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ABSTRACT To study the mechanism of maintenance of
polymorphism at major histocompatibility complex (MHC)
loci, synonymous and nonsynonymous (amino acid-altering)
nucleotide substitutions in the putative antigen-recognition site
(included in the first domain of the MHC molecule) and other
regions of human and mouse class II genes were examined. In
the putative antigen-recognition site, the rate of nonsynony-
mous substitution was found to exceed that of synonymous
substitution, whereas in the second domain the former was
significantly lower than the latter. In light of a previous
theoretical study and parallel findings in class I MHC loci, we
conclude that the unusually high degree of polymorphism at
class II MHC loci is caused mainly by overdominant selection
(heterozygote advantage) operating in the antigen-recognition
site.

The major histocompatibility complex (MHC) includes sev-
eral genetic loci that are highly polymorphic in humans, mice,
and other vertebrates (1). Four hypotheses have been pro-
posed to account for this polymorphism: (i) an unusually high
mutation rate (2), (ii) gene conversion or interlocus genetic
exchange (3, 4), (iii) overdominant selection (5, 6), and (iv)
frequency-dependent selection (7, 8). To decide which of
these hypotheses is correct, we previously studied rates of
synonymous and nonsynonymous nucleotide substitution
between alleles from human and mouse class I MHC loci and
found that the nonsynonymous rate is higher than the
synonymous rate in the 57 codons encoding the antigen-
recognition site but is lower than the latter in other regions of
the gene (9). Since overdominant selection is known to
increase the rate of codon substitution as well as the extent
of polymorphism (10), we concluded that class I polymor-
phism is caused mainly by overdominant selection that
operates in the antigen-recognition site. Here we extend our
analysis to class II MHC genes.

Both class I and class II genes encode glycoproteins that
are expressed on cell surfaces and that function to provide a
context for recognition of intracellularly processed foreign
peptides (antigens) by specific immune-system cells (1).
Class I antigens are expressed on all nucleated cells, whereas
class II antigens are expressed on antigen-presenting cells of
the immune system, which present foreign antigens to helper
T cells (1, 11). In the case of class I molecules, the amino acid
residues involved in binding the foreign peptide and in T-cell
recognition have been identified (12), making it possible to
study the pattern of nucleotide substitution in the DNA
region encoding the antigen-recognition site (ARS). In the
case of class II molecules, the ARS has yet to be identified,
but antigen recognition by helper T cells is known to be
localized in the first domains of both a and B chains of the
molecule, as opposed to the second domains (13, 14).
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Furthermore, by analogy with the class I molecule, a putative
ARS in domain 1 has been reported (15). In this paper we
compare the rates of synonymous and nonsynonymous
nucleotide substitution in these regions to examine the type
of selection operating at class II MHC loci.

MATERIALS AND METHODS

The class II MHC molecule is composed of an a chain and a
B chain, which are noncovalently associated. Both a and B
chains include domain 1 (D1), domain 2 (D2), the transmem-
brane portion, and the cytoplasmic tail (1). D1 of the a chain
is encoded by the last two codons of exon 1 and by exon 2 of
the gene, and D2 by exon 3. D1 of the 8 chain is encoded by
the last four codons of exon 1 and by exon 2, and D2 by exon
3. The transmembrane portion and the cytoplasmic tail of the
a chain are encoded by exon 4, whereas those of the B chain
are encoded by exons 4 and 5. There are 19 or 20 amino acid
residues in D1 of the « chain and 15 or 16 residues in D1 of
the B chain in the putative ARS (195).

In the mouse, there are eight class II loci in the H-2°
haplotype (perhaps seven in some other haplotypes) (6). At
least four of them (Ag, A., Eg, and E,) are known to be
expressed (Table 1). It remains uncertain whether the Ag;
gene is expressed (16). The human class I MHC can be
divided into the following five regions from the centromeric
side of the chromosome: DP, DN (formerly DZ), DO, DQ,
and DR (44, 45). In the latest nomenclature, a-chain and
B-chain genes are designated as A and B respectively (Table
1). The DP region includes two expressed genes, DPBI and
DPAI. The DN region contains a single poorly expressed
a-chain locus, DNA (30), whereas the DO region contains a
single poorly expressed B-chain gene, DOB (31). The DQ
region includes the two expressed genes DQBI and DQA/
and the probably unexpressed genes DQB2 and DQA?2. In the
DR region, there are a single a-chain locus, DRA, and one or
two expressed B-chain loci, depending on the haplotype (38);
the latter loci are designated as DRBI and DRB3. In the case
of the DQ- and DR-region genes, it is not always clear from
which locus a particular published sequence comes. We
therefore treated these regions as though they were single
loci.

The - and B-chain genes are remotely related, having
separated probably more than 370 million years ago (6).
Certain a- and B-chain genes in mice are more closely related
to certain human genes than to other mouse genes (1, 6),
indicating orthologous (homologous) relationships (Table 1).
In this study we examined the pattern of nucleotide substi-
tution between alleles from polymorphic a- and B-chain loci
within the mouse and the human and between alleles from
orthologous loci of the two species. We used published DNA
sequences excluding those with incomplete D1 and D2 and

Abbreviations: ARS, antigen-recognition site; D1 and D2, domains
1 and 2; MHC, major histocompatibility complex.
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Table 1. Class II MHC genes used in this study
Locus or Ortho-
region logue Alleles Ref(s).
Mouse
Ap2 DoOB Monomorphic 16
Ag (Ag)) DQOB b, d, f, k, q,s, u 17-19
Aq DQA b, d f, ks, r 20, 21
Eg DRB b, d, k, u 3,22-24
E, DRA Low polymorphism 25
Human
DPBI w2, w3, wéda 26
DPAI Monomorphic 27
DNA Monomorphic 28
DOB Ag; Monomorphic 29
DQA2 (DXA) Monomorphic? 27
DQB Ag Iwli2, 3, wl (Daudi), 30-36
wl.2, wiw2, w3 (MCF),
w3 (Swei), w3 (Tal0™)
DQAI A, wiw2, w2, w3, 27, 31,
wéwb 32,37
DRB Eg 1, 2a (AZH), 2a (PGF), 38-42
2b (AZH), 2b (PGF),
3a, 3b, 3w6, 4a,
5a, 6a, 7a, 7b, w53
DRA E, Monomorphic 43

The loci are listed in the order in which they appear on the
chromosome from the centromeric side. For polymorphic loci, the
alleles analyzed are listed. The allele designations in parentheses

refer to cell lines.

minor variants of other sequences (defined as having <1%
nucleotide difference in D1).

As mentioned earlier, the purpose of this paper is to study
the mechanism of maintenance of MHC polymorphism by
examining the number of synonymous substitutions per
synonymous site (ds) and the number of nonsynonymous
substitutions per nonsynonymous site (dy). If there is no
selection, ds and dy are expected to be more or less the same.
If certain amino acids are conserved by purifying selection as
in the case of most other proteins, dy will be lower than ds.
If positive Darwinian selection is responsible for the poly-
morphism, dy will be higher than ds because such selection
will accelerate amino acid changes. The distinction between
overdominant selection and frequency-dependent selection
can be made by other considerations. With these predictions
in mind, we estimated dy and dg separately for the putative
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ARS, for the remainder of D1, and for D2, using Nei and
Gojobori’s method I (46, 47). Since the number of sequence
comparisons is large, we present only the means of ds and dy
for each group of allelic comparisons. For simplicity we
denote these means by ds and dy rather than by dg and dy in
the following.

RESULTS

Fig. 1 shows the nucleotide sequences of D1 for seven alleles
from the mouse Ag locus. The pattern of nucleotide substi-
tution between these alleles is quite different from that of
most other eukaryotic and prokaryotic genes, where a
majority of substitutions are synonymous, often occurring at
third nucleotide positions of codons (47). Here we see many
substitutions in the first and second positions that are
obviously nonsynonymous. Particularly at the codons in the
ARS (marked with + in Fig. 1) the rate of nonsynonymous
substitution is very high. Note that this unusual pattern is
observed only in D1 and that the pattern of nucleotide
substitution in D2 is similar to that of most other genes (data
not shown).

Table 2 shows ds and dy values for various groups of allelic
comparisons. In the case of the mouse Ag locus, dy is
significantly higher than ds in the ARS, as expected from the
sequence data in Fig. 1, whereas dy is much lower than ds in
D2. In D1 outside the ARS, dy is somewhat higher than dg,
suggesting that some residues outside the ARS might also be
involved in T-cell recognition. Nevertheless, dy in the ARS
is significantly higher than dy in the remainder of D1 or in D2.
Similar results are obtained for the four alleles derived from
the Eg locus, though ds in the ARS is greater in this locus than
in the Ag locus and the dg value in D2 is lower. These results
are consistent with those obtained for class I MHC genes (9)
and strongly suggest that the rate of amino acid substitution
in the ARS is enhanced by positive Darwinian selection.

Comparison of the Ag and Eg genes, which apparently
separated before the human and mouse divergence (about 75
million years ago), shows that dy in the ARS is only about 2
times greater than dg but is still significantly higher than dn
in D2. The dyn/ds ratio in the ARS is lower in the interlocus
comparison than in the intralocus comparison, which prob-
ably reflects the fact that some amino acids (e.g., aspartic
acid at position 57 and asparagine at position 82) tend to be
conserved even in the ARS and the frequency of parallel and
backward mutations at the amino acid level increases as dy
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FiG. 1. DNA sequences of D1 of seven alleles at the mouse MHC Ag locus. +, Codons in the putative ARS; —, nucleotide identical with

that of the b allele; *, gap in sequence.
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Table 2. Mean numbers of nucleotide substitutions per synonymous site (ds) and per nonsynonymous site (dy) expressed as percentages,

with their standard errors, between alleles at mouse and human class II MHC loci

Putative ARS? (n = 15-20) Rest of D1 (n = 64-78) D2 (n = 94)
Comparisons (no.) ds dn ds dn ds dn
B-Chain loci
Mouse
Ag vs. Ag (21) 0.0+ 0.0 30.0 = 6.7%x* 4.0+ 1.6 6.7 1.2 73+ 23 1.3 = 0.5+
Ag vs. Eg (28) 39.5 £ 20.9 70.7 = 14.7 2.7+ 79 26.2 = 3.9 89.5 + 19.0 25.9 £ 3.9%x
Eg vs. Eg (6) 11.6 = 9.1 415 = 9.5% 18+ 13 52+13 09+ 1.1 0.6 + 0.4
Human
DPB vs. DPB (3) 39+ 55 19.0 = 6.4 24+ 1.7 28+ 1.1 53+ 24 0.6 £0.4
DPB vs. DQB (24) 54.7 = 27.2 73.1 £ 17.0 373+ 9.1 229 + 3.6 62.5 + 13.1 15.8 + 2.8%xx
DPB vs. DRB (42) 43.4 +22.8 74.0 = 14.7 439 + 10.4 22.0 = 3.6 66.3 + 13.4 17.9 + 3.0%xx
DQB vs. DOB (28) 13.7+ 7.7 26.5+ 5.4 8.5+ 23 6.7+13 56+ 2.0 1.6 £ 0.5
DQB vs. DRB (112) 47.5 £ 21.5 83.9 + 16.1 37.1+ 8.5 24.7 = 3.7 91.3 + 18.8 19.9 + 3.2xxx
DRB vs. DRB (91) 150+ 8.5 45.7 £ 6.2%x 8.0+ 19 45+09 83+ 18 3.3 = 0.6%x
Mouse vs. human
Apg; vs. DOB (1) 331+ 2.0 151 = 6.9% 60.9 = 15.4 13.5 + 2.9%xx 533+ 119 11.5 £ 2.5%%x*
Ag vs. DOB (49) 51.0 = 26.1 376 59 336+ 8.2 22.8+3.5 552 +11.4 11.1 + 2.2%%x%
Eg vs. DRB (56) 41.8 + 19.8 56.4 £ 7.7 43.1 = 10.1 15.8 = 2.7%x 55.4 = 11.5 9.5 % 2.0%*x
a-Chain loci
Mouse
Ao vs. A, (15) 32+ 3.0 23.7 £ 4.9%xx 28+ 1.7 26 0.8 72+ 22 0.7 £ 0.4%x
Human
DQA vs. DQA (6) 21.7 £ 11.8 27.0 £ 6.7 8.0+ 32 43+13 40+ 1.9 24 +08
DPA vs. DNA (1) 120.7 + 67.1 76.9 + 21.1 130.9 + 429 31.9 = 5.5% 65.1 = 14.4 22.6 = 3.6%xx
DPA vs. DRA (1) 116.7 * 66.6 43.4 + 12.5 84.0 + 24.4 28.4 + 5.0+ 94.7 + 21.6 19.1 = 3.3skxx
DNA vs. DRA (1) 98.6 + 48.5 719 £ 19.3 126.8 + 41.1 40.0 = 6.4% 77.5 £ 16.9 22.1 £ 3.6%kx
Mouse vs. human
Aq vs. DOA (24) 68.6 = 30.3 63.0 = 12.6 78.1 = 20.0 18.9 * 3.5%x 338+ 79 17.1 £ 2.9
E, vs. DRA (1) 49.5 + 26.4 10.1 + 49 118.6 + 38.3 13.5 + 3.2%x 60.8 + 13.4 10.8 + 2.4%*x*

The standard errors of mean ds and dy were calculated by an extension of the method of Nei er al. (48). (A computer program is available
upon request.) The difference between mean ds and mean dy is significant at 5% level (x), 1% level (*+), or 0.1% level (***). In the ARS, the
number of codons compared (n) is 15 in Ag and Agy, 16 in Eg and in all human B-chain genes, 19 in DPA, and 20 in all other a-chain genes. In
the remainder of D1, n is 64 in E, and DRA; 65 in DPA and DNA; 67 in DQA; 68 in A,; 76 in DPB; 77 in Ag; and 78 in Ap,, Eg, DOB, DQB,

and DRB.

tThe amino acid positions involved in the ARS are 11, 13, 14, 26, 28, 35, 41, 51, 53, 54, 56, 57, 62, 66, 69, 70, 73, 76, 77, and 80 in D1 of the
a chain and 9, 11, 13, 28, 30, 37, 38, 57, 61, 67, 70, 71, 74, 78, 82, and 86 in D1 of the B chain (from figure 3 of ref. 15). Amino acid positions

are numbered as in refs. 18, 20, 31, and 37 and in Fig. 1.

increases. In the comparison of Ag and Eg, ds in D2 is much
higher than that in D1. This seems to be partly due to the
difference in G+C content at third nucleotide positions of
codons between D1 and D2 (77-88% vs. 70-77%). Since the
observed rate of nucleotide substitution tends to be lower as
G+C content increases (49), ds is expected to be lower in D1
than in D2. Another possible explanation for the high value
of dg in D2 is exon shuffling, which would have exchanged
exon 3 of either the Ag or the Eg gene with that of another
class II MHC locus.

The results from intralocus comparisons of human g gene
sequences are similar to those from mouse 8 gene compar-
isons. In the ARS, dy is 2-4 times greater than ds for all three
loci examined, whereas it is again smaller than dg in D2. The
results from interlocus comparisons of human sequences are
also similar to those from mouse sequence comparisons. In
the ARS, dy is again greater than ds, whereas in D2 it is
significantly lower than ds. The ds value in D2 is again higher
than that in D1; part of the reason for this seems to be a lower
G+C content in the third nucleotide positions in D2 (66-78%)
than in D1 (81-84%).

In the case of a-chain genes there are only a few sequences
that can be used for our purpose, and some of the sequences
come from monomorphic loci. The pattern of nucleotide
substitution for intralocus comparisons of polymorphic A,
sequences in mice is nearly the same as that for B-chain
genes. In the ARS, dy is much higher than dg, whereas in D1
the reverse is true. A similar pattern is observed at the DQA

locus in humans, though dg is much higher in the ARS than
in other regions at this locus.

Table 2 includes the interlocus comparisons of monomor-
phic loci (DPA, DNA, and DRA) from humans. The pattern
of nucleotide substitution in these comparisons is quite
different from that for polymorphic loci. The dy value is still
greater in the ARS than in D2 but is lower than ds. This
indicates that amino acids are conserved in the entire gene
region considered. The function of these monomorphic loci is
yet to be discovered, but this finding suggests that the
function might be different from that of polymorphic loci. The
fact that dy is higher in the ARS than in D2 might indicate that
positive selection once existed before the function changed.

The dy and ds values for comparisons of alleles from the
mouse and human orthologous loci are also presented in Table
2. Comparisons Ag vs. DQB, Eg vs. DRB, and A, vs. DQA are
for polymorphic loci, whereas the other comparisons are for
monomorphic loci. In all comparisons, dy is much smaller than
ds in D2, again suggesting rather strong purifying selection in
this region. In the ARS, dy is of the same order of magnitude
as dg for polymorphic loci. This seems to be due to a saturation
effect in amino acid substitution mentioned earlier. In compar-
isons of monomorphic loci, however, dy is much lower than ds
for both the ARS and D2.

DISCUSSION

We have presented evidence that the rate of amino acid
substitution in the ARS is enhanced by positive Darwinian
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selection compared with the neutral rate. There are several
forms of selection that may enhance the rate of amino acid
substitution. The most important one is selection for advan-
tageous mutations. In the present case, however, this form of
selection can be ruled out because it cannot explain the
unusually high degree of polymorphism (70-90% heterozy-
gosity) and the unusually long persistence of polymorphic
alleles in the population (at least 3—10 million years) at MHC
loci (50-52). Selection for advantageous mutations is known
to reduce the level of polymorphism and shorten the persis-
tence time of polymorphic alleles well below the level of
neutral alleles (47).

A popular explanation for MHC polymorphism is frequen-
cy-dependent selection. Several authors (e.g., refs. 7 and 8)
proposed the hypothesis that an individual carrying a new
mutant allele has a selective advantage because pathogens
will not have had the time to evolve the ability to infect host
cells carrying a new mutant antigen. This model generates a
higher rate of nonsynonymous substitution than of synony-
mous substitution, but it can explain neither the high degree
of polymorphism nor the unusually long persistence of
polymorphic alleles (ref. 9; N. Takahata and M.N., unpub-
lished observation). There are several other models of fre-
quency-dependent selection, but most of them are too sim-
plistic, being based on the assumption of two alleles per locus
without mutation (53). When these models are modified by
considering more realistic situations, they are not necessarily
powerful in maintaining polymorphism. For example, in the
case of molecular mimicry (54), which is supposed to gener-
ate frequency-dependent selection, the selection advantage
of a rare MHC allele will depend not only on the frequency
of the allele but also on the frequency of the pathogen peptide
(allele) that mimics the MHC allele and the pattern of
mutation to which the MHC and pathogen genes are subject.
A preliminary study on this subject suggests that molecular
mimicry is less efficient than overdominant selection in
maintaining polymorphism (M.N. and N. Takahata, unpub-
lished work).

Our observations concerning MHC polymorphism can be
explained most easily by the overdominance hypothesis.
Overdominant selection is known to enhance the rate of
amino acid substitution and increase the heterozygosity and
persistence time of polymorphic alleles tremendously com-
pared with those of neutral alleles (10, 47). Therefore, all
three observations concerning MHC polymorphism (high
rate of nonsynonymous nucleotide substitution, high poly-
morphism, and long persistence of polymorphic alleles) can
be explained by this hypothesis as long as mutation occurs at
a normal rate. Recent observations about the trans-specific
mode of MHC polymorphism (50-52) can also be explained
by this hypothesis. .

The hypothesis of an unusually high mutation rate in the
MHC can be rejected, since the mutational differences
between human and mouse MHC genes are not particularly
high compared with those of other genes (9). The hypothesis
of interlocus genetic exchange also seems to have some
problems (6). The most serious is that it cannot explain the
differences between ds and dy in different regions of MHC
genes. In the case of class II genes, there are additional
observations that contradict this hypothesis. First, both a
and B gene complexes include loci that are more similar
between humans and mice than they are to other loci from the
same species. Second, the two gene complexes include both
polymorphic and monomorphic loci, and it is hard to imagine
how gene conversion operates only on polymorphic loci. It is
also difficult to understand why polymorphism is concen-
trated in the ARS, if gene conversion is the major cause of
MHC polymorphism. Nevertheless, one cannot rule out rare
events of gene conversion or exon shuffling, as mentioned

earlier.
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The biological basis of overdominant selection for class II
MHC loci seems to be similar to that for class I MHC loci. It
is now well established that a particular class II MHC
molecule preferentially binds to a particular foreign peptide,
thus providing improved recognition of that peptide by helper
T cells and enhanced immune response (55). A heterozygote
for two different alleles at a locus will therefore have
resistance to two different types of pathogens and conse-
quently have a higher fitness than a homozygote for either
allele. If this view is correct, heterozygotes for many loci
would have a higher fitness than those for a small number of
loci, since there are a variety of pathogens. One might then
expect that a genetic system with many polymorphic loci
would evolve. In practice, however, the number of polymor-
phic loci is relatively small. There seem to be two reasons for
this. (/) An allelic product can recognize many different
foreign peptides sharing a certain structural motif, and thus
a relatively small number of MHC antigens per individual is
sufficient for protection from various pathogens (56). (ii) If
there are too many polymorphic loci, the proportion of T cells
that are eliminated to avoid autoimmunity becomes intoler-

ably high (57).
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