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Abstract

This thesis contains investigations into the structure of molecules encoded
within the mouse major histocompatibility complex. The first chapter [Steinmetz,
M., J. G. Frelinger, D. Fisher, T. Hunkapiller, D. Pereira, S. M. Weissman, S. G.
Nathenson, and L. Hood, Cell 24: 125] describes the isolation and characterization
of the first cDNA clones encoding murine transplantation (H-2) antigens. This
study showed that H-2 antigens contain DNA and protein sequences related to
immunoglobulin (Ig) molecules, but that the similarity does not include the great
somatic diversity characteristic of Ig molecules.

| The second chapter contains methods for cloning and sequencing in M13
bacteriophage vectors. Included is a novel method of generating overlapping
subclones for DNA sequencing by making a family of deletions in a DNA insert
cloned in M13.

In the third chapter [Fisher, D. A., S. W. Hunt, and L. Hood J. Exp. Med.
162: 528], the complete structure of a gene encoding a serologically defined
thymus leukemia (TL) antigen is elucidated. TL antigen is encoded in a gene, gene
T13%, closely related to H-2 antigens, and appears to have undergone a gene
conversion event with an H-2 gene. Tla-specific probes subcloned from T13°
enabled us to examine the organization of the eighteen cross hybridizing class I
genes of the Tla region.

The last chapter contains the sequence of another gene, gene TIS,
previously identified as encoding TL antigen. However, the T1C gene is a non-
functional pseudogene, and was probably mis-identified. There is an apparent site
of recombination in the T1® gene that occurs precisely at a B2 Alu repeat

sequence.
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Introduction

The murine class I antigens are a family of structurally related cell surface
glycoproteins encoded within the major histocompatibility complex (MHC) of
chromosome 17 (1, 2). These antigens include the transplantation antigens from
the H-2 complex, H-2K, H-2D, and H-2L, as well as the lymphoid differentiation
antigens Qa-1, Qa-2, 3, and thymus leukemia (TL) antigen encoded in the Qa-1,
Qa-2, 3, and Tla loci (3-6). Transplantation antigens, first discovered because of
their ability to provoke graft rejection in allogeneic skin grafts (7, 8), actually
function as cell-cell recognition molecules in the killing of virus-infected cells by
cytotoxic T lymphocytes (9). The Qa/TL. antigens do not elicit a strong cellular
immune response and have no known function, but their presence on lymphoid
cells, coupled with their homology to H-2 antigens, suggests that they too may be
involved in cell-cell interactions in the immune system.

Class I molecules: genetics and structure. The MHC encodes at least three
classes of immune system related molecules (Fig. 1). The I-region (class II)
antigens, expressed only on lymphoid cells, are involved in communications be-
tween lymphocytes that regulate immune responsiveness (10). Class III molecules,
encoded within the S-region, are components of the complement pathway (11).
Class I molecules share structural characteristics, but may differ in their
polymorphism and patterns of expression: H-2 antigens are expressed on virtually
all somatic cells and are extraordinarily polymorphic, with over 100 serologically
defined alleles reported at both the H-2K and H-2D loci (12). In contrast, only
two alleles of the Qa-1 and Qa-2, 3 loci exist (one of which encodes the absence of
antigen), and these molecules are expressed only on lymphoid cells (3).

Class I molecules are ~45,000 dalton transmembrane glycoproteins that

associate non-covalently with a 12,000 dalton polypeptide, 8,-microglobulin. The
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general structure of a class I molecule is shown in Fig. 2. There are three external
protein domains of about 90 amino acids each, denoted al, a2, and a3. A
hydrophobic segment spans the lipid bilayer, and a small hydrophilic domain is
located on the cytoplasmic side of the membrane (13).

The membrane proximal external domain, a3, has a highly conserved
protein sequence among all class I molecules, and is the binding site for 8,-
microglobulin (14). The protein sequence of the a3 domain has significant
homology to that of immunoglobulin (Ig) domains (15, 16), a fact that probably
reflects its molecular complementarity with B,-microglobulin, since B85~
microglobulin is itself related to Ig domains and has been termed a "“free
immunoglobulin domain" (17). Althougﬁ H-2 antigens show extensive allelic
polymorphism, they do not share the enormous somatic diversity associated with
the variable regions of immunoglobulin molecules (16).

The al and a2 domains are the most polymorphic part of the molecule when
alleles of H-2 antigens are compared. It is not surprising that the antigenic
determinants recognized by antibodies and cytotoxic lymphocytes are virtually all
in the al and a2 domains (18-21). Recent X-ray crystallographic studies suggest
that the al and a2 domains fold to form a larger "domain," as do the a3 and 8,-
microglobulin domains (22). Thus a class I molecule consists of a polymorphic N-
terminal region and a conserved membrane proximal region composed of two
polypeptide chains.

Thymus leukemia antigen and the Tla locus. Thymus leukemia (TL) antigen
was originally discovered by immunizing C57BL mice with radiation-induced and
spontaneous leukemias (4). The resulting antisera defined an antigen present on
some C57BL leukemias but on no normal C57BL tissue. Leukemias of other mouse
strains, like the A strain, also reacted with the antibody; in addition, A strain

thymocytes (but no other tissue) bound the antibody. For this reason, the A strain
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was designated as TL* and C57BL as TL™. The finding that TL™ mice could have
TL" leukemias led Boyse and Old (23) to suggest that TL™ mice have both a TL
structural gene and a regulatory gene that represses TL expression. In the
leukemic state the repression would be removed and TL antigen expressed. The
role of TL antigen in the leukemic state is unknown.

The locus encoding TL antigen, Tla, was mapped to within 2 centiMorgans
of the H-2 locus (Fig. 1) (24). Currently there are six serologically defined alleles
of the Tla locus, designated T1a®f (25, 26). The proximity of the Tla locus to the
H-2 locus is not coincidental, as TL antigens are structurally similar to H-2
antigens. TL antigens have a molecular weight of ~45,000 daltons and associate
with g,-microglobulin (2, 3). Peptide mép comparisons (27, 28) confirmed the
relatedness of H-2 and TL antigens; however, H-2 antigens are more closely
related to each other than to TL antigens.

The advent of recombinant DNA technology has enabled purified genes to
be examined in great detail, and to be manipulated experimentally. Work
described in this thesis includes the cloning of murine class I sequences (16).
These clones were used as probes to isolate numerous genomic class I genes (12).
Functional genes, including one encoding TL antigen, were located by DNA
mediated gene transfer of the clones into mouse L cells (29). The remainder of
this thesis concerns the structural analysis of two class I genes from the Tla locus
of the BALB/c mouse, one of which encodes a serologically defined TL antigen.

The rationale behind these studies is to better understand molecules
significant in the functioning of the immune system. We know that H-2 molecules
are functionally significant, but what is the role of the structurally related
antigen, TL, expressed specifically in the thymus, the very organ in which H-2
restriction is learned? Structural information on Tla genes will enable us to

access their relatedness to H-2 genes, and will answer questions regarding the
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evolution of the class I gene family. Gene specific probes isolated from the clones
Tla gene should allow one to study the expression of Tla sequences in RNA, and
will allow other Tla alleles with different patterns of expression to be cloned.
Finally, having purified Tla genes permits one to manipulate those genes by
introducing them in biologically unfamiliar locations or to construct hybrid genes

to map antigenic or functional parts of the molecule.
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Figure l. Genetic map of the MHC. The order of loci within brackets is not

known.
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Figure 2. Structure of a class 1 molecule.
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Chapter 1

THREE cDNA CLONES ENCODING MOUSE TRANSPLANTATION ANTIGENS:
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Summary

We constructed cDNA libraries from poly(A)* RNA
isolated from cell 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 homologous to portions of a known
mouse transplantation antigen. Comparison of the
cDNA sequences of mouse transplantation antigens
with the constant region domains of the mouse
immunoglobulin x 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 transplantation antigens are not rearranged in
the genomes of liver or embryo cells, 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 multigene fam-
ily with similar gene numbers in different mice.

Introduction

The major histocompatibility complex of mammals is
a tightly linked cluster of genes encoding a variety of
proteins involved in the immune response. One family
of these molecules is denoted the transplantation or
histocompatibility antigens because differences in
these proteins can cause rapid graft rejection (Gorer,
1938; Gorer et al.,, 1948). Transplantation antigens
are found on the cell surfaces of all mammalian so-
matic cells, albeit at varying concentrations. They play
a fundamental role in T cell surveillance mechanisms,
which recognize virally infected or in some cases
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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 and Doh-
erty, 1980).

The mouse is an ideal subject for the study of genes
encoding transplantation antigens because detailed
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 transplantation
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 complex are linked together in a large number of
distinct combinations called haplotypes. The haplo-
type of an inbred mouse strain is denoted by a small
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. Transplan-
tation antigens are extremely polymorphic by serolog-
ical analyses; for example, in the mouse there are at
least 56 alleles 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 associatad with a 12,000 dalton component,
B2-microglobulin (Vitetta and Capra, 1978). Hereafter
we shall use the term transplantation antigen to refer
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 S.-micro-
globulin 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
approximately 80% homologous to one another (Na-
thenson et al., 1981). The extensive serological pol-
ymorphism among molecules encoded by different
alleles is reflected in extensive amino acid substitu-
tions (Maizels et al., 1978; Coligan et al., 1980; Nairn
et al.,, 1980; Nathenson et al., 1981). In addition,
amino acid sequence comparisons suggest that por-
tions of the transplantation 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 (Ploegh et
al., 1980; Sood et al., 1981). We report the charac-
terization of three cDNA clones encoding three distinct
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Figure 2. DNA Sequences for the Inserts of the cDNA Clones pH-2I, pH-2Il and pH-21ll

The complete DNA sequences of the noncoding strands for the inserts of clones pH-21 and pH-2Ill are given together with the predicted amino acid
sequences encoded by the cDNA clones. For clone pH-2Il the sequence is given except for a stretch of about 170 bp in the 3’ untranslated region.
When compared with the completely sequenced K" transplantation antigen (see Figure 3), clone pH-2I encodes amino acids 313 to 339, clone pH-
2ll codes for amino acids 167 to 352, and clone pH-2ill encodes amino acids 63 to 160.



cDNA clones (pH-2I and pH-2Il) were isolated from
the C14 library and one cDNA clone (pH-2ill) 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 of 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 sequences obtained for these clones.
These three DNA sequences were translated into
amino acid sequences in all possible reading frames
and then were compared with the fully determined
amino acid sequence of the K® molecule (Figure 3).
snambiguous homologies between the K°® molecule
and the amino acid sequences were found in one
reading frame for each of the three cDNA clones.
Amino acid sequences in the correct reading frame
are given in Figure 2.

The three isolated 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-2lI
codes for amino acids 167-352, is 80% homologous
to the K® molecule and contains about 600 nucleotides
of the 3’ untranslated region. Clone pH-2| codes for
27 amino acids at the C terminus, is 88% homologous
to the K® molecule and extends 274 nucleotides into
the 3’ untranslated region.

We have compared the transiated sequences for
these three cDNA clones against the available protein
sequence data for transplantation antigens derived
from mice of the k and d haplotypes (Nairn et al.,
1980; Rothbard et al., 1980; J. E. Coligan, personal
communication). These comparisons allow us to ex-
clude certain possibilities (Table 1) and to conclude
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that each of these cDNA clones encodes 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 molecule). Accordingly, it will be
important tc obtain protein sequence data as well as
DNA data for subsequent gene and protein correla-
tions in this system.

The pH-2Il cDNA Clone Contains Repetitive DNA
Sequences

When we used the pH-2Il cDNA clone to analyze
mouse DNA cleaved with Eco Rl by Southern blot
hybridization, this probe hybridized to a large number
of 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 4B). The repetitive
sequence was mapped to the 3’ end of the pH-2lIi
cDNA sequence. Indeed, restriction fragments from
mouse DNA hybridized with two different intensities,

Table 1. cDNA Clones for Transplantation Artigens

Results from Protein and cDNA

Cell Line Haplotype Clone Sequance CoRparisons
C14 d pH-2Il  Not K? or D°

pH-2I Difterent from clone pH-2lII
RDM-4 k pH-21ll  Not K*

The predicted amino acid sequence of clone pH-2Il corresponds in
19 out of 19 positions that can be compared (Nairn et al., 1980) to
the L amino acid sequence. It is therefore possible that pH-2lI
encodes the L? molecule.

Figure 3. A Comparison of the Amino Acid
Sequence of the Mouse K® Molecule and the

PH-;
,...‘:, Translated Protein Sequences of the Three H-
21T = e 2 cDNA Clones
The mouse H-2K® sequence has been pub-
lished by Martinko et al. (1980) and Uehara et
x® GSNYXOVlS(IZCEVGSDGRLI:.IGVHGVAVDlxiCDV1ALN(DI‘.K"TAADIA;LITKNI('ED;GEAEILnAVlEcTCVEILl;YLKNCNAYu‘. 180 al. (1981). A gap of one amino acid at position
PH-21 309 has been inserted into the predicted
pw-211 o3 amino acid sequence of clone pH-2Il to
e P o i achieve maximum homology to the K® mole-
cule. The single-letter code has been used for
amino acids: A, Ala; B, Asp or Asn; C, Cys; D,
x® IYDSFKAﬁV‘;NNSRPODKY\I‘LICIALGFV;ADlTLYIGLDIGGEEL1ODNELVIYlFABUG:’FHKIASVVVLLGKEGVVYCLVVEOGLPE'I‘. 270 ASD: E' Glu' F' Phe: G' Gly' H' His: " "e' J'
— Glu or GiIn; K, Lys; L, Leu; M, Met; N, Asn; P,
Pro; Q, GIn, R, Arg; S, Ser; T, Thr; V, Val; W,
P21l —p HeEi T N REHEE Trp: Y, Tyr.
i Solid line: identity to the K® sequence.
x® YLRIDEF'S;VSN!AYVAVI’.VVLGAAlVVéAVVAFVIKl’IRRAYGGKGG’DVALA'GSUT‘SDLSLPOCKV:WNPDNS L)
PH-21 N S—w
PH-211 ~——EP——D-Y-VI G MAIL L S-EM—R——COTLCSDYGCANYT

PH-2111
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Figure 4. Localization of Repetitive DNA Se-
quences on the 3’ Untranslated Region of
Clone pH-2ii

(A) The fragments from 10 pg of Eco RI-
cleaved BALB/c mouse liver DNA (5 x 107'®
mole) were separated on a 0.6% agarose gel,
transferred to a nitrocellulose filter and hybrid-
ized to clone pH-2Il. The stringent wash was
in 0.1 X SSC, 0.1% SDS at 68°C. Restriction
fragments (7.5 X 107'® mole per discrete
fragment) of 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 plasmid clone pH-2Il
upon digestion with the indicated nucleases.
Fragment sizes are in kb. After blotting and
hybridization with total mouse liver DNA, the
autoradiogram on the right was obtained. Only
sequences that are repetitive in mouse DNA
are expected to hybridize under the conditions
employed (Steinmetz et al., 1980).

(C) The map of the insert in clone pH-2ll shows
the localization of a moderately repetitive se-

quenc.e between restriction sites for Rsa | and Ava Il 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 tails; filled boxes: coding region; thin line: pBR322 flanking sequences.

indicating the presence of a moderately repetitive
sequence in the 3’ untranslated region between the
Rsa | and the Ava Il site and a highly repetitive se-
quence between the Ava |l site and the 3’ end (Figure
4C). Sequence comparisons (not shown) indicate that
these repetitive sequences do not fall into the Alu
family described by Jelinek et al. (1980). To our
knowledge this is the first example of i1epetitive se-
quence elements on the 3’ untranslated region of a
messenger RNA encoding a characterized protein.

The Genes Encoding Mouse Transplantation
Antigens Do Show Convincing Homologies with
Immunoglobulin Genes

Several features of transplantation antigens suggest
that they may be evolutionarily related to immunoglob-
ulins. First, the B,-microglobulin polypeptide associ-
ated with transplantation antigens is ~30% homolo-
gous to immunoglobulin constant region domains, and
accordingly has been denoted a ‘‘free immunoglobulin
domain’’ (Peterson et al., 1972). Since immunoglob-
ulin domains of light and heavy chains interact, per-
haps B.-microglobulin and the transplantation anti-
gens interact through similar immunoglobulin-like do-
mains. Second, immunoglobulins are comprised of
multiple homology units or domains. These homology
units, about 110 residues in length, are characterized
by a centrally placed disulfide bridge spanning about
60 residues. The transplantation antigen also has two
disulfide bridges, each spanning about 60 residues—
that is, residues 101 to 164 and 203 to 259. More-
over, in human transplantation 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 level (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 immunoglobulin genes. Initial analyses
of the homology relationships of the H-2 cDNA clones
to one another and to various immunoglobulin genes
were done with the dot matrix computer program.
Because this program cannot detect more distant and
dispersed evolutionary relaticnships, 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-2Il clone against
the mouse immunoglobulin C,4 domain is given in
Figure 5. The extended diagonal lines (‘'a’’ or ''b"’)
denote two homologous sequences located between
nucleotides 119-364 of clone pH-2Il and 1549-1809
in the C,4 domain of the u gene. The homology is
demonstrated at the DNA and protein levels 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 sequence. When
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Figure 5. Homology between the pH-2Il cDNA Sequence and the C,4
Domain of the Mouse Immunoglobulin u Chain as Shown by the Best-
fit Matrix Routine

We compared the pH-2ll cDNA sequence from position 1 to 450
(vertical axis) with the DNA sequence of the C,4 domain from position
1400 to 1950 (horizontal axis) using the best-fit matrix program as
described in Experimental Procedures. The numbering for the pH-211
sequence is the same as in Figure 2. The mouse u chain sequence is
from Kawakami et al. (1980) and nucleotide numbering for the u gene
is as published. Homologous regions in the analyzed sequences
appear as a —45° line in the matrix. The straight lines denoted by
“a” and "b" indicate regions of significant homology between H-2
and the C,4 domain (see Figure 6). The significance of the homology
is reinforced by the fact that the same regions of the pH-2Il cDNA
sequence are homologous with the C,1, C,2 and C,3 exons (results
not shown).

the best-fit matrix is used to compare the same stretch
of pH-2Il sequence against the C,1, C,2 and C,3
domains, similar, although somewhat less extensive,
homologies are noted (data not shown). Indeed, the
same is true for the C,, and C,., domains (data not
shown). Moreover, this sequence in the pH-2ll clone
appears, if anything, to be more closely related to the
C, domains than the C, domains are to one another.
The extended diagonal line ‘‘a’’ in Figure 5 represents
a 72 base sequence (119-190) from clone pH-2II
that is strikingly homologous to corresponding regions
in the immunoglobulin domains C,1, C,2 and C,4 and
is 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 clone
pH-21l as well. This homology has been determined
without placing any sequence gaps—thus permitting
us to ask how frequently homologies at these levels
would be seen if every possible stretch of 72 nucleo-
tides in the pH-2ll clone were compared against all
possible blocks of 72 nucleotides in the mouse C,
gene. About 1.3 X 10° such comparisons were made;
the mean homology for these comparisons is 25%
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with a standard deviation of 5.4%. Thus the homolo-
gies exhibited by the comparisons of the pH-2II clone
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 deviations from
the mean and, accordingly, are all 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-2Il and the C,4 domain in Figure 6 are conserved.
Moreover, six third base positions are absolutely con-
served in the 72 nucleotide sequence for pH-2Il 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 in codons.

The homologous stretch of sequence in the trans-
plantation antigens is located on the extracellular part
of the molecule proximal to the cell membrane. Per-
haps the reason this sequence is conserved is that
this portion of the transplantation antigen must fold
into the classic ‘‘antibody fold"" (Poljak et al., 1973) in
order to interact effectively in a noncovalent manner
with B.-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 similar
antibody folds.

DNA Blots on Mouse Liver DNA Suggest That
Transplantation Genes Are a Multigene Family
The homology between immunoglobulins, which are
encoded by several large multigene families, and
transplantation antigens raises questions about the
multiplicity of genes encoding transplantation anti-
gens. Indeed, several investigators have considered
the possibility 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 Hood,
1976). In addition, there appear to be several other
loci on chromosome 17 that encode gene products
possibly related to transplantation antigens because
of their similar size and association with B>~micro-
globulin (for examples, the T cell differentiation anti-
gens, such as TL, Qa1 and Qa2). Protein sequence
data, however, are lacking for the T cell differentiation
antigens, so that the degree of their sequence relat-
edness to transplantation antigens is unknown.

To obtain a rough estimate of the number of DNA
sequences in the mouse genome that crosshybridize
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188 ValThrlLeuArgCyeTrpAlaleuGlyPheTyrProAlaAep] leThrLeuThrTrpGlnLeuAenGlyGluGluleuTheGl tGluleuValGluThrArgProAla

pH-2I1 119 GTCACCCTGAGGTGCTGGGCCCTGGGCTTCTACCCTGCTGACATCACCC TGACCTGGCAGT TGAATGGGGAGGAGT TGACCCAGGACATGGAGCTTGTGGAGACCAGGCCTGCA

Cu4 1549  -C—AG-C-CC—CT—TGAA cT A GTG—CAG——TTCA—GA—C-ACTCT—C——A—G-A- TAT-T TG-CC-GATGCCA
471 Ala—ValThr—LeuVallye Ser SerValGln—LeuGlrArg—GlnLev—Pro—Glulye TyrVal—SerAlaProMetPro
237 GlyAepGlyThePheGln LyeTrpAlaSerValValValProleuGlylLyeGluGlnAenTyrTheCysArgVal TyrHi 6G1uGlyLeuProG 1l uProLeu

pH-211 233 GGGGATGGAACCTTCCAG AAGTGGGCATCTGTGGTGGTGCCTCT TGGGAAGGAGCAGAAT TACACATGCCG TG TGTACCATGAGGGGE TGCC TGAGCCCETC

Cu4 1863  GAGCCT——CCCC-GG—— T-CTTTACCCACAGC-TCCT~A-TGTGACA-A—A~-GAATGGAAC TCC-GAG——CC—T—C—GT—AGGG—C——CC AC~C-TAG-G
589  GluPro——AlaProGly—TyrPheThrHieSerIleleuThrVal ThrGluGluGluTrpAenSerGlyGluThe Vol—Gly Ale HieLeuVal
271 TheLeuArgTrpGluProProProSerThe

pH-211 335  ACCCTGAGATGGGAGCCTCCTCCGTCCACT

Cu4 1783 —GA—GACC-T-  GACAA
549 —Glu—ThrVal Aeplye

Figure 6. A Comparison between the DNA Sequences of Clone pH-2Il and the Fourth Constant Region Domain of the Mouse Immunoglobulin p

Heavy Chain

A comparison is made between the pH-2Il cDNA sequence from nucleotide positions 119 to ‘364 (Figure 2) and the fourth constant region exon
(C,4) of the u gene from positions 1549 to 1809. This comparison includes the two homology regions identified in Figure 5 and shows that an
overall homology of 51% can be achieved for the whole region with only two gaps in each sequence. The amino acid sequences encoded by the
pH-2Il and the C,4 DNA sequences are given above and below the nucleotide sequences, respectively.

Solid line: C,4 nucleotides and amino acids that are identical to the pH-21l sequence.

199-212)
Val Thr Leu Arg Cye* Trp _Ala Leu _ Gly
pH-2I1 119 GTCcAccc(lcacc[] TG ccctfdec
Cul 78 --GG-—A—G—C cT B--—c - A
Cu2 S12 TCT-AA-|{c-Tcl[ GA - -AC[{AA
Cut 1548 -C---AGlJc-ccly cT TGAA
C.3 1121 -CT-A----- CC--TCT--T-TCAAA

211-222)

Ala Pro Ile® The Les The Trp® Gln
pH-2I1 155 GCTGACF‘CACCCTGACCT CAG
Cyl 114 AGCAC-|HI-{TT=-=-T|{c=---i-a-¢
.2 548 AAACCC-H---AG AT = =[H-Ta
Cud 1585 - -A---||H-- cTeld-caclHH-T17
c.3 1157 TA---A-C-CTGAAT-T--CCTG-GC

with our cDNA probes for transplantation antigens, we
carried out Southern blot analyses of various mouse
DNAs. Figure 8A shows a DNA blot analysis of a Bam
HI digestion of BALB/c liver DNA with the pH-2lIi
subclone. Figure 8B shows similar Bam HI analyses
of sperm, embryo and liver DNA from BALB/c mice
(d haplotype) and of liver DNAs from mice of the b, k
and the recombinant a (K*D°) haplotypes, with the
clone pH-2lll as a probe. Several observations can be
made. First, with both probes muiltiple bands of differ-
ent intensities are detected. About 15 bands are iden-
tified with the pH-2Il probe and about 12 with pH-2IlI
probe. Second, the pH-2Ill and pH-2Il probes, which
represent the 5’ and 3’ areas of the coding sequence
for transplantation antigens, hybridize to different,
although probably overlapping, sets of restriction frag-
ments. An analysis of five genomic clones crossreact-
ing with these cDNA probes suggests that each pu-
tative transplantation antigen gene is cleaved a single
time with the Bam HI enzyme and that in each case
the pH-21l or pH-2lll probes hybridize to just a single
fragment (K. Moore, unpublished data).

The finding 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 bands may represent a single gene.

-C-6GC

Figure 7. A Comparison between the DNA Se-
quences of the ‘‘a’* Region of the pH-2il cDNA
Clone and the Homologous Portions for the
Immunoglobulin C,1, C,2, C,3 and C,4 Do-
mains

The DNA sequence of clone pH-2ll from nu-
cleotide positions 119 to 190 (Figure 2) is
compared with the DNA sequences of the four
u chain domains C,1 to C,4 (Kawakami et al.,
1980) found to be homologous by the best-fit
matrix comparison (see Figure 5). Dashes:
identical nucleotides to the pH-2Il sequence.
Boxes: sequences that are conserved be-
tween pH-2il and the C,1;, C,2 and C,4 do-
mains. The amino acid sequence encoded by
pH-2ll (positions 199 to 222) is given above
the DNA sequence. Conserved amino acids
are marked by an asterisk.
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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 all 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 multiplicity 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 transplantation antigens to crossreact with the
cDNA probes employed. A detailed analysis of cor-
responding genomic clones and expressed proteins
should allow us to differentiate between the latter two
possibilities. We conclude that the genes encoding
the transplantation antigens constitute a multigene
family.
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One final observation is that a single restriction
enzyme polymorphism is 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 polymorphism. The simple inter-
pretation of these observations is 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 transplantation antigens raises the in-
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Figure 8. Southern Blot Hybridization of
Mouse DNA with the pH-2Il Subclone and the
pH-21ll cDNA Clone as Probes

(A) (Lane 2) 10 ug (5.6 X 107'® mole) of
BALB/c mouse liver DNA were cleaved with
Bam HI to completion, separated on a 0.6%
agarose gel and transferred to a nitrocelluiose
filter. Hybridization was with 50 ng/ml 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 hybridization 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 pg of Bam Hi-di-
gested mouse DNA. Hybridization was carried
out with 20 ng of the 287 bp Pst | fragment of
clone pH-2lIl, which had been ligated to itself
and labeled by nick translation. The final wash
was in 1 X SSC, 0.1% SDS at 68°C. (Lanes
1, 2 and 3) sperm, embryo 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 parallel 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 all somatic cells (differentiated DNA) (Klein,
1975). It is important to remember that at least four
transplantation antigens are expressed in the BALB/
¢ mouse, and if rearrangements were required for
expression, all four genes should rearrange. By
Southern blot hybridization, we analyzed Eco RI-,
Bam HI- and Hind lll-digested DNA from BALB/c
sperm, embryo and liver DNA with the pH-2lll clone
and the single-copy subclone of pH-2Il. Figure 8B
shows the results obtained for the Bam digestion of
these DNAs probed with the clone pH-2lil. 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



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.

Experimental Procedures

Materials

Restriction nucleases, T4 DNA kinase, exonuclease il and E. coli
DNA polymerase | large fragment were purchased from New England
Biolabs. Calf liver tRNA was obtained from Boehringer. Reverse
transcriptase and E. coli DNA polymerase |, used for double-stranded
cDNA synthesis, were gifts from J. Beard and M. Bond, respectively.
Mouse sperm DNA was obtained from I. Weissman. The E. coli strain
MC1061, originally provided by M. Casadaban, was obtained from T.
Sargent. The mouse lymphoma cell line RDM-4 was provided by M.
F. Mescher.

Preparation of Poly(A)* RNA

RDM-4 (H-2*) and C14 (H-2° tumor cells were grown in Dulbecco's
Modified Eagle's medium supplemented with 10% heat-inactivated
fetal calf serum, 10 mM nonessential amino acids, 0.1 mg/ml gluta-
mine, 50 ug/ml penicillin and 50 pg/ml streptomycin to a density of
4 x 10° and 2 x 10° cells/ml, respectively. Usually 10° cells were
harvested, pelleted for 10 min at 1000 X g at 0°C and washed once
in 50 ml 150 mM NaCl, 40 mM phosphate, pH 7.2. RNA was then
isolated by precipitation of polyscmes (Efstratiadis znd Kafatos,
1976), 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)-cellulose (Efstratiadis
and Katatos, 1976).

Cloning of Double-stranded cDNA
Double-stranded cDNA was synthesized following published proce-
dures (Friedman and Rosbash, 1977; Buell et al., 1978; Chang et al.,
1978; Wickens et al., 1978; Efstratiadis and Villa-Komaroff, 1979)
with minor modifications. About 2 ug of double-stranded cDNA was
obtained from 10 pg of poly(A)*-selected 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 nucleotides. No size selection was employed.
pBR322 DNA was cleaved with Pst | and the linearized molecule was
purified by electrophoresis on a 1% agarose gel. It was recovered by
electroelution in a dialysis bag (Smith, 1980) and was purified by BD-
cellulose chromatography. About eight dGMP residues were added
per 3’ end (Roychoudhury and Wu, 1980). To the double-stranded
cDNA about 10-20 dCMP residues were added per 3’ end.
Equimolar amounts of tailed cDNA and tailed vector DNA were
combined in 0.1 M NaCl, 10 mM Tris, 0.25 mM EDTA, pH 7.5 at a
final DNA concentration of 1 pg/ml, heated to 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 off and cooled to room temperature over-
night. Five micrograms of tRNA were then added as a carrier and the
DNA was precipitated with ethanol. The pellet was washed with 80%
ethanol, dried, dissolved in 0.1 M NaCl, 10 mM morpholinopropane
sulfonic acid, pH 7.0 (10 ul per 300 ng of DNA) and stored on ice.
MC1061 E. coli cells were transformed following the procedure
described by Kushner (1978), except that 150 ng of DNA were used
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per discrete transformation and L broth was used instead of Z broth.
After transformation the cells were pelleted, resuspended in 0.2 ml of
L broth and spread on nitrocellulose filters on plates containing 15
ug/ml tetracycline at a density of about 1000 colonies per filter. For
both the C14 and RDM-4 libraries, 6000-8000 tetracycline-resistant
colonies were obtained from 50 ng of double-stranded cDNA. Replica
plating, amplification, storage and lysis of colonies on nitrocellulose
filters were essentially as described by Hanahan and Meselson
(1980).

Colony hybridization with a purified Pst | fragment containing a
cloned HLA cDNA (Sood et al., 1981) was carried out in 3 x SSC,
1X Denhardt's solution (Denhardt, 1966), 10% dextran sulfate, 0.1%
SDS, poly(rC), poly(rA), poly(rG), for 1 hr at 65°C and then at 55°C
overnight. Filters were washed at 55°C in 3 X SSC, 1x Denhardt'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-2*P-ATP or at their 3’ ends with E. coli DNA
polymerase | large fragment and a-*?P-dNTPs. The 3’ ends of Rsa |
fragments were labeled by successive treatment with exonuclease Il
and E. coli DNA polymerase | large fragment, 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-translated probes
as described (Schnell et al., 1980), except that the hybridization
solution was supplemented with poly(rA), poly(rG) and poly(rC) (10
pug/ml each).

Computer Homology Programs

Initial sequence analysis of the H-2 cDNA clones was done with the
aid of a dot matrix computer program, which belongs to DNAMST, a
database and analysis system under development in this laboratory.
This routine, presumably similar to those described by other labora-
tories (Efstratiadis et al., 1980; Hieter et al., 1980), looks at all
possible alignments between all possible DNA sequence fragments
of a desired length that can be generated from two sequences. A
positive homology is scored if the percent homology of a comparison
equals or exceeds a preset minimum. Homology within these param-
eters is displayed graphically as a dot. The coordinates of the dots
are equivalent to the base positions of the lead bases of the two
compared DNA segments on an X-Y field with axes represented by
the two whole sequences. Regions of homology appear as various
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 themselves and with each other, as well as against the
mouse genomic C,, C,, and C,2,genes. The 3’ flanking sequence also
was compared to representative Alu family sequences.

Dot matrix-like routines have a serious limitation when used to
compare sequences that are distantly related, and that may have
significant homology that is distributed in a diffuse manner. Often the
dot matrix program will increase the background to the point that real
homology is obscured, if the length of the unit sequence compared or
the percentage of homology required for a positive score is lowered.
To get around this limitation, we used another routine that is graphi-
cally similar to the dot matrix, but differs in how it 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 well as on
that between the corresponding bases of the 5’ and 3’ neighboring
sequences. The contribution to a given score by any flanking se-



quence homology is inversely proportional to its distance in sequence
length from the aligned base pair. Each base of one DNA sequence
is compared in this manner with all the base positions of the other
DNA sequence and a score for each comparison is generated. A dot
is then plotted, as it is with the dot matrix routine, to represent
homology, but only at those matrix coordinates that equal the mini-
mum score generated for a given base.

The resuits of this type of plot resemble a dot matrix with diagonally
parallel lines representing regions of relative homology. When the
pH-2Il clone 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 detailed
discussion of these programs is now in preparation (T. Hunkapiller et
al., unpublished data).
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Chapter 2

METHODS FOR CLONING AND SEQUENCING IN
BACTERIOPHAGE M13
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Introduction

The following are the methods that [ have used to clone and sequence in the
filamentous bacteriophage M13. For the sake of completeness, most of the useful
protocols for handling M13 phage are included, although many of these do not
differ significantly from versions to be found elsewhere (1-12). The sections on
low melting point agarose and deletion subcloning are new. The latter replaces
the random shotgun method as the way of generating overlapping sequencing
subclones.

Vectors: Bacteriophage M13 exists in two forms during its life cycle in its
host, E. coli. The virion contains single-stranded DNA while the intracellular
replicative form (RF) is a double-stranded, closed circle. The replicative form is
useful for carrying out cloning manipulations (endonuclease digestions, ligations,
etc.) while the single-stranded form is a convenient template for Sanger/dideoxy
DNA sequencing (1). The M13mp-series vectors have a universal oligonucleotide
priming site for sequencing located immediately adjacent to a polylinker (Figure
1). The polylinker contains numerous useful restriction endonuclease cleavage
sites unique to the phage genome.

The genome of the M13mp phage contains part of the E. coli lac operon, as
well as the wild type M13 genome. Both the primer binding site and the polylinker
are located in the g-galactosidase gene of the lac operon, and growth of mp-series
phage on an IPTG- and Xgal-containing plate result in blue plaques. Inserts cloned
at the polylinker inactivate the g-galactosidase gene and result in phage that form
colorless plaques on indicator plates.

Hosts: E. coli hosts JM101 and JM103 can be used with equal results. Only
male bacteria (those containing the F episome) can be infected by M13 phage.
JMI101 and JM103 are pro~ bacteria containing a complementing pro* gene on the

F episome. Growth in the absence of proline, on a minimal agar plate, selects for
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male bacteria. For this reason, JM101/103 are always streaked out on minimal
plates, and the resulting colonies used to start cultures in a rich (YT) medium.
Grow a 2-3 ml overnight culture in 1X YT from a colony on a minimal plate, and
use this to produce a log phage JM101/103 by 1/100 dilution in YT and subsequent
growth. O/N cultures may be kept for up to a week at 4°C.

A drawback to the JMI101/103 hosts has been observed in recent years.
These hosts have active K12 restriction enzyme systems (EcoK) that restrict
unmodified DNA. In addition, JM103 is lysogenic for phage Pl and hence has a
second restriction system (EcoP1). If one attempts to transform unmodified DNA
(grown in an hsdM~ strain) into these hosts, a low transformation frequency can
result. In most cases, however, these hosts have performed adequately.

New host strains, IJMI105, IJMI108, and JM109, which lack restriction
systems, have been developed (11,12). These are not suppressor strains and
therefore cannot be used to propagate mp7, mp8, or mp9. In practice, these new
hosts do not seem to work as well, giving lower transformation efficiencies and
plasmid yields. If one has particular trouble cloning a DNA fragment, it may be
that it is rich in EcoK and EcoPl sites. In this case it might be wise to do the

cloning in JM105/109 and grow the phage (now modified) in JM101/103.

Contents
2.1 Fragment isolation using low melting point agarose
2.2 Ligation conditions
2.3 Transformation
2.4 Plaque purification
2.5 Growth of phage and phage replicative form (RF)
2.6 Plasmid (phage RF) preparation
2.7 Deletion subcloning

2.8 Growth and preparation of phage for sequencing
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2.9 Sequencing reactions
2.10 Sequencing gels
2.11 Appendix

2.12 References

2.1 Isolation of DNA from Low Melting Point Agarose (LMA)

Low melting point agarose (from BRL) is a highly purified agarose that is
non-toxic to many enzymes and has desirable melting prdperties (2). Even ligations
done in 0.3% LMA suffer no decrease in efficiency. A LMA gel can be liquified by
heating to 70°C for 5 min, and will remain molten as long as the temperature
remains at or above 37°C. DNA contained in such a gel is not denatured by this
heating, and can serve as an enzyme substrate after removal of ethidium bromide
(EtBr) and addition of the appropriate 10X buffer. LMA has a higher cost and
lower mechanical integrity than regular agarose. A 0.6% LMA is too soft to
handle. Great care should be taken in removing the comb from a LMA gel to
avoid tearing, although hardening the gel at 4°C helps to reduce this problem.

The gel is run at room temperature exactly like a regular agarose gel.

Steps for fragment isolation from LMA (typical result is 60% yield or better):

1.) Run gel in 1X F-buffer without EtBr.

2.) Stain with 1 ug/ml EtBr, observe with long wave UV lamp.

3.) Cut out the band(s) to be isolated.

4,) 70°C, 5', Eppendorf tubes, 400 ul/tube.

5.) Remove from 70°C, quickly add | vol buffered phenol at 37°C, vortex
(turns milky white); immediately microfuge 10', 4°C or room temp.
(RT).

6.) Remove aqueous phase, avoiding fluffy white interface.

7.) Re-extract aqueous phase with | vol phenol, RT.

8.) Ether extract aqueous phase 2X.



9.)
10.)
11.)
12.)
13.)

14.)
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Add 1/10 vol 3 M NaAc, pH 6; 2.5 vol EtOH; mix well.

Precipitate; dry ice, 15"-30', or -20°C overnight.

Microfuge 10, 4°C; discard supernatant (SN).

Wash 1X-2X with cold 75% EtOH. Dry pellet.

Resuspend in desired volume of TE (10 mM Tris-HCl, pH 7.5, | mM

EDTA).

Quantitate by running an aliquot on a test gel next to a known amount

of the digest from which the fragment was isolated.

2.2 Ligation Conditions

The following are ligation conditions that I have used to clone large

fragments (up to 5.5 kb) into M13.

Reaction volume:

Vector DNA:

Insert DNA:

Buffer:

Ligase:

10 ul-20 ul

150 ng M13mp vector cut with the appropriate
restriction enzyme(s). Gel purified linear
fragment.

2X-3X molar excess over vector. Mass added
depends on the size of the insert.

50 mM Tris-HCl, pH 7.5; 10 mM MgClZ; 10 mM
DTT; 0.5 mM ATP.

400 U (1 ul) NEB ligase or 2 U (1 ul) BRL ligase.

Ligate at room temperature 4 hrs to overnight. Do sticky end ligation

whenever possible, since large fragments and blunt end ligation have not worked

as well.

2.3 Transformation

1.)
2.)
3.)

Dilute a JM101 O/N culture 1:100 in 1X YT. 5 ml/transformation.

Incubate at 37°C with shaking to ODgpq 0.2-0.4. About 1-1/2 hrs.

Ice 10%



4.)

5.)

6.)

7.)
8.)

9.)

10.)

11.)

12.)

13.)

14.)

15.)
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Pellet 7000 rpm, 5', 4°C, Sorvall swing out rotor or 2000 rpm, 6', 4°C
in the J6.
Discard SN. and resuspend in 1/2 volume of cold 50 mM CaCl,. Be
moderately gentle.
Ice 20"
Pellet as before.
Discard SN. Resuspend cells gently in 1/10 volume cold 50 mM CaCl,,.
These are transformation competent cells; they can be kept at 4°C for
at least several days with no loss in transformation efficiency, and can
be stored indefinitely at -80°C after addition of glycerol. Trans-
formation efficiencies are lower if the cells have been stored in
glycerol, and [ have always used fresh cells.
Dispense 0.3 ml competent cells into tubes if plating is to be done on
small (100 mm) plates or 0.5 ml if on large (150 mm) plates. On ice.
Add ligation mix or 0.1 ng of M13 RF. The volume of the ligation mix
should not exceed 1/2 the volume of the competent cells, and it is
better not to exceed 1/4 volume. RF should give 1000 plaques/ng.
Ice 40",
Heat shock 42°C, 2'. 45°C, 1-1/2 min is also effective.
(Optional) If color reaction is desired, add:

10 ul 24 mg/ml IPTG (20 ul for large plates)

50 ul 2% Xgal in DMF (100 yul for large plates)
Add heat shocked cells to 3 ml YT soft agar (& ml for large plates) at
45°C. Mix and plate immediately.

Incubate at 37°C, 6-12 hrs, upside down.

Uncut or re-ligated vector gives blue plaques with lac color indicator;

recombinants give colorless plaques. Plaques may be screened by the Benton-

Davis procedure like A phage plaques (6).
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IPTG = Isopropyl-beta-D-Thiogalactopyranoside (Sigma)
Xgal = 5-Bromo-4-Chloro-3-Indolyl-beta-D-Galactopyranoside (Sigma)

DMF = Dimethyl Formamide

2.4 Plaque Purification

Recombinants containing large inserts grow more slowly than M13 alone.
Therefore, plaque purify the recombinants carefully before growing them up.
Some apparent deletions were probably cases of improper' plaque purification and
subsequent overgrowth by contaminating vector. The methods described below

have produced no deletions.

1.) Pick a colorless plaque with a sterile toothpick and drop into 1 ml TE
(10 mM Tris-HCI, pH 7.5, 0.1 mM EDTA). You should get about 106
pfu.

2.)  Serially dilute 1072, 1073, 107%.

3.) Plate 0.1 ml of the 1073 and 107 dilutions with 200 ul JM101 log cells
(OD600 0.5). Sm. YT plates, 3 ml soft agar, IPTG, and Xgal.

4.) Incubate at 37°C, 6-12 hrs.

If the replating contains any blue plaques, as it usually does, repeat the
above steps with one of the clear plaques from the replating until you have a plate
containing only clear plaques. When all plaques are colorless, one can be used to

start a large culture for an eventual RF prep.

2.5 Growth of Phage and Replicative Form (RF)

The following is the method for growing up M13 phage (7):

1.) Stab a plaque with a sterile toothpick.
2.) Drop toothpick into 2 ml early log phage JM101 in 1X YT. To prepare
log cells, dilute an O/N culture 1/100, grow 1 hr. OD¢ g 0.05-0.2.

3.) Incubate at 37°C, 12-18 hrs with shaking.
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3

6.)

7.)

8.)

9.)
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Transfer 1.5 ml to a microfuge tube. Microfuge 5'. Take SN.
Titer SN. by making serial dilutions and plating on YT plates with
200 ul log cells. Expect about 1011 pfu/ml.
Infect 50 ml early log phase JM101 (OD6OO 0.2) with phage at a final
concentration of 107 pfu/ml.
Incubate at 37°C, 16-18 hrs with shaking.
Spin out bacteria 7000 rpm, 5', 4°C Sorvall swing out rotor or
2000 rpm, 10' 4°C in the Jé.

Titer the supernatant. You should now have enough phage to do an RF

prep.

RF preparation:

2.6

10.)
11.)
12.)
13.)
14.)

15.)

For a large preparation, use 250 ml 1X YT per 2 liter flask.

Add 2.5 ml JM101 O/N (1:100).

Grow to an ODgy of 1.0. 2-3 hrs at 37°C with shaking.

Infect with phage from step 9 at a final concentration of 1010 pfu/ml.
Grow 2 hrs, 37°C, with shaking.

Spin out cells, and proceed immediately with plasmid preparation.

Preparation of Cleared Lysate and Plasmid Preparation

1.)

2.)

3.)

4.)
5.)

Begin with 250 or 500 ml culture after appropriate growth of plasmid
or M13 RF.

Pellet cells. 3500 rpm, 15', 4°C in 250 ml bottles, J6. Put water in
the bottom of the buckets to cushion the bottles.

Resuspend pellet in 50 ml TE, pH 8.5 (50 mM Tris, 1 mM EDTA).

Pellet cells. 3500 rpm, 15', 4°C, Jé.

Resuspend pellet (500 ml or 250 ml pellet) in 16 ml 15% sucrose,
50 mM Tris-HCI, pH 8.5, 50 mM EDTA. Pipette up and down to

resuspend. On ice.
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7.)

8.)

9.)

10.)

11.)

12.)
13.)

14.)

15.)

16.)

17.)
18.)
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Add 4 ml freshly prepared 5 mg/ml lysozyme (Sigma) in the above
buffer. Vortex gently and occasionally on ice, 10"
Add 12 ml 0.1% Triton X-100, 50 mM Tris-HCI, pH 8.5, 50 mM EDTA.
Vortex gently. Incubate 10-15 min, 37°C to lyse cells. If proper lysis
has occurred, the solution will become stringy and viscous from the
released DNA.
Load into an SW27 tube.
Spin at 24,000 rpm, 45', 4°C in the ultracentrifuge.
Decant the supernatant into a 50 ml Falcon centrifuge tube. This is

the cleared lysate.

Add, per ml of cleared lysate: 0.95 g CsCl |

0.059 ml 2 mg/ml EtBr.
Load into a VTi50 tube, discarding any excess material.
Centrifuge at 45,000 rpm, 20 hrs, 20°C in the VTi50 rotor. Slow
acceleration, no brake.
Observe with a long wave UV lamp. Two bands should be visible. The
upper band contains nicked plasmid, linear plasmid, and E. coli DNA.
The lower band contains supercoiled, closed circular plasmid or MI13
RF.
Collect the lower band by dripping through an 18 g needle punctured
through the side of the tube 5 mm below the band.
Load band into a VTi80 tube and top off with a CsCIl-EtBr solution
prepared as follows: To 1 ml water add 1.059 g CsCl and 0.059 ml
2 mg/ml EtBr.
Centrifuge at 60,000 rpm, 16 hrs, 20°C in the VTi80 rotor.
Collect band with a syringe. The volume should be about 0.5 ml. There

should be only one band this time.
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19.) Butanol extract 5X-6X to get rid of EtBr. (n-Butanol-isopropanol, 1:1,
saturated with a saturated TE-CsCl solution)

20.) Dialyze against TE (10 mM Tris-HCl, pH 7.5, 1 mM EDTA) to get rid of
CsCl. Dialyze 106 or greater.

21.) Determine OD5¢q and ODyg( to estimate the concentration and purity
of the DNA. 260/280 should be 1.8 or greater. Yields are generally
500 ng to 1000 ug per liter of culture.

22.) Digest an aliquot with selected restriction enzymes, and check on an

agarose gel.

2.7 Deletion Subcloning

Using the Sanger method, one can usually determine the nucleotide
sequence of the first 200 bp of an insert cloned in M13. A few clones can be
extended to about 300 bp, but beyond this the sequence is unreadable. In order to
determine the sequence of a fragment of DNA longer than 300 bp, it is necessary
to make cuts within the fragment and join the ends that are produced next to the
primer binding region in an M13 phage. The 200 bp of sequence adjacent to the
cut can then be read. If this is repeated for a number of different, appropriately
spaced internal cuts, a series of overlapping 200 bp regions covering the full
length of the fragment can be produced.

Deletion subcloning is a method for efficiently generating the overlapping
subclones needed for sequence analysis of a large piece of DNA. This method
replaces the "random shotgun" method previously used. The fragment to be
sequenced is cloned into M13 and the double stranded RF is prepared by a plasmid
prep. This parent subclone is used to produce a series of different sized subclones
for sequencing, each of which has a deletion beginning at the Hind III site near the
primer and terminating in the insert. The steps in this process are shown in
Figure 2. The DNAase deletion subcloning method is similar to several published

procedures (8-10).
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A. DNAase Digestion

In a manganese buffer, DNAase I makes mostly double stranded breaks
instead of the single stranded nicks that it produces in a magnesium buffer (8).
The enzyme apparently cuts randomly, although there may be preferred sites.
Conditions are chosen in this step to produce about one double stranded DNAase
cut per phage molecule. Only those molecules that have the DNAase cut in the
insert will produce viable phages later on, because a DNAase cut in the vector
disrupts necessary phage genes.
1X DNAase buffer: 20 mM Tris-HCI, pH 7.6, 3 mM MnC12
1X Reconstitution buffer: 1X DNAase buffer + 500 ug/ml BSA
Make 5X DNAase buffer fresh each day, since it turns brown on storage,
even when frozen. DNAase I (Sigma) is made as an inactive 1 mg/ml stock in
0.01 M HCI. Divide into 50 ul aliquots and store frozen at -80°C. To reactivate,
add 0.95 ml reconstitution buffer to a 50 ul aliquot and incubate on ice 3-6 hrs.
Just before use, dilute a portion of this to 0.5 ng/ul (1:100 dilution) in
reconstitution buffer.
Digest 30 ug of parent subclone RF with 3 ng DNAase [ (100 pg DNAase/ug
DNA in a volume of about 200 ul. The buffer is 1X DNAase. Incubate 15 min at
25°C (room temp.). Stop the reaction by adding 0.5 M EDTA, pH 7.5 to 10 mM.
Titrate the amount of DNAase needed to give the maximum conversion to
the linear form the first time you use a stock of DNAase. For my DNAase stock,
100 pg/ug DNA gives satisfactory results, with little variation from clone to clone.

B. Frequent Cutting Endonuclease Digestion

A panel of frequent cutting (4 base pair recognition sequence)
restriction endonucleases can be used instead of DNAase I to make random cuts in
the parent subclone. The following panel of enzymes has been used successfully:

Alu I, Hae III, Rsa I, Dde I, Hinf I, and Sau3A I.



35
1X Restriction Nuclease Buffer: 10 mM Tris-HCI, pH 7.5
10 mM MgCl,
50 mM NaCl
I mM DTT
Titrate each enzyme separately. For Alul, 1 hr unit per microgram of
DNA incubated for 30 min at 37°C gave maximum conversion to the linear form.
Most of the other enzymes required 0.1-0.6 U per ug of DNA. Digest 6 ug of DNA
with each of the six enzymes (36 ug total) under the appropriate conditions for
30 min at 37°C, add EDTA to 10 mM to stop the reaction, and pool the six
digestions.

C. Gel Electrophoresis

Load into two wells of an 8-well, horizontal, 0.7% LMA gel. Run in IX
F-buffer without EtBr. Include the linear and supercoiled parent clone as
markers. Electrophorese O/N at 40 V. Stain the gel with 1 ug/ml EtBr and
observe under a long wave length UV lamp. The gel should look like Figure 3.
Isolate the linear band from the DNAase lanes by the method in Section 2.1.
Resuspend the DNA in 50 ul TE (10 mM Tris-HCl, pH 7.5, 1 mM EDTA). Take 2 ul,
and run this alongside known amounts of linear (Hind III digested) parent clone to
estimate the yield. Use 100 ng, 200 ng, and 400 ng as your markers. The yield
should be 5-10 ug.

D. Hind III Digestion

Any restriction enzyme which cleaves the parent clone only once
between the primer and the inserted DNA fragment may be used instead of
Hind III. For example, if you cloned a Bam HI fragment containing an internal
Hind Il site but no Sall site, you would use Sall (and in fact, could not use
Hind III).

Digest to completion by incubating the DNA (5-10 ug) with 200 U (hr units)
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of Hind III in a 100 ul of 1X RN (see 2.7B) for | hr at 37°C. Add 0.5 M EDTA to
10 mM to stop the reaction. Phenol-Sevag extract, EtOH ppt, wash pellet 1X with
75% EtOH, dry, resuspend in 20 ul TE. Run a minigel to confirm that the Hind III
cut to completion.

E. Klenow Fill-in of Ends

The large fragment of E. coli DNA polymerase (Klenow fragment) is
used to make all the DNA fragments blunt ended in preparation for later blunt end
ligation.

Reaction conditions: 50 mM NacCl

10 mM Tris-HCI, pH 7.6
10 mM MgCl,
I mM DTT
1 mM each dATP, dCTP, dGTP, TTP
Incubate with 10 U Klenow (Boehringer) 30 min, 30°C. Add 0.5 M EDTA to
10 mM to stop the reaction.

F. Gel Electrophoresis

Load 4 ug DNA into a single well of a 12-well, horizontal, 0.6% LMA
gel. The running buffer is 1X F-buffer without EtBr. Include linear parent clone
and linear M13mp8 as markers. Electrophorese 20 hrs, 50 V.

Cut out the section of the gel containing the markers, stain with 1 ug/ml
EtBr in 1X F-buffer, and destain in 1X F-buffer. Be very careful handling the gel;
use a thin piece of plastic as a scoop to pick up the gel, do not attempt to move it
with just your hands. Return the gel section next to the unstained DNAase/Hind III
lane. If the entire gel were stained, it would look like Figure 4. Cut 1-2 mm gel
slices in the DNAase/Hind III lane using the markers as a guide. Start | mm above
the linear parent clone, and end 4 mm below the linear mp8. Cut slices with a gel
slicer, or by hand with a scalpel. A parent clone with a 3 kb insert should give

about 15-20 slices.
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G. Treatment of Gel Slices

Place each slice in a separate Eppendorf tube, and add water to a
volume of 250 ul. Melt the gel by heating to 70°C for 5 min. Transfer to 37°C.
Add 10X ligation buffer. Add ATP to 0.5 mM, and water to 300 ul. Remove from
water bath and add 0.5-1.0 ul T4 DNA ligase (NEB 400 U/ul). Ligate at room
temperature 4 hrs - O/N.

Transformation: Heat ligation mix to 70°C to melt any reformed matrix.

Cool to 37°C, then add 100-150 ul of this to 0.5 ml competent cells (see
Section 2.3) and plate on large YT plates in 8 ml of YT soft agar. Incubate
overnight, 37°C. There should be 30-200 plaques per plate. Start by doing T-
ladders on four plaques from each plate to get a general idea: of overlaps and to
identify nearly identical clones.

H. Note: Keep in mind that all the sequencing subclones generated from
a parent clone will give you sequence on the same strand. In order to sequence
the complementary strand, you will need to clone the fragment in both orienta-
tions. Given the difficulties in reading dideoxy sequencing gels, it is necessary to

have the complementary strand to be 100% sure of your sequence.

2.8 Growth of Phage and Preparation of DNA for Sequencing

1.) Stab a sterile toothpick into a plaque.
2.) Drop into 2 ml 1:100 dilution of JIM101 O/N in 1X YT.
3.) Incubate at 37°C, 6-10 hrs, with shaking.
4,) Remove 1.5 ml into Eppendorf tube.
5.) Microfuge 10, room temperature.
6.) Transfer 1.2 ml to a new tube (no bacterial).
7.)  Add 300 ul of: 20% PEG 8000
2.5 M NaCl

8.) Mix by inversion. Inc. 15'-30' at room temperature.
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9.) Microfuge 10', room temperature.
10.) Remove S.N. Spin again 1', remove all of SN. with a pipetman or a
drawn out Pasteur pipette.
11.) Suspend phage pellet in 160 ul TES:
20 mM Tris-HCl, pH 7.5
10 mM NacCl
0.1 mM EDTA.
(You may save a few ul for re-infection)
12.) Add 100 ul buffered phenol.
13.) Vortex until mixed, let stand 5', vortex again.
14.) Microfuge 2'-4', room temperature or 4°C.
15.) Remove 140 ul SN. (no phenol or interface).
16.) (Optional) Transfer to a new tube, and add 70ul Sevag
(Chloroform:isoamyl alcohol 24:1). Vortex. Microfuge 2'. Remove
120 ul SN. (no CHCI, or interface).
17.) Add 1/10 vol 3 M NaAc, pH 6, 2.5 vol EtOH; mix well.
18.) Precipitate: dry ice 15-30", or -20°C overnight.
19.) Microfuge 10', 4°C, discard SN.
20.) Wash 1X-2X with cold 75% EtOH. Dry pellet.
21.) Resuspend in 25 ul TE (10 mM Tris-HC], pH 7.5, 0.1 mM EDTA).
22.) (Optional) Add 175 ul TE and repeat steps 17-20.
23.) Store at 4°C or -20°C.
Note: PEG in the phage miniprep will greatly inhibit the sequencing
reactions, and will produce a smeary, unreadable gel. Be sure to get all of the

supernatant of the PEG ppt.

2.9 Sequencing Reactions

-ddNTP's from Collaborative Research or PL-Biochemicals
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-Primer (15-mer) from Collaborative Research

-Klenow from Boehringer

-Use 32p-CTP or 32P-ATP to label DNA. If you use ATP, change the N°
mixes and chase with ATP instead of CTP.

Make 10 mM stocks of the four dNTP's the the four ddNTP's in TE (10 mM
Tris-HCI, pH 7.5, 1l mM EDTA), and divide into 50 ul aliquots. Store at -80°C,
except for the aliquot you are using, which can be stored at -20°C. Make primer
as a 10 ng/ul stock in water. Store at -20°C.

Make up the following solutions. All are in water unless otherwise indicated.

10X Hin buffer: 500 mM NaCl
70 mM Tris-HCI, pH 7.5
100 mM MgCl,
30 mM DTT

R35 0.5 mM dATP (5 ul 10 mM stock diluted 20X)

R36 0.5 mM dCTP ( " )
R37 0.5 mM dGTP ( n )
R38 0.5 mM dTTP ( " )
R39 & 1 ul R35(A)

20 ul R37 (G)
20 ul R38 (T)
20 ul 10X Hin
Rueo & 20 ul R35 (A)
20 ul R37 (G)
20 ul R38 (T)

20 ul 10X Hin
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R4l G 20 ul R35 (A)

1 ul R37 (G)

20 ul R38 (T)

20 ul 10X Hin
R42 T 20 ul R35 (A)

20 ul R37 (G)

1 ul R38 (T)

20 ul 10X Hin
R43 0.38 mM ddATP  dilute 10 mM 1:30
R4 0.25 mM ddCTP  dilute 10 mM 1:40
R45 0.25 mM ddGTP  dilute 10 mM 1:40
R46 1.0 mM ddTTP  dilute 10 mM 1:10

The optimal ratios of ddNTPs should be determined for each stock of ddNTP
by doing sequencing reactions on M13 at several ddNTP dilutions (1:3, 1:10, 1:30,
1:90). The dilutions for R43-R46 are those determined for my stocks of ddNTPs.
Next, make the following four N-mixes. 2 ul per reaction.
A'=1ulR39 + 1 ul R43
C'=1ulR40 + 1 ul R44
G'=1ul R4l + 1 ul R45
T'=1ul R42+ 1 ul R46
Keep R35-R46 on ice, and store at -20°C. These solutions should be good
for about two weeks. Make A', C', G', T' fresh the day you use them.
1.) Label tubes, and add | ul template DNA (from 2.8) and 2 ul of the

appropriate N-mix. Room temperature.
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2.) Make up Premix 1, 2 ul per reaction. Keep on ice until ready to add to
reaction. Add Klenow last. Receipe for 80 ul:
50 ul water
10 ul 10X Hin
13 ul 32p_CTP (10 mCi/ml, 400 Ci/mMol. aqueous, Amersham)
4 ul Primer (10 ng/ul
3 ul Klenow (5 U/ul, Boehringer)
3.) Add 2 ul Premix | to each reaction.
4,) Incubate 30°C, 30 min.
5.) Chase with 1 ul R36 per reaction.
6.) Incubate 30°C, 15 min.
7.) Add 12 ul Formamide-dye loading buffer to stop reaction.
8.) Denature 90°-95°C for 3 min; quick chill to 0°C.

9.) Load 2-4 ul per lane on a sequencing gel.

2.10 Sequencing Gels

Read the first 60-80 bp of an insert on a 40 cm 8% acrylamide sequencing
gel. When the xylene cyanol has moved 23 cm the filled-in Hind III site will be at
the bottom of the gel. To read the next 80-100 bp, load the same sample on an
80 cm 5% acrylamide sequencing gel. The xylene cyanol is run 60-65 cm to get
the proper overlap. If it is necessary to read further, load another 80 cm 5% gel
and allow the xylene cyanol to run 100 cm. If further sequence is needed, another
loading may be done and the xylene cyanol run 140 cm.

A typical 40 cm gel is 40 cm x 30 cm x 0.04 cm. The following is the gel
recipe for one gel. This recipe includes enough extra to avoid running out while
pouring the gel.

50 g Urea (Ultrapure Schwartz-Mann)

7.6 g Acrylamide (Biorad or equivalent)
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0.4 g Bis-acrylamide (Biorad)
10 ml 10X TEB
water to 100 mls
filter through Whatman I mm
0.7 ml 10% Ammonium Persulfate
10 ul TEMED
Pour gel between appropriately sealed, siliconized glass plates. Insert
comb, and add extra TEMED at the teeth. Allow to polymerize for at least one
hour.
The recipe for a typical 80 cm 5% sequencing gel is as follows:
100 g Urea
9.5 g Acrylamide
0.5 g Bis-acrylamide
13.4 ml 10X TEB
water to 200 ml
filter (Whatman)
1.5 ml 10% Ammonium Persulfate
40 ul TEMED
The buffer concentration is different for long and short gels. For 40 cm
gels, use 90 mM Tris, and for 80 cm gels, use 60 mM Tris. Run short gels at 1200-

1400 V, and long gels at 2000-2500 V.



2.11 Appendix

10X F-buffer:

10X TEB:
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400 mM Tris base

200 mM Sodium acetate

10 mM EDTA

titrated to pH 7.2 with glacial acetic acid
0.9 M Tris base

1.0 M Boric Acid

10 mM EDTA

should be pH 8.3

Agarose Gel Electrophoresis Loading Buffer:

YT Medium (1X):

Minimal Medium:

45% Sucrose

1X F-buffer

0.03% Bromphenol Blue
Add 1/2-1/5 vol to DNA before loading
8 g/l Bacto tryptone

5 g/l Bacto yeast extract
5 g/l NaCl

10.5 g/ K HPO,

4.5 g/l KH,PO,

1.0 g/1 (NH,),SO,

0.5 g/1 Na Citrate+2H,0
0.2 g/1 MgSO, *7H,0”
5.0 ug/l Thiamine-HC1”

2.0 g/1 Glucose

* SR
Sterilized separately as a concentrated stock
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Agar plates: 15 g/l Bacto-agar in appropriate medium (YT or
minimal)
YT soft agar: 8 g/l Bacto-agar in YT medium

Formamide/dye Sequencing Gel Loading Buffer:
90% Deionized Formamide (BRL ultrapure)
10 mM EDTA
10 mM NaOH
0.1-0.3% each, Xylene Cyanol and Bromphenol
Blue

Buffered Phenol: Ultrapure or redistilled phenol equilibrated with
10 mM Tris, pH 8, 1 mM EDTA. Store frozen in

10 ml aliquots.
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Figure 1. DNA sequence of the polylinker region of three even-numbered M13mp-
series vectors showing the primer binding site and the direction of synthesis for
chain termination sequencing. The corresponding odd-numbered vectors, mp9,

mpll, and mpl9, respectively, contain the polylinker in the opposite orientation.
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Figure 2. Deletion subcloning. (A) A parent subclone containing an Eco RI (RI)-
Hind III (H) insert (open box) too large to be sequenced completely from the
universal primer. Hatched area within the insert is internal sequences that will be
brought next to the primer by the deletion subcloning method. (B) Parent subclone
after partial digestion with DNAase I or frequent cutting restriction endo-
nucleases. This represents just one of many molecules in a heterogeneous mix to
be size selected later, as the other molecules will have single random cuts at
other places in the insert and phage genome. This is the linear form isolated in
Figure 3. (C) After digesting with Hind IIl and making the ends of each DNA
molecule blunt ended by filling in with dNTPs and Klenow, the mixture is ready
for size selection as in Figure 4. (D) After appropriate size selection, the
molecule is recircularized, bringing the internal (hatched) sequences next to the

primer binding site for sequence determination.
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Figure 3. Partial digestion with DNAase I or frequent cutting restriction endo-
nucleases. (A) The supercoiled parent RF. (B) The result of proper partial
digestion. Some supercoil remains, but most of the DNA is converted to the linear
form with some nicked circles inevitable. Insufficient digestion would contain
mostly supercoil and overdigestion would result in no supercoil and a smear of

fragments smaller than the linear form.
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Figure 4. Size selection on LMA. (A) Linear vector without insert. (B) Linear
parent subclone. (C) Parent subclone after partial digestion and Hind III digestion.
Lane C is cut with a scalpel or gel slicer as indicated, and each gel slice treated

separately as in 2.7-G.
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Introduction

The murine class I molecules are a family of cell surface glycoproteins that
includes the transplantation antigens H-2K, H-2D, and H-2L, as well as the
lymphoid differentiation antigens Qa-1, Qa-2, Qa-3, and thymus leukemia (TL)
antigen. These antigens are encoded in the major histocompatibility complex
(MHC) on chromosome 17 (Fig. 1). Class I molecules have a molecular weight of
40,000-45,000 daltons, and associate non-covalently with Bz—microglobul'm. The
transplantation antigens are important cell-cell recognition molecules for
cytotoxic T lymphocytes (1). The function of the Qa/TL antigens is unknown, but
their presence on lymphoid cells, coupled with their homology to transplantation
antigens, suggests that they too may be involved in cell-cell interactions in the
immune system.

TL antigen is a class I molecule of special interest because of its varied
patterns of ekpression in both normal and leukemic cells. Transplantation
antigens are expressed on virtually all somatic cells, while TL antigens are
expressed only on thymocytes, some thymic leukemias, and activated T lympho-
cytes (2-4). In prothymocytes, TL antigen expression is induced in response to
thymic hormones during the maturation of these cells into thymocytes (5, 6).
Mature T cells that migrate to the peripheral lymphoid system no longer express
detectable TL antigen, except when stimulated to proliferate (4). Six serologically
defined alleles of Tla exist, and mice having the three most commonly studied
alleles, Tla%, Tlab, and Tla€, differ in the quantity of TL antigen expressed on
their thymocytes as well as in serological determinants (7, 8). Thymocytes from
Tla® mice express about 20 times as much TL antigen as those from Tla® mice,

while thymocytes from T1aP

mice are generally considered to be TL"; however,
one report suggests that Tla? thymocytes may express very low amounts of TL
antigen (8). In contrast, leukemias of all three strains may express TL antigen at

levels comparable with Tla® thymocytes.
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In the past four years, our understanding of classI genes has increased
dramatically due to the isolation of cDNA clones from both human and mouse
class I genes (9-11). Steinmetz et al. (12, 13) used a class I cDNA clone to isolate
36 class I genes from i-phage and cosmid genomic libraries constructed from
BALB/c mouse DNA. The chromosomal location of each gene was mapped using
strain specific restriction enzyme polymorphisms and recombinant mouse strains,
and five of these genes mapped to the H-2 complex, while the remainder mapped
to the Qa-2,3 and Tla regions (14). To identify the genes encoding serologically
defined products, each of the cloned genes was transformed into mouse fibroblasts
(L cells) by DNA-mediated gene transfer and the resulting transformants were
examined with monoclonal antibodies against H—ZKd, H—ZLd, H-2Dd, Qa-2,3, and
TL antigen (15). The Kd, Ld, Dd, Qa-2,3 and two Tla genes were identified by this
method. Since then, numerous class [ genes have been sequenced including the
three BALB/c transplantation antigen genes and two Qa-2,3 region genes (12,
16-20). However, none of the serologically defined Qa/Tla genes have been
characterized to date.

In this report, we present the complete genomic nucleotide sequence and
analysis of a BALB/c (T1a®) gene encoding a TL antigen. The polypeptide chain is
encoded in six exons homologous to the first six exons of other class I genes.
Southern blot analyses using Tla-specific probes subcloned from this gene have
allowed us to reorganize the Tla region gene clusters described earlier (13), and
have reduced the number of class I genes detected in the BALB/c mouse to 33: 18

in the Tla region, 10 in the Qa-2,3 region, and five in the H-2 region.

Materials and Methods
Materials. Restriction endonucleases and T4 DNA ligase were obtained from
New England Biolabs. The large fragment of E. coli DNA polymerase was from

Bethesda Research Laboratories. Deoxynucleoside triphosphates (dNTPs) were
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obtained from Sigma, dideoxynucleoside triphosphates and the 15 nucleotide
sequencing primer from Collaborative Research, and a-32P dNTPs from
Amersham. E. coli strain JM103, phage M13mp8, and phage M13mpl0 were from
Bethesda Research Laboratories.

Methods. Commonly used recombinant DNA procedures such as gel electro-
phoresis, Southern blotting, nick translation, growth of plasmids and phage, and
restriction endonuclease digestions followed previously described protocols (21,
22).

DNA Sequence Analysis. The sequencing reactions for the chain termination
or chemical degradation methods were carried out according to previously
published procedures (23, 24). Overlapping subclones for chain termination
sequencing in phage M13 were generated using a deletion subcloning method

similar to several published methods (25-27).

Results and Discussion

Gene 17.3A Encodes a Serologically Defined TL Antigen. Clone 17.3 was
previously shown to transform mouse L cells to the TL* phenotype as assayed by
monoclonal anti-TL antibodies in a radioimmune assay (15). A partial restriction
map of the eukaryotic insert of clone 17.3 is shown in Fig. 2, Since clone 17.3
contains two classI genes (denoted 17.3A and 17.3B), it was necessary to
determine which of the genes was responsible for the TL-transforming activity.
Digestion of clone 17.3 with the restriction endonucleases Sacll or BamHI, which
cut within 17.3B, did not affect the TL-transforming activity, whereas digestion
with EcoRI, which cleaves only within 17.3A, abolished the TL-transforming
activity (R. Goodenow, unpublished results). Also shown in Fig. 2 is pTLA.l, a
pBR322 subclone derived from clone 17.3 that contains only gene 17.3A. Subclone
pTLA.l contains the TL-transforming activity of clone 17.3, and this activity is

abolished by digestion with EcoRI. Since EcoRI digests the insert DNA only
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once—within gene 17.3A—we conclude that gene 17.3A encodes a serologically
defined TL antigen.

The 17.3A Polypeptide Chain is Encoded by Six Exons Homologous to the
First Six Exons of Transplantation Antigen Genes. The nucleotide sequence of
gene 17.3A was determined using the sequencing strategy shown in Fig. 2. The
DNA sequence is shown in Fig. 3. The first five exons of gene 17.3A correspond
both in sequence and in the position of intron-exon borders with the first five
exons of other class I genes. These exons encode a hydrophobic leader peptide,
three external protein domains of about 90 amino acids each, and a hydrophobic
transmembrane segment. A cytoplasmic protein domain is encoded entirely by
exon 6, unlike transplantation antigens where the cytoplasmic domain is usually
encoded by three exons.

The first exon of 17.3A encodes a hydrophobic signal peptide that is either
24 or 26 amino acids long, depending on which of two in frame AUG start codons
initiates translation. Ordinarily, the first AUG encountered in a eukaryotic
messenger RNA initiates translation (31). The reason for the uncertainty is that a
potential TATA box (bases 196-199) is located so close to the beginning of exon 1
that the first AUG (bases 220-222) might not be included in the mRNA, assuming,
as with other eukaryotic genes, transcription begins 26-34 bp downstream of the
TATA box (32). There are other AT-rich regions that might serve as TATA boxes
(bases 144-149, 154-160), and although a consensus sequence CCAAT box is not
found, several similar sequences are associated with the potential TATA boxes
(CCATT at bases 93-97, CAAGT at bases 174-178, CAAA at bases 181-184).

Exons 2, 3, and 4 encode three protein regions of about 90 amino acids each,
denoted al, a2, and a3, respectively (33). These three regions comprise all of the
TL molecule that is exposed on the cell surface. The positions of cysteine

residues are homologous to those of other classI genes: both the «2 and o3
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regions contain cysteine residues about 60 amino acids apart, suggesting that each
contains an intrachain disulfide linkage, while the al region contains no
cysteines. The TL molecule encoded by gene 17.3A contains two potential
carbohydrate attachment sites, (Asn—X—%’%l;‘), both in the al domain, at amino acids
86 and 90. It is not known from biochemical data how many carbohydrate
moieties are present on TL molecules from BALB/c (T1a®) mice, but there is only
- one moiety on TL molecules encoded by the T1a% allele (34).

Exon 5 encodes the transmembrane segment of the TL polypeptide. The
translated amino acid sequence contains 38 amino acids, including a span of 20
uncharged and generally hydrophobic amino acids (15 hydrophobic, three glycine,
‘and two serine residues) that presumably span the lipid bilayer and terminate in a
cytoplasmic region with two positively charged amino acids.

Three regions homologous to the sixth, seventh, and eighth exons of other
class I genes can be identified in gene 17.3A, and are indicated in Fig. 3.
However, in gene 17.3A, an in-frame termination codon is reached in exon 6, so
this exon encodes the entire cytoplasmic domain and the carboxy terminus of the
TL polypeptide chain. This fact is corroborated by the DNA sequence of a closely
related TlaP cDNA clone isolated using a transmembrane probe from gene 17.3A.
In this cDNA clone, the protein coding sequence terminates in exon 6, and no RNA
splice sequences are used downstream of exon 6 (Obata, Y., Chen, Y., Stockert, E.
and Old, L., personal communication). The cytoplasmic domain of gene 17.3A is
two amino acids shorter than the cytoplasmic domain of the Ld molecule, and has
only 30% (7/23) amino acid homology with the L9 molecule.

The low sequence homology between transplantation antigens and gene
17.3A in the cytoplasmic region may be a clue to the different behavior of TL
molecules and transplantation antigens in the cell membrane. In a process known

as antigenic modulation, TL antigens are rapidly lost from the cell surface after
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incubation with anti-TL antibody (even monovalent antibody), while transplan-
tation antigens are not (35-37). The presence of a very different cytoplasmic
domain suggests that TL antigens may interact with the cytoskeleton or other
cytoplasmic components differently than H-2 antigens, but further studies, such as
exon shuffling experiments, will be needed to localize the structural component
responsible for the antigenic modulation effect.

Comparison of the Nucleotide and Amino Acid Sequence of 17.3A with Kd,
Dd, Ld, and a Qa-2,3 Gene. The DNA sequence of gene 17.3A was compared with
sequences from the following class I genes: K9 (17), L9 (16) D2 (20), the Qa-2,3
gene Q6 (27.1) (12), KP (1), and the Q10 gene encoding a secreted class I molecule
from the Qa-2,3 region (19, 38). None of these genes is significantly more closely
related to gene 17.3A than to any other, and all are more closely related to each
other than any one is to gene 17.3A. With an overall homology to the K4 gene of
only 74% at the DNA level, gene 17.3A is the most divergent murine class [ gene
sequenced to date. Table I shows the DNA and amino acid homologies of gene
17.3A with four BALB/c class [ genes: K9 from the K end of the H-2 locus, L9 and
DY from the D end of H-2, and gene Q6, from the Qa-2,3 region.

All four genes are approximately equally homologous to gene 17.3A, but
each exon is not equally conserved (Table I). The fourth exon is the most highly
conserved exon, probably due to selective pressure on the sequence of the a3
region encoded by exon 4, since the a3 region binds non-covalently with g,-
microglobulin (39). Exons 1 and 5 encoding the hydrophobic leader and trans-
membrane peptides are only moderately conserved, since the sequence constraints
on these two regions probably require only hydrophobic properties. The cyto-
plasmic exon is the least conserved and, as mentioned above, this may reflect
different interactions with cytoskeletal elements. The degree of homology of

exons 2 and 3 with the genes in Table I is intermediate between that seen for
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exon 4 and exon 5. In H-2 molecules, the al and o2 regions are the site of
recognition by cytotoxic T lymphocytes (40), but since the function of the al and
a2 regions in TL antigens is unknown, it is difficult to estimate the nature of the
selective pressure operating on these regions.

The homologies noted above are consistent with earlier peptide mapping
analyses. Peptide mapping studies showed that out of 13-19 tryptic peptides
resolved on an HPLC cation exchange column, three peptides co-eluted between
the H-2D9 molecule and a T1a% gene product, for an estimated peptide homology
of 20%. In identical experiments, different H-2 antigens were found to have about
40% peptide map homology, and allelic forms of TL were found to share 70-80% of
their peptides (41, 42). The translated amino acid sequences of the D9 and 17.3A
genes share three predicted tryptic peptides. Two of the peptides come from the
a3 region and one is the N-terminal peptide. The actual percent peptide homology
between the DY and TL antigens is somewhat lower than the previous estimates
because the HPLC system used to separate the tryptic peptides could only resolve
16-19 peptides, while 30-43 peptides are predicted from the translated amino acid
sequence.

The three H-2 genes are more closely related to each other at the DNA level
(>90% homology) than the H-2 genes are to 17.3A (74%). In addition, the Qa-2,3
region genes are much more homologous to the H-2 genes (89%) than to 17.3A
(74%). These data probably mean that Tla and H-2 genes diverged from a common
ancestor earlier than H-2 genes diverged from one another. The greater sequence
homology of the Qa-2,3 and H-2 genes suggests that H-2 and Qa-2,3 genes
diverged more recently than the H-2 and Tla genes.

The Third Intron of Gene 17.3A Contains Large DNA Deletions and/or
Insertions. The third intron is related in an interesting manner to the third intron

of the K9 gene (Fig. 4A). At a point 95 bp from the 5'end of this intron, gene
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17.3A contains 1,093 bp of sequence not found in the K4 gene. Whether this is an
insertion in gene 17.3A or a deletion in the Kd gene is unknown, but the 1,093 bp
segment contains a 65 bp thymidine-rich (76%) sequence at its 5' end and an Alu-
like repeat element near its 3' end. The segment is flanked by inexact 10 bp
inverted repeats which are also present in the K9 gene (Fig. 4B). The third intron
of the K4 gene is about the same length as the 17.3A third intron because the k4
intron contains 1,130 bp segment of DNA not found in 17.3A (Fig. 4A). This DNA
segment is bordered by inexact 16 bp direct repeats (Fig. 4C), has a simple
sequence (the repeated dinucleotide TC) at its 5' end, and has an Alu repeat near
its 5' end. The location of this insertion/deletion is 30 bp 5' to the fourth exon.
Because of the presence of inverted and direct repeats bordering the 1,093 bp and
1,130 bp regions, it is tempting to speculate that these regions were derived from
transposon-like insertions.

Part of Gene 17.3A Appears to be the Product of a Gene Conversion Event.
The 17.3A introns are only about 60% homologous to those of other class I genes,
while the introns of the three BALB/c transplantation antigen genes are about
90% homologous to each other (20). The one exception to the lower sequence
homology between the noncoding sequences of gene 17.3A and the H-2 genes is the
first 71 bp of the fourth intron (Fig. 5A), located immediately adjacent to the
highly conserved fourth exon. It is not surprising that the fourth exon is highly
conserved, because this exon encodes the o3 region that binds with g,-
microglobulin, but it is very surprising to find the adjacent intron so highly
conserved (97% with the L9 gene) since the other introns are only about 60%
homologous.

To test whether the fourth exon of gene 17.3A is more highly conserved than
would be expected from natural selection on the protein sequence, we counted the

number of silent site mutations (base substitutions that do not alter the protein
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sequence) between the L9 and 17.3A genes. Silent site mutations accumulate with
time at a constant rate, and are believed to be independent of selection at the
protein level, so by using their frequency one can estimate the time elapsed since
two related genes shared a common ancestor (43). There are mutations in 43% of
the silent sites in exons 2 and 3 of gene 17.3A but only in 11% of the silent sites of
exon 4 when compared with the L% gene (Fig. 5B). This disparity (43% vs. 11%) is
very large, and corresponds to a statistically significant (>3 o) difference in
divergence times estimated for these different regions by the calculation of
Kimura (43). This means that the fourth exon of gene 17.3A shared a common
ancestor with the LA gene much more recently than the second and third exons.
The last finding, coupled with the observation that the first 71 bp of the fourth
intron are highly conserved, leads us to the hypothesis that a region including all
of exon 4 and part of the fourth intron was transferred to the 17.3A gene as a
gene conversion event from one of the H-2 genes. A gene conversion of this size
(~350 bp) would serve to decrease the sequence polymorphism of the fourth exon,
in contrast to the role envisioned for very small (<50 bp) gene conversions in exons
2 and 3 of mutant H-2 genes which, it has been suggested, would increase the
polymorphism of these regions (18, 44, 45).

Fourth exon gene conversions or gene corrections may have occurred in
other class I genes. All the murine class I genes examined have a low percentage
of silent site mutations in exon 4 (6% average) compared with the percentage in
exons 2 and 3 (14% average). When the K9, L9, and Q6 genes are compared with
two functional human transplantation antigen genes (46, 47), no significant
disparity is seen in the number of silent site mutations in exons 2 and 3 (29.4%
average) and exon 4 (27.8% average). This observation is also consistent with a
gene correction or conversion model because the human and mouse genes have

been separated by speciation and could not have engaged in gene conversion.
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Gene conversions of variable size occur between class I genes, but it is
unclear how many of these events are biologically significant. The small gene
conversions mentioned above may contribute to the polymorphism of transplan-
tation antigens. However, it is difficult to imagine why natural selection would
not be sufficient to maintain the protein sequence of the a3 domain. Gene
conversion may be a result rather than a cause of the high DNA sequence
homology of exon 4. Since gene conversions presumably require an initial base
pairing between homologous sequences, conversions may occur more frequently in
exon 4 because of the high sequence homology of this exon with other class I
genes.
| Hybridization With Tla-specific Probes Detects a Small Subset of Class I
Genes That Are Polymorphic Between Tla Alleles. In order to study the number
and diversity of genes related to 17.3A, as well as to create DNA probes suitable
for examining RNA" species expressed in TL* cells, two subclones, pTLA.4 and
pTLA.5, were constructed from the coding regions of gene 17.3A that exhibited
minimal homology with other class I genes (Fig. 2). The 5' probe, pTLA.4 (bases
577-892), contains parts of the second and third exons, as well as the entire second
intron. This probe is about 70% homologous with the k9 or L4 genes in the coding
sequences. The 3' probe, pTLA.5 (bases 3155-3795), contains the transmembrane
exon and is only about 50% homologous to the corresponding regions in the K9 and
Ld genes. Both probes hybridize to BALB/c thymus poly(A)* RNA, but not to
BALB/c liver or spleen RNA. The probes also do not hybridize to thymus, liver, or
spleen RNA from C57BL/6, a TL™ strain (data not shown).
Subclones pTLA.4 and pTLA.5 were hybridized to genomic DNA from four
strains of mice representing the Tla alleles Tla?%, TlaP, T1a®, and Tla9. As can be
seen in Fig. 6, there is size polymorphism in the hybridizing restriction fragments.

This is surprising since others have had relative difficulty finding polymorphic
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restriction fragments in the Tla region compared with the H-2 region (14). Four
Tla-specific bands are found in the Southern analysis of Tla® mouse DNA. These
data are summarized in Table IIl. One band corresponds to gene 17.3A, the gene
from which the probes were subcloned, and another corresponds to gene 24.8, the
other Tla gene identified by transformation into L cells (15). However, gene 24.8
by itself could not encode a TL antigen because DNA sequence analysis indicates
that this gene is a pseudogene due to the presence of numerous in-frame stop
codons (D. Fisher, unpublished results). Gene 17.3A hybridizes with both the 5'
and 3' Tla probes while gene 24.8 hybridizes only to the 3' probe. The other two
hybridizing genes are of two types: one is like 17.3A because it hybridizes to both
pTLA.4 and pTLA.5, while the other is like 24.8-like and hybridizes only to
pTLA.5.

New Linkage of Tla Clusters. When the two Tla probes were hybridized to a
panel of cosmid clones containing all 36 classI genes of the gene clusters
described by Steinmetz et al. (13), seven genes, rather than the expected four,
were detected. This observation prompted us to examine these cluster linkages,
and led to the discovery of three cloning artifacts, on cosmids 1.1, 8.3, and 20.1.
Each of these cosmids contains a large piece of DNA with a restriction map
identical to that of cosmids in other gene clusters and a shorter piece of DNA
with a unique restriction map. These cosmids probably result from the cloning of
two non-contiguous pieces of eukaryotic DNA ligated together during the
construction of the cosmid library. We isolated low copy number probes from near
the border between the putative non-contiguous DNA fragments, and by Southern
blotting analysis showed that restriction fragments of the size predicted by
cosmids 1.1, 8.3, and 20.1 were not present in the genome, while fragments from
overlapping cosmids (in agreement with the cluster map in Fig. 7) were present in
the genome (data not shown). The three cosmids in question have been previously

noted as possible cloning artifacts (14, 48).
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Elimination of the artifactual constructs allows several new overlaps
between the gene clusters described by Steinmetz et al. (Fig. 7). Clusters 3, 7, 8
and 4 can now be joined into a single cluster 160 kb in length, which we denote
cluster A. Cluster A contains the three artifactual constructs. A second cluster
of 77 kb, denoted cluster B, is formed from clusters 12 and 5. This linkage was
previously overlooked because the 10 kb overlapping region contains only three
mapped restriction sites. A third Tla cluster, cluster 10, a single cosmid clone
containing an incomplete class I gene, is unchanged from the earlier study. This
new linkage is consistent with genome blots using both Tla-specific probes because
four genes (T1, T3, Tll, and T13) hybridize to pTLA.5 and two genes (T3 and T13)
hybfidize to pTLA.4 (Table II, Figs. 6 and 7). The sizes of the restriction
fragments hybridizing to these probes as determined in genomic blots (Table II)
are consistent with the sizes predicted from the restriction maps of the
corresponding cosmid clones. Similar cluster linkage results have recently been
independently obtained by others (49). The new gene linkage reduces the number
of class I genes found in the BALB/c mouse to 33: 18 in the Tla region, 10 in the
Qa-2,3 region, and five in the H-2 region.

Examination of the restriction map of the gene clusters reveals large
(20-40 kb) stretches of DNA that appear to be related. These regions are
indicated as bars above the genes in Fig. 7. The relatedness of some of these
duplicated regions has been established not only by restriction map similarity, but
also by hybridization with low copy DNA probes. For example, the four genes
hybridizing with the 3' Tla probe, pTLA.5, are contained in two 40 kb segments
(hatched bars in Fig. 7A and 7B) that appear to have duplicated at some time in
the past. Although it is not possible to prove the mechanism by which these
regions arose, duplication by homologous but unequal crossover seems to be a

likely explanation.
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TlaP Mice Contain Fewer Tla Genes Than Tla® Mice, and Gene 17.3A Is One
of Those Absent in TlaP. Recently, Weiss et al. (48) have isolated cosmid clones
containing class [ genes from the C57BL mouse (T1aP), and have linked the Tla
region class I genes into one gene cluster. Twenty-six class I genes were found in
C57BL as compared to 33 in BALB/c. Most of the additional BALB/c genes were
found in the Tla region. The TlaP gene cluster can be aligned with cluster A, and

b cluster (Fig. 8). However, no genes

all the genes in cluster A are found in the Tla
corresponding to cluster B or cluster 10 are found among the C57BL cosmid
clones. Genomic Southern blots (Fig. 6) using the Tla-specific probes confirm that
at least two genes (genes T11 and T13 in Fig. 7) in BALB/c are not found in Tlab,
and both of these genes are located in cluster B. Although these two genes are

the only ones confirmed to be absent in TlaP

, it seems probable that none of the
genes in cluster B or cluster 10 are present in C57BL mice.
Interestingly, gene 17.3A (gene T13 in Fig. 7) is absent in TlaP. Could this

be the explanation for the TL™ phenotype of T1aP thymocytes? Clearly, since TlaP

leukemias can express TL antigen, Tlab

mice must have a structural gene encoding
a TL antigen. Since allelic forms of TL antigen share 70-80% of their tryptic
peptides (41) and are therefore very closely related, we expect that both the Tla
specific coding region probes would hybridize to the gene encoding the leukemic
TlaP gene product. If this is the case, then the T3 gene of the Tla gene cluster
described by Weiss et al. (48) (homologous to gene T3 in Fig. 7) encodes the T1aP
leukemic TL molecule, since this is the only C57BL gene to hybridize with
pTLA.4. It will be interesting to determine whether the same gene that is active
in T1a® thymocytes is induced in Tla® TL* leukemias. Perhaps the TlaP gene and

its homolog in Tla®€ are expressed in leukemic cells, while 17.3A (absent in TldP) is

expressed in thymocytes.



69
Summary
We have determined the DNA sequence of a gene encoding a TL antigen in
the BALB/c mouse, and have more definitively mapped the cloned BALB/c Tla
region class I gene clusters. Analysis of the sequence shows that the Tla gene is
less closely related to the H-2 genes than H-2 genes are to one another or to
Qa-2,3 region genes. The Tla gene, 17.3A, contains an apparent gene conversion.
Comparison of the BALB/c Tla genes with those from C57BL shows that BALB/c
has more Tla region class I genes and that one of the genes absent in C57BL is

gene 17.3A.
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Note added in proof: A detailed restriction map of a cDNA clone isolated from a
BALB/c thymocyte cDNA library using pTLA.5 as a probe (Shen, F.-W., personal
communication) confirms the 3' splicing pattern proposed in this paper. As in the
Tla? cDNA clone (see text), none of the potential splice sequences (indicated by

arrows in Fig. 3) downstream of exon 6 are used.
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Table I

DNA and Amino Acid Homologies: 17.3A vs. 4 BALB/c Class I Molecules

Kd Ld pd 27.1 (Qa-2,3)

DNA Protein DNA Protein DNA Protein DNA Protein

Exon 1 (leader) 64%  52% 53%  43% 64%  54% 56% 29%

Exon 2 (al) 71%  56% 70%  56% 72%  58% 70%  56%
Exon 3 (a2) 74%  62% 75%  65% 74%  65% 75%  63%
Exon 4 (a3) 91%  383% 92%  85% 92%  89% 91%  86%
Exon 5 (TM) 64%  35% 64%  38% 65%  41% 62%  35%
Cytoplasmic 42%  35% 42%  30% 43%  30% 45%  31%

TOTAL 74%  61% 74%  61% 75%  64% 74% 60%
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Table II

BALB/c Class I Genes Hybridizing to pTLA.4 and pTLA.5

Gene Gene in Size of hybridizing fragment
Name Figure 7 pTLA.4 pTLA.S Hind Il Bam HI Kpn I
17.3A-like LE + + 13 kb 15.5kb 7.8 kb
17.3A T13 + + 8 kb 15.5kb 7.8 kb
24.8 Tl + 8.3 kb ~20 kb 3.7 kb

24.8-like Tl + 8.3 kb 12 kb 3.7 kb
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Figure 1. Genetic map of the MHC. Genes indicated with open boxes encode
class I molecules. The order of loci within brackets is not known. Distances are

in centiMorgans (cM).
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Figure 2. Restriction map and sequencing strategy for gene 17.3A. (A) Partial
restriction map of the insert of Charon 4A clone 17.3A. Open boxes indicate
regions hybridizing with class I cDNA clones (11), and the arrows indicate the
transcriptional orientation of the two class I genes, 17.3A and 17.3B. EcoRI sites
marked with an asterisk result from the addition of EcoRI linkers during the
construction of the phage library (28). (B) Partial restriction map of the
eukaryotic insert of pTLA.l, a subclone derived from 17.3. pTLA.l contains a
16.5 kb Clal-BamHI fragment that includes 3.5 kb of sequence from the left arm
of Charon 4A (not shown) subcloned into Clal-BamHI digested pBR322. (C)
Restriction map and sequencing strategy for gene 17.3A showing the locations of
TL antigeh coding sequences (solid boxes) and Alu-like repetitive elements
(hatched boxes) related to either the mouse Bl or B2 sequences (29, 30).
Sequencing done by the chain termination method (23) is indicated with straight
arrows, while that determined by the chemical degradation method (24) is
indicated by wavy arrows. The parts of the gene that were subcloned to make the
two Tla-specific probes, pTLA.4 and pTLA.5, are shown as brackets above the

map. The scale is in kilobases.
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Figure 3. Sequence of gene 17.3A. Coding regions are shown as triplets with the
translated amino acids (single letter code) above the DNA sequence. In the
promoter region, the putative TATA box is highlighted by a box and several
potential CCAAT box sequences are underlined. Near the 3' end of the gene,
arrows indicate probable splice junctions terminating exon 6, bordering exon 7,
and beginning exon 8. However, it is not known if these downstream splices are
used at all. In the TlaP cDNA clone, none of the splice junctions indicated by
arrows are used (see text). The untranslated portion of exon 6, as well as exon 7
are underlined, and the poly(A) addition signal is indicated by a box. Two poly(A)
addition signals occur before this point in the 3' untranslated region, but these
sequences are located in an Alu repeat and probably do not initiate poly(A)
addition. At least two class I genes lacking the Alu repeat (Kd, Q10) utilize a
poly(A) signal very close to the one indicated by a box in 17.3A. Ambiguous base

code: N=A,C,G, T;P=A,&G;Y=C, T;S=G,C;R=A, T.
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GTCACTGGATGACAGACTCTGATGATGGTAACACGAAATGCCTTAGCCTTCTCTTATGACCGSACTATGAGCCCCGTAPACTGTACTAGG
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Figure 3, pg. 2

252
3024

274
3080

275
3178

285
3255

307
3321

312

3405

3485

3585

323
3664

335
3741
3831
3921
4011
4101
4191
4281
4371
4461
4551
4641
4731
4821
4911
5001
5091
5181
5271

5350



85
Figure 4. Non-coding sequences of gene 17.3A. (A) Diagram showing the
relationship between the third intron of the K4 gene and the 17.3A gene. Open
boxes indicate exons, hatched boxes indicate Alu repetitive elements, and the
solid regions in the introns (near 1803 in the k4 gene and 1265 in 17.3A) indicate
simple sequences. (B) DNA sequence in the K% and 17.3A genes at the borders of
the 1093 bp sequence found in 17.3A. (C) DNA sequences bordering the 1130 bp

sequence in the k4 gene.
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Figure 5. Region of apparent gene conversion in 17.3A. (A) Exons 4 and 5 are
shown as solid boxes, and introns are shown as open boxes. Numbers at the top
indicate the percent nucleotide homology with the Ld gene in the bracketed areas.
(B) Diagram showing the silent site comparisons made between 17.3A and the A

gene.
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Figure 6. Genomic southern blots with Tla-specific probes on DNA from four
mouse strains. 10 ug (5 x 10718 moles) of genomic DNA from the indicated strains
was digested to completion with Hind IIl or Bam HI, electrophoresed through a
0.8% agarose gel in 1X TAE, blotted onto nitrocellulose and hybridized 12-18 h
with 5 x 10° cpm/ml of the indicated nick translated (1-4 x 108 cpm/ug) probes.
The final wash was in 1X SSC at 68°C. Hybridization markers are restriction
enzyme digestion M13 subclones diluted to 10 x 10718 moles per fragment. (A)
Hind Il digested DNAs hybridized with pTLA.4. (B) Hind Il digested DNAs
hybridized with pTLA.5. (C) Bam HI digested DNAs hybridized with pTLA.4. (D)
Bam HI digests hybridized with pTLA.5. The bands in the Tla® lane in (C) and (D)
appear less inte}lse than the other lanes because only 3-5 ug of DNA was loaded in
those lanes. This inaccuracy was corrected in (A) and (B). All bands in the Tla®
lane do not hybridize with equal intensity. Those bands corresponding to gene 24.8
and the 24.8-like gene (genes Tl and T1l in Fig. 7; see Table II) are less intense in
(B) and (D). The hybridizing region of 24.8 is only 85% homologous to pTLA.5, and
would be expected to hybridize more weakly than the 100% homologous 17.3A

gene (D. Fisher, unpublished results).
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Figure 7. Class I Tla genes of the BALB/c mouse. (A) Restriction map and
organization of gene cluster A. Regions hybridizing with class I cDNA probes (11)
are indicated as thin open boxes. 5'(pH-2III) or 3' (pH-2Ila) hybridizing regions are
indicated above the boxes, and the transcriptional orientation (determined by
hybridization with the above probes) is indicated with an arrow if it is known. The
location of the sequences hybridizing with pTLA.5 are indicated by an *, while
those hybridizing with pTLA.4 are indicated by an X. The genes are numbered
above the 5' and 3' designations. Open, solid and hatched bars at the top indicate
regions that by their restriction maps appear to be related, and probably represent
large duplicated regions. The regions covered by a representative group of cosmid
clones, including the three artifactual constructs, are shown below the restriction
map. Numbers in parentheses refer to the cluster designation in the Steinmetz
et al. (13) paper. (B) Restriction map and organization of gene cluster B. (C)

Restriction map for cluster 10.
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Figure 8. Comparison of Tla® (BALB/c) and TlaP? (C57BL) Tla region class I
genes. Tla® genes are shown as open boxes and TlaP genes as solid boxes.

Cleavage sites for the enzymes Kpn I (K) and Cla I (C) are indicated.
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Introduction

Thymus leukemia (TL) antigen, encoded at the Tla locus of mouse
chromosome 17, is a cell surface glycoprotein expressed on the thymocytes and
activated lymphocytes of TL* mouse strains, and on some leukemias of both TL*
and TL™ mouse strains (1-3). The nature of the controls restricting TL antigen
expression are unknown, as is the significance of TL antigen expression on
leukemic cells and its role in the leukemic phenotype. Structurally, TL antigen is
a ~45,000 dalton polypeptide that is closely related to the transplantation
antigens, Qa-2,3 antigen, and Qa-1 antigen encoded at the closely linked H-2,
Qa-2,3, and Qa-1 loci, respectively (2, 4-6). All these antigens (denoted class I
molecules) have sirﬁilar molecular weights, associate non-covalently with g,-
microglobulin, and are encoded by genes (class I genes) that cross hybridize with
nucleic acid probes (2, 7-9). Only the H-2 antigens, which are important
regulatory molecules for cytotoxic T lymphocytes (10), have a known function, but
the presence of TL and Qa antigens on lymphoid cells suggests that they too may
be regulatory molecules in the immune system.

Class 1 gene sequences have been cloned (l1), and the genomic DNA
sequence of numerous genes determined (12-18). The isolation and analysis of
cosmid clones containing class I genes showed that the approximately 30 genes
(many more than the number of known gene products) are located in large gene
clusters (7, 19) and that most genes come from the Qa-2,3 or Tla regions (8). A
total of 18 genes are encoded in the BALB/c Tla region (20). The Tla genes have
been named T1-T10 in the Tla® C57BL mouse by Weiss et al. (19) and T1-T18 in
the Tla® BALB/c mouse by Fisher et al. (20). We propose that a superscript
indicating the Tla allele be added to the gene names to avoid confusion (Fig. 1).
To identify genes encoding serologically defined products, the cloned genes were

transformed into mouse L cells by DNA-mediated gene transfer and the resulting



97
transformants assayed with monoclonal antibodies (MAbs) against known class I
determinants (9). By this method, two BALB/c (Tla®) genes encoding TL
determinants were identified, on clones A17.3 and 124.8.

The gene encoding a serologically defined TL antigen from clone A17.3
(denoted gene 17.3A or T13€) has been completely sequenced (20). The T13€ gene
is similar in intron-exon organization to other class I genes with the exception of
having its cytoplasmic domain encoded by one exon (exon 6) rather than in three
exons (exons 6, 7, and 8). The nucleotide sequence of TI13® has diverged
considerably (~25%) from genes in the H-2 complex. Recently, using a probe from
the T13€ gene, two groups have isolated and sequenced a functional Tla gene from
the C57BL mouse (2-1, 22). This gene, the T3b gene, is extraordinarily similar to
the T13C gene (95.5% nucleotide homology), but has a cytoplasmic domain that is
23 amino acids longer than that in T13€,

In this report, we present the nucleotide sequence of the class I gene on
clone 124.8, which we denote gene T1€. In spite of its earlier assignment, the T1¢
gene cannot encode a TL antigen, or any other functional class I molecule,
because it contains numerous stop codons and frameshift mutations in the coding
regions.

Materials and Methods

Materials. Restriction endonucleases and T4 DNA ligase were obtained from
New England Biolabs, Beverly, MA. E. coli strain JM103, phage M13mp8, and the
large fragment of E. coli DNA polymerase [ were from Bethesda Research
Laboratories, Gaithersburg, MD. Deoxynucleoside triphosphates and DNAase I
were obtained from Sigma Chemical Co., St. Louis, MO., dideoxynucleoside
triphosphates and the 15 nucleotide sequencing primer from Collaborative
Research, Waltham, MA., and o-[32P] deoxynucleoside triphosphates were from

Amersham Corp., Arlington Heights, IL.
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Methods. = Commonly used recombinant DNA procedures such as gel
electrophoresis, Southern blotting, nick translation, growth of plasmids and phage,
and restriction nuclease digestions followed previously described protocols
(24, 25).

DNA Sequence Analysis. The sequencing reactions for the chain termination
or chemical degradation methods were carried out according to previously
published procedures (25, 26). Overlapping subclones for chain termination
sequencing in phage M13mp8 were generated using a DNAase deletion subcloning

method similar to several published methods (27-29).

Results and Discussion

Gene T1€ is a Pseudogene by Numerous Criteria. Clone 124.8 was originally
isolated by virtue of its hybridization to class I cDNA probes (11; K. Moore,
Caltech, unpublished results). Since A24.8 transformed mouse L cells to the TL*
phenotype (9), and therefore presumably contained a gene encoding TL antigen, it
was restriction mapped (Fig. 2A), subcloned (Fig. 2B), and sequenced using the
strategy in Fig. 2C. The DNA sequence is shown in Fig. 3.

In general, class [ genes are composed of eight exons that correlate with
protein domains: exon | encodes the leader peptide, exons 2, 3, and 4 code for the
al, a2, and a3 external domains, exon 5 codes for the hydrophobic transmembrane
peptide, and exons 6, 7, and 8 encode the cytoplasmic domain (12-18). In the
recently sequenced functional Tla gene (T13€ in Fig. 1), this arrangement is the
same except the cytoplasmic domain is encoded by a single exon, exon 6 (20).

The TIC gene contains sequences related to all eight class I exons, but an
examination of these sequences reveals numerous in-frame termination codons and
frameshift mutations (Table I). The only ATG initiation codon located near the

leader peptide is followed two codons later by a termination codon. This initiation
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codon is out of frame with the exon | reading frame. Near the 3' end of exon |
(between bases 869 and 870, labeled "" in Fig. 3) a single base deletion disrupts
the reading frame again and causes the splice to occur out of frame. This leads to
premature termination in exon 2 at amino acid 4 (bases 1085-1087, underlined in
Fig. 3). Even assuming a normal splice to exon 2, a termination codon is
encountered at amino acid 27 (bases 1153-1155). Since there are ten mutations
that would render gene TI® nonfunctional, and since five of these have been
confirmed by second strand sequencing by the method of Maxam and Gilbert (26),
we conclude that the gene is a nonfunctional pseudogene that could not by itself
encode TL antigen or any other class [ molecule.

Large Blocks of T1€ Sequence Are Closely Related to the Functional T13€
Gene, While Other Parts Are Unrelated. The T1¢ and T13¢ genes are clearly
related because a transmembrane/cytoplasmic region probe, pTLA.5, subcloned
from T13%, hybridizes to gene T1¢ (20). Probe pTLA.5 is specific for TL* mRNA
and hybridizes with only four of the thirty-three BALB/c class I genes (T1, T3€,
T11%, and T13) (20). However, a similar TL*-RNA-specific probe subcloned from
exons 2 and 3 of gene T13%, pTLA.4, does not hybridize to gene T1€ (20), indi-
cating that this part of the gene is less closely related to T13€ than the 3' region.

Comparison of the DNA sequence of genes T1¢ and T13€ (Table III) confirms
the pattern of hybridization for pTLA.5 and pTLA.4 just noted. The trans-
membrane and cytoplasmic exons have 85% nucleotide homology, while exons 1-3
have only 64% homology. Indeed, the first three exons of gene T1€ are slightly
more closely related to a gene from the H-2 region, the H-2pd gene (Table II).

Alignment of the T1¢ and T13“ genes have shown that the 3' part of the
third intron and all sequences 3' to the third intron have 85% homology at the
nucleotide level, while the 5' part of the third intron and all introns and flanking

regions upstream are unrelated (<40% nucleotide homology) (Fig. 4A). There is a
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sharp boundary between the related and unrelated sequences, and this occurs
precisely at a B2 Alu-like repetitive element (30) present in the third intron of the
T13C gene (Fig. 4A, B).

Gene T1€ appears to be a hybrid gene composed of sequences closely related
to a functional Tla® gene in its 3' half, and sequences from another class I gene in
its 5' half. This gene was probably generated by a recombinational event like
unequal crossover, with the recombination point at an Alu-like repetitive
element. Since Alu-repeat elements have some of the characteristics of
transposons, the B2 repeat might have catalyzed a recombinational event by a
transposon-like insertion. On the other hand, there might have been Alu-repeats
in both TI¢ and TIBC, one of which was later deleted, and a recombination
occurred by simple crossover between homologous sequences.

The Transformation Result with Clone 124.8 is not Easily Explained by the
T1€ Gene Sequence. The sequence of gene T1C shows that the TL* transformation
result (9) cannot be simply explained by the expression of the introduced gene.
Three major possibilities should be considered: 1. The transformation result was
an artifact. 2. A small part of the T1€ gene recombined with a host cell class I
gene and transferred the information for TL antigen epitopes recognized by the
anti-TL mAbs to an expressed gene. 3. Sequences within or flanking gene TI1C
brought about the induction of a serologically reactive Tla gene in the host L cell.

The second possibility is unlikely because the epitopes recognized by the
anti-TL mAbs are located in the al and o2 protein domains encoded by exons 2
and 3—precisely the part of the T1¢ gene that is not related to the functional
T13C gene. When a hybrid gene composed of exons 1-3 of gene T13% and exons 4-8
from L9 gene is transformed into L cells, the resulting transformants are TL" and
19" (S. Hunt, Caltech, unpublished results). In the reciprocal experiment (Ld

+
exons 1-3 + T13% exons 4-6), the transformants are L9 and TL™. The second and
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third exons of TI1® not only have low homology to the exons encoding TL
determinants, but these TIC exons are also riddled with stop codons and
frameshift mutations that would make it less likely to transfer any functional
gene segments.

The third possibility, that of host gene activation, cannot be ruled out,
because the anti-TL mAbs bind to TL molecules from both the donor (T1a®) strain
and the host L cell (T1aP) (9). However, the first possibility, that of an artifact,
looms as the most likely explanation for the transformation result of 124.8. The
finding that the T1€ and T13€ genes are two members of a four-member subfamily
of Tla genes is interesting, but at least three groups have been unable to repeat
the A24.8 transformation result under conditions that easily detected 117.3 (T13%)
transformants (S. Hunt, Caltech, Pasadena, CA; F.-W. Shen, Mem. Sloan Kettering
Cancer Center, NY, NY; S. Nathanson, Albert Einstein College of Medicine,
Bronx, NY, unpublished results). Gene T1€ does not encode TL antigen in any
simple way, and more complicated explanations (recombination or gene activation)
seem less likely than that of the initial TIC transformation result being an

artifact.

Summary

We have determined the DNA sequence of a BALB/c Tla region class 1 gene
that had been previously identified as encoding TL antigen by DNA-mediated gene
transfer. Analysis of the DNA sequence shows, however, that this gene, the T1¢
gene of T1a%, could not encode the TL antigen or any other functional class 1
molecule due to the presence of numerous stop codons and frameshift mutations in
the coding regions. This result suggests either that the earlier transformation
data were in error, or that the clone containing the T1€ gene may also contain

sequences that induced the resident Tla gene in the transformation host L cell.



102

The T1€ gene is structurally related to the previously sequenced T13¢ gene
that encodes a serologically defined TL antigen. The 3' half of the TI€ gene
including exons 4, 5, 6, and the 3' untranslated region has about 85% nucleotide
homology (including introns) with the corresponding parts of the T13 gene;
however, the 5' half of the TI® gene has little homology with the T13C gene.
There is a sharp line of demarcation between the homologous and non-homologous
regions, and this border occurs precisely at a B2 Alu-like repeat sequence present

in the T13 gene.
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Table I

Summary of Mutations Rendering T1¢ Nonfunctional

Region

Leader

al

a2

a3

™

10.

The only nearby ATG initiation codon, which is not even in frame
with the leader, is followed two codons later by a stop codon.
Frameshift (1 bp deletion at amino acid [AA] —3*) causes an out
of frame splice. Stop codon encountered at AA 4.

In frame stop codon at AA 27.

Frameshift (20 bp deletion at AA 40-46). Stop codon at AA 69.
Stop codon at AA 97.

No GT splice donor sequence. Stop codon 13 codons into intron.
Frameshift (5 bp deletion at AA 194-195). Stop codon at AA 196.
Frameshift (1 bp insertion at AA 256). Stop codon at AA 264,
Frameshift (14 bp deletion at AA 267-271). Stop codon 1 codon
into intron.

Longest stretch of uncharged amino acids is 14—too short to span

the membrane.

*Amino acid numbering refers to the aligned T13% sequence (see ref 20). The

location of the various stop codons, deletions, and the one insertion are shown in

the T1€ gene sequence in Fig. 3.
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Table 2
Exon by Exon Nucleotide Homologies

of T1€ with BALB/c Tla and H-2 Genes

T13C pd
Exon 1 (leader) 52% 62%
Exon 2 (al) 64% 66%
Exon 3 (a2) 67% 69%
Exon 4 (a3) 88% 86%
Exon 5 (TM) 85% 46%

Exon 6 (Cyto) 85% 63%
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Figure 1. Class I genes of the Tla region in BALB/c (T1a®) and C57BL/10 (T1aP)
mice. Gene names after Weiss et al. (19) and Fisher et al. (20) with the exception
of the added superscripts to indicate the Tla allele. Cleavage sites for the

restriction enzymes Cla I (C) and Kpn I (K) are shown.
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Figure 2. Restriction map and sequencing strategy for class I gene T1S, from
clone 124.8. A) Restriction map of the eukaryotic insert of 124.8. EcoRI sites
indicated by an asterisk (*) result from the addition of EcoRI linkers during the
construction of the library (31), and are not present in the genome. B) Restriction
map of subclone pTLA.8, a pBR322 subclone derived from 124.8. C) Sequencing
strategy for gene T1€. Regions homologous to the first six exons of class I genes
are shown as solid boxes. Introns and flanking sequences are shown as open boxes,
the 3' untranslated region by a hatched box, a Bl Alu repeat as a dotted box, and a
500 bp gap in the sequence by a dashed line. The cleavage sites for selected
restriction enzymes are shown, as is the first polyA addition signal (AATAAA) in
the 3' untranslated region: Individual sequencing runs done by the chain
termination method (25) are shown as straight arrows and those done by the
chemical degradation method (26) as wavy arrows. The location of sequences

hybridizing to the 3' Tla-specific probe pTLA.5 from the T13€ gene are shown.
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Figure 3. DNA sequence of gene T1C. Regions homologous to the first six class I
exons are underlined, while the ATG initiation codon, (bases 795-797), the
termination codon (bases 7040-7042), and the polyA addition site (bases 7663-7668)
are boxed. Solid triangles show the locations of the following deletions relative to
the T13€ sequence: 1 bp (I), 20 bp (II), 5 bp (IlI), and 14 bp (IV). An asterisk (¥*)
shows the location of a one base pair insertion in the fourth exon. The stop codons
noted in Table I are double underlined. Ambiguous base code: N = A, G, C, T;

Py Y=C,Ti8=6,CR=A, T,
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AAGCTTATCCTATAAGCAGGTGTACTAGGTACATAGAACCTGGTCTCTGGTGCTTGAAGGACAACTCCTCCAGCTCTAAAGGAAAACACC
TCTGGAGCTTGGAAGGCAAGGTCAGTGGCTCAGTGGGGAAAGCACTTGCCACCAATGCCATCCCTGAGACCAGTGCAGTGGAAGGAGAGC
ACCTGGTTCTGCAAGGTTCCCTCTTACCTCCTCATTGTGCTGTGGCCAGAAGATGGCTGGGAACAAATGCATACACATACACAGGCAGGC
AGGCAGGCAGGCAGGCAGGCAGGCAGTCAAACACACACACACACACACACACACACACACACACACACACACACACACACACACATACAG
GCCCACATGCACATGCTCACATATTGAAAAATTAAAACGCCAGAGTTTGGGGTCTTATTATATATAGAAGAGAAAATGATAGGAAGGAGG
AAGGAGATGAAGAAATAAGATTTGCCTATAGGTCTCTTCTCAATTCCAAACTAAGGAGGTGTGGGGCATTGGTATATAACAGTGCTCTGG
CCAGCAACACAGGGTTCTGGACAAGTCTGCTATTGAGGTCTAGGATGGAGCAGTTCTAGTAGGCTCTTCCCCATCTCTCTAGTTTCACAC
CTCACCCCCAACCTGAGTGAGGTCAGCCTGCCCTGACACTAATGACTAGTTTGCAGTTATTACCCTCATTGGATAGTGQ;QLHCTGGGAA
AAAAAACAAGTAACGAAACAAGAAAACAAATAAATAAAACCCAGCGTTGCCCCACAGATCTGCAGGAATCAAACE QECCTGAATCTCTC
TATCTGCCGGTTGGCACACAGCTCCTGCTGCTGGTGGCCGCCCTAGCCCCATCCCAGAE&TCGCT TGAGTGCGGGGGG;E;GGATGGA
AAGGTTCTCTGTGGGAAGGGGCGCAGGCAGCACTGGGGAAATAGTGTACCCGTGTAGCCCACCGACCCTCCGCTCTTTCTTCGTCTTCGA

EXON 2
CTGGAGCCCTGCCCCTGCTCCCCTCTGGCCTTCGCGCCTCTCGGGGTCCCGGAAGAGGTCGCAATCTCTCTGTGCGCGGCCCAAGGCTCA

CACTTGATGCGGTATTTCCACACCTCTGTETCCTGGCTGGGCTTCAGGGGAAACCCATTCATCTCTGCCGGCTAAGGGGACGACATGCAG

TTCGTGCGCTTGGAGGATGGAdtLC”T*ACGCCATGGGTAGAGCAGGAGGGGCTGGAGTATTGGGAGCAGGAGACAGAGTGGCAAGAATG

AGGCGCAGAATATCAAGAATGAGTGGACCTGAGTCCTGCTCCACTACTACAACCAGAGCAAGGGC&ETGAGTGACCGGGGGTCGGAGGTC

ACAACCCCTCTGTTTCACTATGGACAGGACTGAGATGGGCATGGCTATGTCGGAGGTTCTTCTCAACGTGCGGGACCCACGGGGCACAGA
EXON 3

CCTGGGACTCACTTTAACTTTCAGTTCAGGCGATTCCTAGGGAAGGGACCGCGGACACCATCTAGCGATTGTGTGTCTGTGACATGGGGT

CGGACGGGAACCTCCTCAGCAGGTATGASCAGCATGCCTATGATGGCCATGATTACACTGTTCTGAAAGAAGACCTGAAAACGAGGGCGG

CGGCGGACACGGTGGAGCAGATCACCCGATGCAAGTGGGAGCAGGCTGATCGAGGCAGAGAACAGAAGCCAATTTGGGGATACGCGTGTAG

TGAAGTGGCTTTGGAGATACCTGGAGAAGAAGGAGATGCTGCAGCGCACAI&GAAACTACTGCAGCTACCCCTCCCCCAAGCTGGAACTT
AGTTCTGAGAAAGAAGGAAAGTATCAGCTGTAATAATGCCATCTCACCTTGTTATTACTTTTTAAAATGTTAAAAAAAAAACCGTGGCAA
AAGAATCACATAAGGAAATTAACCAGATGAAAGTTAGAGTAGGTATTTTGAACCCATGGAGATTGACCAAGGTCTCTGCTGAATTTTGAG
GTTTTTTTTTTTTTTTCAAGGTAAAAGGTI GAGAATCTAAGTTCACATTCTTGAAGTTGCTATGTCACAGCAGCATCTCTGATCCAATGCA
CGTTCTGTGTTGAACATTGATTATGCATAGCTTTGACGTTTCATTTCCAGGACCTGTCTTATGCCTTTGATTTCCTGCGTTGTTCTGGTC
ACTACAGCTCTGCAATAACATCTGACAACATCTCAGTTCTTACTGCTTAGGATTAGTTGGCTGTTCCTAGACTTTTGTATTTTTTTITTCT
AAACCTATGAAATGGACTAGGATTTTGATAGTCATGCATTAAATCTGTAGGTTATTTTGGTAGACGACCACTTTCATGATCTAACTCTGG
TAGTCCAGGAGCATGGGTTTTCTCCTCCAGAGTCTAACACTGCCCTCTGTGGTGTCCTTTACATCATCATGAAGTGAAGTTTCCATTGTA
GAGTTCTCCCATTTCCTTGGTTAGCTAGATCCCTAAGTGCTGCACTCTGGGGACTCACTTAGAATGGCACATTTCTCCTAATGTTCTTCC
TTGAGAGTACACTGTTGGATAAATGAAGGCTACTTTCTAATATGGATTTTTGTATCCCAAGCAATAAGGGTTTATTAGGTCCAAGAGTTT
CCCTGTAGACTCAACTGGGACTTTTCCGTTAAAGAATTGTGTTGTCTGGAATAAGAGATAATGTGACTTGTTCCTTTCCTTTTTTAATGC
TTTTCTTTCCTCTAACTGAGATAGCTGTTCAAATAAGAGTGGAGAATGGACAGTCCTGTCTCATTCCTCATCTTACATAGTCTTAGATGA
CATACTGGTTATCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTCCTTCTTCTCCTTTTTCTTCTICTTCTTCTT
CCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCCTCTCACAGAGTGTCTAGCCCTCTCCCTCTCTCTCTTGTGTATAGGAG
AAGGAGAGACATCCTGGAATTCTTTACCCATTACCAGAGATTGACTCAGCTTCTCTCAGGACANCTCACAGAGGNTCTTAGGAGGGAAAA
TAACCAAAGCAGTTAACCTTCCACCTACACCTTGTGAGGCTGAGGTACAGTGCTATGTGCATATGAGGGGCTGCCTGAGCTACCCTAAGA
TGGGTAAGGGAAAGCTGGAGCTTCTCAAGCTGTACAAGAAACAGGGATGGCTGTCGTCATATCCTCTCANCTTCCCTTGCTTTAGCTTGC
TTGCCTTTGCCTTTGTTTGCCTTTGCCTTGGCCCTNCTNCTTTGNNTTCCCTTGCCCCTCTTCCTTCTCTTCTCCTTGCCCTTGCTGETT
NATTTCTTGCCTTGTAGGTCTGGTNTATTTGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNCC TTCCCT
GAGCTTGCTCAGTCCACCATGCCCATCATGACCATTGTTGGTGTTGTCCTTGGAGCTEGTGGCCATCTTGGGTTTTATCATCTGAGGTGTN
CTGATATGGATGAACAAGAATGCAGGTATGCAAGAGGCAGGATCTGCGATTTGNTTTTGGGGGTGGGGAGGGTGTTTGTTTCCTTTCAGC
AACTACAAGAAAGGTACACAGTGAATGGGAANNCCCACACACCATGTGGTCACACACTGTGCCTATCTCTGGGTCTGTGGGCCGACCTTA
CTCTAAAGCACAGGGAAATAAAGGGCAGATTTGTAAAACTGATGACAGATGTCACAGGGATGTGACCTCTCAGTGACAGAGGTCAGGGCA
BCAGGTCCCTGTGGAATACAGACCTTGAGGCTGATACCAGTTCATTCCCTGCATACCTCCTTCCTCATGTCTGCTGACCCTTCTCTAGTC
TGATGACAGTTCTAGAACCTTCCTGGGGTCCAGAGCTTCTCTGGTCTATCACAGCTCAAGGGTGCTACACTCAGGCTCCAGGTAAATGTA
GGGGGAAGGCTTTTCTCTGAGGCATATGGGGGTGGAGCTGGAGCCTGAGGGAGCTCAGCCAGCCCAGAATTCCCCTTATAGCCAAATCTT

Figure 3, pg. |
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GAGGGATTGAGTGTGGGCTGTTGTAAATATTTCTACCCCAGACAGGGATGGTACCCAGAGCTCAGATGTGTCTCCCATAGATGTAAAGGC
AACACCCTAATGATCAAATCATCCGTTGTGACAGATTTGGACATGCCTGGTTCACAGAAACGTGCAGAATTTAGACCTTTCAGTGAGTGT
GTGGGTGGTTGGGATATGTCTTCACGGAAATGTCTGTGAATCTTCTCCTACAGCATGAAGCCTGGCATGAACTGAGTGACAGAAAATGTG
TTGGGGTCTCTCCTGTGACATCCAGAGCACTCAGTTCTCTTTCAGCAACAGTGTCTGAATTTCCCTGTGATCCTATGAGCACAATGTGAA
GAACTGTGAAGCCCAATCTACGCCTGCACTCTAGGACCCTCTCCCTGCACTGCCTGTGTTCCCTTCCACGGAGGAGACATCTGCATCCTG
TCAGCTCCATGCTGCCCTGACTGCAGCTCCTCACTTCCACACTGAGAATAAGAATATGCATGTGAACTTGATTGTTCACACCCTTGATCT
GACAGGATGATTGACAGGTGTATTAAAGGACTGAGAATACTTAGAGTTTTGGGGAAGAAATAAATGGCAGCATGGAGAACCTTCTGGAAT
CTGTGTTCTTTATGCTGAGTGTGTCTGGTGGGAAAGAGGAGTCTGTGGGAGCTGAGTGTGAATAGGGCACAACCCAGGTAGGGCTCAGTT
GGTTGTAGGCTTTGATGTGGTCATTCCTCAACTCGGGTCACCTTTTGGCTGTGTTCTCTTCATCAATCAATAGAATGACATGCTGACAGG
GTCTGTGANCCAGCATGGCCTTGTTGGTCTCCAGGATTATGAACAGCCAGGGCTGCTGTAACAGTGCAACCTGTGCTCTGACCTGGCTGT
GGTTCTCCTTCCTAGTTTCTGTGCAGGACCAGAGCTGTCCTAGTTCAAATGATGCGGGTCTTCTCCTTCCCTGGGCTCCTAGAGTAACAG
TCTGGACTCAGGGTCCAGAGATACTACCTGGGGCTGCCTNNCTGGTAGAGAAGGAGNNTCCTCCTGCTGCTCACAGAGCAACCZGGAANT
TAAAAAATAAAATATCAAATAAAACAGAGGAGATATCAAATAACACAATCTCTTCCCCTTCCTGATTTTAACAGAAACACTAGGTATCTC
TTCATTTCACTTACTGTTCCAGCCCTTTCCTTCTTGCTAGCATGAGGTAGGGGGAGATCACCCCCGTGTTTCCTGACTATATCAGAGACT
GGGGGCCCCGAGGGAGCACCCTTRTCTCAGGAGAGTTTGAAGTCTCGTCAGGATGAAAAGAGAGAAGGTTCCTGAAATAACCAAAGTTCC
CCCACTGTGTCTGCTTCCTTTASAGCTATGGC%TCTCTCAGGCTTTGTTCTCTGCCCACACCCAACCTCTGTGACATTTGACTTCAGTGA
TGCTGAATCTCTGAGCACTNCCCAGACAGAAGCAGACCTCCCTTTTTTCCTTTGGGACACATAGCTGCTCCTGGGNANAAGTTCTGPNAA
TTTTCAGAGGATGTGTGTAAACCTACTGGGAAATTTGACCGTTGTTCCAGTNNTTTCCTTCCCAGGTAGCCTCACTGACACTTCTGGAGT
CTTCAGGAAGATTACAAGAGGTCCAAGCTATCCAAGTCTTCTCCTCAGA$E%§gCAAAGACACACTCATCATCTCAG&%&UE&AGGTGAT
GTCACCCTGAGGAGCTGGGCCCTGGGCTTCTACCCTGCTGACATCACTGTGACCTGGCAGTTGAATGGAAAGGAACTGACCCATGACATG

*
GAGCTTGTGGAGACCAGGCCTGCAGGGGATGGGACCTTCCAGAAGTGGGCAGCTETGETGGTGCCTTCTGGGGAAGAGCAGAATATATAC

pa-g
TTGGCATGTGTACCATGAAGGGCTG%ETGAGATGGébTAAGGAGGGTGTGGGTGCAGAGCTGGGGTCAGGGAAA%&LE%?GCCTTCTGAA
GACCCTCAGCTGGTCAGAGTTGAGAGTTGCGATCATGTTCACTTTCCCCATGTCCTTACCCTTCTCTTCTCAGAGCCTCCTCAGTCCAGT
ATGCCCACCAGGACCATTGTTGGTGTTGTCCTTGGAGCTATGGTCATAGGTTTAAAGAGCAGAAATGTTATGATGTGGATGAGAAAGAAC

5&5!GTATGGAAGAGTCTGTGGCTAGGTGCCTTATGATTATAAACCAATACACATAGACTATATGCACAAGAATTTCCCATCTCTGGGTC
TATTTGCAGACACRCACCTTACAATAAAAGACAGATTCATAATGGTAATGGGAGAATCTGCAAAGGATTCTCAATGACCTCTCAGAGNNC
AGAGGGCAAGGCTCATGCTAAACACTACAGATCTCCAGGCTGGCCTTGGTTCATCCCTTGCATATAATGTCCATGGCCCAGAACTTCCTT
GGTCTCTCATATCTTTTTTTTAAGAGGEégz:;CAGAGGCTATGACCCTGCTGCATGTCAGAATGTGAGGGAACAGTTATCCTTGAGGCA

CTCGGGGTGGAATCTTGGd?EEAGGTTCTTCCTCCAGCCCCACCATTGGTCTCCTGACAGTGTCTTGTTACTTCTACTGCAGGTAAGGAC
AGTTCCTGACTTATCTCTGGAGACTTGAAAAGGTGAGACCTGTGAGCCTGGGATTGGGGCTGAGGCAAACTGGAAAGGACTGAGTCACTG
GGCCTCTCAGATTTAGACCTTTGAATGAATGAGAGGAGGGCCTTTGAGATGTTTTCATATTGATTGCCCTGACATTGTTCTTCATCTTGG
GACAGCTGCCTTCTGGGACTGAATGACAAGTTCTGACTTCTGAACAGTGAAATCACTTTGGGCAGCGGTGTCCGAGGGCTTATTCTTTTC
CTGTGCACACAGTCGAGAGATCTGGAGAGCAGAGCCCACTCACACACACCAGAACTCTGTCCCTACACTGGCAGTCATCCCTTCCACAGC
TAATCTTCCTAGTGCAACAGACACTGGGGACATCTACATCCTATCAGTTCCATGCTGCCCTGAGCTGCAGCTCCTCACTTCCACACGTAA
CATAAGAATTTGAATGTTAACTTGATTGCTCAAATCTTTAACCTGAAGGGTTGAATAGTGAGTATATTAAGGGACTGAGACTACTTGGAN
TGCTGTGGAGGGGCAGCATGGAGGACCTTCCAGAATCTGTGTTTCTTGTGCTGAGTGTGTCAGGTGGGGCAGGAGTCCTCTG
GCATCTGTTTGTGAATGGGGCTGTGCTAGGTGGAGCTCAGTCCATGTGCACGTCCTTGCTGGTCTGGTCATTCCTCAGCTATACATCCTT
GGAACTTGTCACTTAATAGAGTCACTGGATGACAGACTCTGATCATAGGAACACAGCATGCCTTAGCCTTCTCTTATGACCAGGATTATG
AGCCCCTAGGACTGTACCAGGCCTGTTGTGCAGCTGCGAAACTGACATTACCAGTGAAGAAATTTCTGGAGAGTGGTCCTGAACACCTTT
AATCCCAACATTCAGGAGACAGACAGGAGAACCACTGATTTCCAGGCCATCCTCAACACTCAGGGTACACAGAAAAAACCCTGTCTCCAA

ATTGGGTACCTGGGATCAGGTATCCCTGTGTCCAGCCTGACCATGCAGATTGTAGGCAGAATGTAGATATTTGAGGTTTGGATTAGAAGA
ACAGTTGCATGCATGAAGCAAGGCTTAAAGACCAACTATGAGCCTGGAGCAGAGCTGAGGGCAGGTTGACCTTTGTGGGCCCCGGTAATG
AAGCTT

Figure 3, pg. 2
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Figure 4. Comparison of genes T1€ and T13%, A) Alignment of the T1¢ and T13¢
genes showing the similarity of the 3' part of the genes (note the restriction
maps), and the B2 Alu repeat where homology breaks off in the third intron. Parts
of the genes (introns, exons, and Alu repeats) are shown as in Fig. 2. B) Detail of
the DNA sequence at the breakpoint of homology between the two genes showing
its proximity to the B2 Alu repeat. An arrow is above an eight base pair direct

repeat that presumably forms the border of the Alu repeat.
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Conclusions

Structure and Evolution of H-2 Genes. This study shows the DNA sequence
of cDNA clones encoding mouse transplantation antigens. The sequence
convincingly establishes the homology of immunoglobulin (Ig) and transplantation
antigen genes. Previous protein sequencing studies had suggested that Ig and H-2
molecules were related, and this raised the possibility that H-2 molecules, like Ig
molecules, might have extensive somatic variability generated from DNA
rearrangements. In addition, to explain the appearance of inappropriate H-2
serological determinants on some tumor cell lines, it was suggested that a mouse
might have genes for all the hur__ldreds of H-2 alleles and that ordinarily only one
gene is expressed.

Both of these hypotheses were disproved in Southern blotting experiments
using the H-2 cDNA clones as probes. There are too few genes, as estimated from
the number and intensity of bands on a genomic Southern blot, to encode all the
H-2 alleles. The failure to detect any restriction enzyme fragment polymorphism
between germline and liver DNA with the H-2 probes showed that H-2 genes do
not employ the DNA rearrangements associated with the generation of antibody
diversity. Instead, the similarity of H-2 molecules to Ig molecules is limited to
the constant regions encoding such effector functions as complement fixation,
raising the interesting possibility that transplantation antigens may at some time
carry out similar functions.

Structure and Evolution of Tla Genes. The complete DNA sequence of a
gene encoding a serologically defined TL antigen establishes the structural
relatedness of H-2 and TL antigens. Previously, this relationship was no more
detailed than their similar molecular weights, association with sz-microglobulin,
and a ~20% peptide map homology. The Tla gene is less closely related to H-2

genes than H-2 genes are to each other or to Qa-2,3 region genes. Although this
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means that the H-2 and Tla genes diverged long ago, there is an apparent recent
gene conversion including the fourth exon that could have been transferred to the
Tla gene from an H-2 gene. However, this gene conversion is probably of no
functional significance—a product of the already high nucleotide homology of the
fourth exon encoding the g,-microglobulin binding domain.

Examination of the 18 cross hybridizing class I genes of the BALB/c Tla
region indicates that these genes have evolved by large-scale duplications. More
importantly, comparison of the Tla® genes with those from TlaP provides a

b mice.

possible explanation for the TL™ phenotype of Tla

Tla Phenotypes and Structure: Antigenic Modulation. Part of the structure
of a TL antigen deduced from the DNA sequence may be a clue to the antigenic
modulation of TL molecules by antibody. In this process, TL antigens (unlike H-2
antigens) are removed from the cell surface by a patching and capping
mechanism—events presumably involving contact between the TL antigen and the
cytoskeleton. The cytoplasmic domain of the TL antigen is radically different
from H-2 molecules, and this may reflect different interactions with cytoskeletal
components.

This hypothesis can be tested by constructing hybrid Tla/H-2 genes and
transforming them into mouse L cells to locate the structural component
responsible for the antigenic modulation effect. For example, one could construct
an L9 antigen having the cytoplasmic domain of a TL antigen, and also construct a
TL antigen with the cytoplasmic domain of the L9 molecule. Is the former now
modulated by anti-Ld antibody, and is the latter, although it has all its external
domains from the TL antigen, no longer modulated by anti-TL antibody? Studies

such as these should locate the part of the TL molecule responsible for antigenic

modulation.
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The Phenotypes and Structure: Expression in TL™ (Tlab) and TL* (T1a€)

b and Tla® class I genes suggests

Mice. Examination of the organization of Tla
that the TL™ phenotype of TlaP thymocytes is probably due to the deletion of a Tla
structural gene rather than the alteration of a regulatory gene. The T3P gene of
T1aP mice encodes the TL antigen expressed on their leukemia cells (1), while Tla®
mice have the allele of the T3P gene, T3%, as well as a gene encoding thymocyte

b mice.

TL antigen, T13%. There is no allele of the T13C gene present in Tla

Are the TL antigens expressed on Tla® leukemia cells the product of the T3¢
gene, the T13C gene, or both? This question cannot be definitively answered yet,
but evidence points to both being expressed. The only TL antigenic determinant
detectable on Tla® thymocytes is TL.2, and therefore these cells are denoted
TL.172*374". L cells transformed with the T13C gene are TL.1¥2*374™ (2). Tla
leukemia cells express new determinants, as they are either TL.1¥2¥374" or
TL.1*27374% (3). One report showed that the failure to detect TL.l and TL.4 on
T1a® thymocytes may be due to the 20-fold lower level of expression of TL antigen
in Tla® thymocytes (4). It may also be that some weakly cross-reacting
determinants (TL.4?) may only be detectable on Tla® thymocytes by the
immunochemical technique used and not by serological methods that assay
specificity by cell lysis with antibody and complement.

A recent study showed that Tla® leukemia cells express two TL polypeptide
chains with similar, but not identical, peptide maps (5). One of these, an ~47 kDa
glycoprotein, is identical with the TL antigen expressed on Tla® thymocytes, and
the other is an ~50 kDa glycoprotein. These differences are not due to glyco-
sylation. It is not certain whether the two polypeptides are products of different
Tla genes or the product of differential splicing from a single gene; however, the
former seems more likely for three reasons. First, the only TL antigen other than
+yt

that on Tla® leukemias to have the TL.1*2 phenotype is the T3P molecule. The
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T3P and T3¢ genes are very closely related, even more so than the T3P and T13°€
genes, which are known to have 97% nucleotide homology (1). Therefore, it is
reasonable to suspect that the T3 molecule would also have the TL.4
determinant. If this were the case, then Tla® leukemias expressing the T3¢ gene
would also express a new antigenic determinant, TL.4, as observed. Second, the
T3P molecule (and probably the T3C molecule) is 2.3 kDa larger than the T13C
molecule due to an additional 23 amino acids at its carboxy terminus. This is in
agreement with the larger size of the second polypeptide. Third, there are no
convincing alternative splices of the T13® gene that would produce a larger
polypeptide.

The following is the patternAof TL expression deduced from the above data.
The T13C gene is expressed on Tla® thymocytes and encodes a protein that is
TL.1*2%374" when assayed serologically at high levels such as on L cells or
leukemia cells. At the low level of expression on thymocytes, this molecule
appears TL.1727374~, The T3C gene is expressed only in Tla€ leukemias (or in a
small cell subpopulation that frequently becomes leukemic) and encodes a product
that is TL.172*374*., The two leukemia cell phenotypes are explainable by either
the expression of T13€ alone (TL.1*2%374") or both T13% and T3¢ (TL.1*2*374%).
In order to test this hypothesis, one could examine TL.1*2" leukemia cell lines to
see whether they express only the 47 kDa polypeptide and not the second 50 kDa

species. The TL™ phenotype of TlaP

thymocytes is probably due to the lack of the
structural gene (T13) that encodes the thymocyte TL antigen.

The significance of TL expression, that is, its function in the normal and
leukemic states, awaits further experimentation.

Prospects for the Future. Tla-specific nucleic acid probes are now

available, and this should enable the TL-encoding genes from other mouse strains

to be cloned and for efforts to be focused on the transcriptionally active Tla
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region genes. It should be possible to produce reagents (oligonucleotides or Sl
mapping probes) that can distinguish between the T3% and T13% genes to decide
which are transcribed in leukemia cells and thymocytes, and to, for example, test
the hypotheses raised in the previous section. As other thymus-specific genes are
cloned, one may be able to identify sequences important in conferring tissue
specificity. Having cloned Tla genes and being able to make hybrid H-2/Tla genes
should make it possible to map antigenic determinants, to map structures
determining biochemical behavior (like antigenic modulation), and to map
functional parts of the molecule once functional questions are addressed. The
availability of cloned genes encoding TL antigens should enable one to manipulate
the expresson of TL antigen, introduce it into an organism in biologically
unfamiliar contexts, and perhaps uncover the function of this and the other class I

differentiation antigens.
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