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Abstract

This thesis can be divided into three parts: Chapter Two and Chapter Three
contain study on the class I genes of the major histocompatibility complex (MHC),
Chapter Four and Chapter Five contain study on the T-cell receptor genes, and
the appendices deal with my initial attempt to clone the cDNA encoding the T-
cell receptor a chain and various other research projects that I have been involved
in to some extent (mouse MHC class II genes, PDGF genes and rat class [ and class
II genes).

The first part of my thesis describes the study of the organization of the
genes encoding the mouse class | MHC molecule. 54 cosmid clones containing 36
class I genes were isolated and, by restriction enzyme mapping, the 54 clones
could be divided into 13 clusters. Using low-copy probes isolated from each
cosmid cluster and the restriction enzyme site polymorphism of those probes, I
was able to map each of the class I gene clusters into the precise location of the
mouse MHC. Surprisingly, most of the class I genes map into the Tla region, only
five class I genes (three cosmid clusters) map into the classical H-2 region. The
functions of these class I genes in the Tla region are still largely unknown.

The remainder of my thesis contains the study on the T-cell receptor genes.
In an effort to isolate the cDNA clone encoding the T-cell receptor a chain, I have
isolated 64 T-cell specific cDNA clones, using a T-cell minus B-cell subtractive
cDNA probe. The T-cell receptor a and 8 chain cDNA clones were among these
64 clones. Using the T-cell receptor a chain cDNA as a probe, [ subsequently
isolated clones encoding a germline variable(V) gene segment and cosmid clones
spanning 120 kb of DNA encoding the joining(J) and constant(C) gene segments of
the T-cell receptor a chain. Analysis of these clones, including sequencing of one
germline V  and six germline J  gene segments, showed that the DNA recognition

sequence for the a chain DNA rearrangment is similar to that of the g chain
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counterpart. In contrast to the general J gene segment organization in the 8
chain, y chain and the immunoglobulin gene families, I showed that the 18 J gene
segments [ analyzed were spread over 60 kb of DNA and lay as far as 63 kb 5' to
the C  gene.

In a step to dissect the structure function relationship of the T-cell receptor
molecules, I have cloned and determined the nucleotide sequences of seven
functional o chains and six 8 chains of the T-cell receptor genes from nine T-
helper hybridomas specific for the C-terminal peptide of pigeon cytochrome c and
the E class II molecule. Northern blot analyses using the isolated V , and Vg gene
segments were performed on the RNAs isolated from a total of 15 T-helper
hybridomas specific for the C-terminal peptide of cytochrome c. A single V  gene
segment is predominantly used in these 15 T-helper hybridomas, whereas at least
five different V g 8ene segments are utilized. I conclude that the V  gene segment
is important for the cytochrome c response and might provide most of the contact
residues with the C-terminal region of cytochrome c. 1 also found that the
junctional sequences of the 8 chain may alter the antigen fine specificity of the T-
cell clones. Finally, somatic hypermutation does not appear to play a crucial role

in generating diversity for the T-cell receptor a or 8 chains.
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Chapter One

INTRODUCTION
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A. MAIJIOR HISTOCOMPATIBILITY COMPLEX
1.  Backgound

The major histocompatibility complex was first discovered as the locus
encoding the antigen responsible for the tissue and tumor rejection in a
transplantation experiment. As time goes on, it becomes obvious that the locus
contains more than one gene; in fact, many genes involved in the immune response
map to this locus. The major histocompatibility complex of the mouse (MHC) has
been mapped to the chromosome 17. Using inbred strains of mice as well as
congenic mice, which are genetically identical mice except for the genes of the
MHC, immunogeneticists were able to identify two distinct complexes of MHC.
The H-2 complex in the mouse encompassed 0.55 centimorgans and can be divided
into four regions: the K region, the I region, the S region and the D region. The
Tla complex encompassed around 1.5 centimorgans and can be divided into two
regions: the Qa region and the Tla region (for review, see Klein, 1975).

The MHC loci encode three classes of gene families, denoted class I, class II
and class III (Klein, 1975; Snell et al., 1976. Nathenson et al., 1981; Ploegh et al.,
1981). The K and D regions contain the genes encoding the transplantation
antigens K, D and L. They are class I molecules found on the cell surface of most
nucleated cells and are highly polymorphic (Klein, 1979). More than 100 alleles
have been defined at the K locus and similar number is also found for the D locus
(Klein and Figueroa, 1981). The MHC alleles expressed in a given mouse strain
comprise the haplotype of that strain. Kd, for example, denotes the K antigen or
gene of the H-24 haplotye as seen in the BALB/c mouse. These molecules serve as
restricting elements that permit cytotoxic T cells to recognize viral or tumor
antigens on the surface of the infected or transformed cells. A phenomenon
termed MHC restriction (Zinkernagel and Doherty, 1974). The I region can be

subdivided further into five subregions by serological means: the I-A, I-B, I-J, I-E
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and I-C subregions (Murphy, 1980). The I-A and I-E subregions encode the class II
molecules which are expressed mainly on the lymphocytes and serve as restricting
elements for the helper T cells. The I-J subregion was originally thought to
encode the gene for a suppressor factor found in certain suppressor T cells.
Subsequent genetic and molecular studies indicate that the I-J, as well as I-B and
I-C subregions do not exist (Steinmetz et al., 1982b). The S region contains class
III genes encoding certain components involved in the complement system (C2, Bf,
Slp, C4) and a steroid biosynthesis enzyme, 21-hydrolase (Chaplin et al., 1983;
Amor et al., 1985; White et al., 1984). The Tla and Qa regions comprised of the
distal part of the MHC contain the Qa-2,3, Tla and Qa-1 genes, the proteins of
which bear high level of homology to the K, D and L antigens and hence also
called class I molecules. They are far less polymorphic than the K, D and L
molecules and the functions of most of these molecules are still largely unknown
(Flaherty, 1980).

The class I molecules are integral membrane glycoproteins with a molecular
weight of 45 kilodaltons and for K, D, and L molecules, they are non-covalently
associated with a 12 kilodalton polypeptide, B,-microglobulin, to form the
complete transplantation antigens. Protein sequence data suggest that the class I
molecules are composed of three external domains, each about 90 amino acids in
length, a transmembrane region of about 40 residues, and a cytoplasmic region of
about 30 residues (Lopez de Castro et al., 1979; Coligan et al., 1981). Protein
sequence comparison also indicates that the first two external domains are
relatively variable and the third domain is highly conserved. It was suggested that
the a3 domain is conserved because it interacts with the 8,-microglobulin. X-ray
crystallography study of a human transplantation antigen shows that the al and a2
domains jointly form a structural domain and the a3 region indeed forms a domain

associated with the g,-microglobulin (Bjorkman et al., 1985).
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Several groups have isolated and sequenced cDNA clones encoding the class I
molecules (Ploegh et al., 1980; Bregegere et al., 1981; Kvist et al., 1981; Sood et
al., 1981; Steinmetz et al., 1981a). Using the cDNA as a probe, it was shown that
there are many class I genes. Sequencing of two of these genes (27.1 and Ldgenes)
indicates that the genes contain eight exons that correlate precisely with the
structural domains of class I antigens. Five discrete exons encode each for the
leader domain, al,a2, a3 domains, and the transmembrane domain; three exons
encode the short cytoplasmic domain (Steinmetz et al., 1981b; Moore et al.,
1982). A human class I gene sequence also shows the same exon intron structure
as the mouse class I gene (Malissen et al., 1982).
2.  Genetic organization of class I genes
In an effort to elucidate the genetic organization of the class I
multigene family, I have helped in isolating 54 cosmid clones containing 36 class I
genes from a Balb/c liver cosmid library. These clones could be divided into 13
clusters based on restriction enzyme maps (Chapter Two). To locate precisely the
genetic map of those clusters, I have used low-copy probes generating from each
cosmid cluster and using restriction enzyme polymorphism, I was able to map each
of the cosmid cluster into the precise location of the mouse MHC. Surprisingly,
most of the class [ genes map into the Tla complex; only five class I genes (three
clusters) map into the classical H-2 complex. Cluster six maps into either D or Qa
regions, and it was shown later by molecular chromosomal walking work to map
into the D region (Stephan et al., 1986). Hence, my work and others (Steinmetz et
al., 1982a; Winoto et al.,, 1983; Fisher et al.,, 1985; Stephan et al., 1986) have
established the following genetic organization of mouse class I genes in Balc/c
mouse: two class I genes map in the K region, five class I genes map in the D
region, eight class I genes map in the Qa 2 region, and 18 class I genes map in the

Tla region.



B. T-CELL RECEPTOR
1. Background

The vertebrate immune system employs two kinds of antigen-specific
receptors, immunoglobulin in B cells and T-cell receptor in T cells. The
immunoglobulin molecules have been studied extensively; it is a heterodimer
molecule composed of heavy and light chains. Each chain can be divided into a
variable region and a constant region. Genomic DNA analysis indicates that the
variable region is encoded by two or three gene segments: a variable (V) gene
segment, a joining (J) gene segment, and for the heavy chain, a diversity (D) gene
segment as well. The gene segments rearrange and join together during the
lymphocyte differentiation to form a complete rearranged V gene. The RNA
spicing will then remove the intron between J and C genes to form a mature
transcript (for review, see Tonegawa, 1983).

The T-cell receptor molecules have been elusive for many years (for review
see Kronenberg et al., 1983). The first breakthrough came with the generation of
monoclonal antibodies that bound specifically to only one of a panel of T-cell
clones (clonal specific antibody) by several laboratories (Allison et al., 1982;
Haskins et al., 1983; Lancki et al., 1983; McIntyre and Allison, 1983; Meuer et al.,
1983; Samelson et al., 1983). Using these monoclonal antibodies, it was shown
that the antibodies affect antigen-specific activation; hence, the antibodies did
bind to the antigen receptor. Immunoprecipitation studies using the monoclonals
followed by two-dimensional gel analyses showed that the T-cell antigen receptors
are composed of two subunits, a and 8 chains, each with molecular weight of 40-50
kilodaltons. Both chains appear to contain a variable region and a constant region
(McIntyre and Allison, 1983; Kappler et al., 1983; Meuer et al., 1984).

The second breakthrough came when two groups independently isolated the

cDNA clone encoding the T-cell receptor 8 chain by a differential and subtractive
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screening approach (Hedrick et al., 1984; Yanagi et al., 1984). Mark Davis' group
assumed several things in the identification of the T-cell receptor 8 chain cDNA:
1) the T-cell receptor molecule will be specific for the T cell only; 2) the T-cell
receptor gene will rearrange during the T-cell differentiation analogous to the
immunoglobulin gene; and 3) the message encoding the T-cell receptor will be
quite abundant. The cDNA clone isolated has the above properties and by
comparison with the protein sequence data generated from other laboratories, it
was identified as the g chain of the T-cell receptor.

Progress in characterization of the T-cell receptor molecules have
proceeded extremely rapidly since then. Another T cell-specific rearranging gene
was isolated (y chain gene, Saito et al., 1984a). Genomic analysis indicated that
the variable regions of both 8 and y genes are composed of several gene segments:
V, D and J gene segments for the T-cell receptor g chain gene, and V and J gene
segments for the y chain gene. The a chain cDNA was not cloned until later (see
below). Sequencing of the V and J gene segments of 8 and y genes also revealed
that the signals for DNA rearrangment in T-cell receptor are similar to that of
immunoglobulin recognition sequences. The recognition signals consist of the
conserved heptamer sequence CACAGTG and the A/T-rich nonamer sequence
separated by either 11 bp (one-turn DNA helix) or 23 bp (two-turn DNA helix).
The rearrangment can presumably occur only between a gene segment with a one-
turn DNA recognition sequence and a gene segment with a two-turn DNA recog-
nition sequence. The V gene segments of 8 and y chain genes contain a two-turn
recognition sequence, the J gene segments contain a one-turn recognition
sequence, and the D gene segment in B8 chain gene has a one-turn recognition
sequence on the 5' side and a two-turn recognition sequence on the 3' side of the
coding region. Hence, in 8 chain gene, the V gene segment can join directly to the

J gene segment (for review, see Kronenberg et al., 1986).
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The genomic organization of the mouse g chain and y chain have been
characterized extensively (Chien et al., 1984a; Gascoigne et al., 1984; Kavaler et
al., 1984; Malissen et al., 1984; Siu et al., 1984; Hayday et al., 1985). The gene
encoding the T-cell receptor g chain is composed of 20-30 V gene segments (Barth
et al., 1985; Behlke et al., 1985), two D gene segments (Kavaler et al., 1984; Siu et
al., 1984), and six functional J gene segments each in front of two C genes (Chien
et al., 1984a; Gascoigne et al., 1984; Malissen et al., 1984). The gene encoding the
vy chain is composed of yet unkown but limited number of V gene segments, and
one J gene segment each in front of four C genes.

The T-cell receptor genes share several strategies for diversification as the
immunoglobulin genes: 1) junctional variation—the flexibility of the sites at which
the gene segments join together, deleting different nucleotides from the V, D or J
gene segments leading to codon changes at the junctions of these rearranged gene
segments; 2) N-region diversity—the random addition of nucleotides at both sides
of the rearranging gene segments; 3) multiplicities of germline gene
segments—there are many V gene segments in T-cell receptor as well as
immunoglobulin genes, four J gene segments each in the heavy chain, « chain,
chain of the immunoglobulin, 12 functional J gene segments in the 8 chain gene
and four J gene segments in the y chain gene; and 4) combinatorial
association—any V gene segments can join to any downstream D or J gene
segments. Somatic hypermutation, which can alter up to 3% of a given V gene
sequences, has not been seen in the g chain or y chain genes.

T-cell recognition differs from the B-cell recognition in that the T-cell
receptor has to recognize antigen in conjunction with the MHC gene products
(MHC restriction) (Kindred and Shreffler, 1972; Katz et al., 1973; Rosenthal and
Shevach, 1973; Zinkernagel and Doherty, 1974). During ontogeny, the T cells were

"educated" in the thymus such that they will recognize only antigens in the
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context of self MHC products. A phenomenon termed thymus education
(Weissman, 1967; Cantor and Weissman, 1976). These phenomena (MHC restriction
and thymus education) raise questions on how the T-cell receptor recognizes the
antigen/MHC and how thymus education works. Several models have been
proposed as to how the T-cell receptor recognizes the antigen/MHC together. The
single receptor hypothesis proposes that both antigen and MHC molecules are
bound by a single receptor (Zinkernagel and Doherty, 1974; Cohen and Eisen, 1977;
Matzinger, 1981; Schrader, 1982). The dual receptor hypothesis proposes that two
distinct recognition elements bind, respectively, antigen and MHC molecule
(Blanden and Ada, 1978; Cohn and Epstein, 1978; von Boehmer et al., 1978;
Parham, 1984). A variety of experiments and analyses of the secondary structure
of the T-cell receptor V regions suggest that the T-cell receptor is just a single
molecular complex (Kappler et al., 1981; see Kronenberg et al., 1986 for review).
A new version of the dual receptor model suggests that distinct portion of the T-
cell receptor may bind antigen and MHC molecule, hence, the a chain of the T-
cell receptor may bind the antigen and the 8 chain may bind the MHC molecule or
vice versa (Patten et al., 1984; Pernis and Axel, 1985). Thymus education, on the
other hand, has been proposed to involve the selective destruction of the T cells
that bind to the self MHC molecule with high affinity and the selective
proliferation of the T cells that bind to the self MHC molecule loosely (Marrack
and Kappler, 1986). Another model proposes the y chain molecule in association
with the B8 chain molecule to recognize the self MHC molecule during
development; when the thymus matures, the y molecule is slowly replaced by the a
chain molecule that, in association with the 8 chain molecule, now recognize the
antigen/MHC molecule (Raulet et al., 1985; Pernis and Axel, 1985).
2.  The gene encoding the T-cell receptor a chain

When I started the project on T-cell receptor in March 1984, my first
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goal was to isolate the cDNA clone encoding the T-cell receptor a chain. I made
the same assumptions as Mark Davis had done before in isolating the T-cell
receptor g chain: that the clone will be T cell-specific and it will show
rearrangment in a genomic blot analyses. Using two subtractive probes of T cell
cDNA minus B cell RNA and B cell cDNA minus macrophage RNA, I was able to
isolate 64 T cell-specific clones from a T-cell hybridoma V1.9.2 cDNA library.
The clones were characterized for the ability to rearrange during the T-cell
differentiation. Southern genomic blot analyses were performed using the inserts
isolated from the 64 A clones. The germline mouse DNA, BW5147 fusion partner
DNA, and the T-cell hybridoma V1.9.2 DNA digested by four different enzymes
were included in the Southern blot analyses. Only one clone showed DNA
rearrangment; this clone, however, was a T-cell receptor 8 chain cDNA. When
Mark Davis' group and Tonegawa's group identified the T-cell receptor a chain
(Chien et al., 1984b; Saito et al., 1984b), I used oligonucleotide specific for the o
chain in a hybridization to those 64 T cell-specific clones. One of them did
contain the constant region of the T-cell receptor a chain. The reason that I did
not detect the DNA rearrangment using a constant region probe became apparent
when | anayzed the genomic organization of the a chain (see below). The J gene
segment that the T-cell hybridoma V1.9.2 uses is located 21 kb 5' to the C gene.
Hence, a constant region probe alone cannot detect the rearrangment of the V
gene segment into the J 28 used by the hybridoma V1.9.2.

Using the T-cell receptor a chain cDNA as a probe, I subsequently isolated
clones encoding a germline variable (V) gene segment and cosmid clones spanning
120 kb of DNA encoding the joining (J) and constant (C) gene segments of the T-
cell receptor a chain. Analysis of these clones including sequencing of one
germline V  and six germline J, gene segments showed that the DNA recognition

sequence for the a chain DNA rearrangment is similar to that of the 8 chain
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counterpart. The gene encoding the a-chain also employs the diversification
strategies similar to that of the g8 and y chain genes. In contrast to the general J
gene segment organization in the g chain, y chain and the immunoglobulin gene
families, I showed that the 18 J  gene segments I analyzed were spread over 60 kb
of DNA and lie as far as 63 kb 5' to the C_ gene (Winoto et al., 1985).
3.  Pigeon cytochrome c/I-E specific T-cell receptors

In a step to dissect the structure function relationship of the T-cell
receptor molecules, I have cloned and determined the nucleotide sequences of
seven functional a chains and six 8 chains of the T-cell receptor genes from nine
T-helper hybridomas specific for the C-terminal peptide of pigeon cytochrome c
and the I-E class II molecule. Northern blot analyses using the isolated V  and Vg
gene segments were performed on the RNAs isolated from a total of 15 T-helper
hybridomas specific for the C-terminal peptide of cytochrome c. A single V  gene
segment is predominantly used in these 15 T-helper hybridomas, whereas at least
five different V g ene segments are utilized. I conclude that the V  gene segment
is important for the cytochrome c response and might provide most of the contact
residues with the C-terminal region of cytochrome c. I also found that the
junctional sequences of the g8 chain may alter the antigen fine specificity of the T-
cell clones. The patterns of T-cell gene segment usage and alterations in antigen
specificity associated with changes in the third hypervariable region are similar to
those seen in B-cell immunoglobulin responses to antigen. These exclude a simple
dual site-single receptor model of T-cell recognition as mentioned above and are
consistent with the idea that the T-cell receptor and immunoglobulin molecules
are similar in structure to one another. Finally, somatic hypermutation does not
appear to play a crucial role in generating diversity for the T-cell receptor a or 8

chains.
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