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ABSTRACT We have isolated and sequenced cDNA clones
corresponding to the DR1P and DR132 loci from two homozy-
gous B-cell lines typed as DR7 (Burkhart) and DR9 (ISK).
These nucleotide sequences were compared to 11 and 182 chains
of other DR haplotypes. The first.domain sequences of (32
chains are identical in DR4 and DR7 haplotypes. In addition,
there is strong sequence homology within the 3' untranslated
regions of 131 genes from DR4, -7, and -9 haplotypes, thus
confirming the dose evolutionary relationship among these
three haplotypes. In contrast, the first-domain sequences of P13
molecules from these haplotypes are very different from each
other and do not reflect the DR4, -7, -9 family relationship. Two
explanations for the differences in degree of diversity between
13 and 132 chains are suggested. The differences may be a
consequence of selection pressures; this implies functional
differences for products of the P13 and 132 loci. Alternatively,
closely linked segments of the human class II region may differ
in. their underlying rates of variation, independent of selection
pressures, and this may in part account for the extraordinary
diversity found in the 1i first doma

The HLA-D region of the human major histocompatibility
complex consists of multiple closely linked loci that encode
the a and p subunits of class II molecules. These molecules
play a central role in the recognition events that lead to T-cell
activation and an effective immune response by the orga-
nism. One of the most striking features of the human class II
region is the extensive polymorphism found at many of these
loci. This polymorphism has been shown to be responsible
for the enormous variability of immune response patterns
among individuals.

In general, among unrelated haplotypes, allelic differences
are observed in genes from all three major subregions-DR,
DQ, and DP-of the HLA-D region (1). Within the DR
subregion, at least two polymorphic p chains, designated
DR,81 and DR,32, are expressed in most haplotypes (2). A
third p-chain gene is a pseudogene; remnants of other DR,8
genes have also been found in the DR region, suggesting
previous duplication and deletion events (3). In contrast, the
DRa chain is not polymorphic (1).

In a previous analysis of class II genes from several closely
related haplotypes that type serologically as DR4 (4), we
observed that polymorphism was generally restricted to the
DRP1 molecule; DR,82 genes were identical in all DR4
haplotypes examined. In addition, the DQa and DQ,3 genes
were also highly conserved within the DR4 haplotype family.
Thus, a pattern of higher variability at DR/31 contrasted with
the extreme conservation of the surrounding class II loci. We

have now extended these observations to a larger family of
haplotypes, including DR4, DR7, and DR9. These haplotypes
are believed to be related by virtue of sharing the DRw53
serologic specificity (5). In this report we demonstrate their
close evolutionary relatedness at the nucleotide level. More
interestingly, the pattern of high variability confined to the
DR/31 locus, which was observed among DR4 haplotypes, is
even more striking within the DR4, -7, and -9 family. These
observations indicate that closely linked segments of the
class II region may differ dramatically in their degree of
polymorphism and raise questions about the genetic mech-
anisms that may account for such differences.

METHODS

Construction and Screening of cDNA Libraries. cDNA
libraries were constructed from the homozygous B-cell lines
ISK (DR9) and Burkhart (DR7) as described (6, 7). The
libraries were screened for DRP chain genes with the 0.5-
kilobase Pst I fragment of a previously isolated DR,8 chain
gene from a DR4 cell line (4).

Sequencing. Sequencing was performed using the dideoxy
method of Sanger et al. (8). The majority of sequencing
reactions were performed directly in the cloning vector (9)-
either pBR322 or pcDVl-using synthetic primers (OCS
Industries, Denton, TX) corresponding to highly conserved
regions ofthe DR/3 molecule (4). Appropriate fragments were
subcloned in pUC18 for sequencing of the 3' untranslated
regions.

RESULTS

DR131 Sequence Analysis. Fig. 1 shows the nucleotide
sequence comparison of DR,81 molecules from DR4, DR7,
and DR9 haplotypes. The DR4 sequence shown is from the
cell line BIN40 and is representative of the closely related
family of DR4 DR/8J chains (4). The cDNA clone of DR/8J
from the DR9 cell line ISK begins at codon 18 and therefore
does not allow comparison at the first hypervariable region.
As has been noted for other DRJ31 alleles, most of the
nucleotide polymorphism resides in the first domain and
results in productive amino acid changes, as shown in Fig. 2.

Table 1 shows the degree of nucleotide divergence between
these and other published DR/3J alleles, broken down into
first domain, second domain, transmembrane/cytoplasmic
tail, and 3' untranslated regions. The first domain nucleotide
divergence between DR4, -7, and -9 haplotypes ranges from
8.1% to 10.9%. This is similar to the degree of divergence
among DRf31 chains of unrelated DR types. However,
comparisons of the nucleotide sequences within the 3' un-
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1 10 20
DR4(Dwl4) GGG GAC ACC CGA CCA CGT TTC TTG GAG CAG GTT AAA CAT GAG TGT CAT TTC TTC AAC GGG
DR9 --- --- ---

DR7 --- --- --- -A- --- --- --- C-- TG- --- -G- --G T-- A-- --- --- --- --- --- ---

30
ACG GAG CGG GTG CGG TTC CTG GAC AGA TAC TTC TAT CAC CAA
--- --- --- --- --- -AT --- C-- --- GG- A-- --- A-- ---

--- --- --- --------- --- --A --- CT- --- --- A-- --G

GAG GAG TAC GTG CGC
--- --- A-- --- ---

DR4(Dwl4) GAC AGC GAC
DR9 --- --- ---

DR7 ---

GTG GGG GAG TAC
50

CGC GCG GTG ACG GAG (
60

CTG GGG CGG CCT GAT GCC GAG TAC
--- --- --- --- -T- --- --- -C-
--A --- --- --- -TC --- --- -C-

TGG AAC AGC CAG.
70

AAG GAC CTC CTG GAG CAG AGG CCC CCC GCG GTG
--- --- T-- --- --- -C- --- --- --- -A- ---

--- --- A-- --- --- GAC --- --- -G- CA- ---

80
GAC ACC TAC TGC AGA
--- --- GTG --- ---

--- --- GTG --- ---

CAC AAC TAC GCC CTT GTG GAG AGC
--- -GT --- ---

--- -GT --- ---

90
TTC ACA GTC

--__

--__

CAG CCC CGAVCTC TAT
- -A-C--

-C_ -- C-

100
CCT GAG CTG ACT

GTG TAT CCT CCA AAG ACC CAG CCC
--- --- --- --C --- --T -- ---

--- --- --- --C --- --T --- ---

110
CTG CAG CAC

--__

--__

CAC AAC CTG GTC CTGC TCC

130
GGT TTC TAT CCA GGC AGC ATT GAA CTC ACG TCC TTC CCC AAC GCC CAG GAA
__- --- --- ---

120
TCT CTC AAT
_ --- -C

_- --_- -GC

140
GAG AAC ACT
-C-_ --

-C-_ --

CGG GTG GTG TCC ACA
150

GGC CTG ATC CAG AAT GGA GAC TGC ACC TTC CAG ACC CTG

170
CTG GAA ACA GTT CCT CGC ACT CGA GAG GTT TAC ACC TGC CAA GTG GAG CAC CCA AGC
--- --- --- --- --- --- --- --- --A --- --- --- --- --- --- --- --- --- --T
-__ --- --- --- --- --A ----__ --- --- --- --- --- --- --T

180
CTG
G--
G--

DR4(Dwl4) ACG AGC CCT CTC ACA GTG CAA
DR9 -T- --- --- --- --- --- ---

DR7 -T- --- --- --- --- --- ---

V
190TCC AGA GCA CCC

200
TCT GAA TCT GCA CAG ACC AAG ATG CTG

210
DR4(Dwl4) AGT GGA GTC CCC GCC TTC GTG CTG CGC CTG CTC
DR9 --- --- --- --- --- --T --- --- --- --- ---

DR7 --- --- --- --- --- --T --- --- --- --- ---

TTC CTT CGC GCC CCC CTG TTC ATC

-____- --- T-- --- ---

230
DR4(Dwl4) TTC AGG AAT CAG AAA GGA CAC TCT GGA CTT CAG CCA ACA GGA TTC CTG ACC TGA
DR9 --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- ---

DR7 --- --- --- --- --- --- --- --- ---W---- --- --- --- --- --- --- --- ---

DR4(Dwl4) AGTGAAGATG ACCACATTCA AGGAAGAACC TTCTGCCCCA GCTTTGCACG ATGAAACACT TCCCCOCTTG CCTCTGATTC
DR9 ---------- ---------- ------A---- ---C------ ---------- ---------- ---------- ----------

DR7 - -- -- -- - -- - -- -- -- - -- -- ----A---- ---------- ---------- ---------- ---------- ----------

DR4 (Dwl4) TTCCACAAGA GAGACCTTTC TCCGGACCTG GTTGCTACTG GTTCAGCACC TCTGCAGAAA ATGTCCTCCC TTGTGGCTGC
DR9 ---------- ---------- ---------- ---------- --------A- ---------- --C------- C---CC-----
DR7 ---------- ---------- ---------- ---------- --------A- ---------- ---------- C---------

DR4 (Dwl4) CTCAGCTCGT ACCTTTGGCC TGAAGTCCCA GCATTAATGG CAGCCCCTCA TCTTCCAAGT TTTGTGCTCC CCTTTACCTA
DR9 --------A- G--------- ---------- -----G---- ---------- ---------- ---------- ----------

DR7 --------A- G--------- ---------- -----G---- ---------- ---------- (INSERTION 150 BP.)

DR4(Dwl4) ATGCCTTGG CCTCCCATGC ATCTGTACTC CTCGTGTGCC ACAAACACAT TACATTATTA AATGTTTCTC AAA
DR9 -C-------- ---------- -------------C------ ---------- ---------- ---------- ---CATGGAG TT

FIG. 1. Nucleotide sequence comparisons ofDR4, DR9, and DR7DRPI cDNA clones. The DR4 sequence is from the Dw14 cell line BIN40
(4). The DR9 sequence is derived from a composite of two overlapping clones, pDRL-9.11 and pDRL-9.4. The DR7 sequence is derived from
the Burkhart cDNA clone DRP#4. Clone DR,8#4 contains an insertion of approximately 150 base pairs (sequence not shown) at the 3' end that
may be due to alterative splicing of this DR,81 transcript (see text). Numbering refers to codon position; vs indicate the C-terminal boundaries
of the first and second domains. Hyphens indicate residues identical with those in the DR4 sequence.

translated regions reveal a striking degree of similarity these DR4, -7, and -9 alleles differ by 12.1-16.1% from other
between DR(31 alleles of the DR4, -7, and -9 haplotypes. The DRWI alleles in the 3' untranslated region. This would appear
3' untranslated regions ofDRPI alleles from DR4, -7, and -9 to establish a strong family relationship among DR4, -7, and
haplotypes differ from each other by 1.8-3.7%. In contrast, -9 haplotypes, as has been suggested previously on the basis
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1 10 20
DR4 Gly Asp Thr Arg Pro Arg Phe Lou Glu Gln Val Lys His Glu Cys His Phe Phe Asn Gly Thr Glu Arg Val
DR9
DR7 - - - Gln - - - - Trp - Gly - Tyr Lys

30 40
DR4 Arg Phe Lou Asp Arg Tyr Phe Tyr His Gln Glu Glu Tyr Val Arg Phe Asp Ser Asp Val Gly Glu Tyr Arg
DR9 - Tyr - His - Gly Ile - Asn - - - Asn - - - - - - - -

DR7 Gln - - Glu - Lou - - Asn - - - Phe - - - - - - - -

50 60 70
DR4 Ala Val Thr Glu Leu Gly Arg Pro Asp Ala Glu Tyr Trp Asn Ser Gln Lys Asp Lou Lou Glu Gln Arg Arg
DR9 - - - - - - - - Val - - Ser - - - - - - Phe - - Arg - -
DR7 - - - - - - - - Val - - Ser - - - - - - Ile - - Asp - -

80 90 v
DR4 Ala Ala Val Asp Thr Tyr Cys Arg His Asn Tyr Gly Val Val Glu Ser Phe Thr Val Gln Arg Arg Val Tyr
DR9 - Glu - - - Val - - - - - - - Gly - - - - - - - - - His
DR7 Gly Gln - - - Val - - - - - - - Gly - - - - - - - - - His

100 110 120
DR4 Pro Glu Val Thr Val Tyr Pro Ala Lys Thr Gln Pro Lou Gln His His Asn Lou Lou Val Cys Ser Val Asn
DR9 ----Ser
DR7 ----Ser

130 140
DR4 Gly Phe Tyr Pro Gly Ser Ile Glu Val Arg Trp Phe Arg Asn Gly Gln Glu Glu Lys Thr Gly Val Val Ser
DR9 Ala - - - -

DR7 Ala - - - -

150 160
DR4 Thr Gly Leu Ile Gln Asn Gly Asp Trp Thr Phe Gln Thr Lou Val Met Leu Glu Thr Val Pro Arg Ser Gly
DR9
DR7

170 180 7 190
DR4 Glu Val Tyr Thr Cys Gln Val Glu His Pro Ser Lou Thr Ser Pro Leu Thr Val Glu Trp Arg Ala Arg Ser
DR9 Val Met - - - - - - - - - - -

DR7 Val Met - - - - - - - - - - -

200 210
DR4 Glu Ser Ala Gln Ser Lys Met Lou Ser Gly Val Gly Gly Phe Val Lou Gly Lou Lou Phe Lou Gly Ala Gly
DR9
DR7

220 230
DR4 Leu Phe Ile Tyr Phe Arg Asn Gln Lys Gly His Ser Gly Lou Gln Pro Thr Gly Phe Lou Ser
DR9
DR7

FIG. 2. Predicted amino acid sequence of DR,81 chains from DR4, DR9, and DR7 haplotypes. Symbols as in Fig. 1.

ofDQa chain sequence analysis (6). It is of particular interest cDNA clone DR,8#4 from the DR7 cell line Burkhart
that sequence comparisons within the first domain, as shown contains an insertion of approximately 150 base pairs in the
in Table 1, do not reflect this family relationship. terminal portion of the 3' untranslated region. This insertion

Table 1. Nucleotide sequence differences of DRI31 chains

First domain Second domain
DR7 DR9 DR] pIIB3 DRS DR7 DR9 DR] pIIB3 DRS

DR4 10.9 8.1 6.7 7.0 7.0 DR4 3.1 3.1 3.9 3.5 3.1
DR7 8.6 10.9 13.1 11.3 DR7 0 4.2 4.6 4.2
DR9 9.0 10.7 8.1 DR9 4.2 4.6 4.2
DR] 10.2 8.8 DR] 4.6 4.2
pIIB3 6.3 pIIB3 0

Transmembrane/cytoplasmk region 3' untranslated region
DR7 DR9 DRI pIIB3 DRS DR7 DR9 DRI pIIB3 DRS

DR4 1.3 0.6 0 1.3 1.3 DR4 2.7 3.7 14.1 15.3 14.8
DR7 0.6 1.3 1.3 1.3 DR7 1.8 12.1 13.1 12.1
DR9 0.6 0.6 0.6 DR9 13.8 16.1 15.9
DRjI 1.3 1.3 DRI 8.2 7.8
pIIB3 0 pIIB3 0.3

Numbers represent percent difference. The 3' untranslated sequences were aligned by using a
modification of the method of Needleman and Wunsch (10, 11). Insertions of one nucleotide or greater
were counted as a single event. DR], DR5, and pIIB3 sequences are from refs. 12, 13, and 14,
respectively.
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shows no significant homology to any sequence in the current
Genbank data based- In particular, it is not homologous to the
Alu I sequence that we (4) and others (15) have described at
the 3' end of incompletely or alternatively spliced DR/31
transcripts. For the purposes of the nucleotide divergence
calculations shown in Table 1, this insertion was counted as
a single event.
DRP2 Sequence Analysis. The first domain sequence of the

DR(32 molecule from the DR7 cell line Burkhart is identical
to that obtained for the DR/32 molecule from DR4 cell lines
(4).

DISCUSSION
Our data firmly establish the close evolutionary relationship
among HLA-D region haplotypes that encode the serologic
determinants DR4, -7, and -9. The special relatedness of this
family of haplotypes had been suspected because of their
sharing of the serologic specificity DRw53 (5, 16), and more
recently by the finding of sequence homology among DQa
genes from these haplotypes (6). The remarkable degree of
sequence conservation in the DRf31 3' untranslated regions of
these haplotypes, as compared with other DRf3 alleles,
constitutes the strongest evidence for a close evolutionary
relationship among DR4, -7, and -9 haplotypes. This is
summarized in Table 1. When comparing 3' untranslated
regions within the DR4, -7, and -9 family group, sequence
divergence is between 1.8% and 3.7%. However, compari-
sons with DR(31 alleles outside the DR4, -7, -9 haplotype
family show a much greater sequence divergence in the 3'
untranslated region, in the range of 12.1-16.1%. Second-
domain sequence comparisons are not informative with
respect to this family relationship, presumably because
selection pressures prevent a large degree of divergence in
this exon. However, DRA31 molecules in DR7 and DR9
haplotypes have identical second-domain sequences, indi-
cating that they may be more closely related to each other
than to DR4. In addition to the strong sequence homologies
just mentioned for DR(31, we have also found the DR(32
molecule to be identical in DR4 and DR7 haplotypes; protein
analysis indicates that the DR,62 molecules in DR9 cell lines
share this identity (17, 18). The DRf32 gene is largely
responsible for the DRw53 serologic specificity, which is
common to DR4, -7, and -9 haplotypes (ref. 16 and unpub-
lished observations). The absolute conservation of DR(32
constitutes further support for a close genetic relationship
among DRw53-bearing haplotypes.
The most intriguing result of these studies is that sequence

comparisons within the first domain of DR(31 do not reflect
the DR4, -7, -9 family relationship. As shown in Table 1,
first-domain sequence divergence ranges from 8.1% to 10.9%
within the DR4, -7, -9 haplotype family. This is approximate-
ly the same degree ofdivergence that is seen when comparing
any two unrelated DR(31 alleles, regardless of DR type. This
is a similar but more dramatic example of the pattern of
variability we have observed previously between DR4
subtypes (4). In a recent study we found that DR4 haplotypes
of differing HLA-D types displayed variability that was
restricted to the first domain of DR(31; other linked loci such
as DR(32, DQa, and DQ,3 were identical within the DR4
family. Thus, a pattern emerges for both DR4 and the larger
DR4, -7, -9 family in which the DR(31 gene diverges more
rapidly than genes at other loci. How can such a large degree
of variability in the first domain of DR(31 be explained in the
face of the highly conserved nature of other class II genes,
such as DR(32 and DQa, which are closely linked to DR(31?

The traditional arguments from selection assume that the
underlying rates of variation for DRp1, DRf32, and DQa are
identical and that differing selection pressures at these loci
account for their different degrees of polymorphism. If this
reasoning is correct, strong selective advantage to the pop-
ulation must result from polymorphism at the DRJ31 locus but
not at the DRf32 locus. This would suggest that some
functional difference exists for products of DRf3J and DRA32
genes. DR,32 molecules are generally expressed in lower
quantities in these cell lines (4, 16); such quantitative differ-
ences may influence the degree of selection pressure for
variation at this locus.
An alternative explanation for the greater polymorphism of

DR(31 alleles as compared with DR,32 alleles is suggested by
studies of the murine class II region. Steinmetz et al. (19)
have shown that the I-E and I-A regions differ in their degree
of variability between inbred strains as well as in the outbred
population. Of particular interest is the fact that variability in
the I-A region is found in both coding and noncoding regions.
Likewise, the conserved nature of the I-E region is not
restricted to coding regions. These studies suggest that the
underlying rate of variability is quite different in the I-A and
I-E regions. The boundary between tracts of high variability
and low variability could be placed somewhere between the
first domain of the I-Ef3 gene and its 3' flanking region (19).
Intriguingly, this is the same region where a recombinational
hot spot is thought to exist, marking the boundary between
the I-E and I-A regions. A recent analysis of murine recom-
binant inbred strains shows that recombination can take place
within the I-E/3 gene itself (20). It is provocative to speculate
that the site of recombinational hot spots and the boundary
between conserved and variable portions of the class II
region may be functionally related. In this connection, our
finding that the 3' untranslated region of the DR,(31 genes is
highly conserved in the DR4, -7, -9 family would place such
a boundary within the DR(31 gene in humans. Whether or not
such speculations are correct, the underlying concept that
different regions of the class II genome may differ in their
rates of mutation does offer an alternative explanation for
differences in allelic variability at DR(31 and DR,(2. Support
for this view might be obtained by examining'allelic variabil-
ity of intron sequences at these two loci, since noncoding
sequences are presumably not under selection pressure and
therefore reflect more accurately the underlying rate of
mutation.
An examination of published data indicates that family

relationships similar to that of DR4, -7, and -9 exist among
other DR haplotypes. As shown in Table 1, DRf31 molecules
from a previously published DR3,6 cell line (14) and a DRS
haplotype (13) show strong nucleotide homology in their 3'
untranslated regions-they differ by only 0.3%. These alleles
are also identical in their second-domain sequence. Since
both of these haplotypes encode the DRw52 serologic spec-
ificity, this suggests that DRw52 may also define an evolu-
tionarily related haplotype group. As more sequence data
become available, it will be of interest to see if the pattern of
conservation of DRf32 and polymorphism of DR/31 is main-
tained in these and other haplotype families.
The data presented here indicate that at least two different

mechanisms may be operating in generating the diversity of
the class II region and in the evolution of various HLA-D
haplotypes. One of these appears to be the gradual accumu-
lation of mutations over evolutionary time; the small number
of differences observed among the DQa and DR/32 genes and
the 3' untranslated regions of the DRf3J genes from DR4, -7,
and -9 haplotypes are presumably a consequence of this
mechanism. In contrast, the large number of differences
observed among the first domains ofthe DRf3 genes indicate
the existence of an additional mechanism leading to rapid
divergence of these genes. Elucidation of this mechanism,

National Institutes of Health (1986) Genetic Sequence Databank:
Genbank (Research Systems Div., Bolt, Beranek, and Newman,
Inc., Boston), Tape Release 44.0.
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and its role among the forces generating the polymorphism of
the HLA-D region, should provide a better understanding of
the dynamics of the major histocompatibility complex.

Note Added in Proof. Recent DNA sequence analyses of DR3 and
DR6 haplotypes (21) and DR5 haplotypes (22) support the hypothesis
that DRw52 defines a group of evolutionarily related haplotypes
analogous to the DRw53 family describe here.
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