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The gene coding for the mouse H-2KY antigen has been
isolated by using a K-locus specific cDNA probe. The com-
plete nucleotide sequence of the gene reveals eight exons
separated by seven introns. Transcriptionally important DNA
sequences (CCAAT and TATA) precede the first exon. Com-
parison with other H-2 genes shows extensive homology in
exons as well as in introns. Two cDNA clones encoding K9
antigens have been analysed and provide evidence for at least
two expressed K4 genes in the DBA/2 mouse. Comparison of
the K9 antigen sequence to three other H-2 antigens indicates
that gene conversion mechanism(s) act on H-2 genes. Analy-
ses of exon donor and acceptor sites of different H-2 genes
and cDNAs show that alternative splicing sites are used by
different genes.
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Introduction

The major histocompatibility complex (MHC) of the
mouse, H-2, is a tightly linked cluster of genes located on
chromosome 17. These genes play a key role in the immune
response of the animal and encode three distinct classes of
antigens: Class I, comprising the transplantation antigens K,
D and L; Class II, the immune response-associated or Ia an-
tigens; and Class III, the complement factors (Klein, 1975,
1979; Ploegh et al., 1981).

Genes that code for lymphoid differentiation antigens, Qa
and Tla (Flaherty, 1980) have also been found within the H-2
complex. The Qa and Tla antigens are structurally very
similar to the Class I antigens, and we will hereafter consider
the Qa and Tla antigens as belonging to the Class I
molecules. Class I antigens are cell membrane glycoproteins
with a mol. wt. of 43 000—47 000 daltons. They are non-
covalently associated with 3,microglobulin, mol. wt. 12 000
(Coligan et al., 1981; Michaelson et al., 1977). Structural
analyses of the Class I antigens suggest that they can be divid-
ed into three extracellular domains — each consisting of ~90
amino acids, a trans-membrane segment of ~ 25 amino acids
and a cytoplasmic domain of 30 —40 amino acids (Coligan ez
al., 1981).

A remarkable feature of the Class I antigens is the very
high degree of polymorphism they display. About 50 dif-
ferent alleles have been identified at the K and D loci, respec-
tively (Klein, 1979). No single allele seems to appear with high
frequency but rather a large number of alleles occur with low
frequency.
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More detailed analyses of the genes within the H-2 complex
have recently been made. Several laboratories have prepared
c¢DNA from the mRNA coding for the H-2 antigens (Ploegh
et al., 1980; Kvist et al., 1981; Sood et al., 1981; Steinmetz et
al., 1981a). Southern blot analyses using these cDNA clones
indicated that the genes encoding Class I molecules constitute
a large multigene family (Steinmetz et al., 1981a,1981b; Cami
et al., 1981). Large fragments of DNA cloned into cosmids
were employed to show that the genome of the BALB/c
mouse has ~35 class I H-2 genes (Steinmetz et al., 1982).
Two of these genes, one coming from the Qa region and the
other one coding for the Ld antigen, have been sequenced
(Steinmetz et al., 1981b; Moore et al., 1982). The analysis of
these two sequences revealed a high degree of homology in-
dicating that Qa genes (and most likely also those of Tla)
have a very similar structure to the classical H-2 genes. To
identify and define a gene or a subfamily of genes within the
H-2 complex, it is essential to use DNA probes of greater
specificity. In a previous report we identified a probe which is
specific for a subfamily of H-2 genes, at least one of which
encodes the H-2 K9 antigen (Xin ef al., 1982). In this com-
munication we present the complete nucleotide sequence of
the K9 gene, its comparison with three other known H-2 an-
tigen sequences and a possible explanation for the generation
of the H-2 gene polymorphism within the context of gene
conversion.

Results and Discussion

Isolation of genomic clones by using a low copy H-2 cDNA
probe

About 6 x 105 lambda 1059 clones of DBA/2 liver DNA
were screened independently with two different H-2 cDNA
probes. The first probe is specific for a subfamily of the H-2
genes and recognizes at least one gene mapped to the K locus
(Xin et al., 1982). This probe we refer to as pH-29-5b. The se-
cond probe is a subclone of pH-29-1 (Kvist et al., 1981) con-
taining a PsfI fragment consisting of the common part of the
3’ non-coding region in addition to the sequence encoding the
cytoplasmic tail, the trans-membrane segment and the third
external domain. This probe does not show any specificity for
a particular gene but seems to recognize most, if not all, of
the H-2 class I genes. We refer to this probe as pH-2d-1a.
Both probes have been described earlier (Xin ef al., 1982).

Using pH-29-1a, we isolated 30—40 clones, only four of
which were recognized by pH-29-5b. DNAs from these four
clones were prepared and restricted with the enzymes Bgill
and EcoRI. In a Southern blot analysis, one clone, 2.14,
displayed a hybridizing pattern indistinguishable from total
genomic DNA using the K locus-specific probe pH-24-5b,
i.e., a 3.7-kb Bglll and a 13-kb EcoRI fragment (Xin et al.,
1982). It was likely that 2.14 represents a clone encompassing
the K9 gene and was therefore chosen for further analyses. To
prove that clone 2.14 is a functional gene, we transfected tk ~
mouse L cells with DNA containing 2.14 together with the
thymidine kinase gene and were able to isolate tk* transfor-
mants which also express the gene product of 2.14 on their
cell surface. Expression was identified through the use of a
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Fig. 1. Restriction map of lambda clone 2.14. The length of the insert in clone 2.14 is ~22 kb. The BamHI site at the right end of the insert was constructed
from the partial digest of DBA/2 mouse DNA with Sau3A1 and cloned into the BamHI sites of lambda 1059. The 5.2-kb and 6.2-kb BamHI fragments were
recloned into pBR322 and subjected to the deletion subcloning procedure in order to be sequenced (Frischauf et al., 1980). Restriction maps of these frag-
ments were made according to Smith and Birnstiel (1976). The location of the exons are indicated by black boxes. The hatched boxes denote the 3’ non-
coding region. The arrow indicates the sequenced region of the clone. Exon-intron boundaries were found by comparing: (i) the deduced amino acid sequence
of clone 2.14 with the known protein sequence of the K9 antigens (exons 2 —3) (Coligan et al., 1981); and (ii) the DNA sequence of clone 2.14 with the
cDNA clone pH-29-6 (exons 3—4, 4—5, 5—6, 6—7 and 7—8). The signal sequence was localized by typical criteria for such sequences described by Kreil
(1981). S, signal sequence; I, II and III, the three external domains; M, membrane-spanning segment; C, cytoplasmic region. Restriction enzymes: B, BamHI;

Bg, Bglll; C, Hindll; H, Hindlll, K, Kpnl; R, EcoRI; S, Smal; V, Pvull.

monoclonal antibody directed against the K4 molecule. The
details of these experiments will be given elsewhere (Burgert et
al., in preparation). We conclude from all of the data
presented above that we have isolated the functional gene for
the K9 antigen.

Restriction endonuclease mapping, nucleotide sequencing
and identification of the K9 gene within clone 2.14

DNA of clone 2.14 was digested with several restriction en-
zymes and a partial map was constructed (Figure 1). The total
insert has a length of ~22 kb. By Southern blot analyses with
our cDNA clones for both coding and 3’ non-coding regions,
the gene was mapped to two BamHI fragments, of 5.2 kb
and 6.2 kb, respectively. The 5’ end of the gene was found on
the 5.2-kb fragment in the middle of the insert, whereas the
3’ non-coding region mapped to the 6.2-kb fragment on the
right-hand side in the insert. These two fragments were
recloned into the BamHI site in the tetracycline-resistant gene
of pBR322. Detailed restriction maps of the two BamHI
fragments are shown in Figure 1. To determine the nucleotide
sequence, both fragments were subjected to deletion subclon-
ing (Frischauf et al., 1980) and overlapping clones were se-
quenced by the method of Maxam and Gilbert (1980). The
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complete nucleotide sequence of the gene is shown in Figure
2. The size of the gene is ~ 5000 nucleotides and consists of
eight exons interrupted by seven introns. The exon-intron
boundaries were identified by comparing the deduced amino
acid sequence of the gene with the first 98 amino acids of the
known protein sequence of the K¢ antigen (Coligan et al.,
1981) and a cDNA clone, pH-24-6, constructed in our
laboratory and believed to code for a K4 or a Kd-like antigen
(see below).

Gene 2.14 contains a nucleotide sequence that is highly
homologous to two other H-2 genes (Steinmetz et al., 1981b;
Moore et al., 1982). The first exon of the gene encodes a poly-
peptide consisting of 21 amino acids. In the middle of the se-
quence it contains a stretch of hydrophobic amino acids
typical of a signal sequence known to be required for translo-
cating the molecule through the membrane of the rough
endoplasmic reticulum (Blobel and Dobberstein, 1975; Dob-
berstein et al., 1979; Kreil, 1981). An intron of ~200
nucleotides divides the signal sequence from the first external
domain (exon 2). Anintron of the same size separates the first
domain from the second (exon 3). In contrast, a large intron
of ~1700 bp divides the second domain from the third (exon
4). The membrane spanning segment consists of 39 amino




Structure and organization of the mouse H-2 K¢ gene

CCCCAAGCGCGCTGAGGTCAGGGGTGGCGGCAAGCCCAGCGCTGGCGATTCCCCATCTCCACAGTTTCACTTCTGCTCCTAACCTGGGTCAGGTCCTTCTGTCCGGACACTGATGACGCGCAG 120
TCAGCTCTTACCCCCATTGGCTGGCCGCGATCACCAAGAALCAATCAGTGTCGCCCCGCACGCTGGCTATAANGTCCACGCAGCCCGCGGAACTCAGAAGTCGCTAATCGCCGACCAGTGEC 240

Met Ala Pro Cys Thr Leu Leu Leu Leu Leu Ala Ala Ala Leu Ala Pro Thr Gln Thr Arg Ala G Exon 1
G ATG GCA CCC TGC ACG CTG CTC CTG CTG TTG GCG GCC GCC CTA GCC CCC ACT CAG ACC CGC GCG G GTGAGTGCGTGGTCGGGAGGGAAACGGCCTCT 337
GAGGGGAGGCGGEGGEACCGGEGAAGCCGCGTCCTCCGGTCGCCCACCGGACCCTCCGCCCCTTCTCCATCCCCGTCCCGAGTCCCGCGCCCTGCTCCCCTCTCAGCCCGCGCAGCCGLCC 457

Exon 2 ly Pro His Ser Leu Arg Tyr Phe Val Thr Ala Val Ser Arg Pro Gly Leu Gly Glu
GGGGTCCGCTCAGCAGGTCGGGCTCTCACCGCGCGLLGLCCCCAG GC CCA CAT TCG CTG AGG TAT TTC GTC ACC GCC GTG TCC CGG CCC GGC CTC GGG GAG 558
Pro Arg Phe Ile Ala Val Gly Tyr Val Asp Asp Thr Gln Phe Val Arg Phe Asp Ser Asp Ala Asp Asn Pro Arg Phe Glu Pro Arg Ala
CCC CGG TTC ATC GCT GTC GGC TAC GTG GAC GAC ACG CAG TTC GTG CGC TTC GAC AGC GAC GCG GAT AAT CCG AGA TTT GAG CCG CGG GCG 648

Pro Trp Met Glu Gln Glu Gly Pro Glu Tyr Trp Glu Glu Gln Thr Gln Arg Ala Lys Ser Asp Glu Gln Trp Phe Arg Val Ser Leu Arg
CCC TGG ATG GAG CAG GAG GGG CCG GAG TAT TGG GAG GAG CAG ACA CAG AGA GCC AAG AGC GAT GAG CAG TGG TTC CGA GTG AGC CTG AGG 738

Thr Ala Gln Arg Tyr Tyr Asn Gln Ser Lys Glv G
ACC GCA CAG AGA TAC TAC AAC CAG AGC AAG GGC G GTGAGTGACCCCGGGTCGGAGGTCACGACCCCTCCACTTCCCGACACAGGGACGCTGACGTCCCGGGTCCCAAG 846

Exon 3 ly Ser
TCCGAGGTTCGGGAACAGAACGGACCCGGAACCGGTTTCCCTTTCAGTTTGGAGGAGTCCGCGGGTGGGCGGGGCCGGGACGTGTGGGCGGGGCTGACCGCGGGGTCCCGCAG GC TCT 964

His Thr Phe Gln Arg Met Phe Gly Cys Asp Val Gly Ser Asp Trp Arg Leu Leu Arg Gly Tyr Gln Gln Phe Ala Tyr Asp Gly Arg Asp
CAC ACG TTC CAG CGG ATG TTC GGC TGT GAC GTG GGG TCG GAC TGG CGC CTC CTC CGC GGG TAC CAG CAG TTC GCC TAC GAC GGC CGC GAT 1054

Tyr Ile Ala Leu Asn Glu Asp Leu Lys Thr Trp Thr Ala Ala Asp Thr Ala Ala Leu Ile Thr Arg Arg Lys Trp Glu GIn Ala Gly Asp
TAC ATC GCC CTG AAC GAA GAC CTG AAA ACG TGG ACG GCG GCG GAC ACG GCG GCG CTG ATC ACC AGA CGC AAG TGG GAG CAG GCT GGT GAT 1144

Ala Glu Tyr Tyr Arg Ala Tyr Leu Glu Gly Glu Cys Val Glu Trp Leu Arg Arg Tyr Leu Glu Leu Gly Asn Glu Thr Leu Leu Arg Thr
GCA GAG TAT TAC AGG GCC TAC CTA GAG GGC GAG TGC GTG GAG TGG CTC CGC AGA TAC CTG GAG CTC GGG AAT GAG ACG CTG CTG CGC ACA 1234

A

G GTGCAGGGGCCGCGGGCAGCTCCTCCCTCTGCCCTCGGGCTGGGGCTCAGTCCTGGGGAAGAAGAAACCCTCAGCTGGGTGATGCCCCTGTCTCAGAGGGGAGAGAGTGTCCCTGGGT 1353
CTCCTGATTCCTCATCACAGGGACTGCACTGAGTCTCCCAGGACTCAGCCCTCTCCCTGGACAGTGCCCAGGCTGTCTCAGGAGGGAAGGAGAGAATTTCCCTGAGGTAACAACAGCTGC 1473
TCCCTTCAGTTCCCCTGCAGCCTCTGTCAGCCATGGCCTCTCCCAGGCCGGGTTCTCTGCCCATGCCCAGTGTCTGTGGACATTGACTCCTGTCCTGCTGAGTGTGTCAGCCCTTACACC 1593
TCAGGACCGGAAGTCTCCTTTCCTTGATTGGAGACATGGACTCCCCTACACTAGGACGGTTCACCTAGTTTCTAGAATTTTCCAAAGAATACATTCTCACAGATCCCTCCCTGTCTGTGG 1713
GGTTTGCACCCCTTCAACAACCCAATTCTATCTATTCCTACAGTGGTGAATTGTCACATGAGGCCTTATGGGGTACCCTGGAGAAATATAAATCGTGGATTTTCTTTTCTCTCTCTCTCT 1833
CTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCCGTTTTTTGTTTTTTGTTTTTTTTTTTTITCTAGACAGGGTTTCTCTGTATAGCCCTGGCTGTCCTGGAACTCACTTTGTAGACCAGGT 1953
TGGCCTCAAACTCAGAAATCTGCCTGCCTCTGGCCCCGAGTGCTGGGATTAAAGGCATGTGCCACCACTCCTAGCCTTTCTTITTTTCTTAACTTTTTTTTTGGGGGGGGGGGGGAGCTTA 2073
TTTTGTTTCTAGTCAGCTTTTGTGTGCATTGGAGTGATCCAGTCTCTCCATGCCCTCCTATTATCATTTGTATCAGTCTCCACAGGTGCCAGGGAAGGCTGCTAACCTGGATAATTAGGC 2193
AAGTTAAATCAGGGTTCTCATTAATGGAGAGATTCTTGAGATTCTTGTGAACTTAGACTGTTTCCTGTCAGAACTAAACATGCAGAAGCCCCCTGCTCTCCCTCTGTCCCACAAGTTACA 2313
GTGCCCCCCCCCCCCAGTGAATCAGGACTTGGACTCTGAGAGACAGGGTCTTCTGCAATCCAGGGCTGAGTGAGAGGGAAGACCACACACCCTGTGAGCCCACTGTGTTCCAGTGAGTGC 2433
TGCACTGCGGTCCACAGCGCACTCCAGGGK%CCTGTGTGACACACCTCTACCTTGTCCCCCAGAGGCAGGGTCTGGGAGTCATTTTCTCTGACTACACACTTTGTGATGGCTGTTCTCTT 2553
GGACTGACAGTTAATGTTAGTCAGCAAGATGACCACAGTGGTTGAGTCTCAATGGTGTCACCTTCCAGGATCATACAGCCCTAATTTTAATATGAACTCAAACACATATTAAATTAGTTA 2673
TTTTCCATTCCCTCCTCCATTCTGTGACTACCTATCTTATGCTATTGAACATCACATAAGGATGGCCATGTTTACCCACTGGCTCATGTGGATTTCCTCTTAGCTTCTGAGTCCCAAAAG 2793
AAAATGTGCAGTCCTGTGCTGAGGGGACCAGCTCTGCTTTTGGTCACTAGTGCAATGACAGCTGAAGTGTCAAACAGACACATAGTTCAGTGTCATCATTGATTTAACTGAGTCTTGTGT 2913

Exon 4 sp Ser Pro Lys Ala His Val Thr Tyr His Pro Arg Ser Gln Val Asp Val
AGATTTCAGTTTGTCTTGTTAATTGTGTGATTTCTTAAATCTTCCACACAG AT TCC CCA AAG GCC CAT GTG ACC TAT CAC CCC AGA TCT CAA GTT GAT GTC 3014

Thr Leu Arg Cys Trp Ala Leu Gly Phe Tyr Pro Ala Asp Ile Thr Leu Thr Trp Gln Leu Asn Gly Glu Asp Leu Thr Gln Asp Met Glu
ACC CTG AGG TGC TGG GCC CTG GGC TTC TAC CCT GCT GAT ATC ACC CTG ACC TGG CAG TTG AAT GGG GAG GAC CTG ACC GAG GAC ATG GAG 3104

Leu Val Glu Thr Arg Pro Ala Gly Asp Gly Thr Phe Gln Lys Trp Ala Ala Val Val Val Pro Leu Gly Lys Glu Gln Asn Tyr Thr Cys
CTT GTA GAG ACC AGG CCT GCA GGG GAT GGA ACC TTC CAG AAG TGG GCA GCT GTG GTG GTG CCT CTT GGG AAG GAG CAG AAT TAC ACA TGC 3194

His Val His His Lys Gly Leu Pro Glu Pro Leu Thr Leu Arg Trp L
CAT GTG CAC CAT AAG GGG CTG CCT GAG CCT CTC ACC CTG AGA TGG A GTAAGGAGGGTGTGGGTGCAGAGCTCGGGTCAGCAAAAGCTGGAGCCTTCTGCAGACC 3298

Exon 5 ys Leu Pro Pro Ser Thr Val Ser Asn Thr Val Ile Ile
CTGAGCTGGTCAGGGCTGAGAGCTGGGGTCATGACCCTCACCTTCATTTCTTGTACCTGTCCTTCCCAG AG CTT CCT CCA TCC ACT GTC TCC AAC ACG GTA ATC ATT 3405

Ala Val Leu Val Val Leu Gly Ala Ala Ile Val Thr Gly Ala Val Val Ala Phe Val Met Lys Met Arg Arg Asn Thr G
GCT GTIT CTG GTT GTC CTT GGA GCT GCA ATA GTC ACT GGA GCT GTG GTG GCT TTT GTIG ATG AAG ATG AGA AGG AAC ACA G GTAGGAAAGGGCAG 3498
GGTCTGAGTTTTCTCTCAGCCTCCTTTAGAGTGTGCTGTGCTCATCAATGGGGAACACAACCACACCCCACATTGTCTACTGTCTCTAACTGGGTCTGCTGTCAGTTCTGGGAACTTCCA 3618

Exon 6 ly Gly Lys Gly Val Asn Tyr Ala Leu Ala Pro G
GTGTCAGGATCTTCCTGGAACTCTCACAGCTTTTCTTCTCACAG GT GGA AAA GGA GTG AAC TAT GCT CTG GCT CCA G GTTAGTTGTGGGGACAGGATTGTCCTGGGG 3725
ACATTGGAGTGAAGTTGGAGATGATGGGAGCTCTGGGAATCCATAATAGCTCCTCCAGAGAAATCTTCTAGGTGCCTGAGTTGTGCCATGAAATGAATACGTACATGTACATATGCATAT 3845

Exon 7 ly Ser Gln Thr Ser Asp Leu Ser Leu Pro Asp Gly Lys V
ACATTTGTTTTGTTTTACCCTAG GC TCC CAG ACC TCT GAT CTG TCT CTC CCA GAT GGT AAA G GTGACACTCTAGGGTCTGATTGGGGAGGGGCAATGTGGACATG 3950

Exon 8 al Met Val His Asp Pro His Ser Leu Ala Trm
ATTGGGTTTCAGGAACTCCCAGAATCCCCTGTGAGTGAGTGATGGGTTGTTCGAATGTTGTCTTCACAG TG ATG GTT CAT GAC CCT CAT TCT CTA GCG TGA AGACAGC 4058
TGCCTGGAGTGGACTTGGTGACAGACAATGTCTTCACACATCTCCTGTGACATCCAGAGCCCTCAGTTCTCTTTAGTCAAGTGTCTGATGTTCCCTGTGAGCCTATGGACTCAAAGTGAA 4178
GAACTGTGGAGCCCAGTCCACCCCTCCACACCAGCACCCTGTCCCTGCACTGCTCTGTCTTCCCTTCCACAGCCAACCTTGCTGGTTCAGCCAAACACTGGGGGACATCTGCAGCCTGTC 4298
AGCTCCATGCTACCCTGACCTGCAGCTCCTCACTTCCACACTGAGAATAGTAATTTGAATGTAACCTTGATTGTTATCATCTTGACCTAGGGCTGATTTCTTGTTAATTTCATGCTTAGA 4418
GGTTTTGTTTGTTTGTTTGATTTGTTTTTTTTTTTTGAAGAAATAAATGATAGATGAATAAACTTCCAGAATCTGGGTCACTATGCTGTGTGTATCTGTTGGGACAGGATGAGGCTGTGA 4538
CAGCTGAGTGTGGACAGGGCTGTGCCGAGGTGGGCTCAGTTTGTTTTGATCTGTGATGGGGCCACACCTCCACTGTGTCACCTCTGGGCTCTGTTCTCTCTATCACTATGAGGCACATGC 4658
TGAGAGTTTGTGGTCACAAAGATACAGGGAAGCCTTGCCCTGTCCCCAGGATTATGACCCCCAGGGCTAAAGATCAGAGACTCAACTAGAGATCCTTTAATGTGTCAGTTGCAGAAGACA 4778
ATTCACCCATTTCCTCTCACCCATTCGTTTTAGCTACTAATGATGCCATGTTGAAGCTGCCCTGGACTCTCCCAGTCCCATGCTACTGTGGTGGTTTCTGTTTCTCCTTCTCTCCAGTAT 4898
CTCTTCCAGGGTTCTCAGGTATAGGATGTGATTTTTTTGTTAAACTCCCAGGTGCACATCCTCAGGTGAGATAATTGGCTTAGATTTTTCTAAACCCATTTTTAATAAGGGTTCTTAAAT 5018
GCTTAACCTCATTTATAGCCCACCACCCACCAGAAGTAGAGAAAAAAAGGATATGGGATTAGTTCACCTGTTTAGAAATGGTTCTTTGAAGCAAATCCAATCTGCATTGTCAGGATATCA 5138
GTA

Fig. 2. The DNA sequence of the K¢ gene in clone 2.14. The amino acid sequences encoded by the exons is shown above the DNA sequence. The TATA box
and the CCAAT box are found 51 and 77 nucleotides, respectively, upstream from the initiation codon and are underlined. The BamHI site at nucleotide
2460 is indicated by a star.

acids and is encoded by exon 5. Its middle part is devoid of tively, and together constitute the hydrophilic C terminus of
charged residues and is thought to be located within the lipid the antigen. The last exon also contains the complete 3’ non-
membrane. It is flanked on either side by polar amino acids. coding region found in the cDNA clones pH-24-4 and pH-
Exons 6, 7 and 8 code for 11, 13 and 10 amino acids, respec- 2d_5 (see below).
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Fig. 3. Homology between the K9 gene and the 19 gene analysed with the dot matrix method. The gross structures of the genes are shown along the sides of
the figures. The K9 gene along the vertical side and the L4 gene along the horizontal side. Exons are indicated with boxes and are numbered. At two positions
the sequence of the LY gene is missing and gives rise to breaks in the homology line. The arrows denote the first ~ 100 nucleotides of the L4 gene found in

the third intron of the K9 gene. For details sce Materials and methods.

It is interesting to note, that the sizes of exons 1 —5 cor-
relate well with protein sequences involved in a particular
function (signal sequence and membrane spanning segment)
or with biochemically and structurally determined domains
(the three external domains). The cytoplasmically exposed
C-terminal portion is encoded in three separate exons. No
structural or functional subdivision of this segment has yet
been revealed. Gene deletion or exchange experiments could
be used to elucidate whether protein sequences encoded by ex-
ons 6— 8 perform separate functions.

Two sequences known to be involved in regulation of DNA
transcription precede exon 1 in clone 2.14. These sequences,
CCAAT and TATA, are found 77 and 51 nucleotides, respec-
tively, upstream of the first codon of exon 1 (Figure 2). Since,
the TATA-box for all genes so far examined is located 26 — 34
nucleotides upstream from the mRNA start site (Breathnach
and Chambon, 1981) the 5’ non-coding region of the mRNA
for the gene in 2.14 would comprise only some 20 nucleotides.
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A similar length was found for the 5’ non-coding region of
an immunoglobulin kappa light chain gene (Bodary and
Mach, 1982). To demonstrate unequivocally the origin of
transcription, SI mapping analysis must be performed.

In the 3’ non-coding region of 2.14 we found two poly-
adenylation signals AATAAA (Breathnach and Chambon,
1981). It seems likely that the first signal is used in cDNA
clone pH-29-5 which is polyadenylated 12 nucleotides down-
stream. Multiple polyadenylation sites are not unusual and
have also been found for the mouse dihydrofolate reductase
gene (Setzer et al., 1982).

Comparison of the K% gene with the L9 gene

Using a computer-generated dot matrix we compared the
K9 gene with the L9 gene. This analysis compares every
stretch of nine nucleotides from the K9 gene with every nine
nucleotide sequences of the L4 gene and when homology is
found in at least six nucleotides it places a dot in the two-
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Fig. 4. Alignment of the DNA sequences of pH-29-6, the K¢ gene in clone 2.14, pH-294 and pH-2¢-5. Amino acid sequences are shown above the DNA se-
quence for pH-29-6 and under the DNA sequence for pH-2¢-4. Homology is indicated by a dash. The arrows denote the splicing points as compared to the
K9 gene in clone 2.14. The amino acids are numbered. The K-specific sequence in the 3’ non-coding region is underlined and the two poly(A) sites are in-
dicated by stars. The numbering on the right hand side of the figure refers to nucleotides after the termination codon (untranslated region). Note that pH-29-6
stops at nucleotide 112 in the non-coding region and pH-29-5 starts first at nucleotide 267 in the same region.

dimensional matrix seen in Figure 3. With the exception of
the extreme 3’ and 5’ ends, extensive homology was found
over the whole length of the genes between exons as well as
introns.

In the introns, differences between H-2 sequences resulted
from nucleotide changes as well as deletions (ranging from 1
to 20 nucleotides), whereas in the exons such differences arose
only from nucleotide changes. The percent homology in the
introns was between 80 and 90%. When only nucleotide
changes were counted the homology was >90%.

Surprisingly there seems to be no homology in the sequence
preceding the first exon. This sequence in the L4 gene is found
in the long intron separating exon 3 from 4 in the K9 gene (in-
dicated in Figure 3 by the arrows) (Moore et al., 1982). As
fragments used in the sequencing of the K9 gene extensively
overlapped and moreover the putative transcription consen-

sus sequences were found, we feel confident that the frag-
ments have been placed correctly. The differences in the case
of the L9 gene might be due to a transposition such as
reported earlier for a 3’ non-coding segment of the Qa gene
27.1 (Steinmetz et al., 1981b), to a cloning artefact, or a mis-
placement of M13 clones used for the sequencing of gene 27.5
(Moore et al., 1982).

Evidence for at least two K9-like genes

O’Neill and Parish (1981) have shown that two K locus
genes might exist in the k haplotype. We have indications that
this might also be true for the d haplotype. Comparison of
the K9 protein sequence and several cDNA clones support
this.

A comparison of 114 amino acids deduced from clone 2.14
with the known K9 protein sequence (Pease et al., 1982; Col-
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Fig. 5. Amino acid comparison of four H-2 antigens. A dash indicates homology with the K¢ antigen on top. Homology over long regions between two
antigens are drawn in boxes. The amino acids are numbered above the sequences. The arrows indicate the putative splicing points in corresponding genes or
cDNAs. Potential glycosylation sites are denoted with stars. The single letter code for the amino acids is used where A is Ala; C, Cys; D, Asp; E, Glu;

F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu, M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr. The L9 sequence is taken
from Moore ef al. (1982); the K® sequence is from Coligan et al. (1981) and Reyes ef al. (1982); and the D® sequence from Reyes et al. (1982b) and Maloy

and Coligan (1982).

igan et al., 1981) showed identity in 109 positions. The five
differences found could be explained by the presence of two
H-2K genes in the d haplotype or by sequencing errors.

We have isolated three cDNA clones which seem to encode
H-2K9 or K4-like molecules (Figure 4). The gene present in
clone 2.14 shows a complete identity with pH-2d-6 (Figure 4).
pH-29-6 enabled the localization of the exon-intron boun-
daries between exon 3—4, 4—5,5—6,6—7 and 7 —8.

The clones pH-2d-4 (Lalanne et al., 1982) and pH-24-5 (Xin
et al., 1982) carry the K locus-specific fragment pH-29-5b at
their 3’ non-coding end which we used to isolate clone 2.14.
Unfortunately, the non-coding region of pH-2d-6 is very
short. Its 3’ end stops before running into the sequence of
pH-24-5 (i.e., it ends at nucleotide 112 after the termination
codon). Because pH-29-5 contains only the extreme 3’ non-
coding sequence, we cannot exclude that pH-2d-5 and pH-
24_6 indeed represent two cDNA clones belonging to the same
species of mRNA and coding for the same K9 antigen.
However, clone pH-29-4 displays a sequence that differs by
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12 nucleotides (11 in the coding region and one in the 3’ non-
coding region) from pH-29-6 and clone 2.14. Of these 12
nucleotides, seven give rise to amino acid replacements. Five
of these seven amino acid differences are found within the
hypervariable cluster located between amino acids 190 and
200 (Figures 4 and 5). The clone pH-29-4 also encodes 10
amino acids in exon 8, thereby displaying the typical H-2K
antigen C terminus (see below). We conclude that pH-24-4 is
encoded by a gene different from the gene in clone 2.14. Most
likely this gene is also located in the K region.

Comparison of different H-2 antigens

To localize hypervariable as well as more constant regions,
we compared four H-2 antigens (Coligan et al., 1981; Reyes et
al., 1982a, 1982b; Maloy and Coligan, 1982) (Figure 5). The
first and the second domains are much more variable than the
third. Stretches of up to 24 amino acids in a row are found to
be identical in the third domain. Differences are spread
throughout the total sequence making it hard to identify true
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Table I. Amino acid sequence homology of H-2 antigens

Haplotypes % Homology in different regions of the molecules
compared I 11 111 M C Total
K9-KP 81 80 87 82 91 84
Kd—Db 78 83 %0 69 68 8l
Kd—14 77 82 90 69 68 80
Kb—Db 86 78 90 72 80 83
Kb—1d 83 79 9% 72 80 82
Ld—pb 7] 85 100 100 100 94

The regions compared are: 1, II and III, the three external domains; M, the
membrane-spanning segment (exon 5); C, the cytoplasmic domain. The se-
quences are taken from the same references as in the legend to Figure 5.

hypervariable clusters. Regions with the most pronounced
differences are found between amino acids 62 and 80, 95 and
99, 193 and 198 (Figure 5). The part of the membrane-
spanning segment exposed on the cell surface (amino acids
275 —287) also varies considerably whereas the part facing the
cytoplasm is well conserved (Dobberstein et al., 1983).
Throughout the sequence the DY and L9 antigens are very
similar (Table I). With respect to the three external domains
Kb is more similar to DY and L9 than to K4. However, from
residue 278 onwards the K9 molecule shows many homologies
to the Kb, apart from exon 7, where it differs by two residues.
These two amino acids are the same in Kb, Ld and DY. The K¢
and Kb molecules are, in addition, nine amino acids longer at
their C termini. This seems to be a unique feature of the an-
tigens near the K end of the H-2 complex. It has been shown
before that DY and L9 antigens are more similar to one
another than DP is to D9. Therefore, it has been suggested
that DP and L9 represent true alleles (Maloy and Coligan,
1982). These two molecules do not differ in a single residue
from amino acid number 158 onwards and show 94% hom-
ology over all. Such is not the case between K4 and K. They
differ extensively in the three external domains and the high
percentage of homology, 83%, is due to the great similarity in
exons 5 —8 (Figure 5 and Table I).

The K9, L4 and DY molecules each have three potential
glycosylation sites for asparagine-linked carbohydrates
located at residues 86, 176 and 256. In the Kb molecule the
asparagine residue at position 256 is replaced by a tyrosine
resulting in only two potential carbohydrate binding sites in
this molecule. The K9 molecule has two fewer cysteine
residues than the K molecule (amino acids 121 and 337). The
arginine at positon 121 in the K9 molecule is also found in DY.
At position 337, however, the K9 antigen is unique, having a
glycine instead of a cysteine.

Does gene conversion act on H-2 genes?

Several mechanisms have been proposed to explain the
polymorphism of the H-2 genes. Among these mechanisms
are control of gene expression and gene duplication with
generation of diversity through point mutations (Bodmer,
1973; Silver and Hood, 1976). Control of gene expression can
be ruled out, as it has clearly been shown by Southern blot
analysis that H-2 genes of different haplotypes show true
polymorphism (Cami ef al., 1981; Steinmetz ef al., 1982). The
question remains whether point mutations alone are responsi-
ble for the observed high degree of polymorphism.

Recently, a novel means for exchange of genetic informa-
tion among reiterated gene families has attracted considerable

Table II. Occurrence of nucleotide substitutions in different regions of H-2
antigens

Haplotypes Replacement Silent

compared I I m M C I I 1m M C
Kd—Kb 17 18 12 7 3 ND I2 6 1 0
Kd—DP 20 16 9 13 8 ND 9 4 9 0
Kd—Ld 21 17 9 13 8 14 7 4 9 0
Kb—Db 13 21 9 13 5 ND 14 3 7 0
Kb—1d 14 21 9 13 5 ND 14 3 7 0
Ld—pb 6 15 0 0 O ND 9 0 0 O

The regions are listed in the legend to Table I. The numbers given are ac-
tual nucleotide substitutions. Silent mutations are counted as substitutions
not changing the amino acid. For multiple events we counted two substitu-
tions as one silent and one replacement and for three substitutions, two
replacements and one silent. The reason for this is the random expectation
for a silent mutation being 24%. ND, not determined. The DNA sequences
were taken from: KP, Reyes ef al. (1982a); L4, Moore et al. (1982); DP,
Reyes et al. (1982b).

attention. This phenomenon, called gene conversion, occurs
readily in yeast (Klein and Petes, 1981; Jackson and Fink,
1981) and probably also within the globin (Slightom et al.,
1980) and the immunoglobulin gene families (Egel, 1981;
Schreier et al., 1981; Dildrop et al., 1982; Ollo and Rougeon,
1982; Gough, 1982). Gene conversion differs from unequal
crossing-over in that the latter often increases or decreases the
number of genes in a family of closely related genes, whereas
the former does not change the number of genes. Gene con-
version seems to affect a local region of DNA, and in most
cases only one of the two genes involved undergoes conver-
sion (Egel, 1981). In addition, it appears that only genes very
homologous to each other can exchange DNA this way. Since
the histocompatibility gene family with its ~40 genes (at least
in the d haplotype; Steinmetz et al., 1982) displays a very high
degree of homology between independent genes; gene conver-
sion could have played a role in generating the polymorphism
(Pease et al., 1982).

By comparing the sequences of the four different antigens,
we observed regions where two or three sequences show iden-
tity (Figure 5). Such segments of identity within a highly
variable surrounding are difficult to explain by point muta-
tions alone. They are, however, fully consistent with gene
conversion or double crossing-over. For the creation of
polymorphism in H-2 genes, mutations, gene conversion and
crossing-over all seem to have been involved. Deciding the
frequency of each, and thereby the most dominating event,
has to await the comparison of many more sequences from
the H-2 gene family.

Replacement substitutions versus silent mutations

To be able to understand the evolution of related genes,
like those of MHC, it is important to compare changes in the
nucleotide sequence. These changes can either lead to a
replacement of a particular amino acid by another residue, or
they can be ‘silent’ and not lead to replacements. We have
compared the codons of the H-2 genes in Table II. Indepen-
dently of which combinations were tested, the silent substitu-
tions in the three exons of the external domains account for
25 —41% of the total number of substitutions of these genes.
Interestingly, no silent mutations are found in the exons
coding for the cytoplasmic C terminus. However, as many as
eight substitutions in this part of the molecule lead to replace-

251




S. Kvist, L. Roberts and B. Dobberstein

A.

Exon 4
Thr Leu Arg Trp L
Gene 2.14, Kkd

* *
ACC CTG AGA TGG GGC AAG GAG G
Thr Leu Arg Trp Gly Lys Glu G

pH—Zd—I

B.

Exon 7
Pro Asp Gly Lys V
Gene 2.14, Kkd

Gene 27.5, pd
Arg Asp Cys Lys A

ACC CTG AGA TGG Agt aag gag ggtgtg......

* #* #*
CGA GAT TGT AAA Ggtgacactctagggtctgattggggaggggeaatgtggacatgattgggtttcagggactceccagaatce

Exon 5
ys Leu Pro Pro

....tcccagAG CTT CCT CCA

AG CCT CCT TCA
lu Pro Pro Ser

CCA GAT GGT AAA thgacactctagggtctgattggggaggggcaatgtggacatgattgggtttcaggaactcccagaatcccctgtgag

* *
tcctgagag

Exon 8

al Met Val His Asp Pro His Ser Leu Ala Trm
Gene 2.14, Kd tgagtgatgggttgttcgaatgttgtcttcacagTG ATG GTT CAT GAC CCT CAT TCT CTA GCG TGA

d #* * #
Gene 27.5, L

#*

tgagtggtgggttgetggaatgttgtettcacagtg atg gtt cat gac tct cat tct cta gCG TGA

la Trm

Hdg. 6. DNA sequences surrounding two different exon-intron boundaries in H-2 genes. (A) The donor site of exon 4 and the acceptor site of exon 5 in the
K¢ gene are compared to corresponding DNA sequences in pH-29-1. The arrows indicate the putative splicing point in pH-24-1. (B) Comparison of the donor
site of exon 7, intron 7 and the acceptor site of exon 8 in the K9 and L9 genes. For both (A) and (B): DNA sequences of exons are shown in capital letters
and of introns in small letters. Nucleotide changes are indicated by stars. Amino acids are shown above the DNA sequences for the K9 gene and below the
DNA sequences for pH-2%-1 and the L? gene. The L9 sequence is taken from Moore ef al. (1982).

ment of amino acid residues. At present we do not know the
explanation for this phenomenon.

Alternative splicing sites are used by different H-2 genes

We have previously observed that the length of exon 4
seems to vary between different H-2 genes. The donor site of
exon 4 in the K9 gene reveals an adenosine as the last nucleo-
tide (Figure 6A). Together with the acceptor site of exon 5 (se-
quence AG), this sequence (AAG) codes for a lysine residue.
Interestingly, a cDNA clone from our laboratory (pH-24-1),
believed to code for a D4 antigen (Kvist et al., 1981), has three
additional amino acids in the corresponding sequence (Figure
6A). The DNA sequence encoding the additional residues
constitutes the first nine nucleotides of the following intron of
the K4 gene. The adenosine nucleotide at the donor site in the
K49 gene is changed for a guanosine in pH-24-1. However,
adenosine and guanosine can both be used as donor sites even
if guanosine is preferred in 90% of all cases (Lewin, 1980).
More important is the fact that the sequence GT at the start
of the intron in the K9 gene is changed to GC in pH-29-1. This
destroys the consensus sequence at the start of the intron in
the gene corresponding to pH-29-1. The second splicing site,
nine nucleotides downstream is then used.

A second alternative splice site was found at the end of
exon 8. A comparison of the Kd gene with the L9 gene
(Moore ef al., 1982) shows that exon 8 in the former gene
codes for 10 amino acids, whereas the latter gene only has one
residue encoded by exon 8 (Figure 6B). However, the
nucleotides encoding the additional nine amino acids in the
K4 gene are preserved within the intron preceding exon 8 in
the Ld gene. That is, the K9 gene uses an acceptor site 27
nucleotides upstream from the acceptor site used by the L4
gene. The homology in the intron between the 7th and 8th ex-
on is extensive. Only six nucleotides are different in the Kd
gene intron. None of these changes are in the immediate
vicinity of the splicing consensus sequence of the intron. It is
thus conceivable that pH-29-6 is not the only transcript from
gene 2.14. A transcript might exist in which the splice site
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equivalent to the L9 gene has been used. Another possibility
could be that the specificity of the splicing enzymes might re-
quire determinants located distant from the splice site and the
six nucleotides changed in the intron might be sufficient to
enable use of a different splice site. Also, as cDNA clone pH-
24.6 is not of full length there is still the possibility that it is
not coded by gene 2.14 but by a closely related gene, display-
ing sequence differences at the splice site of exons 7 and 8.
Clearly, to demonstrate alternative splicing, the correspon-
ding cDNAs must be characterized. In a human HLA-gene
still another splicing pattern was observed (Malissen e? al.,
1982). This gene lacks the intron between exon 7 and 8.

Conclusions and Implications

We have shown that the extensive variability and polymor-
phism of H-2 antigens extend into the cytoplasmic C ter-
minus. It is generally believed that the polymorphism of the
histocompatibilty antigens is a reflection of their function.
The question arises as to whether the variabilty in the cyto-
plasmic segment and the fact that this part of the molecule is
encoded by three separate exons have a functional signifi-
cance. Zinkernagel and Doherty (1979) proposed that histo-
compatibility antigens function as restricting elements in
T-cell killing of virus-infected cells. A physical association
between the adenovirus-coded protein and histocompatibilty
antigens has been shown (Kvist et al., 1978). This interaction
might require the presence of the cytoplasmic portion of the
histocompatibility antigen (Signas ef al., 1982). The C termini
of the H-2 antigens could, for example, function in the in-
teraction with viral proteins, and their variability in amino
acid sequence could increase the binding repertoire. If an
association between histocompatibility antigen and viral pro-
tein is required for T-lymphocyte killing of infected cells, the
degree of diversity at the C terminus would directly influence
the T-killer cell response. Genetic engineering of the
C-terminal exons and expression of the modified genes will be
powerful tools in elucidating more precisely the functions of
the C-terminal segment.




Materials and methods

Restriction enzymes, Klenow DNA polymerase and polynucleotide kinase
were purchased from Boehringer (Mannheim, FRG) or from Biolabs
(Bishop’s Stortford, UK). [a-3P]JANTPs (10 mCi/ml, 3000 Ci/mmol) and
[y-¥P]JATP (10 mCi/ml, 5000 Ci/mmol) were from Amersham, UK.
Nitrocellulose filters were obtained from Schleicher and Schull (Dassel, FRG).
Oligo(dT)-cellulose (T3), oligonucleotide linkers and bacterial alkaline
phosphatase were from Collaborative Research (Waltham, MA). Reverse
transcriptase, terminal transferase and low melting agarose were from
Bethesda Research Labortories (BRL).

Construction of a cDNA library and isolation of H-2 cDNA clones

RNA was extracted from SL2 lymphoma cells grown in DBA/2 (H-2¢
haplotype) mice as described previously (Kvist et al., 1981). Poly(A)* RNA
(mRNA) was isolated by using oligo(dT)-cellulose (Aviv and Leder, 1972). A
cDNA library was constructed from the mRNA as described by Maniatis et al.
(1982). The vector was pBR322. Colonies were selected for their ability to
hybridize to clone pH-29-1 (Kvist et al., 1981) and relevant plasmid DNAs
were sequenced.

Isolation of genomic DNA and blot hybridization

DNA was isolated from a single mouse liver essentially as described by Blin
and Stafford (1976). A lambda 1059 library (Karn et al., 1980) containing liver
DNA from a DBA/2 mouse was obtained from H. Lehrach and D.P. Leader
and will be described elsewhere (H. Lehrach et al., in preparation). Phage
clones containing genomic DNA were identified by plaque hybridization
(Benton and Davis, 1977). Phage DNA was prepared according to Karn et al.
(1980). Southern blot analyses of genomic DNA or phage DNA were carried
out by separating the restricted DNA on 0.5—1% agarose gels followed by
transferring the DNA to nitrocellulose filters (Southern, 1975). DNA probes
were labelled by nick-translation to a specific activity of 1—5 x 108c.p.m./ug
DNA (Rigby et al., 1977). Hybridizations and washings of the filters were
essentially as described by Gergen er al. (1979). Filters were hybridized for
20 h at 65°C in 10 x Denhardt (0.2% each of bovine serum albumin, Ficoll
type 400 and polyvinylpyrrolidone PVP-360, Sigma, St. Louis), 4 x SET
0.6 M NadCl, 0.12 M Tris-HCI, pH 8.0 and 1 mM EDTA), 0.1% SDS and
0.1% sodium pyrophosphate. The hybridization solution also contained
50 pg/ml of poly(A) and poly(C), from Boehringer Mannheim. For phage
hybridization, 50 ug/ml of sonicated Escherichia coli DNA was added.
Washings were made in 4 x SET for 15 min twice, 2 x SET for 15 min twice
and once in 0.1 SET for 15 min. When pH-24-5b was used as the probe the
hybridization was made at 59°C instead of 65°C and the final wash was in
0.2 x SET.

DNA restriction mapping and sequence analysis

Phage DNA from clone 2.14 was digested with the restriction enzymes
listed in the legends to Figure 1 and a partial restriction map was constructed.
The 5.2- and 6.2-kb BamHI fragments were cloned into the BamHI site in the
tetracycline-resistant gene of pBR322. Detailed restriction maps of both
fragments were constructed by the method of Smith and Birnstiel (1976). For
DNA sequence analysis of both the cDNA clone pH-29-6 and the two BamHI
fragments we used the subcloning procedure described by Frischauf et al.
(1980) using Clal linker. Overlapping clones were selected and DNAs from
these were cut with Clal and labelled at their 3’ end with [32P]dCTP by using
the Klenow fragment of DNA polymerase 1. To label the 5’ end, fragments
were cut with Clal, the 5’ phosphate group removed with bacterial alkaline
phosphatase and then labelled with [y-**P]JATP by using polynucleotide
kinase. DNA fragments were then cut with EcoRI. Labelled DNA fragments
were sequenced by the method of Maxam and Gilbert (1980). The following
five reactions were used: G, G+ A, A+C, T+C and C. To certify the se-
quence connecting the two BamHI fragments, the 400-bp overlapping Avall
fragment was isolated, recloned by using BamHI linkers into pUC8 and se-
quenced as described above.

Computer programs

Comparison of the K9 gene with the L4 gene (Figure 3) was carried out by a
computer program developed by H. Lehrach. In principle, this dot matrix
program compares every sequence of nine nucleotides in the first DNA se-
quence to every stretch of nine nucleotides in the second DNA sequence.
When homology is found for six or more of the nucleotides compared, the
plotter inserts a dot. Two completely homologous sequences will then give rise
to a diagonal line on the outprint.
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