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ABSTRACT

Analysis of the highly polymorphic 1 domains of the HLA class Il molecules encoded by the DRB1,
DQB1, and DPBL1 loci reveals contrasting levels of diversity at the allele and amino acid site levels. Statistics
of allele frequency distributions, based on Watterson’s homozygosity statistic F, reveal distinct evolutionary
patterns for these loci in ethnically diverse samples (26 populations for DQB1 and DRB1 and 14 for
DPB1). When examined over all populations, the DQB1 locus allelic variation exhibits striking balanced
polymorphism (P < 10~*), DRB1 shows some evidence of balancing selection (P < 0.06), and while there
is overall very little evidence for selection of DPB1 allele frequencies, there is a trend in the direction of
balancing selection (P < 0.08). In contrast, at the amino acid level all three loci show strong evidence of
balancing selection at some sites. Averaged over polymorphic amino acid sites, DQB1 and DPB1 show
similar deviation from neutrality expectations, and both exhibit more balanced polymorphic amino acid
sites than DRB1. Across ethnic groups, polymorphisms at many codons show evidence for balancing
selection, yet data consistent with directional selection were observed at other codons. Both antigen-
binding pocket- and non-pocket-forming amino acid sites show overall deviation from neutrality for all
three loci. Only in the case of DRB1 was there a significant difference between pocket- and non-pocket-
forming amino acid sites. Our findings indicate that balancing selection at the MHC occurs at the level
of polymorphic amino acid residues, and that in many cases this selection is consistent across populations.

HE function of human leukocyte antigen (HLA)
class I and class 1l molecules is to collect peptide
fragments inside the cell and transport them to the cell
surface, where the peptide-HLA complex is surveyed by
immune system T cells (see, e.g., Monaco 1993). Three
regions of HLA class Il genes produce functional anti-
gen-presenting heterodimers; these are labeled DR, DQ,
and DP. Each class Il heterodimer is made up of the
noncovalent association of two glycopeptide chains: the
« chain and the B chain, encoded by, e.g., for DQ, the
DQAL and DQBL1 loci, respectively. T cells recognize
both MHC and foreign antigen presented together as
a complex.
Specificity and affinity for peptides by the antigen

Corresponding author: Glenys Thomson, Department of Integrative
Biology, 3060 Valley Life Sciences Bldg., MC#3140, University of Cali-
fornia, Berkeley, CA 94720-3140.

E-mail: glenys@allele5.biol.berkeley.edu

! Present address: Division of Infectious Diseases and Geographic Med-
icine, Stanford University, Stanford, CA 94305.

2Present address: Department of Public Health, University of Califor-
nia, Berkeley, CA 94720.

3Present address: Laboratory of Genomic Diversity, National Cancer
Institute, Frederick, MD 21702.

Genetics 152: 393400 (May 1999)

recognition sites (ARS) are determined by contacts with
the amino acid side chains of the bound peptide and
thus are due to the amino acid sequences of both the
bound peptide and the HLA allelic variant. Definable
pockets in the ARS of the HLA molecules bind to the
antigenic peptide side chains to create binding speci-
ficity.

The genetic variation of HLA, and the major histo-
compatibility complex (MHC) regions in other species’
genomes, is especially striking in the amino acid resi-
dues of the ARS (see, e.g., Parham et al. 1989; Lawlor
et al. 1990; Hedrick et al. 1991). High heterozygosity at
positions critical to antigen recognition suggests positive
selection in favor of diversity. This is also indicated by
analyses of Hughes and Nei (1988, 1989) and Taka-
hata et al. (1992), which show that in the ARS, nonsyn-
onymous differences between alleles are proportionally
more common than synonymous ones. In the rest of
the molecule, there is an excess of synonymous changes,
as is normally observed in protein coding sequences.

The neutral theory of evolution at a locus assumes
that all alleles are selectively equivalent, that mutation
is the source of new genetic variation, and that genetic
drift results in loss of variation. Ewens (1972) developed
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asampling theory that predicts the distribution of alleles
atalocus drawn from a population at equilibrium under
the infinite alleles model of neutrality. Watterson
(1978) developed a method, using a homozygosity mea-
sure, denoted by F, and the observed number of alleles
and sample size, to compare a sample of allele frequen-
cies to neutrality expectations. For a given number of
observed alleles, a low value of the homozygosity mea-
sure F, compared to the neutrality expectation, corre-
sponds to all alleles having similar frequencies. Some
form of balancing selection is implied when the ob-
served allele frequencies are more even than the neu-
trality expectation (Watterson 1978). A high value of
F compared to the neutrality expectation corresponds
to one allele predominating with the others at low fre-
guencies. Directional selection is implicated in this case.
Note that the fit of a sample of allele frequencies to
neutrality expectations does not mean that selection is
not operating, but simply that one cannot reject the
neutral model.

Previous analyses of serologically defined class I (A,
B, and C) and class Il (DR) alleles and of polymerase
chain reaction/sequence-specific oligonucleotide probe
(PCR/SSOP) typed class Il (DRB1 and DQB1) alleles
show that the alleles at these loci are often more even
in frequency than expected under neutrality, which im-
plies some form of balancing selection (Hedrick and
Thomson 1983; Klitz et al. 1986, 1992; Begovich et
al. 1992). However, in many, but not all, populations
studied to date, the distribution of DPB1 alleles does not
differ significantly from neutrality expectations, despite
the molecular similarity of the encoded proteins and
proximity of the locus to DR and DQ genes (Begovich
et al. 1992).

The availability of population data from a number of
ethnic groups with PCR/SSOP molecular-defined varia-
tion at the HLA class |1 DRB1, DQB1, and DPB1 loci has
allowed us to compare and contrast genetic variation
among populations at both the allelic and amino acid
levels. Using Watterson’s homozygosity statistic, the al-
lele frequency distributions were tested for departure
from neutral expectations. We also investigated amino
acid frequency distributions with respect to neutrality
expectations and determined if the results corre-
sponded with the findings for the allele level investiga-
tion. In addition, genetic variation at the amino acid
level was examined for the different functional catego-
ries of polymorphic amino acid sites.

MATERIALS AND METHODS
The Watterson homozygosity test of neutrality: The homozy-

gosity measure for the allele frequencies at a locus is denoted
by Fa:

Fa = S, @

where p; is the observed frequency of allelic type i, i = 1, 2,
..., k, in a sample of size n individuals, i.e., a total of 2n
alleles (Watterson 1978). Note that the Watterson homozy-
gosity test of neutrality does not examine deviations from
Hardy-Weinberg proportions, but uses the expected Hardy-
Weinberg homozygosity as a measure of the distribution of
allelic frequencies for a given sample size (2n) and observed
number of alleles (k). Values of F, range from 0 to 1. Several
confidence levels for the distribution of F, under neutrality
are available for combinations of 2n and k up to 500 and 40,
respectively (Anderson 1979; also see Ewens 1979). Individ-
ual values of F, are tested for significant deviation from neutral-
ity by comparison to quantiles of the neutral distribution
(matching for k and 2n) as calculated in Anderson (1979).
If the exact combinations of 2n and k in the HLA data are
not observed in the table, values are linearly interpolated. In
cases in which 2n > 500, values for 500 are used. This gives a
conservative value when the alternative hypothesis is balancing
selection, where the homozygosity observed is expected to be
lower than the neutrality expectation for the given number
of alleles.

To allow comparison of homozygosity F statistics across pop-
ulations with different numbers of alleles and sample sizes,
tabled values of the mean and variance of F, (Anderson 1979)
were used to calculate the normalized deviate, Fnd,;

FA observed FA expef;f;d (2)
[Var(FA expected)]

for each sampled population. A negative value of Fnd, is in
the direction of balancing selection, a value of zero is the
neutrality expectation, and a positive value is in the direction
of directional selection. The mean of Fnd, across m popula-
tions, Fnd,, was calculated

Fnd, =

S Fnda;
=, 3)

Fnd, =
where Fnd,; is the normalized deviate for the jth population,
j=1,2,...,m. By the central limit theorem,

Fnd, ~ N(0, 1/m). (@)
The estimated standard error of Fnd, is given by s,, where

, _ 2(Fnds; — Fnd,)?
S} AL (5)
The overall test of Fnd, is a two-tailed test using z =
Fnd, Vm/S,.

Neutrality testing at the amino acid level is analogous to
that for allelic variation. The homozygosity statistic for amino
acid polymorphism is calculated as

Fa = ;q £\ (6)

where g; is the observed frequency of amino acid residue i,
with a total of t amino acids, i = 1, 2, .. ., t, at the site under
consideration, in a sample of size n individuals, i.e., a total of
2n amino acid “alleles.” The normal deviate for f,, denoted
Fnd,, is calculated as for allelic variation (see Equation 2).
The Fnd,, can be averaged across m populations, or across r
polymorphic sites, and the statistical properties and tests of
the averages are as in Equations 3-5.

Population samples: Allele and amino acid variation are
examined for DRB1 and DQB1 B1 domains in 23 human popu-
lations, including 5 Melanesian: Papua New Guinea Highland-
ers (from Goroka) and populations from Madang, Rabaul,
New Caledonia, and Fiji (Gao et al. 1992a); 3 Polynesian popu-
lations, Rarotonga, Niue, and West Samoa (Gao et al. 1992b);
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2 Micronesian populations, Nauru and Kiribati (Gao et al.
1992b); two different Indonesian populations, here desig-
nated Indonesia and Java (Gao et al. 1992b); a “Southern”
Filipino population (Bugawan et al. 1994); Caucasian popula-
tions, the Centre d’Etude du Polymorphisme Humain (CEPH,;
Begovich et al. 1992), Czech (Cernacet al. 1992), and Norwe-
gian (Rgnningenetal. 1990); 2 Chinese populations, southern
Chinese from Gaunzou and northern Chinese from Beijing
(both supplied by M. Fernandez-Vifia); a Senegalese popula-
tion (10th HLA workshop data); North Americans of African
descent (Fernandez-Vifia et al. 1991); a population sample
from the United States of individuals of Mexican origin (Erlich
et al. 1993); and 2 different native South American popula-
tions, the Cayapa in Ecuador (Trachtenberg et al. 1995) and
the Toba of the Gran Chaco in Argentina (Cernacet al. 1993).

Variation in the DPB1-encoded B1 domain is considered in
the following 14 populations: Cayapa, CEPH, Czech, Indone-
sia, Japan (Mitsunaga et al. 1992), Mexican (U.S.), Nauru
(supplied by S. Easteal), Northern China (Beijing), Norway,
Papua New Guinea Highlanders from Goroka (supplied by S.
Easteal), Southern China (Gaunzou), Senegal, Filipino, and
Toba. DPB1 populations unreferenced in this list are from
the same sources as in the DRB1 and DQBL1 list. All of the
populations were typed using PCR/SSOP molecular typing
methods.

Amino acid sequences were obtained from the EMBL ftp
server at ftp:#/FTP.EMBL-Heidelberg.DE/ (sequences as in
Marsh and Bodmer 1993, 1995; Bodmer et al. 1997). Amino
acid sites of the 31 domains were considered: sites 6-90, inclu-
sive for DQB1 and DRB1, and 8-90 for DPBL1. All alleles studied
were defined at the amino acid level, by molecular, not serolog-
ical typing.

Pocket »s. nonpocket categories of amino acid sites: Sites
were classified on the basis of a DRB1 structure (Brown et al.
1993) and on the peptide contacts observed in DR1-influenza
peptide complex (Stern et al. 1994). All polymorphic sites
that contact antigenic peptide side-chains were assigned to
the pocket category. All other sites are considered to be in
the nonpocket category.

The DR1 structure was used as a model for class Il peptide
binding. Sixteen amino acid sites in DRB1 and DQB1 were
classified as participating in pockets: 9, 11, 13, 28, 47, 57, 61,
67, 70, 71, 74, 78, 85, 86, 89, and 90. The sites that appear
homologous (in the sense of serial homology) to these in
DPB1 are 9, 11, 13, 26, 45, 55, 59, 65, 68, 69, 72, 76, 83, 84,
87, and 88. The differences in site designations are due to a
relative deletion in DPB1 as compared to DQB1 and DRB1.
All other amino acid sites were classified as nonpocket.

RESULTS

Allelic variation in DRBI, DQBI, and DPBI: The ho-
mozygosity statistic F, and the normalized deviate Fnd,
for the DRB1 locus show evidence of balancing selection
(Table 1). Two populations (African-American and Nor-
way) show individually significant negative (balancing
selection) values for Fnd,. Only 5 of the 23 populations
show positive Fnd, values, which is significant at P <
0.005 by a sign test from the neutrality 50% expectation
of an equal number of positive and negative values.
Thus more populations show deviation in the direction
of balancing selection than expected by chance. For
DRBL1 alleles the mean of the normal deviate of the
homozygosity statistic Fnd, is marginally significantly
different from neutrality expectations (P < 0.06) in the

direction of balancing selection. However, note that 2
independently sampled Indonesian populations, Indo-
nesia and Java, respectively, show large positive values
with Java significantly different from neutrality, which
is indicative of directional selection.

DQB1 shows the strongest evidence for balancing se-
lection of the three loci investigated (Table 2). Six of
the 23 populations exhibit individually significant ho-
mozygosity values below neutral expectations. Only 3
out of the 23 populations exhibit positive Fnd, values,
and the test of signs under neutrality gives P < 0.0002.
The mean across populations of the normal deviates,
Fnd,, is well below neutral expectations and highly statis-
tically significant (P < 10~*). Despite the strong linkage
disequilibrium between DRB1 and DQB1, the sample
designated Indonesia exhibits a negative value for Fnd,
at DQB1 (Table 2) and a positive one at DRB1 (Table
1). On the other hand, the Java sample does in fact
exhibit one of the few positive Fnd, values observed at
DQBI1, as well as at DRB1.

For DPB1, the normal deviates of homozygosity, Fnd,,
show a scatter of values spanning zero (the neutrality
expectation) with five positive and nine negative (Table
3). No single population exhibits a value of homozygos-
ity significantly different from neutrality. However, the
mean value (across all populations) of the normal devi-
ates of homozygosity, Fnd,, is negative and in the direc-
tion of balancing selection (P = 0.08).

To summarize, at the level of allelic variation, DQB1
shows strong evidence of balancing selection. Balancing
selection is implicated at DRB1, although the evidence
is much less striking than with DQB1. The overall picture
for DPBL1 is in agreement with neutral theory predic-
tions, although the mean across populations of the nor-
mal deviates shows a trend in the direction of balancing
selection.

Variation at amino acid sites: For each population, the
frequency distributions of variants at every polymorphic
amino acid in the 1 domain encoded by DRB1, DQB1,
and DPB1 were analyzed and the homozygosity statistics
were calculated. The mean homozygosity F,, and its nor-
mal deviate Fnd,, were calculated including every poly-
morphic site across all populations sampled, and are
presented in Figures 1, 2, and 3 for DRB1, DQB1, and
DPB1, respectively. For all three loci many sites show
strongly balanced polymorphism in the amino acids
across human populations, which is indicated by nega-
tive values for Fnd,, in Figures 1-3; 17/30 amino acid
sites in DRB1 (57%), 24/30 in DQB1 (80%), and 13/
17 in DPB1 (76%) exhibit strongly balanced polymor-
phism. Significantly balanced polymorphism is observed
both for amino acid sites classified as ARS and for sites
that are not part of the ARS.

Other sites show neutral or even significantly positive
values, the latter indicating directional selection (e.g.,
the DQB1 amino acid 40 has a positive Fnd,, value of
0.081 from the 11 populations polymorphic at this resi-
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TABLE 1

DRBI allele homozygosity statistics in 23 human populations

Population® Ka 2n Fa Fnd,
Cayapa 13 200 0.175 —0.795
CEPH 26 248 0.091 —0.877
Czech 25 194 0.096 —0.676
Fiji 16 114 0.162 —0.019
Indonesia 18 226 0.278 1.524
Java 17 152 0.323 2.533 (P < 0.05)
Kiribati 10 124 0.233 —0.614
Madang 11 130 0.275 0.115
Mexican (U.S.) 32 232 0.057 —1.335
African American 23 121 0.069 —1.330 (P < 0.01)
Nauru 14 134 0.169 —0.520
New Caledonia 18 130 0.163 0.156
Northern China 26 182 0.082 —1.004
Niue 13 140 0.173 —0.670
Norway 17 362 0.103 —1.391 (P < 0.01)
Papua Highlands 11 114 0.162 —1.043
Rabaul 9 120 0.212 —0.921
Rarotonga 23 156 0.118 —0.134
Southern China 22 203 0.102 —0.831
Senegal 24 347 0.122 -0.501
Southern Filipino 22 210 0.188 0.986
Toba 22 274 0.135 —0.330
Western Samoa 16 102 0.108 —1.068
K — 186 Fndi _ —0.381 (P = 0.06)
su/Vm 0.199

2 For each population, the values of the following parameters are given: the number of alleles k, in the
sample of size 2n, the homozygosity statistic F, (Equation 1), and the normalized deviate Fnd (Equation 2).
The mean values across populations, ks and Fnd, are given, and the standard error of the mean estimate
si/Vm. Very rare alleles for which complete sequence information was not available have been removed from
the analysis so that the 2n value may differ slightly from the total sample size.

due). Positive Fnd,, values for individual sites are often
found in cases where many populations do not exhibit
polymorphism at those sites at all. This is not surprising
as the sites that show Fnd,, values consistent with direc-
tional selection are the same ones at which low fre-
guency variants are easily missed in sampling.

We also observe that many amino acid sites maintain
levels of balanced polymorphism across populations.
Two sites within a locus may both present to us homozy-
gosity values significantly and consistently lower than
neutrality expectations, with the homozygosity values
consistently higher at one site than the other across
human populations. This phenomenon of distinct levels
of homozygosity being maintained at certain amino acid
sites across human populations is observed in all three
loci.

DRBL1 exhibits the most polymorphism as measured
by numbers of variants segregating at a single site. For
example, DRB1 amino acid sites 11, 13, and 30 are ob-
served with up to six amino acid variants in a single
population sample. Note, however, that site 30 does not
exhibit evidence for balanced polymorphism. Although

DRB1 sites exhibit many variants (mean = 3.26), the
variants at DPB1 (mean = 2.42) and DQB1 (mean =
2.51) sites tend to have more even frequencies. How-
ever, in contrast to this general trend, note that the
most balanced polymorphisms, i.e., the lowest Fnd,, val-
ues at a single site, are observed in DRB1 (e.g., sites
DRB1 12 and 67).

The mean value over amino acid sites of all mean
normal deviates of homozygosity across populations in
DQBL1 is not statistically different from that observed for
DPB1 (see Figures 2 and 3). DPB1 and DQB1 exhibit
significantly more balanced amino acid polymorphisms
than does DRB1. The mean normal deviates plus or
minus one standard error of the mean value for each
locus are Fnd,, (DPB1) = —0.959 *+ 0.059 (205 observed
polymorphisms), (DQB1) = —0.924 = 0.034 (641 poly-
morphisms), and (DRB1) = —0.642 =+ 0.039 (635 poly-
morphisms). These values are all significantly below
neutrality expectations.

Polymorphic sites were found in both categories of
sites (pockets and nonpockets), which allowed statistics
for each category to be examined. Overall, the contrast
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TABLE 2

DOQBI allele homozygosity statistics in 23 human populations

Population® K 2n Fa Fnd,
Cayapa 4 200 0.301 —1.664 (P < 0.01)
CEPH 12 248 0.135 —1.369 (P < 0.01)
Czech 12 194 0.163 —1.038
Fiji 11 114 0.242 —0.152
Indonesia 11 226 0.189 —0.970
Java 12 154 0.295 0.493
Kiribati 6 124 0.269 —1.156
Madang 10 130 0.356 0.671
Mexican (U.S.) 14 232 0.179 —0.652
African American 12 121 0.146 -1.097
Nauru 10 134 0.246 —0.425
New Caledonia 10 130 0.201 —-0.847
Northern China 13 177 0.118 —1.401 (P < 0.01)
Niue 9 140 0.235 —0.768
Norway 10 362 0.139 —1.586 (P < 0.01)
Papua Highlands 7 114 0.208 —1.344 (P < 0.05)
Rabaul 6 120 0.227 —1.420 (P < 0.025)
Rarotonga 13 156 0.218 -0.175
Southern China 13 199 0.152 —1.042
Senegal 12 379 0.344 0.400
Southern Filipino 13 210 0.152 —1.057
Toba 9 268 0.294 —0.507
Western Samoa 11 102 0.167 —0.954
kya = 10.4 Fnd, = —0.786 (P <107%)
s/Vm 0.137

@ As for Table 1.

DPBI allele homozygosity statistics in
14 human populations

TABLE 3

397

between pockets and nonpockets, with respect to the
evenness of amino acid variant distributions, is signifi-
cant only at DRB1 (Figure 4). At DPB1 and DQBL1 the

pockets.
Population® Ka 2n Fa Fnd,
Cayapa 6 200 0.406 —0.402 DISCUSSION
CEPH 17 248  0.212 0.219
Czech 14 193 0.232 0.074
Indonesia 12 272 0199 —0.780
Japan 12 418 0.25 —0.454
Mexican (U.S.) 17 164 0.204 0.433
Nauru 6 100 0.349 —0.541
Northern China 13 189 0.188 —0.622
Norway 16 362 0.265 0.451
Papua Highlands 6 172 0.286 —1.101
Southern China 12 200 0.212 —0.539
Senegal 10 106 0.172 —1.071
Southern Filipino 12 180 0.236  —0.247
Toba 12 272 0.361 0.754
k, = 11.8 Fnd, = —0.274 : : :
" e =008 intense at the amino acid level.
sa/Vm 0.154

@ As for Table 1.

mean normal deviates of homozygosity over all sampled
amino acid sites in the nonpockets category are indistin-
guishable from the levels observed for the sites in the

Deviation from neutral expectations of the homozy-
gosity F statistic is evident at the level of amino acid sites
in class Il HLA 1 domains encoded by DRB1, DQB1,
and DPB1; many polymorphic amino acid sites in class
Il HLA B1 domains are more evenly distributed than
expected under neutrality. This is in contrast to allele
level variation in which DQB1 shows very strong evidence
for balancing selection, DRB1 some evidence, and DPB1
very little evidence. In one population, the Java, there
was significant evidence of directional selection at the
allele level. This may indicate that selection is most

It appears that different evolutionary histories have
shaped the three Bl domains. Two possible explana-

tions for the contrast between DRB1 nonpocket poly-
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Site N, k Foa Frndg, Fndg, +2-sem

9 23 2,78 058 -0.89 ——
10 23 248 0583 -1.44 -
1 23 509 039 -087 ——
12 23 200 083 -1.74 -
13 23 552 030 121 —
14 16 200 088 028 —
16 23 217 072 -0.50 e
25 16 200 088 028 -
26 22 282 0465 -0.49 ——
28 22 282 0461 -070 —
30 22 455 062 022 —_—
31 19 258 083 039 ——
32 23 200 062 -1.20 —
33 23 200 075 046 s
37 23 461 034 -1.26 ——
38 20 245 079 007 —
40 1 200 097 081 -
47 23 200 058 -1.47 ——
57 23 391 050 -0.40 ——
58 23 200 080 013 I
60 23 291 063 053 —
67 23 300 040 -1.77 -
70 23 300 045 -1.582 .
7 23 343 061 -030 —
73 18 200 082 -003 —
74 23 439 049 -05] —
77 16 200 090 044 —
78 19 200 081 -012 ——
85 20 2.00 080 -0.16 —
86 23 200 056 -1.60 —a
r T T 1
2.0 1.0 0.0 1.0

Figure 1.—DRB1 amino acid site statistics calculated across
23 human populations. Each site that is observed to be poly-
morphic in at least one of the 23 populations is shown. The
mean number of variants observed across N, populations poly-
morphic for each site, ke, is given as well as the mean homozy-

gosity, F,,, and the mean normal deviate of homozygosity
Fnd... () Pocket and (@) nonpocket sites are distinguished.

morphic sites and DPB1 and DQB1 nonpocket sites are:
(1) the designations of site functions are incorrect for
DQB1 and DPB1 despite the strong similarity in the
sequences and molecules, which indicates that the func-
tional use of sites has diverged in the different 81 do-
mains; and (2) the pocket and nonpocket categories of
sites in DRB1 are uncoupled by intraexonic recombina-
tion and/or segmental exchange, while DQB1 and DPB1
categories of sites do not evolve independently in this
fashion.

To test hypothesis 1, we used another test for selec-
tion, the ratio of nonsynonymous substitutions per non-
synonymous site (d,) to synonymous substitutions per
synonymous site (d;) (Hughes and Nei 1988, 1989).
Under neutral expectations, this ratio should equal 1.
Values >1 are seen as evidence for overdominant selec-
tion. The ratio of d,/d, was examined for sites in DQB1
on the basis of both the current pocket/nonpocket des-
ignation, as well as sites grouped by their negative
Fnd,, values. The ratio for DQB1 pocket sites was 1.5,
while the negative Fnd,, sites had a ratio of 3.9. This
indicates that the current designation for pocket/non-
pocket may not be inclusive of all sites.

When we look at only DQB1 and DRB1 sequences,

Site N, k Foo Fndy, Fndy, +2-sem

9 23 283 064 -052 ——
13 23 200 058 -146 —
14 22 200 072 -063 —
23 M 2.00 093 062 —
26 23 3.00 043 -1.64 -
28 17 2.00 083 002 —
30 22 277 0460 -0.79 —
37 22 264 070 -0.32 —
38 22 200 057 -1.85 —
45 23 200 0461 -1.27 —
46 17 200 083 002 —
47 17 200 083 002 e
52 17 200 083 002 —
53 22 200 057 -1.50 —
55 23 274 050 -1.37 —
56 22 200 088 030 —
57 23 361 054 -058 i
66 23 200 064 -113 ——
67 23 200 064 -113 —
70 23 291 057 -085 ——
7 23 365 055 -0.51 —
74 23 274 057 -1.00 ——
75 23 200 060 -1.32 —
77 22 200 065 -1.05 ——
84 22 200 057 -1.50 —
85 22 200 057 -1.50 ——
86 22 259 057 -113 ——
87 22 3.00 050 -1.23 —
89 22 2.00 057 -1.50 ——
90 22 200 057 -150 —a—
r T T 1
2.0 1.0 0.0 1.0

Figure 2.—DQB1 amino acid site statistics calculated across
23 human populations, as described in Figure 1.

hypothesis 2 also appears plausible, as far fewer DQB1
than DRBL1 distinct sequences have been observed, and
DQBL1 shows larger blocks of amino acid variants that
segregate together than does DRB1. Recent work by
Jakobsen et al. (1998) lends support for hypothesis 2.
She used compatibility matrices to show that, although
DRB1 and DPB1 both have high levels of recombination
relative to DQB1, they behave very differently. DRB1 is
essentially scrambled so that the pocket and nonpocket
sites may be uncoupled. Although there is more recom-
bination at DP than at DR, the allelic diversity at DP is
almost entirely due to shuffling of a small humber of
motifs, and there are consequently relatively few variable
sites despite the large number of alleles. The larger
number of monomorphic sites at DPB1 than at DQB1
and DRBL1 suggests that the persistence time of DPB1
alleles is much shorter than that of DRB1 and DQB1
alleles, due to weaker selection at DPB1 or frequent
recombination. This may also provide an explanation
for the difference between the allele and amino acid
analyses of DP. If selection is acting at the amino acid
or motif level it may have no discernible effect at the
allele level because of the extent of shuffling of motifs.

The observations presented here can be interpreted
as predicting that either the antigenic peptide-binding
pockets in DPB1 and DQB1 employ different sets of sites
than is the case for DRBL1, or the evolution of individual
amino acid sites in DRB1 is considerably more indepen-
dent than it is within DPB1 and DQB1 second exons.
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Site N, k¥  Foa Frde Frdy, +2-sem

8 3 200 0466 -099 —
9 14 293 0461 -0.66 —
1 14 200 0469 -086 —
33 5 200 095 075 ——
35 14 286 061 -072 —_—
36 14 2.00 062 -127 —
55 14 286 048 -1.44 —
56 14 200 060 -1.36 —_—
57 14 200 077 -035 —
65 14 200 081 -015 —
69 14 236 062 -099 —
72 1 200 092 046 L]
76 14 293 0466 -041 —
84 14 229 057 -1.35 —a—
85 14 200 057 -1.53 ——
86 14 200 057 -1.53 ——
87 14 200 057 -153 —a
r T T 1
-2.0 -1.0 0.0 1.0

Figure 3.—DPB1 amino acid site statistics calculated across
14 human populations, as described in Figure 1.

Structural analysis of DQB1 and DPB1 molecules will
allow these predictions from analysis of population ge-
netic data to be examined.

A technical criticism that initially would suggest that
we have not estimated our normal deviates in a conserva-
tive fashion is that amino acid sites are limited to 20
“allelic” states, at most. In fact, it is reasonable to assume
that fewer amino acid variants could be tolerated even
at the most polymorphic HLA amino acid sites. The
objection is based on the fact that the neutrality model
we used in calculating normal deviates of homozygosity
assumed that infinite alleles existed; that is, the models
to which we compared data assumed that each mutation
produces a state not previously existing in a population.
The infinite alleles model is not strictly appropriate for
investigating amino acid site polymorphism. A prelimi-
nary examination of neutral models with finite allelic
states demonstrates that, given reasonable mutation
rates and population sizes for human data, the effect
of finite alleles on the neutral model (decreasing the
homozygosity statistic relative to that expected for the
infinite alleles model) is negligible (Salamon 1995).
However, estimating the neutrality parameter 6 (4Ngw.)
from empirically derived mutation rates and population
sizes is difficult, given the uncertainty in estimates of
both parameters. Therefore, further simulations are re-
quired and are in progress to address the issue of the
appropriate value of 6 and consequently the robustness
of the application of infinite alleles tests to finite allele
data. At this stage, interpretations are descriptive at best;
the Watterson test provides us with a useful reference
point to compare allele and amino acid frequency distri-
butions at the various loci and sites, and among popula-
tions.

A criticism of the means and variances of the homozy-
gosity statistic is that although the population samples
are statistically independent, they are not historically
independent. This is most certainly true in a strict sense

__.—...._
DPB1 .
+
DaB1 °
_.___
DRB1 °

]

[ T T T I
-1.256 -1.00 -0.75 -050 -025 0.00

Figure 4.—Normal deviates of homozygosity in pocket vs.
nonpocket sites. All polymorphic antigenic side-chain-binding
amino acid sites (H, pocket category) were used to calculate
the mean normal deviates of homozygosity and two standard
error of the mean error bars for each locus. Also shown is the
same calculation for polymorphic nonside-chain-binding sites

(®).

as all ethnic groups have a common ancestor several
thousand generations ago, and in the case of many of
those studied here, far fewer generations ago than that.
One could sacrifice sample size to obtain a set of popula-
tions that are deemed “more independent” than the
entire set analyzed here. However, it is not obvious that
there exist sets of ethnic groups that are in some respect
equivalent, such that one cluster can be compared fairly
to another; nor is it obvious that time since divergence
is a good measure of evolutionary independence. When
we focus on DRB1 pockets, the normal deviates of homo-
zygosity for Caucasians—Czech, CEPH, and Norwegian
samples—are very similar, whereas the values for Mel-
anesians—samples from Fiji, Madang, Papua New
Guinea Highlands, and New Caledonia—are widely scat-
tered (data not shown). Clearly Melanesians have diver-
sified into a range of environments and relatively small
isolated populations. At the amino acid level, caution
must be taken in interpreting P values due to noninde-
pendence of amino acid sites. A neutral site linked to
a selected site may deviate from neutrality as a result of
hitchhiking.

Despite difficulties with independence of genetic in-
formation, there exists strong evidence of balanced poly-
morphisms at particular sites in HLA class Il amino acid
sequences, a pattern that is found across diverse human
populations. The reproducibility of homozygosity statis-
tics lower than neutral expectation across human popu-
lations for some polymorphic sites in the 1 domains
of DPB1, DQB1, and DRBL1 is clearly demonstrated here.
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