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Abstract

This thesis contains the results of investigations into_ the
structure and organization of Class I genes in the major
histocompatibility complex of the BALB/c mouse.

In the body of the thesis, the sequence of the BALB/c H—2Dd
transplantation antigen gene is presented. This is the firs£
camplete sequence of an H-2Dd gene and is the only genamic se-
quence to be 1n full agreement with the available protein se-
quence. The H-2p9 gene sequence has been used to predict the
protein sequence of the H-2p9 molecule, which has been compared
to the protein sequences of other Class I molecules. The H-2p9
protein sequence is no more related to that of its closely linked
partner, H-ZLd, than it is to the segquence of its presumptive
allele, H—?.Db, or to the sequence of the H--2Kb molecule, which is
from not only another H-2 haplotype but another genetic sub-
region. The sequence differences between these transplantation
antigens are spread throughout the molecules in a mosaic pattern
that may have arisen,in part, from small gene conversion events.
No obvious evidence of any recent gene conversion event affecting
the H-ZDd gene was observed, however.

Three Class I genes have been cloned and mapped to the H-2D
subregion in BALB/c. These include gene 16.1, whose product has
not been identified; the H—ZDd gene; and the H--ZLd gene. There
is serological evidence for the existence of additional H-2D-
encoded transplantation antigen molecules in BALB/c, but no genes

encoding these products have been identified. The sequence of



the H-209 gene contains potential alternative splice sites in
and around the exon encoding the first external domain. Use of
these splice sites could generate a transplantation antigen mole-
cule with different serological determinants, and might help to
resolve the discrepancy between the number of H-2D-subregion
Class I genes and the number of serologically defined H-2D-subre-
gion transplantation antigens.

The appendices contain the results of a number of studies
related to Class I gene organization and function. Appendix A
contains the sequence of gene 27.1. This gene, also known as the
08 gene, was identified as a Qa pseudogene based on the presence
of termination codons in inappropriate locations in its sequence.
Appendix B contains the sequence of the H—2Ld gene, which was the
first transplantation antigen gene to be sequenced. Appendix C
contains the results of DNA-mediated gene transfer experiments
that 1dentified genomic clones containing the H-2Kd, H-2Ld, and
H-2Dd transplantation antigen genes as well as Class I genes
encoding the Qa2,3 molecule and two different TL differentiation
antigen genes. Appendix D contains the results of calculations

of protein sequence homology between different Class I molecules.
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Chapter I

Introduction



The major histocompatibility complex (MHC) is made up of a
group of tightly linked loci whose products are involved in the
immune response (1-4). Such genetic regions have been identified
in all vertebrates examined so far. It has even been suggested
that the colonial tunicate, Botryllus, a protochordate, may pos-
sess a genetic region in which loci with MHC-like functions are
linked (3). Thus, the association of loci whose products are
involved in immune processes is evolutionarily ancient.

The major histocompatibility complex of the mouse was the
first MHC to be discovered and has been extensively charac-
terized (1,2,4). It has been divided into three major genetic
regions: the H-2 camplex, the Qa region, and the Tla camplex, as
diagrammed in Figure 1. The H-2 complex itself has four subre-
gions: H-2k, H-2I, H-2S, and H-2D. Each genetic region contains
several loci, many of which are polymorphic. Inbred strains of
mice possess different sets of MHC alleles. These constellations
of alleles are referred to as haplotypes.

Three major classes of proteins are encoded by genes in the
MHC: Class I, Class II, and Class III (1,2,4). Class I proteins
can be separated into two categories: the Qa and TL differentia-
tion antigens are encoded by genes in the Qa and Tla regions,
while the transplantation antigens are encoded by genes in the H-
2K and H-2D subregions. The Ia molecules, also known as the
immune response-associated antigens, are Class II molecules en-
coded by genes in the H-2I subregion. Class III proteins include

several camplement components as well as other serum proteins and



are encoded by genes in the H-2S subregion. As this thesis is
concerned primarily with transplantation antigen genes, the Class
IT and Class III molecules will not be further discussed.

Class I molecules share similar structures but differ in
tissue distribution and extent of serological polymorphism
(1,2,4,5). These molecules are "45,000 dalton integral membrane
glycoproteins found noncova lentlyAassociated withﬁ—z micro-
globulin, a 12,000 dalton polypeptide encoded by a gene outside
the MHC. The structure of a typical Class I molecule is shown in
Figure 2. They are divided into three external domains, each of
“9¢ amino acids; a hydrophobic transmembrane segment; and a
carboxy-terminal cytoplasmic segment. The third external domain
resembles both theﬂ—Z microglobulin molecule and immunoglobulin
damains, leading to the suggestion that Class I molecules, g-2
microglobulin, and immunoglobulins are evolutionarily related
(1-4). The Tla and Qa differentiation antigens are only moder- ‘
ately polymorphic and have a limited tissue distribution, being
found on the surfaces of particular hematopoietic cells. The
transplantation antigens, in contrast, are found on the surfaces
of practically all samatic cells and are among the most poly-
morphic molecules known. There are over 40 serologically de-
tectable alleles at the H-2K locus and as many alleles at the H-
2D locus (4).

The functions of the different types of Class I molecules also
differ. The Qa and Tla differentiation antigens have no known
function. The functions of the transplantation antigens are

better understood. They are strongly antigenic and serve as



primary targets in the rejection of grafts between mice of dif-
ferent H-2 haplotypes. In addition, their presence is required
for cytotoxic T cell recognition of viral or tumor antigens'on
the surfaces of virally infected or transformed cells. Cytotoxic
T cells of the proper specificity from mice of a particular H-2
haplotype can kill virally infected cells only if these cells
express H;ZK or H-2D-encoded transplantation antigens of the same
haplotype (6). Thus, cytotoxic T cells must have a dual speci-
ficity: they must be able to recognize not only a particular for-
eign antigen, but also self H-2K or H-2D molecules. This phenome-
non is known as H-2 restriction. It is unclear whether the cyto-
toxic T cell has two receptors, one for self H-2 molecules and
one for antigen, or whether cytotoxic T cells use a single recep-
tor to recognize a combination of the two. Other molecules have
been implicated in the interaction between cytotoxic T cells and
their targets. For example, Lyt-2, a T cell-specific molecule,
may help to stabilize the interaction between the T cell recep-
tor(s), the transplantation antigen, and the foreign antigen (7).
Mice of different H-2 haplotypes generally express at least one
H-2K-encoded transplantation antigen, known as H-2K¥, and at least
one H-2D-encoded transplantation, known as H-2D%, where x is the
H-2 haplotype designation. For example, C57Bl1/10 mice (H—2b hap-
lotype) express two transplantation antigens, H-ZKb and H—ZDb
(5). BALB/c mice (H-2d haplotype) express at least three trans-
plantation antigens: H-2Kd, H—ZDd, and H—ZLd. H-2Kd is encoded by

d

the H-2K subregion, and H--2Dd and H-2L~ are encoded by genes in

the H-2D subregion. All three of these transplantation antigens



have been purified and partially sequenced (5). In addition to
these well-defined transplantation antigens, there may be more
transplantation antigens encoded by g-29 haplotype genes. - -In
particular, there is serological evidence that the H-2D subregion
in BALB/c mice may encode several other transplantation antigens,
including H-2M9 and H-2RG (8,9).

Class I cDNA probes have been used to determine the number of
Class I genes in different inbred strains of mice and to isolate
genamic clones containing Class I genes from recombinant librar-
ies. Although the number of Class I genes appears to vary among
different inbred strains, there are 25-4@¢ Class I genes per
inbred strain. Approximately 3¢ distinct Class I genes have been
isolated from BALB/c genomic libraries (16,11). These genes have
been characterized by two different approaches: DNA-mediated
gene transfer and restriction polymorphism mapping (16-13). In
the first approach, a Class I gene is introduced into mouse L
cells (H—2k haplotype) by the calcium phosphate technique. The
resulting transfectants are then screened by radioimmunoassay
with a panel of monoclonal antibodies specific for different
Class I molecules, as described in Appendix C. In the second
approach, low-copy DNA probes are obtained from the sequences
flanking each distinct Class I gene. These probes are then used
in Southern blots of genomic DNA from various inbred, congenic,
and recombinant congenic strains of mice. By correlating the
observed bands with the known recombination points in these
strains, it is possible to map a particular probe to a locus

within the MHC. This presumably also locates the Class I gene



associated with the probe sequence. In BALB/c, using these
approaches, two Class I genes have been mapped to the H-2K subre-
gion; three genes have been mapped to the H-2D subregion, as
discussed in Chapter 2; and the rest of the cloned Class I genes
have been mapped to the Qa and Tla regions (13).

In contrast to the situation in the H-29 haplotype, only one H-
2pP haplotype Class I gene mapping to the H-2D subregion has been
cloned (14). This gene encodes the H-2DP protein. Camparisons of
the protein sequences of the H-2D- encoded transplantation anti-
gens from the H—2d and H-2P haplotypes have brought out some
interesting points. Most transplantation antigens are only 80%-
85% homologous to each other at the protein level (5). This is
true even for the products of allelic genes, such as H—2Kd and H-
2kP., This was also true in comparisons between the 183 residues
of partial H-2p9 protein sequence and the H-219 and H-20P protein
sequences (15). Surprisingly, the protein sequences of H-219 and
H-2Db are 96% homologous to each other (15). This unprecedented
level of homology has led to the suggestion that the H—2Ld and H-
2pP genes must be allelic, and that the H-209 gene must be de-
rived from a different locus. To elucidate the relationship
between the H-209 protein and the other H-2D-encoded transplan-
tation antigens, it is necessary to know the sequence of the H-
29 gene. This sequence and its relationship to the other H-2D-

region transplantation antigen gene sequences are presented in

Chapter II.



Figure 1. The major histocampatibility complex of the mouse is
diagrammed in this figure. The first line indicates that this
camplex maps to chromosame 17. The next line indicates protein-
coding loci; the class of protein produced by each locus is
indicated on the third line; the fourth line indicates the
boundaries of the H-2 and Tla complexes; the fifth line shows the
regions into which these camplexes are divided; and the last line

gives the genetic distances between these regions.

Figure 2. This figure shows the domain structure of a Class I
molecule., o1, &2, and&3 are the three external domains of the
protein. 1 contains the amino terminus. <3 associates withf -2
microglobulin, which is designated ﬂ—Zm in the figure. The

cytoplasmic tail of the molecule contains the carboxyl terminus.
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DNA Sequence of the Mouse H-2D- Transplantation Antigen Gene

This manuscript will be submitted to The Proceedings of the

National Academy of Sciences.
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ABSTRACT The inbred BALB/c mouse has three transplantation
antigens, H2-Kd, H2-Ld, and H2-DI. We present the complete nucleotide
sequence of the H2-Dd gene as well as 77 residues of previously unpublished
H-2pd protein sequence. These data complete the sequences of all the
BALB/c transplantation antigen genes and permit detailed comparison with
each other and with their counterparts from the inbred C57Bl/10 mouse.
Transplantation antigens may differ from one another by as much as 5-15%
of their amino acid sequence for the external domains. These extensive
differences may arise by gene conversion.

The H-2D region of the BALB/c mouse encodes the H2-DY and the
H2-Ld genes. Serologic data suggests that at least two additional
transplantation antigen molecules, HZ-Rd and H2-Md, are encoded in the
H-2D region of the major compatibility complex. Paradoxically, gene
cloning studies have only identified the H2-D9 and the H2-L9 genes in the
H-2D region. A complete DNA sequence of the H2-DY gene shows that a
variety of alternative splice sites exist throughout the gene which may lead
to additional gene products and may explain the multiplicity of H-2D-

encoded polypeptides.
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The major histocompatibility complex of the mouse (MHC), located
on chromosome 17, has four regions which contain class I genes:. H-2D,
H-2K, Qa, and the Tla complex (1-4). Class I molecules are heterodimers
consisting of a 45,000 dalton integral membrane glycoprotein noncovalently
associated with 8,-microglobulin, a 12,000 dalton polypeptide encoded by a
gene on chromosome 2. These molecules can be divided into two categories
based on differences in their expression, the extent of their serologically
detectable polymorphism, and their functions. The class I heavy chains
encoded by the Tla complex are differentiation antigens of unknown
function which are expressed on the surfaces of certain hematopoietic
cells, and are only moderately polymorphic. The transplantation antigens,
encoded by genes in the H-2D and H-2K regions, are among the most
polymorphic molecules known, as over 50 different alleles have been
described for each of the H-2D and H-2K loci so far (3). Different strains
of mice possess different sets of alleles at MHC loci. These constellations
of alleles are known as haplotypes. Transplantation antigens are found on
the surfaces of virtually all somatic cells. Cytotoxic T cells recognize
cell-surface viral or tumor antigens only in the context of a self
transplantation antigen, a phenomenon known as H-2 restriction (5).
Transplantation antigens are therefore also known as restriction elements.

Recently, a number of transplantation antigen genes from several
different haplotypes have been isolated and characterized (6-14). Two
different transplantation antigen genes, the H-2KP and H-2DP genes, have

been isolated from C57BI/10 mice (H-2P haplotype), and three
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transplantation antigen genes, the H-ZKd, H-ZLd, and H—ZDd genes, have
been isolated from BALB/c mice (H-29 haplotype). The H-2K genes map to
the H-2K region of the MHC, while the H-2D and H-2L genes map to the
H-2D region (15). In BALB/c mice, there is serological evidence that the
H-2D region may encode other transplantation antigens, including H-2m4
and H-2RY (16,17). Genes encoding these proteins have not yet been
isolated.

The H-2D-region transplantation antigens H—ZDd, H—ZLd, and H-2DP
are particularly interesting because of their structural interrelationships.
Most transplantation antigens are only 80-85% homologous to each other at
the protein sequence level(1-4). This is true for presumptive allelic gene
products such as H-2kP and H-2Kk9. This is also true in comparisons
between the 183 residues of partial H-2Dd protein sequence and the
translated coding sequences of the H-2DP and H-2L4 genes (9,11,18,19).
Surprisingly, the protein sequences of H-2L9 and H-2DP are 95%
homologous to each other. This unprecedented level of homology t]af. led to
the suggestion that the H-2L9 and H-2DP genes are allelic (14,19), and that
H-2Dd gene may be derived from a different locus. However, only one
H-2D subregion H-2P haplotype Class I gene has been cloned, namely, the
H-2DP gene (8). Thus, the number of Class I genes in the H-2D subregion of
different haptotypes is variable, and the allelic relationships between the
H-2D subregion Class I genes of different haplotypes is unclear. In order to
shed light on the relationship between H-2D9 and the other H-2D-encoded

transplantation antigens, it is necessary to know the structure of the H-2pd
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gene. In this publication, we present substantial new H-2Dd protein

sequence and the complete DNA sequence of the H-2D4 gene.

MATERIALS AND METHODS

Cosmid clone c49.2 was isolated from a BALB/c Cum sperm DNA cosmid
library as previously described (12,20). The construction of MI13 mp8
subclones and dideoxy sequencing were performed as described (9,21,22).

Protein sequencing was performed as described (23,24).

RESULTS

The Class I Gene In Cosmid Clone c49.2 Encodes H-2DJ. Gene 49.2,
whose structure and sequence are shown in Figs. 1 and 2, has been shown to
encode H-2D9 on the basis of several criteria. Previously, it has been
shown that mouse L cells (H-2K haplotype) transfected with c49.2 express a
new protein which reacts with the H-ZDd-specific monoclonal antibodies
34-5-8 and 34-2-12 (25). Comparison of the translated coding sequence of
gene c49.2 with the available protein sequence also supports the cbriclusion
that this is an H-2D9 gene.

The partial protein sequence of the H-2D9 molecule is presented in
Fig. 3. This sequence includes 77 previously unpublished residues, eight of
which are still tentatively identified. In addition, 10 residues which had
previously been published as tentative are now confirmed. The translated
gene c49.2 sequence is in perfect agreement with all of the available

H-2D9 protein data (254 of 254 residues).
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The intron/exon structure of the c49.2 H-2D9 gene presented in
Figs. 1 and 2 was proposed on the basis of comparison with the available
H-2Dd protein sequence and with the DNA sequences of two cDNA:s, pH-21
(26) and pH-29-1 (27). Each cDNA is >99% homologous to the coding
sequence of the H-2Dpd gene. Therefore they were probably derived from
H-29 gene transcripts. The H-2D9 gene has the same general exon/intron
structure as the other murine class I genes which have been characterized
(6-14,28). The first exon encodes a hydrophobic signal peptide which is not
present in the mature protein. The second, third and fourth exons encode
the three external domains of the H-2D9 protein, al, a2 and a3. The third
and fourth exons are separated by a large intron. The fifth exon encodes
the transmembrane segment of the H—2Dd protein, and exons 6, 7 and 8
encode the cytoplasmic portion of the molecule. The polyadenylation
signal sequence AATAAA appears 463 nucleotides 3' to the termination
codon in exon 8 (29). Thus, as has been observed for other transplantation
antigen genes, the intron/exon structure of the H-2Dd gene corresponds
precisely with the domain structure of the H-2Dd protein.

The H-2D9 Gene Contains Potential Alternative Splicing Signals.
Recently, an alternative intron/exon organization affecting the second
exon has been proposed for the H-2kd gene (30). In a cDNA clone
apparently derived from a processed H-2Kd transcript, an alternative splice
acceptor site in the first intron 50 nucleotides 5' to the usual acceptor site
is used. In addition, an extra intron is created by the splicing out of a

region inside exon 2 containing amino acids 6-38. In the H-2Dpd gene
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sequence, there is no potential alternative splice acceptor site in the
position corresponding to that of the alternative acceptor site in the first
intron of the H-2K9 gene. There is, however, a potential alternative splice
acceptor site in the first intron in frame 51 nucleotides 5' to the usual
splice acceptor site for exon 2. There are also potential alternative
splicing signals at amino acids 6 and 38 in the H-2Dd gene sequence. It is
worth noting that use of the alternative splicing signals would remove the
only protein sequence that is conserved between all Class I and Class II 8
chain sequences, namely the sequence VRFDSD at amino acid positions
34-39 (31). It has been suggested that this sequence could be involved in
interactions with T cell molecules. The potential consequences of its
removal are, however, unclear.

A second region of the H-2Dd gene, the seventh intron, also contains
potential alternative splice sites. The H-2DY cDNA clones pH—Zd-l and
pH-2I both contain eighth exon sequences that are only five nucleotides
long and correspond to the exon & sequence indicated in Fig. 2. There is a
potential alternative splice acceptor sequence located 27 nucleotides 5' to
the splice acceptor site used by the H-2Dd cDNAs, as indicated in Fig. 2.
This potential splice acceptor site corresponds to the splice acceptor .site
used by the H—ZKk, H-ZKb, and H-ZKd messenger RNAs (6,7,32,33).

The presence of potential alternative splice signals in the H-2Dpd
gene raises the obvious question of whether they might be used. They are
not used by any H-2D9 cDNAs so far described. It is interesting to note

that all of the potential alternative splice acceptor sites noted in the
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H-2D9 gene share the following structure: AG (C/T). All but one of the
splice acceptor sites known to be used by H-2Dd transcripts have the
structure AG (A/G). The only exception is the acceptor site for exon 8,
which has the sequence AG T. Perhaps the AG (C/T) structure is less
efficiently used as a splice site by the splicing machinery of the cell than
the AG (A/G) structure.

From comparisons between the fourth exons of the H-2Dd, H-ZLd,
H-2Kd, and H-2KP genes, it is apparent that the frequency of use of a
particular splice signal may depend not only on its sequence but also on its
surroundings. Exon 4 of the H-2Dd gene encodes 95 amino acids, while the
fourth exons of the H-ZLd, H-ZKb, and H-2K9 genes encode only 92 amino
acids. This results from the absence of a splice donor site in the H-2D4
gene at a position corresponding to the position of the splice donor sites at
the ends of the fourth exons of these other genes. The H-ZLd, H—ZKd, and
H-2KDP genes all have a potential splice donor site which corresponds to the
site at the end of the fourth exon of the H-2D9 gene, but apparently these
potential alternative splice sites are not used. It is worth noting that
H-2Kd messages use the rather unusual splice donor site A GT, located
after the 92nd codon in exon 4, rather than splicing at the more common
splice donor site G GT which is found nine nucleotides downstream. Thus,
in this case, the position of the splice site, rather than its sequence, seems
to dictate whether it is used.

There is a third cDNA whose DNA sequence is >99% homologous to

the coding sequence of the H-2pd gene. This is pAG64, a cDNA derived
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from SV40-transformed fibroblasts (34). According to the report, this
cDNA represents a transcript that is present only in SV40-transformed
cells. Originally, it was not identified as an H-2D4 transcript because its
sequence was not identical to that of gene Chta-DY (14). Gene Ch4a-Dd,
which has been partially sequenced, was identified as an H—ZDd gene, but
disagrees with the H-2Dd protein sequence at 1l positions (see
Discussion). The pAG64 sequence differs from the coding sequence of gene
c49.2 in only 1/1412 nucleotides. Thus, it is almost certainly derived from
an H-2D9 gene transcript. This cDNA is unusual in two respects. It
completely lacks exon 7 sequences and it fails to terminate at the
polyadenylation site used by pH-Zd—l, continuing instead for an extra 150
nucleotides. Other cDNAs derived from the same cDNA library as pAG64,
pAG85 and pAG86, are identical in sequence to pAG64 except for the fact
that they contain exon 7 sequences (34). Thus, it appears that exon 7 can
also be involved in alternative splicing of H-2D9 transcripts.

The H-2D9 Gene Is Homologous to the Other H-29 Haplotyge. Trans-
plantation Antigen Genes. Comparisons between the sequence of the
H-2Dd gene and the sequences of the other H-2d haplotype genes, the
H-2k9 and H-ZLd genes, reveal several interesting points. First, the
introns are at least as related to each other as are the exons. The introns
of H-2D9 gene are 87-97% homologous to the corresponding intron of the
H-2L9 and H-2K9 genes, whereas the exons are 85-100% homologous at the
DNA level. This di‘fers from the situation in other multigene families,

such as the globins, where the introns are much less homologous to each
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other than are the exons (35, 36). Perhaps the conservation of the introns
arises from gene conversion events among these genes, as will be further
discussed. The only significant region of nonhomology between the DNA
sequences of the H-ZDd, H-2Ld, and H-2K9 introns is associated with
sequences in the third intron which are homologous to the consensus
sequence of the Bl highly repetitive sequence family of the mouse (37).
The areas of nonhomology result from differences in sequence and in
length of the T-rich region which is located next to the Bl sequences. The
Bl sequences themselves are located in homologous positions in all three
genes, approximately 600 nucleotides 3' to the end of exon 3.

From the DNA sequence comparisons, it is also apparent that, for
most of the length of the H-2Dd gene, it is not significantly more related
to the H-2L9 gene than to the H-2Kd gene, despite the fact that the H-2pd
and H-2L9 genes are tightly linked and separated from the H-2K9 gene by
approximately 0.3 centimorgans(1-3). The only region of the H-2Dd gene to
display significantly higher homology to the H-2L9 gene than to the H-2K9
gene is the 3' untranslated region. Up to a point 309 nucleotides 3' to the
termination codon, the 3' untranslated region of the H-2Dd gene is, if
anything, more homologous to the H-2k9d gene than to the H-2Ld gene (94%
versus 88% homology). After this point, however, the H-2D9 and H-2L9
genes, which remain homologous to each other and to the H-2DP cDNA (18)
diverge completely from the sequence of the H-ZKd, H-ZKb, Q10 (38), and
Q8 (28) genes. QI0 is a nonpolymorphic Qa gene; Q8 is also known as the

27.1 pseudogene, and is the BALB/c equivalent of the H-2P haplotype Q8
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gene (8). As was noted in the discussion of the cDNA clone pAG64 (34), the
divergence between these two groups of sequences results from the
insertion of a sequence which is 84% homologous to the consensus sequence
of the B2 repeated sequence family (39). This sequence is present in the 3'
untranslated region of the H-2D subregion genes, but not in the other
Class I 3' flanking sequences. It is flanked by nine base pair direct repeats,
as indicated in Fig. 2. As direct repeats are associated with the insertion
of a transposable element, it has been suggested that this sequence
represents the result of a transposition of a member of the B2 family (34).
This possibility is particularly attractive because the homology to the H-2K
and Qa genes resumes after the second direct repeat flanking the B2
sequence.

The H-2D9 Protein Sequence Is Homologous to the Protein
Sequences of Other Class I Molecules. Comparisons between the translated
H-2Dd gene coding sequence and the protein sequences of other class I
molecules are presented in Fig. 3. Overall, the H-2Dpd protein sequence is
85% homologous to the H-2L9 protein, 84% homologous to the H-2DP
protein, 80% homologous to the H-2Kd protein, and 86% homologous to the
H-2kb protein. In general, the H-2Dd sequence is more homologous to.the
transplantation antigen sequences than it is to the sequences of the Qa-
region molecules.

It has been suggested that the observed polymorphism of the
transplantation antigens is generated, at least in part, by multiple small

gene conversion events (40). Comparison of the H-2D9 gene sequence with
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the sequences of the other transplantation antigen genes does not reveal
any obvious signs of clearcut gene conversion events. Indeed, if the pattern
of homologies observed in these comparisons was partially generated by
gene conversion, it would be expected that it required many small gene
conversion events that would have erased traces of previous events. In
addition, even given a region in which two genes share sequence, it is
difficult to determine which gene was the donor and which was the

recipient in a possible gene conversion event.

DISCUSSION

The sequence of the H-2Dd gene in c49.2 is the firsf complete sequence of
a H-2D9 gene and the only genomic sequence to be in full agreement with
the available H-2Dd protein sequence data. The partial sequence of the
class I gene in clone Ch#A—Dd, which was identified as a H-2D9 gene based
on the reactivity of its transfected product with H-2Dd—specific mono-
clonal antibodies, disagrees with the H-2D9 protein sequence at-11/142
residues (14). These sequence differences are puzzling in light of the
serological data, particularly as five of the changes result in charge
changes. These differences could have arisen by somatic mutation,‘ as
clone Ch4A-DY was derived from a genomic library made from MOPC41
BALB/c tumor cells. It is also possible, of course, that the Class I gene in
clone Ch#a-D9 represents a second H-2D%-like gene. If so, it is a very

unusual class I gene, because class [ gene introns are as homologous to each
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other as class I gene exons, and introns | and 2 of gene Chta-D9 are almost
impossible to align with introns 1 and 2 of our H-2pd gene. It is also
possible that the differences in the Ch4A-D9 sequence arose as a result of
sequencing errors.

The H-2D9 protein sequence predicted from the c49.2 gene sequence
is between 80-85% homologous to the protein sequences of other trans-
plantation antigens. In particular, it is 84% homologous to the H-2DP
sequence, a level of homology comparable to that found between the only
previously sequenced alleles, H-2KP and H-2K9 (83%). The restriction
maps of the H-2DP and H-2DY genes and their flanking sequences are quite
similar, as would be expected for allelic genes ®). Although it has been
argued that, based on their unprecedented level of sequence homology
(95%), the H-2L9 and H-2DP genes are allelic (14,19), it could equally well
be argued that the H-2DP and H-2Dd genes are alleles, as they are as
homologous to each other as are the H-2kP and H-2kd genes, and that the
H-2Ld gene arose from some unequal crossover event that inserted a copy
of a H-2DP-like gene next to the resident H-2pd gene. In a situation such
as this, where there is considerable polymorphism and where there are
different numbers of genes in corresponding genetic subregions, it is
difficult to determine which pairs of genes are allelic.

Three distinct class I genes have been cloned and mapped to the
H-2D4 subregion in BALB/c mice. Several clones containing the H-2L9
gene have been isolated (9-12). A second H-2D-subregion gene, located on

the cosmid clé.l, has an unknown function. L cells transfected with this
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gene do not produce any new cell-surface molecules that react with any of
the available anti-BALB/c H-2D subregion antisera (13). Thus, this class |
gene could be a pseudogene, could encode a cell-surface protein not
detectable in this assay, or could encode a secreted or cytoplasmic class I-
like protein. Several cosmid clones containing H-2Dd genes have been
isolated (12,19,41). Their maps fall into two categories, c49.2-like and
cl8.1-like. The restriction maps of the two types of clones differ only in
the 3' sequence flanking the H-2Dd gene. After their maps diverge, there
is no DNA homology between the two types of clones. While several c49.2-
like clones have been isolated, cl18.1 is the only representative clone of its
type (41). Based on this fact, as well as on restriction polymorphism
mapping and preliminary sequence analysis, it appears that the differences
in the maps are the result of a cloning artifact affecting c18.1 (42). Thus,
both types of clone probably contain the same H-2Dd gene.

The presence in the H-2D9 gene of alternative splicing signals
homologous to those used by other class I genes is intriguing. If used, they
could generate H-2D%-like proteins that might be useful for novel
functions. Use of the potential alternative signals in and around exon 2 of
the H-2D9 gene would generate cell-surface molecules that share s:)me
antigenic specificities with H-ZDd, lack other H-2DY specificities, and have
yet others of their own. This could resolve the discrepancy between the
serological evidence for the existence of other H-2D-encoded molecules in

the H-24 haplotype and the lack of any additional cloned class I genes

mapping to this region.
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FIGURE LEGENDS

Figure 1. This figure shows the structure of the H-2pd gene and
sequencing strategy used to determine its sequence. A battery of
restriction enzymes (Hhal, Sau3A, Sau96A, Rsal, and Alul) was used to
generate shotgun mp8 subclones from the 2.2 kb Bam fragment and the
4.2 kb Kpnl fragment containing the 5' and 3' ends of the gene. These
subclones were sequenced by the dideoxy method. The locations of Bl and
B2 sequences are indicated. @ The numbers given are distances in

nucleotides.

Figure 2. This figure contains the sequence of the H-2Dd gene. The
protein translations of the exons are given above the DNA sequence.

Potential alternative splice sites are indicated by arrows.

Figure 3. The protein sequences of several classI molecules are
compared. The line denoted "H-2Dd pro" gives the partial H-2D9 protein
sequences. Sequence identity is indicated by a dot; sequence differences

are indicated by the one-letter amino acid code. The symbols on the H-2Dd

pro line are as follows: *¥:newly published, tentative identification;
=: previously tentative, now identified; +:previously unpublished, now
identified; (@: previously published, still tentative; and -:previously

published.
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Appendix A

DNA Sequence of a Class I Pseudogene
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The gene whose sequence 1s described in this publication was
the first Class I gene to be sequenced. This publication

appeared in Cell.
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Summary

We have isolated about 30 to 40 different BALB/c
mouse sperm DNA genomic ciones that hybridize to
cDNA ciones encoding proteins homologous to
transplantation antigens. One of these ciones (27.1)
was selected for sequence analysis because it was
polymorphic in Southern blot analyses of the DNAs
from BALB/c and CBA mice. A fragment of 5.7
kilobases of this clone was completely sequenced
and found to contain @ pseudogene whose se-
quence is highly homologous to the sequences of
known transpiantation antigens. Pseudogene 27.1
is split into eight exons that correiste with the
structurally defined protein domains of transplan-
tation antigens. Using Southern biot hybridization
on the DNAs of different inbred mouse strains, we
mapped the pseudogene to the Qe-2,3 region, a
part of the Tia complex on chromosome 17 that is
adjacent to the major histocompatibility compiex.
The Qe-2,3 region encodes lymphoid differentiation
antigens homologous to the transplantation anti-
gens in size, in peptide map profiles and in their
essociation with g2-microglobulin. These mapping
studies suggest that gene 27.1 may be 8 pseudo-
gene for either a Qa antigen or an as yet undefined
transplantation antigen. Accordingly, we may have
tsolated genes encoding lymphoid differentiation
antigens of the Tla complex as well as those encod-
ing transplantation antigens among the 30 to 40
different genomic clones isolated from our sperm
kibrary.

Introduction

The major histocompatibility complex plays a funda-
mental role in the regulation of the vertebrate immune
response. it encodes three families or classes of pro-
teins—class |, the transplantation antigens; class Il,
immune-response-associated or la antigens; and
class lll, genes encoding complement components
(Kiein, 1975, Ploegh et al., 1981). Adjacent to the
mouse major histocompatibility compiex or H-2 com-
plex on chromosome 17 is the Tia complex (Figure 1),
which contains several genes encoding lymphoid dif-
ferentiation antigens, the Qa and TL antigens (Flah-
erty, 1880).

The class | or trangplantation antigens (K, D, L and
R) are integral membrane proteins with molecular
weights of 45,000 and are associated B2-micro-
globulin. The Qa and TL antigens appear to be similar
in size to the class | molecules and also are associated
with B2-microglobulin; this raises the possibility that
the class | molecules are evoiutionarily related to the
Qe and TL antigens (Michaelson et al., 1877; Stanton
and Hood, 1880). The transplantation antigens are
expressed on most somatic cells of the mouse,
whereas the TL antigens are normally expressed only
on thymocytes (Boyse et al., 1864) and the Qa anti-
gens only on hematopoietic cells (Flaherty, 1876;
Stanton and Boyse, 1876; Hammerling et al., 1979).
Structural analyses of the transplantation antigens of
man and mouse, including proteolytic digestions and
amino acid sequence analyses, suggest that they are
divided into a series of discrete domains—three ex-
tracellular or external domains, each of about 80
residues, and a transmembrane domain and a cyto-
plasmic domain, each of about 30 residues (Lopez de
Castro et al., 1979, Coligan et al., 1881). Both the
second and third external domains have a centrally
placed disulfide bridge spanning about 60 residues.
Thus they are similar in general structure to immuno-
globulin domains, which also have a centrally located
disulfide bridge. Moreover, modest amino acid se-
quence homology (~35%) has been noted between
the third external domain of transplantation antigens
and immunogliobulin domains (Orr et al., 1979; Strom-
inger et al., 1980). These observations suggest that
transplantation antigens are evolutionarily related to
fmmunoglobulins.

A number of investigators have reported the isola-
tion and characterization of cDNA and genomic clones
encoding proteins whose sequences are highly ho-
mologous to those of known human transpiantation
antigens (Jordan et al., 1981; Pioegh et al., 1880;
Sood et al., 1881) and mouse transplantation antigens
(Kvist et al., 1981, Steinmetz et al., 1981). By DNA
sequence analysis of the cDNA clones, we could show
that the third external domain of the transpiantation
antigen shows striking homology to the constant re-
gion domains of immunogliobulins (Steinmetz et al.,
1881). This observation suggests that immunogiobu-
lins and trangplantation antigens diverged from a com-
mon ancestral gene. Moreover, Southem biot analysis
with these cDNA probes against germline DNA re-
vealed that there are at least 15 cross-hybridizing
species of genomic DNA (Cami et al., 1881; Steinmetz
et al., 1881). Thus the genes encoding transplantation
antigens constitute a multigene family.

In this paper, we report the DNA sequence of 8 5.7
kilobase (kb) fragment of @ mouse genomic cione
(27.1) that hybridizes strongly to our cDNA probes.
The DNA sequence of gene 27.1 includes eight exons,
saven of which are homologous to our transplantation
antigen cDNA sequences and correlate with the struc-
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tural domains of transplantation antigens. This gene
is a pseudogene that maps in the Qa-2,3 gene cluster
of the Tia complex. Hence it may be a pseudogene
either for a Qa differentiation antigen or for a trans-
plantation antigen mapping to the right of the D-
marker locus of the major histocompatibility compiex.
Thus, using our cONA probes, we may be able to
igolate a variety of closely related genes encoding
lymphoid differentiation antigens (Qa and TL) as well
as those encoding the classical transplantation anti-

gens.
Resutts and Discussion

isolation of Genomic Clones Hybridizing to cDNA
Probes for Transplantation Antigens

About 1.5 x 10° phage clones of a BALB/c sperm
DNA library were screened with a mixture of our cONA
ciones pH-2lll, which encodes portions of the NH.-
terminal half, and pH-2!|, which encodes portions of
the C-terminal half of transplantation antigens (Figure
2A). Approximately 30 to 40 different ciones were
isolated (K. Moore, B. T. Sher and H. Sun, unpub-
lished data). One of these genomic clones, denoted
27.1, was chosen for DNA sequence analysis because
this gene exhibited polymorphic restriction gites when
the DNAs from different inbred strains of mice were
analyzed by Southern biot analysis (sse bsiow).

The Eight Exons of Gene 27.1 Correspond to the
Structurally Defined Protein Domains of the
Transplantation Antigen

Cione 27.1 was mapped with several restriction en-
Zymes, and the coding sequences were identified by
hybridization with our cDNA clones. This analysis
showed that the gene present in clone 27.1 was
located on a 5.7 kb Bgl! ll-Bam Hi fragment in the
middie of the 19 kb mouse DNA ingert (Figure 2B).
The sequence of the 5.7 kb fragment was completely
determined by use of both the M13 dideoxy sequenc-
ing technique (Sanger et al., 1980, Messing et al.,
1981) and the chemical degradation method (Maxam
and Gilbert, 1980) (Figure 2C). The DNA sequencs is
given in Figure 3. A comparison of the genomic se-
quence with the three cDNA sequences of clones pH-
21, pH-2It and pH-2lil, as well as a comparison of the
translated genomic DNA sequences with the complete
amino acid sequence of the K® molecule (Coligan et
al., 1881) clearly delineates exons 2-7, which corre-

fate strikingty with the structural domains of the trans-
plantation antigen (Figure 4). The DNA saquences of
these exons in gene 27.1 are 81-85% homologous
to the corresponding sequences in the three cDNA
clones (Tabie 1). Furthermore, the translated se-
quences of these exons of gene.27.1 are almost as
homologous to the K° polypeptide as are the trans-
lated cDNA sequences (Tabie 2).

Exon 1 could not be identified by sequence com-
parisons with the cDNA clones and transpiantation
antigens. it was identified on the basis that it starts
with a methionine codon, encodes a stretch of 21
amino acids, 18 of which are hydrophobic or un-
charged, and contains at its 3’ end an upstream RNA
splicing signal that has its downstream counterpart in
the first codon of exon 2 (Figure 3). its hydrophobicity,
location and size indicate that the peptide encoded by
exon 1 probably represents the signal or leader se-
quence identified as a component of the initial trans-
lation product of the mRNA for transplantation anti-
gens (Dobberstein et al., 1979; Ploegh et al., 1879).
Exons 2, 3 and 4 correspond to the three external
domains of the transplantation antigen (Figures 3 and
4) and have as their boundaries those amino acid
residues predicted from the protein sequence homol-
ogy comparisons (Lopez de Castro et al., 1879, Coli-
gan et al.,, 1981). The translated amino acid se-
quences of the extracellular domains of gene 27.1 are
73-85% homoiogous to the K® molecule at the protein
leve! (Table 2). Exon 5 corresponds to the transmem-
brane domain. The transmembrane domain appears
to be among the least highly conserved domains (Ta-
ble 2). in keeping with the functional requirement for
conservation of the hydrophobic character of the
transmembrane belt, but not its specific amino acid
sequence. Two cytoplasmic exons, 6 and 7, can read-
ity be identified by their homoiogy to the CONA se-
quences and the H-2K® amino acid sequence (Figures
3 and 4). Exon 8 was identified both in its coding and
3’ untranstated region by comparison with the CDNA
clone pH-2I (see below for a comparison of this region
with cione pH-2il). We were surprised to note that
three exons, 8, 7 and 8, encode the cytoplasmic
portion of the molecule. There is no evidence at the
protein leve! to suggest that the cytoplasmic region is
comprised of more than one functional domain. How-
ever, the cytoplasmic exons may reflect distinct func-
tional entities in that there is a possibility that the 3°
end of the gene may use alternative RNA splicing
patterns that lead to distinct cytoplasmic domains.

The exon encoding the third extracellular domain is
highly conserved and shows a narrowsr range of
variability than any of the other five exons (Tabie 1).
Since only the third domain in the transplantation
antigen shows significant homology to the constant
region domains of immunoglobuling, such restricted
divergence may reflect the constraints imposed by its
interaction with yet another immunogiobulin-like do-
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Figure 2. Maps of Three cDNA Ciones and the Genomic Clone 27.1

(A) A companson of the cCDNA probes used in this paper and the coding and 3’ untranslated regions of mMRNAs for transplantation antigens (see
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main, B2-microglobulin. Thus this domain may have
rigid selective constraints placed on its divergence in
different genes for transplantation antigens. Additional
sequence data on the class | genes or proteins should
reveal whether diversity is clustered in certain regions
of the exons coding for extraceliular domains. The 3’
untranslated region of these genes is as highly con-
served as the coding regions.

Gene 27.1 Is a3 Pseudogene by Several Criteria

The sequence presented in Figure 3 shows that two
stop codons are found in the reading frame at posi-
tions 312 in the transmembrane exon and 328 in the
second cytoplasmic exon. The part of the transmem-
brane exon containing the termination codon has been
determined by dideoxy sequencing of both strands as
well as by the chemical degradation method (Figure
2C). The two stop codons would not aliow the trans-
lation of an intact class | polypeptide of gene 27.1.
Moreover, in the exon encoding the transmembrane
domain, codon 292 codes for the charged residue,
aspartic acid. The presence of an aspartic acid in this
position would prevent an energetically stable integra-
tion of the transmembrane domain into the lipid bi-
layer. in addition, the DNA sequence at one exon-
intron junction is at variance with the consensus se-
quences that are believed to be necessary for RNA
splicing (Lewin, 1880). The acceptor site of the sec-
ond cytoplasmic exon (exon 7 in Figure 3) shows the
deletion of a G in the last position of the intervening
sequence when compared with the consensus se-
quence. A shift of the splice point by one nucleotide
into the exon might generate a functional splice site

but would atter the reading frame for this exon.

One other feature of gene 27.1 distinguishes it from
the clone pH-2ii. At least 165 bp at the end of the 3’
untransiated region of gene 27.1 appear to have been
inverted and translocated into the intervening se-
quence between exons 3 and 4 (Figure 5). Since this
part of the untransiated region in pH-2li is a repetitive
eiement in the mouse genome (Steinmetz et al., 1981),
it also is possible that the sequence between exons 3
and 4 in gene 27.1 represents another copy of this
repetitive sequence and that the corresponding ho-
mologous region at the 3’ end of gene 27.1 was
deleted.

Although gene 27.1 is a pseudogene, it shows
striking homology to the K® polypeptide (Table 2) as
well as to the three cDNA clones (Table 1). Moreover,
the intron-exon boundaries of the first external do-
main are identical to those of one other genomic clone
that appears to be expressed as a transplantation
antigen in cells transformed with this clone (R. Good-
enow and J. A. Frelinger, unpublished data) and is
now being characterized (K. Moore and B. T. Sher,
unpublished). Thus pseudogene 27.1 retains most of
the fundamental characteristics of the genes encoding
transpiantation antigens.

Gene 27.1 Maps to the Tla Region of Mouse
Chromosome 17

We have previously shown that & restriction enzyme
polymorphism is observed when Bam Hi-digested
DNAs from BALB/c (d hapiotype) and CBA (k haplo-
type) mice are probed with cione pH-2ili in a Southern
biot analysis (Steinmetz et al., 1881). A strongly hy-
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Amino acid sequences encoded by the exons of gene 27.1 are shown above the DNA sequences. The 3’ untransiated region is undertined.

bridizing 6.2 kb band seen in BALB/c DNA is replaced
by a 5.4 kb band in CBA DNA. In a similar experiment
in which pH-2lla is used as a probe (Figure 2A), a
strongly hybridizing 2.7 kb Bam HI fragment (lower
band of the doublet) is missing in the k haplotype
DNA (Figure 6). Clone 27.1 was initially selected
from among the 30 to 40 distinct genomic clones from
the BALB/c library because it contained a 6.2 kb Bam
HI fragment hybridizing to clone pH-2lil and a 2.7 kb

Bam H! fragment hybridizing to clone pH-2lla. This
clone therefore was a candidate for the BALB/c DNA
sequence showing the polymorphic restriction pat-
terns described above. To test this possibility, we also
have analyzed clone 27.1 by Sst | and Xba | digestions
and compared it with similarly digested BALB/c and
CBA DNAs probed with clone pH-2lla. For both en-
zymes, a strongly hybridizing band in BALB/c DNA
corresponded in size to that restriction fragment of
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Gene 27 1 is compared to the H-2K® tragnspiantation antigen (Coligan et al., 1981) to show the location of intervening sequences with respect to
the amino acid positions Exons 1 to 8 labeted according to their corresponding protein domains are shown as black boxes and the 3‘ untransiated
region as a hatched box. Compared to the H-2K® molecule. the third externa! domain of gene 27.1 is longer by three codons at its 3' end. Three
adaitiona! codons 8t this position have also been found in the CONA clone pH-2°-1 (Brégegere et al.. 1881). Codon 308 (methionine in H-2K®) 1s
not found in gene 27.1. It is aiso absent in the CDNA clones pH-21l (Steinmetz et al.. 1981) and pH-2°-1 (Kvist et al., 1981) The intervening
sequence between the second and the third Cytoplasmic @xon 1s postulated from a companson between clones 27.1 and pi-21. For a companson
of this part of the 27 1 sequence against pH-21l see Figure 9. The homoiogy between the transiated sequence of gene 27.1 and the H-2K® protein
sequence ends precisely at the beginning of this 139 bp mitron. A DNA ssquence that meght code for a proten sequence homoiogous 10 amino

acids 340-346 of H-2K® has not been identified i gene 27.1.

Tadble 1. A Comparison of the DNA Sequences (Percent Homoiogy)
of the Three cCONA Clones and the Exons in Gene 27 .1°

pH-21 pH-211 oH-21

First external domain (exon 2) 81%
Second external domain (exon 3) 84% 87%
Third external domain (exon 4) 85%
Transmembrane domain (exon 5) 87%

First cytopiasmuc exon (exon 8) 88% 88%
Second cytopiasmic exon (exon 7) 90% 88%"°

Third cytopiasmic exon and 3'-
untransiated region (exon B8) 85% 84%°

¢ Sequences were compared for the mdividual comans (Figures 3
and 4) where overlaps were present.

® For the comparison of the 3’ end of gene 27.1 with the CONA clone
pH-2Ii, 8 different sphicing pattern was assumed as depicted m Figure
9.

¢ The companson of the 3’ untransiated region between gene 27.1
and clone pH-2il was somewhat compiex in that a portion of the
region in gene 27.1 was transiocated adjacent to the third exon
(Figure §). Homology of B7% was found for the region 3’ to the
second Cytoplasmic exon, and homoiogy of 80% was found for the
transiocated 3‘ region. The mean is given in the tabie.

27.1 carrying the coding sequence. In each case, this
band was missing in CBA DNA. Thus we are confident
that cione 27.1 represents the identified polymorphic
DNA sequence.

To map gene 27.1, we used a series of congenic
and recombinant lines of mice. Congenic lines are
strains of mice genetically identical to a8 second strain
except for a limited segment of one chromosome that
carries a different allele at one or more marker loci
(Kiein, 1975). Recombinant congenic lines in the Tia

Tabie 2. Companison of the H-2K® Potypephde (Percent Homology)
with the Transiated Sequences of Clones pH-21, piH-2i and pH-2H1
and the Exons of Gene 27.1°

pH-21 o211 pH-2H1 271
First external domain 86% 82%
Second external domain 84% B0% 73%
Third external domain 88% 85%
Transmembrane domain 87% 64%
First cytoplasmic exon 100% 100% 73%
Second cytoplasmic exon 85% 9% 82%

® The sequences were compared where Overiapping regions were
present. For the second Cytoplasmic exon of the K® molecule, only
amino acids 326-338 were compared because the C-termmal seven
residues ere not homoiogous 10 any of the corresponding DNA
soquences (text).

complex have been developed from recombinational
events between two congenic lines (Fiaherty, 1876).
Any differences observed between recombinant con-
genic strains in the expression of a given trait suggest
that the gene controlling that trait is identical or closely
linked to the marker locus. When we examined by
Southern blot analysis the congenic recombinant
strains B6.K1 and B6.K2, which arose from recombi-
nations between the congenic lines B6-Tia" and B6-
H-2" (Flaherty, 1976), we found that the 2.7 kb Bam
HI fragment was present in the B6.K2 strain and
absent in the B6.K1 strain (Figure 6). When the ap-
pearance of this trait is compared with the genetic
maps of these strains (Figure 7), this trait maps to the
right of the recombinational site of the B6.K1 strain
and to the left of the recombinational site of the B6.K2



42

12 ) a 5 6 7

[ ——— - . -
= RS
3720 3918 4923 5354

o211 Wmmmmmmmmmmmm
N1 a5 AL el —CT- - —e—2—2C.
=213 TCTCCTETGACA TCACTYCTCYY TETCTRATET TT  GEETTACTUTGAAGAALTA TEGAGCT TECCC ACL Ta TTTETTCEXTTCCA
7.1 wsn-sma — ~-ATE-aCC x-
o211 T AGCTAACT TTUE TUC TELAS TCAAACACTOGEGEALA TC TECA TEL TG AMSKCTECA THE T ACCE TEAGK TRCAGE T TCACTTCEACAS T4 ATAATTTCAATE T asxs
. c - e — —t TR
.1 EBI10-ITED Lt =3 —&
o211 CTCAC TR TCTTCLARMEC TCLTEAST THE TUGC TEACAACTA TCTC TAA TRE TATTT AAC e TTaCAT
.1 ame-yrad —Te <A— ~ aTanr TTTeE

Figure 5. A Comparison of the DNA Sequences of the 3’ Untransiated Region of the cDNA Cione pH-2H and the Homologous Sequences Found
wn Gene 27.1

The exon-intron structure of gene 27 1 as derived from the comparison with pH-21f (see Figure 9) is shown in the top part of the figure with the
arrows indicating the extent and 5' to 3’ directions of the sequences that are compared to the cONA sequence in the lower part of the figure.
Nucleotide numbers refer to Figure 3 The stop codon at the beginning of the 3’ untransiated sequence in pH-2il is boxed. Sequence AATAAA,
which is thought to be a recognition signal for poty(A) addition in most eucaryotic mMRNAs (Proudfoot and Browniee, 1876). is also indicated in
gene 27.1. The DNA sequence of clone pH-2Il was previously published (Steinmetz et al.. 1981), except tor a stretch of 172 bp (indicated by
arrows) in the middie of the 3’ untranslated region. This sequence was determined by dideoxy sequence anatysis of a M13mp2 phage containing
the 717 bp Pst fragment covenng this region (see Figure 1 in Steinmetz ot al., 1881). The cloning of this fragment into the Eco RI site ot M13mp2

and the DNA sequence anatysis were performed as described in Experimental Procedures for fragments derived from cione 27.1.

strain—that is, in the Qa-2,3 region. The exact loca-
tion of the recombination point in strain B6.K1 be-
tween the H-2D and Qa-2,3 regions is not known.
Thus gene 27.1 may be either a Qa pseudogene or a
pseudogene for a transplantation antigen mapping
within the D region, but to the right of the D-marker
locus. Soloski et al. (1981) have shown there are
peptide homologies between the Qa-2 antigens and
transplantation antigens. These protein homologies
together with the mapping of gene 27.1 therefore
raise the possibility that our cONA probes may aliow
us to isolate not only genes encoding transplantation
antigens but also genes encoding Qa, and perhaps
other genes for lymphoid differentiation antigens en-
coded with the Tla complex (Figure 1). Thus the 30 to
40 genomic clones that we have isolated from the
sperm library may include genes for Tia differentiation
antigens as well as those for transplantation antigens.

The Intervening Sequence between the Seventh
and Eighth Exons of Cione 27.1 is Present in the
cDNA Clone pH-2Il

A comparison of the cDNA clones pH-2i and pH-2li
shows that these sequences, though encoded by dis-
tinct genes, are highly homologous except for 8 139
bp insertion found in clone pH-2Il at a position corre-
sponding to the last codon in clone pH-2! (Figure 8).
Because of this insertion, the coding sequence of
clone pH-2Il is 13 codons longer than that of cione

pH-2I (Figure 8). When these cDNA sequences are
compared with that of gene 27.1, the 139 bp insertion
is found in the same alignment as for clone pH-2ii and
corresponds to the last intervening sequence in clone
27.1 (Figure 9). This intervening sequence in 27.1 is
also 139 bp in length and 80% homologous to the
corresponding pH-2ll cDNA sequence. We isolated a
138 bp Hph I-Pvu |l fragment containing only se-
quences from the 139 bp insert of clone pH-2li except
for 11 bp. This fragment does not contain the repeti-
tive elements identified on the 3’ untranslated region
of cione pH-2ii (Steinmetz et al., 1981). When this
fragment was used as a probe in Southern blot anal-
ysis of five different genomic clones, hybridization
was noted for each of the five clones, suggesting that
this sequence is contained in all of these genomic
clones. Moreover, this intervening sequence has up-
stream and downstream RNA splicing signals at its 5’
and 3’ ends. Several expianations for the synthesis of
pH-2i-ike and pH-2li-like mMRNAs are possible. It is
conceivable that the pH-2ii cDNA clone was derived
from a partially spliced mMRNA with the last intervening
sequence still present. Clone pH-2Iil wouid then rep-
resent an intermediary splicing product and not a
functional message. Alternatively, the retention of the
last intervening sequence could also be of physiolog-
ical significance. A differential RNA splicing mecha-
nism might operate at the 3’ end of class | genes
allowing the synthesis of proteins with markedly dif-
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Figure 6. Analysis of the DNAs from Six Different inbred Strains of
Mice by Southern Blot Mybricization

Five micrograms each of kver DNA tsolated from the six mouse inbred
strains were compietely digested with Bam HI, separated on a 0.5%
agarose ge!l, transferred to a nitrocetiulose fitter and hybridized with
the subclione pH-2lia as a probe (Figure 2A). Thus clone was derived
from pH-2ll by subcloning the coting region and the portion of the 3'
untransiated region devoid of the repetitive sequences into pBR322
(Steinmetz et al., 1881). Hybndization conditions, washeng and the
hybridizstion marker were as described previously (Steinmetz et al.,
1881). The sizes of the marker DNA fragments are given in kiiobases.

ferent cytoplasmic domains (see Early et al., 1880).
In this respect, it is interesting to note that the C-
terminal portion of the K® molecule is strikingly ho-
mologous to the translated sequence of gene 27.1
except for the last seven amino acids in this polypep-
tide chain (Figure 4). The breakpoint between the
homologous C-terminal sequence and the last seven
amino acids occurs precisely at the boundaries of the
seventh and eighth exons, where the hypothetical
splicing event would occur.

Genes for Transplantation Antigens and Antibody
Molecules Are Homologous in Their General
Structural Features

A computer comparison of the exons of gene 27.1
with exons of the immunoglobulin C, gene confirmed
our previous finding for the cDNA ciones (Steinmetz
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Figure 7. Mapping of Gene 27.1 by Southern Biot Anatysis of Re-
combinant Congenic Strains of Mice
A Emited map of mouse chromosome 17 is shown. The origin of the
chromosomes is indicsted by the varous shading or stippling The
presence or absence of 8 given antigen (phenotype) is indicated by
(+)or (-). B6-Tia® iz a congenic strain with the Tia region of Aon a
88 background. B6.K1 and B6.K2 are recombinant straing derved
from B6-Tia® and B8-H-2*. The presence or absence of the 2.7 kb
Bam fragment in the Southern biot experiments (Figure 6) is incicated
by (+) or (—). Brackets for B6 and A indicate that the Southern biot
expeniments (not shown in Figure 8) were performed with the sub-
strain B10, and A/J, which is of the same hapiotype as BE and A/A,
respectively. The results map the gene 27.1 fo the right of the
recombination event in B6.K1 and to the left of the recombination
event n B6 K2. Figure adapted from Fiaherty (1680).

et al., 1881) of striking homology (up to 50%) between
the DNA sequences of the third external domain of
transplantation antigens and the constant region do-
mains of immunogiobulin molecules. The availability
of the 27.1 genomic sequence aliowed us to extend
the sequence comparison into the intervening se-
quences flanking the third external domain of gene
27.1. When compared with the fourth constant region
domain of the x gene with its flanking sequences,
moderate homology of 35% was found for the first 75
bp of the 5’ flanking sequence of the third external
domain without placing any sequence gaps into the
two sequences compared (not shown). No significant
homology was found for the 3’ flanking sequence. in

" contrast to the third external domain, the exons for

the first and second external domains of the trans-
plantation antigens do not show significant homology
to immunoglobulins and show only marginal homology
to one another (34% homology between the exons
coding for the first and second external domains, 30%
homology between those coding for the first and third
external domains and 29% homology between those
coding for the second and third external domains).
The genes for transplantation antigens and antibodies
both show a striking correlation batween structural
domains of the proteins and the exons for the corre-
sponding genes.

The class | genes of the mouse constitute a multi-
gene family with several interesting features. One
such feature is that they appear to be distributed
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Figure 8 Schematic Comparison of the DNA Sequences for the 3' Regions of the CDNA Clones piH-21 and pM-2H

The sequences present n clone pH-21 and pH-2Il are homologous except for a 139 bp insertion in clone pH-21! (Steinmetz ot al., 1981 and Figure
§) The termination codons are boxed Clone pH-2il has two sequence gaps. one of three nucieotides and the other of one nucieotide. and clone

PH-2! has a single gap of two nucleotides that were introduced to achieve

sequence are indicated by verncal bars.
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Figure 9 Two Hypothetical RNA Splicing Patterns at the 3' End of
Gene 27 1 That May Generate pH-2H-Like and pH-2i-Like Messenger
RNA Molecules

For gene 27.1, four exons encoding the third external domam. the
transmembrane domain and the Cytoplasmic domain (black boxes) as
well as the first part of the 3’ untransiated regron (hatched box) are
shown. The pH-2iHike MRNAs would be generated by an RNA sphce
that would remove the 139 bp mtron indicated by the inserted open
box, whereas in pH-2ii-ike MRNAS, this intron wouid not be removed.

across as much as 1.3 centiMorgans of DNA (several
million nucleotides) (Boyse et al., 1965), if the Tla
genes are homologous to those encoding transplan-
tation antigens (Figure 1). If the Tia genes are homol-
ogous to the class | genes, perhaps the boundaries of
the H-2 compiex should be enlarged to include the Tia
complex. Another feature is that the class | gene
family is interrupted by the class li and class lll gene
famihes. It will be interesting to determine whether two
or more of these three gene families share a common
ancestor. Since the class | gene family is contiguous
in other mammals, perhaps the organization of the H-
2 compiex in the mouse refiects a high levei of evo-
lutionary gene duplication, deletion and rearrange-
ment in this gene family. Finally, the class | and
antibody gene families appear to be members of a
supergene family as reflected in their homology and
their similar organizational features. These gene fam-
ilies use distinct regulatory strategies, since DNA rear-
rangements and somatic mutation occur in the anti-
body but probably not in the class | gene family. it will
be interesting, however, to determine whether there
are still other types of regulatory mechanisms shared
by these two evolutionarily related gene families.

n pH-21 that differ from the pi-2H

& logy. Nuch -

Materisls

Restrichon enzymes were purchased from New England Biolabs,
Bethesda Ressarch Laboratories anc Boehrmger Mannheim. The 12
nucleotide pnmer used for DNA sequencing was obtained from Col-
faborative Research and the ddNTPs from Collaborative Research
and P-L Biochemicats. E. coli DNA potymerase | large fragment was
obtained from Boehringer Mannheim, T4 DNA polymerase from P-L
Biochemicals, E. coli strain JM103 and phage M13mp7 from Be-
thesda Research Laboratories, T4 DNA kgase from New Engiand
BioLabs and &*P-dCTP (10 mCi/mi, >400 Ci/mmoie) from Amer-
sham. The E. coli strain JM101 was obtained from J. Messing. and
the phage M13mp2 was obtained from J. Drown.

DNA Sequence Anaslysis

A 3.8 kb Bg! H and a 2.7 kb Bam Hi fragment including the coding
regions were msolated from cione 27.1 by digestion of 50 ug phage
DNA with the appropnate enzyme, gel electrophoresis on a 0.5%
agarose gel and electrosiution of the desred fragment foliowed by
BD-celulose purtfication. For cloning and sequencing by the M13
dideoxy sequencing technique (Sanger et al.. 1980: Messing et al.,
1981). we thgested the sotated fragments with a number of restriction
enzymes that are known to cut DNA frequentty The resulting fragment
mixtures were clioned into M13 vectors and sequenced according to
the procedures described by Sanger et al. (1880) and in the following
protocol. Sequences were aligned by a computer ssarch program
written by T. Hunkapitier. During the course of this work, we found it
easier and faster to cleave the large DNA fragments in onty a few
places. using infrequent cutting restriction enzymes. and to cions the
resulting. relatively long DNA fragments tc get extended stretches of
sequence. H certan fragments were not found in the Clone collections,
they were individually isolated by ge! electrophoresis and then cloned
and sequenced. For the 2.7 kb Bam fragment. we used 8s frequent
cutters the enzymes Alu |, Hae I, Hint |, Rsa | and Sasu 3A and es
infrequent cutters the enzymes Pvu il and Sat |. The 38 kd Bg! N
fragment was cleaved with Al {, Mae M. Hinf |, Rsa | and Sau 96! as
frequent cutters end for the generation of long fragments with mix-
tures of Bam Ml + Pst | + Xba | and Bem Ml + Pwu i,

As & cloning vector, we first used M13mp7 with the E. coll strain
JM103 as host but switched later to M13mp2 with JM101 as host.
About 50% of the mp7 ciones that we pched gave faint esquencing
patterns that were not readable. This was not cbserved with the mp2
vector. For cloning, the Eco Ri-ciesved M13mp2 DNA and the
fragments to be cloned were made flush-ended by incubation with T4
DNA potymerase and ther were blunt-end kgated (Wartell and Rez-
nikof!, 1880). Phage clones contaning ganomic DNA were iSentitied
by pleque hybridizaton (Benton end Devis. 1877) with clone 27.1
used as 8 prode.

For sequencing, one fortieth of the DNA isolated from a 1.5 mi
culture (Sanger ot al., 1980) was mued with 2.5 ng of & 12 nucieotide



primer DNA fragment, 2.5 pCi of &~2P-gCTP (Anderson ot al.. 1880)
and 0.25 unit of E cok DNA polymerase | large fragment in a final
wvolume of 5 pl In 7 mM Tre-HCI (pH 7.5), 7 mM MgCi,. 5 mM
aithwothrestol. and 50 mM NaCl. Individual reactions were supple-
mented with the following concentrations of uniabeled nuciectides: A
reaction, 1.6 uM GATP and 100 uM GAATP: C reaction, 50 yM ddCTP;
G reaction. 1.6 yM 0GTP and 100 pM BdGTP. T reaction, 1.6 pM
dTTP and 400 uM odTTP. Each reaction also contained each of the
remaining three ANTPs at the concentration of 25-33 uM. The reac-
tions were incubated for 15 min at 30°C. then chased by the addition
of 1 u! of & solution contaming all four INTPs. each at a concentration
of 300 M After another 15 min incubation at 30°C. 10 ul of a
solution contaimng §5% formamide. 10 mM EDTA (pH 8.0). 10 mM
NaOH. 0.03% xylene cyano! and 0.03% bromopheno! biue were
8dced and the sampies were stored frozen. For electrophoresis. the
sampies were treated for 3 mwn at §0°C and quick-cooled In ice-water
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and 2-4 u! were loaded on 40 cm 8% and 80 cm 4% or 5% acryi
sequencing gels (Smith and Caivo, 1880) Exposure was usually
overmight with intensitying screen. To reed individual sequences
beyond position 200. it was usualty necessary to decrease the GdNTP
concentrahon in the reactions by a factor of two 10 eight.

As indicated in Figure 2C, four regions of the 2.7 kb Bam fragment
and a part of the 3.8 kb Bg! Il fragment also were sequenced by the
chemical degradation method (Maxam and Giibert, 1880). Fragments
were labeled at their 3' ends with E. coli DNA polymerase | large
fragment (Smith and Caivo, 1880) and then divided by secondary
restriction enzyme cleavage For the G + A reaction, the procedure
descnibed by Gray et al. (1978) was used.

teoistion of Eucaryotic DNA and DNA Biot Mybridizstion

DNA was isolated from frozen mouse lvers according to the proce-
cure described by Bhn and Statford (1876). except that the tissues
were pulverized in @ mortar in the presence of kquid nitrogen. and
two chioroform-isoamyiaicohol (24:1) extractions were added after
the phenol extractions DNA biots (Southern, 1875) were prepared
and hybrnidized accordng to the conditions previously described
(Steinmetz et al., 1981).
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Appendix B

DNA Sequence of the H-219 Gene.
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The H-2L9 gene was the first transplantation antigen gene to
be sequenced. The publication contained in this appendix

originally appeared in Science.
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DNA Sequence of a Gene Encoding a BALB/c
Mouse L? Transplantation Antigen

Abstract. The sequence of a gene, denoted 27.5, encoding a transplantation
antigen for the BALB/c mouse has been determined. Gene transfer studies and
comparison of the translated sequence with the partial amino acid sequence of the
LY transplantation antigen establish that gene 27.5 encodes an LY polypeptide. A
comparison of the gene 27.5 sequence with several complementary DNA sequences
suggests that the BALB/c mouse may contain a number of closely related L-like
genes. Gene 27.5 has eight exons that correlate with the structural domains of the

transplantation antigen.

The transplantation or class I antigens
of the major histocompatibility complex
(MHC) are present on the surface of all
mammalian somatic cells and play a key
role in T cell immunosurveillance (/, 2).
In the inbred BALB/c mouse, three
genes for transplantation antigens, D, L,
and R, are closely linked and these are
separated from a fourth class I gene, K,
by approximately 0.3 centimorgan (3).
We cloned 30 to 40 genes of the BALB/c
mouse (H-2¢ haplotype) that are homolo-
gous to complementary DNA (cDNA)
probes for transplantation antigens (4)
and have demonstrated by gene transfer
experiments that one of these clones
(27.5) encodes an LY transplantation
antigen (5). We have determined the

nucleotide sequence of the L° gene pres-
ent in clone 27.5.

The genomic clone 27.5 was isolated
as previously described (4) from an am-
plified library of BALB/c sperm DNA
cloned in the A vector Charon 4A. The
nucleotide sequence of gene 27.5 was
determined by the dideoxy sequencing
technique with M13mp?2 as cloning vec-
tor (4, 6, 7). The sequencing strategy is
shown in Fig. 1. The exons of gene 27.5
were defined on the basis of homology to
available amino acid sequences for trans-
plantation antigens (8, 9), to several
DNA sequences of cDNA's encoding
transplantation antigens (/0, //).and to a
genomic class I clone 27.1, which bears a
pseudogene mapping to the Qa-2.3 re-
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gion (4). The DNA sequence of gene 27.5
is given in Fig. 2.

Gene 27.5 has eight exons whose
boundaries correspond precisely to
those determined earlier for the class 1
pseudogene 27.1 (Fig. Ic) (4). Apart from
introns 1 and 3, the lengths of the introns
in genes 27.5 and 27.1 are similar. Exon |
encodes the signal peptide: exons 2 to 4,
the three external domains: exon 5, the
transmembrane segment: and exons 6 to
8, the cytoplasmic domain. There is a
striking correlation between the discrete
exon boundaries and the structural do-
mains of the transplantation antigen (4).
All of the exon-intron boundaries have
the consensus upstream or downstream
RNA splicing signals (/2). Gene 27.5
appears to be a functional gene by se-
quence analysis in that it lacks any obvi-
ous elements that would render it a pseu-
dogene (for example, termination codons
or inappropriate reading frame shifts).
This conclusion is supported by our gene
transfer studies (5).

The translated sequence of gene 27.5
is identical to the amino acid sequence of
the LY molecule at 77 of 77 positions that
can be compared (Table 1) (/3). These

51

comparisons include residues in the first,
second, and third external domains. Al-
though the paucity of amino acid se-
quence data permits us to compare only
21 percent (77 of 358 positions) of the
gene and protein sequences, these com-
parisons support the conclusion reached
in gene transfer studies that clone 27.5
contains an L¢ gene (5).

There is one striking observation that
can be made in comparing the sequences
of gene 27.5 and of two cDNA clones,
pH-211 (10) and pH-29-3 (/1), whose
translated sequences are identical with
the available partial LY amino acid se-
quence. Gene 27.5 is identical to cDNA
clone pH-2%3 at 467 of 470 positions
compared. Two of the sequence differ-
ences are in the first 60 nucleotides of the
fourth exon and lead to one codon sub-
stitution. The other difference, which
also leads to a codon substitution, is in
the fifth exon. Likewise, the exons of
gene 27.5 are identical to clone pH-2II at
514 of 520 nucleotide positions. The dif-
ferences are clustered in the first 45
nucleotides of the fourth exon and lead
to five codon substitutions. There ate
also six nucleotide differences between

Table 1. Homology of the exons of the translated L? gene (27.5) to the corresponding regions of
the translated pseudogene 27.1 (4) and to the K* (/2) and L¢ (/3) molecules. The homology of
the translated portion of each exon to the corresponding portion of the K® and L sequences. as
well as to the translated 27.1 pseudogene exons (4). is shown.

Homology (%)

Exon
K® L= 27.1

Leader (exon 1) 76
First domain (exon 2) 84 100 71
Second domain (exon 3) 80 100 76
Third domain (exon 4) - 88 100 89
Transmembrane domain (exon 5) 73 69
Cytoplasmic exon

First (exon 6) 100 73

Second (exon 7) 64 69

Third (exon 8) 0 100
*Thirty-four of 90 positions were compared in exon 2. 28 of 92 in exon 3, and 15 of 92 in exon 4.

] H B%
a B P SDHSD K SP 8 DX D B ARARABgARA R P R B8
1 2 3 4 5 6 7 8

c ] 2 3 4 56 7

2714 (2070)

Fig. 1. The organization and sequencing strategy for gene 27.5. (a) A restriction map of clone
27.5. This map was generated by Southern blot analyses of clone 27.5 cleaved with various
restriction enzymes and probed with selected M13 clones into which fragments of gene 27.5 had
been inserted (see below). The restriction sites are designated as follows: B. Bam HI; P, Pst I:
§.Sau3A; D, Dde I: K, Kpn 1. Bg. Bgl II: R, Rsa I; H. Hinf I: X, Xba I; and A, Alu I. (b) Se-
quence strategy for gene 27.5. Each arrow represents the sequence of an M13 clone. The M13
clones indicated by asterisks were used as probes in Southern blot analyses to generate the
restriction map. At positions where clones do not overlap. alignment was determined by
restriction mapping or by homology with cDNA clone pH-2Il. (c) Organization of genes 27.5
and 27.1. Exons are represented by boxes and introns by lines. Both exons (above boxes) and

introns (below lines) are numbered.
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gene 27.5 and clone pH-2II of the 3’
untransiated region of 587 nucleotides
compared. It is interesting to note that
the differences in coding sequence are
clustered at the beginning of the fourth
exon, because this exon encodes the
third external domain of the L¢ polypep-
tide, and thrs domain is the most con-
served region of the genes encoding
transplantation antigens (/4).

The genomic clone 27.5 was derived
from BALB/c (H-2 haplotype) sperm
DNA. The cDNA clone pH-2II was de-
rived from a BALB/c tumor cell line (/0),
and the cDNA clone pH-2-3 was de-
rived from a DBA/2 (H-2¢ haplotype)
lymphoma line (/7). It is unlikely that all
of the differences in these class I se-
quences arose from cloning or sequenc-
ing artifacts. Accordingly, mice of the
H-2¢ haplotype may have three closely
related class I genes that encode LY-like
polypeptides. The three L-like genes
might arise from genetic polymorphism
at a single locus within mice of the H-2¢
haplotype or from duplicated genes.

The possibility that these different
clones represent duplicated genes is at-
tractive in view of historical precedent
and of recent evidence. By serological
analysis, the D end of the H-2 complex
initially appeared to have a single D gene
(2). Subsequently, more refined serologi-
cal analyses have suggested that this
region encodes three closely linked
genes for transplantation antigens—D,
L, and R (3). Cosmid clones that have
been isolated from BALB/c DNA con-
tain three L-like genes according to re-
striction map analyses (/4). Gene trans-
fer studies have demonstrated that at
least one of these cosmid genes encodes
an LY polypeptide (15). It will be inter-
esting to determine whether the remain-
ing two of these putative L-like genes
also are expressed as class I polypep-
tides reacting with the monoclonal anti-
bodies to the L¢ antigen.

A comparison of the translated se-
quences of pseudogene 27.1 and the L¢
gene 27.5 with the amino acid sequence
of the mouse K® molecule (Table 1)
shows that pseudogene 27.1 appears to
have diverged significantly more from
the translated L° gene than the K® mole-
cule has (Table 1). The difference be-
tween 27.1 and the other class I genes
might arise because the genes encoding
Qa antigens diverged from those encod-
ing the classical transplantation antigens
before the divergence of the individual
class I genes. Alternatively, this diver-
gence may reflect changes accumulating
in the pseudogene, which has presum-
ably been released from selective pres-
sure. In addition, the exons of pseudo-
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gene 27.1 are homologous to those of the
L¢ gene 27.5. This homology suggests a
common evolutionary orgin. If gene
27.1 is a Qa-2,3 pseudogene [see (4) for
discussion], then this homology suggests
that the Qa antigens are class I molecules
and that the Tla complex should be con-
sidered a part of the H-2 complex. This
conclusion is supported by observations
that the TL and Qa antigens resemble the
classical transplantation antigens in size,
peptide map profiles, and their associa-
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tion with B,-microglobulin (/6-/9).

We have used a computer-generated
dot matrix to analyze the homology rela-
tionships of the DNA sequences from
genes 27.1 and 27.5 (Fig. 3). This analy-
sis compares every hexamer of gene 27.1
(vertical axis) against every hexamer of
gene 27.5 (horizontal axis) and places a
dot in the two-dimensional matrix at
positions where at least five of six nucle-
otides are identical. Homologies are dis-
played as diagonal lines in the matrix;

nucleotide divergences are represented
as gaps in the diagonal lines; and se-
quence insertions or deletions offset the
diagonal lines (20). Four important
points emerge from this analysis. (i)
Genes 27.1 and 27.5 are quite homolo-
gous to one another, as can be seen by
the strong -diagonal lines. (ii) Five of
seven introns (2, 4, S, 6, and 7) are
almost as highly conserved in both genes
as the exons are; the exons exhibit 87
percent homology, and these introns ex-

EXON 1§
Met Ale Pro Arg Thr Leu Leu Leu Leu Leu

CCAGGGCBGATTBAGABSGAAGACCACACACCCTETEGABCTCACTGTETCCAGTEAGTAGC TBCACTBE66 TCCACABC TCACTCCAGSGATCACTCCCAGATGE66GCE AT6 6CT CC6 CGC ACG CT6 CTC CTG CT6 CT6 160
Ale Als Ale Trp Pro Asp Ser Asp Pro Arg 6
BC6 B8CC BCC TB6 CCC BAC TCA GAC CC6 CG6 & GTGAGTESG66TEC SEBAAACEECCTCTEL ASA 66C AGCBC .. .BATCCCCTCBCCTCGCABCCGLCLGEEGTTTEETAGGAGETCES ar
EXON 2
ly Pro His Ser Met Arg Tyr Phe Glu Thr Val Ser Arg Arg Gly Leu Gly 6lu Pro Arg Tyr Ile Ser Val Gly Tyr Val Asp Asn Lys 8lu Phe
66 TCTCACCGCBCBCCCBCCCTAG 6C CCA CAC TCE ATE CG6 TAT TTC A6 ACC BTG TCC C86 CBC 66C CTC 686 GAG CCC CG6 TAC ATC TCT GTC G6C TAT GT6 GAC AAC AAS GAG TTC 387
Val Arg Phe Asp Ser Asp Ale Glu Asn Pro Arg Tyr Glu Pro Arg Als Pro Trp Met Glu 6ln Glu Gly Pro Glu Tyr Trp Glu Arg Ile Tnr 61n Ile Als Lys Gly 8ln Blu
BT6 CBC TTC GAC ASBC BAC BCS BAG AAT CCE AGA TAT BAG CCE ABG GCE CCE TGEG ATEG GAG CAG GAG 666 CCG GAG TAT TBG BAG C6G ATC ACG CAG ATC 6CC AAG BGC CAB BAG 811
6ln Trp Phe Arg Val Asn Leu Arg Tnr Leu Leu Gly Tyr Tyr Asn Gln Ser Ale 6ly 6
CAB TBG TTC CBA 6T6 AAC CTG AGG ACC CTG CTC B6C TAC TAC AAC CAG ASC BCE 68C 8 GTGAGTGACCCCGCGETCGEAGE TCACGECCLLTCCCTTTCCCEACACAGGGACGC TBACTTCGTACCCAAGT 84y
ly Thr His Thr Leu GIn Trp Met Tyr
CCBAGGTTCBG6AACAGAACGGACCCGGAACCABTTTCCCTTTCAG T TTE6AB8A6 TCECEECCEE6L66CB666CCEE66C666 TEAGCEGEEC TGAACCEEESETACCELAG BC ACT CAC ACA CTC CAG TGG ATG TAC 780
EXoN 3 '
Gly Cys Asp Val Gly Ser Asp Gly Arg Leu Leu Arg Gly Tyr Glu 61n Phe Als Tyr Asp Gly Cys Asp Tyr Ile Ale Leu Asn Glu Asp Leu Lys Thr Trp Thr Pne Als Asp
@BC T6T GAC 676 666 TCG GAC 866 CBC CTC CTC CBC 866 TAC GA6 CAS TTC GCC TAC 8AC 86C TBC GAT TAC ATC BCC CTG AAC BAA GAC CTG AAA ACG TG6 ACG TTC 6C6 GAC 884
Mt Ser Ser GIn Ile Thr Arg Arg Lys Trp Glu 6ln Ale Gly Ale Ale 8lu Tyr Tyr Arg Ale Tyr Leu Blu 8ly Glu Cys Val Glu Trp Leu His Arg Tyr Leu Lys Asn 6ly
ATG TC6 TC6 CAG ATC ACC CBA CGC AAG TGE GAG CAS GCT @8T GCT GCA GAS TAT TAC ABG GCC TAC CTG GAG G8C GAG TBC GTG BAG TGG CTC CAC AGA TAC CTG AAG AAC 688 1008
Asn Als Thr Leu Leu Arg Thr A
AAT GCT ACG CT6 CT6 CBC ACA & BTBCAGEGECCECBECEE8CABBCTCCTCCCTCTCBCCTCE88CTEE566C TCAGTCCTEOGBAAGAAGAAACCCTCAGC TEEGETBATECCCTETCTCAGAGEGGAGAGAGTEACCCTE 1480
B6TTCCTBATBCCTCAGCACAGTEACTECACTGACTCTCCCAGSECTCAGCTTCTCCCTEEACASTCCCASCCTETCTCAGGAGGGAAGGAGAGAATTTCCCTEABE TAACAACAGCTECTCCCTTCAGTTCCCCTGTAGCCTCTETCAS 2300
CCATBBCCTCTCCCAGGCE66TTCTCTECCCACBCCACTETCBETEACACTBACTCCTETCCTEBCTRATETETE TCAGCECC TTACACCTCAGGACCEEAAGTCECCTTACCTEATTGEAAACATEGGAC TCCTATACACTAGCCETETTY 1480
BCCCCABCTTCTABAACTTTCCAGAGAATACATTCTCCCABATCCCTCCCTETCTET6666 T TTECACCCCTTCECACAACCTAATTCTCTCTATTCCTACAGTGETGAATEETCACATGAGCTCTTATGGGGTACSTGGAGGAATATAA 1800
ATCBABAATTTTCTTTTYTGTTTTICTCTCTCTCTTTCTCTCTCTCTCTCTCICTCTCTCTTTTCCRATTTTTTTRAGACCE6E TTTCTCTCTATASCCCTSTETCCTGACTCATTTTAGCCCTTTTCTAATTCACATCTTCTCTY ... TY 1748
sp Ser Pro Lys Als
TEETCACTAGTGCAATGACAGTGTAGTGTCAAATAGACACATAGTTCACTCTCATCATTEATTTAACTCAGTCTTETGTAGATTTCAGTTTGTCTTGTTAATTGTGGAATTTCTTAAATCTTCCACACAG AT TCC CCA AAG GCA 1083
EXON 4
His Val Thr His Mis Pro Arg Ser Lys Gly Glu Val Thr Leu Arg Cys Trp Ale Leu Gly Pha Tyr Pro Als Asp Ile Thr Leu The Trp Gln Leu Asn Gly 6lu Glu Leu Thr
CAT GT@ ACC CAT CAC CCC AGA TCT AAA GGT GAA GTC ACC CT6 AGE TGC T88 6CC CT6 66C TTC TAC CCT GCT BAC ATC ACC CTG ACC TG6 CAG TTG AAT 666 GAG 6AG CTE ACC 2007
61n Asp Met Glu Leu Val Glu Thr Arg Pro Als Gly Asp Gly Thr Phe 81n Lys Trp Ale Ser Vel Vel Vel Pro Leu Gly Lys Glu 6ln Asn Tyr Thr Cys Arg Vel Tyr Mis
CAG BAC ATG GAG CTT GTG GAG ACC AG6 CCT GCA 886 GAT 86A ACC TTC CAG AAG TBE GCA TCT 676 676 GT6 CCT CTT 666 AAG GAG CAG AAT TAC ACA TGC CGT 6T6 TAC CAT 2124
6lu Gly Leu Pro Glu Pro Leu Thr Leu Arg Trp 8 2
BAG 666 CT6 CCT GAG CCC CTC ACC CTG AGA TGS 6 GTAAGGAGGETGTGEGTGCAGAGCTGE6ETCAGEEAAAGC TGGAGCCTTCTBCAGACCCTEAGCTGETCAGGGATGAGAGACTGG66TCATAACCCTCACCTTC
EXON S
lu Pro Pro Pro Ser Thr Asp Ser Tyr et Val Ile Vel Ale Val Leu Gly Val Leu Gly Ale Mat Ala Ile Ile Gly Ale Val Vval Ale Phe Vel
ATTTCCTGTACCTGTCCTTCCCAG AG CCT CCT CCG TCC ACT GAC TCT TAC AT@ 676 ATC 6TT GCT GTT CT6 66T 6TC CTT &GA BCT ATG GCC ATC ATT G6A GCT 676 676 &CT TTT 676 2378
Met Lys Arg Arg Arg Asn Thr 6
ATG AAG ABA AGG AGA AAC ACA 6 BTAAGAAAGGGMAGGGTCTBASTTTTCTCTCABCCTCCTTTABAAGTETCTCTGCTCATTAATGEG6AACACAGCCACACCCCACATTGCTACTGTCTCTAACTEEGTCTEGCTETCAGTY 2320
EXon 8
ly 8ly Lys 8ly Gly Asp Tyr Ala Leu Ala Pro &
CTGGGAARTTCCAGTGTCAAGATCTTCCTTGAACTCTCACAGCTTTXCTTTTCACAS 6T G984 AAA 884 686 GAC TAT BCT CTG GCT CCA G GTTANTGTGGGEACAGGATNGTTCTGGGGEACATTGEAGTGAAGTTE
EXONn 7
ly Ser 61ln Ser Ser Glu
BAGATGATGEGAGCTCTEGEAATCCATAATAGCTCCTCCAGABAAATCTTCTAGGEGCCTEAGTTGTEGCCATGAAGTGAATACATTCATGTACATATGCATATACATTTGTTTTGTTTTACCCTAG 6C TCC CAG AGC TCT GAA 2800
Mot Ser Leu Arg Asp Cys Lys A
ATG TCT CTC C6A GAT TGT AAA G GTGACACTCTAGGGTCTGATTGEGG6AGGGECAATETGEACATEATTGSETTTCAGGGACTCCCAGAATCTCCTGAGAGTGAGTGGTGEGTTECTGEAATETTGTCTTCACAGTGATEETT 2942
EXON 8
la Tra
CATBACTCTCATTCTCTAG C6 T6A AGACAGCTECCTEGACTETACTBAGTGACAGACEATETETTCABGTCTCTCCTETBACATCCAGAGCCCTCAGTTCTCTTTACACAZCATTGTCTEATETTCCCTETGAGCTTGGETTCAGTE 3089
TGAAGAACTGBTGEAGCCCAGCCTGCCCTGCACACCABBACCCTATCCCTECACTECCCTETETTCCCTTCCATAGCCAACCTTECTECTCCAGTCAAACACTE66GEACATCTGCATCCTGTAAGCTCCATGCTACCCTGAGCTECAGCT 3239
CCTCACTTCCACACTGAGAATAATAATTTGAATGTGE6T66C TGEAGAGATGECTCABCECTBACTECTCTTCCAAAGGTCCTGAGT TCAAATCCCABCAACACATGETGBCTCACAACCATCTGTAATGETATCTAACACCCTCTTCTE 3388
CAGTGTCTBAAGACAGCTACAGTGY 3414

Fig. 2. Nucleotide sequence of gene 27.5. The amino acid translation of each exon is given above the nucleotide sequence. Certain amino acid
residues are encoded by two exons and are so indicated by splits in the three-letter amino acid code. Triple dots indicate gaps in intron sequences.
Gaps in introns 1 and 3 are each approximately 200 nucleotides in length. The ambiguous base code is as follows: P, either A or G; R. either A or

T,;Z,A,. T,orC; Y,either Cor T, S, eitherGorC; X, A, T, or G.
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hibit 80 percent homology. (iii) Two of
the introns, 1 and 3, exhibit extensive
regions of nonhomology in these two
genes. (iv) The homology in the 3’ end of
these genes terminates almost precisely
at the end of the 3’ untranslated region as
defined by comparison with the L%like
c¢DNA clone pH-2II (/0). Thus the exons
and many of the introns of these class I
genes are conserved. However, exten-
sive divergences both in size (Fig. lc)
and sequence are seen in two introns and
beyond the 3’ untranslated region of
these genes. To what extent these diver-
gences reflect a lack of selective pres-
sure operating in these regions or the
rapid changes that may occur in a pseu-
dogene cannot be determined at this
time.

Two highly repetitive sequence ele-
ments homologous to the human Alu
sequence (2/) have been found in the
third intron of pseudogene 27.1 (4). Since
Alu-like repetitive sequences appear to
be ubiquitous in mammals and are tran-
scribed in many cells, it has been postu-
lated that they may play some undefined
role in gene expression (22). The Alu-like
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sequences are not present in the third
intron of gene 27.5. Hence the presence
of these Alu-like sequences in intron 3
does not play a role in regulating the
expression of gene 27.5. Furthermore,
the Alu-like sequences occur in the third
intron of gene 27.1 at precisely the
boundaries of a large region of nonhomo-
logy (1000 nucleotides) in the compari-
son with the third intron in gene 27.5
(Fig. 3). Thus it is tempting to speculate
that the Alu-like sequences, which have
the characteristics of transposons (22),
may be responsible for the insertion of a
large region of foreign DNA in intron 3 of
gene 27.1. This is consistent with the
observation that the third intron of 27.1
is approximately 1000 nucleotides larger
than the third intron of 27.5. It will be
interesting to determine whether Alu-
like sequences are present in other class
I genes.

In summary, we have determined the
coding sequence for an LY gene of the
mouse major histocompatibility com-
plex. Thus, an H-2 gene corresponding
to a serologically defined protein product
has been identified and characterized.

Alu

Alu

ur 87 6 8

Fig. 3. Dot matrix ho-
mology analysis of
gene 27.5 and pseudo-
gene 27.1. The exon
and intron structures
of the two genes are
shown along the sides
of the figure. The po-
sitions of intron-exon
boundaries are indi-
cated by horizontal
lines for 27.1 and ver-
tical lines for 27.5
along the line of ho-
mology. Introns are
numbered below the
line of homology and
exons are numbered
above the line of ho-
mology. The posi-
tions of the sequence
gaps in gene 27.5 are
indicated by arrows.
The positions of the
Alu-like repetitive el-
ements in gene 27.1
are indicated by hori-
zontal lines along the
line of homology and
in intron 3 of pseudo-
gene 27.1.
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Cloning and DN A sequence studies sug-
gest that there may be three (or more)
L%like genes. It will be interesting to
determine whether these putative L-like
genes are codominantly expressed on all
cells, or whether these genes are ex-
pressed in a tissue-specific manner such
as is seen with the Qa and TL antigens. It
appears that, in the future, other D-end
functional genes will be defined by the
strategies of gene cloning. gene transfer,
and sequence analysis.
KEVIN W. MOORE
DNAX Research Institute,
Palo Alto, California 94304
BEVERLY TAYLOR SHER
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The following is the corrected sequence of the H—ZLd gene. As
originally published, the sequence was in error due to a cloning
artifact. In addition, a number of editorial mistakes were made.
The cloning artifact affected the first 99 nucleotides of the
sequence, It resulted fram a Bam/Rsa-filled in ends ligation,
and the sequence at the joint reflects the presence of some M13
sequence as well. This artifact also affected the restriction
map, as the affected clone was used as a probe for exon I sequen-
ces.

The cloning artifact and most of the editorial mistakes were
corrected by extensive re-reading of the ori‘ginal sequencing gels
and by resequencing of the clone indicated in the diagram below.
In addition, Henry Sun has checked the sequence of the second
intron and third exon by making new M13 subclones and sequencing
them. The nucleotides affected by the mistakes and subsequently
corrected are underlined in the copy of the original sequence
diagram that follows the corrected sequence. There were seven
mistakes that resulted in codon changes and 32 other changes in
addition to the cloning artifact. The restriction map that
follows the sequence figures shows the sites that were affected
by the cloning artifact.

An unrelated mistake lay in the misidentification of the
location of the mouse Bl and B2 repetitive sequences(called Alu-
like sequences in the paper). Improved computer software has
allowed the precise identification of their locations. The Bl

sequence in the 27.1 pseudogene occupies nucleotides 2580-2660;
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the B2 sequence is located at nucleotides 3727-3893, just before
the beginning of exon IV. The H-ZLd sequence also contains a Bl
sequence which begins at nucleotide 1587 and continues up to the
gap in the large intron. This Bl sequence is in a postion analo-
gous to that of the Bl sequence in the third intron of the 27.1
pseudogene. The H—ZLd sequence lacks a B2 sequence, however.
The region of nonhomology between the H-ZLd and 27.1 sequences
that shows up in the third intron corresponds to the T-rich area
that precedes the Bl sequence: the length and sequence of this

region is variable in the two seguences.
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et Cly Ala WMot Als Pro Arg Thr Lov Lov Lou Low Lew Ale Al Als Trp Pro Asp Ser Asp Pro Arg ©
nnmccu.nnaococcnaocrccccscAccmmmmmu:xcucmmuc TC4 GAC CCC CCC C OTCACTOGOCTCOGAC 8095
@CAAALGLLCTT ACA AGGCGAAGCOTX( Bt )Z04TCCCCTTOCLTOGCALCCGCCCOLOCTTTOGTCACCAGG TCCOOSTT TCACLOCLLLLCOCCLLCAL 0207

31y Pro Bis Ser Wet Arg Tyr Phe Clu Thr Als Val Ser Arg Pro Gly Lew Gly Clu Pro 4rg Tyr Ile Ser Val Gly Tyr Val Asp Asa L  §1
ummuaunmrnmmucuccmmwcccmmmwmmtunnmmmrnmmmsnﬂ

ge Clu Phe Val Arg Pbe Asp Ser Asp Als Clu Asn Pro Arg Tyr Glu Pro Gln u.mmnnu-u-u-nymunmm
ummmwmwmmu&mutmmrnmmc 0CC CCC TG ATC GAC CAC 0aC 865 :ccmtnmsouv

dv arg Ile Thr Gle Ile Ale Lys Gly Glm Clu Gla Trp Phe Arg Val Asa Lou Arg Tor Louw Leu Cly Tyr Tyr ase Cla Ser 4la Gy 6 9
4C CCC ATC ACC CAC ATC GCC 4AC GGC CAG CAC CAC YOO TYC CGA CTC AAC CTC AGC ACC CTC CYC GCC TAC TAC AAC CAC ACC GCC GGC G 0877
GTCACTGACCCCOCETCOGACETCAGCLCC TCCATTTCCCCACACAGCGACOCTEACCTCCTCCCAACTCCCAGCTTCCOGAACAGAACOCACCCOCAACCOTTTCLCTTICACTTTOS nn

Tlrln‘l’iruuu-hpht!ru,&nuunluyh 1905
ACY CAC ACa CTC CaG TGC ATG TAC ©CC TOT GAC OTG 6GC TC 0702

up:)yn;uuuuasmytyvu-u-mm &rg Asp Tyr %le Ale Lou Gsa Glu Asp Leu Lys Thr ¥rp Thr A 135
C 866G COC CTC CTC 0GG TAC 0AC CAG TTC OCC CGT 84T TAC ATC OCC CTC AAC 0AA 8AC CTC AAM ACC TOC ACG 6C 0792
ar ™y

[4
8 &a

::xc;uyununn-ulnomln ys Gle Gin nynau.u.mmmu-mmu-nyn-cnn.::z
1

Ry

200ACT GCAD

Tyr Asp 61
TAC @Al

,.
E RS

8
GAC ATC GCC 6CC CAG AYC ACC CGA COC AAG TG GAC CAC OCT OCT OCT 8C4 64C TAT TAC A0C 6CC TAC CTC 8AC GGC 8aC ¥uC OF

Clv Trp Leu His Arg Tyr Leu Lys 4sa Cly Asn Als Thr Leu Leu Arg TRr A 103
€ CAC TGC CYC CAC ACA TAC CTC &AC AAC GOC AAC GCC ACC CTC CTC CGC ACA C @TOCACOOGCCOCOOOCACCCTCCTCCCTCTCOCCTCOGOCTOCCSOC 0983
TCAGTCCTCGCCAAGAACAAACCCTCACCTOLECTCATGCCCTCTCTCACGAGCCCAGAGACTGACCCTGGCTCTCCTCATCCCTCAGCACACTCACTCCACTCACTCTCCAGGGCTCACE 1103
TICTCCCTCCACACTOLCCCACCCTCTCTCAGCACGCAAGGACAGAATTTCCCTCACCTAACAACACCTGCTCCCTTCACTTCCCCTGTACCCTCTGTCACCCATCOCCTCTCCCAGGEE 1223
@CGCTTICTCTCCCCACCCCACTCOTCOCTCACACTGACTCCTCTCCTGCCTGACTCTCTCACCCCTTACACCTCACGACCCCAACTCCCCTTACCTCATTCCAAACATCGACTCCTATACAC 1343
FACCCOTCTTCCCCCACCTTCTAGAACTTTCCACACAATACATTCTCCCACATCCCTCCCTGTCTOTOLECTTTOCACCCCTTCCCACAACCTAATTCTCTCTATICCTACAGTCCTCAS 1863
MTCACAYGAGCTtTTATGGGC'IA.S'IGGAGGAATATAlA'{CGAGAATT'I‘ICTT‘IYT?GTT‘HCT;TC'ICTCHTCYCTCTC?CYCTCTCTCTCTCYCmCCGlmAGACC 1583
@GCTTTCTCTCTATACCCCTSTCTCCTGACTCATTTTAGCCCTTTTCTAATTCACATCTTCTCTX ("800 B )XTTTCCTCACTACTGCAATGACAGTGTACTCTCAAATAGACACATA 1698

Ser Pre Lys Ale His Val TRr B 191
STTCACTCTCATCATTGATTTAACTGACTCTIGTCTAGATTTCACTYTCTCTTGTTAATTOTOGAATTYCTTAAATCTTCCACACAS AT TCC CCA AAC BCA CAT 6TC ACC € 1805

is Mis Pro Arg Ser Lys Gly Clu Va) Tar Leu Arg Cys Trp Ala Lev Gly Phe Tyr Pro Ale Asp Ile Thr Leu Thr Trp Gla Leu Asa 6 221
AT CAC CCC ACA TCT AAA OCT GAA OTC ACC CTC ACC TGC TGC OCC €IC GCC TYC TAC CCY OCY GAC ATC ACC CYC ACC YOO CAG Y78 ALT C 1095

1y Glu Clu Leu Thr Clr Asp Met Cluv Leu Val tdu 'lhr arg Pro Als Gly Asp ﬂly Thr Phe Clo Lys Trp u. Ser Val Val Val Pro L P51
@0 GAC CaG CYC ACC CAGC GAC ATC GAC CTT CTC GAGC ACC AGC CCT 8CA OGC GAT ©GA ACC TTC CAC AAC TGC OCa TCT GTC OTC GTC CCT € 1985

ou Cly Lyes Glu Cimn Ase Tyr Tar Cys Arg Val Tyr Nis Clu Cly Lev Pro Clu Pro Leu Thr leu Arg Trp O
TT GGG AAC GAC CAG AAT TAC ACA TCC cc1:mnccnmmmmmmcnmmmmsnnmmmcm

s Pro Pro Pro 278
CTCGLCTCACCCAAADC TOGALCC TTCTOC AGACCCTCACC TOCTCAGCGA TCACADC TOGOGTCATAACCCTCACCTTICATTTICCTOTACCTOTCLTICCCAC AC CCT CCT €CC 2195

Ser Thr Asp Ser Tyr Met Val lle Val Ala Val Lev Gly Vel Lev Gly Rla Met Ala Ile Ile Cly &ls Val ¥al Als Phe Val Net Lys 308
TCC ACT CAC TCT TAC ATC GTC ATC OTT GCT GTT CTG GGY OTC CTT 6GA GCT ATC OCC ATC ATY 6Ga GCY 8TC GTC OCT TTT 6TC ATC AAC 2205

Arg Arg Arg Asn Tar O 318
AGA ACC AGA AAC ACA © OTAAGAAACGOEAGGCTCTGACTITICTCTCAGCCTCCTTTAGAACTCTCTCTECTCATTARTOOC0AACACAOCS TTOCTACTCTCY 2399

l’ u’ l" ‘li Gly Asp Tyr Ala Lovw Mdo P 320
CTAACTCCCTCTOC TOTCACTIC TOCGAARTTCCACTCTCAACATCTTCCTTCAAC TCTCACAOCTITICTTTTCACAC OF 004 GOCG GAC TAT OCT CTC OCT C 23508

ro C
€4 C CTTAFTCTGGOCACAGCATBCTCTGGCOCACATTOCACTCAACTTOCACATCATCO0AOCTTTOOCAATCCATARTAQCTCD AATCITCY TGACTTCTGC !5:

1y Ser Cln 3Zer Ser Clu Wet Ser Low Arg Asp Cys Lys A 339
CATCAACTCAATACATTCATCTACATATCCATATACATTIGCTTTICTTTTACCCYAC GC TCC CAC aCC TCT GAA ATC TCT CTC CCA CAY TCT AAA O GTOACACTC 2731
TACCCTCTGATTCOGOACOCLCAATCTGOACATGATIGCGTTTCACGOAC TCCCAGAATCTCCTCACACTCAGTLOTCOGTTGC TOCCAATCTICTCTTYCACAGTCATGGTTCATCGACTCY 2051

13 tra 339
CATTCTCTAC CCTGA AGACACCTGCCTCOACTCTACTCACTCACACACGATCTCTTCAGCTCYCTCCTCTOACATCCAGACCCCTCACTTCTCTTTACACAZCATTCTCTOATOTTC 2968
CCTCTOACCTTCCOTTCACTCTCAACAACTCTCCACCECAGCCTCLCCTCCACACCACCACCCTATCCCTOCACTOLCCTOTCTTCCCTTCCATAGCCAACCTTOCTGCTCCACTCAALC 3088
BCTCCCCCACATCTCCATCCTCTAAGCTCCATOCTACCCTGACCTOCACCTCCTCACTICCACACTCAGAATAATAATTTCAATCTCOCTCOCTCCAGAGATCGCTCAGCGCTCACTOCT 3208
CTTCCAAACCTCCTOACTTCAAATCCCACCAACACATOCTCGC TCACAACCATCTCTAATCGTATCYAACACCCTCTTCTCCAGTCTCTCAACACAGCTACACTCY 3319



57

exon §
aut Ale Preo arg T Lou Lou Lev Leu Leu
WWWMWWTMWWM ATS 8CT £C8 CBC ACS CT8 CTC CV8 C78 CT8
Ale Ale Als Trp Pro Asp Ser Asp Pro Arg 6
mnmmwcncrun:mmtwv; AACBECCTCTEX A BEC -M;...umwmmvm
lest codon ;
oo 2
ly Pro Mis Ser Net Arg Tyr Phe Glu ThriVel Ser arg Arg Bly Leu Gly 8lu Pro Arg Tyr Ile Ser Val Gly Tyr Val Asp aAsn Lys 6lu Phe
W:mwmsnsusuvmuu:cncvcccgcg:ncmmmwcmucucmmucuvmucucmmm
vel Arg Pne Asp Ser asp Ale 8lu Asn Pro Arg Tyr 8lu Pro Arg Ale Prq Trp Met 8lu 81n 8iu Gly Pro Glu Tyr Trp 8lu Arg Ile Thr 61n Ile Ale Lys 8ly 81ln 8lu
@TE CBC TTC GAC ASC BAC BCS 8AG AAT CCS ABA TAT 848 CCS 4GS BCH CCS TGS ATG GAG CAG BAG BOS CCS GAS TAT TBS BGAS C86 ATC ACE CAS ATC S6CC AAG 88C CAS 8AS
81ln Trp Pe Arg Vel Aen Leou Arg Thr Lev Leu Bly Tyr Tyr Aen @ln Ser Als 8ly 6
mmncmnamncmuxmmucrmtmummumanmwwmummpww
1y ™hr Mis Thr Leu 61n Trp et Tyr
W&AWWMH x’-’ eBCe3salL -—.gm-c*:n-cmwmmmmnsrm
on 9
@ly Cys Asp Vel Gly Ser Asp 6ly Arg Leou Lau Arg 8ly Tyr 8lu 61n Phe Ale Tyr Asp Gly Cys Asp Tyr Ile Ale Lsu Asn 8lu Asp Leu Lys Thr Trp Thr Phe Ale Asp
ucmncncmtummmmmmur&mmmuxvmmm!:utn:ncwcmmmmmmwsmAcr.'r_rcecsuc
et Ser Ser Gin Ile Thr Arg Arg Lys Trp Blu 61n Ale 8ly Ale Ale Slu Tyr Tyr Arg Ale Tyr Leu 8lu 8ly 8lu Cys Vel 6lu Trp Leu Mis Arg Tyr Leu Lys Asn Bly
nc;colasmAnmwmmmmwmmmmuurrmmmrmmmxur&urcmmmmmrncnmucus

Ash Ale Thr Leu Lou Arg Thr A
AAT GCT ACS CT6 CT6 CBC ACA 8 nwmvmrmmrmnmvms

qwnrurwrmrmmrwmwmmmrw BCTCCCTTCASTTCCCCTETABCCTCTETCAS
CUYWWYTETCYWWWMWWWTYWYW"@MMTWWATMTMW
GCCCCASCTTCTAGAAC TTTCCAGABAATACATTCTCCCASATCCC TCCC TE TCTE T888S TT TECACCCC TTCOCACAACC TAATTCTCTCTATTCC TACAG TES TBAA TS TCACATEAGC TCTTATEESS TACS TEBAGBAATATAA
AT CBABAA T YT T T G T T T CYC LT CYCTTTCYCTCTCTCTCTCTCTCTCTCTC T T TCCRATTTT T T T8ASACCEEGTTTC TCTCTATASCCC TS TR TCC TBACTCATTTTASCCCTTTTCTAATTCACATCTTCTCT ... TY

9 Ser Pro Lye Ale
VB TCACTASTOCAATGACAGTETASTETCAAA TABACACATASTTCACTCTCATCATTBATTTAACTCASTCTTE TG TABATTTCASTTTETCTTE TTAATTETEGAA TTTCTTAAMATCTTCCACACAS AT TCC CCA AAS BCA

(>
e Vel Thr Mis Mis Pro Arg Ser Lys 8ly Slu Val Thr Leu Arg Cys Trp Als Leu Gly Phe Tyr Pro Ale 4sp Ile Thr Lou The Trp Gln Lou Asn Sly Glu Glu Leu T™hr
CAT 876 ACC CAT CAC CCC ABA TCT AAA 86T 8AA GTC ACC CT6 ABG TBC TBS BCC CTE 88C TTC TAC CCT GCT GAC ATC ACC CTG ACC TBG CAG TTG AAT 086 GAG 848 CT6 ACC
G1n Asp Met 8lu Leu Val Glu Thr Arg Pro Ale Gly Asp Bly Thr Phe 81n Lys Trp Ale Ser val Val Vel Pro Leu Bly Lys Glu 8ln asn Tyr Thr Cys Arg Val Tyr Mis
CAS BAC ATG 8AG CTT BTG 845 ACC ABS CCT 8CA 886 GAT 864 ACT TYC CAS AAS T88 GCA TCT 676 6T6 BTG CCT CTT 866 AAG 8AG CAS AAT TAC ACA TBC CBT 8T6 TAC CAY
8lu Gly Leu Pro Glu Pro Leu The Lou arg Trp 8 3
8AG @06 CT6 CCT GAS CCC CTC ACC CT6 ABA MIﬂMWWTWVMY“m?WuMYWW

et Vel Ile Vel Ala Val Leu Gly Vel Leu Gly Als et Ale Ile Ile Gly Ale Val Vel Ale Phe Vel

1u Pro Pro Pro Ser Thr Asp Ser Tyr
TCT TAC ATS 678 ATC GTT 6CT GTT CT6 8T GTC CTT 864 GCT ATG GCC ATC ATY 864 GCT 676 676 GCT TTT 876

ATTTCCTETACCTGTCCTTCCCAS A6 CCY CCT CCS TCC ACT B8AC

met Lys Arg Arg Arg Asn The 6 .
ATE AAG ABA A6 ABA AAT ACA 6 GTAAGAAAGSENAGSETCTBASTTTTCTCTCASCCTCCTTTASAASTETCTCTOCTCATTAATESSEAACACABCCACACCCCACATTBCTACTETCTCTAACTEEE TCTECTETCASTY
oon 8 )

ly Gly Lys 8ly 8ly Asp Tyr Als Lou Ale Pro @
cca s

umnnmnnmmmﬁtm 6T 884 AAA §8A 088 BAC TAT 6CT CT6 8CT GTTANTGTGEEEACAGGATHE TTCTGESGEACATTGEABTGAAGTTE

Exon 7

ly Ser Gln Ser Ser Glu
GAGATGATGEGABCTCTEEBAA TCLATAATABC TCC TCCABAGAAATCTTCTABGORCC TBAB T T TECCATEAAG TGAATACATTCATGTACATATGCATATACATTTSTTTTSTTTTACCCTAS 6C TCC CAS AGC TCT 8AA

et Ser Leu Arg 48D Cys Lys A
AT8 TCT CTC CSA BAT T8T AAA & BTBACACTCTAGBETCTBATTEEG6ACG68CAATETEEACATEATTER6 T TTCABGRACTCCCAGAATCTCLTGABAGTEAGTEETEEETTBCTEEAATETTETCTTCACAGTBATESTY

&xon 8

la Yrs
CATBACTCTCATICTCTAS C8 T8A AGACASCTGCCTESACTETACTEASTGACASACBATETETTCASSTCTCTCCTETEACATCCAGABCCCTCASTTCTCTTTACACAZCATTETCTRATETTCCCTETEABCTTESS TTCASTE
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Appendix C
Identification of Class I Genes.

This article was published in Nature.
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Identification of the class I genes of the
mouse major histocompatibility
complex by DNA-mediated gene transfer

Robert S. Goodenow’, Minnie McMillan’, Margery Nicolson®, Beverly Taylor Sher’,
Kurt Eakle’, Norman Davidson® & Leroy Hood"

* Division of Biology, California Institute of Technology. Pasadena, California 91125, USA
+ Department of Microbiology, USC Medical School, Los Angeles. California 90033, USA
: AMGen, Newbury Park, California 91320, USA
& Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, Califorma 91125, USA

DNA-mediated gene transfer was used to identify cloned class I genes from the major histocompatibility complex of the
BALB/c mouse. Three genes encoding the transplantation antigens H-2 K¢ D* and L* were identified as well as
genes encoding the Qa-2.3 and two TL differentiation antigens. As many as 10 putative novel class I genes were
detected by the association of their gene products with Bz-microglobulin. Alloantiserum prepared to one of the novel
antigens was used to demonstrate the expression of the previously undetected antigen on spleen cells of various inbred,

congeneic, and recombinant congeneic strains of mice.

THE major histocompatibility complex of the mouse encodes
a family of cell-surface antigens known as the class I molecules.
These gene products, which fall into two categories, are encoded
by distinct regions of the major histocompatibility complex.
The H-2 region encodes the transplantation antigens which
were initiallv defined by allograft rejection’. These antigens
are expressed on most somatic cells of the mouse and are
involved in the T-cell recognition of cells altered by viral or
neoplastic transformation (for a review see refs 3,4). The
second category of class I antigens are the haematopoietic
differentiation antigens encoded by genes in the Tla region.
The Tla region encodes three distinct types of differentiation
antigens. Qa-1, Qa-2.3 and TL®. The TL antigens are expressed
only on certain subpopulations of thymocytes and their
neoplastic counterparts in certain T-cell leukaemias®. The Qa-1
antigen is expressed by thymocvtes, peripheral T and B cells,
as well as lymphoblasts’. The Qa-2,3 antigens are found on a
subset of bone marrow-derived cells®. The biological functions
of the TL or Qa antigens are not known.

Class I antigens have been characterized using specific allo-
antisera and monoclonal antibodies prepared by the appropri-
ate cross-immunizations with cells from inbred, congeneic and
recombinant strains of mice. Serological analysis has demon-
strated that the transplantation antigens are extremely polymor-
phic and that different strains of mice have distinct combinations
or haplotypes of class I alleles. Particular class I molecules are
denoted by appropriate letters with a superscript small letter
for the haplotype. For example, the serologically defined trans-

plantation antigens of the BALB/c mouse which is of the H-2°
haplotype are denoted K¢ D¢ L?or R°.

Class I molecules of both categories appear to share a com-
mon structure. The class I polypeptide is a 45,000-molecular
weight integral membrane protein which is noncovalently
associated with a 12,000-molecular weight polypeptide, B.-
microglobulin. Class I molecules consist of three external
domains, each of ~90 amino acids, a transmembrane region
of ~40 residues, and one cytoplasmic domain of 30 residues’ "

Class I cDNA clones have been characterized and used as
probes to obtain genomic clones containing class I genes''™"".
Two genes isolated from a BALB/c Crgl sperm DNA library
constructed with the lambda bacteriophage (A) vector have
been extensively characterized. The class 1 gene from clone
A27.1 is a pseudogene which has been mapped to the Qa-2,3
subregion of the Tla region by restriction enzyme site poly-
morphisms'*. DNA sequence analysis of gene 27.1 shows that
this class I gene is divided into eight distinct exons encoding
each of the individual domains of a class I molecule. Recently,
DNA-mediated gene transfer and radioimmunoassays were
used to demonstrate that a gene from clone A27.5 encodes the
H-2L° transplantation molecule'®. The L® molecules produced
by mouse L cells transformed with A27.5 DNA were shown to
be virtually indistinguishable from the L molecules expressed
on spleen cells from BALB/c mice by biochemical, immuno-
logical and functional criteria'®*'. The DNA sequence of gene
27.5 is identical to that of the L¢ antigen at all 77 positions
that can be compared**. Other laboratories have also used gene

7
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~ 10

"protem A bound (¢ pm

Fig. 1 Radioimmunoassay of
A1.3, A21.1 and A26.1 transfor-
mants. Transformants which reac-
ted in the panel analysis (Table 1)
with antibodies 34-1-2 to K°
molecules were tested by the cell-
binding radioimmunoassay with:
D, 34-1-2 antibodies to K°; T, 20-
8-4 antibodies to K® ** which react
with K¢ molecules: and O, 34-2-12
antibodies to D°. Transformants
derived from transfection with
DNA from clones A26.1 (a1, A21.1
(b) and A1.3 (c). Spleen and Ltk~
controls are shown in Fig. 4.
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Teble 1 Summary of the coding assignments for the class I genomic
clones

Reaction of transformants with
andtibodies specific for

Clone K° D L° Qa-23 TL® Assignment
Al3 + K¢
A26.1 + K
A21.1 + K¢
c17.1 + K¢
c18.1 + D¢
A27.5 + L?
€59.2 + L
c50.2 + Qa-2,3
A17.3 + TL
6.3 + TL
A24.8 + TL
66.1 + TL

Mouse L tk~ cells were co-transformed with ~1 pg of DNA from
each of the A and cosmid clones (see text) and the HSV tk gene in
pBR322 (ptk$5) as previously described'®. For those cosmid clones
containing more than one gene, the clone DNA was digested with an
appropriate restriction enzyme to inactivate all but a single gene for
transformation (see ref. 24). Uncloned tk~ transformants selected in
hypoxanthine/aminopterin/thymidine medium™ were panel analysed
by radioimmunoassay as previously described' using monoclonal
hybridoma antibodies 34-1-2 to K¢ (ref. 39), 34-2-12 to D (ref. 39),
30-5-7 to L (ref. 40), D3.262 to Qa-2,3 (ref. 41) and TLm(i) to TL?3.
Positives are indicated for those transformants which yielded at least
5,000 c.p.m. of iodinated ('2*I) protein A bound (see Figs 2, 4) with a
1077 or 107 dilution of the ascites fluid in duplicate transformation
experiments. Background for the various antibodies and transformants
ranged over 100 to 300 c.p.m., except for the IgM Qa antibodies which
utilized a facilitating reagent (see Fig. 4). The active genes on cosmid
clone 17.1, 18.1, 59.2, 50.2, 6.3 and 66.2 are the first gene on cluster
11, the first gene on cluster 13, the second gene on cluster 2, the second
gene on cluster 6, the second gene on cluster 4, and the first gene on
cluster S, respectively (see Fig. 5).

transfer to identify the cloned class I genes from libraries
constructed from tissues or tumour cell lines from other sub-
strains'’ and strains® of mice.

In an attempt to assess the total number of class I genes
contained in the BALB/c mouse, genomic clones containing
class I genes have been isolated from a cosmid library construc-
ted from BALB/c sperm DNA?. Fifty-four cosmid clones
containing 36 unique class I genes have been assigned to 13
distinct groups or clusters encompassing 837 kilobases of DNA.
These include most of the class I genes in the BALB/c mouse.

Here, we have used gene transfer and serological analyses
to examine individual class I genomic clones from the A and
cosmid libraries. Cloned class I genes encoding the serologically
defined H-2 K¢, D¢ L% Qa-2,3 and TL antigens have been
identified. Evidence is also presented for as many as 10 addi-
tional novel class I genes encoding products not previously
defined serologically.

Analysis of 96 A and 36 cosmid class I clones

by gene transfer

In an attempt to examine most class I genes from the BALB/c
mouse, 96 genomic clones isolated from the A library and 36
genomic clones previously isolated from the cosmid library
(designated c) were analysed. DNA from each of these genomic
clones, together with the herpes viral thymidine kinase gene,
was used to co-transform thymidine kinase-negative (tk)
mouse L cells as previously described'®. The class I H-2°
products of the transformed L cells were detected by radio-
immunoassay and analysed by two-dimensional gel elec-
trophoresis. Since mouse L cells are fibroblasts derived from
C3H mice of the H-2* haplotype, the endogenous K* and D*
transplantation antigens can readily be distinguished from any
of the BALB/c class I molecules of the H-2¢ haplotype by
appropriate monoclonal antibodies. The mouse L-cell fibro-
blasts do not express the differentiation antigens Qa-1, Qa-2,3

Baosic
E ©

<«—— Acidic
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Fig. 2 Fluorographs of two-dimensional gels of H-2K® molecules immunoprecipitated from cell lysates of BALB/cJ spleen lymphocytes

(a), tk” cells transformed only with the tk gene th), A1.3 (c), A26.1 (d) and A21.1 (e) transformants. Cells were biosynthetically radiolabelled.

immunoprecipitated with 20-8-4 monoclonal antibodies (supernatant fluids), and analysed by two-dimensional gel electrophoresis as previously
described'®. The gels were prepared for fluorography, dried and exposed for ~7 days.
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or TL. These results are summarized in Table 1. In almost all
cases. the binding of specific antibodies to the transformants
was comparable to that of the binding of the antibodies to the
corresponding antigens and not cross-reacting antigens (see
Fig. 41. )

Identification of genes encoding the H-2 K,
D and L transplantation antigens

The L-cell transformants derived from transfections with the
A1.3, A26.1 and A21.1 clones express K¢ molecules which are
virtually indistinguishable in their patterns of serological reac-
tivity with two different monoclonal antibodies to the K¢
molecule (Fig. 1), both of which react as strongly with these
transformants as they do with spleen cells (see Fig. 4). No
reactivity is observed with these four transformants using mono-
clonal antibodies specific for D* or LY antigens (see Fig. 1
legendi. Antibodies specific for the K® molecule do not react
with mouse L cells transformed only with the thymidine kinase
gene see Fig. 4). These are designated tk~ transformants. To
determine whether these three class I genes encode distinct
gene products, the antigens were isolated by immunoprecipita-
tion and analysed by two-dimensional gel electrophoresis (Fig.
2). As the class I antigens of different haplotypes each have
distinct constellations of spots™®, we believe this approach is
very discriminating. The products of class I genes 1.3, 26.1 and
21.1 appear extremely similar to one another and to the K*°
molecules isolated from normal BALB/c spleen lymphocytes.
However, minor electrophoretic differences were observed in
the faint, lower molecular weight species (Fig. 2a and 2e¢).

As the electrophoretic patterns between products obtained
from duplicate transformations appear identical, the variation
in the lower molecular weight products may reflect differences
in post-translational modifications of these molecules or
differential alternative splicing, as has been previously sug-
gested for class I genes'". Restriction map analyses of clones
A1.3, A26.1 and A21.1 (Fig. 3), however, suggest that the K*
genes they contain are identical to one another and also to the
first gene on cluster 11 or clone c17.1 (see Fig. 5) which contains
a K° gene by transformation (Table 1, Fig. 4a). Thus, all of
these clones appear to encode very similar or identical genes
on an independently derived series of what we believe are
overlapping clones, although we cannot exclude the possibility
that certain of these genes may actually be distinct and yet
appear identical by the limited restriction mapping we have
carried out to date. These genes are currently being sequenced
in order to resolve this issue.

Cosmid clone 18.1 contains an H-2D* gene as demonstrated
by the radioimmunoassay of the c18.1 transformants with
monoclonal antibodies to theD? antigen (Table 1, Fig. 46). The
18.1 transformants reacted with antibodies specific for D prod-
ucts and not reagents which detect K¢, L¢, TL or Qa antigens.
The D molecules expressed by the transformants are currently
being compared with the molecules isolated from spleen cells
by two-dimensional gels and tryptic peptide map analysis to
confirm this identification. No lambda clones containing an H-2
D¢ gene were identified (see below).

An H-2L“ gene has been identified on cosmid clone 59.2 by
transformation (Table 1) and comparison of restriction maps
between the ¢59.2 and A27.5 genes®™. The L° molecules
expressed on the corresponding transformants appear indistin-
guishable in radioimmunoassays from the products of the
previously identified gene contained in clone A27.5 (Fig. 4c).

The analyses based on 132 independent transformations
resulted in the identification of at least one H-2K?, a single
H-2D® and one H-2L"gene. Serological evidence suggests that
in some mice there may be multiple K and D gene products®*',
and additional transplantation antigens such as R® (ref.32).
The failure to find multiple class I K¢ and D genes may be
explained in several ways. First, the serological multiplicity of
K or D antigens may arise from post-translational modifications

5 Probe 3 Prot
[ =
pH2I orZlo
R B8 H K KB R
A3 AASANAATANA
BH X K B R
A26 ! VAAAARAAASAY
B8 ™ X K B R
A2i 1 EYVEFERVIS IV

Fig. 3 Restriction maps of the lambda clones containing the K¢
genes. DNA from each of the A clones which vielded Kd-posi(ive
transformants was restriction-mapped with the indicated enzymes
by single and double digestion as previously described*. The &'
probe pH-2III and the 3’ probe pH-2IIa'" were used to detect
fragments containing coding sequences homologous to the class I
genes (dashed lines). The pH-2III probe contains the sequences
encoding amino acids 63-160 of a transplantation antigen and
pH-2I1a amino acids 167-352. The coding sequences were orien-
tated using sequencing subclones as previously described”". The
solid line indicates the insert DNA, and the A vector DNA is
designated by the wavy lines. R, EcoRI: B, BamHI; H, HindllI,
K, Kpnl. The 3' EcoRlI sites mark the linkers used in constructing
the library.

or alternative patterns of RNA splicing. Second. different
inbred strains may have different numbers of K and D genes.
Third, multiple class I genes might appear identical by restric-
tion mapping and still differ in their DNA sequences. In this
case, multiple distinct genes might be confused with a single
gene present on overlapping clones. Finally, these genes may
not have been detected for various technical reasons, for
example, failure to clone the gene or express the gene at levels
detectable in the radioimmunoassay. For example, the radioim-
munoassay is less effective with heterogeneous alloantisera and
specific monoclonal reagents for the R’ or the Qa-1 gene
products are lacking.

Fibroblast expression of gene encoding the
mouse haematopoietic
differentiation antigen Qa-2,3

Transformants from ¢50.2 DNA seem to express low levels of
the Qa-2,3 antigen as detected by radioimmunoassay with
monoclonal antibodies specific for these products (Fig. 4d). The
BALB/c substrain from which the library was derived is Qa-
2,3-positive (L. Flaherty, personal communication). It is inter-
esting that Qa-2,3, a gene normally expressed only in
haematopoietic cells, appears to be expressed in transformed
fibroblasts. The fact that the Qa-2,3 differentiation antigen is
expressed at low levels on haematopoietic cells® may explain
why limited numbers of Qa-2,3 molecules are expressed in the
transformed mouse L cells. It is difficult to ascertain the basis
for the low level of expression of this antigen by the transfor-
mants. Several possibilities are now being investigated. For
example, only rare transformants may have incorporated
sufficient copies of the gene to override differentiation signals.
In addition, glycosylation of the polypeptide in fibroblasts
might, in this particular instance, alter the antigenicity of the
molecule causing a less avid reaction with the antibodies. The
fact that the c50.2 transformants exhibit elevated levels of
Ba-microglobulin (see below) does suggest that significant
amounts of the antigen may be expressed in an altered form
associated with B.-microglobulin. Accordingly, it has been
difficult to obtain sufficient Qa-2,3 antigen from spleen cells or
transformed L cells for two-dimensional gel analysis. The
identification of a Qa-2,3 gene should readily permit its charac-
terization at the DNA level.

Two different class I genes encode two
distinct TL T-cell differentiation antigens

The TL antigens are expressed only on thymocytes at a certain
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Fig. 4 Radioimmunoassay of the
xransformants expressing K¢, D,
L% Qa-2,3 and TL antigens. a,
Transformants derived from trans-
fection of L tk™ cells with DNA
from cl17.1 (O) were tested by
radnommunoassay for the
expression of K° moleculcs using
34-1-2 antibodies to K°. b, Trans-
formants from transfection with

|

DNA from c18.1 (O) and shown
to express D? molecules as detec-
ted in the panel analysis were ana-
lvscd using 34-2-12 antibodies to
D?. ¢, Transformants derived from
transfection with DNA from A27.5
(O), which contains the L¢
gene""u, and transformants from
DNA from ¢59.2 (@) were tested

'*1-protein A bound (cpm.x 10 Y

against 30-5-7 antibodies to L?. d,
Transformants from transfection
with ¢50.2 DNA (D) were tested

102 10 10 107° 10¢ 102 10° 10 10* 10

Drlution of antibodies

in a cell-binding radioimmunoassay using D3.262 monoclonal hybndoma IgM antibodies to Qa-2. Rabbit antiserum to mouse IgM 1Bionetics)
was used as a second step reagent before incubation of the cells with 125y -protein A. e, Transformants derived from transfection with DNA
from A17.3 were tested against antibodies to TL (@) TLmii) and (D) TLmtiii) (see text). f, Transformants from transfection wnh A24.8

DNA were tested against the same antibodies to TL indicated in e. BALB/c spleen cells, panels a-d (2

) or thymocytes. panels e~f (Z) and

Ltk cells, panels a-f (4) were run as controls. Thymocytes and Ltk ™ cells in panel e were tested against TLmui), panel f against TLmuiii).

stage of differentiation. In some inbred strains of mice, distinct
TL molecules are expressed on certain leukaemic cells of T-cell
origin®. Two monoclonal antibodies can distinguish these TL
antigens. Antibodies denoted TLm(i) recognize TL deter-
minants present on both normal and leukaemic cells, whereas
antibodies designated TLmuiii) react only with the TL deter-
minants on normal thymocytes**. Figure 4e, f shows that trans-
formants from A clone 17.3 reacted with both monoclonal
antibodies at levels comparable to those observed with BALB/c
thymocytes (Fig. 4e, f), whereas transformants from A clone
24.8 reacted only with monoclonal antibodies TLmui). These
observations suggest that there are at least two distinct genes,
A17.3 and A24.8, which encode two TL antigens. From the
serological analyses described above, gene A17.3 may be
expressed on normal BALB/c thymocytes and leukaemic cells
whereas gene A24.8 would be expressed only on leukaemic
cells. The A17.3 and A24.8 gene products are currently being

Fig. § Radioimmuno-
assay of cosmid trans-
formants for B;-micro-
globulin. The mixed S i
population of tk~ trans-

characterized and compared with the molecules present on
normal and leukaemic thymocytes by two-dimensional gels to
clarify this point further. The cosmid clones containing the
corresponding TL genes have been identified by transformation
(Table 1, Fig. 5). The 17.3 TL gene appears to be the first gene
on cosmid cluster 5 or clone 6.3, and the 24.8 gene the second
gene on cosmid cluster 4 or clone 66.1. Since each TL gene
maps to a separate cosmid cluster, they must be distinct genes.
These results illustrate two important points regarding gene
transfer into mouse L cells. First, as was noted for the Qa-2,3
gene, the TL genes which are developmentally regulated and
expressed only on thymocytes can be expressed in fibroblasts
as a result of transformation. Second, genes not expressed in
the mouse except on leukaemias, such as gene A24.8. can be
expressed by transformed fibroblasts. It seems unlikely that the
activation of endogenous L-cell genes encoding similar TL
molecules would account for these results as restriction diges-

formants derived from
transfection  with a
single gene from each of
the wvarious cosmid
clones, obtained by
restriction digestion,
was tested for the
expression of B;-micro-
globulin in a cell-
binding radioimmuno-
assay using rabbit anti-
serum to rat 8,-micro-
globulin. Each trans-
formant was assayed in
duplicate against a 10~

*I-protein A bound (¢.p.m.x 10 )

o'

T v

dilution of the anti-
serum. The numbers =
shown at the left indicate the c.p.m. of

l—me—t—e— (o——  mes

Lok

*I-protein A bound per 50,000 cells. Less than 10% variation in the number of c.p.m. was observed

between duplicate transformations or assays. The dark portion of each bar represents the basal level of L-cell 8;-microglobulin measured
for tk~ (ransformanls which is the average of duplicate samples tested (right). The open portion of each bar represents the total number of
c.p.m. of '251_protein A bound for each transformant which exceeds the level on tk™~ cells. Cosmid clusters are reprcscnted schematically

with the genes indicated as the enclosed boxes. Each cluster is comprised of a group of noncontiguous overlapping clones™*

. The cosmid

cluster number is indicated to the left of the horizontal black line and the genes encoding the serologically defined products are indicated
below the appropriate boxes. a, B,-microglobulin on the surface of transformants derived from transfection with DNA from cosmid clones
linked with mapped genes or genes encoding serologically defined antigens: b, undefined clusters only.
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Diution of C3H anti-K8-1
Fig. 6 Radioimmunoassayv of spleen cells with C3H antibodies
to K8-1 transformants. Four C3H mice were immunized by inject-
ing 5x 10 UV-irradiated K8-1 cells intraperitoneally every 2
weeks for 8 weeks. Mice were bled 7 days after the last injection
and the antiserum used in the cell-binding radioimmunoassay
against spleen cells as previously described'®. Reaction of spleen
cells from: @, BALB/cJ; Z, B10.D2: 8. C3H/HeJ; —, C3H.OL:
@,  B10: O, B10.A. The origins of the H-2 and Tla regions for
each of the mice are indicated in the panel.

tion of A17.3 or A24.8 DNA destroys the ability of these genes
to transform L cells to the TL-positive phenotype.

Ten class I genes encode serologically

undefined gene products

Of the 36 distinct class I clones, six contain genes encoding
serologically defined gene products (Fig. Sa). The remaining
class T genes are either pseudogenes or encode as yet

unidentified cell-surface products. For example, they could
encode nonpolymorphic molecules expressed on the surface of
most cells which therefore would not have been detected by
classical serological approaches. Alternatively, they might be
differentiation antigens expressed at defined stages on tissues
not yet tested for their ability to generate alloantisera. Cytoplas-
mic or secreted forms of class I-molecules might represent
another category of uncharacterized products.

We have used a simple but effective approach to identify
class I gene products for which there are no specific serological
reagents. All class I molecules studied associate with 8,-micro-
globulin before expression on the cell surface®***. Therefore,
the expression of foreign class I molecules on the surface of
the mouse L cell should result in the elevation of the amount
of B.-microglobulin expressed on the cell surface. To test this
hypothesis, a radioimmunoassay for cell-surface B,-micro-
globulin was developed and used to quantitate the amount of
B,-microglobulin on several transformants expressing foreign
serologically defined class I molecules as well as several which
failed to react with any of the class I-specific antibodies. The
tk~ transformants express a basal level of 3,-microgliobulin as

" do the mixed population of tk~ transformants derived from

transfection with the L° gene cleaved into small coding frag-
ments with BamHI enzyme. In contrast, mouse L cells trans-
formed with the LY, D K and TL genes all expressed levels
of cell-surface B,-microglobulin well above the background
level as measured by radioimmunoassay (Fig. Sa). This increase
is reproducible in that the measured levels of 8,-microglobulin
obtained for duplicate assays or transformations vary by less
than 10%. In addition, the elevation in B,-microglobulin
expression appears to be a stable phenotype, observed after 50
passages of some of the cell lines in culture. If elevated B,-
microglobulin expression results from the expression of addi-
tional class I molecules by the transformants, this phenotype
would be stably expressed because it has been demonstrated
previously that the expression of the transferred genes is a
stable phenomenon'®,

The ability to measure an elevation in B,-microglobulin
expression by the pooled transformants is related to the fact
that in the conditions used for transformation, nearly 100% of
the co-transformants express significant and comparable levels
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Fig. 7 Fluorographs of two-dimensional gels of the products of the c2.1 gene immunoprecipitated from K8-1 cells (a) and tk™ transformants

(b) using C3H antibodies to K8-1 transformants. The antibodies prepared in C3H mice against c2.1 transformants (K8-1 cells) were used

to immunoprecipitate radiolabelled antigens for two-dimensional gel electrophoresis as previously described'®. The insets contain longer

exposures and diagrammatic representations of the 45,000-molecular weight region of each gel. Black spots represent the specific
immunoprecipitated molecules from 8-1 cells.
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of the foreign class I molecules*®. It is important to stress that
the twofold increase in the magnitude of the radioimmunoassay
signal does not necessarily correspond with a twofold increase
in the amount of B,-microglobulin expressed (see ref. 36). These
results suggest that the L cells possess the capacity to express
additional class I molecules. It has recently been shown that
the expression of foreign class I molecules does not occur at
the expense of the endogenous H-2" products of the trans-
formants’®. Furthermore, we have observed significant levels
of expression of as many as three different products by the
triple K¢, D* and L* cloned transformant line, which demon-
strates even greater than a twofold increase in the B.-micro-
globulin radioimmunoassay signal.

At least 10 of the transformants which exhibited increased
levels of B.-microglobulin expression failed to react with any
of the known serological reagents to class I molecules (Fig.
Sa,b), suggesting that these cells produced novel products
associated with  B,-microglobulin.  Unfortunately, the
heterologous antibodies to B;-microglobulin proved relatively
ineffective in precipitating class I molecules for two-dimensional
gel analysis. Thus, we decided to prepare antisera directly
against several of these gene products in order to demonstrate
formally the presence of novel class I genes. Mouse L cells
transformed with the H-2L gene have been used to immunize
C3H mice, the strain from which the L cell was derived, to
generate alloantisera specific for the L molecule®’. Similarly,
C3H mice were immunized with L-cell transformants (K8-1)
obtained by gene transfer with cosmid clone 2.1, the first gene
on cosmid cluster 1 (see Fig. 5a). By radioimmunoassay. the
antibodies specific for K8-1 cells reacted weakly with BALB/c
spleen cells, whereas significantly lower reactivity was observed
against BALB/c liver or thymus cells. and C3H spleen. liver
or thymus cells (Fig. 6). Accordingly, these antibodies constitute
an alloantiserum that was then used to screen spleen cells from
a panel of different congeneic and recombinant congeneic
strains of mice so that the location of gene c2.1 in the major
histocompatibility complex could be assigned by preliminary
mapping. These serological analyses suggest that gene c2.1
maps to the right of the complement region. More extensive
mapping is required to pinpoint the location of this gene by
serological analysis. Such analysis may be complicated if only
certain strains of mice express the 2.1 gene products in a manner
analogous to that of Qa or TL antigens. However, the data are
consistent with the mapping of this gene by restriction enzyme
polymorphisms, in that class I gene c2.1 is the first gene in the
cosmid cluster containing gene 27.1, which had previously been
mapped to the Tla region'® (Fig. 5a).

The antiserum to the K8-1 cells immunoprecipitated
molecules from K8-1 cells but not from tk™ transformants or
BALB/c spleen cells (Fig. 7). The products of the c2.1 gene
appear to be ~45,000 molecular weight and to consist of a
number of spots of the appropriate pl in a sequential array
somewhat characteristic of class I molecules analysed on two-
dimensional gels see Fig. 2). B.-Microglobulin could not be
readily detected in 8-1 immunoprecipitates. This may be due
to a low affinity between B.-microglobulin and the 2.1 gene
products, as has been described for certain H-2° molecules’.
The origin of the additional products precipitated is unknown.
The fact that these products cannot be isolated from spleen
cells may be due to the fact that this antigen is expressed at
low levels on lymphocytes. However, the ability to generate
antibodies to the putative novel gene products expressed by
the K8-1 transformants supports the existence of novel genes.
Moreover, these genetic, serological and chemical data suggest
that gene 2.1 encodes a class I molecule which may, because
of its location within the major histocompatibility complex, be
a differentiation antigen and not a ubiquitously expressed
transplantation antigen.

Mapping of six serologically defined genes
The serologically defined class I genes have been localized

within the major histocompatibility complex through the sero-
logical analysis of the highly polymorphic congeneic mouse
strains. Thus the identification of these class I genes by DNA-
mediated gene transfer allows us to map precisely the corre-
sponding cosmid clusters into the major histocompatibility com-
plex. Tt is interesting that only five class I genes shown in Fig.
S map to the H-2 region (clusters 2,711 and 13). Three class I
genes encode defined transplantation antigens whereas the
remaining two apparently do not encode detectable class I gene
products. In contrast, 17 class [ genes are contained in cosmid
clusters which map to the Tla region. Four class I genes encode
serologically defined differentiation antigens and eight encode

_novel gene products. One of the eight novel genes ic2.1) may

encode a differentiation antigen based on the pattern of tissue
distribution determined with the alloantibodies. Therefore. the
Tla region contains far more class I genes than the H-2 region.

Cosmid clusters 3,7, 8,9, 10 and 12 do not express serologi-
cally defined gene products and, accordingly, cannot be mapped
within the major histocompatibility complex (Fig. 5b6). These
six cosmid clusters contain 15 class [ genes, six of which appear
to express novel gene products. These clusters are now being
mapped through the analysis of restriction enzyme site poly-
morphisms.

Conclusion

We have identified at least one H-2 K¢, D, L* possibly a
Qa-2,3, and at least two TL genes from the BALB/c mouse.
These genes have been mapped into 6 cosmid gene clusters
containing 14 class I genes (Fig. 6), of which 9 lie in the Tla
region and S in the H-2 region. As many as 10 putative novel
class I gene products, detected on the basis of their association
with B.-microglobulin, may be encoded by genes dispersed
between the mapped and unmapped cosmid gene clusters. In
one case, antibodies to a novel class I antigen apparently detect
the corresponding antigen expressed at low levels on BALB ‘c
spleen cells.
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Appendix D

Homologies Between Class I Protein Sequences
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The tables in this appendix contain the results of calcula-
tions of protein sequence hamology between different Class I
molecules. Because of the alternative splicing possibilities,
only shared sequences were compared. For example, ﬁhe third
external damain of the H-ZDd molecule contains 95 amino acids,
but only the 92 amino acids corresponding to the 92 amino acids
in the third damain of the H-2r9 protein were campared in the H-
2Dd /H-2Ld comparison. Homologies are given as percents. Higher
than usual hamology values are indicated in boldface. The protein

sequences compared are those given in Figure 3 of Chapter II.
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Whole Protein (339 residues compared)
H-219 H-20P H-2kd H-2kP 08 (27.1)

H-209 85 84 87 86 80

R 95 82 84 80
H-2DP 81 82 80
H-2K3 83 79
H-2KP 79

First External Domain 1)
(99 residues compared)

H-219 H-20P H-2k9 H-2KP 08(27.1) Q16

B-209 8¢ 80 78 98 78 77
H-2r9 93 78 84 77 79
H-20P 78 83 77 80
H-2K9 82 82 78
H-2KP 82 80
Q8(27.1) 79

Second External Domain (e2)
(92 residues campared)

H-2.9 H-20P H-2k9 H-2kP 08(27.1) Q1@

H-2d 91 8 84 85 80 80
H-2.9 89 8 82 80 85
H-2DP 83 78 79 82
H-2k9 8g 78 85
H-2KP 82 80

08(27.1) 82
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Third External Damain @¢3)
(92 residues compared)

H-21.9 H-2DP H-2k9 H-2kP 08(27.1) Q1@

H-2d 95 99 87 90 88 99
H-21.9 166 9 90 92 91
H-2DP 99 98 92 91
H-2k9 87 88 87
H-2KP 87 86
08(27.1) 90

Transmembrane Segment (Exon 5)
(39 residues compared)
H-21.9 H-20P H-2kS H-2kP 08(27.1)

H-209 69 69 67 64 64

p-2r9 196 67 72 69
H-20° 67 72 69
H-2K9 82 64
H-2KP 74

First Cytoplasmic Segment (Exon 6)
(11 residues compared)
H-219 H-20P H-2k3 H-2kP Q8 (27.1)

H-208 160 106 82 168 73

H-2r.9 166 82 168 73
H-2DP 82 180 73
H-2k4 82 62

H-2KP 77
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Second Cytoplasmic Segment (Exon 7)
(13 residues campared)
H-2L.9 H-20P H-2k9 H-2kP 08 (27.1)

H-2p9 85 85 77 8 77

H-219 100 62 69 61
H-2pP 62 69 61
H-2K9 92 64

H-2KP 64



