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The high rate of HIV-1 evolution contributes to immune escape, enables the virus to escape drug therapy,
and may underlie the difficulty of producing an effective vaccine. Identifying constraints on HIV evolution is
therefore of prime importance. To investigate this problem, we examined the relationships between sequence
diversity, selection, and protein structure. We found that while there was an increase in sequence diversity over
time, this variation had a tendency to be limited to specific structural regions. When individual sites were
analyzed, there was, in contrast, substantial and widespread evolutionary constraint over gag and env. This
constraint was present even in the highly variable envelope proteins. The evolutionary significance of an
individual site is indicated by the change in selection pressure along the time course: increasing entropy
indicates that the site is evolving predominantly in a more “clock”-like manner, low entropy values with no
increase indicate a high degree of constraint, and high entropy values indicate a lack of constraint. Few sites
display high degrees of turnover. Mapping these sites onto the three-dimensional protein structure, we found
a significant difference between evolutionary rates for regions buried in the core of the protein and those on the
surface. This constraint did not change over the time period analyzed and was not subtype dependent, as
similar results were found for subtypes B and C. This link between sequence and structure not only demon-
strates the limits of recent HIV-1 evolution but also highlights the origins of evolutionary constraint on viral

change.

HIV has a highly diverse viral population both within an
infected individual and across populations of hosts (39). This
diversity derives from two sources: (i) the rapidly evolving
nature of the virus, which continually generates new mutant
forms (due to mutation, recombination, and its high rate of
replication), and (ii) the active immune response that pro-
motes diversifying selection (13, 49, 53). Significantly, the host
immune response is extremely active for the majority of the
course of infection (prior to progression to AIDS), and it is the
escape mutants, coupled with the emergence of latently in-
fected viruses, that contribute to the infection within an indi-
vidual (49).

This extreme degree of sequence diversity and the rapid rate
of HIV’s evolution cause enormous problems for both vaccine
design and drug therapy. Indeed, the variability of the HIV
population permits repeated immune escape, such that no
individual is known to have ever naturally cleared an estab-
lished infection (22, 32). For HIV, the mutation rate within a
single patient has been measured at 5.4 X 10~ substitutions
per site per replication round (18), and it has been argued that
this high evolutionary rate could negate any possible vaccine
(6, 16, 23), although lack of protective immunity is also a major
challenge. This apparently relentless viral evolution, coupled
with latency, also leads to escape from drug therapy and the
need for continued drug treatment. To date, 93 mutations
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conferring drug resistance have been identified (8, 41). In some
cases, multiple mutations are required to confer resistance to
even a single drug (34), and yet, such resistance still emerges.

Despite HIV’s unusually high mutability, we might expect
that there are significant constraints on how the sequence can
change and still code for a replication-competent virus. The
analysis of fitness costs of evolving viruses (2, 15, 22, 24, 37)
indicates that evolutionary constraints restrict viral change.
Furthermore, the HIV genome is extremely compact, with
several overlapping open reading frames, such that a mutation
that is “silent” in one reading frame may not be in another.
These constraints limit the number and location of mutations
that can be accepted per replication cycle (21).

Several phylogenetic studies tracing the degree of HIV evo-
lution have been performed with partial gene regions (e.g., C2
and V2 to V5 of env) within subtypes (1, 7, 30, 42). In addition,
the relationship between the cytotoxic T lymphocyte (CTL)
response, sequence diversity, and protein secondary structure
has been studied (55). It may be expected that protein struc-
ture constrains evolutionary change in HIV, since this has been
demonstrated in other systems (12, 19, 31, 35, 36). For exam-
ple, it has been shown that the core of a protein is less likely to
accept replacements than the surface and that different sec-
ondary structure types and hydrogen-bonding classes accept
different replacements (19, 35).

Examination of the evolutionary trajectory over time would
allow the identification of the evolutionary constraints. Fortu-
nately there is a large amount of sequence data for HIV-1, and
the sampling dates are known. Moreover, the structures of all
major HIV proteins have been determined. Such a combina-
tion of data allows analysis of both the evolution of sequence
and the correlation with structure to identify the type and
location of evolutionary constraints.
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MATERIALS AND METHODS

Data sets. A total of 1,131 gag and 1,170 env sequences from group M subtypes
A to D, F to H, J, and K, excluding known recombinant strains, were collected
from the LANL HIV Sequence Database (http:/www.hiv.lanl.gov). To examine
the evolutionary trajectory of HIV-1, gag and env sequences were sorted into
nine groups, based on the year of sampling. Each of these sampling groups was
aligned separately using MUSCLE (28). From each alignment, columns contain-
ing any gaps were removed. Protein sequences were also downloaded from the
HIV Sequence Database site and aligned using the same procedure for DNA.

A subset of these data was chosen to determine the effects of variation of
subtypes sampled in the available data. Fifty env sequences were randomly
selected (10 subtype A, 20 subtype B, and 20 subtype C) as representative
sequences for each time period. Due to the smaller data set size, five time periods
were used to obtain statistics. For the comparative analysis of env subtypes B and
C, gaps were removed from alignments consisting of 20 random subtype B and
C sequences for each time period. Two subtype data sets were separated after
this procedure and used for further analysis. These subsets were analyzed in the
same way as the main data set.

Protein structures were downloaded from the RCSB Protein Data Bank (9).
PDB ID 1hiw (20) and 3gv2 (38) were used for p17 and p24 of gag, respectively,
and lgcl (27) and laik (11) for gp120 and gp41 of env.

To make alignments that match the corresponding structure, the sequence
corresponding to the known protein structure was added to the multiple se-
quence alignment, and the sequences were realigned. All columns with a gap in
the sequence were removed from the new sequence alignment. For the time
course analysis of sequence variability of individual sites for each data set,
alignments of whole sequences were constructed first and then sorted into sam-
pling time groups.

Phylogenetic analysis. To quantify the degree of viral evolution at each time
point, phylogenetic trees were constructed for each data set. The maximum
likelihood (ML) method was chosen to infer phylogenetic relationships. Pairwise
genetic distances were estimated by using a gamma distribution (general time
reversible + I + I', where I is the proportion of invariable sites and I' is the shape
parameter of the gamma distribution) model with a transition/transversion ratio
of 6 in PAUP* (http://paup.csit.fsu.edu/). To find the optimal ML tree, heuristic
search algorithm and nearest-neighbor interchange were selected. ML trees of
each data set were visualized with CTree software (4). Subtype grouping and
calculation of pairwise distance matrices and mean and standard deviations of
genetic pairwise distances between individual taxa of each ML tree were also
performed in CTree. Box and whisker plots and comparisons of pairwise dis-
tances within time periods were performed with the Wilcoxon test using the R
program (available at http://www.r-project.org).

Analysis of selection and diversity. To compare selection and diversity at
individual sites, both nonsynonymous-to-synonymous substitution (dN/dS) ratios
and Shannon entropy were used. The ratio of dN to dS substitutions is an
indication of selection pressure, with values of <1 indicating purifying selection,
values of ~1 indicating neutral evolution, and values of >1 indicating positive
selection. Site-by-site dN and dS values were calculated using the single-likeli-
hood ancestor counting (SLAC) method as implemented in the HyPhy software
(26). If the dS value of codon index is 0, the dN/dS ratio was assigned as 0 at that
site.

In order to determine sequence variability at individual sites, normalized
Shannon entropy scores were calculated. Shannon entropy is a quantitative
measure of amino acid variability at individual sites, which takes into account the
number of possible amino acids replaced and their frequency. Entropy values for
each data set were obtained from ENTROPY-ONE (http://www.hiv.lanl.gov
/content/sequence/ENTROPY/entropy.html).

Both dN/dS ratios and entropy were calculated for each site at each time
period. The values and their change through time at each site were expressed as
the mean and the gradient of the line of least-squares best fit. Mean dN/dS and
entropy values for buried and exposed regions were compared and tested for
statistical significance with the independent ¢ test. Comparisons of mean dN/dS
and entropy values between the three secondary structure groups were per-
formed by the one-way analysis of variance (ANOVA) test. For further analysis
between the two possible groups chosen from three structural groups, posthoc
multiple comparisons were performed. One-way ANOVA and posthoc compar-
isons were done with the SPSS program.

Structural analysis of HIV proteins. Solvent accessibility was calculated using
the PSA program, which is an implementation of Connolly’s rolling probe algo-
rithm (14). Solvent accessibility values were calculated based upon the biological
unit, i.e., in the naturally occurring oligomerization state. Residues with a solvent
accessibility value of 20% or above were regarded as surface exposed; otherwise,
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they were considered buried. Oligomer interface residues were identified using
the Probe software (50) after addition of hydrogens with Reduce (51). A residue
was counted as being in the interface if at least one atom was closer than the
default cutoff of 0.5 A.

RESULTS

Identifying evolutionary divergence of HIV-1 M group. We
estimated evolutionary divergence of the HIV-1 B and C subtypes
through time by comparing phylogenetic trees of gag and env data
sets for different sampling periods. ML trees were reconstructed
from the full-length gag and env genes collected in five different
periods (from the mid-1980s to 2006) (Fig. 1). There was a small
increase in genetic diversity, as indicated by the mean pairwise
branch length between all sequences (Fig. 1). Pearson’s R values
between time of sampling and genetic distances were 0.71 for
both subtype B and subtype C.

We found that the increase in diversity over time for gag was
0.003 and 0.002 (substitutions per site per year for groups B and
C, respectively) and for env was 0.005 and 0.004 (substitutions per
site per year for groups B and C, respectively). These values are
similar to those estimated by Korber et al. (25). Analysis was also
performed for the combined group M data, and results, although
exhibiting smaller increases in overall diversity through time for
env (0.003 substitutions per site per year for gag and 0.0018 for
env), were qualitatively similar and so are not shown.

Sequence variation during HIV evolution. In order to analyze
selection pressure on a site-specific basis, the SLAC method was
used to calculate dN/dS ratios. This method uses maximum like-
lihood for the reconstruction of ancestral sequences and calcu-
lates N and dS substitution based on the phylogenetic relation-
ship. Both gag and env were used, as these are the two most
variable proteins (Fig. 2). As expected, the majority of sites for
both subtypes B and C in both regions were prone to purifying
selection (dN/dS ratio < 1), while in gag 13.8% and 15% of sites,
for subtypes B and C, respectively, were prone to positive selec-
tion, and of those, 54% and 50% were the same sites, respectively.
Inenv, 30.7% and 30% of sites, for subtypes B and C, respectively,
were prone to positive selection, and of those, 63% and 65% were
the same sites, respectively.

Shannon entropy values were also calculated as a measure of
diversity at each site, as this represents the degree of variation at
each position in the sequence alignment. Shannon entropy and
dN/dS ratios are correlated with sequence entropy in these data
sets (see Fig. S1 in the supplemental material) (Pearson’s R is 0.78
for gag and 0.66 for env).

Both the mean and gradient of the dN/dS ratios over the time
period are shown (Fig. 3). Sequence evolution at individual sites
can be divided into four groups: (i) purifying selection resulting in
dN/dS and entropy starting and remaining low; (ii) positive selec-
tion leading to an increase in dN/dS and entropy; (iii) constant
turnover of amino acids, resulting in sequence diversity at a site
that may start and remain high; and (iv) sequence diversity de-
creasing. These four groups have the following characteristics.
Sites under purifying selection will have low mean dN/dS values
(zero gradient over time), sites under positive selection will have
intermediate mean dN/dS values (positive gradient), and sites
exhibiting turnover will have high mean dN/dS values (zero gra-
dient); where sequence diversity decreases at a site, the mean
value will be intermediate and the gradient negative.
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FIG. 1. Genetic distances and sequence variability of HIV-1 gag and env subtype B and C sequences through time. Maximum likelihood
phylogenetic trees of HIV-1 group M gag subtype B (A), gag subtype C (C), env subtype B (E), and env subtype C (G) sequences sampled in
denoted time periods. The length between each node represents the relative genetic diversity (or distance) within each sequence. The scale bar
denotes 0.02 nucleotide substitutions per site. Pairwise distances (mean number of nucleotide substitutions per site) of each strain were calculated
from ML trees of corresponding time points for gag subtype B (B), gag subtype C (D), env subtype B (F), and env subtype C (H). The horizontal
bar in the box depicts the median of pairwise distance values. The top of the box depicts the 75% percentile, and the bottom shows the 25%
percentile. The whiskers stand for either maximum and minimum or 1.5 times the interquartile (range of the box).

The histograms of gradient indicate that for these proteins the could be explained by either constraint or turnover, i.e., either a
majority of sites show little or no change in the dN/dS value over high degree of site-specific purifying selection or an absence of
time (Fig. 3B, D, F, and H). All histograms show some skew in the selection leading to a high degree of change at specific sites.

direction of increasing positive selection, due to an increase at a Plots of the gradient versus the mean sequence entropy allow
minority of sites. This lack of increase over time at most sites us to distinguish constraint from turnover of residues. Most of the
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FIG. 2. Correlation of dN/dS values of gag and env subtypes B and C. (A) Each point represents the dN/dS value of gag subtype B (x axis) and
of gag subtype C (y axis) for individual amino acid sites. (B) Scatter plot comparing dN/dS values of env subtypes B and C.
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FIG. 3. Sequence variation and extent of sequence variability within individual sites of Gag and Env subtypes B and C. Histogram of gradients
of dN/dS change for Gag p17 and p24 for subtype B (A) and subtype C (C). Env includes gp120, gp41, and variable loops for subtype B (E) and
subtype C (G). Scatter plots of gradient and mean dN/dS values for subtype B of Gag p17 and p24 (B), subtype C of Gag p17 and p24 (D), subtype
B of Env gp120, gp41, and variable loops (F), and subtype C of Env gp120, gp41, and variable loops (H). For panels A to H, the sites buried in
the core of the protein (solvent accessibility values of <20) are shown in blue, and those exposed to solvent (solvent accessibility values of =20)

in red. Variable loops (V1/V2 and V3) of gp120 are shown in green.

sites with low gradient values (~—0.5 to +0.5 slope) also have low
mean dN/dS values, with few displaying the combination of low-
gradient and high-mean dN/dS values (Fig. 3A, C, E, and G). This
indicates that a high degree of turnover of multiple amino acids at
a single site is rare. In contrast, most sites are evolutionarily

constrained. We find similar results when sequence entropy is
analyzed (see Fig. S2 in the supplemental material).

Structural constraints acting on viral evolution of HIV. In
order to investigate the source of constraint, we colored the
structures of gag pl7 and env gp120 according to the dN/dS
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FIG. 4. Sequence variability of Gag p17 and Env gp120 for subtypes B and C. Ribbon representation of gag p17 (A and B) and env gp120 (C
and D) (Protein Data Bank accession code 1HIW and 1GCl, respectively), colored as follows: dN/dS = 0.1, blue; dN/dS > 0.1 and = 0.2,
blue/purple; dN/dS > 0.2 and = 0.25, purple; dN/dS > 0.25 and = 0.4, pink; dN/dS > 0.4 and = 0.5, red; dN/dS > 0.5 and = (.75, orange; dN/dS >
0.75 and = 1.0, bright orange; dN/dS > 0.1 and = 1.5, yellow; dN/dS > 1.5 and = 2.5, pale yellow; dN/dS > 2.5, white, for subtype B (A and C)
and subtype C (B and D). The figure was generated using the program PyMOL (available at http://www.pymol.org/). Although single chains are

shown for protein structures, the correct oligomeric state was used for all analyses.

ratio (Fig. 4). “Cooler” colors (blue and purple) indicate low
dN/dS ratios, and “hotter” colors (red, yellow, and white) in-
dicate high values. For both proteins and for both subtypes, the
ranges of the dN/dS ratios for each site have remained largely
unchanged over time. This indicates that sites are initially
conserved or variable and that they remain so over the period
of time for which we have data. Moreover, this observation is
independent of molecule or subtype. Similar results were
found when entropy was analyzed (see Fig. S3 in the supple-
mental material).

Lower dN/dS values tend to be found within the protein
core, qualitatively suggesting stronger purifying selection in the
core of the protein. Figure 3 is also annotated according to
solvent accessibility. Solvent accessibility was calculated using
the appropriate biological oligomeric state, resulting in the
majority of residues in protein interaction interfaces being
counted as being inaccessible to solvent. We found that many
of the sites with an increase or decrease in entropy over time
(slope = 0.5 and < 0.5) were found in solvent-exposed areas of
the protein. For gp120, the variable loops (V1 to V4) were
likely to be completely solvent exposed. However, they were
missing from the crystal structure and were therefore treated
separately. Those sites with both a high gradient (>0.35) and
a high mean dN/dS ratio (>1.0) were found frequently in
variable loops (11 out of 16) or solvent-exposed areas (5 out of
11) (Table 1). These observations suggest that structural fea-
tures, such as solvent accessibility, are correlated with se-
quence variability for individual amino acids.

To determine whether these trends hold for other HIV pro-

teins, we calculated dN/dS values for all gag and env proteins.
Amino acid residues were divided into those in the surface of
the proteins (solvent exposed) and those in the core (buried
from solvent). Comparisons of mean dN/dS values between the
two regions, implemented by an independent ¢ test, indicated
that mean dN/dS values were higher for exposed regions of the
protein structures (Table 2). Among domains for the gene
products of gag and env, dN/dS values for buried and exposed
regions were significantly different (P < 0.05) on six proteins.

TABLE 1. List of gp120 amino acids with high mean entropy
(>1.0) and high gradient (>0.35)

Amino acid Structural
context
128 Gly Exposed
194 Gly.... .Exposed
295 Asn Exposed
344 GIn Exposed
448 Asn... .Exposed
141 Asn...
143 Ser ...
150 Glu ...
152 Gly....
170 Glu ... .
302 Trp ... A
393 SEr vt V




13000 WOO ET AL.

TABLE 2. Statistical significance of difference between mean dN/dS
ratios of buried and exposed regions of the protein domains

Mean dN/dS ratio (n)*

P

Protein Gene product Buried Exposed value
(SA < 20%) (SA = 20%)
Gag pl7 0.5237 (45) 0.8280 (70) 0.049
p24 0.1617 (37) 0.3051 (183) 0.009
Env gp120 (with V1/V2  0.4611 (118) 1.125(281) <0.001
and V3)
gp4l 0.0859 (12) 0.6765 (58) 0.103

“ SA, solvent accessibility.

In the case of the p24 C-terminal domain, the difference was
not significant, probably due to the small number of residues in
the “buried” class. Also, the dN/dS ratios of exposed regions
among four domains were higher than those of buried regions.

Similarly, those residues found in the protein-protein inter-
action interfaces also showed signs of being constrained (Fig.
5). In contrast, when we examined the effects of other struc-
tural characteristics, such as secondary structure, we found that
there were no significant differences (Table 3).

DISCUSSION

We found that for HIV-1 subtypes B and C there was a
small increase in sequence diversity from the mid-1980s to
the mid-2000s. When examined on a site-by-site basis, we
identified more sites with increasing diversity than with de-
creasing diversity, whereas the majority of the sites showed
a negligible increase in sequence diversity (Fig. 3). Clearly
there has been an increase in HIV sequence diversity at
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some point in the past and especially subsequent to founder
effects (5, 40). Such an increase in diversity is key to at-
tempts to date the transmission of HIV to humans, with the
current estimate of the origin of human HIV-1 infection
being near the beginning of the 20th century (52). Even
though we have analyzed sequences collected over a 20-year
period, this time scale is relatively short compared to the
time since the most recent common ancestor of group M,
estimated to have originated between 1884 and 1924 (52). In
part this explains why the dating of the transmission to
humans based on data from the recent epidemic is challeng-
ing (17, 25, 43, 44) and underlines the value of sequences
collected early in the pandemic (52, 56).

Interestingly a high proportion of the same sites, more
than would be expected by chance (13), are prone to positive
selection in both subtypes in gag and env, indicating similar
selection pressures on both HIV-1 lineages, although this
pressure may differ in strength (13). Clade-specific differ-
ences in selection have previously been identified (46), and
it has been suggested that these may be due to functional
changes within clades. As with this previous work, we found
that these sites are in the minority. The overwhelming ma-
jority of sites in gag and env are under evolutionary con-
straint, i.e., subject to purifying selection. While expected,
this result highlights the difference between genetic change
and functional change, with most HIV variation being se-
lected against. We find that even the envelope proteins
display substantial evolutionary constraint, despite their
high rates of evolution and structural and evolutionary plas-
ticity. Moreover, analysis of the sequence entropy and
dN/dS in the context of protein structure demonstrates that
limited selection correlates with the regions expected to be
under evolutionary constraint from protein structure. That
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FIG. 5. Sequence variation and extent of sequence variability of oligomer interface sites of Gag and Env subtypes B and C. Scatter plots of
gradient and mean dN/dS for Gag with p17 and p24 for subtype B (A) and subtype C (B) and Env with gp120 and gp41 for subtype B (C) and

subtype C. Interface sites are highlighted in red.
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TABLE 3. Statistical significance of difference between mean entropy values of different secondary structure subtypes
Protei Gene Mean entropy value (n) P value P value
T mn
ote product Helix Strand Coil (others) (one-way ANOVA) (posthoc)
Gag pl7 0.4566 (71) 0.5659 (9) 0.4590 (35) 0.796 0.782
p24-N 0.1199 (84) 0.3014 (16) 0.1838 (35) 0.04 0.038
p24-C 0.1558 (44) 0.2407 (3) 0.1508 (26) 0.845 0.843
Env gp120 0.5874 (38) 0.3878 (153) 0.4740 (106) 0.128 0.134

is, residues with increased positive selection are likely to be
located in the relatively solvent-exposed parts of the struc-
ture, whereas conserved residues are found mainly in the
protein core. This is in line with previous work showing
increased amino acid diversity at sites that are on the pro-
tein surface and are positively selected (53).

In the case of gp120 structures used in our study, variable
loops, such as V1/V2, V3, and V4, are omitted due to the
technical limitations in elucidating extended loop structure
through X-ray crystallography. These variable loops pro-
trude from the core of gp120, and so, the omitted loops are
likely to be exposed to solvent. These loops appear to have
a degree of constraint similar to that of other solvent-ex-
posed residues. However, insertions and deletions are com-
mon in the hypervariable regions. It is likely that the ex-
treme flexibility allows accommodation of a much larger
degree of variability than is indicated by the analysis of
substitutions. The unusual structural and evolutionary char-
acteristics of the variable loops may indicate that over a long
enough time period almost any substitution may be observed
here.

Since we observed that there is a correlation between
evolutionary constraint and protein structure, we conclude
that protein structure is likely to be the primary origin of
this constraint. In addition to structural constraints associ-
ated with solvent accessibility, we examined the possibility
that secondary structure may also alter replacement pat-
terns (Table 3). Although there are differences between
helix and strand regions, none were statistically significant.
The immune response might select for mutations that confer
immune resistance but is unlikely to directly give rise to an
increase in sequence diversity.

Any region of the viral genome may have many roles that
lead to evolutionary constraint. Individual component pro-
teins within the virus must perform regulatory, functional,
and structural roles in the course of its life cycle. Viral
proteins must fold to a stable three-dimensional structure.
This structure must be protease resistant, must not aggre-
gate, and in some cases must be inserted into the membrane.
The required binding sites and active sites must form effi-
ciently in three dimensions to have the correct specificity
and affinity. Any required conformational changes must oc-
cur. These constraints will restrict the possibilities for
change in viral sequence space. Moreover, constraints are
not uniform over the genome. Amino acid residues that are
directly involved in interaction sites are under much stron-
ger selection pressure than those that are not (29); indeed,
we observe that protein-protein interaction interface re-
gions are among the most constrained.

Structural constraints have long been discussed in the
context of other molecules (10, 31). These differing con-
straints on evolution have been characterized and quantified
in the form of environment-specific substitution tables (35,
36). Constraints from structure include the necessity of
forming correct secondary structure, disulfide bonds and
specific hydrogen bonds. The combination of these effects
can be more than additive, with the most conserved residues
on average being those that are both in the protein core and
forming hydrogen bonds (35). Evolutionary constraints due
to structure and function can be not only identified but
distinguished from each other (12). Even in the case of
analogous proteins, sites that exhibit “conservatism of con-
servatism” have been identified (33). These sites may rep-
resent key residues required to specify the fold. Small num-
bers of these sites are found in some protein folds and may
explain a subset of the structure-related conservation seen
here.

Although protein structure somewhat restricts the suc-
cessful residue replacement at a site, even some buried sites
display evolutionary change. A key mechanism that allows
this is compensatory change, or coevolution (54). For exam-
ple, such properties appear to restrict recombination in
HIV’s envelope (3, 45). If one residue in a buried part of the
structure undergoes sequence change, sequence change may
also occur on a neighboring residue in order to avoid dis-
ruption of the protein structure. It has been suggested that
these correlated sequence evolutions could be a way of
maintaining optimal structural and functional integrity (47).
Alternatively, small structural rearrangements, or a combi-
nation of coevolution and structural change (48), may allow
change at these buried sites.

In contrast to evolutionary constraint, we find little evi-
dence for repeated replacements at a single site, i.e., evo-
lutionarily dynamic turnover of amino acids. Even in Env,
we find very few sites where there is a high degree of vari-
ability and replacements are saturated. It is possible that at
a given site sequence diversity would “toggle” between a
small number of amino acids. Such sites would also have low
sequence entropy that does not increase over time; thus,
there may be hidden evolutionary dynamics. However, if
there are such a small number of residues seen at a given
site, this is probably also due to an evolutionary constraint,
albeit one that can be satisfied by more than one residue.

In conclusion, evolutionary constraints from protein struc-
ture, and from other sources, place limits on the space of
sequences that HIV can explore. Despite the high rate of
mutation, we find that comparatively few sequences are sam-
pled. This observation offers promise when trying to account
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for escape mutations; although HIV can sample a large num-
ber of sequences, the available evolutionary trajectory is by no
means infinite. Indeed, the overwhelming majority of sites dis-
play only limited numbers of replacements, even in the most
variable proteins. Our understanding of constraints on viral
diversity and evolution offers the possibility of understanding
the evolutionary trajectory of HIV. Such knowledge could lead
to a reliable prediction of HIV evolution, of relevance to es-
cape from drug therapy and potential vaccine strategies.
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