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Abstract. The DRB region of the human major histocom- 
patibility complex displays length polymorphism: Five 
major haplotypes differing in the number and type of 
genes they contain have been identified, each at ap- 
preciable frequency. In an attempt to determine whether 
this haplotype polymorphism, like the allelic polymor- 
phism, predates the divergence of humans from great 
apes, we have worked out the organization of the DRB 
region of the chimpanzee Hugo using a combination of 
chromosome walking, pulsed-field gel electrophoresis, 
and sequencing. Hugo is a DRB homozygote whose single 
DRB haplotype is some 440 kilobases (kb) long and con- 
tains five genes. At least one and possibly two of these 
are pseudogenes, while three are presumably active genes. 
The genes are designated DRB*A0201, DRB2*0101, 
DRB3*0201, DRB6*OI05, and DRB5*0301, and are 
arranged in this order on the chromosome. The DRB2 and 
DRB3 genes are separated by approximately 250 kb of 
sequence that does not seem to contain any additional 
DRB genes. The DRB*A0201 gene is related to the DRB1 
gene of the human DR2 haplotype; the DRB2*OIO1 and 
DRB3*0201 genes are related to the DRB2 and DRB3 
genes of the human DR3 haplotype, respectively; the 
DRB6*OI05 and DRB5*0301 genes are related to the 
DRBVI and DRB5 genes of the human DR2 haplotype, 
respectively. Thus the Hugo haplotype appears to corres- 
pond to the entire human DR2 haplotype, into which a 
region representing a portion of the human DR3 haplotype 
has been inserted. Since other chimpanzees have their 
DRB regions organized in different ways, we conclude 
that, first, the chimpanzee DRB region, like the human 
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DRB region, displays length polymorphism; second, 
some chimpanzee DRB haplotypes are longer than the 
longest known human DRB haplotypes; third, in some 
chimpanzee haplotypes at least, the DRB genes occur in 
combinations different from those of the human haplo- 
types; fourth, and most importantly, certain DRB gene 
combinations have been conserved in the evolution of 
chimpanzees and humans from their common ancestors. 
These data thus provide evidence that not only allelic but 
also haplotype polymorphism can be passed on from one 
species to another in a given evolutionary lineage. 

Introduction 

The human leukocyte antigen (HLA) complex, the major 
histocompatibility complex (Mhc) of Homo sapiens, is an 
important multigene family essential in antigen presenta- 
tion and cell cooperation during immune response (Klein 
1986). The complex, which occupies approximately 4000 
kilobases (kb) of human chromosome 6 (Carroll et al. 
1987; Dunham et al. 1987; Lawrance et al. 1987; 
Trowsdale et al. 1991) - more than 0.2% of the haploid 
human genome- is divided into two classes, I and II, func- 
tionally specialized to present antigens to different subsets 
of T lymphocytes. The human class II (D) region, which 
is about 1100 kb long, is divided further into six sub- 
regions - DP, DN, DM, DO, DQ, and DR (Hardy et al. 
1986; Kappes and Strominger 1988). 

An unusual feature of the HLA-DR subregion is that 
it varies significantly in length among individuals of the 
human population. Five major groups of HLA-DR 
haplotypes, chromosomal segments differing in the 
number and composition of DR genes, have been iden- 
tified. Each haplotype contains two kinds of DR gene, 
DRA and DRB, coding for the c~ and/3 polypeptide chains, 
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respectively, which combine noncovalently to form c~,/~ 
heterodimers. Each of the major HLA-DR haplotypes con- 
tains one functional DRA gene and one or more DRB 
genes: The DRw8 haplotype contains only one DRB gene 
(DRBI*08; B6hme et al. 1985; Jonsson et al. 1989; Gor- 
ski 1989); the DR1 and DRwlO haplotypes contain two 
DRB genes (DRBI*01 or DRBI*IO and DRBVI*; B6hme 
et al. 1985); the DR2 haplotype contains three DRB genes, 
two of which are presumably functional (DRB1*02 and 
DRB5), and one of which (DRBVI) is a pseudogene 
(Kawai et al. 1989); the DR3, DR5, and DRw6 haplotypes 
also contain two presumably functional genes each 
(DRB1*03, *05, or *06, and DRB3) and one pseudogene 
(DRB2; Rollini et al. 1985); finally, the DR4, DR7, and 
DR9 haplotypes contain four DRB genes, two presumably 
functional ones (DRB1*04, *07, or *09, and DRB4) and 
two pseudogenes [DRBVII and DRBVIII (Spies et al. 
1985; Andersson et al. 1987); we use Roman numerals 
for genes not yet officially named; in the official 
nomenclature system (WHO Nomenclature Committee 
1991) genes are designated by Arabic numerals]. 

There seems to be an orthologous relationship be- 
tween the DRB1 genes of the different haplotypes: the dif- 
ferent forms of this gene present in the various haplotypes 
appear to be true alleles. Genes at the second expressed 
locus in each haplotype (DRB3, DRB4, and DRB5) are 
probably related to one another in a paralogous way - they 
are derived from different ancestral genes. The DRB1 
locus of each haplotype codes for a ~ chain that carries 
serologically-defined determinants DR1 through DRwl8 
(WHO Nomenclature Committee 1991; Dupont 1989). 
These determinants were originally used to distinguish the 
five major groups of haplotype and they also differentiate 
additional haplotypes within each group. [More DR 
haplotypes are distinguished by typing with T-cell clones, 
by two-dimensional gel electrophoresis, by restriction 
fragment length polymorphism (RFLP), and by DNA se- 
quencing (Dupont 1989). Most of the additional polymor- 
phism defined by these methods is specified by the DRB1 
locus.] In the DR2 haplotype, the DRB5 locus seems to 
be as polymorphic as the DRB1 locus and the products 
of these two loci seem to share at least some antigenic 
determinants (DRwl5, DRwl6; see WHO Nomenclature 
Committee 1991; Dupont 1989). The polymorphism of 
the DRB3 and DRB4 loci is more limited than that of the 
DRB1 locus. The DRB3 locus codes for one major 
serologically detectable determinant, DRw52 (Gorski et 
al. 1985), which is shared by all haplotypes expressing 
the DRwll(5),  DRwl2(5), DRwl3(6), DRwl4(6), 
DRwl7(3), and DRwl8(3) determinants [i.e., the 
DRw52 is a supertypic determinant (WHO Nomenclature 
Committee 1991; Dupont 1989)]. At least four closely- 
related DRB3 alleles can be distinguished by serological 
and other methods (Gorski and Mach 1986; Tiercy et al. 
1988, 1989; Termijtelen et al. 1988). The DRB4 locus 

also codes for one supertypic, serologically defined deter- 
minant, DRw53 (Gorski et al. 1987) which is shared by 
haplotypes expressing the DR4, DR7, and DR9 deter- 
minants. 

In addition to this inequality in polymorphism, there 
is also a difference in expression between the two func- 
tional DRB loci of each haplotype: the DRB1 gene is 
generally transcribed and expressed at the cell surface at 
levels five- to tenfold higher than those of the DRB3 and 
DRB4 genes [Rollini et al. 1985; Sorrentino et al. 1985; 
Stunz et al. 1989; the DRB5 gene, however, is expressed 
at about the same level as the DRB1 gene of the DR2 
haplotype (Lee et al. 1987)]. 

The five major DR haplotypes represent a form of 
chromosome length polymorphism, since each haplotype 
occurs in human populations at appreciable frequencies 
(Dupont 1989). This polymorphism contrasts with the 
constancy of the other HLA class II subregions. The DP 
subregion, for example, contains the same four loci 
(DPA1, DPA2, DPB1, DPB2) not only in all HLA 
haplotypes thus far tested (Gorski et al. 1984; Trowsdale 
et al. 1984; Servenius et al. 1984; Okada et al. 1985), 
but in the chimpanzee (U. Br/indle and J. Klein, un- 
published data) and a similar constancy also characterizes 
the DQ, DN, and DO subregions (Auffray et al. 1983; 
Spielman et al. 1984; Boss and Strominger 1984). The 
occurrence of the five major HLA-DR haplotypes in dif- 
ferent ethnic groups suggests that the DR polymorphism 
was established before racial differentiation of Homo 
sapiens. The persistence of these chromosomal variants 
in the human population suggests, in turn, that the haplo- 
type polymorphism might be functionally important. A 
number of diseases have indeed been associated with 
specific HLA alleles (Tiwari and Terasaki 1985) and with 
specific DR haplotypes (Dawkins et al. 1983) indicating 
that there may be a link between chromosomal polymor- 
phism and susceptibility to disease. Hence it is important 
to understand when and how the chromosomal polymor- 
phism arose. The study of human populations, however, 
provides few clues in this regard, mainly because the 
intermediate chromosomal forms (through which the 
extant DR haplotypes could be traced back to the single 
ancestral haplotype) no longer exist. We must therefore 
turn to our nearest relatives, the great apes. In this com- 
munication we describe a DR haplotype of the chimpanzee 
Hugo and shed light on the origin of two of the five major 
HLA-DR haplotypes, DR2 and DR3. 

Materials and methods 

Cell line. Hugo-EBV is an Epstein-Barr virus (EBV)-transformed B- 
lymphocyte line from the chimpanzee (Patr troglodytes) Hugo of the 
ITRI-TNO Primate Center, Rijswijk, The Netherlands (Mayer et al. 
1988). 
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Construction of the genomic library. Genomic DNA was isolated from 
the Hugo-EBV cell line by the procedure of Blin and Stafford (1976). 
Genomic !ibrary was constructed according to the standard protocol 
(Steinmetz et al. 1985). Briefly, the genomic DNA was partially digested 
with Sau 3A and fractionated on a sucrose gradient. Fractions containing 
DNA fragments 35-45 kb long were collected, ligated to the arms of 
the cosmid vector pNNL (Grosveld et al. 1982), and transfected into 
Escherichia coli 490A using in vitro packaging extracts (Stratagene, 
Heidelberg, FRG). Approximately 1.5× 10 6 cosmid colonies were 
spread, replicated, and screened by colony filter hybridization (Maniatis 
et al. 1982) with the Patr-DRB cDNA probe C4-2 (Fan et at. 1989). 
The probe encompasses the entire coding region of the DRB gene except 
for the 3' untranslated (3' UT) part. Clones hybridizing with the probe 
in two rounds of screening were grown and DNA was isolated from 
them (Birnboim 1983). 

DNA blotting and hybridization. Digested DNA was electrophoresed in 
0.8 % (or 0.6 %) agarose gel in Tris-acetate buffer (Maniatis et al. 1982), 
transferred to nylon membranes (Amersham-Buchler, Braunschweig, 
FRG) by vacuum blotting (Olszweska and Jones 1988) with 20× 
standard sodium citrate (SSC; 1 × SSC is 150 mM NaC1, 15 mM sodium 
citrate, pH 6.3), and fixed with ultraviolet (UV) light. Hybridizations 
were carried out in 5 × saline sodium phosphate-EDTA [SSPE; 1 × 
SSPE is 150 mM NaC1, 10 mM NaH2PO4, 1 mM ethylenediamine- 
tetraacetate (EDTA), pH 7.4], 50% formamide, 5 x Denhardt's solu- 
tion, 250 ~tg/rrd denatured salmon sperm DNA, and 0.2% sodium 
dodecyl sulphate (SDS) at 42 °C for 16 h. The concentration of the 
probes, labeled to 4 × 108 counts per minute per one microgram by the 
hexarner priming method (Feinberg and Vogelstein 1983), was 1 × 10 6 

cpm/ml. All except the final washing steps were performed at 65 °C 
under high stringency; the final wash was in 0.2% SSPE, 0.1% SDS. 

Characterization ofgenomic clones. Clones obtained after two rounds 
of screening with the C4-2 probe were hybridized with 3' UT region 
probes specific for the DPB, DQB, and DRB genes (Rollini et al. 1985) 
and with a 5' UT HLA-DRB-specific probe (Spies et al. 1985), which 
included the leader-encoding region of the human DRB genes. Clones 
hybridizing with the DRB-specific probes were mapped by standard 
single, double, and partial digestions with restriction endonucleases, 
followed by Southern blot hybridization using specific cDNA fragments 
as probes. Cosmid fragments hybridizing with the C4-2 probe were 
subcloned in the plasmid vector pUC19 (Yanisch-Perron et al. 1985). 
For mapping the individual DRB exons, the C4-2 probe was fragmented 
into smaller pieces: a 300 base pair (bp) Dde I-Pst I fragment which 
encodes exon 2; a 126 bp Mbo II-Ban II fragment which encodes exon 
3; and a 130 bp Hgi AI-Eco RI fragment containing the transmembrane- 
cytoplasmic region. 

Identification ofknown Hugo DRB genes with those borne by the genomic 
clones. To compare exon 2 sequences of the known Hugo DRB genes 
(Fan et al. 1989) with the sequences of the cosmid clones, PstI fragments 
of the pUC 19 subclones hybridizing with the exon 2-specific probe were 
subcloned in M13mpl8 (Messing 1983). These subclones were se- 
quenced using the dideoxy chain-termination method (Sanger et aI. 1977) 
and the Sequenase Kit (US Biochemicals, Cleveland, OH). Alterna- 
tively, hybridizations of the pUC19 subcIones with oligonucleotides 
specific for exon 2 were carried out. 

Comparison with cosmid clones from HLA-DRB haplotypes. To compare 
chimpanzee and human clones with each other, cosmids from the HLA- 
DR2 (Kawai et al. 1989) and DR3 haplotypes (Rollini et al. 1985) were 
digested with Eco RI and Barn HI and hybridized with chimpanzee- 
derived probes. 

Pulsed-field gel electrophoresis (PFGE). DNA was prepared from 
cultured Hugo-EBV cells using the method described by Herrmann and 
co-workers (1987). The DNA embedded in 1% agarose blocks was 

digested by the restriction endonucleases Cla I and Mlu I, singly and 
doubly, according to the manufacturer's instructions. The PFGE was 
performed at 15 °C in i x TAFE buffer (0.1 M Tris, 0.5 M EDTA, 
4.35 M acetic acid) using the Beckman Gene Line II System at 350 V 
with a switch time of 60 seconds for 12 h, followed by a 90-s switch 
time for 12 h at 370 V. Yeast (Saccharomyces cerevisiae) DNA was 
used as a molecular marker. Blotting of gels and filter hybridizations 
were carried out as described by Herrmann and co-workers (1987). To 
test whether two probes hybridized to the same fragment, we always 
used the same filter. A probe was removed from a filter before hybridiza- 
tion with the next probe by placing the filter into the solution containing 
100 mM NaOH for 2 x 20 rain followed by equilibration with 40 mM 
phosphate buffer (pH 6.0). 

Results 

A ch impanzee  cosmid l ibrary was constructed using 

genomic  D N A  isolated f rom the H u g o - E B V  cell  l ine and 

the vec tor  p N N L .  The screening and rescreening  of  

1 . 5 x  106 colonies  with the ch impanzee  c D N A  probe  

C4-2 p roduced  66 posi t ive  clones.  To  identify unam-  

biguously  DRB-bearing cosmids,  the 66 clones were  
hybr id ized  with probes  specif ic  for the 3'  U T  regions o f  

the human DRB, DPB, and DQB genes  (Roll ini  et al. 

1985), as wel l  as with a p robe  specific for the 5' U T  reg ion  

and the leader  sequence o f  the HLA-DRB gene  (Spies et 

al. 1985). The  25 DRB-bear ing  cosmids  obtained by this 

p rocedure  were  mapped  by digest ion with restr ict ion 

enzymes  and by Southern blot  hybridizat ion.  T w o  clusters 

o f  over lapping  cosmids  containing f ive  D R B  genes were  

obtained (Figs. 1 and 2). The presence  or  absence o f  the 

individual  exons in each gene and the or ientat ion o f  the 

individual  genes was established by hybr id iza t ion  o f  

restr ict ion f ragments  wi th  exon-speci f ic  probes.  

The  first cluster  consists o f  15 over lapping  cosmids,  

spans approximate ly  65 kb o f  D N A ,  and contains two 

DRB genes (Fig. 1), one  o f  which is comple te  and the 

other  truncated.  Subcloning in M 13mp 18 and sequencing 

of  an exon 2-bear ing f ragment  f rom the comple te  gene 

revea led  that it cor responds  to the w l  c D N A  clone se- 

quenced  by Fan and co-workers  (1989). It is designated 

Patr-DRB*A0201 in accordance  with the p roposed  rules 

for pr imate  Mhc gene nomenc la tu re  (Klein et al. 1990), 

amended  by O ' h U i g i n  and co-workers  (1992). As  pointed 

out by Fan and co-workers  (1989), the Patr-DRB*A0201 
gene  is closely related to the HLA-DRB1*15 and HLA- 
DRB1 "16 genes o f  the human DR2 haplotypes.  The  trun- 

cated gene apparent ly lacks exons 1 and 2 (al ternat ively,  

the two exons d iverged  so much  f rom other  ch impanzee  

DRB genes that they no longer  hybr id ize  with the probes  
and under  the condit ions used). This  gene  was sequenced 
by Vincek  and co-workers  (1991) and designated Patr- 
DRB2*0101 because  o f  its h igh sequence similari ty to the 
HLA-DRB2 pseudogene  o f  the DR3 haplotype.  The  human 

gene,  however ,  lacks only exon 2 and possesses all re-  
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maining five exons. Presumably, the Patr-DRB2 gene lost 
exon 1 after the separation of the human and chimpanzee 
lineages. The HLA-DRB2 pseudogene, in turn, suffered 
a twenty-nucleotide deletion in exon 3, which is absent 
in Patr-DRB2 and which is responsible for a shift in the 
translational reading frame (Rollini et al. 1987; Vincek 
et al. 1991). 

The second cluster consists of ten overlapping 
cosmids, spans approximately 125 kb of DNA, and con- 
tains three DRB genes, arranged in a head-to-tail con- 
figuration (Fig. 2). The distance between the first two 
genes is 28 kb, that between the second and the third gene 
24 kb. Approximately 8 kb downstream from the first 
gene is a solitary exon 1 (leader) sequence. The first and 
the last genes are complete and sequencing of their exon 
2 revealed that they correspond to the cDNA clones C4-2 
and B3-5, respectively, sequenced by Fan and co-workers 
(1989). On the basis of their sequence, they appear to be 
closely related to the human HLA-DRB3 and HLA-DRB5 
genes, respectively, and are therefore designated Patr- 
DRB3*0201 and Patr-DRB*B0301. The middle gene of 
the second cluster is truncated: it appears to lack exon 1 
and has a 2 bp deletion in codon 77 abolishing the correct 
reading frame. It was sequenced by Figueroa and co- 
workers (1991) and was found to be closely related to the 
HLA-DRBVI pseudogene of the human DR2 haplotype. 
The chimpanzee pseudogene is therefore designated Patr- 
DRB6*0105. The HLA-DRBVI pseudogene, like Patr- 
DRB6, seems to lack exon 1 (Corell et al. 1991; Figueroa 
et al. 1991). 

To determine whether the DRB genes found on the 
cosmid clones account for all those detectable in the Hugo 
genome, we digested Hugo genomic DNA with the Eco 
RI restriction enzyme, electrophoresed the digest, blotted 
it to a nylon filter, and hybridized it with a labeled probe 
specific for the 3' UT region of the DRB genes. The probe 
is a 224 bp long Pst I fragment specific for the 3' UT region 
of the DRB genes isolated and provided to us by R. 
Bontrop (unpublished data). As seen from Figure 3, all 
the hybridizing bands do indeed correspond to fragments 
in the cosmid clones. 

These results indicate that one part of the Hugo 
haplotype is closely related to the human DR3 haplotype 
and another part to the human DR2 haplotype. This rela- 
tionship could be confirmed by hybridization with two 

Fig. 1. Restriction map of cluster A from the Patr-Hugo DRB haplotype. 
From top to bottom: Scale in kb; restriction map; size of fragments (in 
kb) produced by the digestion with indicated restriction endonucleases; 
cluster of overlapping cosmid clones. L, 13~, 132, TM, CY, and 3' UT 
are exons coding for the leader, the /31-domain, the /3a-domain, the 
transmembrane region, the cytoplasmic region, and the 3' UT region, 
respectively. E, Eco RI; B, Barn HI; C, Cla I; S, Sal I; K, Kpn I. 



U. Brfindle et al. : Organization of chimpanzee DRB region 43 

kb 0 10 
I I 

6 B  EB c [ [  E E S 
I [  II I I t  11  I 

L 
ECO R] 2,,. I L,2 I.el2,Op,S i ~,es 

Barn HI PJ°ll,Sl 11,e 
Kpn l  18.6 

Clo I ~..L., I 

S o L I  u,2 

20 3O 
I I 

DRB*A0201 
BE K E B8 
l i  J I I I  

I l l I I 
~1 ~z T.,CY rUT 

I s,o l lo,7 

I 9,1 I,q '7,e 

I 

[EBB ( E 
I~1  J J 

1,91 2.7 I1,1l .~,z 

I,. 5 

36,8 

~0 5O 
I I 

DRB2*OlOl 
E E 9 E S BE 
I ] I ] ] I I  

t O II 
.62 TH,f:V"3' UT 

11,7l {,,~ [ 5,2 

12,o l ~,o I 

J 5 - ~ . 3  a 

I e-7.1 
[ 7-1o.1 

[ 5-9.20 

[ 9-5.1 c 

I I - 1 . 1 o  

[ l O - l O J  

19-15 .1  
[ 1 - 7 . 1  

I s -5 .3  h- 

I 9 - 21.1 o 

1 7-1.1 
I 9 -3 .1  / 5 - 1 3 . 2  t 

[ 9 - 3 1 . 1  a 

i 1e-7.1 

Fig.  2. Restriction map of cluster B from the Patr-Hugo-DRB haplotype. For explanations 

I 

[ 

I 

see Figure 1. 

60 
I 

[ 2,0 [ 12J. 

13~0 

17,0 

2f~ 

Fig. 3. Southern blot of Hugo genomic DNA 
digested with Eco RI and hybridized with a cotton- 
top tamarin (Saguinus oedipus) probe specific for 
the 3' UT region of the DRB gene. 

chimpanzee probes isolated from the noncoding region of 
the haplotype that were repetitive sequence-free. They 
hybridized specifically with the corresponding human 
DR3 (Rollini et al. 1985) and DR2 (Kawai et al. 1989) 
cosmid clones (data not shown; but see Fig. 7). 

Since serological typing, combined with pedigree 
analysis of Hugo's family, indicates this chimpanzee to 
be a DR-region homozygote (R. Bontrop, personal com- 
munication), two attempts were made to link the two 
clusters of cosmid clones by chromosome walking. First, 
we tried to extend the clusters, but were only able to obtain 
probes which hybridized with non-overlapping cosmids. 
We then attempted to find linking cosmids by using human 
probes specific for the region between the DRB2 and 
DRB3 genes of the human DR3 haplotype. The assump- 
tion was that chimpanzee homologs of these two human 
genes were linked in the same way as in the human DR3 
haplotype. The five chimpanzee clones obtained in this 
way could, however, not be overlapped with the two 
clusters. 

A final attempt to link the two clusters was made using 
the PFGE method. Anonymous unique DNA probes 
(Hugo 3 and 4) were isolated from clusters A and B, 
respectively. Hugo DNA was digested with restriction en- 
donucleases Cla I and Mlu I in single and double diges- 
tions. The Cla I restriction enzyme was chosen because 
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each of the two clusters contains a Cla I site at one end 
only (the end opposite to the location of the DNA probes), 
so that it could be used to orient the clusters. The Mlu 
I restriction enzyme was used because it is a very rare 
cutter, usually producing large PFGE fragments in the 
mouse genome (D. Barlow, personal communication), 
thus increasing the probability of linking the two clusters. 

Probes Hugo 3 and Hugo 4 were hybridized to the same 
filter and both revealed the same hybridizing bands (Mlu 
I band of about 1070 kb, Cla I band as well as Mlu I/Cla 
I bands of about 420 kb; Fig. 4). This result indicates that 
clusters A and B are present on the same 1070 kb Mlu 
I and 420 kb Cla I fragments. As clusters A and B contain 
Cla I site at one of their ends, it is possible to orient the 
clusters unambiguously (Fig. 5) knowing that both 
clusters are on the same 420 kb Cla I fragment. Other 
orientations would not produce the Cla I band detected 
by the two probes. 

One possible explanation for the presence of the 250 
kb segment between the Patr-DRB2 and Patr-DRB3 genes 
was that the segment arose by inversion and hence might 
contain class II genes flanking the DRB genes in the other 
haplotypes. To test this possibility, the same PFGE filters 
previously used for hybridization to link two Hugo DR 
clusters were hybridized with human DPB (Kappes et al. 
1984) and DQB (Auffray et al. 1982) probes. Both probes 
revealed the same hybridizing band of about 1070 kb in 
Mlu I restriction enzyme digestion as found by DRB 
probes, suggesting that the DPB, DQB, and DRB genes 
were on the same Mlu I fragment. However, hybridization 
of the Cla I digested DNA with the DPB and DQB probes 
produced a 350 kb fragment which was distinct from the 
420 kb fragment obtained after DRB hybridization (Fig. 
6). These results indicate that the DPB and DQB genes 
have not been inserted between DRB2 and DRB3 genes. 

Fig. 4. Pulsed-field gel electrophoresis of Hugo DNA probes Hugo 3 
and Hugo 4. The genomic DNA was digested with Cla I (lane 1); Mlu 
I, lane 2; Cla I and Mlu I, lane 3 and hybridized with anonymous, 
repetitive sequence-free probes Hugo 3 and Hugo 4. Fragment sizes are 
indicated in kb. 

Discussion 

The DR haplotype of the chimpanzee Hugo is different 
from all the known human haplotypes in its length and 
the number of genes it contains. While the DRB region 

Cluster A 

0 5 k b  65kb 0 
I 

I ~  I ~ 1  I ~ 
I IDRB*A0201 DRB2*OIO1 I I 

Hugo 3 

110 kb 120 kb 
I I 

DRB3*OIO1 DRB6*OI05 DRB5 "0301 I I Cluster B 

Gap/~1250 kb 

t'~1420 kb 

Fig. 5. Organization of genes in clusters A and B of the Patr-Hugo-DRB haplotype. The position of probes (Hugo 3 and Hugo 4) and of the Cla 
I restriction sites used in the PFGE, as well as the expected size of fragments detected by PFGE are indicated. 
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of the longest human DR haplotype (DR4) encompasses 
less than 200 kb and contains four genes (two expressed 
genes and two pseudogenes; Andersson et al. 1987), the 
DRB region of the Hugo haplotype is 440 kb long and is 
composed of five genes (three expressed genes and two 
pseudogenes). The Hugo haplotype is thus far the only 
known DR haplotype to express three DRB genes; all other 
known DR haplotypes express only one or two DRB 
genes. Judging from data on the number of genomic 
restriction fragments hybridizing with DRB probes, the 

Fig. 6. PFGE Hugo DNA. The genomic 
DNA was digested with Cla I (lane 1) 
and Mlu I (lane 2) and hybridized with 
DPB and DQB probes. Fragment sizes 
are indicated in kb. 

large size of the DRB region might be a characteristic 
feature of chimpanzee DR haplotypes (Bontrop et al. 
1990). 

In spite of this difference in length, the chimpanzee 
haplotype is clearly related to the human DR haplotypes 
and more so to some than to others. Specifically, it con- 
tains two segments that correspond to the entire human 
DR2 haplotype and another segment homologous to a part 
of the human DR3 haplotype. The latter segment is in- 
serted between the DRB1 and DRB6 genes of the region 
corresponding to the HLA-DR2 haplotype (Fig. 7). One 
way of deriving the HLA-DR2 and HLA-DR3 haplotypes 
from the Patr-Hugo haplotype is depicted in Figure 7. The 
HLA-DR2 haplotype might have arisen by looping out and 
deletion of the DRB2 and DRB3 genes in an ancestral 
Hugo-like haplotype. The loop formation might have been 
facilitated by the considerable sequence similarity be- 
tween the DRB2 and DRB6 genes (Vincek et al. 1991; 
Figueroa et al. 1991), which might have led to their 
mispairing, or by the misalignment between homologous 
sequences flanking the 5' end of the DRB2 and DRB6 
genes (Fig. 7). The HLA-DR3 haplotype could have been 
produced from the deleted portion of the Patr-Hugo 
haplotype carrying the DRB2 and DRB3 genes and subse- 
quent duplication of the DRB3 gene to produce the 
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Fig. 7. The postulated origin of HLA-DR2 and HLA-DR3 haplotypes from the Patr-Hugo-DRB haplotype. The organization of the Hugo-DRB haplotype 
is shown at the top, the looping out of the region corresponding to a portion of the HLA-DR3 haplotype in the middle, and the organization of 
the HLA-DR2 and HLA-DR3 haplotypes at the bottom. Duplication of the DRB3 gene in the ancestral HLA-DR3 haplotype is indicated by broken 
lines. Large closed rectangles indicate genes, shaded or open small rectangles indicate homologous regions detected by anonymous DNA probes 
A and B. L, solitary leader-encoding exon. 
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DRBl*03 gene. The origin of the DRBl*03 and DRB3 
genes by duplication from a common ancestral gene has 
been postulated by Rollini and co-workers (1985) on the 
basis of restriction map similarities between the 
chromosomal regions occupied by these two genes in the 
HLA-DR3 haplotype. Based on sequence similarities, we 
postulated that DRB3 is the older of the two genes (Klein 
et al. 1991) and this postulate is consistent with the scheme 
depicted in Figure 7. Since very long DRB haplotypes also 
occur in other chimpanzees (Bontrop et al. 1990), in the 
gorilla (Kasahara et al. 1992), and in the orang-utan (C. 
Schtnbach und J. Klein, unpublished data), we consider 
the relative shortness of the human DRB haplotypes a 
derived trait. It is possible, however, that the events 
depicted in Figure 7 occurred in the reverse direction and 
that a Hugo-like haplotype was generated from the HLA- 
DR2-1ike and HLA-DR3-1ike haplotypes. In dendrogram 
analysis, the pattern of clustering of the Hugo-DRB genes 
with related genes in humans and apes suggests that 
the HLA-DR2-1ike and HLA-DR3-1ike haplotypes were 
derived from the Patr-Hugo-like haplotypes before the 
divergence of chimpanzees and humans. If  so, the short 
haplotypes might still be present in other chimpanzees or 
in the gorillas. The origin, nature, and fate of the 250 kb 
insert in the Patr-Hugo haplotype still remains to be deter- 
mined; however, it does not appear to contain any known 
class II genes. 

It is now firmly established that the major allelic 
branches at the functional Mhc loci were founded long 
before the inception of a species and hence that they evolve 
in a trans-species manner (Mayer et al. 1988; Lawlor et 
al. 1988; Gyllensten and Erlich 1989; Fan et al. 1989; 
McConnell et al. 1988; Figueroa et al. 1988). The analysis 
of the Hugo DR haplotype now establishes for the first 
time that not only alleles, but also certain combinations 
of alleles (chromosome segments or haplotypes) evolve 
in this manner. The fact that part of the human DR3 
haplotype and the entire human DR2 haplotype can be 
found in the chimpanzee must mean that at least a portion 
of the haplotype polymorphism now present in the popula- 
tions of Homo sapiens arose before the separation of the 
human and chimpanzee evolutionary lineages from a com- 
mon ancestor some 5-7 million years ago (Martin 1990), 
and that it has been passed on from species to species along 
these lineages. Although the haplotypes have not remain- 
ed intact along their entire lengths, their parts encompass- 
ing more than one gene did so. This conclusion is also 
supported by the analysis of gorilla DRB haplotypes 
(Kasahara et al. 1992). 

The extraordinarily long persistence of DRB haplo- 
type polymorphism can be explained in one of two ways. 
First, the combination of two or more genes can be 
favored by natural selection and hence can be maintained 
in the population in spite of occasional crossing-over 
recombining them. However, the fact that one of the two 

linked elements is a pseudogene which has been inactive 
for the entire period of separation of human and chim- 
panzee lineages (O'hUigin and Klein 1991), contradicts 
this explanation. Since the pseudogene is not expressed, 
it cannot be subjected to selection. It is possible, however, 
that selection acts on two linked functional genes and that 
a linkage disequilibrium with a pseudogene is maintained 
by its location between the active genes. 

An alternative explanation is that the distribution of 
recombination sites along the chromosome is uneven. It 
has been suggested (see Steinmetz et al. 1987; Jarman and 
Well 1989) that the initiation of crossing-over in a par- 
ticular region requires specific DNA sequences - the 
recombination signals. The sequences may not be dis- 
tributed evenly so that some chromosomal regions may 
recombine more frequently than others. As the chro- 
mosomes evolve, however, new recombination signals 
may be generated while some of the old ones may be 
obliterated by mutations or deletions. The absence of 
recombination signals in a particular region may be the 
reason why entire chromosomal segments remain 
"frozen" over millions of years and thousands of genera- 
tions. The apparent haplotype specificity of the recom- 
binational "hot spots" might be the consequence of the 
postulated evolutionary instability of the recombination 
signals. The various DRB haplotypes now present in 
human and chimpanzee populations may have been 
generated initially because of shifting of recombination 
signals followed by unequal crossing-over. The uneven 
distribution of crossing-over might by no means be limited 
to the Mhc; it might be a general phenomenon occurring 
along all chromosomes. Its generality may not have been 
recognized up until now because there are only very few 
polymorphic systems in which mapping analysis has 
reached the fine resolution level required for the uneven- 
ness to become apparent. 
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