
Proc. Nati. Acad. Sci. USA
Vol. 91, pp. 5893-5897, June 1994
Evolution

A uniquely high level of recombination at the HLA-B locus
(chimpanzee/bonobo/major htocompatlbt complex class I/evolution)

STEPHEN N. MCADAMtI, JONATHAN E. BOYSONt, XIAOMIN Liu§, THEODORE L. GARBERt,
AUSTIN L. HUGHES1, RONALD E. BONTROPII, AND DAVID I. WATKINSt**
tWisconsin Regional Primate Research Center and Department of Pathology, University of Wisconsin, 1220 Capitol Court, Madison, WI 53715; fUniversity of
Maryland at Baltimore, 655 West Baltimore Street, Bressler 13, Baltimore, MD 21201; Department of Biology, 208 Mueller Laboratory, Pennsylvania State
University, University Park, PA 16802; and IlNederlandse Centrale Organisatie voor Toegepast Natuurwetenschappelijk Onderzoek Medical Biological
Laboratories, P.O. Box 5815, 2280 HV Rijswijk, The Netherlands

Communicated by Robert Selander, February 22, 1994

ABSTRACT Major histocompatibilit complex (MHC)
loci are some of the most polymorphic genes in the animal
kingdom. Recently, it has been suggested that although most of
the humanMHC loci are relatively stable, theHLA-B locus can
undergo rapid changes, especiafly in isolated populations. To
investigate the mechas ofHLA-B evolution we have com-
pared the sequences of 19 lILA-B homologues from chimpan
zees and bonobos to 65 HLA-B sequences. Analysis of the
chimpanzee and bonobo HLA-B homologues revealed that
despite obvious similarties between chimpanzee and human
alleles in exon 2, there was little conservation ofexon 3 between
humans and the two chimpanzee species. This finding suggests
that, unlike all other HLA loci, recombination has character-
ized the HLA-B locus and its homologues for over 5 million
years.

The products of the polymorphic (1) classical human major
histocompatibility complex (MHC) class I loci (HLA-A, -B.
-C) are molecules that bind peptides (2-4) and present them
to CD8+ T cells. The T-cell receptor ofthe CD8+ T cell binds
to the peptide/MHC complex, triggering destruction of the
target cell. Al-Microglobulin-deficient mice that do not ex-
press MHC class I molecules show delayed clearance of
viruses and are susceptible to a variety of other pathogens
(5-10). Selection pressure appears to have been responsible
for the maintenance of diversity at the amino acid residues
that line the Ag-recognition site of MHC class I molecules
(11). This diversity is thought to increase the number of
possible different viral or tumor antigens that can be bound
and presented to cytotoxic T lymphocytes. Thus, the prod-
ucts of these polymorphic classical MHC class I loci are
critical to the surveillance function of an intact immune
system.

Despite the enormous polymorphism of the MHC loci,
allelic lineages of some of these MHC loci have been main-
tained over millions of years (12, 13). Comparison ofHLA-A
alleles and alleles of the orthologous locus of chimpanzees
have provided evidence that the origin of such lineages may
predate speciation events (14-16). All known chimpanzee A
locus alleles belong to one of the six families of alleles found
at the HLA-A locus, indicating that this allelic lineage orig-
inated prior to the divergence of humans and chimpanzees
(5-7 million years ago). By contrast, the relationship between
alleles at the highly polymorphic HLA-B locus and its chim-
panzee homologue have not been easy to determine on the
basis of the limited data available to date (17). To understand
how evolution of this locus has occurred, we cloned and
sequenced 18 HLA-B homologues from nine chimpanzees

and two bonobos and compared these alleles to their human
counterparts (Table 1).tt

MATERIALS AND METHODS
PCR and Cloning of Chimpanzee and Bonobo HLA-B Ho-

mologues. PCR from cDNA or DNA was carried out as
described (18, 19). Briefly, RNA was extracted from 2-5 x
106 lymphocytes using oligo(dT) bound to magnetic beads
and DNA was extracted using standard techniques (20). For
full-length amplification from cDNA, the LPHIII and MM2
primers were used (21). For partial-length amplification from
RNA and DNA, GCBH3 [5'-GCAAGCTTGACGACAC(G/
C)C(A/T)GTTCGTGA-3'] and NuA2ERI [5'-GCGAATTC-
CAGC(G/T)T(G/C)TCCTTCCCGTTCTC-3'] were used.
PCR products amplified from cDNA or genomic DNA were
ligated into pSP65 and at least three full-length copies ofeach
insert were sequenced to avoid PCR errors (22). At least four
MHC class I-specific sequencing primers were used in each
direction to generate double-stranded -sequence and com-
pressions were resolved using dITP. Sequences were ana-
lyzed using software from IBI.
Tree Construction. The trees were constructed by the

neighbor-joining method (23) based on number of nucleotide
substitutions per site (d) (24). Standard errors of branch
lengths were estimated by Rzhetsky and Nei's method (25).

RESULTS
Similarity Between Chimpanzee, Bonobo, and Human al

Domains. Comparison of 19 chimpanzee (&an Lroglodytes)
Patr-B and bonobo (&Dn ganiscus) Papa-B alleles to 65
HLA-B sequences demonstrated that there were striking
similarities between the al domains ofHLA-B sequences and
their chimpanzee and bonobo orthologues (Fig. 1). For
example, Papa-B*01 and Papa-B*04 differed from HLA-
B*0702 by only three and two residues in the al domain,
respectively. Based on sequence similarity in the al domain
and serological cross-reactivity it was possible to identify
only four major groups of chimpanzee and bonobo HLA-B
homologues: HLA-B1S, HLA-B48, HLA-B57/58, and HLA-
B27/7.
The a2 Domain Is Not Conserved Between Chi s and

Bonobos and Humans. The interspecies similarity of the al
domains of the B locus alleles was not continued in the rest
of the molecule (Figs. 1 and 2B). Unlike the tree of exon 2
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Table 1. Origin and serological reactivity of chimpanzee and bonobo HLA-B homologues

Individual
Hugo

Tank

Colin
Kasey
Harv

Colony/
Colony wild born Clone
TNO CB ChLA-B1

ChLA-B2
Yerkes CB Ch-18

Ch-39
Yerkes CB Ch-11
Yerkes CB Ch-7
Yerkes WB

Teppie Yerkes WB

Renee TNO
Victoria TNO

TNO
TNO
TNO

WB
WB

WB
WB
WB

Duke

Yerkes WB

Bosondjo Yerkes WB

*Similarity to al domain of B locus alleles indicated.

Allele
Patr-B*01
Patr-B*02
Patr-B*04
Patr-B*03
Patr-B*OS
Patr-B*06
Patr-B*06
Patr-B*07
Patr-B*08
Patr-B*09
Patr-B*10
Patr-B*Il
Patr-B*12
Patr-B*10
Patr-B*10
Patr-B*14
Patr-B*13
Patr-B*I5
Patr-B*09
Papa-B*01
Papa-B*03
Papa-B*02
Papa-B*04

Serolog
Human C

B53
B40
B17

B17
B07
B53
B17

B38/37

B40
B27

;Y Similarity
qhimp to al*

B17
118 B48

B48
B17
B48
B48
B17
B17
B15
B17

125 B17
106 B07
118 B07
125 B17
125 B17
117 B07
106 B07

B48
B17
B07
B27
B27
B07

(Fig. 2A), the gene tree of exons 3-8 resulted in completely
different clustering among human, chimpanzee, and bonobo
B locus sequences (Fig. 2B). In this tree, the HLA-B homo-
logues of chimpanzees and bonobos clustered separately
from their human counterparts. By contrast, in similar trees
ofA locus alleles, the great ape HLA-A homologues clustered
with HLA-AI, -A3, -All in trees of exon 2 and exons 3-8
(data not shown). Despite being very similar in the al
domain, the. HLA-B7-like bonobo alleles, Papa-B*O1 and
Papa-B*04, each differed from HLA-B*0702 in the a2 domain
by more than nine amino acid substitutions. Recombination
of motifs between polymorphic B locus alleles and a number
of Patr- and Papa-B-specific anmino acid substitutions differ-
entiated the chimpanzee and bonobo sequences from their
human counterparts. Many of the unique substitutions in the
chimpanzee and bonobo B alleles (i.e., substitutions not
found in any HLA-B allele) were present in alleles of the
HLA-A1/-A3/-AII lineage (position 114, E and R; 15i, H;
152, W and A).
The HLA-A and HLA-B Loci Evolve Differenty. Analysis of

human anid chimpanzee MHC class I alleles reveals signifi-
cant differences between mechanisms of evolution of the A
and B loci. Pairwise comparisons between exons 2 and 3 of
HLA-A, Patr-A, and Papa-A alleles demonstrate a correla-
tion between the number of nucleotide substitutions in exons
2 and 3 (Fig'. 3A)-that is, if A locus alleles differ by large
numbers of substitutions in exon 2 they will also differ by
large numbers of substitutions in exon 3, indicating that in
most A locus alleles exons 2 and 3 share a common evolu-
tionary history. No such correlation was seen in a similar
analysis ofHLA-B, Patr-B, and Papa-B alleles (Fig. 3B). This
provides additional support for the hypothesis that intralocus
recoilbination has occurred in exon 3 of B locus alleles
serving to reassort polymorphic motifs between B locus
alleles in exon 3.

DISCUSSION
Comparison of chimpanzee and human B locus genes sug-
gests that B locus alleles may be an exception to the hypoth-

esis of trans-species evolution (12, 13). While homologues of
the HLA-A allelic lineages are conserved in chimpanzee,
bonobos, and humans (14-16), the HLA-B locus allelic lin-
eages have been scrambled by recombination. Thus, the
pattern ofevolution observed at the B locus does not support
the idea that all MHC loci evolve slowly (12, 13). Although
there is evidence that diversity at the class II DRB loci in
primates has been enhanced by recombination events, HLA-
DRP and Patr-DR(3 alleles of the same lineage cluster to-
gether in phylogenetic trees (20, 27, 28). Indeed, Patr-
DR(34*0104 and HLA-DRpA*0104 differ at only three resi-
dues in the al domain (20), and the a2 domains ofDRi alleles
are conserved between chimpanzees and humans (29). This
sharing of trans-species DRB sequence lineages is even
observed between humans and rhesus macaques (30). Fur-
thermore, a rhesus monkey Mamu-DR,91*03 allele can pre-
sent a peptide from the 65-kDa heat shock protein of Myco-
bacterium tuberculosis/leprae to a human T-cell clone re-
stricted by HLA-DR17(31). Likewise, homologues ofHLA-A
(14-16), -DRa, (29), -DRf, (20, 27, 28), DQa (32, 33), and
-DQf, (34, 35) alleles in great apes evolve in a trans-specific
fashion.
The presence of HLA-AJ/-A3/-All specific substitutions

in the chimpanzee and bonobo HLA-B homologues suggests
a role for interlocus as well as intralocus recombination in the
generation of diversity at theB locus. Thus, the great ape and
human B7-related alleles probably derived from an HLA-
B*07-like ancestral gene that gave rise to HLA-B*0702 in
humans and Papa-B*01 and Papa-B*04 in bonobos. Subse-
quent to their divergence from the ancestral gene, both inter-
and intralocus recombination in exon 3 encoding the a2
domain served to create new B locus alleles in humans,
chimpanzees, and bonobos. Interestingly, it was sequence
changes in exon 3 that were largely responsible for the
creation of new HLA-B alleles found in South American
tribes (21, 36).
The fact that an unusually high proportion of alleles at the

B locus are products of recombination need not imply that
this locus is a "hotspot" for recombination. If recombinant
alleles have been selectively favored at the B locus to a
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FiG. 1. Predicted amino acid sequences of the
------ chimpanzee and bonobo HLA-B homologues com-
------- pared to HLA-B sequences. A consensus sequence
------- of the al and a2 domain is shown and the chim-

panzee and bonobo HLA-B homologues (in bold-
:::::-- face type) andHLA-B alleles are compared; identity

- is indicated with a dash. Any unique amino acid
------- substitutions in the bonobo and chimpanzee B al-
------

leles not found in previously sequenced human
HlA-B alleles are indicated by underlining them.

-D--E-- Amino acids that point into the Ag-recognition site
------- (e), point both into the Ag-recognition site and up
------- toward the T-cell receptor (0), and point up toward

the T-cell receptor (A) are indicated (3). Residue 45
~of the al domain, which affects peptide binding in

*------- the B pocket, is also indicated (o).KETLORA

Alpha 1

CONSENSUS
HLA-B-4701
HLA-B-5301
HLA-B-5201
HLA-B'5201
HLA-B-7901
HLA-B-3501
HLA-B-1301
HLA-B-5101
HLA-B-4403
HLA-B-1302
HLA-B*3701
HLA-B-4901
HLA-B-4402
HLA-B* 1801
HLA-B-3801
HLA-B*7801
HLA-B84401
HLA-B-0801
HLA-B-4501
HLA-B'4601

HLA-B-1501
Patr-3*01
HLA-B-4101
HLA-B-4001
HLA-B-4002
HLA-B-5001

HLA-B'4801
Patr-3*02
Patr-&*oS
Patr-S15
Patr-B*04

HLA-B-5701
HLA-B-5801
Patr-3*01
Patr-3'09
Patr-3'10
Patr-3*03
Patr-9'06
Patr-3'07

HLA-B-2702
Papa-3*02
Papa-2'03

HLA-B'0702
Papa-3*01
Papa-3*04
fttr-3'13
Patr-St'l
Patr-5'22
Patr-3'14
HLA-B'4201
HLA-B-5401
HLA-B-5502
HLA-B-5601
HLA-B-5602
HLA-B-3901
HLA-B'3903
HLA-B 1401
HLA-B-1402
CONSENSUS

AlpIh 2

CONSENSUS
HLA-B-4701
HLA-B-5301
HLA-B-5201
HLA-B-5201
HLA-B-7901
HLA-B-3501
HLA-B' 1301
HLA-B-5101
HLA-B-4403
HLA-B-1302
HLA-B-3701
HLA-B*4901
HLA-B'4402
HLA-B-1801
HLA-B-3801
HLA-B-7801
HLA-B'4401
HLA-B-0801
HLA-B'4501
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Patr-**0I
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Patt-3*05
Patr-3*15
Patr-3*04

HLA-B'5701
HLA-B-5801
Patr-3'01
Patr-3*00
Patr-3*1O
Patr-2*03
Patr-5*06
Patr-2*07

HLA-B-2702
Papa-9'02
Papa-3'03

HLA-B-0702
Papa-3*01
Papa-3'04
Patr-2*13
Patr-3*1l
Patr-3'12
Patr-9*14
HLA-B'4201
HLA-B- 540 1
HLA-B*5502
HLA-B'5601
HLA-B 5602
HLA-B,3901
HLA-B-3903
HLA-B' 1401
HLA-B^1402
CONSENSUS
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d
FiG. 2. Phylogenetic trees for exon 2 (A) and exons 3-8 (B) ofB

locus alleles from human (HLA-), chimpanzee (Patr-), and bonobo
(Papa-). Statistically significant internal branches are indicated as
follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001. Trees were rooted
using HLA-A, Patr-A, and Papa-A sequences.

greater extent than they have at other MHC loci, recombi-
nant alleles are expected to be observed more frequently at
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FIG. 3. Number of nucleotide substitutions per site (24) in exons
encoding the a2 domain as a function of that of exons encoding the
al domain for all pairwise comparisons among human, chimpanzee,
and bonobo A locus alleles (A) and B locus alleles (B); human
sequences used are as in Fig. 2. The lines shown are linear regression
lines: (A) y = 0.024 + 0.479x; (B) y = 0.057 + 0.OSOx. Pairwise
comparisons of the number of nucleotide substitutions per site, d
(24), in exons encoding the a2 domain were plotted as a function of
the number of nucleotide substitutions per site in exon 2 (encoding
the al domain). Because pairwise comparisons are not strictly
independent, in order to have a conservative test of the null hypoth-
esis that the correlation coefficient is equal to zero, we tested with
n - 2 df, where n is the number of sequences compared rather than
the number of pairwise comparisons. In A, r = 0.612 (P < 0.001); in
B, r = 0.094 [not significant (NS)]. Similar values were obtained
when the number of synonymous substitutions per site (26) in exons
encoding the a2 domain was correlated with that of exons encoding
in the al domain-namely, for the A locus r = 0.562 (P < 0.01), and
for the B locus r = 0.056 (NS). Similar values were also obtained for
the correlation of the number of nonsynonymous nucleotide substi-
tutions per site in exon 2 with that in exon 3-namely, for theA locus
r = 0.551 (P < 0.01) and for the B locus r = 0.075 (NS).

theB locus than at other loci even if the rate ofrecombination
at the B locus is similar to that at other MHC loci. An
analogous phenomenon has been observed in bacteria and
other microorganisms (37-39), in which recombinants are
much more likely to be observed at loci where diversity is
selectively favored.
The conservation of the' al domain between chimpanzee,

bonobo, and human B locus alleles implies that the peptide
binding pockets encoded by this domain may be under strong
structural and functional constraints. In many of the peptide
binding motifs analyzed, it appears that the anchoring amino
acid is bound by the second, or B, pocket (40-42). The amino
acids lining this pocket are largely made up of residues
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encoded for by exon 2. Thus, the peptide binding motifs ofthe
chimpanzee, bonobo, and humanB locus alleles may be very
similar, with likely conservation of the anchor residues
between these two species. The difference in the a2 domains
may, however, change some of the amino acids accommo-
dated by pockets D-F but not change the anchor amino acid
of the peptides bound by chimpanzee, bonobo, and human B
locus alleles. Perhaps the advantage of being able to adapt
rapidly to changing pathogens selects for the binding of
slightly different peptides. An example of this may be the
differential peptide binding abilities of HLA-B35 and HLA-
B53, which differ by only five amino acids at the end of the
al domain. The anchor residue of proline is conserved
between the peptides bound by these two alleles, yet HLA-
B53 does not require a tyrosine residue at position 9 of the
bound peptide, unlike HLA-B35, which does. HLA-B53,
however, can now bind to a different malarial peptide and
confers selective advantage to individuals with this allele (42,
43).
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