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To elucidate the evolutionary mechanisms of the human immunodeficiency virus type 1 gp120 envelope
glycoprotein at the single-site level, the degree of amino acid variation and the numbers of synonymous and
nonsynonymous substitutions were examined in 186 nucleotide sequences for gp120 (subtype B). Analyses of
amino acid variabilities showed that the level of variability was very different from site to site in both conserved
(C1 to C5) and variable (V1 to V5) regions previously assigned. To examine the relative importance of positive
and negative selection for each amino acid position, the numbers of synonymous and nonsynonymous substi-
tutions that occurred at each codon position were estimated by taking phylogenetic relationships into account.
Among the 414 codon positions examined, we identified 33 positions where nonsynonymous substitutions were
significantly predominant. These positions where positive selection may be operating, which we call putative
positive selection (PS) sites, were found not only in the variable loops but also in the conserved regions (C1 to
C4). In particular, we found seven PS sites at the surface positions of the a-helix (positions 335 to 347 in the
C3 region) in the opposite face for CD4 binding. Furthermore, two PS sites in the C2 region and four PS sites
in the C4 region were detected in the same face of the protein. The PS sites found in the C2, C3, and C4 regions
were separated in the amino acid sequence but close together in the three-dimensional structure. This obser-
vation suggests the existence of discontinuous epitopes in the protein’s surface including this a-helix, although
the antigenicity of this area has not been reported yet.

The envelope glycoprotein of human immunodeficiency vi-
rus type 1 (HIV-1) interacts with receptors on the target cell
and mediates virus entry by fusing the viral and cell mem-
branes. To maintain viral infectivity, amino acids that interact
with receptors are expected to be more conserved than other
sites on the protein surface. Amino acid changes that reduce
the affinity for the receptor will decrease infectivity or surviv-
ability, implying that negative selection is operating against
amino acid changes on sites for receptor binding. The primary
receptor for HIV is CD4 (9), and the secondary receptors are
chemokine receptors. The main second receptor for the mac-
rophage-tropic strains is CCR5 (11, 13) and that for T-cell-
tropic strains is CXCR4 (15). In contrast to the functional
constraint of amino acids for receptor binding, some amino
acid changes in this protein may produce antigenic variations
that enable the virus to escape from recognition by the host
immune system. Variants with such mutations at antigenic sites
will have a higher fitness than others, implying that positive
selection is operating against amino acid changes at the anti-
genic sites. Therefore, both positive and negative selections
against amino acid changes are taking place during the evolu-
tion of the surface proteins of parasites (48, 66).

The relative importance of positive and negative selection at
each position in the gp120 presumably affects the degree of
amino acid variation. We can imagine that the amino acid sites
for receptor binding are relatively conserved because of the
functional importance and that antigenic sites are relatively

variable. Analysis of amino acid variation at each position
would be helpful in predicting antigenic sites, as the analysis
of the amino acid variability of the immunoglobulin molecule
predicted the complementarity-determining regions (64). The
conserved and variable regions of gp120 were originally as-
signed by considering the proportion of conserved amino acid
sites and the frequencies of insertions and deletions in the
amino acid sequences of seven isolates from five patients (40,
56). Lauder et al. (34) also evaluated the amino acid variability
of this protein by analyzing 63 sequences of various subtypes.
They found that the assignment of conserved and variable
regions by Modrow et al. (40) was still valid, although they
pointed out that the region between the V3 and V4 regions
(called the C3 region in this paper) was less conserved. How-
ever, the level of amino acid variability or selection mechanism
can be quite different among amino acid sites in a short region,
and it is possible that hypervariable sites with adaptive signif-
icance exist even in the conserved regions.

Comparison of the relative variability among amino acid
sites is not sufficient to clarify the relative importance of pos-
itive and negative selection for amino acid changes. When we
observe a higher degree of amino acid variation at some sites
than at others, positive selection is one of the possible expla-
nations. However, from the standpoint of the neutral theory of
molecular evolution (27, 28), most such cases can be explained
by different levels of functional constraint of amino acids. In
general, the surface-exposed amino acid residues of the pro-
tein are more variable and hydrophilic than the interior ones
(18). Comparison of the rates of silent (synonymous) and ami-
no-acid-altering (nonsynonymous) substitutions (25, 37, 39, 42)
enables us to test whether nucleotide variation in the protein-
coding region is compatible with the neutral theory (27, 28).
This test is based on the prediction by the neutral theory of
molecular evolution that the rate of nonsynonymous substitu-
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tion is not higher than that of synonymous substitution. In
general, the preponderance of synonymous substitutions have
been reported in the majority of the genes of various organ-
isms, including viruses (14, 19, 20, 37), but there is an increas-
ing number of the reports suggesting the existence of positive
selection or overdominant selection at the molecular level (14,
23, 24). Representative examples that showed an excess of
nonsynonymous substitutions were molecules involved in the
immune system and surface proteins of parasites (14, 24).

There is a rapidly increasing number of reports of compar-
isons between the rates of synonymous and nonsynonymous
substitutions in the env gene of HIV (35, 38, 55). Over the
entire region of gp120, the number of synonymous substitu-
tions per site was larger than that of nonsynonymous substitu-
tions (35, 38), implying that negative selection is predominant
in the whole protein. However, several studies reported an
excess of nonsynonymous substitutions with statistical signifi-
cance in major epitopes such as the V2 (51) and V3 (3, 4, 49,
51, 52, 68) regions in gp120. These observations imply that
positive selection may be dominantly operating on these two
regions. On the other hand, an excess of synonymous substi-
tutions has been reported for regions other than the variable
regions (51). This observation implies that negative selection is
predominant in the regions other than the V2 and V3 regions.
However, we cannot definitely say that positive selection is not
operating in the conserved regions because positive selection
acting at a single site is difficult to determine by comparing the
numbers of synonymous and nonsynonymous substitutions at
more than one amino acid site.

The relative importance of positive and negative selection or
the level of functional constraint of amino acids may be dif-
ferent among amino acid positions within a short region. In
fact, the physical locations or the directions of the side chains
of the residues can be quite different among the residues within
a short region in sequence. Recent studies revealed that there
was considerable heterogeneity in substitution rate among
amino acid positions (32, 69). These facts suggest that an
analysis of variation at the single-amino-acid-site level would
be very important to understanding the nature of variations
and elucidating the evolutionary mechanism (5, 16, 21, 44).
Recently, methods to detect selection at the single-site level by
comparison of synonymous and nonsynonymous substitutions
have been developed (44, 57), and these methods were applied
to the sequences of HIV-1, including the V3 region, which
were periodically sampled from individual patients (22).

In this study, to elucidate the evolutionary mechanisms of
the whole HIV-1 gp120 envelope glycoprotein at the single-site
level, we collected and analyzed all available sequence data for
the protein. By analyzing 186 sequences of HIV-1 gp120 (sub-
type B), we reevaluated amino acid variability at the single-site
level and estimated the numbers of synonymous and nonsyn-
onymous substitutions at each codon position to detect positive
and negative selection. Thirty-three amino acid positions which
may be under positive selection were identified, and we call
these sites putative positive-selection (PS) sites. These PS sites
were found not only in the variable loops but also in the
conserved regions. Confirmation of the physical locations of
the PS sites in the three-dimensional structure revealed that
several PS sites in the conserved regions, which were far apart
in the amino acid sequence, were close together in the three-
dimensional structure. Here we discuss the adaptive signifi-
cance of these PS sites and the possibility of the existence of
unidentified epitopes.

MATERIALS AND METHODS

Sequence data and multiple alignment. Nucleotide sequences coding the en-
tire HIV-1 gp120 of subtype B were collected from the HIV sequence database
(30). Nucleotide sequences that contain frameshift mutations or in-frame stop
codons were excluded, and 186 sequences were selected for the present analysis.
The amino acid sequences deduced from the nucleotide sequences were aligned
with each other by using CLUSTAL W, version 1.6 (60), with subsequent in-
spection and manual modifications. The region for the signal peptide (positions
1 to 28 in strain HXBc2) was excluded from analyses. Alignment was successful
for 425 amino acid sites among 483 sites in gp120; however, alignments were not
possible for four regions where insertions, deletions, and partial duplications
might be frequent (positions 133 to 153, 185 to 190, 392 to 415, and 459 to 465
in HXBc2). Positions 310 Gln, 311 Arg, and 355 Asn were also excluded from
analyses because these positions are gap positions in more than half of the
sequences. In total, variations at 422 amino acid sites were examined. Nucleotide
sequences were aligned by converting amino acids in the alignment into corre-
sponding nucleotides. The gp120 amino acids are numbered according to the
sequence of the HXBc2 gp120 glycoprotein, where residue 1 is the methionine at
the amino terminus of the signal peptide.

Inferring phylogenetic relationships. To estimate the number of amino acid or
nucleotide substitutions that occurred at each amino acid or nucleotide position,
we inferred phylogenetic relationships and estimated the ancestral state of amino
acids or nucleotides at internal nodes of the phylogeny. The nucleotide sequence
HIVELICG of subtype D was added to the phylogenetic analysis as an outgroup
because subtype D was known to be closely related to subtype B. The 1,188 nu-
cleotide sites where an alignment was possible with the outgroup were used for
the phylogenetic analysis. Before the phylogenetic analysis, we examined wheth-
er there are any effects of recombination in estimating the phylogenetic relation-
ship among the sequences. We examined the distribution of phylogenetically infor-
mative sites among all possible combinations of four sequences along sliding
windows of 400 bp. We checked whether the distribution of informative sites is
significantly different between the 59-half window and the 39-half window and did
not observe any apparent cases of recombination. A phylogenetic tree was first
estimated from nucleotide sequences by the neighbor-joining method (47). Pair-
wise distances were estimated by the maximum-likelihood methods, taking the
transition/transversion ratio into consideration. In order to look for the maximum-
likelihood tree topology, a local rearrangement search with the maximum-likelihood
approach (1) was conducted by starting from the topology of the neighbor-
joining tree. This phylogenetic analysis was conduced by using MOLPHY (1).

Estimation of ancestral amino acids and nucleotides at ancestral nodes. The
ancestral state of an amino acid or a nucleotide at the internal nodes of the
phylogeny was estimated by the maximum-parsimony principle. If the ancestral
amino acids or nucleotides were not unique, equal probabilities were given to all
equally parsimonious states.

Analysis of amino acid variability at the single-site level. We evaluated the
amino acid variability of HIV-1 gp120 by the three simple measures acceptability,
changeability, and diversity.

(i) Number of different amino acids (acceptability). To estimate the range of
acceptable amino acids at each position, the number of different amino acids was
counted. Note that this value depends on the number of sequences.

(ii) Number of amino acid substitutions (changeability). To see how change-
able each position is, we estimated the number of amino acid substitutions that
occurred by estimating the number of amino acid substitutions that have oc-
curred throughout the phylogeny. This changeability of amino acid site depends
on mutability and natural selection, which is operating against amino acid
changes. To evaluate the nonrandomness of the distribution of substitutions
among sites, we compared the distribution of amino acid substitutions among
sites with the expectation of the Poisson process (29). Hypervariable sites were
identified (68) by using the expectation from the Poisson process. We calculated
the upper limit of confidence (99%) of the substitution number from the Poisson
distributions with the average number of substitutions. Hypervariable sites were
defined as sites where the number of amino acid substitutions was larger than the
upper limit.

(iii) Diversity of amino acids. To evaluate the level of amino acid variation in
a population, we defined the diversity of amino acids at a given position as the
proportion of pairs having different amino acids in two sequences randomly
chosen from the sample. This value is estimated from the frequencies of different
amino acids or gaps at each position. Basically, this quantity is analogous to
nucleotide diversity and heterozygosity or gene diversity in population genetics
(43). The amount of diversity estimated by these methods is independent of the
number of sequences if the sequences are randomly sampled. Though some sites
in alignments may include gaps, the diversity of gaps and amino acids can be
estimated separately by this method. Diversity of gaps (Dgap) can be calculated
as

Dgap 5 1 2 3xgap
2 1 1O

i51

20

xi2
2

4
where xi represents the proportion of the ith amino acid at a given position and
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xgap represents the proportion of the gap at a given position. Diversity of amino
acids (Daa) can also be estimated separately:

Daa 5 1O
i51

20

x i2
2

2 O
i51

20

xi
2

We defined monomorphic sites as sites where the diversity of amino acids is less
than 0.05. This is analogous to a monomorphic locus within a population (43).

Estimation of the numbers of synonymous and nonsynonymous substitutions
at each codon position. The actual numbers of synonymous and nonsynonymous
substitutions throughout the phylogeny were estimated by using the ancestral
states in the interior nodes of the phylogeny. If the codons were not unique at
ancestral or descendant nodes, equal probabilities were given to all possible
substitutions. The numbers of potential synonymous and nonsynonymous sites at
each ancestral node were also estimated. If the estimated codon was not unique,
the average numbers of synonymous and nonsynonymous sites among equally
parsimonious codons were calculated. We took the transition/transversion ratio
into consideration to estimate the numbers of synonymous and nonsynonymous
sites. This is because analysis of the substitution pattern of HIV (41) showed that
transition occurs much more frequently than transversion and the transition/
transversion ratio affects the estimation of the relative numbers of synonymous
and nonsynonymous sites (25). To obtain a reliable ratio of transitional muta-
tions to transversional mutations that is not affected by functional constraint of
amino acids, we analyzed the substitution pattern at fourfold-degenerate sites.
The transition/transversion ratio was estimated to be 6.1, and this ratio was used
in estimating the numbers of synonymous and nonsynonymous sites.

Comparison of the numbers of synonymous and nonsynonymous substitu-
tions. To examine whether the rates of synonymous and nonsynonymous substi-
tution were significantly different, statistical tests of independence were con-
ducted. If the rates of synonymous and nonsynonymous substitutions are equal,
the following relationships are expected: Sc:St 5 Nc:Nt or Sc:Nc 5 St:Nt, where
Sc is the total number of synonymous changes throughout the phylogeny, Nc is
the total number of nonsynonymous changes throughout the phylogeny, St is the
total number of synonymous sites at all internal nodes of the phylogeny, and Nt
is the total number of nonsynonymous sites at all internal nodes of the phylogeny.
These values were rounded off to the integer, and Fisher’s exact test of inde-
pendence was applied to the data for each codon position. We identified the
codon positions where equal rates of synonymous and nonsynonymous substitu-
tions were rejected at the 1% level. In such cases, if nonsynonymous substitutions
were predominant, we identified these sites as putative PS sites. On the other
hand, if synonymous substitutions were predominant, these sites were identified
as putative negative selection (NS) sites.

The codons for methionine and tryptophan have no synonymous codons. The
codon sites where methionine or tryptophan is very frequent have few synony-
mous sites. Therefore, we did not test eight codon positions (35 Trp, 69 Trp, 95
Met, 96 Trp, 100 Met, 427 Trp, 434 Met, and 475 Met) for which the average
number of synonymous sites was less than 0.1, although there were nucleotide
variations at these codon positions.

Computer programs and statistics. The computer programs and statistics used
in this study are available from the author on request.

RESULTS

Amino acid variabilities at the single-site level. The levels of
amino acid variabilities at each position of HIV-1 gp120 were
evaluated by three measures (acceptability, changeability, and
diversity) (Fig. 1). We analyzed 422 of 483 amino acid sites of
HIV-1 gp120, excluding the four regions where the occurrence
of insertions, deletions, and partial duplications might be fre-
quent. The estimated values of amino acid variabilities by the
three measures had highly significant correlations with each
other. All three measures showed that the level of amino acid
variability was very different from site to site in the conserved
and variable regions (Fig. 1, Table 1). Note that the standard
deviations (SDs) of substitution numbers among sites in the
four conserved regions (C1 to C4) were not much smaller than
those of the all sites analyzed (Table 1).

We evaluated the nonrandomness of the distribution of
amino acid substitutions among sites by comparing the expec-
tation from the Poisson distribution with our findings. The
average number of amino acid substitutions over sites was 7.88.
The ratio of the variance to the average number of substitu-
tions was 14.70, implying that the distribution of the substitu-
tion number was highly heterogeneous. According to the Pois-

son process, the probability that the number of amino acid
substitutions is equal to or more than 15 is less than 0.01 with
this average number. By using this upper limit of confidence,
we identified 85 hypervariable sites as sites where the number
of amino acid substitutions was equal to or greater than 15, the
upper limit of confidence (Fig. 1). Among 422 positions exam-
ined, 222 positions were detected as monomorphic sites, where
diversity is less than 0.05, implying that about half of the amino
acid sites in this protein show little variation. These observa-
tions show that amino acid substitutions were concentrated on
the particular variable sites in this protein.

The level of amino acid variation in the C3 region was closer
to that in the V2 or V3 region than that in the other conserved
regions. In particular, the number of amino acid substitutions
in the C3 region was closer to that in the V2 region. In fact,
amino acid substitutions in the C3 region were concentrated on
the residues located on the surface of the a-helix (positions 335
to 347), although this a-helix region includes three monomor-
phic sites in its interior positions. This a-helix is located along
the surface of the protein, with one side of the helix facing the
outside and the other side facing the hydrophobic interior of
the protein (33). Therefore, the pattern of the presence of
variable and monomorphic sites seems to be consistent with
the pitch of an a-helix, namely, 3.6 residues per turn.

The level of amino acid variation at the residues involved in
receptor binding (CD4 and CCR5) (33, 46) was examined
(Table 2). To see the relative variability of the receptor binding
sites, the average variabilities at the receptor binding sites were
compared with those of the whole gp120. On the average, the
residues that made direct contact with the CD4 molecule were
more conserved than the other sites in this protein. In fact, six
positions (366 Gly, 367 Gly, 428 Gln, 430 Val, 456 Arg, and 458
Gly) had no amino acid variations. However, these CD4 bind-
ing sites include several hypervariable sites (279 Asp, 281 Ala,
283 Thr, 365 Ser, 426 Asn, and 429 Lys). To see the relative
variabilities for the critical sites for second-receptor binding,
variabilities where the substitutions were critical for CCR5
binding were examined (Table 2). Lower variabilities were
observed at these sites with the exception of two positions, 317
Phe and 440 Ser. In particular, five positions (257 Thr, 381 Glu,
420 Ile, 438 Pro, and 441 Gly) had no amino acid variations.
Position 317 Phe in the V3 loop and position 440 Ser in the C4
region had very high substitution numbers.

Distribution of synonymous and nonsynonymous substitu-
tions among codon positions. We estimated the numbers of
synonymous and nonsynonymous substitutions per site at each
codon position in the gp120 gene and examined the distribu-
tion of synonymous and nonsynonymous substitutions among
codon positions. The average numbers of synonymous and
nonsynonymous substitutions per site in this gene were 4.46
and 4.02, respectively (Table 3). The numbers of synonymous
and nonsynonymous substitutions were significantly correlated
with each other (r 5 0.496, P , 0.01). To see the nonrandom-
ness of the substitutions among codon sites, the distributions of
synonymous and nonsynonymous substitutions were compared
with the expectation from the Poisson process. The variance/
mean ratios for synonymous and nonsynonymous substitutions
were 4.33 and 8.00, respectively (Table 3). This higher vari-
ance/mean ratio for nonsynonymous substitutions indicates
that the distribution of nonsynonymous substitutions was high-
ly heterogeneous among sites because the level of functional
constraint or selection mechanism for amino acid changes may
be very different among sites. The variance/mean ratio for
synonymous substitutions was much smaller than that of non-
synonymous substitutions, however; this ratio of 4.33 was
larger than 1. The distribution of synonymous substitutions

VOL. 74, 2000 AMINO ACID VARIABILITY OF HIV-1 gp120 4337



4338 YAMAGUCHI-KABATA AND GOJOBORI J. VIROL.



F
IG

.
1.

A
m

in
o

ac
id

va
ri

ab
ili

tie
s

of
H

IV
-1

gp
12

0
at

th
e

si
ng

le
-a

m
in

o-
ac

id
-s

ite
le

ve
lb

y
th

re
e

di
ffe

re
nt

m
ea

su
re

s.
A

t
th

e
to

p
of

ea
ch

se
ct

io
n

is
sh

ow
n

th
e

am
in

o
ac

id
se

qu
en

ce
of

H
X

B
2.

T
he

lo
ca

tio
ns

of
th

e
co

ns
er

ve
d

(C
1

to
C

5)
an

d
va

ri
ab

le
(V

1
to

V
5)

re
gi

on
s

ar
e

sh
ow

n.
L

ow
er

ca
se

le
tt

er
s

re
pr

es
en

ta
m

in
o

ac
id

si
te

s
th

at
w

er
e

no
ta

na
ly

ze
d

in
th

is
st

ud
y.

B
el

ow
th

e
se

qu
en

ce
ar

e
sh

ow
n

am
in

o
ac

id
va

ri
ab

ili
tie

s
fo

r
si

te
s

w
ith

in
th

at
se

qu
en

ce
as

es
tim

at
ed

by
th

re
e

m
ea

su
re

s,
ac

ce
pt

ab
ili

ty
(n

um
be

r
of

di
ffe

re
nt

am
in

o
ac

id
s)

,c
ha

ng
ea

bi
lit

y
(n

um
be

r
of

su
bs

tit
ut

io
ns

),
an

d
di

ve
rs

ity
.

VOL. 74, 2000 AMINO ACID VARIABILITY OF HIV-1 gp120 4339



4340 YAMAGUCHI-KABATA AND GOJOBORI J. VIROL.



F
IG

.
1—

C
on

tin
ue

d.

VOL. 74, 2000 AMINO ACID VARIABILITY OF HIV-1 gp120 4341



also seems to be heterogeneous among codon sites. However,
there is a possibility that nonsynonymous substitutions affected
the estimation of the number of synonymous substitutions
which occurred at the same codon, because assignment of
synonymous or nonsynonymous substitution is not clear when
two codons differ at more than one nucleotide site. To see
whether the distribution of synonymous substitutions is really
heterogeneous among sites, we also examined the codon sites
where the third position is fourfold degenerate and there is
no amino acid variation, because the estimated numbers of
synonymous substitutions at these sites are not affected by
nonsynonymous substitutions. The variance/mean ratio of syn-
onymous substitutions at the fourfold-degenerate sites was
estimated to be 2.05. This ratio was still larger than 1. This
observation indicates that the distribution of synonymous
substitutions was not uniform unless the level of heteroge-
neity was much lower than that of nonsynonymous substitu-
tions.

Codon sites where nonsynonymous substitutions were pre-
dominant. To detect amino acid sites where positive selection
may be operating (PS sites), we identified codon positions
where the rate of nonsynonymous substitution was significantly
higher than that of synonymous substitution. Thirty-three
amino acid positions were detected as PS sites (Fig. 2, Table 4)
among 414 codon positions tested. The probability that getting
33 sites out of 414 is significant at the 1% level is very low (P ,
10214), suggesting that detecting 33 PS sites out of 414 is not
merely a stochastic effect and that most of the PS sites have
adaptive significance. Eight of the PS sites were found in the
variable loops (position 132 Thr in the V1 loop; positions 172
Glu and 178 Lys in the V2 loop; and positions 303 Thr, 306
Arg, 308 Arg, 319 Thr, and 322 Lys in the V3 loop). However,
most of the PS sites (22 of 33) were found outside the variable
loops. We confirmed the physical locations of the PS sites in
the three-dimensional structure (33) by using the computer
package Rasmol (50) and found that PS sites were located on
the surface of this protein (Fig. 3). Furthermore, in most cases,
the side chains of these PS sites were exposed to the solvent.
The distribution of the PS sites was not uniform on the protein
surface, and many of the PS sites were in the opposite face for
CD4 binding in the outer domain (Fig. 3C). In particular, eight
PS sites in the C3 region (333 Ile, 335 Arg, 336 Ala, 337 Lys,

340 Asn, 343 Lys, 346 Ala, and 347 Ser) were found within a
short region. Seven of them were on the surface-exposed face
of the a-helix. In addition, position 333 Ile was in the b-strand
that is just N-terminal of this a-helix. Two PS sites (291 Ser and
293 Glu) in the C2 region were close to the eight PS sites in the
C3 region, and position 291 Ser was in the b-strand that was
parallel to the b-strand including residue 333 Ile. Furthermore,
positions 446 Ser and 444 Arg were detected as PS sites in the
b-strand that is parallel to the b-strand including residue 291
Ser (Fig. 3C). In the region just upstream of these two PS sites,
442 Gln and 440 Ser were also detected, although the substi-
tution at position 440 Ser was known to be responsible for
CCR5 binding. On the face where CD4 binding occurs, four PS
sites (281 Ala, 283 Thr, 429 Lys, and 387 Ser) were detected,
although three of them were shown to interact with the CD4
molecule (33). Three PS sites (130 Lys, 195 Ser, and 200 Val)
were found in the stem of the V1/V2 loop. Only one PS site
(240 Thr) was detected in the inner domain that is inside the
trimer complex. In the N-terminal region, where the structure
was not solved, three PS sites (31 Thr, 85 Val, and 87 Val) were
also detected.

Codon sites where synonymous substitutions were predom-
inant. We identified 63 codon sites where the rate of synony-
mous substitutions was significantly higher (NS sites) (Fig. 2
and 3). These NS sites were found in the CD4 binding sites,
critical sites for CCR5 binding in and around the bridging
sheet, interior positions in this protein, and cysteine residues
that form disulfide bridges. Moreover, NS sites were found on
the surface in the monomer but presumably in interior loca-
tions in the trimer complex. In particular, the distribution of
NS sites in the a-helix region (positions 103, 106, and 109) in
the inner domain was a striking contrast to the distribution of
the PS sites of another a-helix region (positions 335 to 347)
in the outer domain. The two NS sites in the a-helix region
(positions 103 and 106) were exposed in a monomer unit;
however, these residues are considered to form an interface
with the trimer complex.

DISCUSSION

We have conducted the most extensive analysis yet of amino
acid variation of HIV-1 gp120 at the single-site level from 186

TABLE 1. Amino acid variabilities of HIV-1 gp120 in the conserved (C1 to C5) and variable (V1 to V5) regions

Region No. of sites analyzed/
no. in region Kindsa Substitutionsb Diversityc

No. of sites/no. analyzed

Monomorphic Hypervariable

C1 97/97 2.80 6 2.08 5.05 6 8.99 0.085 6 0.158 65/97 9/97
V1 11/32 —d — — 6/11 3/11
V2 33/39 5.48 6 2.81 13.34 6 9.80 0.261 6 0.193 6/33 13/33
C2 99/99 2.96 6 1.81 6.81 6 8.77 0.125 6 0.179 56/99 20/99
V3 33/35 5.39 6 2.32 14.92 6 13.90 0.251 6 0.207 6/33 12/33
C3e 53/54 4.11 6 2.72 12.33 6 14.73 0.190 6 0.220 19/53 17/53
V4 9/33 — — — 3/9 2/9
C4 41/43 2.83 6 2.20 5.58 6 9.93 0.111 6 0.189 27/41 6/41
V5 6/11 — — — 4/6 1/6
C5 40/40 2.25 6 1.06 3.38 6 4.91 0.050 6 0.089 30/40 2/40

All 422/483 3.39 6 2.33 7.88 6 10.76f 0.137 6 0.187 222/422 85/422

a Average number of different amino acids 6 SD among sites.
b Average number of amino acid substitutions 6 SD among sites.
c Average diversity of amino acids 6 SD among sites.
d —, average values for the V1, V4, and V5 regions are not shown because too few sites were analyzed.
e In the original paper (40), this region was not classified as either conserved or variable. This region is now often called the C3 region.
f If we assume a Poisson distribution with this average number of amino acid substitutions, the probability that the number of amino acid substitutions at a given site

is equal to or larger than 15 is less than 0.01. We call these sites hypervariable sites.
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sequences of subtype B by three different measures. Our anal-
ysis of amino acid variation revealed that the level of variability
was very different from site to site in both conserved and
variable regions that were assigned previously (40, 56). We
evaluated the level of nonrandomness of the distribution of
amino acid substitutions among sites of the protein. This het-
erogeneity in the substitution rate among sites indicates that
the selection mechanism or the level of functional constraint is
different among amino acid sites in a short region. The ap-
proach to evaluating amino acid variability in this study is

different from that in previous work by Lauder et al. (34) in two
ways. First, to evaluate amino acid variation at a given site, they
took the neighboring amino acid sites into consideration. How-
ever, we evaluated amino acid variability regardless of the
neighboring sites because we are interested in identifying vari-
able and conserved sites rather than variable and conserved
regions. This point is important when we examine the rela-
tionship between sequence variability at each position of the
protein and the physical location of the position in the
three-dimensional structure. Second, we took into account phy-
logenetic relationships among sequences to evaluate change-
ability of amino acids. Inferring phylogenetic relationships and
estimating ancestral states at each node of the phylogeny allow
us to estimate the actual number of amino acid changes.

Our analysis revealed that the level of amino acid variability
could be very different among sites within a short region. One
of the remarkable examples is the a-helix region (positions 335
to 347) just C-terminal of the V3 loop. In this region, exposed
positions of the helix had considerable variations, while the
variations in the interior positions were very limited. The ar-
rangement of conserved sites and variable sites seems to be
consistent with the fact that the a-helix has 3.6 residues per
turn and that its side chains project out of the helix. Insertions
or deletions in this region must be very limited because they
may affect the arrangement of hydrophobic and hydrophilic
amino acid residues that is suitable for the a-helix located on
the surface of the protein. Another example of very different
variabilities within a short region may be seen in the C4 region
(positions 440 to 448), including the b-strand, where variable
sites and conserved sites appear alternately (Fig. 1). This ob-
servation also seems to be consistent with the finding that the
b-strand along the protein surface has residues with side chains
protruding out of the protein and residues with side chains
buried in an alternate arrangement. About the residue 440 Ser,
it is not clear if its side chain projects out of the protein. This
residue may interact with the V3 loop and be involved in cell
tropisms (6). Although it is well known that variable amino
acid sites are located on the surface positions of the protein
(18), our results showed that amino acid variability was highly
correlated with the solvent accessibility of the side chains of the
residues. The arrangement of the variable sites in the sequence
seemed to be consistent with the two typical secondary struc-
tures, a-helix and b-strand.

The degree of amino acid variabilities at the residues for
binding of CD4 and CCR5 was very low except at a few posi-
tions. This is considered to be due to the functional constraint
for binding. The residues for direct contact with CD4 are

TABLE 2. Amino acid variabilities of CD4 and
CCR5 binding sitesa

Protein Siteb Kinds Substitutions Diversity

CD4 125/L 2 2.00 0.032
279/D 4 26.00 0.603
280/N 2 2.00 0.021
281/A 7 21.00 0.483
283/T 5 25.00 0.525
365/S 5 6.00 0.084
366/G 1 0.00 0.000
367/G 1 0.00 0.000
368/D 2 1.00 0.010
370/E 2 1.00 0.021
371/I 3 6.00 0.063
425/N 2 1.00 0.011
426/N 5 15.00 0.487
427/W 3 5.00 0.053
428/Q 1 0.00 0.000
429/K 5 23.00 0.501
430/V 1 0.00 0.000
455/T 4 3.00 0.032
456/R 1 0.00 0.000
457/D 2 1.00 0.011
458/G 1 0.00 0.000
459/G NAc NA NA
469/R 2 2.00 0.021
472/G 2 1.00 0.011
473/G 3 2.00 0.021
474/D 2 14.00 0.175

Avg, CD4 bindingd 2.62 6.28 0.127
Avg, gp120e 3.39 7.88 0.137

CCR5 f 121/K 3 4.00 0.042
123/T 3 2.00 0.021
207/K 2 2.00 0.021
257/T 1 0.00 0.000
317/F 8 30.00 0.381
381/E 1 0.00 0.000
383/F 2 2.00 0.021
420/I 1 0.00 0.000
421/K 3 7.00 0.121
422/Q 3 2.00 0.021
438/P 1 0.00 0.000
440/S 10 52.83 0.781
441/G 1 0.00 0.000

Avg, CCR5 bindingg 3.00 7.83 0.108
Avg, CCR5 bindingh 1.91 1.73 0.022
Avg, gp120 3.39 7.88 0.137

a Amino acid sites that contact the CD4 molecule (33) or that may be critical
for CCR5 binding are listed. Sites at which substitutions resulted in a greater
than 90% decrease in CCR5 binding are listed. (46).

b Position/amino acid in strain HXB2. Also see Table 1, footnotes a, b, and c.
c NA, not analyzed.
d Average values for CD4 binding sites.
e Average values for the entire gp120.
f Position 317 Phe in the V3 loop and position 440 Ser in the C4 region may

be involved in usage of the second receptor.
g Average values of the 13 critical sites for CCR5 binding.
h Average values of the 11 critical sites for CCR5 binding with data for

positions 317 Phe and 440 Ser excluded.

TABLE 3. Distribution of synonymous and nonsynonymous
substitutions among codon sites in gp120a

Type of substitution No. of
codons Avg Variance

Ratio
(variance/
average)b

Synonymous (all)c 414 4.46 19.30 4.33
Synonymous (fourfold)d 34 3.21 6.59 2.05
Nonsynonymous 422 4.02 32.15 8.00

a The ratio of the number of nonsynonymous substitutions to that of synony-
mous substitutions (KA/KS ratio) in the entire region analyzed was estimated to
be 0.90. The correlation coefficient between the numbers of synonymous and
nonsynonymous substitutions was 0.496.

b If the distribution is compatible with the Poisson process, this ratio is theo-
retically expected to be 1.

c All codon sites analyzed.
d Fourfold-degenerate codon sites where no amino acid variations were ob-

served.
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located within and near the recessed pocket for CD4 binding
(33). The residues in the recessed cavity were highly conserved,
and this may be critical for binding. We also observed several
hypervariable sites and three PS sites (281 Ala, 283 Thr, and
429 Lys) among the CD4 binding sites (Table 2). This may
seem inconsistent with the functional importance for binding,
but it may be reasonable, because the existence of epitopes
within and near CD4 binding sites has been reported (58). The
side chains of residues 281 Ala and 283 Thr project out of the
protein, and changes in the side chains at these sites may
produce antigenic variations. Therefore, it is possible that the
amino acid variations are dominantly affected by antibodies
rather than by functional constraint for binding. Moreover, the
effect of changing the side chains on binding may be different
among these residues for CD4 binding because some of these
residues interact with CD4 by their main chains and some of
them do so by their side chains. The residue 429 Lys interacts
with the CD4 molecule by its main chain, and its side chain is
located on the protein surface, pointing to the different direc-
tion for CD4 binding. Therefore, changes in the side chain of
residue 429 Lys may produce antigenic variations without se-
rious effects on binding. The chemokine receptor binding sites
are clustered at the vertex of the trimer predicted to be closest
to the target cell. Lower variabilities were also observed in the
critical positions for CCR5 binding with the exception of po-
sitions 317 Phe and 440 Ser. Among the positions critical for
CCR5 binding listed in Table 2, five positions showed no
amino acid variation, although the sequences analyzed include
the sequences for strains that use CXCR4 rather than CCR5.
This suggests that these five invariant sites may be involved in
CXCR4 binding, too. Among the residues for CCR5 binding,
position 317 Phe in the V3 loop and position 440 Ser in the C4

region were extremely variable, and position 440 Ser was de-
tected as a PS site. This may seem inconsistent with the finding
that the substitutions at these positions were shown to lead to
a greater than 90% decrease in binding. However, this may be
because the nucleotide sequences in this analysis contain the
sequences of strains that use CXCR4, the major second recep-
tor for the T-cell-tropic strain, rather than CCR5. The V3 loop
is well known as the determinant of cell tropisms that is asso-
ciated with usage of the second receptor (7). About the residue
440 Ser, there is a report suggesting that this position may also
be involved in cell tropism (6). Therefore, the high variabilities
at positions 317 Phe and 440 Ser indicate that the amino acids
at these positions may be critical for usage of the second
receptors.

The high heterogeneity of the nonsynonymous substitution
rate among codon positions suggests that the selection mech-
anisms are very different among sites. Our results also showed
that the distribution of synonymous substitutions was not uni-
form. One of the possible explanations for this heterogeneity in
the synonymous substitution rate is that mutation rates among
sites might not be uniform. For example, hypermutation (G to
A) is known to occur episodically in retroviral replication (62),
and the sensitivity of this hypermutation might be different
among codon sites. Another explanation may be that synony-
mous substitutions are not completely neutral. The dinucle-
otide contents and the usage of synonymous codons of HIV
were much biased, implying that some synonymous substitu-
tions may be slightly deleterious (2, 45). The third explanation
is that nonsynonymous substitutions affected the estimation of
the number of synonymous substitutions at the same codon
sites. It is known that there is a positive correlation between
the numbers of synonymous and nonsynonymous substitutions

FIG. 2. PS sites and NS sites in HIV-1 gp120. PS sites (red 1) and NS sites (blue 2) are shown in the amino acid sequence of strain HXBc2. Amino acid positions
for CD4 binding (33) are indicated by orange asterisks. Amino acid positions where substitutions are critical for CCR5 binding (46) are indicated by green asterisks.
Amino acid positions for disulfide bonding (36) are indicated by purple ˆ. Lowercase letters represent amino acid sites that were not tested. Approximate locations for
the outer domain, the inner domain, and the bridging sheet (33) are shown by pink, light blue, and yellow-green bars, respectively.
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(26). In fact, we observed significant positive correlation be-
tween the numbers of synonymous and nonsynonymous sub-
stitutions (r 5 0.496, P , 0.01). If there is variation in the
mutation rate among codon sites, the positive correlation be-
tween the numbers of synonymous and nonsynonymous sub-
stitutions may be explained (26). Another possibility of this
positive correlation is that it is an artifact of the estimation of
synonymous and nonsynonymous substitutions, which seems to
be hard to overcome if it exists. When two codons were dif-
ferent at more than one nucleotide site, we gave an equal
probability to all possible multiple paths because we do not
know which paths occur more frequently than other paths.
Thus, if two codons are different in more than one site, the
differences in synonymous and nonsynonymous substitutions
are correlated.

The ratio of nonsynonymous substitutions to synonymous
substitutions throughout HIV-1 gp120 indicates that the rate
of synonymous substitutions is higher than that of nonsynony-
mous substitutions, but synonymous substitutions are not very
predominant. The ratio of 0.90 found in this study was higher
than that in the previous report, which showed this ratio to be
0.68 (35) (in the original paper, the KS/KA ratio was presented
to be 1.47), although we did not analyze the four variable
regions where insertions, deletions, and partial duplications

might be very frequent. We think that the KS/KA ratio in this
study is more realistic than that given in the previous reports
and that the relative number of nonsynonymous substitutions
might be underestimated in previous reports for two reasons.
First, the numbers of nonsynonymous substitutions by pairwise
comparison might be underestimated in the previous report
because multiple substitutions in hypervariable sites might be
underestimated. In this study, we showed that the nonsynony-
mous substitutions were concentrated at hypervariable sites
and that the distribution of nonsynonymous substitutions was
different from that of synonymous substitutions. When the
nonsynonymous substitutions were concentrated on particular
hypervariable sites, pairwise comparisons underestimated the
actual number of multiple substitutions. In such a case, an
estimation of the numbers of synonymous and nonsynonymous
substitutions that takes phylogenetic relationships into consid-
eration may be better than pairwise comparisons (8). The sec-
ond reason is that the number of synonymous substitutions
might be overestimated in previous reports because the num-
ber of synonymous sites might be underestimated by a method
that did not consider the higher frequency of transitions
than of transversions. We considered the relative frequen-
cies of transition and transversion in estimating the numbers of
synonymous and nonsynonymous sites because estimation of

TABLE 4. Amino acid positions with a significant excess of nonsynonymous substitutions (PS sites)

Positiona Region Synb Nonsync Pd Structuree Antibody f CTL f Function

31/T C1 2.04 20.95 0.000011 1 1
85/V C1 2.99 25.39 0.000001 1 1
87/V C1 2.34 20.52 0.000061 1 2
130/K V1 1.33 10.24 0.009989 2 2
132/T V1 2.01 10.46 0.008358 V1 loop 2 2
172/E V2 1.25 12.27 0.002402 V2 loop 1 2
178/K V2 0.00 12.08 0.000450 V2 loop 1 2
195/S V2 1.54 12.83 0.002983 V1/V2 stem 2 1
200/V C2 1.50 9.74 0.003907 V1/V2 stem 2 1
240/T C2 2.74 17.49 0.000241 2 1
281/A C2 1.03 11.80 0.000979 1 2 CD4 binding (33)
283/T C2 3.12 12.75 0.008117 2 2 CD4 binding (33)
291/S C2 3.00 14.00 0.003021 b-Strand 2 1
293/E C2 2.55 14.90 0.002740 b-Strand 2 1
303/T V3 0.00 6.93 0.004304 V3 loop 2 1
306/R V3 2.55 19.39 0.000280 V3 loop 1 1 Cell tropism (10, 17)
308/R V3 8.05 31.92 0.000091 V3 loop 1 1 Antigenicity (63)
319/T V3 2.78 13.98 0.001193 V3 loop 1 1
322/K V3 5.23 29.41 0.000049 V3 loop 1 1 Antigenicity, cell tropism (53)
333/I C3 1.11 11.93 0.001333 b-Strand 2 2
335/R C3 1.14 17.45 0.000051 a-Helix 2 2
336/A C3 2.50 19.74 0.000025 a-Helix 2 2
337/K C3 3.96 17.53 0.003839 a-Helix 2 2
340/N C3 3.91 16.56 0.005047 a-Helix 2 1
343/K C3 2.63 21.88 0.000100 a-Helix 2 1
346/A C3 5.51 16.23 0.007525 a-Helix 2 1
347/S C3 2.88 32.97 0.000001 a-Helix 2 1
387/S V4 2.00 11.50 0.004150 1 1
429/K C4 1.98 10.48 0.009522 1 1 CD4 binding (33)
440/S C4 9.46 30.91 0.000251 Loop 1 1 CCR5 binding (46)
442/Q C4 1.91 10.15 0.009631 1 1
444/R C4 2.35 11.64 0.009553 b-Strand 2 1
446/S C4 1.00 9.00 0.005346 b-Strand 2 1

a Position/amino acid in strain HXB2.
b Number of synonymous changes throughout the phylogeny/average number of synonymous sites.
c Number of nonsynonymous changes throughout the phylogeny/average number of nonsynonymous sites.
d P values in the exact test.
e Information about the protein structure, such as notations of variable loops or secondary structures in the gp120 core, were described.
f 1, site reported as an epitope for antibodies or CTL, including sites in the HIV immunology database (31). Note that the locations of the epitopes in the database

were approximate and that not all of the epitopes have been reported to have neutralizing activity.
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FIG. 3. Locations of PS sites and NS sites of HIV-1 gp120 in the three-dimensional structure. Molecular graphics were produced using Rasmol (50). The locations
of PS sites (red) and NS sites (blue) are shown. Green, amino acid sites where no significant difference was detected. Gray, not tested (A) All amino acid sites of gp120
are shown. Circled single-letter amino acid codes represent positions where structures were not solved (33). (B through D) Locations of PS sites and NS sites in the
gp120 core shown in four different views. Four views of the molecule are given. The PS sites are labeled. (B) Face for CD4 binding. (C) Face opposite that of CD4
binding. (D) Outer domain. (E) Inner domain.
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the number of synonymous and nonsynonymous sites is much
improved by considering the transition/transversion ratio (25).

Our analysis detected 33 amino acid positions that may be
under positive selection (PS sites). To see whether these PS
sites had been reported to be responsible for antigenic or
phenotypic variations, we looked into the literature and the
HIV immunology database (31) (Table 4). For the five PS sites
in the V3 loop (303 Thr, 306 Arg, 308 Arg, 319 Thr, and 322
Lys), there were many reports of the epitopes for antibodies or
cytotoxic T lymphocytes (CTL) (31). Among the five PS sites in

the V3 loop, two of them (positions 308 Arg and 319 Thr) had
been detected as putative positions under positive selection in
a previous study (57). Position 306 Arg was reported to be
responsible for cell tropism (10, 17). Position 308 Arg was
reported to be responsible for antigenicity (63). Position 322
Lys was reported to be responsible for antigenicity and cell
tropism (53). The amino acid variations in the V3 loop were
responsible for cell tropism that is associated with second-
receptor usage (7). The V3 loop is one of the major epitopes of
HIV and includes the epitopes for CTL. The immunological

FIG. 3—Continued.
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evidence and the effect on cell tropism explain the adaptive
significance of amino acid changes in the V3 loop that is
exposed to the solvent. The PS sites in the V1/V2 loop (130
Lys, 132 Thr, 172 Glu, and 178 Lys) and the PS sites in the stem
part of the loop (195 Ser and 200 Val) may be antigenic
because of their surface locations. One of the remarkable find-
ings in this study was that many PS sites were found outside the
variable loops. In particular, 15 PS sites were clustered in the
outer domain of the gp120 core, opposite the CD4 binding
sites. In the a-helix region (positions 335 to 347), seven PS sites
(335 Arg, 336 Ala, 337 Lys, 340 Asn, 343 Lys, 346 Ala, and 347
Ser) were exposed, although this region contains three highly
conserved sites (338 Trp, 341 Thr, and 342 Leu) in the interior
locations. However, it seems that there is no clear evidence of
antigenic or phenotypic variation for this a-helix region (posi-
tions 335 to 347), although this region is one of the most
variable regions in gp120. Furthermore, additional PS sites
(positions 291 Ser, 293 Glu, 333 Ile, 440 Ser, 442 Gln, 444 Arg,
and 446 Ser) were also clustered on the same face of the
protein. This observation indicates that there are discontinu-
ous epitopes in this area. Four PS sites (281 Ala, 283 Thr, 387
Ser, and 429 Lys) on the face for CD4 binding may be antigenic
sites. Only one PS site (240 Thr) in the inner domain might be
in an exterior location in the trimer complex and thus be an
antigenic site. In the N-terminal part of the C1 region, three PS
sites (31 Thr, 85 Val, and 87 Val) were found. Though the
three-dimensional structure for this region was not solved,
these sites were reported elsewhere to be included in the
epitopes for antibodies (31).

The 33 PS sites include positions without clear evidence of
antigenic or phenotypic variations. The surface area of the
a-helix region (positions 335 to 347) might be included in the
silent face (67) as a minimally immunogenic area because this
area was considered to be heavily glycosylated. In fact, there
are several potential glycosylation sites in this area. However,
it is not clear whether the silent face is always fully covered by
sugar chains and whether there is a space for binding of anti-
bodies. The rate of amino acid substitution in this region may
be very fast in intrahost evolution. In fact, putative sites under
positive selection were detected by analyzing the nucleotide
sequences of HIV samples obtained periodically from a single
patient (35). Attempts to examine the antigenicity of these PS
sites without clear biological evidence will be encouraged. The
neutralizing face (67) includes the CD4 binding sites, CD4-
induced epitopes (59), and the binding sites for 2G12 (61), a
monoclonal antibody, and interactions between monoclonal
antibodies and this neutralizing face have been well character-
ized. Our results suggest that there are antigenic sites in the
silent face and that the real neutralizing face is larger than the
previous investigators thought.

The PS sites detected in this study were located on surface
positions in this protein, and in most cases, the side chains of
the PS sites projected out of the protein. This observation
indicates that variations in the side chains of the PS sites
dominantly contribute to antigenic variations that enable the
virus to escape from recognition by the immune system. Some
PS sites may be responsible for other phenotypic variations,
such as cell tropism and replication rate. We also identified 63
NS sites where synonymous substitutions were predominant.
NS sites were found in the probable contact face of the trimer
complex, receptor-binding sites, cysteine residues for disulfide
bridges, and interior positions of the protein. The distribution
of PS sites and NS sites provides a much better understanding
of the evolutionary force of proteins. First, negative selection is
operating to maintain the proper folding and structure of the
protein. Second, to maintain the ability to bind the receptors,

negative selection is operating on amino acid sites for receptor
bindings. Third, on the protein surface, positive selection is
operating against amino acid changes that are responsible for
antigenic or phenotypic variation. Although the conserved
amino acid sites for receptor binding are located on the core
surface of the protein, there is evidence that the variable loops
might cover the conserved faces for receptor binding (65). This
relationship between the variable loops and the conserved face
for receptor binding is considered very important for the virus
to survive. Exposing the conserved face for binding is not a
good strategy for the virus, because the immune system may
easily recognize the conserved face and neutralize the virus. In
virus entry, sequential conformational changes of the envelope
glycoprotein may uncover the conserved face for receptor
binding only when the receptor binding sites are used. The
V1/V2 and V3 variable loops are considered to have a role in
protecting the receptor binding sites from antibodies. Further-
more, the sequential conformational changes in the envelope
glycoprotein in viral entry may also contribute to antigenic
variation.

This study showed that the PS sites in gp120 were dispersed
over the protein surface, although the distribution on the sur-
face may not be uniform. Many examples of positive selection
at the molecular level showed that positive selection might be
operating in only the part of the protein that interacts with
other molecules (14, 23, 24). However, in the previous reports,
comparisons of synonymous and nonsynonymous substitutions
were performed in local regions including many sites. Actually,
Seibert et al.’s analysis (51) of HIV gp120 found the V2 and V3
regions where positive selection may be operating, while they
concluded that negative selection might be operating largely in
the other regions of gp120. Our analysis at the single-site level
revealed the distribution of the PS sites in the amino acid
sequence and their locations in the three-dimensional struc-
ture. Analysis at the single-site level enables us to see the
distributions of PS sites and NS sites that have not revealed by
the analyses including many sites.

There may be more amino acid sites where positive selection
is operating that we could not identify in this study for several
reasons. First, if the number of sequences for analysis increases
and the observed substitution numbers increase, we may be
able to identify additional PS sites for which statistical signif-
icance was not detected in this study. Second, though we did
not analyze the region where frequencies of insertion, deletion,
and partial duplications might be high, changes in the length of
the variable loops may be responsible for antigenic variations
or cell tropism (54). Third, the comparison of synonymous and
nonsynonymous substitutions may not be able to detect all
positive selection (8). If only a few amino acids are acceptable
at a given site, it may be hard to detect positive selection by
comparison of synonymous and nonsynonymous substitutions
because many nonsynonymous mutations will be deleterious.
Furthermore, we believe that the approach used for detecting
selection in this study is aimed at detecting selection which is
consistent between hosts and that this approach might over-
look selections operating in a host-specific manner.

The approach to detecting selection used in this study is
based on the same concept as the method developed by Suzuki
and Gojobori (57), in which no assumption was made about
the ratio of synonymous to nonsynonymous changes at a given
site. There are two significant differences between the methods
used in this study and in the previous study. First, we took the
transition/transversion ratio into consideration in estimating
the numbers of synonymous and nonsynonymous sites to ob-
tain more reliable results. Second, the significance level was set
at 1% in this study, while that in Suzuki and Gojobori’s study
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(57) was 5%. We set a higher significance level to avoid the
problem of multiple tests, because we tested more than 400
amino acid positions in this study. This approach is applicable
for data sets of many sequences, for example, the Env and Nef
proteins of HIV, HA1 of influenza virus A, and HLA of hu-
mans. The level of divergence is also important for the appli-
cability of this approach. Sequences must be divergent enough
for many substitutions to be observed and give for significant
results. However, if the sequences are too divergent, the satu-
ration effect of synonymous substitutions may affect the results.
One may think that another problem in this approach may
arise because the phylogenetic tree topology of many se-
quences cannot be accurately estimated. When we estimate a
phylogenetic tree of many sequences that are closely related,
we usually observe many short internal branches where the
clusterings are not clear. However, Suzuki and Gojobori (57)
conducted computer simulations to compare the efficiencies
for detecting selection for the two cases of when we know the
phylogeny and when we do not know it. They then found that
there was little difference in efficiencies for detecting selection.
This suggests that the lack of detailed and accurate informa-
tion about the tree topology does not affect the results seri-
ously. This robustness of the results may be due to the fact that
the relative numbers of substitutions on these short internal
branches are usually much smaller than the total number of
substitutions throughout the phylogeny.

Evaluation of amino acid variations will also provide useful
statistics of an empirical pattern of variations that will enable
us to estimate the range of possible variations of proteins in the
future. Even if the number of sequences increases to a thou-
sand, the number of amino acids that are acceptable at a given
site of the protein would converge to a certain level. In the
estimation of number of amino acid changes, the types of
amino acid changes are also identified. The empirical pattern
of amino acid substitutions will be useful for predicting possi-
ble changes. Hundreds of sequences and information about the
three-dimensional structure enable us to predict the range of
acceptable amino acid variations for each position and predict
amino acids that will be deleterious for the virus’s survival. If
the range of functional constraints of amino acids at each
position is properly estimated, we will be able to interpret
various ratios of synonymous to nonsynonymous substitutions
much better (12) than the studies up to the present have been
able to do.

Our analyses of sequence variation at the single-site level
revealed that selection pressure against amino acid changes
can be very different among positions within a short region, as
observed in the a-helix region just C-terminal of the V3 loop.
Furthermore, we showed that some PS sites which were far
apart in the sequence were close together in the three-dimen-
sional structure, suggesting the existence of unidentified dis-
continuous epitopes. Examination of the relationships between
sequence variation and physical locations in protein structure
would be useful not only to elucidate the driving force of
protein evolution, but also to predict the biological function of
each position.
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