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The HLA-DR and related antigens are the major cell-surface
glycoproteins identified so far as involved in regulation of the
immune response in humans'. Here we present and discuss the
sequence of cloned cDNA copies of the mRNA for the HLA-
DR «-chain®. The sequence is 1,195 nucleotides long, with one
open reading frame encoding a 254 amino acid primary transla-
tion product. After cleavage of the signal sequence this yields
a mature polypeptide of 229 residues. Four introns have been
located within the corresponding genomic sequence revealing
a correlation between the protein domain structure and the
genomic exon organization. Analysis of the HLA-DR a -chain
amino acid sequence shows a clear homology with HLA-ABC,
3,-microglobulin and immunoglobulin domains.

The structure of the cDNA insert of clone pDRH2 is shown
in Fig. 1, and the corresponding nucleotide sequence 1s shown
in Fig. 2. Starting from position 27, with an ATG initiation
codon, there is a continuous stretch of 762 nucleotides 1n an
open reading frame, encoding 254 amino acids. The known
N-terminal sequence begins at p051t10n 102 with the 1seleuc1ne
codon ATC*”, suggesting that there is a signal sequence > of
2 predommantly non-polar amino acids, and giving a mature
product of 229 amino acids. The remaining 5 -untranslated
region in pDRH2 i1s incomplete.

Beginning with amino acid residue 192 there is a strongly
hydrophobic sequence of 23 amino acids, which has all the
expected features of a transmembrane region. The resulting
191 amino acid extracellular sequence corresponds reasonably
well with the size estimated from papain water-soluble frag-
ments of the HLA-DR antigens®. This leaves a cytoplasmic
portion of 15 amino acids, from position 214 to the C-terminus
at 229, which contains several hydrophilic residues, as i1s charac-
teristic of the cytoplasmic segments of other transmembrane
glycoproteins, such as HLA-ABC, H-2K and IgM’"". The
sequence shown in Fig. 2 has two potential glycosylation sites
conforming to the canonical asparagine-X-(threonine or serine)
sequence, at amino acid residues 78 and 118 as expected from
previous biochemical analysis. There are two cysteine residues
at positions 107 and 163 in the extracellular part of the HLA-
DR «-chain, which are presumably available for disulphide
bonding and correspond quite closely in their relative positions
to the cysteine pairs found, for example, in the membrane
proximal domain of HLA-ABC and other related glyco-

Table 1 Per cent homologies between various HLA-associated and
immunoglobulin domain sequences

DRy DRE \HEAABRC " Bm - Cx . Cr

DR« — 39 31 29 22 19
DR} — 30 33 25 21
HLA-ABC — 21 21 18
G5 — 35
Ck -

The sources of the sequence data were DRp, ref. 17, HLA-ABC,
the B7 sequence (S. Weissman, personal communication), (3> micro-
globulin, ref. 31, Ck and C,, ref. 21.
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Fig. 1 Schematic diagram showing the structure of the cDNA
coding for the HLA-DR «-chain cloned in pDRH2. Nucleotide
residues are numbered in the 5’ to 3’ direction in the same
orientation as the mRNA, beginning at the first nucleotide follow-
ing the 17 guanine residues that were used to insert the cDNA
into the Pst site of pATlS3 The sugna] sequence (solid bar)
begins at the ATG initiation codon in position 27-29, and the
codon for the N-terminal amino acid, isoleucine, is at position
102-104. The coding region (open bar) extends to nucleotide 788,
followed by the 3’ untranslated region of 402 nucleotides before
the poly(A) extension, which is 24 residues long in pDRH?2. The
terminal G and C extensions are not represented. The Pstl and
Sau3Al cDNA-specific fragments were separated by elec-
trophoresus in 9% polyacrylamide gels, cut out of the gels and
eluted””. The isolated fragments were used in all further experi-
ments, whether or not subjected to cleavage by other enzymes
before end labelling. The only restriction enzyme sites shown are
those that were labelled at the 5’ or 3’ ends. Unique end labelled
fragments were then obtained by strand separation” * or by
cleavage with another restriction enzyme followed by elec-
trophoresis in polyacrylamide gels and dilution as already
described. Nucleotide sequence of an extensive series of overlap-
ping fragments was determined by the chemical degradation pro-
cedure of Maxam and Gilbert” and confirmed on PstI— Taq]l
fragments inserted into M13mp7 phage by the chain termination
techmque

proteins. This clearly suggests a two domain overall structure
for the extracellular portion of the HLA-DR a-chain in which
the N-terminal domain has no cysteine pairs, while the mem-
brane proximal region i1s perhaps an immunoglobulin-like
domain with a characteristic disulphide bond.

The amino acid sequence given in Fig. 2 1s 1n general agree-
ment with the partial sequence given by Korman et al.'’, with
the exception of valine instead of leucine at position 217. This
difference may be genuine, since a change from G to T in the
first nucleotide of the valine codon GTG, to produce leucine
codon TTG, would be difficult to account for by cloning or
sequencing artefacts.

Following the C-terminal stop codon TAA at nucleotide
positions 789-791 there is a 404 nucleotide 3'-untranslated
sequence, before the poly(A) sequence. The 3'-untranslated
region shown in Fig. 2 appears to be a complete non-coding
region as there is a consensus polyadenylation signal AATAAA
starting 28 nucleotides upstream from the poly(A) at position
1,168. There is an additional polyadenylation signal in the same
orientation starting a further 102 nucleotides upstream (posi-
tion 1,066), which may occasionally be used (unpublished
observations), as has been found in other situations.

To obtain cloned HLA-DR « -chain related genomic sequen-
ces we screened a cosmid library, made from human placental
DNA (F.G., unpublished), with a labelled pDRH2 DNA probe.
Out of several positive cosmids, one (10ii) contained a strongly
hybridizing 3.4-kilobase (kb) EcoRI fragment which included
most of the pDRH?2 sequences, but did not contain the 5'-
untranslated region or the signal sequence for the HLA-DR
« -chain (data not shown). Further studies, to be reported in
detail elsewhere, have now shown that in addition to the gene
corresponding to the pDRH2 cDNA insert on cosmid 10ii,
there are other related (but significantly different) sequences
on chromosome 6 (unpublished data). Figure 3 shows that the
first identifiable intron whose 3’ junction sequence conforms
to the consensus for a splice site, occurs within the codon for
amino acid 3 (before nucleotide 109). There may, of course,
be introns further upstream within the signal sequence and
S'-untranslated region, but these can only be located by analys-
ing the sequences upstream of the 5’ terminus of the 3.4-kb
fragment, which are not present in cosmid 10ii. The second
and third introns fall within the codons for amino acids 85 and
179 respectively. These introns define two exons corresponding
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to the proposed N-terminal domain and the immunoglobulin-

like membrane proximal domain respectively.

The last intron to be identified occurs 10 nucleotides down-
stream from the first stop codon, defining an exon that includes
mainly the transmembrane and cytoplasmic portion of the
HILA-DR a-chain. It 1s interesting that this last splice moves

FDRHZ
10 20 41 S5é
ACTCCCAACG AGCGCCCAAG AAGAAA ATG GCC ATA AGT GGA GTC CCT GTG CTA GGA
MET Ala Ile Ser Glw Val Fro Val Leu Gly

5
-2

71 86 101 N ‘

TTT TTC ATC ATA GCT GTG CTG ATG AGC GCT CAG GAA TCA TGG GCTJATC AAA GAA
Fhe Fhe Ile Ile Ala Val Leu MET Ser Ala Glrn Glu Ser Tre ﬂlallle Lys Glu
=1. 141} 3

116 131 1446 161
GAA CAT GTG ATC ATC CAG GCC GAG TTC TAT CTG AAT CCT GAC CAA TCA GGC GAG
Glu His Val Ile Ile Gln Ala Glu Fhe T1yr Lewu Asn Fro Ase Gln Ser Glvy Glu

1?&_ 191 206
TTT ATG TTT GAC TTT GAT GGT GAT GAG ATT TTC CAT GTG GAT ATG GCA AAG AAG
Fhe MET Fhe Asr Fhe Asr Gly Asr Glu Ile Fhe His Val Asr MET Ala Lys Luys

221 236 291 y-Y
GAG ACG GTC TGG CGG CTT GAA GAA TTT GGA CGA TTT GCC AGC TTT GAG GCT CAA
Glu Thr Val Tre Ara Leu Glu Glu Phe Gly Ard Fhe Ala Ser Fhe Glu Ala Gln

281 296 J11 326
GGT GCA TTG GCC AAC ATA GCT GTG GAC AAA GCC AAC CTG GAA ATC ATG ACA AAG
Gly Ala Leu Ala Asn Ile Ala Val Asr Lys Ala Asrn Leu Glu Ile MET Thr Lys

341 * 371

CGC TCC AAC TAT ACT CCG ATC ACC AAT GTA CCT CCA GAG GTA ACT GTG CTC ACG
Ard Ser Asn Tyr Thr Fro Ile Thr Asn Val Fro Pro Glu Val Thr Vzl Leu Thr
78 85

386 401 416 431
AAC AGC CCT GTG GAA CTG AGA GAG CCC AAC GTC CTC ATC TGT TTC ATC GAC AAG
Asn Ser Fro Val Glu Leu Arg Glu Fro Asn Val Leu Ile [Cgs]Fhe Ile Asep Lus
107

4446 4461 476
TTC ACC CCA CCA GTG GTC AAT GTC ACG TGG CTT CGA AAT GGA AAA CCT GTC ACC
Fhe Thr Fro FPro Val Val Asn Val Thr Tre Leu Argd Asn Glvy Lys Pro Val Thr
118

491 506 o021 536
ACA GGA GTG TCA GAG ACA GTC TTC CTG CCC AGG GAA GAC CAC CTT TTC CGC AAG
Thr Gly Val Ser Glu Thr Val Fhe Leu Fro Ard Glu Aser His Leu Phe Arsg Lys

$51 566 581 596

TTC CAC TAT CTC CCC TTC CTG CCC TCA ACT GAG GAC GTT TAC GAC TGC AGG GTG

Phe His Tur Leu Fro Fhe Leu Fro Ser Thr Glu Asr Val Tur Ase [Cug Ara Val
163

611 626 641

GAG CAC TGG GGC TTG GAT GAG CCT CTT CTC AAG CAC TGG GAG TTT GAT GCT CCA
Glu His Trep Gly Leu Aser Glu Fro Leu Leu Lys His Trer Glu Fhe Aser Ala Fro
1. 79

656 671 4686 701
AGC CCT CTC CCA GAG ACT ACA GAGMAAC GTG GTG TGT GCC CTG GGC CTG ACT GTG
Ser FPro Leu Pro Glu Thr Thr Glu]lAsn Val Val Cuys Ala Leu Glv Lewu Thr Val
92

716 731 746
GGT CTG GTG GGC ATC ATT ATT GGG ACC ATC TTC ATC ATC)AAG GGA GTG CGC AAA
Gly Leu Val Gly Ile Ile Ile Gly Thr Ile Fhe Ile IlelLys Gly Val Arg Lys

21

761 776 C 798 ‘ 808 818
AGC AAT GCA GCA GAA CGC AGG GGG CCT CTG TAAGGCACAT GGAGGTGATG ATGTTTICTTA
Ser Asn Ala Ala Glu Arg Arg Gly Fro Leu ... .

iiiii

229

828 838 B48B BS6 B468 878 Bes8
GAGAGAAGAT CACTGAAGAA ACTTCTGCTT TAATGACTTT ACAAAGCTGG CAATATTACA ATCCTTGACC

898 08 ?18 28 938 ?48 958
TCAGTGAAAG CAGTCATCTT CAGCGTTTTC CAGCCCTATA GCCACCCCAA GTGTGGTTAT GCCTCCTCGA

748 978 Y88 ?98 1008 1018 1028
TTGCTCCGTA CTCTAACATC TAGCTGGCTT TCCCTGTCTA TTGCCTTITTC CTGTATCTAT TTICCTCTAT

1038 1048 1058 1068 108 1088 1098
TTCCTATCAT TTTATTATCA CCATGCAATG CCTCTGGAAT AAAACATACA GGAGTCTGTC TCTGCTATGG

1108 1118 1128 1138 1148 1158 1168
AATGCCCCAT GGGGCTCTCT TGTGTACTTA TTGTTTAAGG TTTCCTCAAA CTGTGATTTT TCTGAACACA

1178 1188 1198
ATAAACTATT TTGATGATCT 1GGGTGGAAA A(21)

———

Fig. 2 The complete nucleotide sequence of cDNA insert of
pDRH?2 and the predicted amino acid sequence of the HLA-DR
a-chain. The nucleotide sequence was determined as explained
in Fig. 1 legend and follows the same numbering scheme. The
derived amino acid sequence is shown below the nucleotide
sequence, and numbered below from —25 to —1 for the signal
sequence and from 1-229 for the mature HLA-DR a-chain. The
two cysteine residues that are presumed to form the interchain
S-S bond are indicated by boxes; N and C indicate the amino,
and carboxy termini respectively; @ indicate the glycosylation
sites; arrows above the nucleotide sequence designate the known
intron—exon boundaries (see text and Fig. 4); and the vertical lines
after amino acids 191 and 214 delineate the transmembrane (TM)
hydrophobic region. The in-phase termination codons are indi-
cated by dots, and the poly(A) addition sites by arrows indicating
direction.

two more nonsense codons at nucleotide positions 804-809
into phase. The remainder of the 3'-untranslated region is
completely contained in the last exon (data not shown), but no
sequence in the 3’ flanking region in the genomic DNA has yet
been determined.

A number of protein sequence studies have revealed
homologies between various immunoglobulin domains,
B,-microglobulin and HLA-ABC and H-2K D domains'*™'°,
as had been predicted'"'*. More recently the membrane
proximal external domain of HLA-DR B-chains has been
added to this list'’"'” and from the sequence data given in Fig.
2 the membrane proximal external domain, a,, of HLA-DR
a -chains can also be included in this set of homologies.

The a, domain of the HLA-DR «a-chain, defined by the
splice points within the codons for amino acids 85 and 179 (see
Fig. 2), was compared with the corresponding membrane
proximal external domains of HLA-DR B and HLA-ABC
chains as well as with 8, microglobulin and the constant regions
of human « and A immunoglobulin light chains. In addition to
the pair of cysteines, proline residues at positions 87 and 114,
phenlyalanine at 112, tyrosine at 161, valine at 165, and his-

109 1 254
TTTCTTGCCTTTCAG[AA GAA CAT GTG ATC----CCG ATC ACC AAT G]GTACCTCCCTCTCTG
4 S3 AR iT7 g1 82 B3 84
355 2 &36
TCATGTGTCCCCCAG [TA CCT CCA GAG GTA----CTC AAG CAC TGG G]GTATGGACCAACACT
86 B7 88 B89 175 176 177 178
637 TMC 802
TATTCCCCCAG[AG TTT GAT GCT CCA----CTG rAAGGCACATGGAG |GTGAGTTAGGTGTGE

180 181 182 1B3 DO f
¥
80 3UT

TGTGTCTTGCTATAG [BTGATGATGTTTCTTAGA == = -

llllll

Fig. 3 Nucleotide sequences at the identified intron—-exon junc-
tions. The 3.4-kb EcoRI fragment from cosmid 1011 was first
subcloned in pAT 153 using standard techniques, and then
Sau3Al and EcoRI-PsiI fragments of the insert were further
subcloned into the single-stranded DNA phage M13 to locate the
intron—exon junctions within the genomic DNA by sequence
determination. Templates with pDRH2 cDNA related sequences
were identified by hybridization of dot-blots with the labelled
cDNA insert. Several of these phages were then sequenced by
the chain termination technique3”. «; and a, refer respectively
to the exons encoding the N-terminal and membrane;proximal
external domains. TMC refers to the transmembrane and cytoplas-
mic exon. Numbers above the sequence indicate nucleotide posi-
tion and below indicate amino acid positions corresponding to
those in Fig. 2. The three in-phase codons are underlined with dots.

tidine at 167 are common to all the domains compared in Table
1, and in fact to nearly all immunoglobulin constant region
domains'>''®*°**. These conserved residues may have some
important structural role in maintaining the characteristic
immunoglobulin fold*'.

A number of homologies are found among the HLA associ-
ated domains themselves, which are more closely related to
each other than they are to immunoglobulins. For example, all
of the HLA related sequences have tryptophan at position 178.
Moreover, in the HLA-DR a, domain, 3, microglobulin and
the HLA-ABC «; domain, this codon occurs one base before
the intron between this exon and the exon encoding the trans-
membrane region. The valine at position 85 in the HLA-DR
a -chain contains the splice site at the start of the a, exon and
is also present in the HLA-DR B-chain sequence. These splice
sites may lie in the same positions in the B-chain, a possibility
further emphasised by the fact that the aspartate in the
homologous position in the HLA-ABC a3 domain®® and the
arginine in 8, microglobulin®® also contain the upstream splice
sites for the respective domains. Other conserved sites of inter-
est for the HLA associated set of domains are the proline at
position 155 and the phenylalanine at position 145.
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Fig. 4 Schematic summary of the organization of the HLA-DR a-chain sequence. The summary is based on the data of Figs }—3 and

follows their numbering and conventions. a;, a,, and TMC refer to the N-terminal, membrane-proximal, transmembrane-cytoplasmic exons

or domains respectively, and 3'-UT refers to the 3’ untranslated region exon. The rectangle identifies translated sequence. The solid regio.n

is the signal sequence, the shaded regions are those with greatest homology to other domains, and the stippled region is the hydrophobic
transmembrane segment.

A schematic summary of ¥he organization of the HLA-DR
a-chain sequence based on the data of Figs 1,2 and 3 1s given
in Fig. 4. The most obvious features revealed by the sequence
analysis are the organization of the HLA-DR «-chain into
exons that correspond surprisingly well to those defined for
HLA-ABC chains, 8, microglobulin and, of course, immuno-
globulins, and the demonstration of a remarkable correspon-
dence between exon organization and the presumptive protein
domains. Another striking feature of the HLA-DR «-chain
sequence data is the homology of the external domain next to
the membrane with other comparable domains of HLA pro-
ducts, with B,-microglobulin and, to a lesser extent, with
immunoglobulin constant domains. The fact that this homology
applies to comparisons between specific domains, such as those
close to the membrane, underlines the relative independence
of the evolution of different domains, or exons. Though the
homologies between the HLA products (ABC, DR a and DR
B -chains) are weak compared with homologies between HLA-
ABC and H-2KDL, or between the latter and the H-2 region
coded TL and Q gene products, they are sufficient to support
the suggestion that the whole, or at least a major part, of the
HLA region may ultimately have a common origin by a series
of duplication events®’. The implied separation of the different
classes of HLA products by duplication must, however, have
occurred up to S00 million years ago, and certainly well before
the evolutionary divergence of the mammals®®.

The suggestion that there might be homology between HLA
products and immunoglobulins was made on the basis of a
functional analogy, namely the possibility that HLA products
might have recognition functions analogous to those of the
variable regions of immunoglobulins''''?. Subsequently,
however, it became clear that while HLA products do play a
part in cellular interactions and recognition, at least in the
immune system, they do not have an analogue of the immuno-
globulin variable region. Thus, it is not surprising that
homologies between HLA and immunoglobulins revealed by
sequence analysis involve particularly the constant region
domains, as might be expected if HLA products are involved
in interactions similar to those that occur between immuno-
globulins and complement®’. Fc receptors, monocyte receptors
and secretory components®’ as well as between complement
and cellular component receptors. Another relevant analogy
might be that between the C;3 domain of IgG and the appropri-
ate receptor on specific antibody dependent killer cells®®.
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The ¢t complex of mice has been an enigma for over half a
century'. The recessive mutations (") on chromosome 17 of
the mouse have been characterized by four properties: interac-
tion with the dominant mutation T (Brachyury) to cause tail-
lessness, transmission ratio distortion in males, a series of
homozygous lethal mutations, and cross-over suppression” .
The last property has led to many studies of meiosis in 7-allele-
bearing males. Forejt found fewer chiasmata, the cytological
correlate of crossing-over, in the region of ¢ haplotypes®°. Lyon
et al.” confirmed these results and suggested that chiasma sup-
pression determined by ¢ alleles is probably desynaptic but that
electron microscopy would probably be needed to settle this
point. We have now extended these observations by using a
centromeric translocation and analysed synaptonemal com-
plexes by electron microscopy to study f-haplotype pairing. We
have found normal synaptonemal complexes without any
evidence of inversions but detected early disjunction of the
chromosome 17 homologues, supporting the idea of desynaptic
chiasma suppression.

The cross-over suppression of ¢ haplotypes masks the true
genetic nature of the region. It has previously been convenient
to consider the ¢ alleles as point mutations mapping near 7.




