, -Jp, 5
rearrangement on one chromosome and an incomplete
D., J., s rearrangement on the second chromosome.
The rearranged V. gene has a leader sequence and an
open reading frame throughout and presumably encodes
a functional p-chain V region. Both incompletely rear-
ranged D, gene segments retain germ-line sequences on
their 5° sides.

A probe for the rearranged V, gene in Ty 3H.25 was
prepared from a 250 bp Eco RI-Rsa | fragment contained
entirely within the V, gene segment. A Northern biot anal-
ysis was carried out on poly(A)* selected RNA from Ty
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Figure 3. Organization of Genomic Clones Containing the §-Gene
Rearrangements in Ty 3H.25

(A) Partial restriction map of 3H1.74 and the sequencing strategy em-
ployed to analyze this clone. Exons encoding V. Dy, Jg, and C, gene
segments are indicated by vertical lines or boxes above the harizontal
line. Restriction enzyme abbreviations are as follows: B, Bam HI: C,
Clal; K, Kpn |: P, Pst I: R, Eco RI: S, Sal |. The VDJ rearranged region
was sequenced by the procedure of Maxam and Gilbert with closed
circles indicating a 3-end-labeling and open circles a 5"-end-labeling.
A 2.0 kb Pst | fragment containing the D., ,-Ja, s rearrangement was
subcloned into M13mp10 and sequenced by the dideoxy technique
utilizing synthetic oligonucleotide primers indicated as open boxes.
(B) Partial restriction map of 3H2.22 and the sequencing strategy
used to examine this clone. Vertical boxes and lines above the horizon-
tal line denote exons encoding Ds, ,, Ja,. and C,, gene segments. Re-
striction enzyme abbreviations are as indicated in (A). A 13 kb Pst |
fragment containing the Da, -Js, s rearrangement was subcloned into
M13mp10 for sequencing. Synthetic primers utilized in dideoxy se-
quencing are indicated as open boxes.

3H.25 cells (Figure 5, lane 1). This V, probe hybridizes to
a 1.3 kb transcript, which also hybridizes to a C,-specific
gene probe derived from 3’ nontransiated C;, sequences
(Figure 5, lane 3) (Kronenberg et al., 1985). Thus a func-
tional 1.3 kb RNA transcript is present in the Ty 3H.25
cells.

Previous studies have demonstrated that incomplete
Dy-Jy rearrangements can be expressed as 1 kb tran-
scripts. The Cgy-specific probe does not detect any 1.0 kb
message in Ty 3H.25 RNA. This result is expected be-
cause both incomplete Ds-J,; rearrangements involve the
Jp, gene cluster and hence the Cy, gene. When the same
filter is hybridized to a Cg,-specific probe (Kronenberg et
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al.. 1985). a low level of 1.0 kb message is detected. which
may resuit from either the Dy, , or the D,,, rearrange-
ment or both (Figure 5. lane 5). We estimate this transcript
is present at less than 10% the level of the 1.3 kb tran-
script. This low level may reflect differential transcription
rates or. alternatively, a lack of stability of the 1.0 kb tran-
scripts. There is only one open reading frame that con-
tains a methionine codon extending 5’ of either the Dy, ,
or Du,, gene segments (Siu et al.. 1984b). It was sug-
gested that D ~J. transcripts could be transiated in these
frames and produce functional polypeptides. Possible ex-
amples of this phenomenon have been reported for B cell
heavy chain D-J rearrangements (Reth and Alt. 1984).
However. for both D.-J4 rearrangements in Ty 3H.25. the
Jq sequences are not in the same reading frame as these
methionine codons. It is unlikely that functional Da-Js
polypepudes are produced and. accord:ngly. these tran-
scripts probably play no deveiopmental or functional role
in Ty 3H.25.

The Ty 3H.25 cell line appears to have only one func-
tional J-chain rearrangement. an observation that demon-
strates the phenomenon of allelic exclusicn in the f}-chain
gene family of this Ty clone. Two other functional T cell
lines that we have analyzed by Southern blot analyses ap-
pear to have just a single f}-chain gene rearrangement
each. presumably a functional V.-D.-J. rearrangement
(Kronenberg et al.. 1985). Therefore. these three T lym-
phocytes require only one productive fi-chain gene rear-
rangement for the expression of cell surface receptors
that recognize antigen and MHC determinants. Further
experiments studying individual T cells will be required to
determine how general the phenomenon of alleiic exclu-
sion is in T cells.
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Figure 4. RAearranged Sequences of 3H.25

baas S (A) Sequence of the 3H.25 rearranged vari-
able region gene. The predicted amino acid se-
: quences encoded by the exons are shown
o above. Differences between 3H.25 and 2B4
P - (Chien et al., 1984) are listed below. Bound-
aries between gene segments are indicated by
Er i 3 harizontal arrows. The following abbreviations
are used: L, leader; V. variable gene segment:
D. diversity segment: J. joining segment. N re-
gion diversity is underlined.
(B) Sequence of Dg,Japs rearrangement.
DNA rearrangement recognition sequences
are boxed.
(C) Sequence of Da, -Jny 5 rearrangement.

The Same V; Gene Segment Is Employed by Ty
Cells Specific for Different Antigens and
Class Il Molecules
The rearranged V; gene segment in Ty 3H.25 cells spe-
cific for the antigen HEL and restricted by the class Il I-A®
molecule is the same as that of the Ty 2B4 hybridemna.
which is specific for the antigen pigeon cytochrome ¢ and
restricted by the class Il molecuie I-E* (Chien et al..
1984). We have also identified another hybridoma utilizing
this V; gene segment, Ty 11.5, which, like 2B4, is specific
for cytochrome ¢ and is restricted by the I-EX class Il mol-
ecule. The 11.5 hybridoma also expresses the rearranged
3H.25 V, gene segment as determined by Northern and
Southern blot analyses (Figures 5 and 6). The 3H.25 V4
probe and the Cg-specific probe hybridize to a 1.3 kb
transcript in Ty 11.5 RNA (Figure 5, lanes 2 and 4), indi-
cating that the transcript containing the Ty 3H.25 V; gene
segment appears to be functional in this cell. The other
Jg, homolog of the Ty 11.5 cells is joined to Dy, , gene
segment in an incomplete rearrangement. Pigeon cyto-
chrome c and HEL are completely distinct poiypeptides
and the I-A® and |-E* molecules differ extensively in their
primary structure. Therefore, it appears unlikely that
cytochrome ¢ and lysozyme and/or the I-A® or |-E* mole-
cules share a common antigenic determinant. This fact
was confirmed by demonstrating that Ty 3H.25 did not
respond to cytochrome ¢ and Ty 11.5 did not respond to
HEL in assays measuring interleukin-2 production in the
presence of I-A® or I-EX antigen presenting cells (data not
shown).

Although the rearranged V; gene segments in the Ty
cells 3H.25 and 2B4 are the same. the variable genes of
the 3 chains are not the same. Different D; and J; gene
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segments are used to form each productively rearrangec
fi-chain gene (Figure 4). In addition, these Ty cells ma:
employ different a chains. The specificity for antigen anc
MHC elements in these two cases must depend not oni*
on the V; gene segment but also on the distinct D and J
gene segments used and/or the individual a chains as
sociated with each 3 chain. This is not a surprising findin¢
as precedent for this observation exists in immunoglobu
lin genes. A V4 gene of the nitrophenol (NP) family ir
combination with either a V), gene segment or one of twc
V, gene segments is associated with three different ant:
gen specificities— NP, GT (a glutamate-tyrosine polymer)
and GA (a glutamate-alanine polymer), respectivel
(Rocca-Serra et al., 1983). Therefore, it appears likely tha
the T cell receptor gene families and immunoglobulir
gene families rely upon combinatorial manipulation of \
gene segments to generate diversity in the repertoire o
their receptors.

| 2 3 4 5 6
3H.25 115 3H25 115 3H.25 1.5

Vs CBI Specific

C[32 Specific

Figure 5. Northern Blot Analysis of Poly(A)® RNA from Ty 3H.25 and
Tu 115 Cells

T. 3H 25 RNA (lanes 1. 3. and 5) and Ty 11.5 RNA (lanes 2. 4, and 6)
were hyoridized with the indicated probes. The V, probe is a 250 bp
Eco Ri-Rsa | fragment punified from 3H1.74. The Cg,- and Cg,-specific
probes are derived from the 3’ nontransiated sequences of each Cp
gene The C.-specific probe is an Eco Ri-Pst | fragment of almost
200 bp 1soiated from a cDNA clone RBL5-17. The Cp,-specific probe is
a 25 kb Sac | fragment punfied from the germ-line cosmid clone
2.3W7. The C.,-specific probe hybridizes 1o a 1.3 kb transcript in Ty

The 3H.25 V,; Gene Segment Is Used in Other T Cells
Specific for Lysozyme and Cytochrome ¢

The 3H.25 Vj-specific probe was employed in Southerr
blot analyses of Ty 3H.25 and liver DNAs using three
different restriction enzymes (Figure 6A, lanes 1-6). Ir
each case there is one germ-line \; gene segment ir
liver DNA and a germ-line and rearranged V; gene seg

11.5 BNA (lane 6). which is derived from expression of the Cp: gene
in the BWS5147 fusion partner in this hybridoma. The migration dis-
tances of MS2 phage RNA (36 kb) and E. coli ribosomal RNA (30 kb
and 15 kb) are ingicated

ment in 3H.25 DNA. Thus, in the Ty 3H.25 cells, one
3H.25 V; gene segment homolog is rearranged and the
other is not.

G
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Figure 6 3H 25 V. Gene Segment Rearrangements in Lysozyme and Cytochrome c-Specific T Helper Cells and the BWS5147 Tumor
(A) T 3H 25 and liver DNAs were digested with: lanes 1 and 2, Pvu II; lanes 3 and 4, Bgl I: lanes 5 and 6. Bam HI. Hybridization is with the V.
probe described in Figure 5. Arrows indicate the position of the rearranged band in each lane containing digested Ty 3H.25 DNA. The migration
aistances of molecular weight markers are indicated.
(B) DNAs from hver, BW5147. T, cells specific for cytochrome ¢, Ty cells specific for the T11 peptide of lysozyme. and T4 3H.25 were digested with
Hina Ill ana hybridized with the V, probe. Lane 1, liver DNA from B10.A5A mice: lane 2, DNA from the tumor BW5147; lanes 3 and 4, DNA from
two T. hybridomas with similar fine specificity for a cytochrome c peptide; lane 5, DNA from a Ty, hybridoma specific for aceumidylated-DASp pep-
tde: lanes 6-8. DNA from T.. cells specitic for the T11 peptide of tysozyme: lane 9. DNA from Ty 3H.25 and lane 10, liver DNA from C57BL/6 mice.
Arrows Indicate the position of a rearranged band in Ty 115 (lane 3) and Ty 3H.25 (lane 9). The migration distances of molecular weight markers
are marked.
(C) DNAs from tiver and bulk cell lines specific for HEL or peptides derived from HEL were digested with Bam HI and hybridized with the V, probe.
Lane 1. DNA from a bulk T. line i1solated from C57BL/6 mice immunized with the cyanogen bromide fragment L2; lane 2. DNA from a bulk T, line
obtained from C57BL/6 mice immunized with the tryptic fragment T11; lanes 3 and 4, DNAs from two different bulk Ty lines isolated from BALB.B
mice immunized with HEL., lane 5, DNA from a bulk line obtained from C57BL/6 mice immunized with HEL; lane &. liver DNA from C578L/6 mice:
lane 7. ver DNA from BALB.B mice. The migration distances of molecular weight markers are indicated.
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The 3H.25 Vi-specific probe was used in Southern blot
analyses on the DNAs from liver, three cytochrome c-spe-
cific Ty hybridomas, three Ty clones specific for a tryp-
tic fragment of HEL. Ty 3H.25 celis. and the T cell tumor
BW5147 (Figure 6B, lanes 1-10). This probe was also used
in Southern blot analyses of the DNAs from six Tc cell
lines specific for influenza antigens (data not shown). The
3H.25 V, gene segment is rearranged only in one of the
cytochrome-c-specific hybridomas (Ty 11.5) and the Ty
3H.25 clone. In three T influenza lines. one Ty cyto-
chrome c fine and two Ty lysozyme lines, the 3H.25 V;
gene segment is found only in the germ-iine configura-
tion. Three T¢ influenza lines, one Ty cytochrome c hy-
bridoma. the BWS5147 tumor, and one T, lysozyme line
appear to have deleted both 3H.25 V, gene segment
homologs. Thus. in six of 14 T cell lines examined. both
homologs of the 3H.25 V, gene segment are deleted. Itis
possible a few of these T cell lines are haploid for chromo-
some 6, although this is unlikely since other Southern
blots indicate that there are two copies of the Jz, gene
cluster in at least five of these lines. These observations
suggest that two V; gene segment rearrangements, one
on each chromosome, occur relatively frequently in T
cells. These results also suggest that the 3H.25 V, gene
segment is 3' to the V, gene segments that are rear-
ranged in these six T cells. Thus one may be able to map
the relative order of V, gene segments on chromosome 6
through the use of specific V,; probes and T cell lines that
exhibit deletions of both copies of some of the V; probes.

It is interesting to note that the 3H.25 V, gene segment
is not rearranged in the cytochrome-specific Ty hybrid-
oma 154 (Figure 6B. lane 4). This hybridoma was in-
cluded in our analysis because we wished to determine
if the same V,; gene segment wouid be employed in two
different T cells that have the same MHC restriction and
fine specificity for antigen. T4 154 is like Ty 11.5 in that it
is |-E*-restricted and has a very similar fine specificity.
Both hybridomas recognized pigeon cytochrome ¢ and a
15 amino acid synthetic peptide designated DASp. de-
rived from moth and pigean cytochrome c sequences
(Hansburg et al.. 1983). The specificities of the hybrid-
omas can only be distinguished by their reactivities to
the DASp peptide containing a glutamine to giutamic acid
substitution at a position homologous to residue 100 of
cytochrome c. The two hybridomas were both nonreactive
or both reactive with peptide antigens containing lysine or
serine at position 100. A concordance of activity was also
observed when changes at positions homologous to 97.
99, 102. and 103 of the cytochrome c protein were made.
Altogether. of 12 different peptides and two proteins
tested. Ty 11.5 and Ty 15.4 differed in their reactivity to
only one. However. despite the close similarities in antigen
specificity and identicat MHC restricuons. Ty 11.5 and Ty
15.4 do not employ the same Vi gene. This result sug-
gests that there may be several different T cell receptors
that can recognize a single MHC molecule plus an anti-
gen with few determinants such as a small peptide.

We wished to determine if the use of the 3H.25 V. gene
segment could be detected in any other Ty cells whose
specificities might be similar to Ty 3H.25. Therefore, we

examined the 3H.25 V, gene segment in bulk T cell lines
specific for HEL or various lysozyme peptides. Lysozyme-
specific Ty clones derived from inbred C57BL/6 mice can
be divided by their response to the lysozyme tryptic pep-
tide T11 (residues 74 to 96)—into groups that recognize
T11 and those that do not (N. Shastri and E. Sercarz, un-
published observations). The Ty 3H.25 clone falls into the
latter category, whereas Ty clones 1.2, 1.4, and 1.7 (Fig-
ure 6B) fall into the former. We immunized inbred BALB.B
and C57BL/6 mice with HEL and C57BL/6 mice with lyso-
zyme peptides T11 and L2 (residues 13-105). Bulk Ty cell
lines, all restricted to the I-AP molecule. were established
from each of these immunizations. DNA was isolated from
these bulk cell lines and used for Southern blot analyses
with the 3H.25 V; probe (Figure 7C). For a specific Vj re-
arrangement to be detected in a bulk T cell line, either
there must be a relatively small number of different T cell
clones or many independent clones must employ the
same rearrangement. The Southern blot from BALB.B
and C57BL/6 germ-line demonstrate the same major 9.4
kb band. The two bulk Ty cell lines derived from BALB.B
mice immunized with HEL show no detectable 3H.25 V;
rearrangements (Figure 6C, lanes 3 and 4), whereas the
single bulk line from C57BL/6 mice immunized with HEL
exhibits a major 3H.25 V; rearranged band, which mi-
grates as the same size as the rearranged Vj gene in Ty
3H.25 (Figure 6C, lane 5). The size of this band suggests
that the 3H.25 V; gene segment has joined only to Jg,
gene segments since a different size band would result
from a Jy, rearrangement with this enzyme. Thus, in spite
of the fact that the 3H.25 V; gene segment is probably
identical in BALB.B and C57BL/6 mice (Figure 6C, lanes
6 and 7), in this experiment only the C57BL/6 mice employ
any Ty cells in which this V; gene is rearranged. No
3H.25 V, rearrangements were detected in bulk T cell
lines made from C57BL/6 mice immunized with the T11
and L2 peptides (Figure 7C, lanes 1 and 2). Thus, the
3H.25 V,; gene segment appears to be employed in more
than one independently isotated Ty cell in C57BL/6 mice
but it is not frequently rearranged in bulk Ty cell lines
whose specificities are for different portions of the hen
egg white lysozyme molecule. It should be noted that be-
cause these lines are probably polyclonal, we do not know
the number of different types of T cells represented in
each line and must examine cloned T cell lines derived
from these bulk lines before we can determine if the 3H.25
V; gene segment is employed in the major response to
HEL in C57BL/6 mice.

The expression of the V, gene segment repertoire has
been addressed in studies in which several V; gene seg-
ments were used as probes to determine clone frequency
in a thymus cDNA library (Patten et al., 1984). These V;
gene segments fell into two categories —those expressed
frequently and those such as the 2B4 V, gene segment.
which were expressed rarely. However, we have seen the
2B4 V, gene segment in the two Ty cells, 3H.25 and 11.5,
in addition to Ty 2B4, indicating that this V; gene seg-
ment is frequently rearranged and empioyed in functional
T cells with differing specificities. The reason for this dis-
crepancy is not clear. One possibility is that antigen selec-
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Figure 7. Comparnison of the Diversity and Joining Regions of 3H.25 and 2B4

Germ-line sequences of the V, D, and J gene segments used by 3H.25 and 2B4 are shown above and below, respectively, the rearranged sequences.
Idenuties with the upper line are shown with dots. The required reading frame of the V- and J-region sequences is indicated by tics above the first
base of each germ-line codon. The different frames used by the D region are similarly indicated above the rearranged sequences.

tion of T cells can significantly perturb Vs gene expres-
sion from that found in the thymus. Alternatively, the 284
Vs gene segment may have been underrepresented in
the thymus cDNA library for technical reasons.

The -Gene Family Employs a Variety of
Mechanisms to Generate Diversity

B cells exhibit three somatic mutational mechanisms —
junctional variability arising from the flexibility in the end-
points at which V, D, and J gene segments may be joined,
N-region diversity arising from the apparently random
trimming and repair of sequences on either side of the D
gene segments during joining, and somatic hypermuta-
tion, which may occur throughout the rearranged V gene
and adjacent flanking regions (Weigert et al., 1980; Kim
etal.. 1981; Alt and Baltimore, 1982). T cells exhibit at least
the first two of these mechanisms, as illustrated by com-
parison of the three Ty 3H.25 rearrangements to their
germ-line counterparts (Figure 7). Both junctional and
N-region diversity have occurred in the two incomplete
Dg-Js, rearrangements found in Ty 3H.25. The sequence
of the Dy, gene segment joined to the V; gene segment
is consistent with a V-Dy, ,-Jg, , rearrangement in which
seven nucleotides have been deleted from the 3’ end of
D4, , and four nucleotides are deleted from the 5’ bound-
ary of the J;, , gene segment. Two bases between the
joined Dy, , and the V, gene segments cannot be ac-
counted for in either germ-line gene segment. This indi-
cates either that a D,, gene segment similar but distinct
from Dy, , was used or that these two bases were sub-
stituted during the rearrangement and represent N-region
diversity.

In the two cases studied to date, somatic hypermutation
has not been seen in the V, gene family (Chien et al.,
1984; Siu et al.. unpublished). The germ-line equivalent
of the 3H.25 V, gene segment has been partially se-
quenced and is identical through the comparable variable
region with both 3H.25 and 2B4 (Figure 4) (Chien et al.,
1984). However, the available germ-line sequence does
not extend further 5’ into the intron or leader peptide cod-
ing exon. Our sequence of the V; gene segment differs
by two bases in the leader exon and two bases in the in-
tron from the published sequence of the rearranged V,
gene segment in 2B4 (see Figure 4). Both exon changes
result in amino acid replacements, but do not affect the
leader nature of the sequence. Since Southern blot anal-
yses rule out muitiple copies of the 3H.25 Vj gene seg-
ment (Figure 6A), these differences could be due to poly-

morphism between strains, somatic hypermutation, or
sequencing errors. Polymorphism between B10.A and
C57BL/6 mice in the V, gene segment is not likely be-
cause these mice differ at the MHC locus, but have very
different genetic backgrounds. Somatic hypermutation is
also not likely since these differences are clustered in a
region of the V, gene segment that does not contribute to
the f-chain sequence and, accordingly, the T cells ex-
pressing this sequence could not be selected for clonal
expansion by antigen. Obviously, more extensive anal-
yses will be required to determine whether somatic hyper-
mutation occurs in T cell receptor genes.

Combinatorial joining between mutliple germ-line gene
segments contributes fundamentally to immunoglobulin
diversity. The same appears true for the -chain family.
The rearrangements of the T,; 3H.25 cell line and other
available data suggest that any D, gene segment may
join to any downstream J; gene segment and that any V,
gene segment may in turn join to any DgJ, rearrange-
ment. Analysis of the data that have been published for
both functional and incomplete DyJ; rearrangements
shows that all rearrangements are consistent with either
a Dy, 4 or a Dy, ; gene segment joined to a downstream Jg
gene segment. While some of these D, gene segments
may be encoded by different germ-line D; gene seg-
ments that have not yet been identified, each of the rear-
ranged D, sequences could be derived from the charac-
terized Dy, or Dg, sequences with the differences
accounted for by N-region and junctional diversity. As ex-
pected, in each case where the Dg,, gene segment is
used (T cells 2B4, CB2, and C5), joining occurs to a Jg,
gene segment. In T cells in which the D, , gene segment
is used, half of these rearrangements join the Dg, , gene
segment to a Js, gene segment (86T1, 86T5, and 3H.25)
and half join to a J, gene segment (E1, 2C, and 3H.25).
Likewise, the 3H.25 V; gene segment can join to either
the Dp,, (3H.25) or Dy, , (2B4) gene segments.

Comparison of the 3H.25 and 2B4 V genes indicates
that T cells also generate diversity in a way so far unob-
served in B cells. The Dy, , and Dy, , gene segments are
similar in sequence and are easily alignable. However,
junctional diversity causes the D gene segments to be
transiated in different transiational reading frames in the
3H.25 and 2B4 cells (Figure 7). In fact, among the
reported V, gene sequences, the Dp,, and Dy, , gene
segments are translated in all three reading frames. Nei-
ther germ-line D; gene segment codes for stop codons in
any of the three translational reading frames. Therefore.



the D4 gene segment may be read in any reading frame
as long as the J; gene segment can be read in its proper
frame. In B cells the Dy gene segments exhibit the same
types of 5’ and 3’ boundary heterogeneity upon rearrange-
ment. However, for more than 30 Vi, gene examples in
mice for which multiple uses of a particular Dy gene seg-
ment or a closely related homolog could be compared,
only one reading frame is employed in spite of the fact that
only 3 of the 11 known Dy gene segments have stop
codons in at least one reading frame. This restriction on
productive Dy rearrangements could reflect selection at
the protein sequence level for particular Dy-region
residues. Alternatively, the phenomenon could reflect
differences in the actual mechanisms employed by T and
B cells for gene segment rearrangement.

One final striking observation emerges from these data.
Of the seven V, genes that have been characterized so
far. one V; gene segment has been employed by Ty cells
specific for two different antigens (lysozyme and cyto-
chrome c) and different MHC-restricting elements (I-A°
and |-E¥). Furthermore, most of these V, gene segments
appear to hybridize with only one or two germ-line bands
in Southern blot analyses (Patten et al., 1984). The re-
peated use of the same V, gene segment in different T
cell receptors and the smaill size of the V, gene segment
families both suggest that the V,; gene repertoire consists
of a small number of V; gene segments whose use is not
correlated with recognition of unique antigens or MHC
molecules. Therefore, it is not likely that the j3 chain by it-
self is responsible for recognition of separate antigen or
MHC determinants expressed on the cell surface.

Experimental Procedures

Construction and Screening of the i Genomic Library

A genomic hibrary was constructed from T, 3H.25 DNA partaily
digested with Sau3Al and the L\ bacteriophage vector EMBL.3
(Friscnaut et al.. 1983) according to Maniaus et al. (1982). The hbrary
contains about 1 x 10°® plaques on 75 filters. Screening of the library
was carried out according 1o Maniaus et al. (1982) using the J,, and
Ja, proces for hyorndization. The filters were hybndized at a probe
concentration of 1 x 10* cpm/mi for 18 hr at 65°C in 5x SSC. 5x Den-
harat's solution. 10% dextran sulfate. 0.1% SDS. and 100 .g/mi salmon
sperm DNA. The filters were then wasneg 1n 1x SSC. 0.1% SDS three
tmes for 45 min each at 65°C.

Southern Blots

After restriction enzyme digestion. 10 ug DNA was separated by elec-
trophoresis on a 0.7% agarose gel and transterrea 1o nitrocellulose.
Hybridization conditions were the same as those for screening of the
library with a probe concentration of 1 x 10% cpm/ml

Northern Blots

ANA was prepared by resuspension of cells in guanidinium thiocya-
nate followed by centnifugauon through a cushion of CsCl (Chirgwin et
al.. 1979). Poly(A)” RNA was selected once on oligo(dT)-celiulose
columns and 5 ug was electrophoresed on a 195 agarose formaide-
hyae gel. The ANA was transterred to nitrocellulose and the filters were
prehyoridized and hybridized with *?P-labeled nick-transiated probes
according to Thomas (1980). The filters were washed at 65°C in 1x
SSC. 0.1% SDS. three times for 45 min each

DNA Sequence Analysis

For DNA sequence analyses employing the method of Maxam and Gil-
bert (1980). 3"-end-labeling was accomplished by filling in a recessea
end of a ONA fragment using the large fragment of DNA polymerase

|. The 5-end-labeling was carried out using y-*?ATP and polynucleotde
kinase after treatment with calf intestinal phosphatase. Dideoxy se-
quencing was carned out according to the procedure of Sanger et al.
(1977) as moditied by E. Strauss (unpublished results) using specific
oligonucleotide primers.

Acknowledgments

The authors thank Dr. Suzanna Horvath and Marilyn Tomick for provid-
ing synthetic oligonucleotides, and Scheherazade Nasseri for making
available lysozyme-specific bulk T cell lines from BALB.B mice. and Mr.
Gerald Siu and Drs. Mitchell Kronenberg and Richard Barth for critical
reading of the manuscript. We also want to thank Debbie Maloney for
technical assistance and Conme Katz, Gwen Anastasi. and Bertha
Jones for help in preparing the manuscript. J. G. is supported by a
Leukemia Saociety of America Senior Fellowship. This work was sup-
ported in part by T Cell Sciences. Inc.

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be herepby
marked “advertnsement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

Received December 29, 1984

References

Alt. £ W., and Baltimore. D. (1982). Joining of immunoglobuiin heavy
chain gene segments: implications from a chromasome with evigence
of three D-Jy fusions. Proc. Natl. Acad. Sci. USA 78. 5812-5816
All, F. W., Rosenberg, N.. Enea. V., Siden. E., and Baltimore, D. (1982)
Multiple immunoglobulin heavy-chain gene transcripts in Abelson mu-
rine ieukermia virus-transtormed lymphaid cell lines. Mol. Cell. Biol. 2.
386-400.

Bernard, O., Hozumi. N., and Tonegawa. S. (1978). Sequences of
mouse immunoglobulin light chain genes before and after somatic
changes. Cell 75. 1133-1144,

Bernara. O., Gough, N. M., and Adams, J. M. (1981). Plasmacytomas
with more than cne immunaogiobulin x mANA: implications for allelic
exclusion. Proc. Natl. Acad. Sci. USA 78, 5812-5816.

Caccra. N, Kronenberg, M., Saxe, D., Haars. R., Bruns. G.. Goverman.
J.. Malissen. M.. Willard. H.. Yoshikai. Y., Simon. M.. Hood. L.. and
Mak. T (1984). The T cell receptor # chain genes are located on chro-
mosome 6 in mice and chromosome 7 in humans. Cell 37. 109110889,
Chien. .. Gascoigne. N., Kavaler, J., Lee, N., and Davis. M. (1984). So-
matic recombination in a murine T cell receptor gene. Nature 308.
322-326.

Chirgwin, J. M.. Przybyla. A. E.. MacDonald. R. J., and Rutter. W. J
(1979). isolation of biologically active nbonucleic acid from sources en-
riched in ribonuclease. Biochemistry 18. 5294-5289.

Clark, S. P. Yoshikai, Y.. Taylor. S., Siu. G.. Hood. L.. and Mak. T W
(1984). Identification of a diversity segment of human T-cell receptor
f-chain. and comparison with the analogous murine element. Nature
311, 387-389.

Doherty, P. C.. and Zinkernagel. R. M. (1975). H-2 compatibility is re-
quired for T-cell-meaiated lysis of target cells infected with lymphocytc
choriomeningitis virus, J. Exp. Med. 741, 502-507.

Early. P. and Hood. L. (1981a). Mouse immunoglobulin genes. In
Genetic Engineering. J. K. Setlow and A. Hollaender. eds. (New York
Plenum), pp. 157-188.

Early. P. and Hood. L. (1981b). Allelic exclusion and nonproductive im-
munoglobulin gene rearrangements. Cell 24, 1-3.

Early. P. Huang, H.. Davis. M., Calame. K., and Hood. L. (1980). An
immunoaglobulin heavy chain variable region gene i1s generated from
three segments of DNA: V4, D and Ju. Cell 79, 981-992.

Frischaut. A., Lehrach, H., Poustka, A., and Murray, N. (1983). Lambda
replacement vectors carrying polylinker sequences. J. Mol. Biol. 170.
827-842.

Gascoigne. N.. Chien. Y.. Becker. D.. Kavaler. J.. and Davis, M. (1984)
Genomic organizaton and sequence of T-cell receptor f-chan
constant- and joining-region genes. Nature 370. 387-391.



Tw Cell Receptor § Chain Genes
867

Germain, R. N., and Benacerrat, B. (1981). A single major pathway of
T-lymphocyte interactions In antigen-specific immune suppression.
Scand. J. Immunal. 13, 1-10.

Golub, E. (1980). Know thyseif: autoreactivity in the immune response.
Cell 21, 603-604.

Hansburg, D., Fairwell, T., Schwartz, B. H., and Appella, E. (1983). The
T lymphocyte response ta cytochrome ¢. J. Immunol. 137, 319-324.
Heber-Katz, E., Schwartz, R. H_, Matis, L. A., Hannum, C., Fairwell.
T. Appella. E.. and Hansburg, D. (1982). Contribution of antigen-
presenting cell major histocompatibility complex gene products to the
specificity of antigen-induced T ceil activation. J. Exp. Med. 155,
1086-1089.

Honjo, T. (1983). Immunogiobulin genes. Ann. Rev. Immunol. 1,
499-528. E

Hunig, T. R., and Bevan, M. J. (1982). Antigen recognition of cloned
cytotoxic T lymphocytes follows rules predicted by the aitered seif hy-
pothesis. J. Exp. Med. 155, 111-125.

Kappler. J. W., Skidmore. B.. White, J., and Marrack, P. (1981). Antigen-
inducible. H-2 restricted, interleukin-2 producing T cell hybridomas. J.
Exp. Med. 153, 1198-1214.

Katz. D. H., Hamacka. T,, Dorf. M. E., Maurer, P. H., and Benacerraf,
B. (1973). Cell interactions between histoincompatible T and B lympho-
cytes. J. Exp. Med. 138, 734-739,

Kavaler. J.. Dawis. M.. and Chien, Y. (1984). Localization of a T-cell
receptor diversity-region element. Nature 370, 421423,

Kim, S., Davis. M.. Sinn. E., Patten, P, and Hood, L. (1981). Antibody
diversity: somatic hypermutation of rearranged Vi genes. Cell 27,
573-581.

Kronenberg, M., Goverman, J.. Haars. R., Malissen, M., Kraig, E.,
Suciu-Foca. N.. and Hood. L. (1985). Rearrangement and transcription
of the §# chain genes of the T cell antigen receptor in different types
of murine iymphocytes. Nature. in press.

Kwan. S.. Max. E.. Seidman, J. G., Leder, P, and Schartf, M. ". (1981).
Two kappa immunoglobulin genes are expressed in the myr- ma S107.
Cell 26, 57-66.

Lee. N. E.. D'Eustachio. P, Pravicheva, D.. Ruddle, F. H., Hedrick,
S. M., and Davis, M. (1984). The beta chain of the murine T cell receptor
is encoded on chromosome 6. J. Exp. Med. 160, 905-913.
Malissen. M., Minard. K.. Mjolsness, S.. Kronenberg, M., Goverman.
J.. Hunkapiller. T., Prystowsky, M.. Yoshikai, Y., Fith, F.,, Mak, T., and
Hood. L. (1984). Mouse T cell antigen receptor: structure and organiza-
tion of constant and joining gene segments encoding the § polypep-
ude. Cell 37 1101-1110.

Maniatis. T., Fritsch. E. F., and Sambrook, J. (1982). Molecular cloning,
a laboratory manual. (Cold Spring Harbor. New York: Cold Spring Har-
bor Laboratory).

Maxam. A_ and Gilbert. W. (1980). Sequencing end-labeled DNA with
base-specific chemical cleavages. Meth. Enzymol. 65, 499-560.
Patten. P.. Yokota. T.. Rothband. J.. Chien. K. A., and Davis, M. (1984).
Structure. expression and divergence of T-cell receptor -chain vari-
able regions. Nature 372, 40-46.

Reth. M. G.. and Alt. F. W. (1984). Novel immunoglobulin heavy chains
are produced from D-J. gene segment rearrangements in lymphoid
cells. Nature 372, 418-423.

Rocca-Serra, J.. Tonnelle, C.. and Fougereau. M. (1983). Two mono-
clonal anubodies against different antigens using the same V-H germ-
line gene. Nature 304. 353-355.

Rosenthal. A, S.. and Shevach. E. M. (1973). Function of macrophages
in antigen recognition by guinea pig T lymphocytes. J. Exp. Med. 138,
1194-1212.

Sakano. H.. Maki. R.. Kurosawa. Y.. Roeder, W., and Tonegawa, S.
(1980). Two types of somatic recombination are necessary for the
generation of compiete immunogiobulin heavy-chain genes. Nature
286. 676-683.

Sanger. F.. Nicklen. S.. anda Coulson, A. (1977). DNA sequencing with
chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 74, 5463-5467.
Schwartz. A. H.. Yano. A . and Paul, W. E. (1978). Interaction between
antigen-presenting cells and pnmed T lymphocytes: an assessment of

Ir gene expression in the antigen-presenting cell. immunol. Rewv. 40,
153-180.

Siu, G., Clark, S.. Yoshikai, Y., Malissen, M., Yanagi, Y., Strauss, E..
Mak, T., and Hood, L. (1984a). The human T cell antigen receptor is
encoded by variable, diversity, and joining gene segments that rear-
range to generate a complete V gene. Cell 37, 393—401.

Siu, G., Kronenberg, M., Strauss, E., Haars, R., Mak, T, and Hood. L.
(1884b). The structure. rearrangement and expression of D, gene seg-
ments of the murine T-cell antigen receptor. Nature 371, 344-350.
Thomas, D. W., Yamashita, U., and Shevach. E. M. (1977). Nature of
the antigenic complex recognized by T lymphocytes. J. Immunol. 7719,
223-226.

Thomas, P. (1980). Hybridization of denatured RNA and smail DNA
fragments transferred to nitrocellulose. Proc. Natl. Acad. Sci. USA 77,
5201-5205.

Tonegawa, S. (1983). Somatic generation of antibody diversity. Nature
302, 575-581.

Waigert, M., Perry, R., Kelley, D., Hunkapiller. T.. Schilling. J.. and
Hood, L. (1980). The joining of V and J gene segments creates anti-
body diversity. Nature 283, 497-489.



Reprinted from Nature, Vol. 316, No. 6028, pp. 517-523, 8 August 1985
© Macmilian Journals Lid., 1985

The murine T-cell receptor uses a limited repertoire
of expressed V; gene segments
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Onlv 10 different V, gene segmenis were found when the sequences of 15 variable (V,) genes of the mouse T-cell recepror
were examined. From this analysis we calculate that the total number of expressed Vg gene segments may be 21 or fewer,
which makes the expressed germiine Vy repertoire much smaller than that of the immunogiobulin heavy-chain or light-chain
genes. We suggest that B-chain somatic diversification is concentrated at the Va-Da-Jg junctions.

BOTH the T-cell receptor and the immunoglobulins are
heterogeneous cell-surface glycoproteins that can recognize
many antigens'™. It is clear from genomic analysis that they
share similar strategies for diversification. T-cell receptor
molecules are composed of a- and B-chains, each of which,
like the immunoglobulin chains, is divided into variable (V) and
constant {C) regions'*. The V regions together form the antigen-
binding domain. The S-chain genes of the mouse are the most
thoroughly  studied T-cell receptor genes. Like the
immunogiobulin genes, they are divided into separate Vj, diver-
sity ( Dg) and joining (Jg) gene segments that are assembled by
recombination during T-cell development to form a V; gene
that is associated with either of two constant (Cgl and Cg2)
genes™™. There are six functional J, gene segments clustered
just upstream of each C, gene*™ and two Dy gene segments,
Dg1.1. uonstream of the Jg1 cluster, and Dg2.1, upstream of the
Js2 cluster ®, The total numter of V5 gene segments is unknown.
Like immunoglobulins, the T-ceil receptor B-chain has at its
disposal three sources of diversity: a multiplicity of germline
gene segments*™": combinational diversity through the assembly
of different V. D and J segments™'"; and somatic mutation®'!.
Immunoglobulin genes have three sources of somatic mutation:
junctional flexibility at the sites of gene-segment joining'*"'*;
the addition of random nucleotides to either side of the D-gene
segment in the process of joining ( N-region diversity)'®: and
somatic hypermutation'™'". It is known that B-chain genes use

¥ Permanent address: Department of Microbiology/ Immunology,
Nonhwestern University, Chicago, Illinois 60611. USA.

the first two processes but may not use the third* 7!

T-ceil antigen recognition differs from that mediated by
immunoglobulins in that T cells must recognize antigen in the
context of a cell-surface molecuie encoded by the major his-
tocompatibility complex (MHC), a phenomenon termed MHC
restriction'®!®. T.cytotoxic (Tc) cells, which are capable of
killing virus-infected and tumour cells, are mainly restricted by
class [ gene products of the MHC?. T-helper (T,,) cells, which
are capable of enhancing B- or T-cell responses, are mainly
restricted by class II MHC gene products®’. T-cell receptor
diversification must therefore accommodate antigen recognition
and recognition of highly polymorphic determinants on MHC
moiecules.

To determine the extent of T-cell receptor diversity and its
relationship to antigen/ MHC recognition, we analysed eight V,
genes from complementary DNA libraries of functional T cells
and thymocytes. We have compared these V, gene sequences
with seven from the literature and find that: (1) the expressed
Vs gene repertoire is probably small, perhaps less than 21
members; (2) V, protein segments are structuraily similar to
immunoglobulin V segments: and (3) there is no simple correla-
tion between antigen and MHC specificity and the use of par-
ticular 8-chain gene segments.

Expression of V; gene segments

We determined the nucleotide sequence of eight V genes
obtained from cDNA libraries that were constructed from thy-
mus cells, the Ty hybridoma 1.9.2 specific for the cytochrome

Table 1 Characteristics and origins of sequenced ¥, genes

Vy gene Class Strain Antigen/MHC specificity Vs Dy Js Ref.
2B4 Ty B10.A Cytochrome ¢/I-ELE} 3 2.1 35 4
1.9.2 T BI0.A[5R] AmDASp/I-E* (see ref. 22) 1 1.1 1.1 &

3H.2S8 Ty CS7BL/6 Hen-cgg lvsozyme/1-A" 3 1.1 1.2 1

Cs Ta C57BL/6 Dinitrophenol-ovaibumin/I-A® 8.7 2.1 2.5 9

El Tu BALB/c Trinitrophenol/1-AY 2 1.1 2D 9

LB2 Ty C57BL/6 Chicken red blood cell/1-A® 6 2.1 2.3 9

HDS11 Te BALB.B -29 7 1.1 2.6 24

AR1 Te CS7L H-2¢ 2 11 2.5 .

36T1 Thymocyte BALB/c — 1 11 1.3 23

TB2 Thymocyte C57BL/Ka S 8.2t 21 2.5 2

TB3 Thymocyie C57BL/Ka — 4 2.1 2.5 %

TB12 Thymocyte C57BL/Ka — 8.1 1.1 or 2.1% 2.4 »

TB21 Thymocyte BALB/c == 5.1 2.1 2.6 i

TB23 Thymocyte BALB/c e 8.3t ND ND =

BW5147 Tumour AKR — 1 2.1 2.5 *

* This paper.

* The three members of the V,8-subfamily are denoted V,8.1, V8.2 and V,8.3.
= So little of the D, gene segment remains in the rearranged Vj gene that it is impossible to know which Dj gene segment contributed the

~equence. NI not determined.



VI - 23

c peptide AmDASp (ref. 22) and a functional Tc-cell line specific
for MHC alloantigens. The sequence of these V; genes and
seven additional V, genes taken from the literature were then
compared (Fig. la, Table 1)**'"*** Of the 15 V, genes ana-
lysed, 6 are from Ty cells, 2 from T¢ cells, 6 from thymocytes
and 1 from a T-cell tumour (Table 1). The antigen/MHC-
specificities of the functional cells are listed in Table 1. The
specific functions and antigen/ MHC specificities of the T-cell
tumour and the cells that generated the thymocyte-derived Vg
genes are unknown. As 99% of thymocytes do not migrate out
of the thymus®®, some of the thymocyte-derived V, genes may
come from non-functional T cells. The 10 distinct protein
sequences of the 15 V, gene segments are shown.in Fig. 1b:
there are 10 distinct sequences. For reasons discussed below,
the first seven sequences listed in Fig. 1b are designated Vz1-7
and the last three V8.1, V8.2 and V;;8.3. One Vj gene segment
appears three times ( V31), three appear twice (V,2, V3, and

Va8.1) and six appear once { Va4, V5.1, Va6, Va7, V58.2 and
V38.3). Moreaver, when the sequences of seven addmcmal Ve
genes isolated from six Ty cells by our laboratory® and others
are included (J. Goverman, unpublished data; M. Steinmetz,
personal communication; A. Fotedar, P. Morinaga, B. Singh,
T. Tamaoki and T. Wegmann, personal communication; S.
Hedrick, personal communication), 11 different Vp gene seg-
ments arc found in 22 rearranged genes. Six of the eleven
different V, gene segments appear more than once. Common
Va gene segments occur in functional T cells, thymocytes and
the T-cell tumour BW5147. The repeated use of Vj gene seg-
ments in a sample of this size suggests that the repertoire of -
expressed Vj gene segments is smail. If we assume that the Vp
gene segments are expressed randomly, the size of the V, gene
segment repertoire can be determined statistically.

If there are L species of V, gene segments and they are
expressed with equal probability and are randomly selected
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a, DNA sequence of eight V; genes. All cDNA libraries were constructed in the Agtl0 cloning vector by a modification of the method
of Huynh er al’*®. Libraries were screened with a *?P-labelled C, cDNA probe, posuuve clones were isolated and cDNA inserts were subcloned
into the M13 mp8 or mpl10 vectors. Thc Va genes of each subcl were seq d on both
chain terminating method of Sanger’”, using specific oli
and D regions aligned separately. L, nucleotides enood:ng the leader peptide. The TB23 subclones contained only a Vj gene segment. Dots,
identity between the V, segments used by 1.9.2 and BW5147. The cDNA obtained from AR1 contained only a portion of a V, gene segment
beginning at position 161. For purposes of sequence alignment, the 5’ portion of the homologous V, gene segment published previously” has
been added. b, Translated protein sequences of 15 V, gene
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from the pool, then the probability ( P) of obtaining an observed
result is
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where m, is the number of different species found once: m,,
the number of different species found twice: mx, the number
of different species found N times: N.=f_:‘_l im = the total
number of samples analysed: and M =f_:\_r m; = the number of
different species found in the sampling. Conversely, given the
observed result, the relative likelihood that there are exactly L
species in the pool is

1 L!
= L LN(L—-M)!
=M LN (L' = M)

For the data discussed above, N =22 and M = 11. By choosing
a range of values for L and testing each for the probability of
arriving at the value M = 11 for N =22, the size of the expressed
V; gene segment family is 21 or less at the 95% confidence
level. This estimate of the mouse V;-gene segment repertoire is
much smaller than the mouse immunoglobulin Vi (~100-300)
or V. (~100-300) gene-segment families*’*%, but larger than
the mouse V, (2) repertoire-®. However, mouse A-chains are
expressed in only a few per cent of mature B ceils, whereas
B-chains are expressed in aill Ty and Tc cells that have be=y
anaiysed*’?!,

We do not know whether each Vj; gene segment is expressed
with equal probability in the T-cell population or if the sampling
of V; genes is random. In fact, the relative occurrence of V,
gene scgments that we observe can also be explained by the
frequent use of a small subset of V, gene segments. Therefore,
a much larger set of V; gene segments couid be expressed
infrequently. However, the fact that we find identical V, gene
segments expressed in T cells that differ in their antigen recogni-
tion and MHC restriction as well as between functional T cells
and unselected thymus cells (Table 1), indicates that the effective
repertoire of expressed V;, gene segments is probably very smalil.
Accordingly, a large multiplicity of germline V; gene segments
does not seem to be a major contributing factor in the generation
of T-cell receptor diversity.

Single gene subfamilies

Another method of estimating the size of the V; gene segment
repertoire is to determine the number of Vj, gene segments in
the mouse genome that cross-hybridize with V; probes. This
technique wiil identify V; gene segments that have extensive
homology with the available V; gene segment probes. and gives

P(L)=

0.56 kb —

Fig. 2
probes from five different V,; gene segment subfamilies. BALB/c
mouse liver DNA was digested with EcoRI ( V31, V4, V5 and
Vp8) or BamHIl (Vz2). 10 pg of each DNA digest was elec-
trophoresed on a 0.8% agarose gel and transferred to nitroceilulose.
Blots were hybridized with one of five >*P-labelled V, gene segment
probes at 65°C in | M NaCl, 40 mM Tris, pH 7.5, 10% dextran

Southern blot analysis of mouse germline DNA using

sulphate. 1% Denhardt’s solution, 0.1% SDS and 100 pgml™'
denatured salmon-sperm DNA. The blots were then washed at
65°C in 0.15 M NacCl, 0.015 M sodium citrate, pH 7.5, and 0.1%
SDS. The probes are derived from subciones of each V; gene
segment. The faint 5.7-kilobase (kb) band in the V;2 blot results
from contamination of the probe with J; region sequences.

a minimum estimate that can be compared with the predicted
number. When this type of analysis was carried out with mouse
Vy and V, gene segment probes, all the V gene segments fell
into one of several distinct multigene subfamilies™"***2. In mice
there seem to be at least 7 Vi subfamilies ranging in size from
2 to >40 members and at least 5 V, subfamilies ranging in size
from 2 to >20 members®’***2, (V gene segments with =75%
similarity have been defined as belonging to the same sub-
family’®.) From this analysis it was estimated that the total
repertoire of Vy; and V, gene segments is ~100-300 members
for each family~",

Table 2 shows the percentage similarity between the 10 differ-
ent V; gene segments at the protein and nucleotide level. The
nucleoride similarity of the Vj; gene segments used by the TB2,
TBI12 and TB23 Vj genes range from 85 to 92%, indicating they
are members of the same Vj, subfamily. These V; gene segments
have been designated V8.1, V8.2 and V8.3, respectively ( Fig.
1b). The similarities among the remaining V, gene segments
range from 34 to 63%. Therefore, these V; gene segments beiong
to different Vj subfamilies, which we have denoted Vp1-V,7.
As the expressed V3 gene segment repertoire appears limited,
it is important to have a generally accepted nomenclature for
these sequences, as used with V| and Vj; subgroups™*.

Table 2 Homology matnx of the 10 V, gene segments

V8.1 V8.2 V8.3 Va6
Subfamily

V,8.1 = 90 77 47
V,8.2 92 e 81 a5
V,8.3 85 88 - 41
V,6 55 54 54 sy
VaTl 61 63 60 s3
Vil 45 43 a4 15
Va3 46 47 47 46
Vpd 46 46 46 47
Vg2 42 44 42 39
Vas 45 46 43 41

744 A Va3 Vpd V2 Va5
52 29 26 28 27 29
52 29 24 28 26 26
48 28 23 28 29 24
43 27 27 29 25 22
— 28 23 27 23 29
49 — 33 53 20 37
48 50 — 30 18 37
47 62 50 — 20 33
39 34 38 38 — 18
48 53 54 47 38 —

Numbers above the diagonal designate the percentage similarity of sequences on the x and » axes when compared at the protein level: numbers

below the diagonal show percentage similarity at the DNA level.



To determine the size of the different V;; subfamilies, Southern
blot analysis was performed on mouse liver DNA using DNA
probes for the Vyl1, V52, Vg4, V55 and V,8 subfamilies (Fig.
2). Three of the V, probes show a single band, indicating that
each V; gene segment represents a different single-gene segment
subfamily ( V51, V32 and V,4). The V,5 and V,8 subfamilies
appear to have two and three members, respectively (Fig. 2).
Because the V, gene segment used by the TB21 V; gene is the
first isolated member of the V,5 subfamily, we have denoted it
Va5.1 (Fig. 1b). It has been previously reported that the V,1,
V2, Va3, V6 and V,7 subfamilies are single genes and that
the V8 subfamily has two members™''**, Thus, six different
Vs subfamilies with one member, one V, gene segment sub-
family with two members and one Vi subfamily with three
members have been identified. Including the additional V, gene
segment characterized by Malissen er al.™®, there are at least 12
mouse Vg gene segments. This minimum estimate for the size
of the V; gene segment family falls within the range indicated
by the statistical analysis presented above and is consistent with
the hypothesis that the V, gene segment repertoire is small.

The V, gene segment family with its six single-member sub-
families differs from those of the immunogiobulin V,; and V,
gene families, each of which contains 5 or more subfamilies
with 2-40 or more members*’***. Southern blots of DNAs from
several rodent species as well as rabbit and human analysed
with various V5 probes indicate that the single-member V,
subfamily sequences are less conserved between species than
those of the three-member family ( V,8)”. It has been suggested
that this difference reflects selective pressures on the singie-copy
sequences to diverge rapidly, presumably to accommodate rec-
ognition of antigen in a changing MHC context®. An ad hoc
argument for specific, positive selection must then be made o
explain the unique conservation of the V38 subfamily. In
apparent conflict with this view is the observation that very little
restriction enzyme polymorphism of single copy V, sequences
is seen between mouse strains that have diverged significantly
in their MHC genes (B.S.K. and R.K.B., unpublished observa-
tions: D. Loh, personal communication). In addition, the inbred
SJL mouse has deleted two of the tive V; gene segment sub-
families examined (B.S.K. and R.K.B.. unpublished observa-
tions: D. Loh, personal communication). This indicates that
mice have distinct V,; hapiotypes containing different combina-
uons of V; subfamilies. Hence. an alternative explanation for
the lack of Vg-gene segment conservation between species is
that the ancestor to mammals contained different V, haplotypes
and during speciation distinct V, haplotypes were passed on to
different evolutionary lines. This model does not require a high
rate of V, gene segment mutation and consistent with the lack
of restriction enzyme V, polymorphism in mice. Additional data
on the evolutionary divergence of the V; gene segments should
clarify the explanations for these observations.

It is unclear why single-member subfamilies seem to have
arisen exclusively in the V; gene family. Note that no V,
pseudogenes have been found. whereas at least 30% of Vy; gene
segments are pseudogenes™ . These observations raise a question
about the mechanisms that are responsible for retarding the
dupiicative processes seen in other V gene families.

Diversification mechanisms

Despite the fact that a limited number of V,; gene segments
have been identified, all 15 of the V, gene sequences examined
are distinct from one another because of combinatorial and
somatic mutational processes ( Fig. 1a1*""''". The germline, com-
binatorial and somatic mutation contributions to V, gene
assembly are summarized below.

Germline. The 3-chain gene family differs from its Vy counter-
part in the apparently limited number of germiine V, and Dy
gene segments, the expressed V; gene segment repertoire con-
sisting of perhaps 21 or fewer members compared with 100-300
germline Vy gene segments. In addition, although we do not
know the number of germline D, gene segments, comparisons

DB?_V
Germiine 56GACAGGGGGC
3H 25 ToF Gr=—————
192 CAA————75
Ey G G T
86T1 ¢ Af —————————T
HDS 11 . —_— g
T812 GATGT
AR 6 6T O
DBZ.i
Germline GGGACTGGGGGGGC
€5 GCTG
BWSI47 CAGATA AGT
LB2 ATAA — —(
TB2 GGTGA C T T
T312 GATG ———¢C
TB21 6TC cG6
284 A——AG
B3 CAAGT

Fig. 3 The D regions from 15 V, genes may arise from just two
D, gene segments. The D regions shown in Fig. la and those
published previously**!!#*?* were aligned to either D,1.1 or
Dg2.1. The regions homologous to either D, gene segment are
represented by a straight line. The additional nucleotides flanking
the germiine Dy sequences are presumed to be added by N-region
diversity. The D region used by TB12 can be derived from either
Dgl.1 or Dy2.1 and is so indicated.

of the D segments found in rearranged V, genes indicates that
all could be derived from the two Dy gene segments previously
identified’® assuming extensive junctional flexibility and N-
region diversification (Fig. 3). The heavy-chain locus, by con-
trast, has at least 10-20 Dy, segments®®. Finally, there are 12
apparently functional J; gene segments, 6 in each J; gene
cluster*®, compared with 4 J; gene segments*®-*%,
Combinatorial. Combinatorial joining permits either Dy gene
segment to be joined to any downstrecam J, gene segment
(6 DglJgl+6Dg1Jg2+6D2J32=18Dy-J5 rearrangements).
Individual V, gene segments appear to join any Dg-J, rear-
rangements (21 X 18 =378 V, genes). The Dgl and Dy2 sequen-
ces are each used approximately haif the time in the sample
analysed and Dy 1-J52 joinings occur as frequently as Dg1-J1
joinings (3 against 3)(Table 1). Eight different Jg1 and Jg2 gene
segments are used, with J32 gene segments being used in 11 out
of 14 examples. Thus, one would expect individual V; gene
segments to join with the Jy1 gene cluster 25% of the time and
the J,2 gene cluster 75% of the time, which is what is found,
supporting the contention that the joining of the Dgl.1 gene
segment to either J; cluster occurs randomly. However, the
Jp2.5 gene segment is used 6 of the 11 times that the J52 cluster
is used. Whether this bias represents the selective effects of
antigen or the mechanisms involved in DNA rearrangement is
uncertain.

There may be two additional combinatorial mechanisms.

Asymmetrical recognition sequences surrounding the Dy gene -
segments potentially permit Vz-Js and Dg-Dj, joinings’®. Data
consistent with the former possibility have been presented®®,
although the interpretation of these data is difficult because of
the possible lass of D gene sequences during Vj gene segment
rearrangement. As yet there is no evidence for either mechanism:
hence, if these joinings do occur, they are infrequent.
Somatic mutation. Junctional flexibility in joining gene segments
is illustrated in Figs 1a and 3. One to six extra nucleotides are
found at either end of the D gene segments. Interestingly, there
appears to be no G/C bias (50% ) in this N-region diversification
in contrast to that reported for immunoglobulin N-region
diversity'®.

The D, gene segments may join to the V, gene segments with
equal probability in all three translational reading frames, with
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the only requirement being that the Dg-Jp and V,-Dj, joinings
leave the Jg sequence in the proper translational frame (data
not shown)''. In contrast, examination of >75 productively
rearranged Vi genes indicate that Dy-gene segment families
show a strong preference for joining in one translational reading
frame (85% )(M. Kaartinen and O. Mikela, personal communi-
cation: T.H., unpublished observations). Presumably this differ-
ence arises as a consequence of more rigid structural or selective
constraints on the Dy as opposed to Dy segments.

The somatic hypermutation of immunoglobulin genes occurs
late in B-cell development, perhaps on exposure to antigen*®*!.
By contrast, two V, gene segments expressed in functional Ty
cells specific for different antigens are identical to the germline
sequence™'!, On the other hand somatic variants can arise in
alloreactive T cells in vitro*?, although the physiological relev-
ance of this observation is uncertain. We see two nucleotide
substitutions and one replacement among the three Vz1, and
two nucleotide substitutions and one replacement between the
two Vj2 gene segments that have been sequenced (Fig. 1a, b)*2.
As all these Vg sequences are derived from different strains of
mice (Table 1), these differences may result from polymorphism.
No other differences were found and we tentatively conclude,
in agreement with earlier workers*'!, that somatic hypermuta-
tion, if it exists at all, is much less extensive in Vj than in
immunoglobulin V genes.

V-region similarities

It has been suggested that both the total diversity and the
distribution of variability of V, segments differ from those of
immunoglobulin V segments and that this may reflect the addi-
tional requirements for MHC recognition®. We have analveed
the pattern of sequence diversity of the available V, sequences
with this in mind.

The percentage similarities at the protein level (Table 2)
between the different V, subfamilies ranges from 18 to 53%
and 77 to 90% between members of the V,8 subfamily. It has
been suggested that V, segments arc substantially more diver-
gent than Vi sequences’. Although their range extends to a
lower vaiue (18%) than that observed so far for known mouse
Vu segments (34%), or human V,; segments (24% )(data not
shown), when sampling biases are considered (see below) the
maximum variation between different V, segments (82%) does
not seem significantly larger than the maximum variation found
between immunoglobulin V subfamilies (76% ).

Inimmunoglobulin V regions, most of the sequence variability
is clustered within three specific *hypervariable’ regions that
form the antigen-binding crevice of antibody molecules-*,
Two of these hypervariable regions are encoded by the V gene
segments and the third is found in the V,-Dy-Jy; or V -J_
junction regions*’. We have compared the pattern of variability
of the 10 translated mouse V5 gene segments (Fig. 15) with that
of a set representing all the known human V}; segments and a
set of 18 human Vy segments with blocked a-amino groups
(Fig. 4). Human Vy segments were chosen for comparison
because they offer a more random representation of V4 sequen-
ces than any set of mouse V segments that has been sequenced.
This is because mouse Vy sequences have been highly selected
in comparison with ¥, sequences in two ways. First, mouse Vj,
sequences are derived mainly from immunoglobulins that rec-
ognize a relatively limited number of antigens. Second, for
technical reasons, mouse Vy; sequences are almost exclusively
determined from heavy chains with unblocked a-amino groups
despite the fact that 80% of mouse serum immunogiobulins
have heavy chains with blocked a-amino groups*®. The blocked
human V, sequences, on the other hand, were selected randomly
from various tumours and patients with other pathological con-
ditions*’. We have found that the variability distribution of the
mouse V, segments (Fig. 4a) is very similar to the distribution
found for the set of human a-amino blocked Vy segments (Fig.
4b). The variability distribution of the total set of human Vj
segments (Fig. 4c¢) represents a less random sampling than the
human a-amino-blocked Vy; segments for the same reasons
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Fig. 4 Variability plot of V and V,; segments. Variability at each
amino-acid position N is calculated*® as: variability, =no. of
different amino acids that occur at N/frequency of most commonly
occurring amino acid at N. Hypervariable regions can be defined
empirically as a set of residue positions whose average variability
is substantially greater than the mean varnability of the entire
sequence. The sequences used are all those available from the
protein information resource of the National Biomedical Resource
Foundation and GenBank. a, Translated sequence of the 10 distinct
V, gene segments shown in Fig. 15: b, 18 a-amino-blocked human
Vy sequences: ¢, 31 human V), sequences representing sequences
blocked and unblocked at the a-amino position.

given for the mouse sequences, and shows a more accentuated
variability at the two classically defined hypervariable regions.
The total set of human Vy sequences also exhibits a slightly
lower background variability, partly resulting from the larger
size of the sampling. Thus, it is critical to consider sample size
and selection when this type of analysis is conducted. We
conclude that the distributions of varnability in the V; and Vy
segments are not significantly different from one another. Our
results are not cc with the ion’ that V; regions
have novel hypervariable regions relative to immunogiobulin V
regions.

We have also compared V, and immunogiobulin V segments
by analysing them for two properties believed to reflect impor-
tant structural features of these molecules, the distribution of
B-pleated sheet-forming potential®® and the predicted hydro-
phobicity profile’®. We find the results of these analyses to be
almost identical for mouse Vj, Vi and V, segments (Fig. §).
Patten et al. have also reported that the 8-pleated sheet patterns
of several Vg segments conform to that of representative V,
and V, sequences’. V, sequences also conserve essentially the
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Fig. 5 Secondary structure analyses of Vj, V;, and V, segments.

a, B-pleated sheet potential plots, using the method of Chou and

Fassman'’; b, hydrophobicity plots using the scale of Kyte and

Doolittle®®. Solid lines, 3; dotted lines, H: dashed lines, x. Analyses

in @ and b were based on the average value at each position for
55 Vy regions, 100 V, regions and 10 V, regions.

same group of residues that in immunoglobulins are thought to
be important in intra-chain structural interactions (data not
shown)*!**. These results strongly support the contention that
the general biochemical characteristics and predicted secondary
structures of the V,, V,, and V, regions are very similar to one
another. Accordingly, we predict that the T-cell receptor and
immunoglobulin molecules fold into comparable tertiary struc-
tures. Therefore, from the analysis of the sequence variability
and structural predictions, we find no evidence for the existence
of any fundamental differences in how V, gene segments can
contribute to determinant recognition when compared with
immunoglobulin V gene segments. This conclusion is supported
by the observation that MHC-restricted antibodies have been
raised to influenza antigens®’. This observation implies that there
need be nothing structurally unique about the T-cell receptor
structure and its ability to recognize antigen and MHC-
restricting elements.

Antigen/MHC specificity

T cells can recognize a range of antigens similar to those recog-
nized by B ceils, but in conjunction with the entire range of
polymorphic MHC molecules found in a species. Therefore, the
T-cell receptor repertoire is expected to be at least equal to the
immunoglobulin repertoire. Our observations suggest that
the B-chain genes use fewer V gene segments than do
immunogiobulins and that somatic hypermutation is infrequent
or even non-cxistent. On the other hand, the V, subfamilies
exhibit the same overall range of sequence diversity as different
Vi subfamilies. Furthermore, the contribution of J; gene seg-
ments is three times that of J,, or J, gene segments, and because
the Dy gene segments can be used readily in all three transla-
tional reading frames, the smaller family size than is seen in

immunoglobulins is at least partiaily compensated for. Finally,
B-chains and immunoglobulins both use junctional flexibility
and N-region diversification, which are major contributors to
the generation of diversity within a specific region of the
molecule involved in determinant recognition. Hence, we con-
clude that the limited number of expressed V5 gene segments
and the infrequent use of somatic hypermutation does not
necessarily reflect a restricted B-chain repertoire. Rather, these
observations imply that 8-chain somatic diversification is more
focused to the 3’ portion of the V, gene.

There are three possible explanations for the apparent low
frequency of somatic hypermutation of V; genes. First, somatic
hypermutation may act in B cells to increase the antigen binding
affinity of antibodies rather than to generate a broader range of
antigen response*'=**. T-cell receptors may not need somatic
hypermutation because they may operate with a lower binding
affinity due either to a lower affinity requirement for T-cell
response or to the stabilizing cffect of accessory moiecuies on
the T-cell surface. Second, the current sampling may not include
T cells equivaient to secondary-response B cells. Third, somatic
hypermutation may have highly unfavourable consequences in
T cells. In B cells somatic hypermutation occurs late in develop-
ment, after antigen stimulation. It is possible that somatic hyper-
mutation does not occur late in T-cell development, after
immunocompetent cells have migrated from the thymus, in order
to prevent the generation of autoreactive regulatory or cytotoxic
T cells in the periphery. Thus, somatic diversification may be
restricted to occur early in T-cell development, which allows
the thymus to remove autoreactive cells arising from the somatic
variation. B cells may not be so restricted because of the strong
influence of regulatory T ceils®, and thus are free to undergo
somatic hypermutation later in B-lymphocyte development in
response to antigen stimulation.

As Table 1 demonstrates, there is no simple correiation
between a particular V, gene segment and distinct antigen
specificities or MHC-restricting elements. For example, the V32
gene segment is used by a Ty-cell specific for trinitrophenol and
the I-A® MHC molecule (E1) and a Tc specific for the H-2D?
alloantigen (AR1). If the V; and V, regions fold in a manner
similar to that of their immunoglobulin counterparts, as is sug-
gested for Vg regions by our carlier analysis, then both chains
will play a critical role in generating the binding site for antigen
plus MHC. Accordingly, there is no reasun to believe that either
chain will have a particular role in recognizing cither antigen
or MHC individually.
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Note added in proof: Recently, the sequences of 15 additional

Ve genes have been determined (D. Loh, personal communica- -

tion). When these are added to the 22 existing V, sequences,
only 16 different V, gene segments are defined from a total of
37 sequences. These additional data support our hypothesis of
a limited Vj gene segment repertoire. Furthermore, when these
data are included with our own data and analysed for the
distribution of variability, hydrophobicity and B-pleated sheet-
forming potential, the results are very similar to those presented
here.

Received 10 April: accepted 13 June 1985.

1. Allison. J. P.. Mcintyre, B. & Bloch, D. J. Immun. 129, 2293-2300 (1982).
2. Haskins, K. ef al J. exp. Med. 157, 1149-1169 (1983).
3. Meuer. 5. C. & al J. exp. Med. 157, 705-719 (1983).



o

L

7.
8.
9.

10.

11.
12
13.
4.
15.
16.
17.
18.
19.
20.
21
2.
23.

24,
28,
26.
27
28
29.
30.

VI - 28

Chien. Y.-H., Gascoigne, N. R. ., Kavaler, J., Lee. N. E. & Davis. M. M. Nature 309,
122-326 (1984).

Malissen. M. er al Cell 37, 1101-1110 (1984).

Gascoigne, N. R. J.. Chien, Y.-H.. Becker. D. M.. Kavaler. J. & Dawvis. M. M. Nature 310,
387-391 (1984). -

. Kavaler, J.. Davis, M. M. & Chien, Y.-H. nature 310, 421-423 (1984).

Siu. G. er al. Narture 311. 344-349 (1984).

. Patten, P. et al Nature 312, 30-46 (1984).

Siu. G. et al. Cell 37, 393-401 (1984).

Goverman. J ei al. Cell 40, 859-867 (1985).

Weigert, M. e1 al Narure 283, 497-499 (1980).

Sakano. H., Kurosawa, Y., Weigert, M. & Tonegawa, S. Nature 290, 562-565 (1981}

Kurosawa, Y. er al Narure 290, 565-570 (1981).

Al F. & Baltimore. D. Proc. natn. Acad. Sc1. U.S.A. 79, 4118-4122 (1982).

Kim. §.. Davis, M., Sinn. E.. Patten, P. & Hood, L. Cell 27, 573-581 (1981).

Tonegawa. S. Naiure 302 575-581 (1983).

Golub, E. Ceil 21, 603-604 (1950).

Mazinger. P. & Zamoyska. R. Nature 297, 628 (1982).

Doheny, P. C. & Zinkernagel. R. M. J. exp. Med. 141, 502-507 (1975).

Thomas. D. W.. Yamashita, U. & Shevach. E. M. J. Immun. 119, 223-226 (1977).

Hansburg, D.. Fairwell, T., Schwarz, R. H. & Appella, E. J. Immun. 131, 319-324 (1983).

Hedrick, 5. M.. Nieisen, E. A., Kavaler, J., Cohen, D. I. & Davis, M. M. Naiture 308.
153-158 (1984).,

Saito, H. et al Nature 309, 757-762 (1984)

Scollay, R. G., Butcher, E. C. & Weissman, |. L. Eur. J. fmmun. 10, 210-218 (1980).

Malissen, M. et aL Cell (in the press).

Brodeur, P. H. & Riblet, R. Eur. J. Immun. 14, 922-930 (1984),

Cory, S., Tyler, B. M. & Adams, J. M. J. mol appl Gener. 1. 103-116 (1981).

Brack. C.. Hirama, M., Lenhard. . R. & Tonegawa. S. Ceil 15, 1-14 (1978)

Hednrick, 5. M. er al Proc. narn. Acad. Sci U.S.A. 82, 531-535 (1985).

31. Kronenberg, M. er al Nature 313, 647-653 (1985).

%
33.
34,
35.
36.
ar.
38.

39.

40.
41.
42,
43.
aa.
45.
46.
47.

48.

4

50.
51

“w

55.
56.

=3

o

na
ot )

Dildrop, R. Immun. Today 5, 85-86 (1984).

Crews, S., Griffin, J., Huang, H., Calame, K. & Hood, L. Cell 25, 59-66 (1981).

Potter, M. Adu. Immun. 25, 141-211 (1977).

Kurosawa, Y. & Tonegawa, S. J. exp. Med. 155, 201-218 (1982).

Early, P., Huang, H., Davis, M., Calame. K. & Hood. L. Cell 19, 981-992 (1980).

Bernard. O. & Gough, N. M. Proc. nain. Acad. Sci U.S.A. 77, 3630-3634 (1980).

Gough, N. M. & Bernard, O. Proc natn. Acad Sci U.S.A. T8. 509-513 (1981).

Yoshikai, Y. et al_Narure 312 521-524 (1984).

Manser. T., Huang, S.-Y. & Gefter, M. L. Science 226, 1283-1288 (1984)

Gnffith, G. M., Berek. C., Kaantinen, M. & Milstein, C. Nature 312, 271-275 (19841,

Augusun, A. A. & Sim. G. K. Cell 39. 5-12 (1984).

Wu, T. T. & Kabat, E. A. J. exp. Med 132, 211-250 (1970).

Amzel, L. M. & Poljak, R. J. A. Rev. Biochem. 48, 961-997 (1979}

Davies, D. R. & Metzger, H. A. Rev. immun 1. 87-117 (1983).

Amit, A. G., Mariuzza, R. A, Phillips. S. E. V. & Poljak, R. J. Narure 313, 156-158 (1985).

Kabat, E. A., Wu, T. T., Bilofsky, H., Reid-Miller, M. & Perry, H. Sequences of Immunologicai
Interest (US Depanment of Health and Human Services, Washington, DC, 1983).

Capra, J. D.,, Wasserman, R. L. & Kehoe, J. M. J. exp. Med 138, 410-427 (1973).

Chou. P. & Fassman. G. A Ren. Biochem 47, 251-276 (1978).

Kyte, J. & Doolittle, R. F. J. molec. Biol 157. 105-132 (1982).

Poljak, R. J., Amzel, L. M., Chen, B. L., Phizackerley, R. P. & Saul, F. Proc. nain. Acad
Sci. U.S.A. 71, 3440-3444 (1974).

Saul, F. Amzel, L. M. & Doljak, R. J. J biol Chem. 253, 585-597 (1978).

Whylie, D. E., Sherman, L. A. & Klinman, N. R.-J. exp. Med. 155, 403-414 (1982).

Rodwell. )., Gearhart, P. & Karush, F. J. Immun. 130, 313-316 (1983).

Mitchell, G. F. & Miller. J. F. A. P. J. exp. Med 128. 821-837 (1968).

Huynh, T. V., Young, R. A. & Davis, R. W. in DNA Cloning: A Pracucal Approach (ed.
Glover, D.) (IRL, Oxford, 1984).

Sanger, F., Nicklen, S. & Coulsen, A. Proc. nain. Acad. Sci U.S.A. 74, 5463-5467 (1977).

5
58. Strauss, E. C., Kobori. J. A, Siu. G. & Hood, L. E. Analvt. Biochem. (in the press).



Cell. Vol. 60. 929-939. March 23, 1990, Copynght © 1990 by Cell Press

Chimeric Immunoglobulin-T Cell Receptor Proteins
Form Functional Receptors: Implications for
T Cell Receptor Complex Formation and Activation

Joan Goverman.” Stephen M. Gomez,'
Kathleen D. Segesman,” Tim Hunkapiller.”
Walter E. Laug,’ and Leroy Hood"

° Division of Biology

California Institute of Technology

Pasadena. Califorma 21125

TDepartment of Hematology-Oncology
Childrens Hospital of Los Angeles

Los Angeles. California 90027

Summary

We constructed chimeric receptor chains in which
an immunogiobulin heavy chain variable region (Vy)
from a phosphoryicholine-specific antibody is sub-
stituted for T cell receptor (Tcr) a and B V regions. We
demonstrate that the V, region joined to either the C,
or the C, region can form stable chimeric proteins in
EL4 T cells. Both chimeric receptor chains associate
with CD3 polypeptides in functional receptor com-
plexes and respond to phosphorylcholine coupied to
Sepharose beads. The Vu-C, chimeric chain associ-
ates with the EL4 B chain, while the V4-Cy chimeric
protein appears to form either a homodimer or a het-
erodimer with the native EL4 § chain. Thus, functionai
receptor complexes can be formed using two Cg
regions. and the C, region may not be required for
CD3 association and surface expression of Ter com-
plexes.

Introduction

Two types of lymphocytes are responsible for the recogni-
nion of foreign antigen in the immune response. The cell
surface receptors of T cells recognize antigenic peptides
only when they are complexed with polypeptides encoded
in the major histocompatibility complex (MHC) and ex-
pressed on the surface of anugen-presenting cells. Thus,
engaging a Tcr requires the formation of a trimolecular
compiex in which all components are displayed on a cell
surface (Schwartz. 1984). B cells. in contrast, use cell sur-
face i/mmunoglobulin to recognize the three-dimensional
conformation of antigens independent of a cellular or
MHC-associated context (Davies et al., 1988). Other inter-
actions between T cells and target cells also contribute
toward limiting T cell responses to ceilularly presented
anugen. The T cell accessory molecules CD4 and CD8
appear to stabilize cell-cell interactions by interacting with
nonpolymorphic determinants on MHC molecules and
may also participate in transmitting regulatory signals
(Parnes. 1989). Also. activation of resting T cells appears
to require two signals (Chiller et al., 1982; Mizel, 1982).
One signal consists of engaging the Tcr, and the other is
transmitted by lymphokines produced by the antigen-
presenting cell. Thus. 10 recewve a signal required for

proliferation, T cells must be proximal to another cell that
is producing that signal.

Both B and T cell receptors are disulfide-linked hetero-
dimers consisting of light (L) and heavy (H) chains for im-
munoglobulin and a and B chains for the predominant
Ters. Each chain is divided into variable (V) and constant
(C) regions. The V regions of both chains associate to form
the antigen-binding domain. and the C regions link the
receptor to the cell surface and. in the case of Tcr, to other
cell surface accessory molecules (Davies and Metzger.
1983; Davis, 1985:; Kronenberg et al., 1986). The immuno-
globulin C regions are associated with the effector func-
tion of the molecule. For cell surface expression, the Tcr
must be associated with a complex of polypeptides called
CD3 (Clevers et al., 1988). These interactions appear to
involve the C regions and mediate signal transduction be-
tween the receptor and cell (Weiss et al., 1986). A second
type of Tcr associated with CD3 is composed of ¥ and §
chains and is expressed on immature thymocytes and
1%-2% of peripheral T cells (Saito et al., 1984; Chien et
al., 1987; Brenner et al., 1986). While 8 and y chains ex-
hibit sequence similarity to a and p chains, respectively.
they express a more limited V region repertoire and do not
appear to piay a major role in the general MHC-restricted
response to antigens (Strominger. 1989).

The V regions of the H and P chains are formed from
separate V, diversity (D), and joining (J) gene segments
that rearrange together to form a functional V gene. The
L and a V regions are formed by rearranging only V and
J gene segments. Predicted secondary and tertiary struc-
tures based on sequence comparisons of these V regions
indicate a fundamental similarity between the antigen-
binding domains of the two receptors (Goverman et al..
1986; Novotny et al., 1986). Thus, no structural features
are apparent in the V, and V; regions of the Ter that
could account for its unique properties of antigen recogni-
tion in relation to those of immunoglobulin.

We are interested both in defining the molecular interac-
tions between T cells and target cells. which signal activa-
tion. and in identifying features of Ter chains that mediate
their interaction with one another and CD3 components.
Qur approach is to construct chimeric immunoglobu-
lin-Tcr genes in which the V region genes of the Tcr are
replaced with those of an immunoglobulin of known speci-
ficity. Transfecting these chimeric receptor genes into T
cells shouid confer a specificity for an antigen that can be
easily manipulated and is independent of MHC deter-
minants. The first step in setting up this system is to deter-
mine whether there is a unique character to Tcr V regions
not shared by immunoglobulin V regions. To examine this
question directly, we determined the ability of individual
chimeric receptor chains to pair with native Tcr chains and
form receptor compiexes.

We report here the characterization of chimeric receptor
genes encoding an immunoglobulin Vy region that is
joined to either the C,, or Cy regions of a Tcr. The Vy, re-
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gion of the antibody S107 comprises much of the binding
site for its hapten. phosphorylcholine (PC), and may be
largely responsible for determining antigen specificity
(Segal et al.. 1974) PC specificity i1s retained when this
Vi region 1s paired with three very different V_ regions
(Roawell et al., 1983). Thus. expression of a receptor
chain containing this Vy gene can confer antigen speci-
ficity when paired with a variety of other receptor chains
Both chimeric receptor proteins are expressed on the cell
surface. are associated with CD3. and form functonal
receptors that respond to antigen stimulation

Results

Design of Chimeric Receptor Gene Constructs
The immunoglobulin V gene used 1n our chimeric recep-
tor constructs was derived from the rearranged Vy gene
of the PC-specific mouse 8 cell myeloma S107 (Rudikott
etal.. 1979. Crews et al.. 1981) The PC ligand can be used
in soluble form as well as coupled to solid supports. vari-
ous proteins. or ceils. A genomic clone of the V4 gene
and anu-idiotype antiboaies. specific for several distinct
epitopes on the V. region nagependent of assoc:ation
with a particular V, region. were available {Desaymard et
al.. 1984)

In our constructs. we used a 700 base pair (bp) fragment
that contained the rearranged V. gene without the pro-
moter seaquences (Clarke et al.. 1982). This fragment was
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Figure 1. Schematic of the Plasmids Contain-
ing the Chimenc Vu-C, and Va-C,, Genes
The direction of transcription 1s indicated ftor
each construct. Both chimeric genes are
flanked by Maloney LTR sequences; the 5'LTR
1S used as the promater.

(A) The V4~Cy construct suocloned into pSV2-
neo. The Vy-containing fragment begins 65 bp
5'and ends 70 bp 3' of V coaing sequences.
These sequences do not include an intact im-
munoglobulin promoter. The C,2 gene 1s on a
Hindlll fragment containing 700 bp of 5 se-
quence and 500 bp of 3' sequence.

(B) The V4—C,, construct subcloned into pSV2-
gpt. The V, sequences are as in (A). the C,
gene 1s on a BamH! fragment containing 600
bp of 8" sequence and 5 kb of 3’ sequence

subcloned into an expression vector containing the mu-
rine Maloney retroviral promoter sequences. For the V-
Cy construct. a 2.9 kb genomic fragment containing the
mouse Cy2 gene was subcloned into this plasmid 3’ to
the Vi, gene (Figure 1A). Thus, the chimeric gene retains
the appropriate splicing signals between the V and C
genes. and its expression is controiled by a viral promoter
that is active in T cells but independent of Ter-specific en-
hancer sequences. For the Vy4-C, construct, a 9 kb ge-
nomic fragment containing the mouse C, gene was sub-
cloned 3’ to the Vy gene in the same expression vector
(Figure 1B). The V,—Cy expression construct was then
subcloned into pSV2-neo and the Vy-C, expression con-
struct was subcloned into pSV2-gpt for transfection into T
cells (Mulligan and Berg, 1980: Southern and Berg, 1982).

Chimeric Receptor Proteins Are Transcribed and
Expressed on the Cell Surface

Each of these chimeric receptor genes was transfected
into the mouse T cell lymphoma EL4. and drug-resistant
clones were isolated (Herberman, 1972; Shevach et al..
1972). Hybridization of Northern blots with a Vi gene-
specific probe indicated that transcription of the V4-Cy
and V4-C, genes generates the appropriate size mes-
sages (Figure 2). EL4 expresses its own Tcr. and the corre-
sponding transcripts are shorter than the chimeric re-
ceptor transcripts. Therefore, we were able to hybridize
Northern blots with Cy and C, probes to compare the

Figure 2. Northern Blot Analyses of RNA trom

EL4 Clones Transfected with the Chimerc
& Receptor Genes
Poly(A)® RNAs were aetected on Northern
filters by hybnidization with a 700 bp V. probe
1 labeled by primer exlension as described in
Goverman et al. (1985).
(A) V.-Cy-transfectea clones: EL4 (lane 1.
Vu-Cy-transfected clones (lanes 2-5). S107
(lane 8). The autoradiogram Is @ 4 hr exposure
(B) Vu-C,-transfectea clones: EL4 (lane 1).
V.~C. lransfected clones (lanes 2 ana 3).
S107 (lane 4) The autoragiogram i1s a 20 hr ex-
posure.

n
N



VI -

Characterization of Chimeric ig-Tcr Proteins
931

‘v,a

Figure 3 Ceii Surrace Expression o' the Chimernic V.-C, ana V.-C, Gene Progucts

A)\..-C. iransiectea clone Z! staineg witn FITC-conjugateo anti-rat IgG (broken hinej or anti-V. antiboay 68 3 ‘ollowea by FITC-conjuqatea anti-rat
iug g Y Y

1aG soha hne)

8) Cigne Z' staineo as in [A) except (nat anu-V. antibody 854 was used instead ot 68.3 (solid linel.
Ci..-C .transteciea cione C25 stainea with FITC-conjugated anti-rat IgG (broken une) or anti-V, antiboay 85 4 followed by FITC-conjugatea anti-

ra1 taG 1solig ine)

iD1 A T ceil hyorigoma expressing an enaegencous Ter containing V8.1 stained with FITC-conjugatea anti-mouse igG (broken tine) or the v 8-

soec:tic antiboay F231 I1soha line) (Staerz et ar . 1985)

level of chimeric gene expression with that of endogenous
Tcr gene expression The ievel of mRNA expressed from
both constructs was at least S-fold higher in all clones
testea (data not shown)

Several mRNA-proaucing ciones were characterized by
tlow cytometry to getermine whether the chimeric recep-
tor proteins are expressed on the cell surface. Two mono-
clonal anti-idiotype antibodies recognizing different S107
V. epitopes. 85.4 and 68.3, stained the V,-Cy-transfected
cione Z1 (Figures 3A and 3B. Desaymard. 1984). These
results inaicate that the V.-C, protein is expressed on
the cell surface and must generally maintain the native
conformation of the V., region. Flow cytometry analyses
aiso revealed cell surface expression ot the chimeric
V.-C. protein on the V.-C. -iransfected clone C25 (Fig-
ure 3C). Interestingly. only the 854 antibody stained the
cell surface, suggesting that either the conformation of
the V., region was aitered In this chimeric protein or that
the epitope recognizea by 68.3 may be inaccessible due
to association with a different V region.

The Chimeric Receptor Proteins Associate

with CD3 Polypeptides

Jo determine whether the chimeric receptor proteins are
associated in complexes with CD3 polypeptides. we car-
rieq out two-aimensional gel analyses on surface-labeled
proteins immunoprecipitated with an anti-CD3 antibody.,
2C11 (Leo et ai., "987) Figure 4A shows the resolution of
the engogenous u ana |} cnains obtained by immunopre-
cipitating suriace-labeled proteins of EL4 with 2C11. Simi-
lar experniments with the V.-C. iransfectant revealed a
large increase n proteins migrating with a pl and molecu-
lar weight simnar 10 the engogenous {3 chain (Figure 4B).
Similarly. an increase in protein expression in the position
correspona:ing to tne « chain was observed 1 the Vy-C,-
expressing transfectant (Figure 4C). Thus. immunopre-
cipitation with 2C11 indicated that the chimeric receptor
oroteins are assemoled into a Tcr-ilke complex with CD3
polypeptices. These resulls demonstrated that replace-
ment of either Tcr V region with an immunoglobulin Vy, re-
gion does not atfect the apility of CD3 polypeptides t0 as-
soclate with the chumeric Tcr chains

Characterization of the Disuifide-Linked Pairing of
the Chimeric Receptor Proteins

To determine whether the chimeric receptor proteins
paired with the endogenous receptor chains. we carried

, 66,000
A, - ‘- 42,700
——

L
B8 a
EL4
— 66,000
B “v — 42,700
B a
Z1
66,000
C. 42,700
e (S
B a
Cc25

Figure 4 Two-Dimensional Gel Electropnoresis of "“*-Laoeled Cell
Surtace Proteins Immunoprecipitated with the Anu-CD3 Anuboay
2C11

The first dimension was 1soelectric focusing under regucing cona-
tions. This was foliowed by SDS-PAGE on a 10% polyacryiamiae get
(A) EL4. (B) V..-C,-expressing clone Z1. (C) V.-C., expressing cione
C25. The prackets indicate the positions of the u ana i polypeptiges
migraung at about pH 4 5 and 70. respectively. The norizontal pH gra-
dient was cetermined in the first dimension using Bioraa rsoefectric
focusing standaras.
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F:qure 5 Two-Dimensional Gel Electropnoresis of '?%Labeled Cell
Suriace Proteins immuncprecipilated with the AntiV. Antibody 85.4
Conaitions were as gescriveg for Figure 4 The 854 antibody was
oune 10 goat ant-rat-coatea Stapn A prior 1o incubalion with whole
cell Ivsates iA) EL$ (B) cione Z1. 1C) clone C25

out two-aimensional gel analysis on surface-labeled pro-
leins immunoprecipitated with the anti-V,, antibody 85.4.
If the chimeric receplor proteins are paired with heterolo-
gous EL4 chains. immunoprecipitation with 85.4 should
precipitate proteins that migrate at positions correspond-
ing to poth the « and |} chains. This was the case for the
transtectant expressing the V-C, protein. C25 (Figure
5C) Thus. this chimeric protein appears to pair with the
EL4 |} chain Similar analyses with the V.-C,-expressing
transfectant. however. did not detect any « chains in the
receptor complexes formed with this chimeric protein (Fig-
ure 5B)

We also analvzed the two transfectants by diagonal gel
electrophoresis of surface-labelea proteins immunopre-
cipitated with the anti-V., antibody 854 or anti-CD3 anti-
bogy 2C11 Because only the second dimension of these
gels is run unaer reaucing condiions, only disulfide-
linked polypeptides migrate off the diagonal line. The dis-
sociated « and (3 Tcr chains migrated off the diagonal at
different molecular weights. generating two distinguisha-
ble spots. Figure 6A shows the resolution of the EL4 a and
I polypeptides immunoprecipitated with 2C11 Immuno-

precipitation with 2C11 of labeled proteins from the trans-
fectants will precipitate both the normal, EL4 Tcr com-
plexes as well as the chimeric protein—containing receptor
complexes. The replacement of the Tcr V regions with the
immunoglobulin Vy region is not expected to alter signifi-
cantly their molecular weights from the native receptor
chains. For both transfectants. two polypeptides migrated
off the diagonal at the positions of a and 8 chains (Figures
6B and 6C). The same analyses were carried out using
the anti-Vy antibody 85.4. Two polypeptides migrated off
the diagonal for the Vy-C,-expressing transfectants, but
only one spot appeared off the diagonal for the V,-Cy-
expressing transfectant (Figures 6E and 6F). These ex-
periments were repeated multiple times with the same
results. These data suggest that the V,—C, chimeric pro-
teins pair with the EL4 B chain, while the Vy-Cy chi-
meric proteins pair primarily with another Cy-containing
receptor chain. Because these gels do not resoive B
chains containing different V regions. our data do not dis-
tinguish whether this single spot represents a homodimer
(i.e., two Vy—Cj chains), a heterodimer of chimeric and
normal B chains, or both.

To confirm our result of generating C;; dimers, we trans-
fected the Vy—Cy gene into a mutant of the human T cell
line Jurkat (Saito et al., 1987). This mutant does not ex-
press a Tcr or CD3 polypeptides on the cell surface, be-
cause a functional a chain transcript is not produced.
Previous experiments showed that transfection of this mu-
tant with a murine a chain gene restored surface CD3 ex-
pression (Saito et al., 1987). We characterized 18 clones
expressing transcripts hybridizing to the Vy probe by flow
cytometry. Nine clones stained with a human anti-CD3 an-
tibody, OKT3 (Figure 7). This result indicates that C,
dimers formed in this system as well and are associated
with CD3 polypeptides.

Vy-Containing Chimeric Receptor Proteins
Assemble into Functional Tcr Complexes

We tested the Vy-Cy- and Vu—-C,-expressing transtfec-
tants for the ability to produce IL-2 when stimulated with
a derivative of PC, p-aminophenyl PC (PC"). We used PC~
because the affinity of S107 for PC coupled to a phenyl
group is increased about 5-fold in relation to PC alone.
and this derivative is the form of PC coupled to Sepharose
beads (Rodwell et al., 1983). Neither transfectant pro-
duced IL-2 when incubated with soluble PC* (Figure 8).
However, both transfectants responded to PC* coupled to
Sepharose beads. A low level of lymphokine release was
also observed when the transfectants were stimulated
with Sepharose beads alone. This response may resuit
from interaction with the cross-linked carbohydrate groups
that compose Sepharose beads as the S107 antibody
binds specifically to bacterial cell membranes containing
PC linked to carbohydrate groups (Kohler, 1975). The lack
of IL-2 production by EL4 in response to all stimuli shows
that the response to PC*coupled Sepharose and Seph-
arose beads was completely transfectant specific. These
results indicate that the Vw-C, chain forms a functional
complex with the native EL4 B chain. The Vy-C;; chimeric
protein paired with another Cy-containing chain also
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Fiqure 2 Two-O:mensional (Diagonan SDS-PAGE Analysis of Chimernc Receplor-Expressing Transfectants

“*l.lanetea cell surface prolens were immunoprecipitaled with either 2C11 or 85.4 SDS-PAGE in tne first dimension was on 75% polyacrylamice
gels uncer nonregucing conaitons The secong dimension was an 10% palyacrylamide gels under reaucing conditions. (A) EL4 immunoprecipitatea
Min2C1 (B2 /mmuncprecipitated with 2C11 (C) C25 immunoprecipitated with 2C11. (D) EL4 immunoprecipiated with 85.4. (E) Z1 immunoprecip:-

tateg ~in 8534 (F) C25 immunoprecipiatec with 854

forms a tuncuonal compiex. It is possible. however. that
any funcuonal activity in this transtectant i1s the result of
a small numper of Vu-C,/V.-C, heterodimers not de-
tectea by our gel system

Figure 8 also shows that the response to PC*-coupled
Sepnarose beads is not inhibited by pre- or coincubation
with soluble PC" This suggests that the affinity of the V-
containing receptors for PC*-couplea Sepharose 1s higher
than ‘or soluble PC* We ao not know the affinity of the
Vw-containing Ters for PC* However. because the pairing

F.gure 7 Floa Cylometry Anaivsis ¢! V.-C Transtectea Clones De-
v véc “am the n Negauve Mutant of Jurkat J RTT31

The carent cell I ne ana transtectec ciones were stainea with the anti-
~uman CD3 antipoay OKT3 to cetect surtace expression of the CO3
~amptex The Droken nnes represent siaining witn FITC-conjugated
int-mouse a~iibody Only ang the sohd Lines represent staining with
DK T2 ‘ollowea oy FITC-conugatea anti-mouse A1 J RTT31 (8) CJ-
29 ., CJ-35 1O CJ-35

of this V4 gene segment with three unrelated L chains
generates antibodies with affinities for PC™ that range
from 5-25 x 107°. we expect the affinity of our chimeric
receptor to fall within or below this general range (Rodwell
et al., 1983). This implies that if the affinity of a Ter for its

K

Figure 8 Lympnokine Response of Transfectants Expressing tne Chi-
meric Receptor Gene Products

Clones Z1. C25. ana EL4 were incubated tor 24 hr with vanous stimuli.
and the supernatants were then removed and testea for IL-2 production
by the ability to support growth of HT-2 celis. Proliferation of the HT-2
cells was assayed by measuring the incorporation ot [*H]thymiaine 24
hr after transfer of the supernatants. The reagents used lo stimulate
the cells were: No Ag. culture meawumn: PC. p-aminopnenyl pnos-
pnoryicholine: S-PC. Sepharose beaas coupled 10 p-aminopneny!
phospnorylcholine: S. Sepharose beads (68-CL). anti-V.. antiboav
854



Cell
934

ligand complex is on the order of 103 or less. it would not
be activated by soluble ligand. Thus, either T cells require
higher affinity interactions to be activated by soluble anti-
gen or presentation of antigen in a solid-phase context
changes the atfinity requirements. A similar conclusion
was reached by Becker et al. (1989) studying bulk T cell
lines expressing chimenc Vu-C, receptors established
from transgenic mice. However, the affinities of these chi-
mernc protein-containing receptors could not be esti-
mated mere accurately than within a range of 1075-1079.

Botn transfectants were also activated by incubation
with the soluble anti-V,, antibody 85.4 without secondary
cross-linking with anti-IgG. These results confirmed the
ability of Vu-C,-containing receptors to transduce a sig-
nal for IL-2 production and demonstrated that a receptor
complex with two C, regions can also trigger activation.

Discussion

We characterized Tcr incorporating a chimeric protein in
which the Vy region from an antibody specific for PC is
paired with either Ter C region. These receptors represent
functional complexes. because they consist of disulfide-
linked dimers. associate with CD3 polypeptides. and re-
spond specifically to anugen stimulation. As observed for
anu-PC antibodies. the Vi region appears to confer a
specificity for PC. Thus. we generated T cells specific for
an antigen that can be presented in either a soluble or
solid-phase context. Analysis of how these chimeric pro-
teins assemble into functional complexes allowed us to
probe the interactions that occur between the Tcr a and
3 chains as well as between these chains and the CD3
polypeptides. Ultimately. this system should allow us to in-
vestigate the requirements for antigen presentation in trig-
gering activation and the role of accessory molecules in-
dependent of Tcr-MHC interactions

Functional Implications
Kuwana et al. (1987) described receptors in which an en-
tire Tcr V domain was replaced by an immunogliobulin V
domain. V genes from a PC-specific antibody were used
in these constructs. :ncluding the same germline Vy
gene segment as that of $S107. Ca?- flux. an early event in
T cell activation. was observed when EL4 cells transtfected
with the constructs were exposed to PC-expressing bacte-
rna. However, netther protein expression of the chimeric
chains nor the response of single chain transfectants was
analyzed. Our results indicate that the V.-containing chi-
meric chains can associate with other receptor chains not
expressing a V. region and stll confer specificity for PC.
Thus. confirmation that a T cell V domain can be replaced
with an immunoglobuiin V domain requires further char-
acterization

Our work and that of Becker et al. (1989) showed that
a V, region can functionally replace a V., region by as-
sociating with a V., region to form receptors capable of
triggering activation. We also showed that the Vy region
can form tunctional receptors when joined to the C; re-
gion. Comparison of these different transiectants resulted
in interesting structural and functional observations. The

Vu-Cp chimeric protein appears to pair with another
Cy-containing polypeptide. The occurrence of C,, dimers
was confirmed by the appearance of surface-expressed
CD3 in an a-negative T cell mutant transfected with the
Vy-Cy construct. The ability of the transfectant Z1 to re-
spond to both PC*coupled Sepharose and an anti-Vy an-
tibody implies that a functional Ter can be formed with two
Cyp regions.

QOur transfectants responded to PC*coupled Sepharose
but did not respond to soluble PC*. Three possible expia-
nations could account for this observation. First, there
may be an increased affinity of the chimeric receptors for
PC™coupled Sepharose such that the receptor-ligand in-
teraction is now sufficient for signal transduction. Qur
data suggest a higher atfinity of the Vy-containing recep-
tors for PC*coupled Sepharose, because soluble PC*
does not inhibit the response to PC*coupled Sepharose.
It is possible, in fact, that scluble PC* does not bind to the
chimeric receptors at all. Because the T cells are stimu-
lated over a 24 hr period. however, even a small difference
in affinity for PC* vs. PC*coupled Sepharose could result
in the lack of inhibition. Second, the avidity of the T cells
for the Sepharose beads may be increased by making the
ligand multimeric. Increased avidity could lead to a recep-
tor occupancy that is not achieved in the soluble form and
that is sufficient for activation. Third, a multimeric, solid-
phase ligand may be required to activate T cells. Consis-
tent with this hypothesis, studies using MHC molecules
and alloreactive T cells demonstrated that the MHC anti-
gen had to be integral to planar membranes or coupled
to solid supports to initiate activation (Kappler et al., 1983:
Meuer et al., 1983; Herrmann and Mescher, 1986: Mc-
Cluskey et al.. 1988).

Our results do not clearly distinguish between the expla-
nations described above. However, recent experiments by
Schneck et al. (1989) support the requirement for a solid-
phase ligand. They demonstrated that a soluble MHC
molecule was unable to stimulate a T cell hybridoma but
could inhibit T cell stimulation by cells presenting a related
MHC molecule. This implies that receptor occupancy must
occur with soluble MHC molecules but that this does not
result in activation. The conclusion drawn from these ex-
periments, as well as from those using immobilized
ligands, is that Tcr cross-linking is required for signal trans-
duction.

Other experiments using antigen-MHC complexes in
planar membranes indicated that maximum IL-2 produc-
tion by T cell hybridomas was obtained when the com-
plexes were about 200 A apart. and no IL-2 production
was observed at a distance of 800 A or more (Watts,
1988). However, the low concentration of relevant anti-
gen-MHC ligands under physiological conditions implies
that the complexes are sufficiently far enough apart such
that cross-linking of Ter wouid occur only by passive diffu-
sion (Allen et al., 1987, Kourilsky et al.. 1987). This passive
diffusion should occur with Tcr occupied by soluble ligand
as well, and yet this does not result in activation. We sug-
gest instead that the requirement for solid-phase ligand
may involve a change in the state of the receptor (or the
complex of molecules associated with it) that occurs as a
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consequence of engaging a ligand that is fixed to another
surface. Cross-linking 1s not necessarily required in this
scenario: it 1s only required that some change in the state
of the receptor complex occurs.

A paradigm for changes in membrane proteins that re-
sult from mechanical interaction can be found in stretch-
activated 1on channels. These channels are activated by
physical interactions that can result from cell-ceil contact
(Kuliberg. 1987: Lansman et al.. 1987; Arcangeli et al..
1989. Morris and Sigurdson. 1989} Similarly. interaction
with a surface-bound ligand may induce a change in the
Ter. This change 1s not likely to conter the ability to trans-
duce a signal directly. since activauon I1s not observed
when T cells are stimulated with MHC molcules anchored
n a planar membprane at a distance far enough apart to
prevent cross-linking. We suggest instead that mechani-
cal tension between receptor complexes and solid-phase
ligand induces a change in the receptor complex that
alters the affinity of igand-bound receptors for one an-
other or for other molecules. Polypeptide associations
may then occur that inihate activation. The coclustering of
CD4 and Ter that occurs upon ligand binding as well as
the association of other polypeptides with the Ter upon ac-
tivation are consistent with this idea (Fraser et al.. 1989:
Rojo et al.. 1989) Our data and that of others using solu-
ble bivalent antibodies argue that extensive cross-linking
1S not required (Haskins et al.. 1984 Hua et al.. 1986;
Lanier et al.. 1986: Rojo and Janeway, 1988). These data
also argue that the ability of solid-phase ligand to activate
T cells 1s not merely the resuit of concentrating into one
region of the membrane Tcr that has activatea the signal
transduction pathway. Thus. given the monovalent nature
of the Ter ana its higana. activation by simple receptor
cross-inking may not represent the normal physiological
mechanism of acuvation

Structural Implications
Our resulls gemonstrate the abiity of an immunoglobulin
V.. region to substtute for the Tcr V, region to generate
a functional receptor In a reciprocal system. chimeric chains
with a V. region joinea 'o an immunoglobulin Cy region
were able to associate with an immunogliobulin L chain
anc form a secretable. cisulfide-linked heterodimer (Gas-
coigne et al.. 1987) Thus. the V. and V,, regions appear
to be able to supstitute for one another at least at the ievel
of stable aimer formation. indicating that they share simi-
lar structural properties

In contrast {0 1ts ability to substitute for V.. our experi-
ments indicate that the V. region did not substitute well
for V in painng with the EL4 « chain. However, analyses
of V' region sequences indicate that the V. region Is
structurally no more similar to V., than it 1s to V,, (Hunka-
piller ana Hooa. 1989) Thus. we would predict that. if the
interaction of the Vu-C c¢chain with the native u chain i1s
inhibited because the two V regions cannot associate. this
may be pecuhar 1o this particular pair of V reqions rather
than a general inabihity of V. and V, regicns to associate.
In this regara. aifferent pairs of V. ana V. regions can
nave siartficantly different rates of association in vitro.

and there is no preferential association of autologous vs.
heterologous chains (Hamel et al.. 1887).

Another possible explanation for the lack of association
between the chimeric Vy-C;, protein and the native u
chain is the incompatibility of the overall structural geome-
tries of the two chains. For example. the angle formed be-
tween the immunoglobulin V_ and C, regions. governed
mostly by the junctional J and C region residues. is differ-
ent from the angle formed between the Vy and Cy re-
gions (Amzel and Poljak. 1979). X-ray crystalographic
studies on naturally occurring L chain dimers showed that
this geometry can be flexible in the L chain, because cne
chain in the dimer assumes the angie typical of the H
chain. Analogous H chain dimers have not been found.
perhaps indicating the inflexibility of the H chain joint. Tcr
chains may aiso have distinct V-to-C angles that may or
may not be flexible. One interpretation of our results i1s that
the V4-C, chain has a geometry like that of a native «
chain but that the Vy—Cj chain geometry cannot assume
the geometry of the native §§ chain. This would imply that
the a chain is not flexible enough to accommodate the
Vy—-Cy geometry. To test these ideas, we are characteriz-
ing other Vy—-Cy, chimeric proteins in different recipient T
cells to determine whether the inability of these proteins
to pair with native a chains is a generalizable result.

Although our resuits demonstrate that dimers contain-
ing two C;, regions can form cell surface receptors, Ter §8
chain dimers have not been observed in T cell mutants
deficient in a chain expression (Saito et al., 1987). The
lack of § chain dimers could reflect either an inability of
two V;; regions to associate or a requirement for different.
inflexible geometries in a two chain receptor. Recent
studies characterizing Ter polypeptides in which the trans-
membrane sequences were substituted with sequences
that encode a phosphoinositol-membrane linkage demon-
strated that a mixture of homo- and heterodimers of both
a and B chains appeared on the surface of COS cells
(Davis et al., 1989). However. these dimers are expressed
on the surface without CD3 polypeptides. and itis unclear
that their interaction resembles the chain interactions in
Ter-CD3 complexes. We hypothesized that the Vy, region
assumes an angle between both the C, and Cy regions
that is similar to the angle between the V, and C, re-
gions. This idea predicts that the Vy-C,, would pair with
Vy-Cy and that the Vy-Cy would also pair with V,,~C,, and
not with V,-C,. This is consistent with our data and 1m-
plies that the C, dimer we observe is a heterodimer con-
sisting of Viu—-Cy and Vy-Cy.

Recently, functional rearrangements that form chimeric
genes encoding V;-C, and V.,-C, have been detected In
lymphoid tissues, presumably arising from chromosomal
translocations (Tycko et al.. 1989). Because of the se-
guence similarities between a and & chains and between
+ and B chains. it would be interesting to see whether a
V:-C. protein would combine with a native & chain or. like
our Vy-Cy, generate C.-containing dimers. These chi-
meric proteins differ from the ones described here. how-
ever. because the J regions belong to the same family as
the C region. It is possible that the V gene segments in
different receptor families encode structurally interchange-
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able protein sequences and that it is the overall chain
geometries. as governed mostly by J and C gene segment
sequences. that determine possible dimer formation. Thus.
these chains may be more likely to retain the geometry
charactenistic of their native C region-containing chain.

Our results suggest that interaction between C, and
CD3 is not required for surface expression of a Tcr recep-
tor, but that a dimer of some form 1s required. Chemical
cross-linking experiments have indicated that the C;, re-
gion associates with the CD3 v polypeptide (Brenner et
al.. 1985). Although the precise residues involved in these
interactions are not known. charged residues in the trans-
membrane sequences may play a role. The occurrence of
C, dimers suggests that either one of the C; regions in
the dimer must substitute for the C, region 1n CD3 inter-
actions or that the C, region does not play a required role
In normai receptor complexes. Biochemical analyses of
some human T cell clones suggesting that y-y homo-
dimers may be expressed on the surface without coex-
pressicn of the a equivalent § chain support the idea that
C., may not be needed for receptor-complex formation
(Alarcon et al., 1987, Borst et al., 1987).

The C, region has several interesting structurai fea-
tures. it contains a sequence homologous to all other C
regions. referred to as the immunoegiobulin homoliogy unit
(Hill et al.. 1966). In relation to most other immunoglobulin
C region homology units however. the C,, homology unit
lacks a sequence of about ten residues that contains an
otherwise invariant tryptophan residue. This residue is
thought to be important in stabilizing the conserved disul-
fide bond of the iImmunoglobulin C homology unit (Amzel
and Poljak. 1979).

The portion of C, usually identified as the transmem-
brane region 1s also unusual. While transmembrane se-
quences are typically thought of as having a stretch of
about 21 hydrophobic residues. individual charged resi-
dues are occasionally inciuded. However. a sequence Is
not usually predicted to be transmembrane without at
least 11 contiguous hydrophobic residues and usually
more than 18 (Eisenberg et al.. 1984) This region of C,
contains two charged residues positioned such that there
are no stretches of hydrophobic amino acid sequence
lenger than five residues. In some transmembrane se-
quences. single charged residues can be "hidden” by in-
teraction with another transmembrane polypeptide. Such
interaction 1s usually predicted to result from the am-
phipathic properties of both transmembrane segments. If
this region in C,, assumes an a-helical structure similar to
that predicted for other transmembrane sequences, sim-
ple modeling indicates that the positively charged resi-
dues are distributed on opposite sides such that an am-
phipathic helix would not be formea (data not shown).
Thus. C,, does not fit the standard model of a transmem-
brane protein and may not. therefore, be transmembrane.

Alternatively, C, may interact with at least two compo-
nents of CD3 to shieid each charged residue. The diffi-
culty in rationalizing how C,, or C., dimers, whose trans-
membrane segments contain only one charged residue.
could interact with CD3 components in the same way
makes this possibility seem less likely. The Tcr & chain,

which can also combine with the § chain if no a chain is
present, shares all of these unusual features (Hochsten-
bach and Brenner. 1989). In contrast, the § chain meets
the several criteria for a transmembrane portion even with
the presence of one charged residue. Analyses predict
that it does form an amphipathic helix and traverses the
membrane in association with some other transmem-
brane segment (after Eisenberg et al., 1984 data not
shown). If the other transmembrane segment is a CD3
polypeptide rather than the a chain, then Ter dimers may
be analogous to H and L chain dimers in that they have
only one transmembrane chain.

In summary, we demonstrate that chimeric V4-C,, and
Vu-Cy polypeptides form -3 and (-f dimers. respec-
tively, that associate with CD3 polypeptides and are capa-
ble of activating T cells in response to polymeric antigen.
Moreover, our observations suggest that the a chain may
not be required for assembly of the CD3 chains into the
T cell receptor molecular complex. Therefore. the func-
tional role of the C, region in Tcr complexes and signal
transduction remains an interesting area for future investi-
gation.

Experimental Procedures

Transfection

EL4 cells were transtected by electroporation using a Biorad Gene
Pulser set at 260 V and 960 uF. Cells (1 x 107) were incubatea on ice
for 10 min in 1 mi of phosphate-buffered saline (PBS)/1% DMSO prior
to transfection. After pulsing. cells were incubated for 10 min on 1ce
and plated at 4 x 108 cells/ml in 100 mm dishes in DMEM sup-
plemented with 10% fetal calf serum (FCS), 1 mM pyruvate. 2 mM
glutamine. 50 U/mi penicillin, 50 ug/ml streptomycin, and 50 uM 2-
mercaptoethanol. The meaium was changed after 24 hr. and the selec-
tive medium was added after 48 hr. The medium was changed every
3 days afterward. For the pSV2-neo construct. Geneticin (Gibco) was
added at 800 ug/mi. For pSV2-gpt, HAT medium (Oi and Herzenberg.
1980), 250 ug/mi xanthine, and 6 ug/mi mycophenolic acid (Gibco) was
added. Colonies were visible at 3 weeks and subcloned at limiting dilu-
tion. Jurkat cells were transfected as described above. except that the
cells were transferred after puising to a T75 tissue culture flask con-
taining 25 mi of growth medium (RPMI supplemented with 5% FCS,
1 mM pyruvate, 2 mM glutamine, 50 U/mi penicillin. and 50 ug/ml strep-
tomycin). The ceils were incubated for 3 days and then plated in 24-weil
plates at 75 x 10* cells/mi in medium supplemented with 2 mg/ml
Geneticin. Colonies were visible at 2 weeks and subcloned at limiting
dilution.

Flow Cytometry Analysis

Lymphocyte suspensions containing 2 x 108 cells/100 ul in PBS/0.1%
FCS were incubated for 45 min on ice with 100 ul of antibody at vanous
dilutions. Antibody dilutions were: 85.4 and 68.3. 1:1 dilution in FCS of
culture supernatants from the rat hybridomas TC85 and T68. respec-
tively, concentrated 20-fold by filtration through Diaflo ultrafiltration
membranes (Amicon; 10,000 moiecular weight cutotf); OKT3. 125 ng
of purified antibody (Ortho Diagnostic Systems. catalog no. 7032) in 85
ul of human serum. The ceils were washed in PBS/0.1% FCS and
resuspended in 190 ul of the same buffer containing a 1:50 dilution of
FiTC-conjugated goat ant-rat (Organon Teknika, catalog no. 1613-
1721) for the rat primary antibodies and a 1:30 dilution of FITC-con-
jugated sheep anti-mouse (Organon Teknika, catalog no. 1211-1744)
for OKT3. Samples were incubated on ice for 30 min and washed with
PBS/0.1% FCS. Analyses were performed on an Ortho 50H Cytofluaro-
graph (535 nm green band pass filter with an argon laser excitation of
488 nm). Histograms represent the log of fluorescence vs. cell number.

Radiociodination
Labeling was performea according to Cone and Marchaloris (1974)
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Brietiy. 4 x 10’ cells were incubatea at 30°C .n 150 ul of PBS, 10 ul
of 05 M sodium phosphate {pH 70). 1 mCi of carrier-free Na '2%1, 100
ug of lactoperoxidase The reaction was initiated by the addition of 20
ul ot 003% hydrogen peroxide. ana another 20 ul was aadea after 6
min The reacticn was terminatea 10 min after the second aadition by
washing with cola PBS containing 2 mM K| For immunoprecipitation
~ith 2C11. the cell peilets were lysed in 400 ul of lysis buffer containing
5 mM CHAPRS. 001 M Tris {pH 8 2). 015 M NaCl (CHAPS butfer) sup-
plemented with 0 1 M iocoacetamide, 5 mM phenyimethylsulfonyl fluo-
nae. 0.5 ug of leupepun. 1 ug of aprotonin For immunoprecipitation
with 854 tne cell pellets were tysed 1n 400 ul of lysis buffer as de-
scriped apove. except hat 05% Triton was used instead of CHAPS,
ana the Tris puffer was pH 73 instead of pH 8 2 (Triton puffer). After
1 hrat 0°C the nucler ana inscluble materal were removed by centrifu-
gation at 13000 x g for 30 min

Immunoprecipitation

Immunoprecipitations were performed using termalin-ixed Staphylo-
coccus A {Stapn Al resuspenaed in either CHAPS butfer with 0.4% bo-
vine serum albumin or Triton putfer with 0 4%, bovine serum aibumin.
Radiclabeled cell lysates were preclearea by incubation at 4°C for 18
hr with Stapn A thal had been incubatea with mouse hyperimmune
sera. The Stapn A was pelleted for 2 min at 13.000 x g. and the super-
natants were transferred to fresn tubes. The lysates were then further
preclearea by (nree aaditional :ncubations with Stapn A for 30 min.
0°C Primary antiboaies were bound to Staph A either by direct incuba-
tion with Stapn A (2C11) or by incubating concentrated culture super-
natant wilh rabort anui-rat-coated Stapn A (85.4) for 18 hr. The 2C11-
or 854-Slaph A was incubated with cell lysates for 4 hr and then col-
leclea by centnfugation The pellets were washea in t 5 ml of CHAPS
or Tr:ton putfer 4 tmes with the secona and thirga wasnes containing
05 M NaCl Proteins were ewted from Staph A by boiiing for 2 min in
SDS sample butfer with or without 2-mercaptoethanol

Polyacrylamide Gel Electrophoresis

Two-aimensional isoelectric focusing gels were pertarmed as de-

scribeg by McMillan et al. (1881) The first dimension gels contained

<43%n pH 3-10 ampnolyles and 1 4% pH 5-7 ampnolyles (LKB). The sec-

ond dimension was carried out on 10% polyacrylamide gels
Two-gimensional diagonal electrophoresis was performed exactly

as gescripea :n Allison et al (1982)

Lymphokine Release Assays

EL4 Z1. anao C25 were tested tor antigen reactivity using an 1L-2 re-
‘ease assay as gescroed by Kappler et al (1981) Briefly, 10° cells in
"00 ui of growtn megium were ncubated with 100 ul of medium con-
taining various stimuiating agents in 96-weil plates The stmuiating
agents were eiher p-aminopneny! pnospnoryvichotineg (Sigma. catalog
no A-9278) PCtcoupled Sepnarose peadas (Perce. catalog no.
20307) or 1 aiofa 1 100 dilution of 854 ascites Huid. After 24 hr. 100
al of supernatant was lransterreg to 5 x 107 IL-2-depencent HT-2
cells After an aaditional 24 hr proiiferation was getermined by mea-
suring the incorogration of [*Hithymiaine (1 uCiiwell) guring a 4-6 hr
puise. Maximum stimulation obtainea with 20 ng ot phorbol myristate
acetate for all clones was petween 80-100.000 cpm
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Summary

Leu-2/T8 is a cell surface glycoprotein expressed by
most cytotoxic and suppressor T lymphocytes. Its ex-
pression on T cells correlates best with recognition of
class | major histocompatibility complex antigens.
and it has been postulated to be a receptor for these
proteins. We have determined the compiete primary
structure of Leu-2/T8 from the nucleotide sequence of
its cDNA. The protein contains a classical signai pep-
tide. two external domains. a hydrophobic transmem-
brane region. and a cytoplasmic tail. The N-terminal
domain of the protein has striking homology to varia-
ble regions of immunoglobulins and the T cell recep-
tor. The membrane-proximal domain appears to be a
hinge-like region similar to that of immunogiobulin
heavy chains. The supertamily of immunologically im-
portant surface molecules can now be extended to in-
ciude Leu-2/T8.

Introduction

The Leu-2/T8 T cell differentiation antigen 1s a cell surface
glycoprotein expressed by aistinct subsets of human T
lympnocytes. It 1s the analog and presumed homoiog of
mouse Lyt-2.3 (Reinherz ana Schlossman. 1880: Leabet-
ter et al.. 1981). Traaitionally. these aifferentiation antigens
have been consigerea markers of T cell function: cylotox-
ic and suppressor cells expressing Leu-2/T8B (Lyt-23 in
mouse) and heiperiinducer cells expressing the aiterna-
uve anugen Leu-3/T4 (L3T4 in mouse) However. recent
data from many iaboratories have inaicated that expres-
sion of Leu-2/T8 or Leu-3/T4 correlates not so much with
function as with recognition by T cells of class | (HLA-A.
8. C)orctass Il (HLA-DP. DQ. DR) major nistocompatibility
complex (MHC) anugens. respectively (Engleman et al..
1981 Krensky et al.. 1982a. 1982b: Meuer et al.. 1982).
Leu-2/T8 is thought to be involvea In the recognition by
cytotoxic T cells of their targets. Monoclonal antibodies
adirectea against Leu-2/T8 inhibit cytotoxicity by most Leu-
2/T8" killer T cells (Meuer et al.. 1982. Spits et al.. 1982:
Reinherz et al.. 1983). This block is at the step of con-

" Present agdress: Department of Meaicine. Jniversity of Chicage.
Zhicago. llinois 60637

jugate formation between the cytotoxic cell ana the target
cell. rather than at the later killing steps (Tsoukas et ai..
1982: Landegren et al.. 1982; Moretta et al., 1984). It has
been suggested that the function of Leu-2/T8 (or Lyt-2.3)
1s to increase the avidity of. or stabilize the interaction be-
tween, the T cell and its target (Meuer et al.. 1982: Mac-
Donaid et al., 1982: Moretta et al.. 1984), perhaps by bina-
ing to nonpolymorphic regions of class | MHC molecules
(Krensky et al.. 1982a: Meuer et al.. 1982: Ball ana
Stastnyv. 1982: Spits et al.. 1982: Biddison et al., 1982: En-
gleman et ai.. 1983).

On peripheral T cells the Leu-2/T8 protein consists of
dimers and higher multimers of a 32-34 kd glycosylatea
subunit, linked together by disuifide bridges (Ledbetter et
al.. 1981; Snow et al.. 1983). On thymocytes. in addition
to homodimers of this polypeptide. a 46 kd subunit is disul-
fide linked to the smaller chain in tetramers and higher
muitimers (Ledbetter et al.. 1981: Snow and Terhorst.
1983). This larger subunit does not bear the T8 deter-
minant, is unrelated to the smaller subunit by peptice
mapping, and IS presumably not required for the function
of the moiecule on mature T cells (Snow and Terhorst,
1983). Snow et al. (1984) have recently sequenced 25
N-terminal residues of Leu-2/T8 and found no significant
homology to any other proteins. Determination of the com-
plete pnimary structure of Leu-2/T8 would be of enormous
value not oniy for evolutionary comparisons but also for
further studies of the function of the protein in T cell recog-
nition. To this end we have recently isolated cONA clones
that encode Leu-2/T8 (Kavathas et al.. 1984). We have
now aetermined the complete amino acid sequence of the
Leu-2/T8 protein from the nucleotide sequence of a cDNA
clone. We find that the protein has a classical signal pep-
tide. two external domains. a transmemobrane region. and
an intracytoplasmic tail. One of the external domains nas
striking seauence homology to variable regions of other
immunological recognition molecules. The resuits sug-
gest a common evolutionary origin of Leu-2/T8. immuno-
globulin. ana T ceill receptor genes.

Results

Nucieotide Sequence of Leu-2/T8 cDNA

The nucleotide seauence of Leu-2/T8 was determined
from a single cDNA clone. pL2-M. containing a 2 kb insert.
although large portions were confirmea on aaditional
clones. Figure 1 shows a restriction map of the insert of
clone pL2-M. indicaung the enzyme sites used for sub-
cloning into M13 vectors. The nucleotide seauence of this
clone 1s presentea in Figure 2. There are two long open
reaaing frames of similar sizes at the 5' end of this cione.
One of these extenas from the beginning of the clone
througn nucleotide 632. There are no methionines in this
frame. so If it represents a transtated protein, our cione Is
missing the initiation codon. The second open reaaing
frame peqins at nucieotide 1 and extends through nucteo-
tide 792. This latter frame encodes Leu-2/T8. as deter-
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Figure 1 Restriciion Magp of Leu-2/T8 cDNA Clone pL2-M

A map ot the 2 kb Ecc Rl nsert of cONA cione pL2-M is shown. The
2nzyme siles inaicaleq are (hose useda for subcloning inta M13 vectors
‘or DNA seguencing A Aval S SauJA R Rsal H.Hinfl The arufi-
<ial Eco Rl sites at the 5 anag 3 enas are not labetea. The domains
Jt tne protein encogeag Sy vanous segments of the ¢ONA are demar-
catea Ooenoar 3 ana 3 untransiated (UT) regions. Halched: signal
pepuce (SPY Shadgeg exiernaiprotein gomains Specxled: transmems-
srane region (Th Crossnatcrea cvicpiasmic tail (C)

mined by comparison with the N-terminal protein se-
quence (Snow et al.. 1984). The first ATG in this frame 1s
at nucleotide 88. We believe this to be the initiation codon.
Accordingly, clone pL2-M contains 115 bp of 5 untrans-
lated region (not all shown), 705 bp of protein coding se-
quence (235 amino acids), ana 1182 bp of 3’ untransiatea
region. Neither this clone nor another extending 85 bp
more 3’ contains a poly(A) tail. The mRNA represented by
these clones i1s approximately 2.5 kb in length (Kavathas
et al., 1984). Our clones span 2.1 kb. so we are missing
approximately 400 bp. We presume that most of this 1s 3’
untranslated region and poly(A) tall.

21
~v8 AFg Leu Gly A4S0 Thr Phne val _ew Tor  _wy Ser 32
AAG AGG TG GGG SAC aACC ""C 370 Z°Z & 270 aGc EL]

F.gure 2 “iuciennce Sesauence anc Ceduces Amino Acia Sequence of the Insert of Leu-2/T8 cDNA Clone pL2-M

HOrizontal arrows gencle 1T CeQinming C' 17 crecicted orotemn aomains. Open circles are piaced above the two cysteines in the V-like domain (nat
ire conserveg n smmunecicounn ana T el receolor V reqions. A closed circle IS above the potential site tor N-linkea giycosyiation A honzontal
Car ‘s over tre 2° 3Ming aC'C Seauence "Smo0aoLs 10 the mouse iIgA hinge. Numbers in the left ano nght margins. respectivelv. refer 1o ihe first
1nG tast nucieol.aes ¢r 4~ing 2C.CS .~ 8ACN tne Aporevialions: L. leader (signal pepude): V. varnaple region-like domain: H. hinge: TM transmem-

-

srane reqon . chvicciasmec 2 ZUT I Lotransiatea region
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Figure 3. Comparison of the Amino Acig Seauence ot the N-Terminal Domain of Leu-2/T8 with Immunogiobulin ana T Cell Receptor Variable Reaion

Seguences

The Leu-2/T8 seauence 15 the first 96 amino acias of the mature protein. Similarnities to Leu-2/T8 are cenoted by a dot (.); gaps In the alignments
are indicatea by Dlank spaces. immunoglobulin lambda. kappa. and heavy cnain V regions are genotea V,. V,, and Vu. T cell receptor ¢ ana 1} chain
V regions are genctea V. and V. The sequence alignments were cerived by comparing all members of a given class of V regions (e.g. xappa.
lampaal against one anather anc Leu-2/T8 simultaneously to achieve the best alignment for a group of sequences. with attention paia to aignment
of certain kev conservea resigues. All of the immunoglobulin V sequences in the Daynotf bank were utilized. as were ail published and some unpub-
ishea T cell receptor sequences (L. E. Hood. personal communicationl. The sequences were from the tollowing sources: human Ha V,-l (Shincoa
etal.. 1970). human Mcg V -Il (Fett ana Deutsch. 1974); mouse UG1 V, (Vrana et al.. 1979); human Len V, (Schneider and Hilschmann. 1975). mouse
Y (Capra anag Nisonoft. 1979), rat IR2 Vi (Hellman et ai.. 1982). mouse TT11 V, (Chien et al.. 1984); human TY35 V. (Yanagi et ai.. 1984

Predicted Amino Acid Sequence of Leu-2/T8
The preaicted amino acid sequence of Leu-2/T8 is shown
in Figure 2. The proten begins with a 21 amino acid
hyarophobic leager sequence. presumably representing
a signal pepude that 1s cleaved off as the protein passes
into the engoplasmic reticulum. The indicated start of the
mature processed protein I1s based upon comparison with
the puplishea N-terminal protein sequence (Snow et al..
1984) Qur N-terminal sequence differs from the latter in
only two places. We preaict a glutamine at residue 2. while
the protein sequence Iindicates glutamic acid at this posi-
tion. As the cDNA was sequenced multiple imes on both
stranas. we believe that either this residue became deami-
datea during the protein purification or there was an error
made by reverse transcriptase during the cDNA cloning.
Snow et al. (1984} placed a gap of one amino acid between
the cysteine at residue 22 ana the two leucines at what
were consigered residues 24 and 25 We predict two
amino acias in this region: glutamine at residue 23 ana va-
line at 24 This aiscrepancy 1s likely to be a protein se-
quencing error. since it Is at the very ena of the aeter-
minea seauence. However. It 1S possible that either or both
ot these aiscrepancies could be the result of polymor-
phism

The mature Leu-2/T8 protein consists of 214 amino
acids. A 24 amino acid hydropnobic segment begins at
position 162. \We believe this to represent a transmem-
brane region The iollowing 29 amino acid C-terminal seg-
ment (resiaues 186-214) 1s highly chargea (ten basic
residues and only one acidic residue) and is presumably
an intracytoplasmic tail. Qur seauence predicts an ungly-
cosvlated mature protein chain of 23,554 daltons as com-
pared to the gescribed 32,000-34.000 dalton glycosyiated
subunit size (Leabetter et al.. 1981: Snow ana Terhorst.
1983). However. when Snow et al. (1984) treatea the 1so-
latea protein with tnfluoromethane sulfonic acid (TFMS) to
remove both N-linked ana O-linked carbonydrate. the size
was reaucea only 1.5-2 kd. The reasons for this aiscrep-
ancy are unciear. but most likely reiate to incompiete
cleavage of carpohyarates from the proten with TFMS.
Althougn our sequence preacicts cne potential site for
N-linked glycosviation (Arg-X-Thr or Arg-X-Ser). at position
28. 1t may not be used. since experiments with enacglyco-
sigase F suaggest that there 1s no N-linked gtycosyiation
(Snow ana Ternorst. 1983).

Leu-2/T8 Is Homologous to Immunogiobulin and
T Cell Receptor Variable Regions
We searched the Dayhoff protein sequence data bank for
homoiogies of the predicted Leu-2/T8 protein sequence 1o
other proteins. The greatest amount of homology found
was to immunaoglobulin light chain variable (V) regions.
with less but stitl significant homology to immunogiobulin
heavy chain V regions (Vy) and V regions of the ¢ ana
chains of the T cell receptor. Comparisons of the Leu-2/T8
protein sequence with exampies of immunogiobulin and
T cell receptor V region sequences are illustrated in Fig-
ure 3. The segment of Leu-2/T8 that is homologous to a
V region Is at the N terminus and extends to amino acia
96. For the V regions the homology to Leu-2/T8 stops just
before the D (diversity) segment (if one i1s present) or the
J (joining) segment. With the alignment shown the homol-
ogy 1s on the order of 30%-35% to lambda and kaopa V
regions. 20%-22% to Vy, and 24% to T cell receotor o
and A chain V regions. The homology increases suostan-
tally (e.g. up to 56% for tambda or 58% for kappai if one
includes conservative amino acid substitutions. As snown
in Figure 3. there are seven amino acids that are con-
served in all of these seauences. These include ihe two
cysteine residues invoivea in the classical intracnain ai-
sulfide loop of V regions (positions 22 ana 94 for Leu-2/T8)
ana the tryptophan at position 35. which is thought to be
important for the proper folding of immunoglobuiin do-
mains. Leu-2/T8 contains most of the residues of light
chain V regions that are used for association with heavy
chains (Poljak et al.. 1975), as well as many of the V region
contact residues in light chain dimers (Davies et al.. 1975).
We therefore predict that the two V-like domains in Leu-
2/T8 dimers are assoctated with one another (noncova-
lently). and propably form a single binding site for a pre-
sumed ligana. As might be expected. the homology of
Leu-2/T8 to V regions is predominantly to framework
rather than hypervariable regions. The level of homotogy
does not vary substantially across mammaian species
In contrast to the findings for the N-terminal external do-
main. the 65 amino acid membrane-proximal domain of
Leu-2/T8 bears no strong resemblance to constant region
domains of immunocglobuiins or the T cell receptor and 1S
not homoicgous 1o other known proteins. However. a
stretch of 21 amino acids in the center of this comain
(resigues 120-140) is homologous 1o the hinge region of
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F:gure 4 Homoioqy of Leu-2/T8 Hmage o Mouse IgA Hinge

Amino acics 120-120 of Leu-2/T8 are snown Amino acids 220-240 ot
:ne mouse v neavv cnamn ICH ) are peiow The entre CH, hinge
spans amine acids 2'8-240 Homologies are aenoted by an astensk
"l ang gaps cv olank spaces The CH. hinge sequence is from
Aultrav et ai 11981

the mouse IgA heavy chain (Figure 4) Although we doubt
an evolutionary signiicance of this homology, evidence
discussed below suggests that the aomain containing this
sequence i1s a ninge. The remaining protein gomains ap-
pear umque 1o Leu-2/T8

Structural Predictions

We have analyzed the Leu-2/T8 sequence using a formuia
similar to that of Kyte and Doolittle (1982) for determining
the aegree of hyarophobicity or hydrophilicity of segments
ot a protein. Such analyses allow one to predict which por-
tons of a protein are exposea. interior. or embedded in a
memorane. A hyarophobicity plot of the Leu-2/T8 se-
quence 1s shown 1in Figure 5. The putative signal peptide
(resiaues -21 to -1) ana transmembrane domain (resi-
dues 162 to 185) are both demonstrated 10 be highly hydro-
phobic. wnile the presumed intracytoplasmic tail (residues
186 to 214) 1s very hyaropnilic. The V-like N-terminal exter-
nal acmain has alternating stretches of hydrophobic and
hyaropnific residues as seen in globular proteins (Kyte
ana Coouttle. 1982). Furthermore, the plot for this domain
's virtually superimposable on those for kappa. lambda.
ana heavv chain V regions. except for an extra hydrophilic
segment in Leu-2/T8 between amino acias 6 and 15 (data
not snowni These results suggest a great deal of conser-
«anon of siructure among these protein domains. We fur-
'ner analvzeathe Leu-2/T8 protein seauence according to
:he parameters ot Chou and Fasman 11978) and find that
:he preaictea :-sheet structure of the N-terminal domain
s the same as that for ight chain V regions. In contrast,
the memprane-oroximal external domain does not fit into
any structure. Therefaore this domain. which was shown 1o
contain a sequence NOMOIOgous 1o the mouse IgA hinge,
's itseif pregicted to be a ninge region

The Leu-2/T8 Gene Does Not Rearrange in Cells
That Express the Protein

Jariable regions ot immunoglobulins ang the T cell recep-
‘or are not expressea as tunctional receptor molecules un-
il their genes rearrange auring the aevelopment of B cells
or T cells, respectively. ana become juxtacosed to either
aJor D ana ! segments just upstream trom a constant re-
gion gene Since these proteins are homologous 10 Leu-
2/T8. 1t was important to determine whether the Leu-2/T8
gene also rearranges in T cells that express this protein.
We have theretore compared Southern plots of DNA from
Auman placenta(which does not express Leu-2/T8 protein
or mRANA) ana from a Leu-2/TB-expressing thymoma cell
ine. JM. hvoniaizea to the insert of cONA clone pL2-M. As

illustrated in Figure 6, no difference could be detected be-
tween the two DNAs with any of the four enzymes used
(Bam HI, Eco RIl, Apa |, and Eco RV). There is also no
difference seen with Hind Ill (data not shown). Since the
probe contains the entire coding sequence as well as
most of the noncoding portions, we conclude that no ma-
jor rearrangements are required for expression of this
gene. Although we cannot exclude very small rearrange-
ments with either little or no deletion of DNA. immuno-
globulin and T cell receptor type rearrangements would
have been easily detectable.

The data shown in Figure 6 also suggest that Leu-2/T8
is encoded by a singie gene. The Southern blots show one
to three hybridizing bands. depending upon the enzyme.
Difterential hybridization to 5’ and 3’ probes indicates that
when muitiple bands are present. they represent portions
of a single gene, and all of the hybridizing fragments can
be accounted for on a single genomic clone containing a
14 kb insert (data not shown). Of course. it cannot be ex-
ciuded that the entire Leu-2/T8 gene and large amounts
of flanking sequence are repeated in the genome with lit-
tle or no change. Using low stringency wash conditions
(37°C, 1x SSC) we have detected one or two extra bands
on genomic blots with DNA digested with Bam Hl. but not
reproducibly with other enzymes. We are currently deter-
mining whether these are truly distantly cross-hybridizing
genes or aberrant digestion products of the Leu-2/T8 gene
with Bam HI. It is clear. however. that Leu-2/T8 is not a
member of a large multigene family.

Discussion

The structure of Leu-2/T8 is typical of a cell surface pro-
tein. It contains a hydrophobic signai peptide. two pre-
dicted external protein domains. a transmemorane hydro-
phobic domain. and an extremely basic intracvtoplasmic
tail. The protein has a total of nine cysteine residues: three
in the N-terminal V-like domain and two each in the mem-
brane-proximal (hinge), the transmembrane. and the cyto-
plasmic domains. Biochemical data indicate that the three
in the V-like domain are not used for interchain disulfide
bridging (Snow and Terhorst, 1983). Since our alignment
with V regions shows conservation of the cysteines at po-
sitions 22 and 94 of Leu-2/T8, we predict that these two
cysteines are used for an intrachain disulfide bridge as in
immunoglobuiins and the T cell receptor. The function of
the cysteine at position 33 is unknown. Subunit joining
could occur between membrane-proximal domains, with-
in the membrane, or within the cytopiasm. Several of
these six cysteine residues may be used for interchain
bridging, since the molecule often forms large multimers.

Perhaps the most interesting finding concerning the
structure of Leu-2/T8 is the homology of the N-terminal ex-
ternal domain to variable regions. Many memuers of the
“superfamily” (Jensenius and Williams. 1982: Williams.
1984) of immunologically important surface proteins are
much more homologous to constant regions than to vari-
able regions (e.g. class | and ciass Il MHC anugens. 3,-
microgiobulin). in contrast to these proteins. Leu-2/T8 is
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Figure 5. Hvarophobicity Plot of Leu-2/T8 Protein Sequence

Data are piotted accoraing to Kvte ang Doolittle (1982). The plotted values are averages over groups of seven contiguous resigues. Posilive vaiues
indicate hvdropnobic. and negative vaiues inaicate hyaropnilic. regions of the protein. The amino acid sequence is Iisteg above the piot ana numoerea
below. The gaomains of the proten are labelea as in the iegend to Figure 2.

thought to be a receptor molecule. and so it is not surpris-
ing that it would borrow or share a structure that the im-
mune system has usea to such agvantage in antigen rec-
ogmition. it should be stressea. however. that there is no
evidence for vanabulity of this "V-like” domain. Two other
memoers of the superfamily (besides immunoglobulins
and T cell receptors) are thougnt to be related to variable
regions: the mouse T cell marker Thy-1 (Williams and
Gagnon. 1982) and the poly(lg) receptor (Mostov et al..
1984). The homology of Leu-2/T8 to these molecuies i1s
less striking, as is their nomology to immunoglobulin V
regions.

Qur sequence analyses indicate that Leu-2/T8B is about
equidistant between its two closest relatives: kappa and
lambda V regions. If one were to construct a genealogical
tree of the immunoglobulin-related superfamily, Leu-2/T8
would split oft after the agivergence of heavy and light
chains, and presumably just before the spht between
kappa and lambda. Chromosomal mapping studies of
Leu-2/T8 are intriguing in this regara. Lyt-2.3 has been
known for many years to be tightly linkea to the kappa lo-
cus on mouse chromosome 6 (itakura et al.. 1972: Gott-
lieb. 1974: Claflin et al.. 1978: Gibson et al.. 1978). We have
recently shown that in the human system the Leu-2/T8
gene also maps extremely close 1o the kappa locus on
chromosome 2 (Sukhatme et al.. 1985). This close linkage
between the genes encoaing kappa and Leu-2/T8. which
is maintained across at least two species. ienas cregence
to the 1dea of a common evolutionary origin of these pro-
teins.

Although the N-terminal domain of Leu-2/T8 is remark-
ably similar to V regions. it differs from them in several im-
portant aspects. First. the gene encoaing Leu-2/T8 shows
no evidence of rearrangement in cells that express the
protein. Second. the Leu-2/T8 gene has no close relatives
in the human genome. :n contrast 10 most. though not all.
V genes. Finally. the nucleotide sequence encoding Leu-
2/T8 is strikingly aistinct from the seauences encoaing V
regions in two aspects. As is true for most protein-coding
sequences (Fickett. 1982). the G+C content of the region
encoding the V-like domain (or the entire coding region)
of Leu-2/T8 is high (66%0). In contrast. the G+C content of
immunoglobulin V regions is much cioser to random (T.
Hunkapitler ana L. E. Hood. unpublishea results). Fur-
thermore. we have analyzed the Leu-2/T8 cODNA se-

1 2 3 4 ) 6 7 B8 9
o
231 — . 31— - -
i 231 -
-
sa— v 94—
94—
66— 66—
. 56— > @
] i - BB
1 »
23—
23—
20—
20—
23—
20—

Figure 6. Southern Blot Analysis of Leu-2/TB Gene

Genomic DNA (8 ug) from a human thymoma cell hne (JM) that ex-
presses Leu-2/T8 (lanes 1. 3. 4. 6. 8) ano from numan placenta. wnicn
does not express Leu-2/T8 (lanes 2. 5. 7. 9). were aigestea with Bam
Hl tlanes 1. and 2), Hind (Il {lane 3). Eco Rl (lanes 4 ana 5). Apa | (lanes
6 ana 7). or Eco AV (lanes 8 ana 9) and electrophoresed on a 08%
agarose gel. Southern biots of the gels were nybridizea 10 the insert
ot cDNA clone pL2-M labeied with 3P by nick-transiation. The miagra-
tion aistances of Hind il fragments of A phage DNA are naicatea :n
the left margins 1n kilobase pairs 2

quence with an algornithm similar to that of Fickett (1982},
wnich can distinguish protein coding sequences from
noncoding DNA. This test for coding sequences Is basea
upon the nonrandom use of codons. resulting in repetition
of particular nucleotides with a periodicity of 3 in coding.
but not noncoding, DNA. The sequence encoding Leu-
2/TB is clearly predicted as protein-coding, as Is that of the
V-like domain by itself. In contrast. immunogiobulin V re-
gion sequences (but not constant region sequences) are
an exception to the rule in that they are most often
preaicted as noncoding (Fickett. 1982: T. Hunkapiller ana
L. E. Hooa. unpublished results). These results imply that
there 1s less constraint on the evolution of V genes than



on other genes and that, despite its homology to V
regions. Leu-2/T8B is under much stronger selective pres-
sure to maintain its sequence.

Experimental Procedures

Isolation of cDNA Clone pL2-M

The inserts of two Leu-2/T8 cDNA ciones isolaled previously by sub-
tractive hvbridizatien (Kavainas et al., 1984) were labeled with P by
nick transiation and used as probes o rescreen a previously describea
+gt10 cONA hbrary This library was constructed from RNA of L cells
that haa been transtectea with total human genomic DNA and selected
for expression ana amplification ot the Leu-2/T8 gene (Kavathas et al..
1984) Positve ciones were screened for insert size. The longest insert
was 2 kb. This clone was grown up. and the Eco Ri insert was isolated
ana supclonea into pBR322. The resulung plasmia 1s referred to as
cONA clone oL2-M

DNA Sequencing

The Ecc Rl insert of cONA clone plL2-M was digested with Rsa | and
insertea into Eco Rl plus Sma | aigestea M13 vectors (Messing et al..
19811 mp10 ana mp11. orinto Sma | digested mp11. The insert was also
aigested with Hintf | the 5’ overnangs filled-in with the Klenow fragment
ot DNA polymerase | (Bethesaa Researcn Laboratories), and the frag-
ments subcloned into Sma | digested mp11. The largest Hinf | digestion
proguct (the 5' 11 kb Eco Ri-Hinf | fragment) was isolated from the
pL2-M insert. cigested with Ava | ana Sau 3A. hillea-in with Klenow
polymerase. and inserted into Sma | cigestea mp11. Finaily. the entire
Eco Al inserts ct clone pL2-M and four indepenagent. overiapping
cDNA clones were cloned into the Eco Rl site of mp11. Except for the
first 48 bp ot 5" untransiated sequence, which were only sequenced on
one strana. the nucleotide sequences of all these subciones were de-
termined on poth strands mulliple times by the dideoxynucleoside
Inpnospnate cnain termination methaa of Sanger et al. (1977). The se-
Qquence snown was all derived from clone plL2-M. although the partial
sequences of other inaepenaent cDNA clones agreea entirely except
‘or a single base pair inthe 3 untransiated region (a run of six As begin-
ning at nucleotice 1895 in pL2-M ano seven As in clone pL2-4). The
M13 vectors were obtained from Amersham

Southern Blots ana Hybridization

Genomic DNA was isolatea trom the T cell lymphoma hine JM. by the
z1nic acia procegure (Heter et al . 1981) Human placental DNA was
a generous ait trom D¢ Phiho Leger tHarvard Medical School). DNA
w~as giqestea with resirction enzymes (New Engtang Biglabs) for 3 hr
ana etectropnoresea on 08% agarose gels. Gels were blotted onto
aitrocelluiose oy the procedure of Southern (1975) Blots were hybnid-
zed tor '6 hr in 0% tormamice. 20 mM Tris-HCI (pH 76), 4x SSC,
*x Dennarats solution 0 1% SDS. ana 30 ug/ml denatured herring
sperm DNA 1o the insert from cione pL2-M labelea with 3P by nick
ransiation 10 @ specinc activity of 200-400 cpm per picogram. The
‘lters were wasned three imes at room temperature for 20 min each
Min 2x SSC 20550 SDS. ana twice at $2°C for 1 hr each with 0.1x
SSC. 005%: SDS Exposures witn XAR-5 him (Kodak) were overnight
31 -73°C ~in inensitying screens
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Isolation and Sequence of L3T4 Complementary
DNA Clones: Expression in T Cells and Brain

BEATRICE TOURVIEILLE. SCOTT D. GORMAN, ELIZABETH H. FIELD,
TiM HUNKAPILLER., JANE R. PARNES

T lymphocytes express on their surface not only a specific receptor for antigen and
major histocomparibility complex proteins. bur also a number of additional glycopro-
teins thar are thought to play accessory roles in the processes of recognition and signal
transduction. L3T+4 is one such T-cell surface protein that is expressed on most mouse
thymocytes and on marure mouse T cells that recognize class IT (Ia) major histocom-
patibility complex proteins. Such cells are predominantdy of the helper/inducer
phenorype. In this study, complementary DNA clones encoding L3T4 were isolated
and sequenced. The predicted protein sequence shows that L3T4 is a member of the
immunoglobulin gene superfamily. It is encoded by a single gene that does not require
rearrangement prior to expression. Although the protein has not previously been
demonstrated on nonhematopoietic cells, two messenger RNA species specific for
L3T+ are found in brain. The minor species comigrates with the L3T4 transcriptin T
cells, whereas the major species is 1 kilobase smaller.

ATURE MOUSE T LYMPHOCYTES
can be divided 1nto nwo subsets
by their expression ot the alterna-

ove T-cell ditferentiation anngens L3T+4
:CD4 in humans) and Lyvt-2 (CD8 1n hu-
mans). The i.3T+ subsct consists predomi-
nantiv of heiperinducer T cedls and corre-
lates best with recogninion by T ceils ot class
II L mayor histocompanbiiiny: complex
MHC [=3:. The Lyt-2 subset
1s made up primaniv of ¢vtotoxic and sup-
pressor T ceils and correlates best wath rec-
ogniton ot ciass [ 1H-2K. D, or Ly MHC
molcecules 3. 4. Monocional anubodies
spectric tor LL3T4 or Lve-2 inhibir the func-
nonai CVTOTONICITY. Pr(’ilfcl’&n()n.
Ivmpnokine release: ot T cells thar bear
these proteins « /=01 It has been postulated
thar L3T4 and Lyt-2 plav a role in increas-
ing the avidinv of the interacnon berween T
cells and anngen-presenting cells or target
ceils. perhaps by binding to nonpolvmor-
phic regions ot class 11 and class I MHC
proteins. respectively 120 30 6, [t has
alternativeiv been postulared that monoclo-
nal anubodies speatic tor L3T4 ror CD4y
inhibit tuncuon by directly transmicting a
neganve signal to the T cell «8). Although
Lyt-2 and CD8 are normallv known to be
expressed oniy on particular subscts of thy-
mocvres. T owells. and narural killer cells,
CD+ has aiso been shown to be expressed by

moiccules

acrviny

6ic

normal cells of the monocyvre/macrophage
and Langerhans lincages in both humans
and rats (9). However. none of these pro-
teins has been reported to be expressed on
normal nonhematopoietic cells.

The genes encoding human CD8. CD4,
and mouse Lyvt-2 have been recently cloned,
and their predicted amino acid sequences
have revealed that they are evolutionarily
related to immunoglobulin (Ig) variable (V)
regions 110-14). We have now cloned the
complementary DNA  (¢DNA) encoding
mouse L3T4 and show thar it too is a
member of the Ig gene superfamily. We
turther show that the gene is expressed not
onlv 1n T-lineage cells but also in brain and
that the size of the mRNA in brain is
different from that in T cells.

To 1solate mouse L3T4 cDNA clones we
screened a4 C57BL/Ka mouse thvmocyte
¢DNA librarv with a full-length human
CD+ ¢DNA clone (12) used as probe. Two
mouse clones that hvbndized to the human
clone were isolated. The nucleoude se-
quence of the one (pcL3T4-C7) with the
longer 1nsert (1.3 kb) was determined (Fig.
1. Because this clone did not conrain the 5
end. it was used as a probe to isolate from
the same librarv an additional cDNA clone
pcL3T4-14) that extended farther 1n the 5°
direction. The nucleotide sequence of the 5°
untranslated region. the leader. and the first

ten amino acids of the marture protein were
therctore determined from pcL3T4-14 (Fig.
1). The nucleoride sequence shown in Fig. 1
predicts a mature protein of +35 amino
acids (predicted molecular size 48.853 dal-
tons), with 372 amino acids external to the
cell, 1 25—-amino acid hvdrophobic trans-
membrane region. and a 38-ammo acid
highly basic cyroplasmic domain. The ma-
ture protein sequence is preceded by a 22-
amino acid hvdrophobic leader or signal
pepride as is typically found ar the NH.-
terminus of cell surface and secrered pro-
teins. The point of cleavage of this leader
was predicted by comparison with other
published leader sequences.

As expected, the nucleotide sequence of
the L3T4 ¢DNA was homologous ro that of
the human CD4 clone with which 1t was
selected. and the encoded protein was also
closely related (Fig. 2A). The most highly
conserved region was the aroplasmic do-
main (79% at the amino acid level), which
may plav a role in signal transduction. In
contrast. the external portions of L3T4 and
CD4 conrained only 55% 1denucal residues.
This larter finding is similar ro our previous
results comparing the mouse (Lvt-2) and
human (CD8) sequences of the alternauve
T-cell differenuation marker (13). The
mouse L3T4 protein has four predicted N-
linked glvcosviation sites (Asn-X-Thr or
Asn-X-Ser) at residues 165, 276. 301. and
370. as compared to only two in the human
CD4 i12).

We and others observed previously that
CD8 and Lyt-2 have NHa-terminai external
domains that are homologous to the Ig hight
chain V regions (11, 13. I4). A similar
relation has been found for human CD4
(12). We theretore scarched a series of data
banks with the L3T+4 sequence to see wheth-
er similar or additional homologies could be
found. These computer comparisons indi-
cated that L3T+ is also a member of the Ig
gene superfamily. The NH;-terminal do-
main of the marure protein 190 o 101
amino acids. depending on where one arbi-
trarily sets the border) 1s homologous to Ig
V regions. with the greatest stmianty being
to light chain V' regions. especially « 1up to
35%) (Fig. 2B). This domain ot L3T+4 has
the two cvsteines (residues 20 and 90) that
form the characteristic disulfide loop ot Ig-
like homology units, as well as the strucrur-
ally important trvprophan (residue 32) thar
is alwavs found 12 to 15 residues down-
streamn trom the first cvsteine of the disulfide
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loop. In addition ro the similarity in amino
acid sequence, computer predictions of po-
tential B-sheer strucrure and hvdrophobiciry
plots were extremely similar for the NHj-
terminal domain of L3T4 and tor Ig light
and heavy chain V regions. Twelve residues
bevond the second cysteine of the V-like
domain 15 a sequence {amino acids 102 to
110) that bears some similarity to Ig A ]
(joiming) segments (Fig. 2C). The place-
ment of this sequence relatve to the V-like
domain suggests that it may be evolutionari-
lv related to Ig ] segments, although it is
missing the cenrral Glv-X-Glv, which 1s
highly characteristic of Ig | sequences.

We ftound another region of the L3T4
protein between amino acids 140 and 175
(V") that appears more weakly refated ro the
COOH-terminal portion of Ig heavv and
light chain V' regions, including the second
cvstemne of the Ig disulfide loop (Fig. 2D).
This sequence 1s most closelv related to the
NH;-termunal V-like sequence of L3T4.
suggesung an internal  duplication.  Al-
though the significance of this short region
ot homology is unclear. it is followed by a
sequence (amino acids 176 to 185) that is
even more similar to A light chain | seg-
ments than the sequence following the
NHa-terminal V-like domain (Fig. 2E). [t is
theretore possible that this region ot the
protein also evolved from an ancestor of Ig
V' regions but that it sutfered a major dele-
tion ot its NHj-terminal portion during the
course of evolutuon. Even though both
L3T+4 and Lyt-2 are homologous to k vari-
able regions. they show lirtde homology to
cach other excepr for the conserved residues
present in most members of the Ig gene
supertamuly. Both this sequence divergence
and the facr that L3T4 has undergone an
internal duplication resuiting 1in two V-like
homology units (in conrtrast to the single
such unit in Lyt-2) suggest thar L3T4 and
Lvt-2 have had verv different evolutionary
histories after splimng off from x. The re-
mainder ot the external protein (connecting
pepude’ bears no significant homoiogy to
other known proteins excepr to the human
CD+.

Fig. 1. Nuclconde and deduced amino aad se-
quence of L3T4 ¢DNA. The wnsert of cDNA
clone pel3T4-CT was sequenced by the dideox-
vnucleoude chain terminanion method (22) wath
MI13 vecrors mpl8 and mpl9 123} according to
the strategy shown at the top. The closed box
indicares the cDNA insert while the thinner lines
indicate phage arms. The Eco RI sites at the 3°
and 3’ ¢nds of the insert are the resuit ot svntheuc
linker addinion. The sequence of the 3" untransiat-
ed region. leader. and first ren amuno acids of the
marture protein was determuned sumulariv from
M13 mpi8 and mpl9 subclones ot a Sac [ (571 to
Hinf I ¢3") tragment ot an overlapping cDNA
clone. pcL3T4-14. This clone was tound to be
identical 1n sequence to pclL3T4-C7 in the region
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of overlap. The number of the first and last amino
acid or nucleoude in each line 15 indicared in the
left and right margins. respecuvely. Honzonral
arrowss indicate the start tor end) of the predicted
protein domains. Cysteine residues are marked by
astensks and porential N-linked glycosylation sites

by closed circies. Abbrevianons: L. leader sequence
(signal pepade): V' and V', sequences homologous
to immunoglobulin vanable regions: | and T,
sequences homologous to immunoglobulin jorung
segments: CP. connecung pepude: TM. transmerm-
brane region: and CY. qytoplasmuc tail.
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The transmembrane region ot L3T4 con-
rains no charged residues and s only 54%
homologous to the human CD4 rransmem-
brane domamn. In contrast, the transmem-
brane domamn was the most highlv con-
served region (79%) berween mouse Lyvr-2
and human CD8 (/3. Anaivsis ot the L3T+4
transmembrane region by a hvdrophobic
moment plot 151 predicts that this se-
quence penetrates the membrane as a single
a-hehx unassociated with any other trans-
membrane region. This result 1s consistent
with biochemical dara suggestung thar 1L.3T4
1s a monomeric protemn /. 25 The predicted
atoplasmic domain of L3T4 15 highly
charged. with an excess ot 12 basic residues.
This s similar to previous observations tor
Lyvt-2. CD8. and CD+ 1{7-13). There 15 no
sigmincant homology benween the avtoplas-
mic domain ot L3T4 and thar ot other
sequenced proteins cexcepr 1ts human ho-
moiog).

The pattern of expression of L3T4
mRNA 1 a vanienv of mouse cell lines and
tssucs was examined by Northern blot anal-
vsis in order to correlate mRNA expression
with the known pattern of expression of the
protein «Fig. 3A). The insert of L3T4
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¢DNA clone pcL3T4-C7 hybridized to a
single major mRNA species of 3.7 kb in
thvmus. spleen, and lymph node. This same
hvbndizing mRNA was also seen in two
thymoma cell lines known to express the
protein (VL3/1 and KKT2). In contrast, no
hvbridizing mRNA was detectable in several
other thymoma cell lines that do not ex-
press surtace L3T4 (1112, MBL2, and
R1.IR/TLIII 7X.6), in two B-cell lines (Bal
17 and 225), in an undifferentiated terato-
carcinoma cell line (F9), in an Ia~ macro-
phage line (WEHI-3), or in liver. Although
not obvious in Fig. 3A, a small amount of
the 3.7-kb mRNA was detectable in kidnev
on the onginal autoradiograph. It is possible
that this mRNA represents contamination
of the kidnev RNA with RNA from L3T4"
blood cells, bur we cannot exclude the possi-
bility of a low level of expression by endoge-
nous renal cells. The rhvmus lane (lane 1)
and, to a lesser extent, the V'L3/1 lane (lane
10y in Fig. 3A are greatly overexposed and
suggest the presence ot a number of larger
and smaller mRNA species. Several of these
are believed to be arnfacts related to com-
pressions in the regions of the 28S and 18§
ribosomal RNA (rRNA), possibly com-
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bined with a low level of degradation. These
bands are not visible in repeated blots with
different RNA preparauons (Fig. 3B).
However, the two largest bands are present
on other blots and are probably parually
spliced precursors. since both nuclear and
cvtoplasmic RNA are present.

Of particular interest was the finding that
normal mouse brain contained a small
amount of a 2.7-kb L3T4 transcripr thar was
not convincingly detectable in any ot the
other tissues or cell lines examined by using
multiple blots and different RNA prepara-
tions. However, we cannot exclude the pos-
sibility that small amounts of this transcript
are present in other tissues at levels below
that found in brain. Because an mRNA
species comigrating with the brain 2.7-kb
transcript was not clearly detectable in thy-
mus, spleen, or lymph node. it is highly
unlikely that the expression of this mRNA
in brain is a result of contaminating L3T4~
blood cells. This 2.7-kb transcript 1s found
in the poly(A)™ fraction of brain RNA and
not in the polv(A)~ fraction (Fig. 3C). We
do not know which cells in the brain express
this mRNA and whether thev are of neuro-
nal, glial. or possibly macrophage origin.

o
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Fig. 2. Homology of L3T+4 to human ¢ 1D+ and to immunoglobulin V
regions. A The amino aad sequence ot 1.3T+4 15 compared with that of
human CD+. Predicred protein domains of 1.3T+4 are labeted as in Fig. L.
The numbers of the first and last amino acids 1n each line are indicated in the
lett and night margns. respectvedy. 1 B) The sequence of the NH,-termunal
domain ot the marure 1.3T+4 protein 1s compared with a mouse Ig x (V-T
V' region :24) and 2 human [g A (Meg; V' region (23). The numbers above
reter to the amino aad positons in [.3T+. (C} The amino aaid sequence of a
segmene of 3T+ iresidues 102 to 1104 homologous to [g | segments (L3T4
71 1s compared with the sequences of mouse A f1, ]2, and |3 (261 and mouse

612

x I1 (Z7. (D) The amino aad sequence of a segment of L3T4 (V')
homologous to the COOH-terminal poruon of Ig V' regions 1s shown with
the sequences of the homologous portion of two Ig heavy chain ' regions.
mouse MOPC 47A (28) and human GAL (29). and the homologous portion
of the L3T4 NH-terminal V-like region (L3T4 V). The numbers in
parentheses indicate the residues of each protein shown. (E) The sequence of
a second J-like sequence of L3T4. ] (residues 176 to 185) is compared with
the sequences of three mouse A ] segments (26) and one mouse x | segment
2Z7). In all of these comparisons. asterisks indicate dentcal’ residues and
dashes indicate gaps in the alignment.
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Fig. 3. Northern blot analysis of L3T4 mRXNA
expression. Total RNA was isolated from ussues
and cell lines by the procedure of Chirgwin er af.
(30). tA) Each RNA sample ( 10 pg) was subjecr-
ed to clectrophoresis through a 1.5% agarose gel
contaiming 2.2M tormaidehvde. The RNA was
transterred to mrroccllulose 1314) and the blor was
hvbridized as described (13). The probe consisted
of a 1.3-kb msert of <cDNA clone pcL3T4-C7
labeled with P by random hexamer priming
132). The blor was washed as described ¢/3) and
exposed for 9 days at —70°C with an intensifving
screen. RNA's were trom the tollowing sources:
1. thvmus: 2. lvmph node: 3. spleen: 4. brain: 5.
kidnev: 6. liver: 7. rat ghal cell line C6 (A
Perlman. Stantord): 8. thymoma cell line KKT2
(. Weissman. Sranford): 9. no sampie: 10, thy-
moma cell line VL3/1 (I. Weissman. Stantordi:
L1. thvmoma cell line 1112 (]. Allison. Universiey
of California. Berkelevi: 12, thvmoma cell hine
MBL2 (I. Weissman. Stantord): 13. thvmoma
cell line RI.LIRTLIII 7X.6 «R. Hvman. Salk
Instirures: 14, Becell hne Bal 17 ([ Weissman.
Stantordi: 15, B-cell line 225 (J. Allison. Univer-
sitv ot Calitormia. Berkelevi: 16, F9 reratocarcin-
oma ccil line: 17, macrophage ccll line WEHI-3
(P Jones. Stantord): and 18. WEHI-3 after 48
hours ot induction with a y-interteron—conrain-
ing cell-tree supernatant from concanavalin A—

Since we have previousiv tound that the
mouse L3T4 cDNA cross-hvbridizes with a
single rat gene on genomuc Southern blots
(16, we examined a rat glial ceil ine. C6.
tor expression of RNA hvbndizing to the
mouse L3T4 ¢DNA. No cross-hvbridizing
mRNA was detecrable (Fig. 3A). However
results with a single cell line do not rule out
the possibility thar glial cells are the source
of the mouse 2.7-kb transcripr.

The L3T+ mRNA contains a verv long 3°
untranslated region iesumared at 1.6 to 1.7
kb, 50 1t was possible thar the difference in
mRXNA lengths resulted trom two alterna-
uve polvadenviation sites. If so. the encoded
protein would be the same in both cases.
However. 51 nuclease mapping indicates
that the two mRNA's differ in protein cod-
ing sequence at the 3° end (17, Since we
have only detected a singie gene for mouse
L3TH4. it seemns most likelv that the ditfer-
ence in the two mRNA's 1s the result of
alternative mRNA splicing  parterns. The
wvpical 3.7-kb L3T+4 ranscripr 15 also detect-
able in brain. bur at a lower level. We do nort
know whether the same cells in brain express
borih mRNA species. [t 1s possible that the
small amount of 3.7-kb transcript in brain
results trom contaminanion with blood cells.

The homoiogy of L3T4 to Ig V regions
and the expression of an alternative mRNA
torm in brain led us to examne whether this
gene rearranges 1n cells thar express ic. We
theretore exarmined genomic DNA - trom
mouse liver (nonexpressing). V'L3:1 (a thy-
moma cell line expressing the 3.7-kb
mRNA . and mouse brain (3.7-kb and 2.7-
kb mRNA's) by Southern blor (/8 analvsis
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treated (48- hours) mouse spleen cells (33). All
nissues and cell lines were of mouse origin except
tor the rat ghal cell line C6. (B) Total thymus
RNA (15 gy was subjected to electrophoresis.
blotted. and hybridized as in (A) excepr that the
RINA was prepared independenty. Exposure was
tor 5 hours ar —70°C with an intensifving screen.
iC) Toral brain RNA isolated as in (A), but
independentiv. was separated into polviA)~ (lane

12 13 14 15 16

17 18 B Cc

I) and polviA)™ (lane 2} fracuons by passage
through and clution from an oligo(dT)-ceilulose
column (3+4) two times. Each fraction (9 pg) was
subjected to electrophoresis, blotred, and hvbrid-
ized as in (A). Exposure was for 18 hours at
—=70°C with an intensifving screen. The migranon
positions of 285 and 18S rRNA are marked in the
left margin of ecach autoradiograph and were
determuned by ethidium bromude staining.
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Fig. +. Southern blor analvsis of L3T+4 genc in thymoma cell line, liver. and bran. Genomic DNA (8
pg) was digested with the indicated restriction endonuclease and subjected to electrophoresis through a
0.8% agarose gel. The DNA was transterred to nitroceliulose by the method of Southern (/8) and the
blot was hvbndized. as previously described (13), to the insert of L3T4 cDNA clone pcL3T4-C~
labeled as descnbed in the legend to Fig. 3. The blot was washed as described (13) and exposed
overnight at — "0°C wirh an intensifving screen. Enzymes used were (lanes 1 to 3) Bam HI: (lanes 4 0
61 Bel 11: tlanes 7 1o 9y Hind I1I: (lanes 10 to 12) Pvu II; (lanes 13 to 15) Eco RI: and (lanes 16 to 18)
Xba 1. Sources of DNA were L3T4™ mouse thvmoma cell line VL3/1 (lanes 1. 4. 7, 10. 13. and 16.
mouse liver 1lanes 2. 5. 8, 11. 14. and 17), and mouse brain tlanes 3, 6.9, 12. 15, and 18). Size markers
are indicated 1n the lefr margin and represent Hind I1I fragments of phage A run in parallel and stained
with ethidium bromide.
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after digesnion with six different restriction
enzvmes (Fig. 4). We could detect no rear-
rangement n the L3T4 gene wath the com-
plete insert ot pcL3T+-C7 as a probe. On
the basis of the data tfrom VL3/1 we con-
clude that no rearrangement 15 required for
expression 1n T-lincage cells. Although we
tound no cvidence tor rearrangement in
toral brain DNA. we cannot rule our the
possibiliv that a rearrangement oceurs in
tewer than 3% of brain cells. and thar these
are the cells that produce the smaller
mRNA.

The expression of L3T+ mRNA in mouse
bran 1s incrigwing given the high trequency
of ventrai nervous svstem involvement in
human acquired immune  dehiciency svn-
drome :AIDS) (19, 20%:
human T-cell lymphotropic virus tvpe 111
(HTLV-I11). the retrovirus responsible tor
AIDS. n the brain of atfected individuals
1191 and the demonstrated role of human
CD+4 as a ceilular recepror tor HTLV-III
21, These observanons suggest thar CD4
15 probablv expressed in human brain at the
protein fevel. The large evolunonary diver-
gence that we have tound benween the exter-
nal domains of L3T+4 and CD4 may explain
why HTLV-III does nor intect mouse T
cells. In any evenr, the nssue-specific expres-
sion of an alternatve torm of L3T4 mRNA
suggests a ver undefined role tor this mole-
cule m brain.
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Summary

We constructed cDNA libraries from poiy(A)® RNA
isolated from ceil lines of two different inbred
strains of mice. and screened the libraries with a
cDNA clone encoding a human transplantation an-
tigen. Three cDNA clones were identified. se-
quenced and found to encode amino acid se-
quences highly homoiogous to portions of a known
mouse transpiantation antigen. Comparison of the
cDNA sequences of mouse transplantation antigens
with the constant region domains of the mouse
immunoglobulin u gene reveals a striking homology,
which suggests that the two genes share a common
ancestor. Antibody genes undergo DNA rearrange-
ments during B cell differentiation that are corre-
lated with their expression. In contrast. DNA blots
with these cDNA probes suggest that the genes for
the transpiantation antigens are not rearranged in
the genomes of liver or embryo celis. which express
these antigens. as compared with sperm cells.
which do not express these antigens. In Bam Hi-
digested liver DNAs from different inbred strains of
mice, 10-15 bands of hybridization were found.
Accordingly, the genes encoding the transplanta-
tion antigens appear to constitute a muitigene fam-
ily with similar gene numbers in different mice.

Introduction

The major histocompatibiity complex of mammais is
a tgntly inkea cluster of genes encoading a variety ot
proteins invoived in the immune response. One family
of these molecules is denoted the transplantation or
histocompatbility antigens because differences in
these protetns can cause rapid graft rejection (Gorer.
1938: Gorer et al.. 1948). Transplantation antigens
are found on the cell surfaces of all mammalian so-
matic ceils. albeit at varying concentrations. They play
a tundamental role in T cell survelllance mechanisms,
which recognize wvirally infected or in some cases

neoplastically transformed cells. Indeed, cytotoxic T
cells are restricted to killing cells that express both a
foreign determinant, such as a viral antigen, and a
self-transplantation antigen (for review see Shearer
and Schmitt-Verhulst, 1977; Zinkernagel ana Doh-
erty, 1980).

The mouse is an ideat subject for the study of genes
encoding transplantation antigens because detailea
serological and genetic analysis of the mouse major
histocompatibility (H-2) complex has been facilitated
by the existence of inbred, congenic and recombinant
strains (Klein, 1975; Snell et al., 1976). Some mice
appear to have at least four major transpiantation
antigens, K, D, L and R—all encoded on chromosome
17 (Hansen et al.. 1981). The K and D genes are
approximately 0.5 centimorgans apart while L and R
are closely linked to D, but their relative positions
have not yet been determined. Individual alleles of the
H-2 compiex are linked together in a large number of
distinct combinations calied haplotypes. The haplo-
type of an inbred mouse strain is denoted by a smail
letter. for example, d for the inbred BALB/c strain.
The transplantation antigens of BALB/c¢ mice are de-
noted as the K° D% L% and R® molecules. Transpian-
tation antigens are extremely polymorphic by seroiog-
ical analyses: for example, in the mouse there are at
least 56 alleies at the K locus and 45 alleles at the D
locus (Klein, 1979).

The transplantation antigens of mice and other spe-
cies exhibit homologous structures comprising two
polypeptide chains—an integral membrane glycopro-
tein of approximately 45.000 daltons that is nonco-
valently associated with a 12.000 dalton component.
B.—microglobulin (Vitetta and Capra. 1978). Hereafter
we shall use the term transplantation antigen to reter
only to the 45,000 dalton component. The gene for
the 45,000 dalton component is encoded in the H-2
complex. whereas the gene for the mouse f.-micro-
globuiin has not yet been mapped.

The complete amino acid sequence of 346 residues
for the K® transplantation antigen has been deter-
mined (Martinko et al., 1980. Uehara et al.. 1981).
Partial amino acid sequences of other mouse K. D and
L transplantation antigens demonstrate that they are
approximatety 80% homologous to one another (Na-
thenson et al., 1981). The extensive serological pol-
ymorphism among molecules encoded by different
alleles 1s reflected In extensive amino acid substitu-
tions (Maizels et al., 1978; Coligan et al.. 1980: Nairn
et al., 1980: Nathenson et al., 1981). In aadition.
amino acid sequence comparisons suggest that por-
tions of the transpiantation antigens may be homolo-
gous to immunoglobulin molecules (Orr et al., 1979:
Strominger et al.. 1980).

Two groups of investigators have cloned cDNA
probes for human transplantation antigens (Pioegh et
al.., 1980:; Sood et al.. 1981). We report the charac-
terization of three cDNA clones encoaing three aistinct
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mouse transplantation antigens and demonstrate a
. significant homology relationship between a portion of
N S A e the genes encoding the transplantation antigens and
= L | immunoglobulin constant regiocn domains.
: Resuits and Discussion
£ Three Mouse cDNA Clones Encode Molecules
Which Are Highly Homologous to the K®
Transplantation Antigen
% Using a human HLA cDNA clone (Sood et al.. 1981)
Fiqure 1 Parnal Restriction Maps for the cONA Clones pH-2I, pH-2II as a probe, we screened two cDNA libraries that were
ana pH-2111 constructed from poly(A)™ RNA from two mouse lym-
Aestriction sites were mapped on the cONA inserts of the three phoma cell lines. The C14 cell line, induced In a
olasmig DNAs by single ang double restriction enzyme digestions in BALB/c (d haplotype) mouse by Abelson virus, over-

croer ' taciitate DNA sequence analysis Arrows® extent and direc-

o ;
non of DNA sequencing. 3’ or 3’ labeled ends. Open boxes: pBR322 produces the D molecule (Nairn et al.. 1980), and the

sequences ana G-C 'ails” “lleg boxes' coding sequences: hatched lymphoma celi line RDM-4 (k hapiotype) overproduces
Coxes Z° uniransiated regions the K* antigen (Herrmann and Mescher. 1979). Two
ar-Cl
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Figure . DNA Sequences for rhe Inserts ot the cDNA Clones pH-21. pH-21l and pH-21Il

“re ccmotete CNA sequences of the noncoaing strangs tor the inserts of clones pH-2| and pH-2IIl are given together with the pregicted aming acid
.2quences encoged ty the cONA clones For clone pH-211 the sequence Is given except for a stretch of about 170 boin the 3’ untransiatea region
f/hen csmpared with the comeletely sequenced K- transplantaton antigen (see Figure 3), clone pH-2! encodes amino acias 313 to 339. clone pH-
21 coges *or amino acids 167 '3 352 ana cicne cH-211l encodes amino acids 63 to 160.
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cDNA clones {pH-2I and pH-2II) were isolated from
the C14 library and one cDNA clone (pH-2lll) was
isolated from the RDM-4 library. The approximate
sizes of the inserts ranged between 300 and 1150
nucleotides: pH-2l. ~400 bp; pH-2Il. ~1150 bp; and
pH-2Ill. ~300 bp.

In order to characterize these clones, we deter-
mined the nucleotide sequences ot the inserts for the
three cDNA clones. Figure 1 gives partial restriction
maps of the three cDNA clones and shows the DNA
sequencing strategy employed in each case. Figure 2
gives DNA seguences obtained for these ciones.
These three DNA seaquences were transiated into
aminc acid sequences in all possible reading frames
and then were compared with the fully determined
amino acid sequence of the K°® molecule (Figure 3).
.nambiguous homoiogies between the K° molecule
and the amino acid sequences were found in one
reading frame for each of the three cDNA ciones.
Amino acid sequences in the correct reading frame
are given In Figure 2.

The three 1solated cDNA clones encode different
portions of the transplantation antigen (Figure 3).
Clone pH-2lll codes for amino acids 63-160 and is
89% homologous to the K° sequence. Clone pH-2l1
codes for amino acids 167-352, is 80% homologous
to the K® molecule and contains about 600 nucleotides
of the 3' untransiated region. Clone pH-21 codes for
27 amino acids at the C terminus. 1s 89% homologous
to the K° molecule and extends 274 nucieotides into
the 3' untransiated region.

We have compared the translated sequences for
these three cDNA clones against the available protein
sequence data for transplantation antigens derivea
from mice of the k and @ haplotypes (Nairn et al..
1980:; Rothbard et al., 1980: J. E. Coligan. personal
communication). These comparisons allow us to ex-
cluae certain possibilities (Table 1) and to conclude
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that each of these cONA clones encocdes a distinct
transplantation antigen. but no unambiguous assign-
ments can be made. in part because of the paucity of
amino acid sequence data available for the transplan-
tation antigens (for example, no sequence data are
available on the R® molecuie). Accordingly, it wiil be
important to obtain protein sequence data as well as
DNA data for subsequent gene and protein correla-
tions in this system.

The pH-21l cDNA Clone Contains Repetitive DNA
Sequences

When we used the pH-2ll ¢cDNA clone to analyze
mouse DNA cleaved with Eco Rl by Southern biot
hybridization, this probe hybridized to a large number
ot genomic DNA fragments (Figure 4A). This type of
hybridization indicates that the corresponding cDNA
clone contains one or more repetitive elements (Stein-
metz et al., 1980). To localize the repetitive element(s)
on the cDNA clone, total mouse DNA was used as a
probe against pH-2ll DNA cleaved with various restric-
tion enzymes. under conditions where only repetitive
sequences will hybridize (Figure 48). The repetitive
sequence was mapped to the 3' end of the pH-2Il
cDNA sequence. Indeed, restriction fragments from
mouse DNA hybridized with two different intensities.

Table 1 cDNA Clones tor Transplantation Antigens

Resulls from Protein ana cONA

ell L Hapi e lone
G ne iatvol Elo Seaquence Comparisons

Ci4a d pH-2I1 Not K® or D’
pH-2I Different from cione pH-2II
RDM-4 K pH-211 Not K*

The preaicted amino acid sequence of clone pH-2ll corresponds in
19 out ot 19 posimons tnat can be compared (Nairn et al.. 1980) 12
the L' amino acid seauence It 1s theretore possible that pH-2Il
enccaes tne L' molecule.

- Figure 3. A Comparison of the Aming Acid
Seaquence ot the Mouse K° Molecuie and the
Translated Protein Seauences of the Three H-
2 cDNA Clones

The mouse H-2K° sequence has been pub-
lishea by Martinko et al. (1980) and Uehara et
al. (1981). A gap of one amino acid at position
209 has been inserted nto the predicled
amino acia sequence of cione pH-2ll o
achieve maximum nomology to the K° mote-
cule. The singte-letter code has been used for
amino acids: A. Ala: B. Asp or Asn: C. Cys: D
Asp: E. Glu: F. Phe: G. Gly: H, His; | lle: J.
Glu or Gin: K. Lys: L. Leu: M. Met: N. Asn: P
Pro: Q. Gin. R. Arg: S, Ser: T. Thr: V. Val: W
Trp: ¥ Tyr.

Solid line: 1dentity to the K° sequence.
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Figure 4 Localzation ot Repetitive DNA Se-
quences on the J' Untranslated Region of
Clone pH-211

(A) The fragments from 10 ug of Eco Ri-
cieaved BALB/c mouse liver DNA (5 x 10 '~
mote) were separated on a 0.6% agarose gel.
transferred to a nitrocellulose tilter and hybna-
1zed to clone pH-21l. The sinngent wash was
in0.1 x SSC. 0.1% SDS at 68°C. Restriction
tragments (7.5 x 107 '® mole per discrete
fragment) ot a pBR322 derivative were run in
parallel (lane M) and served as molecular
weight markers. Sizes are given in kb

(B) The ethidium bromide-stained agarose gel
(2%) on the left shows the restriction frag-
ments obtained from the plasmig clone pH-211
upon digestion with the indicated nucleases
Fragment sizes are in kb. After blotting and
hybridization with totali mouse iver DNA, the
autoragiogram on the right was obtained. Only
sequences that are repetitive in mouse DNA
are expected to hybnidize unaer the conditions
empioyed (Steinmetz et al.. 1980).

(C) The map of the insert in clone pH-21l shows
the locanzation of a moderately repetitive se-

Juence between restriction sites tor Rsa | and Ava |l and a highly repetitive sequence between Ava Il and the 3' end on the 3 untranslated region
Hatching' regions containing repetitive sequences: open boxes: G-C lails; filled boxes: coding region: thin line: pBR322 flanking sequences.

indicating the presence of a moderately repetitive
sequence n the 3' untransiatea region between the
Rsa | and the Ava Il site and a highly repetitive se-
quence between the Ava Il site and the 3’ end (Figure
4C). Seauence comparisons (not shown) indicate that
these repetitive sequences do not fall into the Alu
famiy described by Jelinek et al. (1980). To our
knowledge this is the first example of repetitive se-
quence elements on the 3 untranslated region of a
messenger RNA encoding a characterized protein.

The Genes Encoding Mouse Transpiantation
Antigens Do Show Convincing Homologies with
Immuncogiobulin Genes

Several features of transpiantation antigens suggest
that they may be evolutionarily related to immunoglob-
ulins. First, the 3;-microgicbulin polypeptide associ-
ateg with transplantation antigens 1s ~30% homolo-
gous to immunoaglobulin constant region domains, and
accecraingly has beendenoteda free immunoglobulin
domain (Peterson et al., 1972). Since i/mmunogiob-
uiin domains of ight ana heavy chains interact, per-
haps /i,-microgiobulin and the transplantation anti-
gens interact through similar immunoglobulin-like do-
mains. Second. i/mmunoglobuiins are comprised of
multiple homology units or domains. These homology
units. about 110 residues In length, are characterized
by a centrally piaced disulfide bridge spanning about
60 residues. The transplantation antigen aiso has two
disulifide bridges. eacn spanning about 60 residues—
that is. residues 101 to 164 and 203 to 259. More-
over. in human transpiantation antigens. an 89 residue
stretch of amino acid sequence including the second

disulfide bridge (~181-270) shows a statistically sig-
nificant homology (35%) to portions of immunoglobu-
lin constant region domains at the protein levei (Strom-
inger et al., 1980). However, six sequence gaps must
be inserted into the two sequences to obtain a 35%
homology. One of the interesting questions that arises
from these data is whether the protein homology arose
by divergent (genes diverging from a common ances-
tral gene) or convergent (two independent genes con-
verging toward a common protein sequence) evolu-
tion. This question cannot be answered at the protein
level.

We used two computer programs to determine
whether the genes for transplantation antigens were
homologous to immunogiobulin genes. Initial analyses
of the homology reiationships of the H-2 cDNA clones
to one another and to various immunogliobulin genes
were done with the dot matrix computer program.
Because this program cannot detect more distant and
dispersed evoiutionary relationships. we developed a
second computer program, the best-fit matrix program
(see Experimental Procedures for a description of
these programs).

A best-fit matrix analysis of the pH-2ll clone against
the mouse immunoglobulin C,4 domain s given in
Figure 5. The extended diagonal lines ('a’” or "b’")
denote two homologous sequences located between
nuciectides 119-364 of clone pH-2Il and 1549-1809
in the C.4 domain of the u gene. The homology 1s
demonstrated at the DNA and protein leveis in Figure
6. The two sequences are 51% (122 out of 237)
homologous at the nucleotide level after the place-
ment of two sequence gaps into each seaquence. When
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Figure 5. Homology between the pH-2[l cONA Sequence and the C 4
Domain of the Mause Immunoglobulin u Chain as Shown by the Best-
fit Matrix Routine
We compared the pH-2ll cONA sequence from position 1 to 450
(vertical axis) with the DNA sequence ot the C.4 domain from position
1400 to 1950 (horizontal axis) using the best-fit matnx program as
descrined in Expenmental Procedures. The numpering tor the pH-2il
sequence is the same as in Figure 2. The mouse u chain sequence 1s
from Kawakami et ai. (1980) and nucleotide numbering tfor the u gene
1S as publishea. Homologous regions in the analyzed sequences
appear as a —45° line in the matrix. The straight hnes denoted by
a and ‘b’ indicate regions of significant homology between H-2
and the C.4 domain (see Figure 6). The signiicance of the hamology
is reinforced by the fact that the same regions ot the pH-21l cDNA
seqguence are homologous with the C .1, C.2 ang C.3 exons (results
not shown)

the best-fit matrix 1s used to compare the same stretch
of pH-2Il sequence against the C,1, C,2 and C.3
domains, simiiar. although somewhat less extensive,
homologies are noted (data not shown). Indeed. the
same |s true for the C., and C.,, domains (data not
shown). Morecver, this sequence In the pH-2Il clone
appears. if anything, to be more closely related to the
C. domains than the C., domains are to cne another.
The extended diagonal line ‘a " in Figure 5 represents
a 72 base sequence (119-130) from clone pH-2I
that is strikingly homaiogous to corresponding regions
in the immunoglobulin domains C,1. C.,2 and C,4 and
s somewhat less homologous to that of the C,3 do-
main—>53%. 52%. 60% and 36%. respectively (Fig-
ure 7). Within this 72 base stretch. there are 21 base
positions conserved between the C.1, C.2 and C.4
sequences. Twenty of these 21 are conserved in cione
pH-2ll as well. This homology has been determined
without placing any sequence gaps—ihus permitting
us to ask how frequently homologies at these levels
would be seen If every possible stretch of 72 nucleo-
tides 1n the pH-2Il clone were compared against all
possible blocks ot 72 nucieotides in the mouse C,
gene. About 1.3 x 10° such comparisons were made:
the mean homology for these comparisons is 25°%

with a standard dewviation of 5.4%. Thus the homolo-
gies exhibited by the comparisons of the pH-21l cione
against the C,1, C,2, C,3 and C,4 domains In Figure
7 fell 5.2, 5.0, 2.0 and 6.6 standard dewiations from
the mean and. accordingly, are ail highly statistically
significant.

It is important to point out that the third base posi-
tions in codons are highly conserved in the compari-
sons shown in Figures 6 and 7. Indeed, 45% of the
third base positions in the comparison between clone
pH-21l and the C.4 domain in Figure 6 are conserved.
Moreover, six third base positions are absolutely con-
served in the 72 nucleatide sequence for pH-2!l and
the C,1, C.,2 and C,4 domains (Figure 7), even though
in three of these cases the amino acid is not con-
served. These observations strongly suggest that the
homologies between transplantation antigens and im-
munoglobulin arose by divergent rather than conver-
gent evolution, because convergent evolution drives
different genes to produce similar protein sequences
without any selective pressures for the conservation
of the third base positions 1n codons.

The homoiogous stretch of sequence in the trans-
plantation antigens is located on the extraceilular part
of the molecule proximal to the cell membrane. Per-
haps the reason this sequence is conserved is that
this portion of the transpiantation antigen must fold
into the classic "antibody fold'' (Poljak et al., 1873)1n
order to interact effectively in a noncovalent manner
with f;—-microglobulin, which is folded into a similar
configuration—much as the light and heavy chain
domains of immunoglobulins interact with one another
through a molecular complementarity in their simiar
antibody folds.

DNA Blots on Mouse Liver DNA Suggest That
Transplantation Genes Are a Muitigene Family
The homology between immunogiobulins. which are
encoded by several large muitigene families, ana
transpiantation antigens raises guestions about the
multiplicity of genes encoding transplantation anti-
gens. Indeed. several investigators have considered
the posstbility that the mouse genome contains many
more transplantation antigen genes than required for
the three or four polypeptides that are expressed in
individual mice (Bodmer, 1973; Silver and Hooa.
1976). In addition, there appear to be several other
locr on chromosome 17 that encode gene products
possibly related to transplantation antigens because
of their simiiar size and association with S.-micro-
globulin (for examples. the T cell differentiation anti-
gens, such as TL, Qa1 and QaZ2). Protein sequence
data. however, are lacking for the T cell differentiation
antigens, so that the degree of their sequence relat-
edness to transplantation antigens 1s unknown.

To obtain a rough estimate of the number ot DNA
sequences in the mouse genome that crosshybridize
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Figure 6. A Companson between the DNA Sequences of Clone pH-2Il and the Fourth Constant Region Domain of the Mouse immunogiobulin u

Heavy Chain

A comparnson is made between the pH-2Il cONA segquence from nucleotide positions 119 to 364 (Figure 2) and the fourth constant region exon
(C.4) of the u gene trom positons 1549 to 1809 This comparison Includes the two homology regions identified in Figure 5 and shows that an
overall homoiogy ot 51% can be achieved for the whole region with only two gaps in each sequence. The amino acid sequences encoded by the
oH-21l ana tne C.4 DNA sequences are given abcove and below the nucleotide sequences, respectively.

Sohd ine C.4 nucleotides and amino acids that are identical to the pH-2Il sequence.
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with our cONA probes for transplantation antigens. we
carried out Southern blot analyses of various mouse
DNAs. Figure 8A snows a DNA blot analysis of a Bam
HI digestion of BALB./c liver DNA with the pH-2II
subclone. Figure 8B shows similar Bam HI analyses
ot sperm. embryo and hiver DNA from BALB/c mice
(d haptotvpe) and of liver DNAs from mice of the b, k
and the recombinant a (K*D°) haplotypes. with the
clone pH-21ll as a probe. Several observations can be
made. First. with both probes multiple bands of differ-
ent intensities are detected. About 15 bands are iden-
tified with the pH-2!l probe and about 12 with pH-2IlI
probe. Second. the pH-2IIl and pH-2il probes, which
represent the 5' and 3' areas of the coding sequence
tor transplantation antigens. hybridize to different,
althougn probably overiapping, sets of restriction frag-
ments. An analysis of five genomic clones crossreact-
ing with these cDNA probes suggests that each pu-
tative transpliantation antigen gene 1s cleaved a single
tme with the Bam HI enzyme and that in each case
the pH-211 or pH-2Ill probes hybrnidize to just a single
fragment (K. Moore, unpublished data).

The tinding of multiple bands can be explained in
several ways. First, the genes encoding transplanta-
tion antigens may be divided by many introns and thus
many of the banas may represent a single gene.

(N1

Figure 7. A Comparison between the DNA Se-
quences of the "a Region ot the pH-2ll cDNA
Clone and the Homoiogous Portions tor the
Immunogiobulin C,1, C.2. C.3 ana C.4 Do-
mains

The DNA sequence of clone pH-2Il from nu-
cleotide positions 119 to 190 (Figure 2) is
compared with the DNA sequences of the four

o g‘; & g': = u chain domains C,1 1o C,4 (Kawakami et al..
<28 ALK & A e 1980) found to be homologous by the best-tt
----- Al - matrix comparison (see Figure 5). Dashes:
o et ol - identical nucleotides to the pH-2ll sequence
C-CAAAGT Boxes: segquences that are conserved be-

tween pH-21l and the C,1. C,2 and C.4 do-
mains. The amino acid sequence encoded by
pH-2Il (positions 199 to 222) is given above
the DNA sequence. Conserved amino acias
are marked by an asterisk

However, this explanation appears unlikely for many
of the bands because of the detailed restriction anal-
ysis of the five distinct genomic clones mentioned
above. Second, many of the bands may represent
different genes, encoding transplantation antigens. as
well as nonfunctional pseudogenes. Indeed, two fac-
tors may lead us to underestimate the number of
distinct genes. Since the bands differ markedly in
intensity, perhaps several of the heavy bands repre-
sent multiple distinct genes. In addition, our cDNA
probes may not crossreact with ail of the genes en-
coding transplantation antigens. It is unlikely, how-
ever, that there will be many more genes (bands).
because variation of the stringency of hybridization
does not alter the muitiplicity of the bands. Accord-
ingly, if all of these bands represent transplantation
antigen genes, there could be 15 or more distinct
genes. Third, perhaps the T cell differentiation anti-
gens mentioned earlier are sufficiently homologous
with transpiantation antigens to crossreact with the
cDNA probes employed. A detailed analysis of cor-
responding genomic clones and expressed proteins
shouid allow us to differentiate between the latter two
possibilities. We conclude that the genes encoding
the transplantation antigens constitute a muitigene
family.
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One final observation is that a single restriction
enzyme polymorphism 1s seen between the haplo-
types tested. This polymorphism occurs in the k hap-
lotype. where a strongly hybridizing 5.4 kb band is
seen instead of the 6.2 kb band found in the d hap-
lotype (Figure 8B). Moreover, in the DNA from the
recombinant a haplotype (K*D°) one finds the 6.2 kb
band. This indicates that the polymorphism is encoded
by the D region of the H-2 complex. In view of the
extensive amino acid differences noted among the
homologous transplantation antigens from different
haplotypes (~5-10%), it is surprising to find only one
restriction enzyme polymorprism. The simple inter-
pretation of these observations s that the noncoding
sequences of transplantation antigens are far more
highly conserved than their coding regions.

DNA Blots on Sperm DNA Suggest That There Is
No Rearrangement of the Genes Encoding
Transplantation Antigens during the Differentiation
of Murine Somatic Cells

The homology between the genes encoding immuno-
globulins and transpiantation antigens raises the in-
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Figure 8. Southern Blot Hybndization of
Mouse DNA with the pH-2Il Subclone ana the
pH-2Ill cONA Clone as Probes

(A) (Lane 2) 10 pg (5.6 x 107" moale) of
BALB/c mouse liver DNA were cleaved with
Bam HI to completion, separated on a 0.6%
agarose gel and transferred to a nitrocellulose
filter. Hybridization was with 50 ng/mi of a
subclone containing the 688 bp Pst I-Pvn I
fragment of pH-2il in pBR322 (see Figure 4),
The final wash was in 0.1 X SSC, 0.1% SDS
at 65°C. The nybridization markers in lane 1
are the same as in Figure 4, except that 5 x
10™'® mole per discrete fragment were used.
(B) Each lane contained 3 ug of Bam Hi-di-
gested mouse DNA. Hybridization was carned
out with 20 ng of the 287 bp Pst | fragment ot
clone pH-2lll. which had been hgated to itself
and labeled by nick transiation. The final wash
was in 1 x SSC, 0.1% SDS at 68°C. (Lanes
1. 2 and 3) sperm. empryo and liver DNA from
BALB/c mouse {d haplotype): (lanes 4. 5 and
6) liver DNA from CBA (k haplotype). A/J (a
haplotype) and B10 mice (b haplotype). A DNA
fragments were run In paraliel and served as
molecular weight markers. Sizes are in kb.

teresting possibility that DNA rearrangements may be
correlated with the expression of transplantation an-
tigens, as they are associated with the expression of
immunoglobulins (Brack et al., 1978; Seidman et al..
1979; Early et al., 1980). Transplantation antigens
are not endogenously expressed by sperm cells (un-
differentiated DNA), whereas they are expressed by
virtually ail somatic cells (differentiated DNA) (Klein,
1975). It is important to remember that at least four
transplantation antigens are expressed in the BALB/
c mouse. and if rearrangements were required for
expression, all four genes should rearrange. By
Southern blot hybridization, we analyzed Eco Rl-.
Bam HI- and Hind lll-digested DNA from BALB/c
sperm. embryo and liver DNA with the pH-2lll cione
and the single-copy subclone of pH-2Il. Figure 8B
shows the resuits obtained for the Bam digestion of
these DNAs probed with the clone pH-2IIl. In all cases.
no difference between differentiated and undifferen-
tiated DNA was seen (Figure 8B lanes 1-3). Our
failure to find differences between sperm and differ-
entiated DNA by this method suggests that DNA rear-
rangements are unlikely within the gene segments of
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transplantation antigens during differentiation. How-
ever, this is not unequivocal proof against DNA rear-
rangements, since all three restriction enzymes may
cut between the putative recombination site and the
portions of the gene for which we have a probe—a
possibility rendered less likely by the fact there are at
least four genes for transplantation antigens ex-
pressed in BALB/c mice.

The availability of cDNA clones for transplantation
antigens will now allow the detailed study of the H-2
complex of chromosome 17 in the mouse, and will
help to answer questions concerning the organization,
expression and evolution of these H-2 genes.

Expernimental Procedures

Materiais

Restriction nucleases. T4 DNA kinase. exonuclease Il and E. caii
ONA polymerase | large fragment were purchased trom New England
Biolabs. Calt liver tRNA was obtained trom Boehringer. Reverse
transcriptase and E. coh DNA polymerase |, used for double-stranded
cDNA synthesis. were gifts from J. Beard and M. Bond. respectively.
Mouse sperm ONA was obtained trom |. Weissman. The E. coli strain
MC1061. onginally provided by M Casadaban. was obtained from T.
Sargent. The mouse lymphoma cell line RDM-4 was provided by M.
F Mescner

Preparation of Poly(A)” RNA

RDM-4 (H-2%) ana C14 (H-2") tumor cells were grown in Dulbecco's
Moaitiea Eagle s medium supplemented with 10% heat-inactivated
fetal calf serum. 10 mM nonessential amino acids. 0.1 mg/mi gluta-
mmne, 50 ug/mi pemicilin ana 50 ug/mi streptomycin to a density of
4 x 10° and 2 x 10° cells/ml. respectively. Usually 10° cells were
harvested. peileted for 10 mmin at 1000 x g at 0°C and washed once
in 50 mt 150 mM NaCl. 40 mM phosphate. pH 7.2. RNA was then
1solated by precipitation of polysomes (Efstratiadis and Kafatos,
19786). or by the guanidinium thiocyanate procedure (Chirgwin et al.,
1979) as described by Fyrberg et al. (1980). Poly(A)” RNA was
selected by a single passage over oligo(dT)-celluiose (Efstratiadis
ana Katatos, 1976),

Cloning ot Double-stranded cDNA
Double-stranded cDNA was synthesized following published proce-
dures (Frneaman and Rosbash. 1977, Buellet al . 1978: Chang etal.,
1978. Wickens et al., 1978: Elstranadis and Villa-Komaro#, 1979)
with mincr moaifications. About 2 ug of double-stranded cONA was
obtained trom 10 ug of poly(A)”-seiected mRNA (estimated to be
contaminated with poly(A)~ RNA to about 50%). Its single-stranded
length. as determined by alkaline agarose gel electrophoresis, was
on the average 600 nucleolides. NO size selection was employed.
£BR322 DNA was cieavea with Pst | ana the ineanzed molecule was
purified by electrophores:s on a 1% agarose gel. It was recovered by
electroeiuhion in a dialysis bag (Smith, 1980) and was purified by BD-
cellulose chromatograpny About eight dGMP residues were added
per 3' end (Roychoudhury and Wu. 1980). To the double-stranded
cDNA about 10-20 gCMP residues were added per 3’ end.
Eguimolar amounts ot tailed cONA ana tailed vector DNA were
combined in O 1 M NaCl. 10 mM Tnis. 0 25 mM EDTA. pH 7 5 ata
tinal DNA concentration of 1 ug/mi, heated lo 64°C for 8 min and
annealed by incubation in a water bath at 42-43°C. After 2 hr the
water bath was switched ott and cooled to room temperature over-
night Five micrograms of tANA were then addea as a carner and the
DNA was precipitated with ethanol. The pellet was washed with 80%
ethanol. dnied. dissolved in O 1 M NaCl. 10 mM morpholinopropane
sultonic acia, oH 7 0 (10 ul per 300 ng of ONA) and stored on ice.
MC1061 E :zcoh cells were transtormed following the procedure
descriped by Kusnner (1978). except that 150 ng ot DNA were used

per discrete transtormation and L broth was used instead of Z brotn.
After transtormation the celis were peileted. resuspended in 0.2 mi of
L broth and spread on nitrocellulose ftilters on plates containing 15
ug/mi tetracycline at a density of about 1000 caolonies per hiter. For
both the C14 and RDM-4 libraries, 6000-8000 tetracychine-resistant
colonies were obtained from 50 ng of double-stranded cDNA. Repiica
plating, amplification, storage and lysis of colonies on nitrocellulose
fiters were. essenunally as described by Hanahan and Meselson
(1980).

Colony hybridization with a purnified Pst | fragment containing a
cloned HLA cDNA (Sood et al.. 1981) was carried out in 3 x SSC,
1% Denhardt’s solution (Denhardt. 1966), 10% dextran suifate, 0.1%
SDS. poly(rC), poly(rA), poly(rG). for 1 hr at 65°C and then a1 55°C
overnight. Filters were washed at 55°C in 3 x SSC. 1x Denharat s
solution, and then in 1 X SSC.

DNA Sequence Analysis

Restriction fragments were labeled at their 5' ends with polynucle-
otide kinase and y-?P-ATP or at their 3' ends with E. coh DNA
polymerase | large fragment and a-'?P-dNTPs. The 3’ ends of Asa |
fragments were labeled by successive treatment with exonuclease Il
and E. coli DNA polymerase | large tfragment, similar to the procedure
described by Smith and Calvo (1980). The DNA was strand-separated
and single strands were sequenced by the chemical degradation
procedure (Maxam and Gilbert. 1980). For the G+A reaction the
procedure described by Gray et al. (1978) was used. Reaction
products were electrophoresed on 40 cm 20% acrylamide sequenc-
ing gels and 80 cm 5% and 8% acrylamide sequencing gels (Smith
and Calvo, 1980).

DNA Blot Hybridization

DNA blots were prepared and hybridized with nick-transiated probes

as described (Schneil et al.. 1980). except that the hybridization
ion was d with poly(rA), poly(rG) and poly(rC) (10

#Q/mi each).

C. ¢ logy Prog
Initial sequence analysis ot the H-2 cDNA clones was done with the
aid of a dot matrix computer program. which betongs to DNAMST. a
database and analysis sy under deveic 1t in this laboratory.
This routine. presumably similar to those described by other labora-
tories (Efstratiadis et al.. 1980: Hieter et al.. 1980), looks at ail
possible alignments between all possibla DNA seguence fragments
of a desirea length that can be generated from two sequences. A
positive homology is scored if the percent homology of a comparison
aquals or exceeds a preset mimmum. Homology within these param-
eters is displayed graphically as a dot. The coordinates of the dots
are equivalent to the base positions ot the lead bases of the two
DNA on an X-Y field with axes represented by
the two whole sequences. Regions of homology appear as varous
discrete patterns, but primarily as lines parallel to the diagonal of the
matrix.

The H-2 clones were compared in this manner (data not shown)
both with themseives and with each other, as well as agains! the
mouse genomic C,, C,, and C.;.genes. The 3' flanking sequence also
was cc ed to repr ive Alu family sequences.

Dot matrix-like routines have a serious limitation when used to
compare sequences that are distantly reiated. and that may have
significant homology that is distributed in a ditfuse manner. Often the
dot matnx program will increase the background to the point that real
homology 1s obscured, if the length of the unit sequence compared or
the percentage of homology required for a positive score 1s lowered.
To get around this limitation, we used another routine that 1s graphi-
cally similar to the dot matrix. but differs in how 1t scores and evaluates
homology between DNA fragments. The best-fit matrix routine estab-
lishes a homology score for each possible single base alignment
between any two sequences. This score depends on the positive or
negative score of the two base positions in question, as weil as on
that between the corresponding bases of the 5’ and 3' neighboring
sequences. The contribution to a given score by any flanking se-
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quence homology is Inversely proportional 1o 1ts distance in sequence
length from the aligned base pair. Each base ot one DNA sequence
1s compared n this manner with all the base positions of the other
DNA sequence and a score for each comparison Is generated. A dot
1s then piotted. as it is with the dot matnx routine. (0 represent
homoiogy, but only at those matrix coordinates that equal the mini-
mum score generated for a given base.

The results of this type of plot resemble a dot matrix with diagonaily
parailel ines representing regions of relative homology. When the
pH-2Il cione was compared to the C, gene sequence In this manner,
two lines had high homology scores ('a” and ‘b’ in Figure 5) and
the remainder of the shorter lines had lower scores. A detalled
discussion of these programs Is now in preparation (T. Hunkapilier et
ai., unpublished data).
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DNA Sequence of the Gene Encoding the E,
Ia Polypeptide of the BALB/c Mouse

Abstract. A J.4-kilobuse DNA fragment containing the gene coding for the E,
chain of an la (1 region—associated) antigen from the BALB/c mouse has heen
sequenced. It contains ar least three exons, which correlate with the major structural
domuins of the E, chain—the nvo external domains ol and o2, and the transmem-
brane-cytoplasmic domain. The coding sequence of the mouse E, gene shows
strtking homology to its human counterpart at the DNA und protein levels. The
transluted o2 exon demonstrates significant similarity 1o By-microelobulin, 1o
immunoglobulin constant region domains. and 1o certain domains of transplantation
antivens. These observations and those of others suggest that the fa antiven. trans-
plantation antigen, and immunoglobulin gene families share a commaon uncestor.

T'he major histocompatibility complex
(MHC) of the mouse encodes several
famihes  of  cell-surface  glvcoproteins
which regulate various aspects of im-
munc  responsiveness (/. 2). Certain
products ot the class | genes. the trans-
plantation antigens. serve as restricting
clements in T cell immunosurveillance.
I'he products of the class 11 genes. the |
regron-associated (la) antigens. play a
tlundamentul role 1n determining the ef-

(O36-RUTS B2 121 7-1229%010. 000

fectiveness of cell-cell interactions be-
tween regulatory T cells. B cells. and
macrophages. A variety of recent data
from genetic. functional. and biochemi-
cal studies suggest that the la antigens
are the products of the Ir iummune re-
sponse) genes. whick control the ubility
of an animal to respond to svnthetic and
naturallyv occurning antigenic determi-
nants (3-7).

Two la antigens. 1-A and I-E. have

Copsnght © (982 AAAD



been defined serologically and biochemi-
cally [reviewed in (§)]. Each is composed
of an o and a B polypeptide chain. denot-
ed A, and Ag for [-A antigens and E,
and E, for i-E antigens. The class il B8
chains appear 10 be quite polymorphic.
whereas their a chain counterparts are
less s0. The set of alleles at the MHC loci
of & particular inbred strain of mouse is
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denoted its haplotype. For example. the
BALB/c mouse. whose genes we are
studving, is of the d haplotvpe. and its
class I genes are denoted AY. Aj. Ei.
and Eﬂ.

Protease digestion studies of human o
and B chains. protein sequence of a
human B chain. as well as DNA se-
quence analyses of human class {I com-

Fig. 1. The organization and
sequencing strategy for the E,|
gene. ta) A restriction map of
the 3.4-kb Sal I fragment con- 4
twning exons of the E, gene
which hvbridized to the hu- p
man DR.. probe (/4. 7). The
3.4-kb  fragment was  sub-
cloned into the Sal | ~ite of
pBR32S for mapping by single
and double digests with the
restriction enzymes indicated.
This map was confirmed by
computer anaiyvsis o restric-
non enzyme sites in the DNA
sequence  of thiv frugment o
shown in Fig. 2. th) Sequence
strategy tor the EY gene. Each at a2 ™
Arrow represents the sequence er
ofan M3 ¢clone. The 3.4-kb fragment trom cosmud 32,1 (/4) was cloned in both orientations into
MIX mp8 1o give two parental subclones. mpK-32.11 und mp8-32.12. Each parental subclone
was then used to generate a series of overlupping subclones by u deoxyribonuclease deletion
techmque (/6). tc) Organization of the E! gene. Exons are represented by hoxes und introns by
lines. The 2.4-Kbh fragment containy one exon encoding most of the first protein domain. ol
tamino acids 3 to 84), a second exon encoding the second protein domain, o2 (umino acids 83 1o
178). and a third exon that contains coding sequence for amino acids 179 to 230 and includes the
transmembrane und cyvtoplasmic protein domaimns (7V-CT
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Table 1. Homology comparisons of the a2 exon of the EY gene with class [, class 1.
immunoglobulin. 3 ;-microglobulin. and Thy-1 sequences. Sequences used to determine percent
homology with the a2 exon of EY were as follows: the «2 exon of the human DR, gene (/3. 22):
the B, exon ot the human pDR-B-1 cDNA clone (/212 the 3, domam of @ human DRy chain t//):
the a3 exons of the mouse H-2L" gene (28). H-2K" zene (29). the Qa (27.1) pseudogene (23) and
a human HLA gene (301 immunoglobulin constant regions (3/-341: dy-microgiobulin (24, 35).
and Thy-1 (361, Percent homology 1s based on alienments of the compared sequences given by
best-fit matriy analysis (231 Alignments are based solely on amino acid sequence COMpUrisons.
Euch percentage involves the full length of the o2 domain or exon of E,| (94 amino acids and 282
bases, respecuvely) and a comparable length sequence from the other protein or gene being
compared. Insernions and deletons for alignment were minimized. and percentages given are
only the minimum values. Percentages given are statistically significant. Each was compared o
an expected percent homology and standard deviauon for any random alignment of sequence
fragments the length of o2 from E., and the test ~equence. The expected value is the mean
homology of all possible trugments the wpproprate length from E., to all possible fragments of
the same length from either the test sequence or some other unreiated ~equence. Each
comparison Is four or more standurd deviations trom the expected homology .

Insertions
and
deletions”

Gene name

DR,

X1 (8]
pDR-B-1 A2 0
DR, chuin+ n ‘ |
H-2LY 24 3 ]
H-2K" 23 3R 0
Qu 270 il A7 0
HLA M R ]
CoCud 5 R l
CLiCyh 2 44 1
CawntCie ) et a0 2
C. 26 43 3
i W0 40 ol
Ba-microglobulin tmouses 33 42 1
B--microglobulin thuman | 13 |
Thy-1 chain+ 20 Nl E 3

“Indicites the fewest number of ansertions. Jdeletons, or Porh, nceded 1o ahign sequences for compan-
~on “These datic are Trom profen scguendes: no DNA scguences are avatiable 1Sequence not
availuble

piementary DNA (cDNA) clones. sug-
gest that both the o and B polypeptides
are divided into two external domains
each of approximately 90 residues (al
and o2 and 1 and B2), a transmembrane
region of about 30 residues. and a cvto-
plasmic region of about 15 residues (Y-
13). Studies on the genomic organization
of the class II genes are in progress in
several laboratories. We now report the
DNA sequence of the E, gene of the
BALB/c mouse.

We 1solated the mouse E, gene by
screening a cosmid library constructed
from BALB/c sperm DNA with a human
DR, (D-related) chain cDNA clone (/4).
A 3.4-kilobase (kb) Sal I fragment that
hybridized to the human ¢cDNA probe
was isolated from cosmid 32.1 and
cloned in both ornentations nto
MI13mp8: its nucleotide sequence was
determined by the dideoxy chain termi-
nation method. A novel sequencing
strategy adapted from the method of
Frischauf ¢r al. (15) was emploved to
generate an ordered series of subclones
with increasing lengths of deletions start-
ing at one end of the insert by deoxyribo-
nuciease [ digestion (/6) (Fig. 1). The
DNA sequence of the 3.4-kb fragment
containing the E, gene is given in Fig. 2.

The exons of the mouse E, gene were
identified on the basis of their homology
to ¢DNA sequences of human DR,
clones (/3. /7y as well as to the amino
acid sequences of human DR, chains
and mouse E, sequences (/8). Three
exons were identified. These exons en-
code the ]l domain (codons 3 to 84). the
a2 domain (codons 85 to 178). and u
domain which includes both the trans-
membrane and cytoplasmic regions (co-
dons 179 to 230). A termination codon in
phase with this reading trame is found at
codon 231. Intervening sequences split
the codons 3. 85, and 179 between base
positions | and 2. Intervening sequences
also split the first and second bases ot
codons in the genes encoding class |
molecules. immunoglobulins. and @.-mi-
croglobulin (/9-2/). The bases GT and
AG are found at the 3" and 3" ends of
each intron. respectively. as in virtually
all other eukarvotic genes.

The three exons of the E,, gene contain
the entire coding sequence except for the
first two amino acids and a presumed
leader peptide. Thus the E, gene is split
into at least tour exons. Translation of
the DNA sequence of 1480 bases 5" to
the «l exon in all three reading tframes
did not reveal a hydrophobic stretch of
amino acids beginning with a methionine
and ending with isoleucine und lysine.
which are the first two amino acids of the
al domain of the E,, polvpeptide trom a
mouse of the k haplotype (/8). It appears



that the c¢xon encoding the leader se-
quence and first two residues of E, oo
separated from the «l exon by an inter-
vening seguence longer than E: S5 kb
About 250 buse piurs thpr of DNA has
been sequenced 2 1o the third exon. and
no pohvadenviaton signal has vet been
vbserved. Indeed. we have compared
the DNA ~equence downstream of the

termination codon ol the E,, gene to the

sequence ot the 37 untranslated regron ol

the human DR, chimm ¢cDNA clone (/3.
{71 using i computer homoloey search
program. Lacept tor 13 bp immediately
adpacent the termination codon. no
significant homelogy  was lound  for
about 230 bp o sequence that could be
compared up to the end of the 3.4-kb Sal
[ fragment. The gene tor DR, the human
at tour
exons tor the ol domin. <2 domain. the
trunsmembrane together with the cvto-

o

contiuns leust

homolog ol |
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plasmic domain. and the 3’ untranslated
region. The presumptive exon encoding
the leader peptide has not been identified
and is located more than 0.4 kb upstream
of the al exon (22). Thus. the structure
of the mouse E, gene is in complete
agreement with the structure of the hu-
man DR, gene.

The E, gene uappears. by sequence
analysis, to be a functional gene in that it
lacks any obvious elements that would
render it a pseudogene. such as termina-
tion codons or inappropriate reading
frameshifts. In addition. as mentioned.
all of the exon-intron boundaries have
the consensus upstream or downstream
RN A-splicing signals.

Several lines of evidence indicate that
the class II gene we have described is the
E. gene. First. the translated sequence
of the E, gene is identical to the NH.-
terminal 34 residues of the E, polypep-

tide isolated from C3H mice except for
one residue. which may reflect genetic
polymorphism (/8). Of course. the NH -
terminal two reswdues are missing from
our sequence. Second. the E, coding
region shows a 79 percent DNA se-
quence homology and 73 percent protein
sequence homology to 1ts human coun-
terpart. DR,, (/3. /4. 22). A comparison.
exon by exon. indicates that the al ex-
ons of E,, and DR, are as similar to cach
other as are the a2 exons to each other.
81 percent and 82 percent. respectively.
at the DNA level and 79 percent and Rl
percent. respectively. at the protein lev-
el. The transmembrune cytoplasmic ex-
ons show less homology (73 percent at
the DNA level and 57 percent ut the
protein level). However. a comparison at
the level of amino acid functional tvpes
(nonpolar. polar. basic. and acidic) gives
a match of 88 percent. indicating strong

STIlalaalasanlaaciasialas OO A AT GAGAA0AGTAGGGAAGCCAGCTCCAGTCACACAAGAGCAAGTCTGGGC Y T CTATTGCLCAAGAAGGTTTTAGCGAGGCAGAT 120
25a00IA0a003aGAA00AAT AT AGAAGATACGTTTGTGCATAAAGACAATCACTAAAATAAATCCCTTTGACTAAACATTAAAATCGGTCACCTTATICCTAA 240

A A A T AT T AT T I IT T TG T TGGTTATCCTCCCTGTCAATCATAACAGACCATGTCCCACAAAAGTAGTCCTAGTCGAAGTAGTGGTTAGATAAAGGTCTAG 380
AT IO T I A AAGACGTAGTTYGGGACGAGGATAAGCGATCCAGAGCATTGCAAGGTCTCAGTGTCAATCTCAGGTGCCTTIGGGACGCTCATGTICTCTAL 180

T3 AAllaaa88T T STCAGCAGAGTTTGTTAGGTTTGGTGAGGGTACTGCAAGT TCTTGTCTCAAACCTATCCTGATAGAATGGGACTCAGCAGAGGTA 6§00

T AAGTAGACASTAGTGATATGLTCAGTTAACAGGGTGAGTGTCACAATTGTAATCAGTTCCCAAGT TCCCAAAGGATCCTTTCAAATAACACTTCTCTACT Tao0

45547 32a8a52a50C0C0 GTGTGCTGACCCAAGCTATTTAATTCCCTGCACAACAGGGAACAAGGGATGCTTTTTTCTGATGCACTGTAGCCAAATTTCAAAA 840

A0TTAaR A G T T CTGAATCAACCTGECACTCCAAGGCCAAAGGGACAGTGTAGGAGAGGGAACAGAAAGAACATGTGAGCCAGAGGATGGGGGTG 960

1080

1200

TATSTTGAAGGTTGTGTCTTGCAGCCCCATCCATTCATGTTCTAACACAAACAGCTCCCTTCTTTCTCACCTGCCYGCTTTACTCAGTATGAA 1320

T Il AACTCCCAT CTATGCTCTTCCATCCCGATTGTCCCAGYCACCGTCCATCCCCGCCCACCCAAATGCCTGTGGGTTTTTCATCATCATCY 1440

v Glu His Thr Ile Ile GIln Ala Glu Phe Tyr Leu Leu Pro Asp Lys 4arg Gly Gi. Pne 22

"""" TCTTTTCAG AG GAA CAC ACC ATC ATC CAG GCA GAG TTC TaT CTT TTA CCA GAC AAA CGT GGA GAG "TT 1540

Phe =15 val Asp Ile Glu Lys Ser Glu Tnr Ile Trp aArg Leu Glu Glu Phe Ala Lys Phe 4la g2

TTC CAT GTA GAC ATT GAA AAG TCA GAG ACC ATC TGG AGA CTT GAA GAA TTT GCA AAG TTT GCC 1630

asn e Ala val AsSp Lys Ala Asn Leu Asp Val Met Lys Glu Arg Ser Asn asn Thr Prao 3sp 82

AAT 4Ta GCT GTG GAC AAA GCT AAC CTG GAT GTC ATG AAA GAG CGT TCC AAC 24C aACT CCA GaT 1720

83

T CCCAGATGTGGGAACGCAGCTGTAAATAGATACTTTGGCGAATTCTATAAGGGTGTAAGGAGGTICTTGCTTIGCCCTTCTAL 1837

CAGCACAGCAAA T " 2aT "I " CAGGCCACACAGGCCCAGGGATTTTAGAAGTTTTTTCCTTTTTT YT T T T T TTTTITTITITITTITITGTAGTCTIGGTTITATTICATC 1957

1a TATGALAGCATTGACTTCAGTCTATACAGTGGGAGTGAGAAACTGGGATGGGGGCTTGGGTGGAATCGCGTGAGTGGTTGGATACCTCATACCTCAATACTGGCTCCAAL 2077
2TGTCASATCTIS0A0TAGG5 A 35380 54T I CAGGGAGCCGTTTCAGAGTCCTAGGTAGCATTGTACCACAGGACAGCATGGGCAGAGAGAAGCTGAAGGAATGAAAGET™ S 2197
“mr val Leu Ser aArg Ser Pro val Asn Leu Gly Glu Pro asn le Leu Ile Cys Pre ! 108

L L5 aCT GTa CTC TCC AGA AGC CCT GTG 4AC CYG GGA GAG CCC AAC ATC CTC AYC 75T "7C 2292
i8T “hr “-~p Leu ArQ Asn Gly Arg Pro val Thr Tar Gly val Ser Glu Tnr .al Pne _eu ? 139

T ACG *G6 CTT CGG AAT GGA AGG CCT GTC ACG ACA GGC GTG TCA GAG aCa GT6 T7Y I°2 & 2382

i “yr Leu Tnr Phe Leu Pro Ser Thr Asp Asp Phe Tyr Asp Cys Glu Vval isp =15 "-0 G 169
3 203 "a® TG ACC 7TC CTG CCC TCC ACA GAT GAT TTC TAT 3JAC "GT GaAG GTG GAT CAC 7G55 & 2472
e Tem g 17

2z * 353 5 3TAGGGTGCAGTCATGACTTCACTYGCAGGCTCCCAGACTGCTTCAATGCTGTATTICTGGACACGTAGCATT "aaCaG™ 2581
STALI5AT 5525 Ia0a5T 0TI T TA0a5 24 535005747 AGGTGGTGGGGCTTCAAGCTCAATTACCAGCATCACAAACTAAGAGTTCACAGTGTTTICGTAACATTGACTACAATATA 2701
U0 [oateraglie e N =t 200 Al AT T IAT T AT T T T A A AR TATTATGCATGTGGGTGTTT TGCCAGTGTGTATGACTATGCACCATGTAAGTGCC CGTSCCCTCAGAGG s 2821
Tialez - - T ST T SCAGT ST CAGCTGCCATATGGATACTGGAAATGAAACCTAGGT TCTCYGCAACAGCAGCCAGTGTTCTTAACGAATGAGT ™S £943
H Phne Giu Glu vys "nr 18a

ATGTTATTTCCTACAACATCAACTGSACATCTCCTCTGCTTYATTTTCCCCAG 4G 77T GAA GAG aaa acC ELLLY

Cly Leu Pne val Gly Leu val Gly Ile val val Giy Ile ie Leu lle vet 214

GGG TTG TTT GTG GGT CYG GTG GGC 2YC 3TT GTG GGG aTT avC CTC aA7C 276G 3145

Gly Ala Leu Trm 230

GGA GCC C7G TGA GATACCTGGAGGTGCGTTAAATGTGCTCAGAGACTCACAGATGTIGTGAATGT 3248
AGGGGTAGYGGTGTCYCTTAATTCCT T TTGTTGGAAAAGTTGAGC T T TGAGGTTCAGATGC T CCCAAACC™™2AGG 33868

Ja4a

e
nucicotide sequence. Certan amino acud residues are encoded by (two exons and are so indicated by spiits in the three-letter anmino aeid code, Ab-
Bresiations .adenine: C.oovtosine: Goeuamine: Tothymme: Arg. arginine: Asn. asparagine: Asp. aspartic acid: Cys, cvstemne: Gln. glutamine:
Glu. glutamic acid: Glv . glvaane: His, hisudine: He. isoleucine: Leu. leucine: Lys. lysine: Met. methionine: Phe. phenylalanine: Pro. prohine: Ser.
~erine: [hr threomne. Irp, tryptophan: Tyr. tvrosine: and Val. valine.

2 Nuwicotide sequence of the 3 4-kb Sal | frugment containing the EY gene. The amino acid translution of each exon v given above the



conservation for function. ['he direct
confirmation that this class Il gene is
indeed the E,, gene will await gene trans-
fer and expression studies.

We have used a graphically displaved
computer routine termed the best-fit mau-
trix analvsis (23) to unalyze possible sim-
ilarities between the DNA and protemn
sequences of the E, gene exons and
between these exons and other class 11
genes. class 1 genes. immunoglobulin
genes. and Thy-1 antigen. Such analyses
showed no significant similarities  be-
tween the different domains of E,, or
between the ol and transmembrane-cy-
toplasmic domains of E,, and anvthing
other than the same regions of the DR,
¢DNA. However. similarity alignment

was possible between an area of ecach of

the tested sequences and the @2 domain
of E.,. Table I lists the sequences com-
pared and the percent homology of the
aligned regions to the a2 domain of E,, at
both the protein und DNA levels.

The «2 domain of E, has significant
similarity to ““homology unit™ (9) se-
quences of the genes listed. a sequence
associated with the anubody fold ™ ter-
tiary structure of antibody domains (Ta-
ble 1). This observation has been made
by several other groups analy zing cDN A
(/3. 17} or genomic (22) clones. Of the
comparisons made. perhaps the most
interesting is that to Bs-microglobulin.
Not only is Ba-microglobulin as similar in
sequence to any of the class Il a2 and 32
domains as these are to each other. but 1t
1s strikingly similar in genomic organiza-
tion to the E,, and DR,, genes. Like these
two genes. Ba-microglobulin has its lead-
er peptide and first two codons separated
from the main protein coding sequence
by a very large intervening sequence 12.8
kbi. Of the non—class [l exons compared
in Table 1. only those of @.-microgiob-
ulin align precisely end to end with those
of E,. emploving the same spiit codon
rule. The Bs-microglobulin gene also has
the bulk of its 3" untranslated sequence
1solated us a distunct exon some distance
3" 1o the lust coding sequence (1.1 kb tor
Ba-microgiobulin, 0.8 kb for DR, .

Though Table 1 suggests that the do-
mains compared diverged from a com-
mon anecestor. the evolutionary rela-
tuonships between the entire genes is
unclear. Non-al-like sequences mught
have been under much different selecuve
constraints and simply  have diverged
bevond recogmition. It is also concenn-
able that the «2-like domuin has been
placed in different genomic contexts
through the evolutionary process of exon
shutfling  (24=27 I'he organizatonal
similanties between E., and Bs-micro-
globulin suggest a more direct evolution-

1232
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ary relauonship. Regardless. there ap-
pear 10 be tfundamental evolutionary re-
lationships among the three classes of
genes that regulate and mediate immune
responsiveness—Ila antigens. transplan-
tation antigens. and immunoglobulins.
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Nucleotide Sequence of a Light Chain Gene of the

Mouse I-A Subregion: AB¢

Abstract. Ja (I region—associated) antigens are cell-surface glveoproteins involved
in the regulation of immune responsiveness. They are composed of one reavy tai and
one light (B) polvpeptide chain. We have sequenced the gene encoding the ABY chamn
of the BALBI¢c mouse. The presence of six exons is predicted by comparison with the
complementary DNA sequences of human B chains and with partial protein
sequence data for the ABY polvpeptide. Sequence comparisons have been made to
other proteins involved in immune responses and the consequent implications for the
evolutionary relationships of these cenes are discussed.

The major histocompaubility compiex
(MHC) of the mouse is a cluster of genes
encoding at least three different classes
of proteins involved in immune respons-
es (/). Class [ molecules. the classic
transplantation antigens. and class [l
molecules are cell-surface. membrane-
bound glycoproteins. Class I11 molecules
are serum protein components of the
complement pathway. While class I pro-
teins are found on essenually all cells.
class Il representatives appear limited
mainly to the surface of B cells and to
antigen-presenting cells such as macro-
phages. Class Il proteins are required for
antigen presentation and lymphocyte in-
teractions involved in the acuvation and
differenuation  of antibody-producing

cells or B cells (2). Murine class [I genes
are located in the I (immune response)
region ot the MHC and are consequently
referred to as I region—associated or la
anuigens (3).

Two types of la antigen have been
defined in mice. I-A and I-E. Both ure
composed of two noncovalently linked
polypeptides. u heavy chain ta) of about
34,000 daltons and a light chain () of
about 28.000 daltons (molecular size). In
the past 2 vears. advances in protein
microsequencing and recombinant DNA
technologies have led to a definition of
the primary structure of various human
and murine class Il molecules 4=/4).
Both « and B polypepudes may be divid-
ed into two external domains of approxi-

SCIENCE. %aL, 23]



mately 90 residues each (termed «, and
as for the « chain or (3, and §, tor the 3
chainy. a transmembrane region about 30
residues long, and a cyvtoplasmic tail of
ubout |5 residues.

We have determined the complete nu-
cleotide sequence of the class 11 AgY
gene. This structure. together with class
I und class 11 thut have been
analy zed, permit us to discuss several
interesting evolutionary features about
the supergene family inciuding the MHC
and antibody genes.

An AR gene was isolated from a cos-
mid library constructed trom BALB ¢ (d
hapiotype)r sperm DNA by ~creening
with a complementary DNA (cDNA)
probe of a4 human I-A region homolog.
DC-B (/5. We have sequenced 5.8 kilo-
bises (kb) of cosmid clone 34.2 overlup-
ping the region of DC-B hvbndizaton.
[he sequencing strategy and gene orga-
nizaton are shown n Fig. | and the
DNA sequence in Fig. 2. The predicted
amino-terminal proten sequence Is iden-
tical to that previously defined tor the
BALB ¢ ARY protein 4. 5.

The coding sequence of ABY is distrib-
uted among six exons. All exons have
the appropriate donor and acceptor RN A
sphice sites. The aArst exon encodes a 27-
residue-long putatine signal pepude with
25 consecuuve hydrophobic or neutral
amino acids. It s idenufiable because
it hegins with o methiomne and the
Arst tour amino acids ot the mature pro-
tein. The length of the AR messenger
RNA. 1.4 Kb, and the iuck of hybndiza-

genes

72

polviA)~ (polyadenylated) messenger
RNA (mRNA) (see below) limits the
extent of the 5" untranslated region to
less than 150 bp upstream of the initia-
tion codon. Consistent with this. the
canonical promoter-associated sequence
CCAAT (C. cytosine: A. adenine: T,
thymine) is found about 135 bp 5’ to the
methionine codon. However. no recog-
nizable candidate for the Hogness-Gold-
berg TATA box can be found within the
200-bp stretch 5° of this codon. The Ea®
gene also lacks a canonical TATA box
(131, although it does have an AT-rich
area missing from ABY. It remains to be
seen whether the partial or complete
absence of such sequences will be a
common feature of murine class I genes
and. if so. whether this will have any
significance for their regulation.

The other five exons were defined on
the basis of similarity with two human
¢DNA sequences: DC-B (//) and DR-B
(12). The two external domains are en-
coded by exons 2 and 3. Each contains a
pair of cysteines. presumably involved in
intradomain disulfide bridges. The pre-
dicted B, domain amino acid sequence
contains one potential giycosylation site
tAsn-Glu-Thr) beginning at residue 19.
This site is also conserved in both human
sequences. The fourth exon encodes
three different structural elements: a hy-
drophilic-connecting peptide (amino ac-
ids 190 to 199), a hydrophobic or un-
charged transmembrane segment (200 to
220). and a hydrophilic cytoplasmic tail
1221 to 226). The transmembrane ele-

membrane by three basic residues (Arg-
His-Arg) on the cytoplasmic side. Exon
6 encodes the last four amino acids of the
cytoplasmic tail. A poly(A) addition sig-
nal (AATAAA) is found 280 nucieotides
3’ 1o the termination codon. The predict-
ed 3’ untranslated sequence is found by
computer analysis to be weakly. but rec-
ognizably similar to that of the DC-B
cDNA.

The cytoplasmic region of the DR-3
cDNA is eight codons longer than that of
the DC-B cDNA. Alignment of all three
B sequences suggests that the size differ-
ence is internal and not simply a Y
truncation of the DC-B coding sequence
relative to that of the DR-B cDNA. This
relative insertion is located between
exon 4 and exon 6 and led us to suspect
there may be an additional cytoplasmic
exon in the intervening sequence. A
search of this intron revealed only one
24-base sequence bounded by the appro-
priate RNA donor and acceptor splice
signals with an open reading frame in
phase with the adjacent exons that
shares similarity with the extra sequence
of the DR-B clone. A restriction frag-
ment including this sequence (probe 3.
Fig. 1) was hybridized to BALB/c spleen
polv(A)” mRNA on a nitrocellulose fil-
ter (Northern blot) (/6) yielding a band at
1.4 kb. which is the same size as the ABY
mRNA. The same mRNA did hybridize
to another coding sequence (probe 2) but
did not hybridize to a noncoding region
(probe 1). We therefore include exon 5 as
part of the expressed mouse gene se-

non of probe | (Fig. 1) with BALB'¢  ment is apparently anchored in the cell quence and assume that the DC-B gene
ar 3"
—_—
RR BB B R E|R B R B
(A) e ) "t )
= /// \ =1 kb
B 5 5 ¢ g c H SSH B =R
! : T
(B) RS § | N W I A
SP B, Ba ™ cY cY 3uT
T Ty e R e s —_—
——— e et rr e ———, et e o dm——
s i e b e
—— —— iy e el Wiy A i
— — — — — —— t——p — — 500 bp
2 3
(c) ——

Fie. |

Ihe orgamization and sequencing ~irategy for the ABY gene. (A) Partial restriction map of the cosmid clone 34.2. Filled areas indicate

exons, The arrow wbove shows the direcuion of transcription. Restriction enzyme names have been abbreviated as R tEco RI) and B (Bam HD.
(B Structure und sequence strategy for the ABY gene. Arrows beneath indicate the sequencing strategy. Straight arrows give the sequence
obtained by the dideony chain terminution method (20). The two Hind 111 fragments were subcloned into the Sma [ site of M13mp8 (2/) in both
orientations. Each subelone was used to venerute i series of overlapping subclones by a deoxyribonuclease | deletion technique (22). Wavy
arrows indicate the direction and leneth of sequences obtained by the chemical degradation method (23). SP refers to the signal peptide. §, and 8.
1o the two externil domiuns, FM the transmembrane portion of the protein, CY the cytoplasmic part. and 3°UT the 3" untranslated region of the
mRNA. The region between the two dotted lines shown in the gene map has not been sequenced. Abbreviations for restriction enzymes not listed
in 1A} wre A (Hind L. S (Sae D, and € (Sac 1D (C) Different probes used in the Northern blot analysis (/6).
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1 G?TTGGAAAGAGGCTcmcc‘c'ccc"nsucn:nscnn:ﬂ:AcTGAGG:ACC:CAEAGGGTucaTGYAA:AAAAcnsnYYCVCYGTCTUHHIACMCG!c.ncmTchrcr 120
! ! | i
121 CECACTACAAL‘CTCAAGTG'AAGAACAGTAGATTTGAAAVIATTAYCCCAJlGTTGTCT.ITAETTCACGCAETYTTCTCYTTlAACCCEEIAAACACAGGII.AGTCTGCAETTWGGAAAAGT 240
] | |

1
241 "YACTC‘IBTAACY"AGAGGAGC!TTCACCTCA‘ACGT CAYCCAGTGGGGCTCATGAAGAAACAGACCATGCCYTGCA!AGAGAGCE"YYGTAAACAAAE‘[TTICCCABAGAEAGACEAC 360
I
361 uccrrcmcmcmuvcsrtc:rc‘crvcﬁmccnccc':;Acu:‘lcmscurrrc;mrcn:vcusc;cnc.-sucrrtcc‘rTYl:nsussssumcmcmmG'IE-ABIE 480
|
-27 MooA L P& o Ml ok & N W ON L W N LS DﬂrasLsn 3
481 CYGGTEACTGGCA'VACC'EYGCCYYAGAGAIGGE'{CYGCLGAICECCAGCCTEETECTCTCAGCYGETGTG[}‘IEGTGCTGATGGTGCY?AGCAGCCCAA}GGACYGAGG?CGG-IAACTCE 8OO
| I | | [ ] i 1
4
720

4 €
601 GAAAGHAGTGCCGGGEGCGGG:TC?CCAGAGCCAGCAC!CTGGGGSTCErGTYcTGAGGGAc:E EGGGECCCTGGGA\'GTGGG!GGGEGTGECAAJAT‘CCCCAfTTTACTATAGATTT
| |
721 CCTTTCYETGAAAAGAGCGTGAGACTCCATYCTCACTTC!GTETYCTAATATYGAGT'AGBAlGTGCC.CCECACGGGCCAGECYGAC‘YATAAACGGA?GAGGAGGAGGAGGCCBC‘GI
GGAGAAAGCAGGGCTTACAATACCAGTGEC S00

B4t GTTTAAATTGACCACCAAAGATAAGGGTTG

901 :c:AcccAvrcccﬁccvAcmacrncuucmsmcc:rcmccmcccsrAcnnn'cn:;.\gqu.rcccgsnn:TGAAGTGGGGAAACAGACC7G:GA!G:vsﬁcc!cccsATG 1020
1021 WYGAGBACAIAC!CCTCATGIGGAGVGGAGGrrTAAGAGAsCGuCTC!AEGCETCYAACrcAsAGAG:AGcEAGTGACCAATAAACCTAM'Yr'r'r'rrasrcAAAYGG“chAGGAcTC 1140
1141 A-\AC‘CTGIBTTAGT.AATTGAAl'l’TCCAAIGAAAACAC!'A‘GGCECAGAAGIGEACATAYGY“GA‘IAEA1ACCCYEEGGTGA({CGSAGTGTCI':TAGYTCGIT%GGAE‘ECIG?GAGTAAA"“ 1260
12861 AGECCCAG1CCCC'AAGCCAG!GCGTAEAGGYEY:'TCAGFCTCGCLEVY’ACCC\'TAAGATGCCTGGIETGACGETGCAAGCLGGCAGYTETC‘GAEGTTEECYGGAl"!'I:CCA‘TTTGCYG 1380
136814 GTTYH}TAG"{[GGGGCTETéCTGAGAAEGI‘GYGECCTCY&AGGGGTCAGEGCEYTTTGC:CAEAGGAGAG‘AGYECEACAI;GGTEGGGGT(:;GGGTAGCAGA:AACTGGCIAA‘TAYTYYITTT 1500
15014 ATTTTITTGYJY:CTAGH’T‘!AYYAGITCGCTGA\;A.\TTYCGT‘CAG?T'YGATC&TlTTTACTCCCTEY‘TCCAACYC\'AECCAGGCCCATCCECCCCCCTCY‘CCACECAACTT\‘TISGT 1820
1821 ATCCCITAGIITTHrTn'rul.nrvrTTrA:Aucs!nccnmTACAGHAGCGYTT::YBAGGCGYArrcrrsrmﬁslcclscICEGfCGCCcCAr(!:CCICCCTTCCYC'chYYlC 1740
1741 CCCGGGTCG‘IACCGTCGEECGETGEYECG&G‘AGCGGTH;TCACGGGCGGGGGCGGCG.\A‘GJBACTGCCCGGEECGAGGéCCSAGGCCEGCGGTTCCCAG!GAECGGTEGCCCCACGCGG 1860

I
- § A W F vV v @ F £ & X 18
1861 SAAGCGCCGECGCGGISGTGGGGCCGCGGGGAGCCETGB'CTGCG\'GG'CCCCGCTG'CCCCCGG5CFBICCGEGTCCGVCCGCEGGCAITYCGTGGTCCAGIICAAGEEEEAGTGCTAC 1880
1 1 1 I ] I 1 i 1 1 |

N A E E ¥ v A ¥y o 5.0 v & E > R K.Y T E L G R P 38
AACCGGGAGGAGTACGTGCGCTACGACAGCGACGTGGGCGAGTACCGCGCGGTGACCGAGCTGEGGCGGCCA 2100
I | Il 1 | 1 I

7 Y. T N G R L v T I
1981 TACACCAACGGGACGCAGCGCATACGGCTCGTGACCAGATACATCT
I I 1 I

57 E S I E T A c H 94
2101 G‘CGCCG‘GTACTGGAICAGCCLGCCGGAGATCCTGEAGCGllCGCGGGCCGiGGTGEAC&CGGCGTGCAGACACAACTACG!EGGGCCBG‘GICCAGC.IL‘L"ECCTGCGGCGGCTTGBT 2220
| | | | 1
2221 GAGCGCGchGVGYCcGCGGGAacccuscsssccuTGAGGGGArGCGGAG\:AGAGrVECCG:ETGAGGAGCTGCAYEGCCTCCTTCCTCECGTCTGCCCTGCAECACETAGEGCETCCTY 2340
| [} !
2341 GGAGH:Tc:cTzcTGTcTcnccTtrccccchGcccrcIGTCCCArsAGGCCCAGCIGcccTcrt;“:cccvsscrc15:rr,vnAccT:AGGCCCCTGTcAECBCCAGGGAAGL:MJGEAG 2460
1 I I

2461 GGGAGAGGGCGCCCGGBTGAECGTG!GCGECC‘GGGTCCTG'CAGAAEEGGYTTAGCGCGGTAGETCYGGCETCCTGYGG'TTCYECCCGCEA'TCTETTTTCC'GATTTCEGCGGG'CC 2580

| | I [}

2581 CTTEAEGGCCACGGTTGTCYYGTGIGGACfGTTTBCTECCYGBEGCYGACCCEAAGGCATCACTGTCATYYTEEYEGTTETCTGIGEGAGICTETGT'EACTTGGGCCACICY“!GVTT 2700
I ! 1 | | 1

2701 x—TL'-‘Y!CA-IAAGCTGAGGAACTCATYYC\'GTTTCEAGCACAEACTCCGTGATIEECCCAGAGCCTETCACCTEYGAfECEAAY!'AAAGCGGTCBGGYAGECATCATATYC-IGATTTAATC 2820
1

' 1 1 1

2821 'CAGATYYAAACYEAAGG?YGCYGAAGL'TT"CCCCTE"\'GCYVTCCGGEIGGCCYTGTTATTTAACTGY1ElfAACTGAITCETCACAGCAAGGEAACAGTG"GGCCGCCAGG‘ATTAA 2940
!

2941 TGEETT‘GATGGCAGllAGlAAACCAGAGEAGGGAGAGGAGAAAAIGAGAGAACAY‘G'GTGTTCYCAATTCATEAAACATETTAAGTATETA'GCTGTTYYCAACTYGIAGGEAYAATl 3080

3081 GCACCTGGTGAGAAGG!TYCYGAGE'{AG!GGGC-ICAAIATATCAAAGTCAGCCTEGAAA[:ATGTCTG"TCAACTEYGCAGGACAGTCYGAEGACEATGAABGAAGGATE?ECTACTGC‘A 3180
| 1 |
3181 "CA'TTTTGCAYTCCCCECCAAAAIAIAITAACTTGAAA!AAGAA!EAG'TTYNC'ITYTGTCIYGTT'G'YTTAGAAAAAEAG'I‘ITYY'ITTACAYf‘l’T!‘ECAI’AAAI‘AAAAA!ATI’Yfl 3300

3301 ‘CHCACATAAArTAunu“rAcACAGAGGGTHACAAAGAAGGTTG:h?GAEAGGrcc’ercrnTr:'rTAGAA\:Y!El:TCr.l'rAr-m:TAGGCTEGGCTCAAACTCATAAGAGAYCCT 3420
! i |
3421 4YVGECTCTACCTCCYGAG'GCACCACCACCTCTTGGETYCTTTTGTCTYACTACATTTCACA'FTG‘(AlAGGAACAGGGEEACICTCT'!GTTTTECY‘GAGAGTYAAGTTTGY.ITTTGTG 3540
I !

L € S8
3541  GAGTTGATCTTCATTCACTGTTAGAACCTAGGCAGTTCATTCCCACCCTGCCTATTCCTGGAGGAGAGT TTCCATGTGGCCTCACATTTCACTCACTGTCTTTICTGTCACCCTAGAA 3658
| I ! ! i i ] I I ! 1

97 a » ¥ A& £ § L § A T E & L N B H N T L v E € ¢ T Q0 F Y P & %X I K ¥ A Ww F R N & 136
36589 CAGCCCAMTGTCGCCATCTCCCTGTCCAGGACAGAGGCCCTCAACCACCACAACACTCIGGTCTGTTCGGTGACAGAT TTCTACCCAGCCAAGATCAAAGTGCGCTGGTTCAGGAATGSC 3778
I | | | [} i 1 I I 1 I

137 @ € E T v 6 ¥ § S T @ L I R N 5 D W T F Q v L ¥y M L E M T P ® O G E VY Y T C W ¥ 176
3778 CAGGAGGAGACAGTGGGGGTCTCATCCACACAGCTTATTAGGAATGGGGACTGGACCT TCCAGGTCCTGGTCATGCTGGAGATGACCCCTCATCAGGGAGAGGTCTACACCTGCCATGTG 2898
| ! ! l ! 1 | | ! ! !

177 " e 188
3888 ;AGCA'CCCAGCCIG;.GAGECCCA!cAcl’G!GGAG?GGABMAGGGAAlHc!'r'rrn:'rtICAACIBTGGGEECCAEAYGAEAIBGGArH'TAGGTG"AI'HTCCCAI’CCCT‘.I:;ATG 4018

] I

4018 'CACCCICCC'ATCICTTGTCCTATA'GA'CTEGYTCCACTAC'G&GCYGAGACCTAC‘GBAA‘IClTATCTCTCACI:TCACI!I’CAGGGCA\'CAEGAI!GCCCTGACCTITCTYCTCAG 4138
! |

190 S E 194
4138 ACAGCAG"YE"EEAGATCICTACAYACACVGGGGECCTGAGGYTTTTCC’TAAIATCEAGAGGAAlTGBCI’G-IAGTAGACTG'AGACACl'IAGC'CTlT'CCCE‘GGGGCACAG'CCGAQ 4258

195 S A A S K M L S 1 E 7 225

4259 'CTECCCGGAGCAAG!TGITGAGEGGCAYCGGGEGCYGCGTGCTYGGGGTGAYCTTCEYCGGGCTCGG:CI‘1YTL‘AYCCGYCACAGGAGTCAGAAAEGTGAGGIGCTCTEGAGAATTGGG 4378
|

4378 uGTGGlGGGETGTGCCACAGGAAGGABCCGGGCrGCnGGTGGGAGnAAAVGAAGGICEEAGGAGAGAEAncssnrcmnn‘cfscm:nATGTHcIGCCA:AGAECI:ATGGTGGAGC 4408

4498 'CAT\'CTGTGAC"CTGT”CCTETCCACCACC"TCICYG'CTCYTT"'CIGAASCYYCEGGC.IAIGAAAAIB[ATIGGCCTTCCTE!GTCAGT”CATCCACYTGGGGGBGEECACCAC? 4618
i
4619 '15GGYCVVAEYGAATACAG"GGTGAGABAACAAr\'CClGCTAAGC?GCAGGACYTGT?GCCC 'GGGTCGTTGTGAGAGGGCCE:TATTTYTTA'AIEIACACCTT'CTCTlYCTGA 4738

227 S P A g 2 P P A 233

4739 :4YCYIYTTGCAGGICC\'CEAGECL’ EE'EEAGCAGGYAITlIY'CAECYEYlTC'GCAGGs'{GG!GCAGGGGTGIGGEVGTGTGGGIAEGGIECGAEGC‘GCTATGCITGGCACAGYC 4858
1

4859 "T:GHCCCAH:!GTCY: GCTGIGAGGVrsncnn‘rsrc.\hr,cmmﬂ5rcAcAGccAschccAHGGAAGEYCEAGGEGIrs'rc:ccnr.:.lsmnmfGCI:A:CATCACTTC-AGT 4978

4978 uGTG"CTTGlGT'GGAGCE'IGAGCC1671GYYAGACACCGAGAAGT7"CCT"GcTICTT'GCCCCAC.ICYGGAGLCTGTEGEEGTGGAC1’TTGAEAGYGCCAEEAAGAGGCTGIAGGYCC =088
| 1

5099 mcnum;un:.suc.,cvm:uc|nccuusncmsu|cn:\,uu lc:ctrﬁu.(‘,s-n;(;tsscrrch'l'CCACAYCCCACACET1YGYGTCL‘TBTGAAGTTCTGYSGT|"AG =218
| ]

1
s219 aGGTf?iGCTBCT'TCAEETYTGCAEAGGCIA’GGCGAGGAGG!GutlTGGCCATAACACC.IGCTqYCTG'GTCTAACTCYAYGAGATTCAAGAGTC‘GGTATEEYEAGGGCAYTTCAGT 5338
|

235 L '] 238
5333 "YCVDETCCCCCACTCCCYCC7TTCACYG'|"CC‘TTCYC"CC"ACAGGGC'CCTEEAGIG‘C! AEAG!GT Y?GACTCAGT?GACTGTCTCAGACTGTIAGBCCTECATETCTE'ECT 5458

5459 "‘Gu”rcc'r ACTGCCAGVCYACCTGCCAC!CCGAC""AGIGYCTAGCA"CG AcHTTETnc AC;JCCTCAGGTC!’TG'GAYCYGGAG'CCCCCAu\'EYCYETﬂGYthYC GC s578
1 ] i ] ]

5579 TCCT!GEnGlfYECAGAGAETCCArCT"Tl:TACAGEAGC-ICCACASCYYTCYGYCYYCGCICTC-.AGTAAACCAAYGTAIGCTI'ATCCCC.ICCYGAITAEBAEAEEEAGACT 5698
| T 1 ' [}

ELEL] CTGGVCTTYGAT'"G:CTT‘I'GATAATTGC'EGGGCCAIGGGIGGTAACEC!‘AATC!AE!CV uccmmcmunsc1'Acc'rccccAcsTGnccccsuuc!s'rcm'ruc'rcnca 5818
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has lost this exon subsecquent o the
divergence of humans and mice (/7).

Similarity comparisons were made be-
tween defined regions of mouse and hu-
man la polvpeptides. The greater simi-
larity of ABY to DC-B (76 percent) than to
DR-3 (65 10 68 percent) supports the
model that DC-3 is the human homolog
ol the mouse I-Af molecule (/&). The
relative simiiarities between the equiva-
lent domains of AR and DC-B indicate
that the first domain is the more diver-
gent of the two external domains (66 and
86 percent. respectively). The high de-
gree of similarity between the connect-
ing pepudes (90 percent) and transmem-
brane regions (86 percent) of human and
mouse sequences iy rather surprising in
view of their presumably general func-
tions. Conservation between similar re.
grions of I-E-like « chains. class | mole-
cules. and immunoglobuiins s much
less. This level of conservation leads us
to suspect that the connecting and trans-
membrane regions may be involved in
the interacuion with the a chain or some
other membrane protein rather than
serving just as hvdrophobic anchorage.
The size difference between the ABY and
DC-3 cytoplasmic regions implies that
significant variatuon of this region may
have less severe selective consequences
than 1t would for other regions of the
gene.

Computer analysis reveals no signifi-
cunt simijarity between the B, and 3
domains of ABY nor between 3, and anv
domain ot any other gene involved in
immune responses. However. the 3, do-
main 1~ significantly similar 1o the o
domains of class 11 proteins. the third
external domamn taa ot class | heavy
chains. Bs-microglobulin. and immuno-
globulin  constant-region  domains. A
computer-aided alignment was made be-
ween most of the Known representatives
of these ““lg-like”" domuains. The ulign-
ment tdata not shown) shows a striking

Fig. 2. The DNA sequence of S8 kb of the
cosmid clone 34.2 contuming the AR wene
The RNA sphaing donor and acceptor sites
(GT-AGI(G. guanmine) are underhned as s the
probable 3 untranslated region. A possible
CCAAT boy and polviAr addinon signal se-
yquence ure hoxed. The gup shown between
bases B70 und R71 represents less thun 200
bases of undetermined sequence, The predict-
ed amino acid seguences encoded by the
exons dre shown above the DNA. Single-
letter amino acid codes are placed above the
middle bases of the translated codons. The
single-letter amino acid code 18 abbreviated as
follows AL ulamine: C. cysteme: D. aspartic
acid: E. glutamie aaid: F. phenvialamne: G.
glycine: H. hisudine: 1. isoleucine: K. lvsine:
L. leucine: M. methionine: N. usparagine: P.
proline: Q. giutamine: R. urgimine: S. serine:
T. threonine: V. valine: and W . tryptophan.

19 AUGUST 19x3
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ABd T — S 7~ Fig. 3. Comparnson of the
s By Bz TM CY CY 3°UT intron-exon organization of
class 1. class II. and B.-
Ea* - microglobulin  (24). The
8 ay ez TMCY.Q'UT 3°UT A is representative of a

Bz- class 1l B chain, the Eo

g - [ g g
R :ﬁur 30T (13) of a class Il a chain.

[ G E— W

and LY of a transplantation
antigen heavy chain (25).

S ay ap

as TMICY! 3°UT
crcy

Solid. filled areas encode
residues present in the ma-
ture proteins. crossed ar-
eas show the portions en-

1 kb
| .

coding the signal peptides. and hatched boxes represent the 3' untranslated sequences. The
abbreviations are the same as in Fig. |: B, and B and a, and a: refer to exons encoding the

external domains of the protein.

conservation of functionally similar resi-
dues responsible in immunogiobulins for
the B-pleated sheet regions of a tertiary
structure referred to as the antibody fold
t19). The alignment shows that the class
1. class II, and B;-microglobulin se-
quences are roughly comparable in their
similarities to each other as well as com-
parably less similar to immunoglobulin
sequences. establishing two evolution-
ary subgroups.

The organizations of the AB® gene. a
class I a gene, a class [ heavy chain. and
B.-microglobulin are shown in Fig. 3.
The most striking comparison to be
made from Fig. 3 is between class Il «
genes and B>-microglobulin. Note partic-
ulariy (i) the distances between the signal
peptide and the Ig-like domain. (ii) that
the first few amino acids of each mature
protein are encoded with the signal pep-
tide by the first exon. and (iii) the rare
occurrence of an intervening sequence in
the 3’ nontranslated region of both
genes. The ABY gene shares the first two
features but not the third one. Also. like
the class I genes and not the class I a
genes. the cytoplasmic coding sequence
of AR occurs on muitiple exons.

These organizational comparisons
support the suggestion (/4) that class Il o
chains and B.-microglobulin are more
directly related evolutionarily than are
class II « and B chains. It also was
suggested that class I and class II genes
might not be paralogous evoiutionarily,
but are each the result of de novo gene
construction through the process of
“‘exon shuffling.”” However, the struc-
ture of the ABY gene as presented here is
not as dissimilar to class I genes as is the
Ea gene. Moreover. though not signifi-
cantly similar over their entire length.
the first external domains of class I
heavy chains (a,) and the 8, domains of
class 11 B chains do share a highly con-
served peptide sequence about residue
40 (Val-Arg-Phe-Asp-Ser-Asp). ApY dif-
fers by one conservative substitution
(Phe 10 Tyr). The shorter «; domains of
class Il a chains possess a similar and

completely conserved sequence. Phe-
Asp-Gly-Asp, about residue 30. but have
no better than random similarity beyond
this with the o, domains of class I or B8,
domains of class II. The conservation of
sequence across all examples of class |
and class Il molecules and the structural
similarities of the genes support a direct
evolutionary connection between class |
and class Il genes. particularly those of
class II B chains.

Antigen triggering of cellular and hu-
moral immune responses requires the
recognition by different T-cell popula-
tions of antigens presented in the context
of class I or class II molecules. The
charged nature of the conserved peptide
probably ensures its residence on the
exterior of the molecule. As a con-
served, exposed determinant. this pep-
tide sequence may play a homologous
role in T cell recognition of both class I
and class I antigens. It is possible then
that not only are class I. class I1. and (3,-
microglobulin related by distant ancestry
to immunoglobulin. but that class I and
class Il antigens are derived from the
same ancestral two-chain polvpeptide in-
volved in prototypical lymphocyte inter-
actions.

Note added in proof: Comparison of
the ABY sequence with that of the b-
haplotype allele {26) indicates a relative
deletion of an Alu-iike (B;) repeat se-
quence in the second intron of ARY.
Computer analysis reveals a repeat-like
element only vaguely similar to 3, about
300 bp 5’ of the 3. domains of both
alleles.

MARIE MALISSEN
TimM HUNKAPILLER
Leroy Hoop
Division of Biology.
California Institute of Technology.
Pasadena 91125
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COMPARISON OF EXON 5 SEQUENCES FROM
35 CLASS | GENES OF THE BALB/c MOUSE

By KURTD A, BRORSON, STEPHEN W. HUN'T I, TIM HUNKAPILLER,
Y. HENRY SUN, HILDE CHEROUTRE, DEBORAH A. NICKERSON,
ann LEROY HOOD

From the wiston of Biology, Caltfornia Institute of Téchnology, Pasadena, Califorma 91125

The mouse class I MHC molecules are structurally related 45-kD cell surface gly-
coproteins that associate noncovalently with 82-microglobulin, a 12-kD polypeptide
(1). Class 1 molecules can be divided into two groups on the basis of their patiern
of expression and their function. The transplantation antigens, H-2K, H-2D), and
H-2L., are expressed on most somatic cells and present viral antigens to C'1'Ls (2).
The other group, the nonclassical class | molecules, exhibit a generally more re-
stricted tissue distribution and are probably not involved in antigen presentation (3-7).

The BALB/c mouse has at least 35 class I genes that map to five genetic loci: K,
D, Qa, Tla, and mt (8-11; Fig. 1). The classical transplantation antigen genes, K7,
D, and LY map 1o the K and D loci, as do four other class I genes: K27, D2, D3,
and 47 (12, 13). The Qa and Tla loci together contain 28 known class I genes, in-
cluding some shown to encode nonclassical class | inolecules (6, 14-16). In BALB/c
mice, the cight Qa region genes are named O_l", 2, ()_4"_ Q5", QE", Q?d, QH/&"{, and
Q107 and the 19 7 region genes are named 77 through 778 and 37, The newly
described Fhmt region contains at least three class | genes (10), including the Thy-19.4
gence (11), which is included in this study.

Class | genes contain 6-8 exons (14, 17, 18). Exon 1 encodes a hydrophobic leader
segment that is proposed to assist in the transport of the molecule to the cell surface
and is cleaved post-translationally (19). Exons 2, 3, and 4 each encode the three
90-amino acid external domains: al, a2, and a3. A short external connecting pep-
tide, as well as the transmembrane domain and part of the cytoplasmic segment
that includes charged anchoring residues, are encoded by exon 5 (Fig. 2). Exons
6, 7, and 8 encode the remainder of the cytoplasmic domain. Analysis of exon 5
sequences shows that they are generally not conserved for direct sequence similarity,
but rather lor maintaining hyvdrophobicity in the transmembrane stretch that they
encode (20). Certain class [ gene products, like those of the Q¢ and Q107 gencs,
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1838 CLASS T MHC EXON 5 SEQUENCES OF THE BALB/ MOUSE

are scereted and do not maintain a hydrophobic transmembrane domain. The Q7
gene product, the Qa-2 antigen, has a typical hydrophobic transmembrane domain
and charged anchor residues, yet is linked to the cell surface via a phosphatidylino-
sitol linkage (15). The transmembranc domain of the Qa-2 molecule is proposed
to be cleaved before expression on the cell surface.

This report compares the exon 5 DNA sequences of the 35 known class I genes
of the BALB/c mouse. Such a comparison can reveal which of these exons can en-
code a hydrophobic transmembrane, and whether the putative gene product could
be membrane bound or secreted. Whereas the structure of the external al, a2, and
a3 domains has been resolved for at least one human class I antigen (21), no direct
structural data exists for the transmembrane dornains for the class I molecules. There-
fore, an analysis of the predicted amino acid sequences of these genes could reveal
what amino acid sequence and structural considerations are important for the func-
tion of the transmembrane domains. Analysis of the sequences reveals that, in spite
of extensive nucleotide sequence variation, only four class I gene fifth exons, those
from the QI0¢, T5, T11¢, and T12 genes, have frame shifts or stop codons that ter-
minate their translation and prevent them from encoding a domain that is hydro-
phobic and long enough to span a lipid bilayer. Of the remaining fifth exons, 27
can encode membrane-spanning domains that resemble those of the classical trans-
plantation antigens in that they can be divided into a proline-rich connecting pep-
tide. a transmembrane segment, and a cytoplasmic segment with anchoring basic
residuces. In addition, hydrophobic moment analysis of the predicted transimmembrane
domains reveals that several, including those of the Qa-2 and TL antigens, are
sulliciently amphipathic to promote intramembrane protein interactions. The con-
servation of the ability to encode a potentially functional transmembrane domain
in the majority of the filth exons suggests that sclective pressure exists on them to
remain functional, possibly because the majority ol class I genes, including the diver-
gent ones, are functionally important.

Materials and Methods

Sequencing of Tiansmembrane Exons.  Individual class I genes or gene fragments were cloned
from BALB/c MHC class [ cosmids (8) into MI3mpl8- or pUCI8-derived vectors. DNA se-
quencing was performed using the didcoxynucleotide chain termination method (22). Se-
quencing was primed with an vligonucleotide (3 ACCTTCCAGAAGTGGGCA 3) derived
from a conserved area of the fourth exon of the L4 gene (23). This primer was chosen be-
cause the same sequence occurs in the fourth exon of several divergent class I genes, including
the F-2K4, D*, L4, T13 and Q71 (24) genes, and henee, is presumably highly conserved in
most class I genes. Siice exan 5 is generally ~ 120 nucleotides long and 210 nucleotides down-
stream of the primer, it was possible to determine the complete exon 5 sequence of all unpub-
lished genes on one strand with one set of sequencing reactions. Exon 5 sequences that could
not be directly aligned with previously reported sequences were also sequenced on the oppo-
site strand using complementary oliconucleotide primers derived from intron 5 sequence.
The hifth exons that can be aligned and were not sequenced on two strands were those from
the K24, QI, Q41, 059, 06", QI0%, and T3 genes.

Sequence Alignments and Comparisons.  Sequence alignments were performed using the method
of Needleman and Wunsch (25), which inserts gaps into one or the other of the sequences
in a pairwise comparison to maximize the similarity between the two sequences. In the per-
centage sequence similarity calculation, a gap of any size is counted as one mismatch, whereas
unmatched sequences at cither end are not counted.



BRORSON ET Al 1836

After alignment, pairs of scquences were analyzed at cach position for possible and ob-
served silent and replacement substitutions (26). A single base change that does not change
the predicted translation of coding region sequence is considered to be silent, while one that
does change the predicted translation is considered to be a replacement. Each possible pairing
of aligned scquences was analyzed, and substitutions were totaled for each category.

Analysts of Tianslated Exon 5 Sequences. ‘The translated exon 5 sequences were analyzed by
an algorithm that calculates the hydrophobicity of 21-amino acid stretches of the scquence
(27). The hydrophobicity values of individual amino acids are taken from a consensus scale
adapted from five separate hydrophobicity ineasurements (28). The method calculates which
21-amino acid stretch has the highest hydrophobicity value, thereby predicting which seg-
ment, if any, best defines the transmembrane domain.

Within the predicted 21-amino acid transmembranc scgment, the hydrophobic moments,
a measure of amphipathicity, of 11-amino acid stretches were calculated using the equation
of Eisenberg et al. (27). The highest hydrophobic moment value for each transmembrane
was plotted against the hydrophobicity value for the corresponding 11-amino acid stretch.
The empirically defined area of the graph in which the point falls predicts where the predicted
helix is likely to be found relative to the membrane, and whether it resides in the membrane
alone or in association with another protein.

Results and Discussion

Exon 5 Sequences and Groups.  The IDNA sequences of the fifth exons of 35 BALB/c
class I genes are shown in Fig. 3. In most cases, intron 4 and a portion of intron
5 are also included. The sequences were obtained from subclones of the BALB/c
cosmids in this study, or from published sequencices. In most cases, exon 5 is identified
by nucleotide similarity to known fifth exons, while in the cases of the T7, 715,
and Thy-19.4 genes, exon 5 is identified by the hydrophobicity of the translated amino
acids, and relative position 3’ of exon 4. Exon boundaries are identified by compar-
ison to class I genes for which spliced cDNA clones have been isolated (29, 30, Hunt,
S., K. Brorson, H. Cheroutre, and L. Hood, manuscript in preparation), and by
position of consensus splice sites. Donor splice sequences are not found in the 7¢,
75, 17, and T15 fifth exons. The fifth exons of the 77 and 715 genes are inter-
rupted by a Bl short int('|<:|)('r<('l| repetitive element (31) after 143 bp_ while those
of the T4 and 15 genes are similar to other fifth exons for the first 46 and 58 bp,
respectively, but contain nonhomologous sequences beyond what appears to be a

K [ D Qa Tla Hmt
v T v r \
Ta T10 Tis
17 w2 K D 02 D4 Q1040607 Q10 T1T3\167T8 TizTv4|"ar
AN ™
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Frover 1 Mapoof class I eenes in the BALB/c MIIC. Class | genes map to the K, D, Oa, Tla,
and {imt cewions The Tand § regions contain class 11 and complement genes, respectively The
otder of the 2a region gene clusters is unknown, as is the distance between the K, 1), Tla, and
Hmtregions [ he upper line represents the genetic map and the gene clusters are indicated below.
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recombinational or gene conversion hboundary. The predicted reading [rames are
identified by the hydrophobicity of the translated amino acids, and by conformity
to the reading frame established by the fourth exon.

The fifth exon sequences are assigned to the same group if they share at least 75%
similarity with cach other (32). The exon live sequences can be assigned to seven
nonoverlapping groups. The largest group includes all of the /-2 and Qa loci genes,
and in addition, several even numbered Tla region genes: 74, 76, 78, 770°, T14,
T16', and 37°. A sccond group includes the 777, T3, 711, and 713 genes, while
a third includes the 72, 75, and 772 genes. Finally, the 7971777 and 17/T15
gene pairs form two adrditional groups, while the 778 and Thy-19.4 genes form two
additional single gene groups. Consensus sequences are derived lor each group based
on the most frequent nucleotide used at each position,

Nucleotide sequence similarity among members of cach group ranges from 73
10 99% (‘Table I). No two members of any group are exactly identical, making the
exan 5§ sequences diagnostic for the identification of BALB/c class I genes. Among
members of each group, several tvpes ol mutational events have occurred subsequent
to the duplications that created them, including nucleotide substitutions and short
deletions. In addition, the exon 5 of the Q77 gene has an extra 18 bp that matches
15 of the 18 nucleotides immediately following it, and thus, it is probably the product
of an internal sequence duplication. Interestingly, an 18-bp insertion that matches
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n

the Q7' insertion in 13 of 18 nucleotides is also found in the same position in a rat
class 1 gene (33: ]. Howard, personal communication). Since the inserted sequence
is about as similar to the rat sequence as it is to the 18-bp sequence following it,
it is possible that this duplication event occurred before mouse/rat divergence. Al-
ternatively, since this appears to be a single mutational event in both species, it is
possible that the duplications occurred independently. Since the insertion in the Q79
exon 5 does not match precisely either the sequences immediately following it, or
the homologous insertion in the rat fifth exon, it is unclear which of these two possi-
bilitics is the casc.

Comparison of group consensus sequences reveals that some groups are related
while others appear not to be (‘Table 11). Groups 2 and 3 are ~73% similar to each
other. Their members are diflerent enough from each other to be classified as dis-
tinct groups based on the criteria of this report, but they are clearly evolutionarily
related. The other groups are possibly related to each other since some pairings share
as much as 54% similarity. Unlike the similarity between groups 2 and 3, it is un-
clear if 32-54% sequence similarity between these groups is the result of divergent
cvolution rom an ancestral exon 5, or rather of convergent cvolution of unrclated
transmembrane exons. Codon usage that is restricted to maintain hydrophobicity
of the translation could result in unrelated sequences attaining greater than random
similarity. Thus, it is conceivable that the exon 5 sequences have multiple origing
as the result of exon shullling or de novo generation, and share similarity because
of convergent evolution. This is most possible for the 778 fifth exon since it shares
only 32-143% similarity to all of the other groups.

The existence of variation in the transmembrane exons in the class I gene family
argues that their most important sequence consideration is the retention of a hydro-
phobic translation (20, 34). Extensive variation occurs in transmembrane domains
when their only function is to anchor a protein to a membrane. To test whether
selective pressure exists for the fifth exon sequences to retain their translation, syn-
onymous and nonsynonyimous mutation frequencies were determined for the group
1, 2, and 3 fifth exons (‘lable [11). Since the members of groups 2 and 3 can be aligned,

Tasie I1
Percent Stmuilarity between Consensus Sequences
of Fifth Exon Groups

Similarity of exons

Group Gl G2 G3 G4 G5 G6
%o

2 54

3 53 73

4 50 43 43

5 41 38 48 46

6 32 41 33 36 43

7 48 38 49 40 42 37

Belore the percent similarity calculation, the fifth exon sequences were aligned
with gaps to maximize the result. Groups 1-7 consensus sequences arc abbreviated
as G1 through G7.
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Tance 111
Replacement and Silent Site Autation Frequencies

tn Exon 5 and Intron 4

o Replacement Silent Possible  Observed
Fxon 5 ) 2,766/717,2149 765/6,133 2.81 3.62
Group 1 (16) (12)

Exon 5 202/1,259 407361 3.49 5.05
Groups 2 and 3 (aligned) (16) (1

Intron 4 1,264/15,319  594/5,951 2.57 2.13
(Exon 4 read-through) 8) (10)

Group |

Intron 4 21771.568 687496 3.16 3.19
Groups 2 and 3 (aligned) 14) (14)

Frequencies are expressed both as a fraction of observed changes over possible
changes, and as a percentage (in parentheses). Possible and observed replace-
ment/silent ratios are also shown. The 7¢ and 75 fifth exons werc omitted from
this analysis since their 3 portions were created by recombination events, not
duplication and point mutation.

they were pooled to maximize the number of sites tested. As a contrast, synonymous
and nonsynonymous mutation frequencies were also determined in the exon 4 read-
through frame of intron 4. If sclective pressure is exerted on a coding region se-
quence, the frequency of silent mutations is predicted to be higher than that of replace-
ment mutations. As expected, silent and replacement mutations are approximately
equivalent in the intron 4 sequences. However, in the fifth exons of groups 1, 2, and
3, replacement mutations have a higher frequency than silent mutations. This sug-
gests that thereis little selective pressure to maintain their protein encoding sequences
other than for hydrophobicity, although the variation in the putative 71a region gene-
encoded transmembranes may have evolved because they perform specialized func-
tions that are different than those of the transplantation antigens.

In contrast to the fifth exon sequences, almost all exon 4 sequences are at least
807 similar to cach other (Hunt, S., K. Brorson, H. Cheroutre, and la. Hood, manu-
script in preparation, K. Brorson unpublished observations), supporting the con-
cept that all of the class I genes evolved from a common ancester (35). Itis interesting
that the highly conserved fourth exons and the highly divergent fifth exons are sepa-
rated only by a 120-nuclcotide intron. Dot matrix identity plots between group con-
sensus sequences (Fig. 4) reveal that, between groups, intron 4 is more conserved
than exon 5, and that there are two general areas of conservation. One area is the
splice acceptor site and the first ~10 bp of exon 5. The other area is the 5" portion
of intron 4, adjacent to the conserved exon 4. It is conserved among all of the genes
except the 778 gene, and the Thy-19.4 gene, where only the middle of the intron
is conserved. Intron 4 1s also more conserved than exon 5 when compared among
groups ('lable 111). However, it is unlikely that this reflects selective pressure for their
conservation, as would occur if read-through translation from exon 4 is important
since the silent mutation frequency of the read-through frame is approximately equal
to the replacement frequency in group 1, as well as in groups 2 and 3. Instead, the
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Ficure 4. Dot matrix identity comparison of group | consensus sequences with groups 2-7
consensus scquences Exon 5 boundaries are shown on the top and on the side. Each dot represents
a six of eight nucleotide match between the sequences.

distinct breaks in similarity evident in the dot matrix identity plots suggest that the
conservation in the fourth intron is a result of recombinational events that were in-
volved in the evolution of the class | gene family. These recombination events could
have included transmembrane exon shuflling or de novo generation events that created
hybrid genes with similarity to classical class 1 genes in exon 4 and the 5 portion
of intron 4, but little or no similarity in exon 5 and the rest of intron 4. Alternatively,
it is suggested that short introns in class I genes are generally inore conserved than
the interior portions of long introns because proposed recombination events that
transfer exons between class | genes could often extend beyond the end of the exons
into a portion of the surrounding introns (36). It is conceivable that the 5’ portions
of the fourth introns are generally more conserved than the 3’ portions because such
DNA segment exchange events could occur more often between fourth exons than
fifth exons (14).

The exon 5 sequence data can be used to support models for the evolution of specific
groups of class I genes. 1t is proposed that the Q#-Q10% genes in the C57BL/10
mouse resulted from duplications of a primordial Qa gene pair, with the even- and
odd-numbered genes derived from one or the other of the primordial genes (37, 38).
The Q8 and Q9 genes were subsequently fused in an unequal crossover event to form
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the hybrid gene Q4797 of BALB/c mice (37). The exon 5 sequence data supports
this model since exon 5 in the Q47 and Q67 genes share 97% similarity and a single
nucleotide deletion causing a frame shift at nucleotide 62. In addition, the Q7d and
0879 genes are Y9% similar to each other in exon 5. However, the Q57 gence is 98%
5, suggesting that it had undergone a DNA segment
cxch:mgc event from that gene.

The two gene clusters. 77°-T70° and 771-37° (Fig. 1), of the Tla region of the
BALB/c mouse, are proposed to have resulted from a duplication of an entire block
of genes (14). The exon 5 sequence groups define gene pairs with representatives
in the same order on both clusters. These gene pairs are 77/711°, T2/TIZ,
T3/T13, T6/T14, T7/T15, 18/T16°, T9/T17, and 1T10/37°. The placement of
these pairs in aspecific order in both clusters supports the cluster duplication model.
Because of similarities in restriction enzyme site patterns, the 74 and 75 genes
are proposed to have been created in a duplication of a pair of genes that also pro-
duced the 76 and 77 genes (14). However, the exon 5 sequence data does not sup-
port this contention since the 75 exon 5 does not resemble the 77 exon 5, but in-
stead is 95% similar to the 72 exon 5 in the first 58 nucleotides. Beyond that point,
it does not resemble any other exon 5 sequence. In addition, exon 5 in the 74 gene
is 93% similar to that of the 76" gene in the first 46 nucleotides, after which is a
21-bp polythymidine tract followed by a nonhomologous sequence. Since both the
74 and T5 exon 5 sequences are interrupted by nonhomologous sequences, it is
likely that instcad of being created as a block duplication of the 76° and 77 genes,
the 74 and 75 genes are partial class [ genes that were duplicated separately from
distinct sources. The 75 genc is probably a partially duplicated 72 or T12¢ gene,
while the T4 gene is probably a partially duplicated group | class I gene.

Splice Junction Sequences.  T'he putative acceptor splice junction sequences of 35
and donor sequences of 30 of the class I fifth exons are shown in Fig. 5. The fifth
exons of the 7¢°, 75, 77, and 775 genes do not have donor splice sequences; prob-
ably because they were eliminated by recombination or repetitive clement integra-
tion events during their evolution. In addition, since Thy-19.4 transcripts do not splice
exon 5 to any 3" exons (1), it is also excluded from the donor sequence figure. All
35 acceptor sequences have polypyrimidine tracts of 16-58 bp in length, followed
by an AG dinucleotide. Since splicing invariably occurs after an AG dinucleotide
in cukaryotic genes (39), and polypyrimidine tracts in acceptor splice signals are
generally >11 bp in length, all 35 acceptor splice sequences appear functional. Simi-
larly, all of the donor splice sequences match the consensus sequence (%AG/
G'I'?,AG'I') with at least six of nine nucleotides and have the invariant G'T dinucleo-
tide at the immediate splice junction. Since donor splice sequences only need to
match the consensus sequence in as little as five of the nine nucleotides to be func-
tional (40). and since all of the class I donor sequences have the invariant GT dinucleo-
tide found in all eukaryotic donor sequences (39), all 30 of the class I donor sequences
also appear to be functional. Since none of the splice sequences in the 35 class |
fifth exons appear abnormal, it is unlikely that any of the fifth exons will be nonfunc-
tional because of splicing abnormalitics.

In addition to donor and acceptor splice sequences homologous to those in previ-
ously characterized genes, several possible alternative splice sites can be identified
(Fig. 3). These sites include in-frame donor sequences in members of groups 1-5

similar to the D7 gene in exon
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Acceptor Sequences Donor Sequences
T
Acosptor Consermus. (c),, .t':. Donor Consensus 2 3
x CLCTCACCITICATTICTIGIACCTGICCTTICCCA x c AG &
x2 CCCTICACCTTCATITCCTIGTACCGGICCTITCCCA x2 c AG A
0 CCCTCACCIICATTITCCTGTACCIGICCTICECAN 0 < AT a
02 CCCICACCTICATITICCTIGIACCTIGICCTTECCA 02 c AG &
03 CCICACCTICAITICCIGIACCIGICCTICCCA 03 c aG A
04 CCTCACCTTCATTIICTGIACCIGICCITACCA 04 c aG a
L CCCICACCITCAITICCIGIACCTIGICCTICCCA L c A
as CCCTCACCITTAITICCIGIACCTGICCTTICCCA o1 A aG 4
62 (CCICACCTITCAITICCTIGTCCTIGIECTICTCA az € 4G 4
04 CCEMCArCTICAITICCYGTIACCIGICCTITICOCA Q4 c G A
as ac Qs c
96 CCCTCACCTITUAIITCLCIGTACCIGIACTICCCAL 1] c 4G &
07 CCCICACCTICATTACCTGIACCIGICE 1CrLA Q7 c AG A
a8/9 CCCTCACCITCATIICCIGIACCIGICCTICCCA g9 c AG A
910 CCCTCACCTICITITCCIGIACCIGICCTTCCCAL aio c AG A
T4 CCTICACCITCATITCCTIGIACCIGICCTTCCCAC
'8 TCCICACCITCATATCCTGTACTIGICCTTCCCAS, 18 T AG A&
8 CCCICACCTICA TATCCTICCCAL 18 c AG 4
110 CCTAACCTTICITITCCTGIACCIGICCTICCCA 110 4 GG a
T1a CCCICAACTICATTITCCTGTACCTGICCTTCCCA 114 1 4G &
116 CCCTCACCTTCA TATCCTTCCCA 118 [ AG A
a7 CCCTCACCTICAITICCTGTACCIGTICCTICCCA 37 T.| a6 a
5 T TCACTITCCC CAIGICCTTACCCITCTCYTICTCA 11 A.ﬂ AT G
13 CCCTCCTGTCCTIACCCTTCCCTICCEA 13 at| ar e
Ty TIGTICACITICCC CAIGTCCTTACCCTICTCTICTCA T3 AN AT G
113 TTGCTCACTITCCCAICATGICCTTACCCTICCETICECA 113 at| a1 G
12 CCCTICACITICCATICCITGCCCTITICCYTICCCA 12 AG Al G
s CCCTICTCITTICCCITCCTIGCCCTITCCTTCCCA
T2 CCCICACTTTCCCTTCCTTGCCCTTTCCTTCCCA 112 G| ar G
17 TCCCTTAACCTCCITICCIGICCCTITCCCATCITA
115 TCCCTT ACCTCCTTTCCIGICCCTITCCCATCTTA
19 TCITCACCTTCICTICCCCTICTCCIGCCCTCCECICCCTICACTICECTTTGETICCCA 19 £ a6 G
117 TCTICACCTICICTIICCCCICTCCTACCCYTICCCTCCCTIGAGITCCCITIGCTICCCA 117 c AG G
118 TCCATCTTTCTTITIICCCTITCCCA Tie AG
Thy 19 4 TITTACATTTCYTITCA
1 ! ' 1 !
Frovee 5. The acceptor and donor splice sequences of BALB/c class | genes. The consensus

sequence (Con) appears above the compiled sequences, and vertical lines indicate where splicing
is predicted to occur.

in intron 4 near the junction with exon 4. If a class I transcript splices at these sites,
between two and five amino acids would be added to the a3 domain of its translation
product. In the 72, 75, 712, and T'18 genes, there are additional possible alter-
native donor sites in intron 4 that gencerate a diflerent frame than that identified
in cDNA transcripts. However, transcripts that splice these possible alternative donor
sites to possible alternative acceptor sites in the 5 portion of exon 5 would place
the hvdrophobic translation of exon 5 in the same rcading frame as exon 4. The
translation would be slightly longer in exon 4 and slightly shorter in exon 5. The
translation of the 772¢ fifth exon terminates two amino acids after the acceptor
splice signal homologous to those characterized in other class 1 genes. However, a
T12¢ transcript could encode a hydrophobic transmembrane if spliced at the pos-
sible alternative splice sites. Finally, there are donor signals in the fifth exon of the
T4 gene. However, since these sites were probably introduced to this gene by a
recombination event, it is unclear if they actually evolved to splice the T4 fifth exon
to a 3' exon.

Analysts of Predicted Sequence.  “Translation of the DNA sequences reveals that, with
the exception of the Q107, 75, T11°, and T12 genes, cach class I gene has an open
reading frame in exon 5, whose translation is potentially hydrophobic and long enough
to span a lipid bilaver (27; Fig. 6). Thus, each of these 31 fifth exon-encoded amino
acid sequences can be divided into connecting, transmembrane and cytoplasmic seg-
ments. In this study the transmembrane segment is arbitrarily defined as the most
hydrophobic 21 amino acids of the filth exon translation, since that is the chain length
required to form an a helix that can completely span a lipid bilayer (41). Analysis
of previously characterized membrane-bound proteins reveals that transmembrane
domains range in length from 20 to 28 amino acids (42). Since the choice of 21 amino
acids is arbitrary, it is important to note that it is possible that in the actual gene
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Ficure 6 ‘The translations ol the exon 5 sequences. Where they exist, borders between predicted
connecting, transmembrane, and cvtoplasmic segments are indicated by vertical lines between
amino acids. Frameshilts present in the fifth exons of the Q47 067, and Q10 genes cause a por-
tion of their exon 5 translation to be nonhomologous to those of other class I genes in their group,
while recombination events that occurred in the 79 and 75 hilth exons produced a similar re-
sult for their translations

products some of the residues near the calculated borders may not reside in their
predicted environment. The exceptions to the arbitrary assignment of 21 amino acids
are the predicted QI, 'I'7*, and T'15" transmembrane domains, which clearly have
hydrophobic segments in excess of 27 amino acids. In the translated sequences, the
putative connecting peptides vary from 4 to 20 amino acids in length. The putative
cytoplasmic portions are between 4 and 13 amino acids in length, except in the Q4
Q6. T'4°, and T15 transmmembrane domains, where none can be identified.
Connecting l'eptides.  Analysis of the putative connecting peptides reveals that the
amino acid usage is similar to that in the hinge regions of Igs (24; Table 1V). Proline
(28%) is the most commonly used amino acid. In addition, asparagine (8%) is also
present in these segments. These amino acids tend to disrupt any helical structure
that may form in the junction between the transmembrane and outer domains (43).
In addition, serine and threonine predominate in the connecting peptide at 16 and
14 %, respectively. These two amino acids with small polar hydroxyl side chains are
common in exposed areas, and their presence is not predicted to contribute to or
disrupt the formation of a helices (43). However, comparison of 31 proteins exhibiting
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Vame [V
Amino Acad Composttions of Predicted Connecting,

Transmembrane, and Cytoplasmic Segments

Connecting Cytoplasmic
Amino acid scgment Transmembrane portion
%
Acidic
Aspartic acid (D)) 2.5 0.3 0
Glutamic acid (E) 0 0.4 1.0
Basic
Lysine (K) 1.4 0.1 19.0
Arginine (R) 2.8 06 25.1
Histidine (11) 0.7 0 1.0
Polar
Glycine (G) 0.7 8.3 3.1
Asparagine (N) 8.2 0.9 10.8
Glutamine (Q) 3.2 0.1 0
Cysteine (C) 04 1.6 1.0
Serine (8) 160 1.7 3.1
Threonine (T) 142 1.6 6.7
Tyrosine (Y) 2.8 0.1 0.5
Nonpolar
Alanine (A) 28 15.1 1.0
Valine (V) 46 26.5 7.7
Leucine (1)) 2.8 12.9 5.6
Isoleucine (1) 0 14.2 2.1
Proline (P) 28 4 1.3 0
Phenvlalanine (F) 07 7.8 0
Mecthionine (M) 71 35 11.3
Tryptophan (W) (i1 2.8 1.0

The calculation reflects percent representation in a total of 31 connecting and
transmembrane segments, and 27 cytaplasmic segments. ‘The individual amino
acids have been previously assigned to acidic, basic, polar, or nonpolar categorics

(58)

segment flexibility demonstrates that both serines and threonines tend to be concen-
trated in flexible segments (44). 'T'he serines and threonines in the connecting pep-
tides could confer more flexibility to this segment.

The imposition of a flexible B-turn structure in the connecting peptide could facilitate
stretching and pivoting at this segment in a manner similar to that in the hinge
region of tes. Itis suggested that the Ireedom of movement of the two Ig Fab arms
relative to the Fe stem results from proline-rich amino acid sequences within the
hinge segment that favor flexibility (24, 45, 46). This freedom of movement of the
Fab arms is believed to be important for the function of Igs (47). Similarly, in the
case of transplantation antigens, freedom of movement in the connecting peptide
could be important to lacilitate interaction with the TCR. It is interesting that the
T18 molecule is predicted to have a connecting peptide 20 amino acids in length.
It would be twice as long as those in the transplantation antigens, but it is unclear
if there is any significance to this difference.
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Tiansmembrane Segments.  In the predicted transimembrane segments, four hydro-
phobic amino acids dominate: valine (26%), alanine (15%), isolcucine (14%), and
leucine (13%) ('lable IV). Phenylalanine is present at an intermediate level of 8%,
but the other three hydrophobic amino acids, tryptophan, methionine, and proline,
each constitute 4% or less of the transmembrane amino acids. Proline (1%) may
be absent from the transmembrane segments because it may tend to disrupt the
a-helical structure assumed by the hydrophobic amino acids in their aliphatic envi-
roninent (48, 49), although it has been suggested, on the basis of work with bacterial
transmembrane domain deletion mutants, that transmembrane domains are not always
completely a helical (50). ‘Tryptophan (3%) and methionine (4%) are used less often
in proteins in general, and their lower usage in the transmembrane domains could
reflect this (51). In addition, tryptophan is suggested to be more hydrophilic than
previously believed, and is represented infrequently in other transmembrane seg-
ments (52). Glycine (8%) is the only nonhydrophobic amino acid found in abun-
dance in the transmembrane segments. Glycine has a very small slightly polar side
chain that would probably not significantly decrease the hydrophobicity of the trans-
membrane segments. Interestingly, the putative Q19, '1'7°, and T'15° molecules are
predicted to have hydrophobic transmembrane scgments of between 27 and 49 amino
acids. Although these genes have not been shown to encode proteins, if they did,
it would be interesting to sce how such long hydrophobic segments are accommo-
dated in the membrane.

Proteins with transmembrane domains that interact with other proteins within
the lipid bilayer, as class Il MHC molecules are proposed to (53), are suggested to
do so because they contain short stretches within their membrane spanning segment
that are sufficiently amphipathic to promote such interactions (27). To test whether
any of the class I transmembrane segments, as well as four BALB/c class 11 trans-
membrane segments, AY /\‘,}, E¢, and E;,', could interact within the membrane with
other proteins, the hydrophobic moment, a measure of amphipathicity, was calcu-
lated for I1-amino acid stretches within them. The length of 11 amino acids corre-
sponds to approximately three turns of an « helix, which is believed to be the typical
amphipathic segment size that interacts noncovalently with other proteins. For each
transmembrane segment, the H-amino acid stretch with the highest hydrophobic
moment was determined, and that hydrophobic moment value was plotted against
the hydrophobicity value for the H1-amino acid stretch (Fig. 7). Whether an 11-amino
acid stretch is predicted to be sufficiently amphipathic to promote interactions within
the membrane depends on which empirically defined area within the graph its plotted
point falls (27).

‘This analysis reveals that the plotted points of all four class Il transmembranes
fall within or near the area defined as iultimeric transmembrane. Since class 11
molecules are dimeric on the cell surface, it is proposed that the transmembrane’s
amphipathicity and amino acid scquence conservation are consistent with the hy-
pothesis that they are dimeric within the lipid bilayer as well (53). On the other hand,
the algorithm predicts that several class I transmembrane domains are not sufliciently
amphipathic to be predicted to interact with other proteins within the membrane.
The transplantation antigens, K4, DY, and L9, are heterodimers with 82-micro-
globulin, a small polypeptide with no membrane-spanning segment. T'herefore, the
prediction that they do not have amphipathic transmembrane segments is consis-
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Frcure 7. H)(Imphnhit moment plot. Hydrophobic moment (u,) is plotted against hydropho-
bicity () for 1l-amino acid segments within cach of 31 class I fifth cxon translations, as well
as the transmembrane domains of class 11 molecules AY, Ag. Fd, and E Each point plots within
arbitrary areas labeled surface, globular, multimeric, or monomeric (ransmcmbranc Although
arbittarily defined by Eisenberg et al. (27), 36 of 49 transmembrane segments originally used
to define these regions were correctly plotted within the region of the graph that corresponded
to their type.

tent with their probable monomericity within the membrane. In addition to the trans-
plantation antigens, the putative molecules encoded by the majority of group 1 genes
and the 79 and 777 gencs are also predicted to be monomeric within the mem-
brane. However, other putative class | transmembrane segments are predicted to
be sufliciently amphipathic to associate within the membrane with other proteins.
These include those predicted to be encoded by the Q44, Q7%, Q8/94, T3, T7, T10,
T13, T15, T18&, and Thy-19.4 genes. The Q49 gene encodes a secreted class |
product, and the Q77 gene encodes the Qa-2 antigen, which is linked to the cell sur-
face by a phosphatidylinositol linkage. 'The amphipathicity data is consistent with
the hypothesis that during the processing or transport of these two molecules, in-
tramembrane interactions occur with yet uncharacterized proteins. In addition, the
putative products of several 7la region class I genes, including that of the 713 genc,
which encodes the TLC antigen, are also predicted to interact with other proteins
within the membrane. These 7la region genes, 73, 77, T13, T15, T18, and Thy-
19.4, also have highly divergent filth exons, suggesting that the molecules that these
gencs encode perform functions different than those of the classical class I mole-
cules. The hydrophobic moment data is consistent with the hypothesis that their
putative function may require intramembrane interactions with other molecules,
|possibly for the initiation of signaling cascades.

Cytoplasmic Segment.  In the cytoplasmic portion, two basic amino acids predominate:
mrqmmc (25%) and lysine (19%). Basic amino acids are commonly found on the
‘cvalasmtc side of transmembrane domains and are proposed to prevent the short

cytoplasmic domain from being pulled through the hydrophobic lipid bilayer (42,
54). Histidine, a slightly basic amino acid, is not present in the class I anchor se-
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quences. It is probably too weakly basic to serve in an anchor sequence. Also present
in the cytoplasmic segments are methionine (11%), valine (8%), and asparagine (11%).
It is unclear if there is any significance to the presence of these amino acids, although
it is interesting that mecthionines and asparagines arc clustered at both ends, but
not at the center, of the transmembrane domains. Some of these residues may be
spacers at the end of the domain and between the highly charged basic residues.
Others are transmembrane segment amino acids included in cytoplasmic portion
because of the arbitrary decision to limit the transmembrane segment to the 21 most
hydrophobic amino acids.

Four of the 31 hydrophobic transmembrane domains do not have basic anchoring
residues at the COOH-terminal end: Q4", Q69, ‘T4, and T'15°. It is known that
the Q4 gene, like the Q707 gene, encodes a secreted class I molecule (7, 55). The
lack of an anchor scquence probably contributes to the fact that it is a seereted class
I, in spite of its hydrophobic transmembrane segment. On the other hand, studies
with H-2L? gene mutants demonstrate that anchoring residues are not absolutely
necessary for cell surface expression of class [ glycoproteins (56). In addition, it is
suggested that the Q4" molccule can exist on the cell surface of transfected cells (57).
Clearly, the absence of anchoring residues can not universally be used as criteria
for whether a class 1 molecule is seereted or membrane expressed. If there are prod-
ucts of the Q67, T4, and 715 genes, it will be interesting to see whether they are
secreted, membrane bound, or both. Interestingly, the putative transmembrane do-
mains encoded by the 77/, 79, and 717 gencs are predicted to end with only one
or two basic anchoring residues, whereas the classical transplantation antigens are
anchored by three to four basic residues (Fig. 6). If these genes can encode class
I molecules, it will also be interesting to see if these molecules are anchored to the
cell membrane as elficiently as the transplantation antigens. The Q109 molecule has
ncither a hydrophobic transmembrane nor anchoring residues (55), and it is known
to be sccreted (6).

Implication of Predicted Protein Sequences.  "This analysis reveals that almost all of the
35 class I genes have fifth exons that have open reading frames that could potentially
encode a domain that is sufliciently hydrophobic and long to span a lipid bilayer,
and hence by this criterion, appear to be functional. Only four of the 35 BALB/c
class I gene fifth exons, those of the Q]()"~ 15, 111, and T12° genes, appear to be
exceptions and have stop codons or frame shifts that prevent them {rom encoding
a hydrophobic transmembrane domain. However, this does not necessarily imply
that these lour genes are pscudogenes, since at least the Q707 gene encodes a pre-
sumably functional soluble class 1 molecule. Thus, based on the analysis of these
scquences, it is not evident that any of these genes are pseudogenes. Of the remaining
31 class I genes, 27 have a fifth exon that could encode a domain similar to those
of transplantation antigens in that it has both hinge-like connecting peptides and
basic anchor amino acids at the appropriate ends of the hydrophobic stretch. Only
the Q4!, Q64, T4, and T15° transmembrane domains are exceptions by lacking
basic anchor amino acids. Overall, the amino acid usage of these segments is appro-
priate for their predicted function. The hinge-like segments use amino acids expected
to introduce B turns and segmental fexibility. The transiembrane segments con-
sist of hydrophobic amino acids, while there are anchoring basie residues in the cy-
toplasmic segments. The maintenance of this motif is particularly striking because
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of the extensive sequence divergence of the fifth exon groups. Since the majority
of the fifth exons appear to be able to encode a functional transmemnbrane domain,
it is unlikely that their divergence is merely a result of genetic drift in the absence
of sclective pressure. It is more likely that selective pressure exists to maintain them,
suggesting that the majority of the class I genes, including the divergent oncs, are
functionally important. It could be speculated that the fifth exons have diverged from
each other because the molecules that they encode have specialized functions other
than antigen presentation to ‘I' cells. If the molecules that the divergent groups en-
code are involved in other functions, the fifth exons would still be selected for the
ability to encode a transmembrane domain, but not one similar to those in restric-
tion elements. Clearly, analysis of exon 5 sequences alone can only suggest what
a particular class I gene can encode; further sequence and expression studies will
be required to determine the extent of expression of class I genes.

Sumnmary

DNA sequences of the fifth exon, which encodes the transmembrane domain, were
determined for the BALB/c mouse class | MHC genes and used to study the rela-
tionships between them. Based on nucleotide sequence similarity, the exon 5 sequences
can be divided into seven groups. Although most members within each group are
at least 80% similar to each other, comparison between groups reveals that the groups
share little similarity. However, in spite of the extensive variation of the fifth exon
sequences, analysis of their predicted amino acid translations reveals that only four
class I gene fifth exons have frameshifts or stop codons that terminate their transla-
tion and prevent them from encoding a domain that is both hydrophobic and long
enough to span a lipid bilayer. Exactly 27 of the remaining fifth exons could encode
a domain that is similar to those of the transplantation antigens in that it consists
of a proline-rich connecting peptide, a transmembrane segment, and a cytoplasmic
portion with membrane-anchoring basic residues. The conservation of this motif
in the majority of the fifth exon translations in spite of extensive variation suggests
that selective pressure exists for these exons to maintain their ability to encode a
functional transmembrane domain, raising the possibility that many of the nonclas-
sical class I genes encode functionally important products.

We thank Drs. 1. Stroynowski, M. Zuniga, K. Fischer Lindahl, and J. Kobori for critically
reviewing this manuscript; Dr. J. Howard for critical insights on exon 5 evolution and sharing
unpublished rat cxon 5 sequence data; and Mrs. C. Blagg for expert secretarial assistance.
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The joining of V and J gene
segments creates antibody diversity
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The variable regions of mouse kappa (k) chains are coded for by
multiple variable (V) gene segments and multiple joining (J)
gene segments. The V, gene segments code for residues 1to 95
the J, gene segments code for residues 96 to 108 (refs 1-3). This
gene organisation is similar to that encoding the V, regions®.
Diversity in V_ regions arises from several sources: (1) there are
multiple germ-line v, gene segments and J, gene segments: (2)
combinatorial joining of V' gene segments with different germ-
line J, gene segments; and possibly, (3) somatic point mutation,
as postulated for V, gene segments®. Also, from a comparison
of the number of germ-line J, genc segments and amino acid
sequences, it has been suggested that J, region sequences may
be determined by the way V., and J, gene segments are joined ™.
This report supports this model by directly associating various I,
sequences with given J, gene segments.

The number of germ-line J, gene segments has been esti-
mated in two ways. A region of DNA contaiming J. gene
segments has been charactenised by DN A scquence analysis and
was found to include five J, or J, -like; gene scaments, only four
of which have been found to be expressed as J scgments™.
Additional J, gene scgments have not been found, aithough
thewr presence cannot be excluded rigorousiy. Adternatively, the
number of J, gene scgments may be deternuned by counting the
number of distinctive RNA precursor patterns associated with
different x« chain mRNAs". Since the x-mRNA precursors
contain the intervening scquence between the J, and C. seg-
ments, they have a characteristic size depend on which J
scgment is used, the fargest precursor corresponding to the J.
scgment most distal to the C, gene and the smailest to the most
proximal J, segment. On this basis the RN A precursor pattern
for 20 different myeloma tumours were classiiied into four
different categories, corresponding to the four ditferent Jo gene
segments that these chains use. The distances between the C,
iuced from the
1 agree with
and DNA
AL A previousiy
a, more accurate

analysis of precursor patterns in NZB piasmacyto
the distances determined by restriction
scquence analysis of BALB/¢ verm-iine
suspected discrepancy” has been resolved i
calibration of the mobility data.
We have analysed & chans of th
mousc strain. To date ten ditferer
been observed in twenty V2
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Sequences of J segments ' Processing
associated with V, 21 scgments Frequency category
Germiine 96 107
Flg. 1 Jsegments assoviated with V21 chains from
NZB myeioma sntioodics. J segments are numbered Jy W T F G 6 G T X L E | X R 5720 I
accoraing 10 their processing category”. This is bascd
on the retative sizes of the x - mRNA precursors. ss
determined Sy  gel-clectropnoretic  analysis  of J2 ¥ 3720 o
polytAr” auciear RNA  These precursors are
approximateiy 3 3. S0, 33 and 31 kidubases tor Ja F S 2720 pesg
categones L il 111 and IV, respectuively The amino-
terminal sequences t3uU residues) of PCB701, PCxYN2
ana PC1U916 were determined on 3 modified Beck- 4 k A L 420 o
man sequenator as described previousiy' ' and were
found 1o be represeatatives of the V_21 subgroups. J2 W 0 £— 1/20 i
D. C and C. respectively. The J segment sequence of
these = chains were deternmined as follows cach «
chain was subjected (o muid acid cleavage = i the
aspartviproline between residues 94 and 93 The Variant
pepude mixture was sequenced without separation
after the amino-terminai peptide was blocked bv T
addiuion of Ruorescamine ' The restof the sequences Jy PC6684 R 1720 X
are taken from ref. 1. The germ-hine J segments are
defined as descrioed in the text J,, J,. J, and j, are
coded for by the BALB.c emorvo J gene segments J"‘ PC7940 P 1720 T
termed J,. J;. ), and Jainref 2 orthose termed J<. J,. -
Jyand J, inref 3 The PC2413 ] segment mav te
coded for bv a germ-line J gene or varant oi a J gener 3, PCTI32 Y
umque 1o the NZB mouse 2 ® L2220 2
J3™ PCc870!1 [l S 1720 o
-
Ja PCB8982 1 A E { 1/20 pray
number of J_ sequences appears to be greater than the number There are two possible explanations for the variant J.,
of germ-line J. gene segments. There are three types of I, sequences: (1) they arise from somatic diversification which
sequence. First, four distinct types «J,, J, J; and J,) correspond occurs at the junctional region during the joining of V, and J.
to those coded for by four of the germ-line J, gene segments in gene segments or (2) they are encoded by additional germ-line J.,
BALB/c DNA. Each of these J., sequences has been observed gene segments that are absent from or have not yet been
two or more umes in the NZB V'_21 regions (Fig. 1). These J, detected in the BALB/c genome. The former model predicts
sequences also have been observed in BALB/c x chains’ that the precursors of the mRNAs coding for these variant J,
indicating that NZB and BALB/c germ-line J, gene segments segments would belong to a category typical of one of the four
code for the same J. regions. A second type of J. sequence germ-line examples; the latter model predicts a unique mRNA
differs by a single residue from those of the germ-line J. gene precursor for each variant. A third type of J sequence which
segments: these are termed vanant J, sequences. There are five occurs in the exceptional PC2413, ditfers from the other germ-
J. sequences of this type and each has been observed only once. line J, gene segments by at least two nucleotide substitutions.
95 195+ 1) 95 96 108 Examples
1 J
gy ‘
T C:% o ol T66 — PRO  TRP
L : LS S Ve21-CCE .T66 PC2880, PCT769 atc.
i N
P i .
j ¥ 1 i i ] PRO ARG Fig. 2 Fusion of V_21 genes and J
LN J x ene secgments. The fusion can occur
L>—*——“ ve2l-cct - c66 —m—4 P 4 Bene;
i i 1 & ¥ cess to join V and J gene segments exactly
| ! [ to form a contiguous V-J gene. Such
1 |1 ”R? PRO genes will have germ-line J region
Sy | Vk21-€Cy - CC6 — sequences as in the case of PC2880,
; ! PC3741 or PC7043 and other
- 1 1 .
3 ! PRO  PRO PET940 examples'. Fusion to J genes might
i__l ue21-CCE . cee ?ncludc nucleotdes in the interven-
¥ ing sequence (95 = 1). If this codon 1s
- P CCC for all V_21, then the variant
Vw2t ¢ e | BEE TAG A== PRO  TYR sequences. PC6684, PC7940 and
. : Nei2y CC% s TAG e PC3741, PC9245 aic PC7132 can be explained by fusion
i toaJ gene (PC7132), withina J gene
; | PRO PRO TYR 109 (PC6684 and PC7940) or withina V
]
S Je21-cct . ccC - TAC———— PCTI32 gene (PC8701).
2 48
V2t cy cce TTC ———— PRO PHE SER
t Vi 21 vcc;— . TTC—TCG ——J  PC7043 or PC10916
PN PRO SER 107
w2t ccc-( l-tcg —— PC B701
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Differences of this extent raise the issue of whether the PC2413
J. sequence might be encoded by a fifth germ-line J, gene
segment in the NZB mouse.

An analysis of the RNA processing patterns for the tumours
producing x chains with variant J, sequences indicates that each
pattern belongs to one of the four categories characteristic of
germ-line J, gene segments (Fig. 1). Thus it appears that these
variant J sequences arise during the process of V.-J. joining.

Knowing the size of the mRNA precursor for a J, variant
allows us to infer the kind of somatic mutation that could have
produced the variant sequence. For example, both PC6684 and
PC7940 mRNAs exhibit the J, type prescursor. Their J seg-
ments differ from the germ-line J, segment at position 96,
presumably due to modifications of the tryptophan codon 96.
PC7132 arose from the insertion of a proline codon before the J,
gene segment. PC8701 resulted from a deletion of the phenyl-
alanine codon at the beginning of J; gene segment. In addition to
this junctional diversity, random point mutations either in the
germ line or during somatic differentiation may occasionally
occur (for example, PC8982).

The xk-mRNA precursor in PC2413 appears to belong to the
category characteristic of the germ-line J, segment. Thus, if the J
sequence of this tumour is actually encoded by a unique NZB
germ-line J, segment, thus segment would have to be located
very close to the J, segment, or alternatively, be associated with
a second, as yet unidentified, C, gene.

The nature of most J, variants suggests that they may be due
to variations arising from the V-J joining process because the
substitutions, mutations, insertions or deletions generally occur
at the beginning of J, segments. These variations may be
explained by two base substitutions (for example, tryptophan to
proiine) as well as the insertion or deletion of codons. Thus this
variation does not appear to arise merely by single-base somatic
mutation. Leder and Tonegawa and their coworkers have
recently observed identical inverted repeat sequences at the 3’
end of the V gene segment and at the 5’ end of the J gene
segment. They have hypothesised that these inverted repeats
may form paired stem structures that juxtapose the V and J gene
segments and that recombination may occur across the base of
this stem at slightly different points to generate V-J junctional
diversity (refs 2 and 3 and Fig. 2). This site-specific recom-
binational model appears to explain the V-J junctional diversity
that we have noted in the V_ 21 chains.

By whatever mechanism V gene segments are translocated to
J gene segments, a continuous DNA sequence coding for the
entire V region must be generated®. Since all mouse x chains
studied to date have proline at residue 95 (CC%), a V,, gene
segment translocation to the J, gene segment (tryptophan
(TGG) at residue 96) wiil result in the contiguous DNA
sequence, CC! TGG at the V-J joining site (Fig. 2). Such a
transiocation will create a V., gene segment that is associated
with the J, germ-line gene segment. This type of transloca-
tion explains five out of the twenty V_21 regions observed
iFig. 1). Likewise, similar transiocations between V_ 21
gene segments and the J,, Jy and J. gene segments can
explain the nine additional exampies of germ-line J segments
(Fig. 1).

The variant ] segments may arise by recombination within
rather than between the V gene segment codons for positions 95
or 95+ 1 and their counterparts in the J gene segments (Fig. 2).
Codon 95+1 is CCC in several V_ gene segments®®. If the
(95~ 1) codon is CCC for all V_21 gene scgments, the type of
variation that may occur at the V-J joining site is limited. Amino
acid substitutions at residue 96 for a V_21-J, translocation can
only be arginine (CGG) or proline (CCG) (Fig. 2). An amino
acid insertion would result in an extra proline codon before the J
gene segment. In addition, deletions of residue 96 could occur.
As shown in Fig. 2, the variants observed so far fit the predic-
tions of this model. If there is variation at the (95 + 1) codon, a
greater variety of substitutions could occur at residue 96*.
Obviously similar variation could occur in the (96 — 1) codon of
the J gene segment. Additional analyses of V, 21 chains are

DO2R-OK VA N 0S80 gDt 0

under way to define more completely the amino acid sequence
variability at the V-J junctional site. '

In our survey of V,21 chains, the frequency of x chains
expressing variant J segments relative to those expressing germ-
line J segments is high (5 out of 20). This frequency could be high
because the N-terminus of the J, segment is important for
combining-site size and shape’ and antjgen selection of specific
antibodies amplifies mutations that occur at a low frcqucncy.
(The uniformity of J, segments'® may mean that variation in this
region does not affect the complementarity of antibodies with A
chains.) Alternatively, this frequency may be a true reflection of
the rate of variation by this mechanism.

This research was supported by a grant from the NSF, grants
from the NIH and an appropriation from the Commonwealth of
Pennsylvania.
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ABSTRACT From a library of mouse sperm DNA. we have
isolated two overlapping clones which contain the C,4 gene. One
of these clones also contains the C, gene. The C; gene is separated
from the C, membrane exons by approxima(ei_v 2 kilobases (kb)
of DNA. The Cj gene was identified by (a) hybridization to
polyfA)*RNA prepared from the IgD-producing rat plasma cell
tumor IR731. and (b) homology of a translated nucleotide se-
quence to the amino acid sequence of the human & chain. The C
gene spans S kb of DNA in the germ line. Plasmid subclones of
the C; gene were used as probes in Southern and RNA blot ex-
periments. RNA blot analvsis of cytoplasmic poly{A)*RNA from
IR731 and a 1" 8" B-cell hybridoma revealed 1.6- and 2.7-kb &
mRNA species with different 3' ends. which presumably encode
the secreted and membrane-bound forms. respectively, of the &
chain. Southern blot analysis of DNA from two 8" lymphomas
revealed that the C; gene is in the germ-line configuration in each
case. Restriction map analysis of C, and C, genomic clones iso-
lated from a library of normal u*8* B-cell DNA also gave no evi-
dence for DNA rearrangement in the region between the C,, and
C; genes. Taken together. these data suggest that IgD expression
in £*8% B cells does not involve a Vy-to-C; DNA switch rear-
rangement. We propose that simultaneous expression of C, and
C, with a single V', gene is mediated by two alternative routes of
RNA processing oll a primary nuclear transcript which contains
the V', C, and C genes. In contrast, analogous experiments with
myeloma TR731 DNA revealed that the C,, gene has been deleted
from the myeloma DNA and that the C; gene has undergone DNA
rearrangement. presumably including a switch recombination of
the V', gene from the C, to the C; gene. These results indicate
that two alternative mechanisms may be used in the expression of
IgD molecules—RNA splicing in B cells and DNA rearrangement
in plasma cells.

An immunoglobulin heavy chain is composed of a variable (Vy,)
region and one of five classes of constant (Cy,i region: C, (IgM),
Ce gDt € 1eG C Tgar and C, (IgEY In mice, the five Cy
classes are encoded by ewht distinet genes: C..Cs C,. Coa,
C.ap. Coi. CLoand C,. Early inats development. a lymphocyte
B cell) bears onlyv 1gM on its surface: later. gD molecules are
often expressed together with IaM molecules (for review, see
ref. 1. Upon interaction with antizen. a B cell proliferates and
differentiates. ultimately becoming a plasma cell. The class of
immunoglobulin produced by its progeny may change, from
TeM vand [eDito G TeAl or ¢k,

The molecular mechamsms by which these genes are ex-
pressed durmg B-cell development have been partially char-
acterized. The Vi gene 1s joined to the C | gene by assembly
of three vene seaments: Vo Doand 2030 Presumably. upon
recoznition of antigen. the Vi genel along with some €, 5°-
tlanking sequence. 1y joied to another C region in a phenom-
enon called th > heavv-chaim switeh (4-61. Honjo and coworkers

The publication costs of this urticle were defray ed m part by page charge
pavment This article must theretore be hereby marked “adeertise-
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(7, 8) have suggested that the intervening DNA. containing the
C,, gene and perhaps other C,, genes. is deleted.

Both IgM and IgD molecules are present on the surface of
the B cell. Experiments utilizing allotypic markers have shown
that their expression conforms to the rule of allelic exclusion:
both heavy chains on the surface of an individual cell are en-
coded by the same chromosome (9). Moreover. considerable
evidence suggests that these two cell-surface molecules bear
identical V'y; regions (10-13). These data are difficult to rec-
oncile with the C,, gene deletion model because they imply that
a Vy; gene can be expressed with the C; gene without concom-
itant deletion of the C, gene. A number of mechanisms have
been suggested to account for these observations. including the
“copy-insertion” mechanism (14) in which a copy of the V'), gene
is joined to the C; gene while the original remains joined to the
C, gene. and differential RNA processing of a single transcript
containing Vyy, C,,, and C; genes (13).

This paper reports experiments carried out to test these hy-
potheses. The results support RNA splicing as the mechanism
by which the C,, and C; genes are expressed simultaneously in
B cells and also suggest that V'-to-C; DNA switch recombi-
nation may occur in plasma cells that express only IgD.

MATERIALS AND METHODS

Rat IgD Myeloma. The rat myeloma IR731 (16). a plasma-
cytoma, was passaged subcutaneously in Lou/M/Wsl N rats
(NIH). Total cell polv(A)*RNA was prepared from IR731 by a
method similar to that of Chirgwin et al. (17), followed by
oligo(dT)-cellulose chromatography. This RNA was hvdrolyzed
with base to an estimated average size of =300 nucleotides and
labeled with 2P by using { y->*PJATP and polynucleotide kinase
for use as a probe. Cytoplasmic poly(A)"RNA for RNA blots was
prepared from IR731 as described (18).

BALB/c p*8* Lymphomas. These lvimphomas. the cen-
erous gifts of R. Asofsky and K. Jin Kim. were passaged sub-
cutaneously in BALB/c mice (19). The presence of cell-surface
IgM and IgD molecules was verified by immunofluorescence
using anti-IgM (Cappel) and monoclonal anti-IgD (Becton Dick-
inson) reagents. GCL-2.1 cells were from \W. Raschke. DNA
from these and other tissues was prepared by the method of Blin
and Stafford (20).

Germ-Line C; Clones. The ¢erm-line clone ChSpu7 has
been described (4. 21). The clone ChSp37 was isolated from the
same library of mouse sperm DNA as ChSpu7. The positions
of C, sequences in these clones were determined by hybrid-
ization of [5'->2P]polv(A)"RNA from IR731 to blots of restric-
tion digests of these clones. Subclones of the hybridizing re-

Abbreviations: Vg, heavy chain variable: Cyy. heavy chain constant: kb.
kilobasets).
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gions were generated by ligation of restriction fragments into
the corresponding site or sites of pBR322 and were used as
probes in Southern (22) and RNA blot experiments. The cDNA
clone pl04E©12 (21) was used as a probe for C, sequences. The

Ju probe. containing the J;, gene cluster and 3'-flanking se-

quence, was prepared by M. Steinmetz.

BALB/c u*8* Normal B-Cell DNA Library. lgM-positive
cells were isolated from BALB/c spleens by using a fluores-
cence-activated cell sorter. Ninety-three to 97% of the purified
cell population stained positively for surface IgM. and 99% was
positive for surface IgD. A library of 12 x 10® recombinant
phage was constructed by ligation of EcoRI partial digests of
w8 spleen cell DNA to phage vector Charon 4A (23), followed
by in vitro packaging (24).

All manipulations of microorganisims containing recombinant
DNA were carried out under P2/EK2 or P2/EK1 conditions
prior to January 1980, after which P1/EK2 and P1/EKI1 con-
ditions were used.

DNA sequence analysis was as described (23).

RESULTS AND DISCUSSION

= 32

Characterization of Genomic Clones. (3'-**P|Poly(A)* RNA
prepared from IR731 was used to screen a number of genomic
clones known to contain mouse immunoglobulin Cy, region
genes or their flanking sequences. Two BALB/c sperm DNA
clones. ChSpu7 and ChSp37. hybridized to this probe. These
clones were subjected to restriction map analysis (Fig. 1). The
[5°-"2P)polv(A)" RN A probe hybridized to three discrete regions
of the cloned DNA.

Identification of the C; Gene. Restriction fragments hy-
bridizing to IR731 polviA)"RNA were subcloned into the plas-
mid vector pBR322 (Fig. 1). A DNA sequence determined near
the 3’ end of the p824 clone (Fig. 2. part B) appeared to encode
the first third of an immunoglobulin domain. with a cvsteine
residue and several conserved amino acids in the appropriate
positions. This amino acid sequence is translated from the only
open reading frame and is associated with a possible down-
stream splicing site. This sequence displavs striking homology
to the protein sequence of the Cg3 domam of human IgD (26):
18 of 33 residues. including a stretch ot 10 surrounding the

Cu uM

ChSpu?

& 2 ChSp37

6.7 102 20

EcoRI

BamH1

ring [

xbal

Hedll

Fi1G. 1. Restriction map of ChSpu7 and ChSp37. Restriction frag-
ments of a particular digest that hybridize to [5"-**P|polyiA)"RNA
from IR731 are indicated by heavy lines. Bg( [l and Xho [ digests were
not tested for hybridization to IR731 RNA. Plasmid subclones con-
taining hybridizing regions are also indicated. uM. [gM membrane
exons: a. synthetic EcoRlI linker site.

Proc. Natl. Acad. Sci. USA 78 (1981) 1801
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F1G. 2. Partial restriction map of p524 and strategy for determi-
nation of nucleotide sequence.

cysteine residue are identical, and an additional 10 are either
conservative substitutions or can be attributed to a single-base
difference in the genetic code. Thus, this sequence codes for
the C,3 domain of mouse IgD.

Additional sequence determinations in the 5" region of p&24
(Fig. 2. part A) revealed no additional immunoglobulin domain
coding sequences, and the unsequenced portion (coordinates
470-700) is too small to encode a complete immunoglobulin
domain. Additional domain and hinge regions presumably lie
in pé2 because no hybridization of IR731 RNA was observed
5’ to the 10.2-kb EcoRI fragment (Fig. 1). We conclude that in
the germ-line the C; gene is separated from the C, M exons by
>2 kb.

C; Gene Encodes Two mRNAs with Alternative 3’ Ends.
The germ-line DNA subcloned in pé2 contains the C,3 domain
of the & gene and. as argued above. probably additional C, do-
mains as well. Labeled total cellular poly(A)"RNA from IR731
also hybridized with sequences 3-7 kb to the C,3 encoding se-
quence (Fig. 1). These regions were subcloned as p832 and pé8.
Both p&32 and pé&8 contain only single-copy sequences and do
not cross hybridize with each other or with pé2. That this DNA
also contains & gene sequences was demonstrated by RNA blots
with IR731 mRNA and nick-translated p832 and p88 as probes.
Hybridization of C, probes (p82) to IR731 polv(A)"mRNA re-
vealed a major 8§ mRNA species of 1.6 kb and a minor species
of 2.7 kb (Fig. 3). In addition. the 1.6-kb species hybridized
with p832. and the 2.7-kb mRNA hvbridized with p88. These
results suggest that p632 and p&8 contain separate, noncontig-
uous gene segments which represent alternative 3’ ends for the
1.6- and 2.7-kb mRNAs. At present we do not know whether
each gene sequence is composed of one or more exons. None-
theless. these results indicate that C, gene sequences that are
contiguous in 8 mRNA occupy about 8 kb of germ-line DNA.

A B C D

FiG. 3. RNA blots of cytoplasmic mRNA from IR731 rat myeloma
(lanes A-C) and GCL-2.1 (lane D). a " 6" mouse cell line. with nick-
translated C, probes. Lanes: A. p52: B. p332; C, p38: Dpé2. Fragment
sizes are shown 1n kb.
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We have also observed two corresponding species in a mouse
w8 cell line (GCL-2.1) (Fig. 3).

Because the 1.6-kbh mRBRNA is the major species in IR731
mveloma cells which secrete IgD. we propose that pé32 en-
codes a 8_terminus for 8 chain secretion. The pd8 sequence in
the 2.7-kb mRNA may encode a 8, terminus for membrane-
bound & chains. We propose that these alternative 3" sequences
are spliced to the Cg3 domain to generate either 8, or 8, nRNA.
This arrangement is different from that of x, and w@,, mRNA,
in which the p terminus encoding sequence is contiguous with
the C,4 domain (15, 18). ’

pn*8* B-Cell DNA Contains Rearranged C,, and Germ-Line
Cs Genes. The lymphoma lines 1.10A and K46 are B-cell tumors
and express both IgM and Igl) molecules on the cell surface
(19). We carried out Southern blot experiments with DNA pre-
pared from these tumor cells. using BALB/c¢ embryvo DNA as
a control. Fig. 4A shows a Southern blot of a Kpn [ digest of
mouse embrvo and K46 DNA with the €, cDNA clone as probe.
In embryo DNA. this C, probe hvbridizes to a fragment =13
kb long. This fragment contains both the C, gene and the
gene cluster (27). In K46 DNA. the C, gene appears on an

-
w -
i =
x 25}

A
'?A
Kpnl
= < = <€ = <
= = 2 = s £ = 2
@ = 4 o = e = )

- 11
=102
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HindIIl

FiG. 4. (Upper)Hybridization of pl04Ex12to Kpn [ digests of K46
and mouse embryvo DNA. (Lower! Hybridization of the C,3 probe to
BamHI. EcoRI. and Hindlll digests of K46, mouse embryo, and
L10A DNA. Hybridization conditions: 5X SET, 2X Denhardt’s, 0.5%
NaDodSO,, 68°C.

Proc. Natl Acad. Sci. USA 78 (1981)

=20-kb restriction fragment, which indicates that a DNA rear-
rangement has occurred, presumably the V-] joining event (27)
(similar results were obtained with L10A DNA). Note that a
faint band is present in K46 DNA which corresponds to the
germ-line C, gene. Both K46 and L10A are polyploid (28), and
this band could represent an unrearranged chromosome. Al-
ternatively, it could arise from DNA derived from contaminat-
ing host tissue.

The corresponding data for the C; gene are shown in Fig. 4B
for K46, embryo, and L10A DNAs. The probe used in this ex-
periment was a 0.68-kb BamH1/Xba I restriction fragment from
p&2 which contains the C,3 domain and 340 nucleotides of
pBR322. This C, probe hybridizes to identical bands in both
embryo and lymphoma DNA restriction digests. No other hy-
bridization could be detected. Furthermore. the bands ob-
served in Fig. 4B are identical in size to those observed in
ChSpu7 and ChSp37, which demonstrates that these latter
clones contain no detectable cloning artifacts.

Analogous experiments were carried out with p88 and pé32
as probes. In each case. hybridization to germ-line and Ivm-
phoma DNA restriction digests gave similar results (data not
shown), indicating that no rearrangement of the C;, gene or its
flanking sequences occurs in p* 8" lvmphoma DNA.

We also have obtained similar results by using the . 8* nor-
mal B-cell librarv. When 1.75 X 10°and 3.2 x 10" recombinant
phage were screened with the C; and C, probes. respectively,
a total of 4 C, clones and 11 C,, clones were isolated. Six of the
11 C,, clones also contained the Jy; locus, and 5 of these showed
rearrangements consistent with Vy-D-J; joining. Restriction
map analysis of the C; and C,, clones revealed that they all con-
tain only germ-line DNA within the C, gene. between C,, and
the downstream EcoRI site (Fig. 1), and in the C; gene and 3'-
flanking sequence. The possibility that we simply failed to clone
or detect a rearranged C; gene cannot be ruled out: however.
these results are consistent with those described above and sug-
gest that, insofar as can be detected by gel electrophoresis. the
Cs gene in u*8" B cell and lvmphoma DNA is unrearranged.

Thus. we conclude that the simultaneous expression of 1g)M
and IgD molecules on the B lvmphocyte surface does not in-
volve rearrangement of the C; gene or, by implication. a Vy;-
C; DNA switch recombination.

IR731 Myeloma DNA Contains a Rearranged C; Gene and
Has Deleted the C,, Gene. Using the u cDNA clone and the
restriction fragment encoding the C,3 domain as probes. we also
examined the disposition of the C, and C, genes in IR731 my-
eloma DNA. DNA from Lou/M/Wsl N rat liver served as a
control (Fig. 5). Both probes cross hybridized with the rat genes
on a Southern blot of Lou/M/Wsl N liver DNA. Results ob-
tained with the C, probe indicate that the C, gene has been
largely deleted from the myeloma DNA (Fig. 34). The corre-
sponding experiment with the Cs3 probe and three restriction
endonucleases revealed that the C, gene had undergone DNA
rearrangement.

These data indicate that the Cy gene in this I¢D-producing
myeloma has been rearranged. unlike that in mouse ©"86° B
cells. Several explanations for these contrasting results should
be considered. First. IgD expression in the rat may be funda-
mentally different from that in the mouse. although we believe
that there exists no other evidence to indicate that this might
be the case. Second. these observations could be an artifact of
the myeloma condition. For example. the significance of “abor-
tive” rearrangements observed in mouse plasmacytomas (29! is
not understood. Finally. these results could conceivably be at-
tributed to a minor substrain difference between Lou/M/\Wsl
N. the tumor host, and Lou/C/\Wsl (16), in which IR731 ap-
peared.
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and BamHI digests of Lou/MN liver and IR731 DNA. Hybridization
conditions were: 5X SET. 2X Denhardt’s, 0.5% NaDodSO,, 62°C. Frag-
ment sizes are in kb.

To address the latter two questions. we carried out Southern
blot experiments using p&8, p&32, a ¥3 cDNA clone from my-
eloma ]J606. and a plasmid subclone containing the mouse J,
gene cluster and its 3’ flanking sequence. The p&8 and p832
clones gave similar results with Lou/M/Wsl N liver and Lou/
C/Wsl myeloma (IR731) DNA: in each case, both hybridized
to a single 5.7-kb EcoRI fragment. The ¥3 cDNA probe also
hybridized to 9.2-, 14-, and 16-kb EcoRI fragments in both DNA
samples. Thus. the C, genes and the counterparts of p832 and
p88 in the rat genome display no polymorphism in the two sub-
strains. These results suggest that DNA rearrangement rather
than restriction enzyme site polvmorphism is responsible for
the observed difference in hybridization of the C,3 probe to Lou/
M/Wsl N liver and IR731 DNA and that this rearrangement has
occurred on the 3 side of pd32 and p8&8.

Although the C, gene had been deleted from IR731 DNA,
results obtained with the J;, probe (Fig. 5C) indicate that the
Ju genes and 3'-flanking sequence are still present and have
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been rearranged, as would be expected for a V-D-Jy joining
event. This observation suggests that a V;-C, switch recom-
bination has indeed occurred in IR731 DNA.

Two Alternative Mechanisms for the Expression of IgD.
Based on the results described above, we propose the existence
of two different molecular mechanisms for the expression of the
C;gene. First, in " 8" B cells, these results suggest regulation
at the level of RNA processing, probably involving multiple
sites for splicing and poly(A) addition. This type of control has
been observed in late adenovirus mRNA processing (30-32) and
has been implicated in the synthesis of membrane-bound and
secreted IgM (u,, and w,) mRNA from a single transcript (15).
This mechanism presupposes the existence of a poly(A) addition
site 3’ to the C, gene. Extension of a transcript beyond the
poly(A) addition sites of p, and g, mRNA would then generate
the precursor of 8§ mRNA. Wall et al. (33) pointed out that. ac-
cording to this model. the preferential utilization of the u,
poly(A) site which would accompany the initiation of x, syn-
thesis would halt production of membrane-bound IgM and IgD
molecules. Results have been obtained which agree with this
prediction (34-36). The C;, gene thus could be another example
in eukaryotes in which developmentally regulated RNA splicing
generates alternative protein forms. We believe that this control
mechanism will be a general one in eukaryotic gene expression.

The second mechanism, apparently used by the rat IgD my-
eloma IR731, involves deletion of C,, and rearrangement of C,,
presumably via a V—C, switch recombination. We infer the
presence of one or more switch sites (37), probably in the region
between C; and the IgM M exons. At present, the mechanism
of this particular switching event remains unknown. We predict
that, generally, IgD-secreting cells also will exhibit rearrange-
ment of the C, gene. A schematic representation of these mech-
anisms is given in Fig. 6.

Cy Gene Linkage Family and Cy; Gene Expression. The data
in this paper and those from other laboratories (38—40), allow
construction of a linkage map of the immunoglobulin heavy
chain gene family (Fig. 6, top line). Because the separation be-
tween the C, and C, genes is substantially smaller than that for
other Cy genes, we believe that the C,—C, system is likely to
be the only pair of C; genes that uses an RNA processing mech-
anism as proposed above for their expression. Expression of
other heavy chain genes (C., C,, C,) most likely will occur only
by the Cy; switching mechanism involving DNA rearrangement.
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Note. After this manuscript was submitted for review, two
articles (41, 42) describing detailed structural studies of the
mouse C, gene appeared. Our data on the structure of the C,
gene largely agree with the data presented in them.
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SUMMARY



VII-2

The work described in this thesis is meant to reflect not only the diversity of the efforts
I have been involved with during my tenure at Caltech, but to indicate also the unifying themes
of these efforts. The intent of this summary is to provide some direction from which to
evaluate the impact this work has had on the fields represented here. Most of my biological
contributions have involved the direct investigation of the genes and proteins of the
immunoglobulin gene superfamily. Many of these papers provided the first analytical
description and details of the genes encoding various members of the superfamily as well as
their initial identification (e.g., Myelin Associated Glycoprotein - MAG). Each paper
provided a synthesis of the experimental detail into a functional and evolutionary context. Of
particular importance have been the novel descriptions provided concerning the structural
motifs of the superfamily and the evolutionary implications of the diversifying potential of
these motifs. Coincident with one other author, this work was the first to describe an entire
new class of immunoglobulin-related motifs. This sequence represents a unique, probably
more nearly primordial view of the sequence from which the rest of the superfamily arose. It
is clear from this view that immune recognition was not the driving force in the development
of the immunoglobulin homology unit. Rather, it was the inherent diversifying potential of the
homology that drove the development of several complex receptor/ligand systems including the
immune system.

The most unifying theme of these efforts has concerned the diversity potential of the
immunoglobulin motif and its functional and evolutionary significance. The work represented
here contributed directly to the discovery of several of the somatic diversifying mechanisms of
the rearranging immune receptor genes, including junctional joining diversity and the first
discovery of a eukaryote coding element that is routinely translated in all three frames. It is
clear from these analyses that the number of potential specificities arising as a result of these
and other mechanisms far exceeds the number of immune cells ever generated in any one
animal. These discoveries have helped shaped our current view of how the limited number of
genetic elements of the immune receptor gene families can accommodate and recognize the
universe of potential antigens.

The analyses of the diversity of the T-cell receptor proteins were the most
comprehensive for their time and have led directly to models of immune function by myself
and others. Our analyses of the structural potential of T-cell receptors lead to one of the first
thorough models describing the likely similarity of the T-cell receptor and immunoglobulin
structures, a view widely held today but not so at the time. Again, these models have directly
impacted our view of how these molecules function and have lead to much further

experimentation in this and other laboratories.
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The included structural and functional investigations have generated specific
evolutionary models involving the role of immunoglobulin motif. This motif may be unique in
its ability to accommodate sequence diversity while maintaining its complex structural
definition. This is no doubt responsible for its use as the main structural component of an
incredibly diverse array of functionally unrelated molecules, involved in everything from
cartilage formation to fine-specificity antigen recognition. This collection represents the most
comprehensive discussions on the implications this potential and other properties of the motif
have with regards to the evolution of complex eukaryotic traits. Particularly, these discussions
focus on the role of relatively saltational changes and canalization in evolution.

Although not explicitly included in this collection, many of the contributions of the
included work resulted from unique technologies and tools developed to support the specific
biological investigations. The software tools created to carry out much of the analyses in this
thesis have also been used and cited by dozens of other biologists. Algorithms developed have
found their way into commercial software packages available to the entire community.

In summary, most of my work at Caltech has been collaborative and generally of a
theoretical or analytical nature. Thus, I have included many papers for which I am not the
principal author. However, in each of these papers my contributions have been explicit and
significant to understanding the data generated and, in many, to the experimental direction
itself. As diverse as these efforts may seem, they have all contributed to my goal of
investigating and understanding the underlying principals of evolution as represented by the
development of complex systems. My future efforts in molecular biology will continue to
follow this model as it provides me the means by which to effectively work on the many
diverse systems required to maintain the perspective necessary for further insight into the co-
evolutionary issues concerning the complex interactions of the immunoglobulin gene
superfamily. I expect an explosion of information to result from the further refinement and use
of the instrumentation and computer technology for which I have been involved in the
development. I hope to be able to further contribute to the thorough understanding of this new
knowledge.

The work included here has contributed to not only a large amount of descriptive detail
concerning the immunoglobulin gene superfamily, but also to many testable models concerning

both specific and general aspects of the function and evolution of molecules that contain the
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immunoglobulin motif. At the same time, I have also been involved in the
development of some of the most exciting technologies of modern molecular biotechnology.
My future goals do not differ significantly from these efforts. It is clear from the papers
included in this collection, that an abiding interest in the biology of a fascinating gene family

has been and will continue to be the driving force of my efforts.



VIII. APPENDIX

VIII-1



VIII-2
CONTRIBUTIONS TO EACH PAPER

Diversity of the Inmunoglobulin Gene Superfamily

Tim Hunkapiller and Leroy Hood

This paper was the introductory chapter for Advances in Immunology for 1989. Itis a
comprehensive review of the immunoglobulin gene superfamily as well as a significant
synthesis of the knowledge regarding this family. It was written by me with editorial help
from Lee Hood. There are many observations and models included in the paper that are novel
to the literature, particularly as regards diversification potential of the rearranging immune
receptor genes and structural distinctions between superfamily classes. The paper was
specifically written to act as an introduction and summation of much of my own research
represented more specifically in the preceeding papers. I have researched and published on
members of essentially every class of immune-related receptors of the superfamily in an effort

to better understand both their evolutionary and functional relationships.

A Speculative View of the Multicomponent Nature of T Cell Antigen Recognition

Joan Goverman, Tim Hunkapiller and Leroy Hood

This paper was a completely collaborative effort between myself and Joan Goverman. It
presents a synthesis of the emerging molecular and functional data concerning antigen
recognition and cellular activation of the regulator cells of the immune response, T cells. A
detailed model is presented that substantially diverged from much of the contemporary dogma.
It is presented as part of the introduction to the thesis to present the functional implications of
many of the observations I have been associated with, particularly as regards the likely
structure and diversification of the immune receptors. It is our contention that the general
tenets of the model are still valid given our current state of knowledge of the processes

discussed.

The Impact of Modern Genetics on Evolutionary Theory
Tim Hunkapiller, Henry Huang, Leroy Hood and John Campbell
This is the first paper for which I was the primary author. It is a chapter in the book

Perspectives on Evolution. It is a discussion on the emerging view of molecular phenomena in

the context of evolutionary thought. The major theme revolved around models of rapid,
punctuated phenotypic change facilitated by only limited genetic change. We use the multigene
families of the immune receptors and models of their evolution as particularly important

examples in the discussion.
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T Cell Antigen Receptors and the Immunoglobulin Supergene Family
Leroy Hood, Mitchell Kronenberg and Tim Hunkapiller o
This was the first major paper we published specifically on the immunoglobulin gene
superfamily as the complexity of the relationships of its member genes was beginning to
become particularly apparent. It was an invited review that resulted specifically from work we
had done on characterizing the T-cell immune receptor and genes of the major
histocompatibility complex. The writing was a shared process. It contains the first proposed

genealogy for the superfamily members known at that time.

The Growing Immunoglobulin Gene Superfamily

Tim Hunkapiller and Leroy Hood

This was an invited News and Views for Nature written principally by me. It was prompted
by observations that superfamily members were likely to be prominent in non-immune systems
such as the nervous system. The suggestion was first made here that the immunoglobulin-like
domains of neural cell adhesion molecule (N-CAM) were responsible for the homotypic
interactions of these molecules. This is generally accepted now and has had implications for
other, subsequently described members of the superfamily. Also, this is the first report that
another neural protein (now known to be myelin associated glycoprotein [MAG]) was also a
member of the superfamily and had an analogous structure to N-CAM.

L3T4 and the Immunoglobulin Gene Superfamily: New Relationships Between the Immune
System and the Nervous System

Jane R. Parnes and Tim Hunkapiller

This is a review and synthesis of the molecules of the immunoglobulin gene superfamily that
are expressed in the nervous system. L3T4 (on which we had published earlier) was the focus
of the article due to its expression in both the nervous and immune systems. The writing was
shared. I particularly was responsible for the analysis and discussion of the sequence data and

the evolutionary discussion.
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Implications of the Diversity of the Immunoglobulin Gene Superfamily
Tim Hunkapiller, Joan Goverman, Ben Koop and Leroy Hood ,
This is an extension of the Advances in Immunology paper that introduces the thesis. There is
significantly more discussion regarding the structural paradigms represented in the superfamily
as well as a more detailed view of its evolutionary history. The evolutionary implications of
the diversity potential of the immunoglobulin gene superfamily motif is the primary focus of
the paper. I was the primary author of the text and models presented. Particularly, a novel
model for the evolution and original function of immune receptor rearrangement and allelic

exclusion is presented.

Mouse T Cell Antigen Receptor: Structure and Organization of Constant and Joining Gene
Segments Encoding the beta Polypeptide

Marie Malissen, Karyl Minard, Shelly Mjolsness, Mitchell Kronenberg, Joan Goverman, Tim
Hunkapiller, Michael Prystowsky, Yasunobu Yoshikai, Frank Fitch, Tak Mak and Leroy
Hood

This was the first paper to describe the genomic organization of one of the two chains of the T-
cell receptor. I did not participate in generation of the data presented. However, I participated
in the evaluation, interpretation and discussion of the non-sequence data and was essentially
solely responsible for the analysis and discussion of the sequence information. Only the first

author contributed more to the text of the paper than myself.

Rearranged beta T Cell Receptor Genes in a Helper T Cell Clone Specific for Lysozyme:
No Correlation Between V beta and MHC Restriction

Joan Goverman, Karyl Minard, Nilabh Shastri, Tim Hunkapiller, Dan Hansburg, Eli Sercarz
and Leroy Hood

This paper was the first major discussion concerning the diversity of the T-cell receptor. Its
most striking observation was that a single beta V gene can be used for receptors for different
MHC specificities. This had significant implications subsequently for the models of MHC
restriction and T-cell receptor diversity. I participated fully in the evaluation of all forms of
data and much of the experimental design. I was responsible for all sequence analyses. This
led to the discovery of a novel diversifying mechanism for immune receptors. Only the first
author contributed more to the text than myself. I contributed fully to the discussions of the

biological significance of the data.
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The Murine T-Cell Receptor Uses a Limited Repertoire of Expressed V beta Gene
Segments ,
Richard Barth, Byung Kim, Nancy Lan, Tim Hunkapiller, Nancy Sobieck, Astar Winoto,
Howard Gershenfeld, Craig Okada, Dan Hansburg, Irving Weissman and Leroy Hood
At the time, this was the most thorough analysis of the diversity expressed in the beta chain of
the T-cell receptor. The paper was at odds with several contemporary models and analyses,
but has proven correct (or at least not incorrect) in almost all particulars. Lee Hood and
myself were primarily responsible for the final form of the text. I was solely responsible for
the sequence analyses and, with Leroy Hood, for most of the biological discussion. I
developed several software tools to facilitate the sequence analyses and employed a novel
modification to secondary structure prediction tools to explore the similarity of T-cell and

immunoglobulin structures.

Chimeric Immunoglobulin-T Cell Receptor Proteins Form Functional Receptors:
Implications for T Cell Receptor Complex Formation

Joan Goverman, Stephen Gomez, Kathleen Segesman, Tim Hunkapiller, Walter Laug and
Leroy Hood

This paper describes the results of activation experiments using molecules encoded by chimeric
genes constructed with an immunoglobulin variable region gene and one of two T-cell constant
region genes. We were able to indicate a fundamental similarity between the functional
structures of immunoglobulins and T-cell receptors as well as provide insight into possible
mechanisms of T-cell receptor function. I designed the chimeric molecules for which the
chimeric genes were constructed from analyses of the structural and functional properties of the
two receptor molecules. The biological discussion of the paper was a joint effort of Joan
Goverman and myself. I contributed most of the structural discussion. I presented a novel
model of the T-cell receptor as possibly a stretch-activated receptor analogous to stretch-
activated ion channels. We also questioned certain dogma concerning the structure of the T-
cell alpha chain. This paper is one effort to address issues discussed in the functional model

paper that introduces this section.
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The T Cell Differentiation Antigen Leu-2/T8 Is Homologous to Immunoglobulin and T
Cell Receptor Variable Regions .
Vikas P. Sukhatme, Kurt Sizer, Amy Vollmer, Tim Hunkapiller and Jane Parnes
This paper is the first molecular description of one of the so-called T-cell accessory molecules
and its characterization as a member of the immunoglobulin gene superfamily. These cell-
surface antigens facilitate T-cell antigen binding and activation and play a significant role in
MHC restriction phenomena. I was responsible for all sequence analyses and software. The
senior author and myself were responsible for the structural and evolutionary discussion of the

paper. This is the first of a series of collaborations between myself and the senior author.

Isolation and Sequence of the L3T4 Complementary DNA Clones: Expression in T Cells
and Brain.

Beatrice Tourvielle, Scott Gorman, Elizabeth Field, Tim Hunkapiller and Jane Parnes

This is the first molecular description of the mouse homologue of the human CD4 T-cell
accessory molecule, which, along with CD8, is primarily responsible for MHC class
restriction. I did all sequence and structural analyses and contributed to the biological

discussion. Direct and comparative analyses of the sequence led to several novel observations.

Three cDNA Clones Encoding Mouse Transplantation Antigens: Homology to
Immunoglobulin Genes

Michael Steinmetz, John Frelinger, Douglass Fisher, Tim Hunkapiller, Dennis Pereira,
Sherman Weissman, Hiroshi Uehara, Stanley Nathenson and Leroy Hood

This paper reports the first significant DNA sequence of transplantation antigen cDNAs. I
developed a novel sequence comparison software tool and statistical method to test the
hypothesis that transplantation antigen genes were evolutionarily homologous to
immunoglobulin genes. I contributed the discussion on the sequence data and their

evolutionary history.

DNA Sequence of the Gene Encoding the E alpha Ia Polypeptide of the BALB/c Mouse
Janet McNicholas, Michael Steinmetz, Tim Hunkapiller, Patricia Jones and Leroy Hood
This is the first report of the genomic sequence of the gene encoding the alpha chain of the
mouse I-E immune response antigen (Ia). I contributed the discussion on the evolutionary

possibilities and sequence comparisons and did all of the sequence analyses.



VII-7
Nucleotide Sequence of a Light Chain Gene of the Mouse I-A Subregion: A betad
Marie Malissen, Tim Hunkapiller and Leroy Hood
This is the first description of the genomic sequence of the gene for the beta chain of the
mouse I-A immune response antigen (Ia). Marie Malissen and I wrote the paper. I am
responsible for all sequence analysis and structural and evolutionary discussion. I developéd
novel software that aided in the prediction of an exon not found in the cDNAs of known
human homologues. I read and, with the first author, aided in confirming all base calls from

the raw sequence data.

Comparison of Exon 5 Sequences from 35 Class I Genes of the BALB/c Mouse

Kurt Brorson, Stephen Hunt III, Tim Hunkapiller, Henry Sun, Hilde Cheroutre, Deborah
Nikerson and Leroy Hood

This paper compares a particular exon from each of the known mouse class I MHC genes to
better understand the evofutionary and functional aspects of this group of sequences. I
supervised the first author in the analyses of the data and the writing of the paper as well as the
completion of the data acquisition.

The Joining of V and J Gene Segments Creates Antibody Diversity

Martin Wiegert, Robert Perry, Dawn Kelly, Tim Hunkapiller, James Schilling and Leroy
Hood

This paper is the first to show that junctional diversity of the kappa immunoglobulin light
chain probably results from imprecise joining of the variable and joining gene segments during
rearrangement. This is my first paper from this lab. I generated all of the new protein

sequence data presented in the paper, starting from raw mouse ascites.

Expression of IgD May Use Both DNA Rearrangement and RNA Splicing Mechanisms
Kevin Moore, John Rogers, Tim Hunkapiller, Phil Early, Carol Nottenburg, Irving
Weissman, H. Bazin, Randy Wall and Leroy Hood

This paper is the first to describe how the same variable region can be present in different
antibodies on a cell surface simultaneously with two different constant regions, mu and delta.
The work done at Caltech was essentially done by Kevin Moore and myself. I participated in
all facets of the experimental work; including tumor ampliﬁcation, immunofluorescent cellular
assays, and RNA and DNA blot analyses.



