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Covariability of Selected Amino Acid Positions for
HIV Type 1 Subtypes C and B
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ABSTRACT

We studied covariability of selected amino acid positions in globally dominant HIV-1 subtype C viruses. The
analyzed sequences spanned the V3 loop, Gag p17, Gag p24, and five CTL epitope-rich regions in Gag, Nef,
and Tat. The corresponding regions in HIV-1 subtype B were also evaluated. The analyses identified a great
number of covarying pairs and triples of sites in the HIV-1B V3 loop (173 site pairs, 242 site triples). Several
of these interactions were found in the earlier studies [e.g., the V3 loop covariability analyses by Korber et
al. (Proc Natl Acad Sci USA 1993;90:7176-7180) and Bickel et al. (AIDS Res Hum Retroviruses 1996;12:1401—
1411)] and have known biological significance. However, generally these key covarying sites did not covary
in the HIV-1C V3 loop (total 17 covarying site pairs), suggesting that the V3 loop may have subtype differ-
ences in functional or structural operating characteristics. Covariability of positions 309 and 312 was observed
in the immunodominant region HIV-1C Gag 291-320 but no covariability was found in the corresponding re-
gion of HIV-1B, and vice versa for Nef 122-141; these findings may reflect subtype-specific covariability within
immunologically relevant regions. Gag p17 exhibited greater covariability and less diversity for HIV-1B than
HIV-1C, raising the hypothesis that Gag p17 is highly immunodominant in HIV-1B and is especially impor-
tant for HIV-1B vaccines. Information on covariability should be better exploited in assessments of HIV-1 di-
versity and how to surmount it with vaccine design.

INTRODUCTION

STATISTICAL COVARIABILITY OF AMINO ACID MUTATIONS
AMONG SITES IN HIV-1 amino acid sequences may indicate
interesting biological interactions between the sites. The inter-
actions may reflect functional constraints of protein structure,
motivating analyses that search for covarying sites. Korber et
al." analyzed for covariability 308 subtype B V3 loop amino
acid sequences and identified seven highly significantly co-
varying pairs of sites. Bickel et al.? followed up this study by
analyzing the same set of V3 loop sequences plus a second set
of 248 subtype B V3 loop sequences and 192 non-subtype B
sequences. This analysis identified 8-20 highly significantly co-
varying pairs of sites, including 5 of those found earlier.! Many
of the covarying sites identified by these studies have known
important biological functions, illustrating the potential value
of covariability analyses for predicting critical structural fea-
tures of HIV-1 proteins as targets for vaccines and therapies.
In addition, Brown et al.,> Hoffman et al.,* and Wu et al.> stud-

ied covariability of HIV-1 protease amino acids and related the
results to HIV-1 function or structure.

Due to the dearth of subtype C sequences in databases at the
time of their analyses, the earlier work!? could not study the co-
variability of subtype C sequences. Ample data on HIV-1C se-
quences have now accrued.®~!% Given the recent expansion of the
subtype C epidemic to its present global predominance,!!~'* and
the increasing emphasis of HIV-1 vaccine research toward sub-
type C viruses, it is important to analyze for covariability subtype
C sequences. Furthermore, up to the time of the analysis of Bickel
et al.,”> much of HIV vaccine research had focused on envelope-
based vaccines for which studying the V3 loop was of paramount
interest. Since then, the field has increasingly invested in vaccine
design of nonenvelope genes such as gag, nef, and tat.!>16 In this
article, we analyze for covariability HIV-1 subtype C sequences
predominantly from southern Africa, in the V3 loop as well as in
Gag pl7, Gag p24, and regions in Gag, Nef, and Tat that have
been found to be rich with cytotoxic T lymphocyte (CTL) epi-
topes in HIV-1C.17-18 The latter regions are important to study be-
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cause several HIV-1 vaccine candidates under development are
based on eliciting CTL responses to these regions.'>161? In the
selected regions, we also compare the covariability of subtype C
sequences to that in subtype B sequences. This comparison pro-
vides a way to identify subtype-specific covariability.

Five immunodominant regions within HIV-1C were identi-
fied in our previous study;'® two in Gag p24, spanning posi-
tions 171-190 and 291-320; two in Nef, in positions 67-96 and
122-141; and one in Tat, in positions 36-50. Throughout this
article the amino acid positions are relative to the HXB2 num-
bering system.?% In addition to the CTL epitopes within HIV-
1B Gag and Nef that were described previously,!” Elispot-based
CTL responses to HIV-1B Gag p24 (positions 171-190) and
HIV-1B Nef (positions 71-90 and 131-150) have recently been
reported.?!-22

In addition to reporting on covariability results for HIV-1
subtypes and proteins previously not evaluated, this article ap-
plies new quantitative methods for studying covariability that
build upon the existing methods.!-> The new techniques include
two statistics for quantitating the extent of covariation between
pairs of sites with confidence intervals, including a normalized
mutual information statistic that helps correct the problem of
relatively low power to detect covariability among conserved
positions. A normalized version of the mutual information sta-
tistic is also used for evaluating covariation of triples of sites.

This study identified a large number of covarying site pairs
and triples in HIV-1C and HIV-1B, and located covariable-rich
regions, some common to the subtypes and some subtype spe-
cific. To attempt to determine the biological significance of the
covariability findings, dN — dS rate differences and sequence
diversity were examined in the regions evaluated for covari-
ability. The analyses support biologically important covariation
of certain amino acids sites, although data are limited for con-
firming the significance of the results. Such statistical findings
are important because they generate hypotheses about biologi-
cal function that can be tested in future experiments.

MATERIALS AND METHODS

The purpose of the methods is to detect pairs of sites i, j (or
triples i, j, k) in HIV-1 amino acid sequences that covary in a
statistically significant way. We briefly summarize the meth-
ods applied by Bickel et al.,” and then describe the new meth-
ods. For a pair of sites i and j, Bickel et al.> considered three
statistical criteria for measuring the evidence for covariation.
The first statistic is the mutual information M, also used by
Korber et al.,! which is the likelihood ratio statistic for testing
independence of two sites versus arbitrary covariation. This sta-
tistic is equivalent to the maximum likelihood estimator of link-
age disequilibrium developed by Hill.?* For large samples M;;
is approximately equivalent to Pearson’s y? statistic for testing
independence. The second statistic, Gy, has a heuristic inter-
pretation described in Goodman and Kruskal®* as the average
increase in the chance of guessing correctly the residue at i
based on knowing both the residues at sites i and j compared
to knowing only the residues at i. To describe the third statis-
tic Py, consider Weir and Cockerham’s? statistic Pjy(a.b),
which is the likelihood ratio statistic for testing independence
of sites i and j versus the alternative that the pair of residues
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(a, b) is favored relative to what is expected by chance. Bickel
et al.? defined P;; as the maximum of the P;;(a, b) statistics over
the 400 pairs of residues a and b. Like Mj;, P; is similar to the
X statistic, except that P;; is designed to detect covariation dri-
ven by a single pair of residues.

The statistic Mj; has relatively low power to detect covari-
ability of conserved positions, which may be disadvantageous
given the functional significance often associated with conserved
regions. To remedy this problem, we also used a normalized ver-
sion of My;, M, that weights positions equally regardless of di-
versity, and ranges between 0 and 1. All four statistics M;;, M’f},
Gjj, and P;; are always nonnegative, with value zero reflecting
no covariation and large values indicating covariation. To test
whether HIV-1C and HIV-1B sequences had different degrees
of covariability at two positions i and j, we used the difference
in M values as a test statistic, and applied the nonparametric
bootstrap to obtain an unadjusted p-value. The statistics are de-
fined mathematically in the Appendix.

The covariability statistics may potentially be improved by up-
weighting covarying mutations present in phylogenetically dis-
tantly related sequences, as they are more informative about co-
variation than mutations in phylogenetically similar sequences.'
This was done for the M;; and M7 statistics by incorporating a
weight function into the statistics as detailed in the Appendix.
The results were similar to those obtained without the weighting.

For sequences of length ¢, there are g X (¢ — 1)/2 pairs of
sites that could potentially covary. Korber et al.' and Bickel et
al.? studied globally gap-stripped V3 loop sequences of length
g = 31, so that 31 X 30/2 = 465 pairs of sites were studied.
Bickel et al.?> computed the three statistics for each pair, and
used a permutation procedure to obtain p-values for each pair
of sites (i, j). The resulting p-values are not adjusted for the
many tests that were conducted, and must be adjusted to avoid
many false-positive discoveries. We used the same permutation
procedure as Bickel et al.?> for computing unadjusted p-values,
but applied a more powerful procedure of p-value adjustment
that detects covarying positions with greater probability.

Adjusting for the multiplicity of tests

Bickel et al.? used a Bonferroni correction to judge statisti-
cal significance of the hundreds of covariation tests, which
amounts to using p = 0.05/465 = 0.00011 as a cut-off value for
comparison with each unadjusted p-value pval; to judge
whether the site pair i, j “significantly covaries.” The Bonfer-
roni method provides stringent control of the false-positive rate,
guaranteeing at most a 5% chance that there are any false re-
jections. However, if the test statistics are positively correlated
across pairs of sites, which is likely the case, then the Bonfer-
roni procedure can be extremely conservative. The cost of the
conservative approach is a higher rate of false negatives (i.e.,
truly covarying pairs that are not identified), which is exacer-
bated most when ¢ is large, because the Bonferroni correction
becomes increasingly (and extremely) conservative with the
number of tests. To improve power we used the now-popular
false discovery rate (FDR) method for multiple testing adjust-
ment.?® Given K unadjusted p-values, the FDR procedure works
as follows: order the K p-values from smallest to largest, and
let k* be the largest integer k such that the kth largest p-value
is less than or equal to (k X a)/K. The tests corresponding to
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the k* smallest p-values are then declared significant at level
a. With this simple procedure, the expected number of signif-
icant test results that are false rejections is no greater than a.
The FDR procedure has greater statistical power than the Bon-
ferroni procedure, especially when there are a large number of
tests (our case), since the FDR method does not become con-
servative as the number of tests increases. We applied both the
Bonferroni and FDR methods.

Estimating the extent of covariability

We used a new measure, Cy, of the degree of covariation for
a pair (i, j) of sites, which is related to the test statistic Py. Let a
and b be the consensus amino acids at positions i and j, respec-
tively. The measure Cj; is the geometric mean of the proportion
of sequences in which a non-a amino acid at site i is accompa-
nied by a non-b amino acid at site j, and the proportion of se-
quences in which a non-b amino acid at site j is accompanied by
a non-a amino acid at site i (see the Appendix for a formula for
Cjj). C;j measures general covariation of residues away from the
consensus pair, and ranges between 0 (no covariation) and 1 (per-
fect covariation). A confidence interval (CI) for the degree of co-
variation was constructed using the nonparametric bootstrap. Cj;
will be most useful when the modal amino acids have high preva-
lence, which is usually the case: 83.4%, 94.8%, and 83.8% of
the positions in HIV-1C Gag p17, Gag p24, and the V3 loop that
we studied had consensus amino acids in 80% or more of the se-
quences. Because M7 and G;; range between 0 and 1, they are
also useful as estimates of the extent of covariation.

A test statistic for higher-order covariability

To study covariability of triples of sites, we used the mutual
information statistic M;; generalized to measure covariability of
three sites (defined in the Appendix). This statistic is equivalent
to the estimator of three-way disequilibrium developed by Weir.?
We also used a normalized version of M, ijk that had been
proposed?® (defined in the Appendix). Studying covariability of
site pairs and triples with the mutual information statistic has the
advantage of providing a unified analysis of covariability, and its
application is simpler and more straightforward than the second-
order log-linear categorical models used by Bickel et al.”

dN — dS estimates

For all positions in the evaluated regions, nonsynonomous
(dN) minus synonomous (dS) rate differences dN — dS, scaled
to represent the expected number of nucleotide substitutions per
codon site, were estimated using the single most likely ances-
tral reconstruction maximum likelihood method.3® A dN — dS
rate difference of 0 means neutral mutations, a difference <0
indicates purifying selection, and a difference >0 represents di-
versifying positive selection.3! Spearman rank correlation co-
efficients and tests were used to assess associations between
covariability statistics and dN — dS values at pairs of positions.

Amino acid diversity

To analyze amino acid diversity of regions, pairwise amino
acid distances were computed using the PROTDIST program
with the PAM model3? as described previously.® For each re-
gion, a two-sided Z-test was used to compare the mean diver-
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sity between subtypes. The test statistic equals the difference
in mean pairwise diversity divided by the standard error of the
difference, which was computed with appropriate account for
the correlations in pairwise distances.?’

Selection of amino acid sites for analysis

Many of the positions in the regions we studied were highly
conserved across the studied sequences, and hence contained
little information about covariability. Positions at which fewer
than two sequences within a subtype had a nonconsensus amino
acid were not evaluated.

First, we analyzed 264 HIV-1C V3 loop sequences in the Los
Alamos database sampled from the southern African nations
Botswana (n = 51), Malawi (n = 80), Mozambique (n = 7),
South Africa (n = 91), Zambia (n = 4), and Zimbabwe (n =
31).33 HIV-1C V3 loop sequences from other geographic re-
gions were excluded to help avoid bias and to aid interpretabil-
ity. The aligned sequences spanned 37 positions, 27 of which
had enough diversity to be investigated for covariability. We
evaluated all 27 X 26/2 = 351 viable pairs for covariability.
Second, we analyzed the p17 and p24 regions of 73 nonrecom-
binant HIV-1C Gag sequences described in Novitsky et al.,”
sampled from Botswana (n = 51), South Africa (n = 5), Tan-
zania (n = 2), Zambia (n = 2), Brazil (n = 2), Ethiopia (n = 1),
India (n = 9), and Israel (n = 1). The analyzed p17 and p24 re-
gions comprised 145 and 231 positions in alignment, respec-
tively. The sequence lengths imply that there are 10,440 and
26,565 pairs of positions that potentially may covary. Analysis
of this many pairs is highly demanding computationally; to make
it viable, we reduced the number of sites to those at which the
consensus amino acid had frequency less than 90%. This re-
striction reduced the number of positions to 38 and 22 for p17
and p24, respectively. Third, using the same set of 73 HIV-1C
sequences, we analyzed separately the five immunodominant re-
gions of Gag, Nef, and Tat described in the Introduction: Gag
171-190, Gag 291-320, Nef 67-96, Nef 122-141, and Tat
36-50. For the Tat region, one sequence was excluded because
an approximately 500 base pair deletion eliminated its first exon.
For these immunodominant regions, 1 of 20, 6 of 30, 10 of 30,
6 of 20, and 4 of 15 positions, respectively, had sufficient vari-
ability to be evaluated for covariability, so that 0, 15, 45, 15,
and 6 pairs of positions were evaluated. After identifying the
sites that significantly covaried within individual epitope-rich
regions, we searched for cross-epitope region covariability by
analyzing these positions together.

For each pair of sites (i, j) identified to significantly covary
by the FDR method, we used the statistical criteria M;; and
M’gk to search for covariability of the triples (i, j, k), for k rang-
ing over all sites other than i and j with at least one significant
connection. These analyses were carried out separately within
the eight regions studied.

The analyses described above were repeated in 264 HIV-1B
V3 loop sequences and 73 HIV-1B sequences selected randomly
from the Los Alamos sequence database®’ in the same regions
as those studied in HIV-1C sequences. Thirty-two of the 37 po-
sitions in the HIV-1B V3 loop alignment were variable enough
to assess; hence 32 X 31/2 = 496 pairs were evaluated for co-
variability. For the HIV-1B regions corresponding to the CTL
epitope-rich regions in HIV-1C, 2 of 20, 3 of 30, 14 of 30, 8 of
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20, and 3 of 15 positions were evaluable for regions Gag
171-190, Gag 291-320, Nef 67-96, Nef 122-141, and Tat
36-50, respectively. For Gag p17 and Gag p24, the HIV-1B po-
sitions corresponding to those evaluated in HIV-1C were ana-
lyzed. However, whereas all of the studied positions in Gag p17
and Gag p24 for HIV-1C had consensus amino acid frequency
less than 90%, many of the corresponding positions for HIV-1B
did not. To allow subtype comparisons of the extent of covari-
ability, supplementary analyses were done at all HIV-1B Gag
pl7 and Gag p24 positions with more than 10% variability,
which amounted to 35 and 15 positions, respectively.

The translated amino acid sequence sets were aligned using
ClustalX v.1.813* and manually edited using BioEdit.>> For the
covariability analyses gaps were treated as a twenty-first
residue. p-values in covariability analyses were calculated us-
ing 10,000 randomly permuted datasets. Bootstrap samples
(5000) were used for computing Cls about the covariation pa-
rameters estimated by C;; or M.

RESULTS

In HIV-1C viral sequences, we found several significantly
covarying pairs in the V3 loop, in Gag p17, and in epitope-
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rich region Nef 67-96, a small number of significantly co-
varying pairs in Gag p24, Gag 291-320, and Tat 3650, and
no covarying pairs in Gag 171-190 or Nef 122-141. In HIV-
1B viruses, a very large number of site pairs significantly co-
varied in the V3 loop, a large number covaried in Gag pl17,
Gag p24, and Nef 122-141, a small number covaried in Nef
67-96 and Tat 36-50, and none covaried in Gag 171-190
and Gag 291-320. As judged by significance of at least one
of the four statistical criteria, the FDR procedure was much
more powerful in detecting covariation than the Bonferroni
procedure, yielding a total of 321 discoveries of significantly
covarying pairs, compared to 131 by the Bonferroni proce-
dure (Table 1). Of the discoveries by FDR and by Bonfer-
roni, respectively, 52 (16.2%) and 23 (17.6%) covarying
pairs were in HIV-1C; the decreased covariability in HIV-
1C was mostly due to the V3 loop and Gag p17. In contrast,
only Nef 67-96 and Gag 291-320 showed more covariabil-
ity in HIV-1C. We describe important details of the results
by region.

V3 loop

Within HIV-1C, 17 pairs of V3 loop amino acids sig-
nificantly covaried (Table 1, Fig. 1). Figure 2 displays the
connections significant by two or more statistics. Figures 2—4

Ciag 1 70-19E Ciag I91-320
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FIG. 1. (A) Whole proteins, location of cleavage products, and topology of the regions analyzed for covariability. (B) Struc-
ture of the V3 loop,>® with strongly covarying sites indicated (listed in Table 2). T297 indicates that the consensus residue is T
at position 297.
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TABLE 1.

GILBERT ET AL.

NUMBER OF SIGNIFICANTLY COVARYING AMINO AcID SITE PAIRS

Region Multiple test

(number sequences) technique M M* G P MM? =]b =2 =3 4
C V3 loop (264) Bonferroni 3 1 3 4 1 8 2 1 0
C V3 loop (264) FDR 7 10 12 8 7 17 11 8 1
C Gag pl7 (73) Bonferroni 2 2 4 4 2 7 2 2 1
C Gag pl7 (73) FDR 13 12 13 11 12 18 17 9 5
C Gag p24 (73) Bonferroni 0 0 0 0 0 0 0 0 0
C Gag p24 (73) FDR 0 0 3 0 0 3 0 0 0
C Gag 171-190 (73) Bonferroni 0 0 0 0 0 0 0 0 0
C Gag 171-190 (73) FDR 0 0 0 0 0 0 0 0 0
C Gag 291-320 (73) Bonferroni 0 0 1 1 0 1 1 0 0
C Gag 291-320 (73) FDR 0 0 1 3 0 3 1 0 0
C Nef 67-96 (73) Bonferroni 4 1 2 0 1 5 1 1 0
C Nef 67-96 (73) FDR 7 7 9 4 7 9 8 7 3
C Nef 122-141 (73) Bonferroni 0 0 0 0 0 0 0 0 0
C Nef 122-141 (73) FDR 0 0 0 0 0 0 0 0 0
C Tat 36-50 (72) Bonferroni 2 2 1 1 2 2 2 2 1
C Tat 36-50 (72) FDR 2 2 1 2 2 2 2 2 1
B V3 loop (264) Bonferroni 44 39 42 62 37 76 51 34 25
B V3 loop (264) FDR 144 140 126 157 144 173 148 138 122
B Gag pl17 (73) Bonferroni 6 8 6 12 6 13 9 7 2
B Gag pl7 (73) FDR 29 27 22 52 27 59 36 23 12
B Gag p24 (73) Bonferroni 8 6 5 6 6 9 7 5 4
B Gag p24 (73) FDR 9 10 15 16 9 16 16 9 7
B Gag 171-190 (73) Bonferroni 0 0 0 0 0 0 0 0 0
B Gag 171-190 (73) FDR 0 0 0 0 0 0 0 0 0
B Gag 291-320 (73) Bonferroni 0 0 0 0 0 0 0 0 0
B Gag 291-320 (73) FDR 0 0 0 0 0 0 0 0 0
B Nef 67-96 (73) Bonferroni 1 1 1 1 1 1 1 1 1
B Nef 67-96 (73) FDR 1 1 1 1 1 1 1 1 1
B Nef 122-141 (73) Bonferroni 8 6 6 7 6 8 7 7 5
B Nef 122-141 (73) FDR 19 15 12 11 15 19 15 13 10
B Tat 36-50 (72) Bonferroni 1 1 1 1 1 1 1 1 1
B Tat 36-50 (72) FDR 1 1 1 1 1 1 1 1 1

4Significant by M and M*.

bSignificant by at least one of the statistics. =2 (=3) indicates significance by at least 2 (3) of the statistics, and 4 indicates
significance by all 4 statistics. Note that the total number of shaded boxes in Figs. 2—4 for a given HIV-1 region equals the FDR
entry in column =2, and the total number of light/medium shaded boxes equals the FDR entry in column =3.

show only connections with relatively robust evidence of co-
variability (i.e., connections significant by two or more sta-
tistics), while Table 1 shows all connections significant by
one or more statistics. One pair of positions, 316 and 321,
stood out as covarying the strongest, where position 316 is
adjacent to the crown of the V3 loop (positions 312 through
315) and position 321 is downstream of the crown. The
consensus residues T, G covaried to A, N in 21 sequences.
In addition, at positions 321, 322 the consensus pair G, D
covaried to N, G in 11 sequences, and at positions 320, 321,
T, G covaried to Z, N in 7 sequences and to N, N in 4
sequences. (“Z” denotes a gap in the subtype consensus
sequence.)

In comparison, 10-fold more pairs significantly covaried
in the HIV-1B V3 loop. To highlight the strongest covary-
ing positions, in Table 2 site pairs significant by all four sta-
tistics by the Bonferroni method and that have M7 in the
highest 5% of M*;; across all site pairs in a given region are

bolded, and 17 site pairs satisfied this condition in the HIV-
1B V3 loop. At positions 304, 306, 322 and an insertion be-
tween HXB2 positions 323 and 324 (referred to as in-
del[323,324]), 25 HIV-1B sequences covaried from the
residues R, S, D, I to I, G, E, V. At positions 319 and 322,
46 sequences covaried from A, D to T, E. Also note that ad-
jacent sites often covaried with the same third position, re-
flecting the role of physical proximity. After FDR adjust-
ment, three site pairs had significantly greater covariability
in HIV-1C than HIV-1B (301-303, 303-315, 303-330),
and 50 site pairs had significantly greater covariability in
HIV-1B.

To place our results in the context of the earlier work, in
Fig. 2 we marked the highly significant site pairs found by
Korber et al.! (“K”), Bickel et al.2 (“B”), and both studies
(“KB”). Of the 7 HIV-1B site pairs identified as strongly co-
varying by Korber et al.! (see their Table 1), we found 6 of
them to covary in HIV-1B, each by four statistics. For HIV-
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FIG. 2. Covarying pairs of HIV-1C and HIV-1B V3 loop amino acid sites, significant by at least three (light/medium shad-
ing), or two (darkest shading) of the statistical criteria My;, M, G;;, P;. Only pairs of sites with relatively robust evidence of co-
variability are shown, i.e., connections significant by only one statistic are not shown. The positions are marked at the margins
of the display matrix, which are relative to the HXB2 numbering system.?® The letters indicate the consensus amino acids (left
and bottom for HIV-1C; right and top for HIV-1B), where “—” denotes a gap in alignment. The lower-left and upper-right parts

of the matrix are for HIV-1C and HIV-1B, respectively. Pairs colored red have the greatest evidence of covariation: all four sta-

tistics were significant by the Bonferroni method and the M?;

1B our analysis also found covariability of 9 of the 20
strongly covarying site pairs identified by Bickel et al.? (see
the 20 bolded site pairs in their Fig. 1). In total we corrobo-
rated covariation of 13 site pairs in HIV-1B previously iden-
tified, and we found 27 covarying site-triples that involved
one of these site pairs (further results on covarying site triples
are given below). Both previous papers concluded that posi-
tions 306, 308, and 318-322 appeared to be most important
for covariability, and interestingly these positions stood out
in our analysis as participating in extensive covariability; no-

statistic was in the upper fifth percentile of the M}; values.

tably positions 306, 308, 321, and 322 had 21, 11, 10, and
14 significant connections by all four statistics, respectively.
Furthermore, Bickel et al.? noted covariabiality among the
four sites 306-308-317-322, and we found 10 covarying site
triples involved with a pair within this set: 300-306-322,
301-306-317, 302-317-322, 304-306-322, 306-314-322,
306-321-322, 306-322-324, 306-314-317, 306-317-324,
and 306-317-327. Some of the aforementioned positions im-
portant for HIV-1B also covaried in HIV-1C, 320, 321, and
322, however positions 306, 308, 318, and 319 had no con-
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FIG. 3. Covarying pairs of HIV-1C and HIV-1B Gag p17 and Gag p24 amino acid sites, significant by at least three (light/medium
shading), or two (darkest shading) statistical criteria M;;, M, Gy, P;;. Only pairs of sites with relatively robust evidence of covari-
ability are shown, i.e., connections significant by only one statistic are not shown. Notation and meaning of the red color is as in Fig.
2. For both subtypes (lower-diagonal HIV-1C; upper diagonal HIV-1B) the upper panels show results for the 37 positions that were
variable in the HIV-1C Gag p17 sequences (defined by <90% frequency of the consensus/majority amino acid) and for the 22 posi-
tions that were variable in HIV-1C Gag p24. For subtype B the bottom panels show results for the 35 HIV-1B Gag p17 variable po-
sitions and the 15 HIV-1B Gag p24 variable positions. For brevity, only positions at which there is some significant covariability are
shown.

nections. Only connections 300-305, 301-303, and 321-322 did not covary in HIV-C sequences raises the hypothesis
found previously were identified in our analysis of HIV-1C. that the HIV-1C V3 loop may operate quite differently in
The fact that almost all of the site pairs that were found to  functional or structural characteristics than the HIV-1B V3
strongly covary in HIV-1B by the earlier and current work  loop.
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FIG. 4. Covarying pairs of Gag 291-320, Nef 67-96, Nef 122—141, and Tat 36-50 amino acid sites, for HIV-1C and HIV-1B,
significant by at least three (light/medium shading), or two (darkest shading) statistical criteria M;;, M7, Gj;, Pj. Only pairs of
sites with relatively robust evidence of covariability are shown, i.e., connections significant by only one statistic are not shown.

Notation is as in Fig. 2.

Gag pl7

In HIV-1C, 18 pairs significantly covaried in Gag p17 (Ta-
bles 1 and 2; Fig. 3, upper-left matrix). For the correspond-
ing Gag pl7 positions in HIV-1B, 7 pairs significantly co-
varied. Two pairs of sites had significantly greater covariation
in HIV-1C than HIV-1B (15-90, 28-30), and one site pair had

significantly greater covariation in HIV-1B than HIV-1C
(93-125).

The analysis of HIV-1B Gag p17 positions with more than
10% variability showed a large number of covarying pairs, with
59 total connections (Tables 1 and 2; Fig. 3, lower-left matrix).
The consensus pair V, T at positions 82, 84 covaried to I, V in
14 sequences.
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TaBLE 2. Cj; COVARIATION MEASURES WITH CONFIDENCE INTERVALS FOR COVARYING
PAIrRs SIGNIFICANT BY ALL FourR STATISTICAL CRITERIA, USING THE FDR METHOD

Region (no. sequences) Site Consensus Modal Normalized
[average normalized dN—dS] pair pair substitution pair  Cj; 95% CI dN-dS?
C V3 loop (264) [—0.32] 316 321 T, G A, N 0.555 0.366-0.686 —0.68, 0.23
C Gag pl7 (73) [—0.47] 7 11° LG V, E 0.592 0.333-0.877 —0.39, 0.89
15 91 K, K T, G 0.733 0.393-0.778 1.34, 0.64
28 54 H, S Q, A 0.560 0.347-0.734 —1.50, 0.81
61 90 LE M, A 0.305 0.192-0.785 1.72, 1.91
119 122 K, D E, A 0.555 0.077-0.775 0.66, —0.67
C Nef 67-96 (73) [—0.84] 74 76 V,L X, Z 0.459 0.000-0.816 —1.87, —0.29
74 77 V,R M, K 0.873 0.000-1.000 —1.87, —0.82
76 77 L, R Z, T 0.410 0.000-0.791 —0.29, —0.82
C Tat 36-50 (72) [—0.23] 36 39 vV, 1 A, L 0.577 0.316-0.775 1.23, 0.52
B V3 loop® (264) [—0.08] 297 318 T,Y S,V 0.291 0.192-0.447 1.00, 0.33
297 321 T, G ILLE 0.296 0.199-0.525 1.00, 0.01
300 318 N, Y G, F 0.547 0.289-0.602 0.05, 0.33
303 304 T,R Vv, Q 0.283 0.000-0.438 —0.67, —1.85
303 325 T,D V, K 0.289 0.160-0.430 —0.67, —1.00
303 329 T, A V,P 0.866 0.577-1.000 —0.67, —0.67
304 306 R, S I,G 0.565 0.473-0.646 —1.85,0.29
304 322 R, E ILQ 0.466 0.397-0.530 —1.85, 1.63
304 324 R, T J Y 0.668 0.557-0.765 —1.85, 0.18
304 — R, I LV 0.668 0.695-0.968 —1.85,0.26
304 325 R, D Q, K 0.192 0.070-0.316 —1.85, —1.00
304 329 R, A Q, P 0.247 0.000-0.403 —1.85, —0.67
305 318 K, Y R,V 0.439 0.265-0.548 —0.57, 0.33
305 321 K, G R, K 0.351 0.181-0.467 —0.57, 0.01
306 318 S, Y G, F 0.239 0.140-0.330 0.29, 0.33
306 321 S, G G, D 0.447 0.393-0.634 0.29, 0.01
(Korber et al.,! 306 322 S,E G, Q 0.589 0.520-0.676 0.29, 1.63
Bickel et al.?) 306 324 S, 1 G,V 0.651 0.563-0.727 0.29, 0.18
Bickel et al.?) 313 317 P, F S, 1 0.405 0.242-0.546 —0.50, 0.69
316 317 A, F vV, Y 0.422 0.243-0.550 0.33, 0.69
B V3 loop (264) 317 328 F. Q L, K 0.479 0.333-0.605 0.69, 0.45
(Korber et al.!) 318 319 Y, A V, K 0.313 0.143-0.444 0.33, 1.34
318 322 Y,E V, R 0.475 0.266-0.456 0.33, 1.63
319 322 A E T, D 0.424 0.357-0.730 1.34, 1.63
321 322 G, E K, R 0.420 0.375-0.549 0.01, 1.63
322 324 E, I QV 0.514 0.441-0.581 1.63, 0.18
B Gag pl17°¢ (73) [—0.52] 12 54 E, S QA 0.314 0.119-0.755 1.53, 1.44
28 46 K,V M, L 0.395 0.153-0.497 0.55, —1.89
46 125 Vv, S LG 0.605 0.480-0.893 —1.89, 141
49 125 G, S S, K 0.456 0.186-0.497 0.93, 1.41
82 84 VvV, T LV 0.676 0.431-0.720 1.30, 2.34
121 123 D, G A, D 0.397 0.231-0.821 1.17, 1.26
123 125 G, S D, G 0.260 0.095-0.625 1.26, 1.41
123 —f G,Z D, N 0.316 0.000-0.751 1.26, 0.46
124 —f N, Z T, N 0.397 0.231-0.821 —1.03, 0.46
125 —f S, Z G, S 0.510 0.355-0.781 1.41, 0.46
125 —¢ S, Z G T 0.516 0.250-0.707 1.41, 1.34
—f = 7,7 N, S 0.751 0.739-1.000 0.46, 1.34
B Gag p24¢ (73) [—1.11] 146 147 Al P, L 0.510 0.269-0.710 0.38, —0.44
146 211 A, E P,D 0.802 0.516-0.810 0.38, 0.35
146 280 A, T P, A 0.414 0.222-0.575 0.38, 2.21
147 340 I, A L G 0.662 0.516-0.925 —0.44, 1.92
159 280 VvV, T L1 0.548 0.513-0.910 —1.01, 2.21
211 280 E, T D, A 0.452 0.184-0.734 0.35, 2.21
219 252 H, N Q,S 0.240 0.086-0.541 2.15, —0.38
B Nef 67-96 (73) [—0.57] 84 86 A, D G,V 0.570 0.131-0.785 —1.46, 0.34
B Nef 122-141 (73) [—0.74] 126 127 N, Y T, T 0.548 0.302-0.791 —2.06, —0.60
126 129 N, P T, Q 0.316 0.000-0.630 —2.06, —0.19
126 133 N, T T, S 0.386 0.187-0.524 —2.06, —0.76
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TaBLE 2. C,, COVARIATION MEASURES WITH CONFIDENCE INTERVALS FOR COVARYING
PaIrs S1GNIFICANT BY ALL Four StaTisTICAL CRITERIA, USING THE FDR METHOD (CONTINUED)

Region (no. sequences) Site Consensus Modal Normalized

[average normalized AN—-dS] pair pair substitution pair  Cj; 95% CI dN-dS?
127 129 Y, P T, Q 0.577 0.000-1.000 —0.60, —0.19
127 133 Y, T T, S 0.264 0.146-0.397 —0.60, —0.76
129 133 P, T Q, S 0.305 0.073-0.433 —0.19, —0.76
133 135 T,Y P, F 0.227 0.096-0.771 —0.76, —0.95
137 138 L, T Vv, C 0.107 0.000-0.816 —1.17, —0.19
137 139 L, F T, L 0.176 0.000-0.671 —1.17, —0.49
138 139 T, F D, L 0.186 0.000-0.516 —0.19, —0.49

B Tat 36-50 (72) [0.34] 39 40 ILT T, K 0.539 0.359-0.685 2.62, 5.70

aNormalized dN — dS is the scaled dN — dS estimate obtained by the single most likely ancestral reconstruction maximum

likelihood method?° for each of the two positions.

PPairs significant by all four statistical criteria by the Bonferroni method and that have M in the upper fifth percentile of M

across all pairs for the given region are bolded.

“Connections significant by all four statistical criteria by the Bonferroni method are included (due to space limitations con-

nections significant only by the FDR method are omitted).

d_is an Indel between positions 323 and 324 of the HXB2 alignment.
°For HIV-1B Gag p17 and HIV-1B Gag p24, results are reported for the analyses of the HIV-1B positions at which the fre-

quency of the consensus amino acid is less than 90%.

Two Indels—were in the HIV-1B Gag p17 alignment, between positions 125 and 126 in the HXB2 alignment. — is adjacent

to position 126.
2— is adjacent to position 125 in HXB2.

Gag p24

In HIV-1C Gag p24, three site pairs significantly covaried.
There were twice as many (6) significant connections in the
corresponding positions of HIV-1B (Fig. 3, upper-right matrix).
Although none of the covarying pairs was common among the
subtypes, notably position 252 was important for both subtypes.
Four site pairs covaried significantly more in HIV-1C
(159-312, 159-252, 219-228, 228-252) and two site pairs co-
varied significantly more in HIV-1B (91-116, 98-120).

The analysis of HIV-1B Gag p24 positions with more than
10% variability showed more extensive covariability than for
HIV-1C Gag p24 (Fig. 3, lower-right matrix). Sixteen pairs sig-
nificantly covaried, with pairs 159-280 and 211-280 showing
strong covariation.

HIV-1C CTL epitope-rich regions

In HIV-1C Gag 171-190, all positions but one were too con-
served to assess covariability; therefore no pairs were evalu-
ated. Only one site pair was evaluable in HIV-1B Gag 171-190,
without significant covariation. Three site pairs significantly co-
varied in HIV-1C Gag 291-320. The consensus pair A, D at
positions 309 and 312 covaried to S, E in all 8 sequences for
which positions 309 and 312 both contained nonconsensus
residues. No pairs significantly covaried in HIV-1B Gag
291-320. Nine pairs significantly covaried in HIV-1C Nef
67-96 (Tables 1 and 2; Fig. 4), whereas only one site pair co-
varied in HIV-1B Nef 67-96, by all four statistics (84-86); 5
sequences covaried from A, D to G, V and 5 sequences from
A, D to G, F. In HIV-1C, no positions significantly covaried in
Nef 122-141, whereas 19 site pairs covaried in HIV-1B Nef
122-141. In HIV-1C Tat 36-50, 2 pairs significantly covaried
(36-39 and 39-40), and in HIV-1B Tat 3650, positions 39 and

40 significantly covaried, with 7 sequences covarying from I,
T to T, K. For the five immunodominant regions no site pairs
had significantly different covariation by subtype.

In the cross-epitope region analysis for HIV-1C, 13 signifi-
cant connections were found. Of these, 12 pairs were within
one of the epitope-rich regions (i.e., they were discovered in
the region-specific analysis). The one (weakly) significant co-
variable pair with sites in different epitope-rich regions involved
positions 88 in Nef 67-96 and 315 in Gag 291-320, with C;; =
0.387 (95% CI 0.000-0.564). The consensus pair S, N covar-
ied to G, A; G, G; and D, G in one sequence each.

Analysis for covariability of triples of sites

In the HIV-1C V3 loop, we evaluated 59 site triples for co-
variability, including positions 297, 300, 301, 303, 305, 307,
315, 316, 321, and 322 together with the significant pairwise
connections 301-303, 303-315, 303-330, 305-321, 307-316,
307-322, 316-321, and 320-321. Two triplets of sites signifi-
cantly covaried (297-316-321 and 297-307-316). In compar-
ison, the analysis of 2498 site triples in the HIV-1B V3 loop
involving 30 positions and 93 significant site pairs by all four
statistics and Bonferroni revealed 242 significant connections,
which did not include the significant connections in HIV-1C.
Site pairs 322-325, 322-324, and 307-326 had the most con-
nections with another position, 26, 14, and 12, respectively. Of
the 17 site pairs with greatest evidence of covariation (bolded
in Table 2), all but 3 covaried with at least one other position,
and site pairs 303-325, 304-indel[323,324], 306-321, 321-322,
and 322-324 had the most covarying site triples, each with be-
tween 4 and 6 other positions.

Of 324 site triples evaluated in HIV-1C Gag p17 involving
20 positions and 18 pairwise connections, we found 87 signif-
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icantly covarying triplets. Seventeen of the connected site
triples involved site pair 15-20, 17 connections involved
15-120, 17 involved 20-49, and 14 involved 90-120. Of the
826 site triples evaluated in HIV-1B Gag p17 over 25 positions
and 36 pairs, 84 significant connections were found, 14 of which
involved site pair 125—indel[125,126], 12 with 28-95, 7 with
62-76, 5 with strongly covarying pair 49-125 (49-62-125,
49-93-125, 49-123-125, 49-125-indel[125,126], 49-125-
indel[125,126]), and 3 with strongly covarying pair 82-84
(46-82-84, 62-82-84, 82-84-105). For HIV-1C Gag p24, 9
site triples were evaluated for covariability, based on 5 posi-
tions and 3 site pairs, and no significant connections were found.
For HIV-B Gag p24, 160 site triples were evaluated (12 posi-
tions and 16 site pairs), and there were 9 significant connec-
tions, all of which involved key position 280 (with site pairs
146-326, 146-340, 147-159, 147-223, 159-223, 159-340,
219-223, 219-252, 223-340). Within the immunodominant re-
gions, only 3 significant connections were found, all in HIV-
1B Nef 67-96: 72-74-78, 74-84-93, and 84-90-93.

Normalized dN — dS differences associated with
degree of covariability

For each region, correlations between the average normal-
ized dN — dS value for each pair (i, j) of positions and the Cj;
covariability statistics were assessed. There were moderate or
weak correlations in both subtypes for the V3 loop, Gag pl7,
and Gag p24. For the HIV-1C V3 loop, the Spearman rank cor-
relation r was 0.41 (p < 0.0001) between average normalized
dN — dS and Cj;, and for the HIV-1B V3 loop r = 0.30 (p <
0.0001). For HIV-1C Gag p17, r = 0.25 (p < 0.0001), whereas
for HIV-1B Gag pl7, r = 0.12 (p = 0.0054). In addition, for
HIV-1C Gag p24 r = 0.14 (p = 0.04) and for HIV-1B Gag p24
r = 0.39 (p < 0.0001). For the immunodominant regions a sig-

TABLE 3.

GILBERT ET AL.

nificant correlation was found only for HIV-1C Gag 291-320,
with r = 0.52 (p = 0.05). Based on the hypothesis testing pro-
cedure,?° for none of the site pairs with greatest evidence of co-
variability (those listed in Table 2) was there significant evi-
dence (p < 0.05) that both sites were under selection pressure
(i.e., dN —dS > 0).

Association of amino acid site covariability and
diversity

Of the 8 regions evaluated for covariability, 2 showed com-
parable levels of covariability in subtypes C and B (Gag
171-190, and Tat 36-50), 4 showed less covariability in HIV-
1C (V3 loop, Gag p17, Gag p24, Nef 122-141), and 2 showed
more covariability in HIV-1C (Nef 67-96 and Gag 291-320).
To help interpret these results, Table 3 summarizes the pair-
wise amino acid diversity of the regions. Six of the regions had
significantly different mean diversity, including 5 of the 6 re-
gions with subtype differences in the degree of covariability.
For the V3 loop and Nef 122-141, the subtype with more co-
variability also had higher diversity. This correspondence may
be explained partly by the fact that the statistical criteria have
greater statistical power for detecting covariability in regions
with greater diversity. This observation may help explain the
extensive amount of covariability identified in the HIV-1B V3
loop, with its large mean diversity of 22.2%, compared to 14.5%
for the HIV-1C V3 loop. The subtype difference in covariabil-
ity for Nef 122-141 is too large to be explained fully by dif-
ferential diversity, however. In addition, Gag p17 had consid-
erably less covariation for HIV-1C but more diversity. This
finding may be explained by the fact that Gag p17 is highly im-
munodominant in HIV-1B, containing many known CTL epi-
topes'”; the greater covariability may reflect the functional im-
portance of HIV-1B Gag pl17. This finding may also support

AmINO AciD D1vERSITY BASED ON PAIRWISE DISTANCES

Diversity (%)

Difference in diversity (C — B) Number (%)

of unique
Region Subtype Mean Range Mean 95% CI* p-value® sequences
V3 loop C 14.5 0.8-70.8 —7.6 (—9.6, —5.7) <0.0001* 196 (74.2%)
B 222 0.2-98.7 144 (54.5%)
Gag pl7 C 14.8 1.0-32.3 4.0 (24, 5.5) <0.0001* 73 (100.0%)
B 10.9 0.0-25.6 67 (91.8%)
Gag p24 C 5.1 0.4-10.4 1.8 (1.1, 2.4) <0.0001* 73 (100.0%)
B 33 0.0-8.6 60 (82.2%)
Gag 171-190 C 2.5 0.0-9.2 2.0 (0.5, 3.5) 0.008* 15 (20.5%)
B 0.5 0.0-10.4 5 (6.8%)
Gag 291-320 C 4.4 0.0-18.6 2.3 (0.5, 3.9) 0.010* 16 (21.9%)
B 2.1 0.0-21.6 11 (15.1%)
Nef 67-96 C 11.8 0.0-57.6 —4.0 (=7.6, —0.3) 0.035 31 (42.5%)
B 15.7 0.0-100.0 46 (63.0%)
Nef 122-141 C 7.8 0.0-39.7 —10.1 (—14.6, —5.6) <0.0001* 11 (15.1%)
B 17.9 0.0-100.0 19 (26.0%)
Tat 36-50 C 11.9 0.0-54.2 —-04 (—4.0, 3.1) 0.81 11 (15.3%)
B 12.4 0.0-42.7 13 (18.1%)

295% confidence intervals (Cls) were computed as the mean difference in diversity plus or minus 1.96 times the standard
error of the difference computed as described in Novitsky et al.’

YUnadjusted p-value, computed using the two-sample Z-test summarized in Materials and Methods and detailed in Novitsky
et al.” An asterisk implies the result is statistically significant at level 0.05 after FDR adjustment for eight hypothesis tests.



COVARIABILITY OF HIV-1C/B AMINO ACID SITES

the higher fitness of HIV-1C, which is indirectly supported by
the relatively high prevalence of HIV-1C.

Despite the observed relative conservancy of subtype C’s V3
loop, the data suggest that HIV-1C may have a broader range
of viable viruses than HIV-1B: of the 264 V3 loop sequences
studied, 196 (74%) were distinct for HIV-1C, but only 144
(54%) were distinct for HIV-1B.

DISCUSSION

This study evaluated for covariability eight regions in HIV-
1C and HIV-1B, and identified hundreds of significantly co-
varying pairs and triples of amino acids. We summarize the re-
sults, connecting the covariability findings to biological
knowledge where possible.

In HIV-1C, several covarying pairs were identified in the V3
loop, Gag pl7, Gag p24, Gag 291-320, Nef 67-96, and Tat
36-50. The greatest covariability of amino acids to specific
residues was found at positions 316-321 (from T, G to A, N)
and 321-322 (from G, D to N, G) in the V3 loop, positions
309-312 (from A, D to S, E) in Gag 291-320, and positions
36-39 in Tat 36-50. For HIV-1B, the greatest covariability was
found at positions 304, 306, 322, indel[323,324] in the V3 loop
(from R, S, D, Ito I, G, E, V), and at site pairs 82-84 in Gag
pl7 (from V, T to I, V) and 159-280, 211-280 in Gag p24.
Table 2 lists the site pairs with robust evidence of covariability.

Notably, greater covariability was found in the V3 loop and
Gag pl7 for subtype B, perhaps suggesting greater functional
constraints in these regions for HIV-1B. In addition, the find-
ing of strong covariability of site pair 309-312 in Gag 291-320
but no covarying pairs in the corresponding region for HIV-1B
may reflect the fact that this region contains T cell epitopes for
subtype C but not for subtype B.!8-3 Similarly, in Nef 122-141,
there were no significant covariable pairs in HIV-1C, but a
plethora of connections in HIV-1B. This finding may reflect
that this region, known to be part of the four-stranded antipar-
allel B-sheet of Nef,?” is T cell epitope rich for subtype B but
not for subtype C. In HIV-1C many T cell epitopes remain to
be mapped, and the analysis reported here illustrates that co-
variability analyses complement direct mapping analyses, in
these cases supporting that Gag 291-320 and Nef 122-141
merit special attention for HIV-1C and HIV-1B, respectively.
Covariability within a type II polyproline helix that represents
the main binding site for the Src family kinases®’ among posi-
tions 71-79 in Nef was found for subtype C, which may sug-
gest the existence of compensatory mutations or linkage. This
hypothesis is supported by the direct epitope mapping analy-
ses, which showed that Nef 71-79 contains a T cell epitope for
subtype C.%-38 In addition, there was strong evidence that amino
acid positions 39, 40 in the core region of Tat covaried in both
subtypes.

A recent study of a rhesus macaque infected with SHIV-
89.6P demonstrates the utility of covariability analysis of CTL
epitope regions; Peyerl et al.?® used covariability analysis to
help establish that a CTL epitope was structurally constrained
from mutating to escape from CTL recognition. Amino acid
mutation T471 at position 2 in an immunodominant Gag Mamu-
A*01-restricted epitope coincident with mutation 171V in a
flanking position led to SHIV-89.6P escape from the dominant
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epitope-specific CTL response. As measured by Gag protein
expression, viral infectivity, and replication kinetics, the fitness
of the virus with T471 mutation was greatly reduced compared
to the wild-type virus, but when the T471 and 171V mutations
were both present, the fitness was restored to wild-type levels.
Through the analysis of SIV and HIV-2 sequences from the Los
Alamos sequence database,? Peyerl et al.>® showed strong co-
variability of positions 47 and 71 (Fisher’s exact test p <
0.0005), and this result can be confirmed using the methods
used here, which are more appropriate than Fisher’s exact test.
This example illustrates that covariability analyses are useful
for understanding how viruses escape from CTL recognition.

For the V3 loop, Gag pl7, and Gag p24 in both subtypes,
we found significant correlations between the C; statistics quan-
tifying evidence for covariability and the normalized dN — dS
differences. However, for most of the strongly covarying amino
acid sites (Table 2), there was no significant evidence that dN —
dS > 0, and therefore the extent to which the covarying amino
acids might be under selection pressure is unclear. We also iden-
tified several triples of sites that covaried in the HIV-1C V3
loop and a great number in the HIV-1B V3 loop (242 connec-
tions), a large number of covarying site triples in Gag p17 for
both subtypes (87 for HIV-1C and 84 for HIV-1B), and sev-
eral covarying site triples in HIV-1B Gag p24 (9, all involving
key position 280).

Our analysis of the HIV-1B V3 loop corroborated several of
biological observations.!-? de Jong et al.*? found that mutations
at positions 306 and positions within 319-322 are necessary for
the HIV-1 phenotype to completely convert from NSI to SI, and
we found strong covariability of position 306 with all four sites
319-322. Chesebro et al.*! found that mutations at site 308 and
sites within 318-322 are needed for a phenotype switch from
T cell to macrophage tropic, and we found strong covariability
of site 308 with sites 318, 321, 322. Site pairs 306-3224? and
308-322*3 were found to be important for viral tropism. In ad-
dition to the observations made by Korber et al.! and Bickel et
al.? on functional significance, positions 317 and 330 strongly
covaried in HIV-1B (but not HIV-1C), and in mutagenesis ex-
periments these sites were found to be important for CCRS5 bind-
ing, soluble CD4 binding, and monoclonal antibody binding.**
Position 297 showed extensive covariability in HIV-1B, and
this position is in a neutralization epitope of monoclonal anti-
body 2G12.%> Furthermore, position 301 is a potential N-linked
glycosylation site for both subtypes (with NNT motif at posi-
tions 301-303 for most sequences), and site 301 covaried with
site 303 for HIV-1C and with sites 300, 308, 323, and 326 for
HIV-1B. Positions 301 and 303 have been implicated in im-
mune escape.*® These results may help the design of experi-
ments that investigate the glycan shield as a mechanism of im-
mune evasion.*’

The HIV-1B V3 loop exhibited more diversity and covari-
ability than the HIV-1C V3 loop, yet had a smaller range of
unique viruses. This observation suggests that mutations in the
HIV-1B V3 loop occur “as a package” (several amino acid re-
placements tend to appear together), and supports interpreting
the wealth of covariability as reflecting greater functional con-
straints within the HIV-1B V3 loop compared to HIV-1C. The
decreased functional constraints in the V3 loop of HIV-1C rel-
ative to HIV-1B may reflect that HIV-1C is highly fit and is in
some sense ideal for the subtype C environment. This hypoth-



1028

esis of greater fitness of the C versus B V3 loop could be tested
experimentally by generating a number of mutated plasmids and
analyzing their viral fitness. If changes in the HIV-1C V3 loop
result in weaker viruses, then the experiment could explain why
HIV-1C accumulates less mutations within the V3 loop, and
could partially explain why HIV-1C rarely switches to the X4
phenotype during the course of HIV-1 disease.*84°

There are several limitations to our analysis that could cause
observed covariability to be a sampling artifact. As also dis-
cussed by Korber et al.! and Bickel et al.,> biases could result
from (1) founder-virus effects, whereby statistical covariation
may be observed between two sites because a group of viruses
descended from a single ancestor virus; (2) unknown epidemi-
ological clustering of some of the analyzed viruses; (3) the fact
that data are sparse, with consensus amino acids presenting with
high frequency with typically only a small number of other
amino acids appearing; and (4) the sequences were not sampled
randomly from a target population of interest (such as recent
seroconverters in a geographic region where an HIV vaccine
efficacy trial is being planned).

Unfortunately, because limited data are available on longi-
tudinal sequence samples, especially for HIV-1C, it is not pos-
sible at this time to ascertain the potential impact of limitation
(1); this is a general challenge faced in covariability analyses.
The dN — dS analyses are limited by the lack of longitudinal
sampling of sequences, which will be required to definitively
test the hypothesis that covariable pairs are under evolutionary
selection pressure. Moreover, the pattern for covarying sites to
have higher dN — dS differences may have occurred in part be-
cause the test statistics have relatively high power for detect-
ing covariability of sites with large dN — dS differences.

Problem (2) was partially alleviated by sampling the HIV-
1C viruses across several countries in southern Africa, and by
sampling the HIV-1B viruses randomly from the Los Alamos
database. Limitation (3) complicates the study of higher order
covariability of sites, and can make p-values sensitive to a small
number of sequences. Focusing attention away from p-values
and toward the newly proposed covariability summary mea-
sures C;; and M7; eases the difficulty. The lower 95% confi-
dence limits may be superior to p-values as measures of the re-
liability of the covariability findings.

To minimize limitation (4), to the extent possible, the ana-
lyzed HIV-1C viruses were selected from individuals with com-
mon characteristics. The V3 loop sequence dataset was geo-
graphically restricted to viruses known to come from southern
African countries, and most of the Gag, Nef, and Tat sequences
also came from southern Africa. In addition, most of the HIV-
1C viruses were likely transmitted heterosexually, and most of
the 51 HIV-1C viruses sampled from Botswana came from
asymptomatic blood donors.%!'® Other than these selection cri-
teria, the analyses of the sequence data are susceptible to lim-
itation (4). In particular, common selection factors were not
available for determining the set of HIV-1B sequences for the
analysis.

In the face of the potential biases, a case for biologically im-
portant covariability of two sites can be built using information
on the functional covariation of the sites in vitro and on the bi-
ological function of the sites. Verification of cross-clade co-
variability also lends support to biological covariability, as bias
from a founder-virus effect is less likely.

GILBERT ET AL.

Due to the limited knowledge about the functional signifi-
cance of positions in HIV-1C, it is not possible at this time to
verify that the identified covarying positions in HIV-1C have
biological importance. The analyses generate hypotheses about
functionally important sites, which merit investigation in future
studies of viral function. If the covariability could be linked di-
rectly to functional or structural significance, then knowledge
of the covarying sites may be useful for selecting the amino
acid sequence(s) of the antigen(s) used in an HIV-1 vaccine,
and for selecting the peptides to use in the evaluation of im-
munogenicity of HIV-1 vaccines. Even in the absence of bio-
logical links, information on covariability helps delineate the
distribution of HIV-1 quasispecies in a population, which
guides the selection of antigen sequences to give maximal vac-
cine coverage. Typically, assessments of HIV-1 amino acid di-
versity and variability have ignored information on covariabil-
ity. We propose that covariability data should be used to
improve such assessments.

Given the difficulty in interpreting results of analyses of hap-
hazardly sampled sequence sets, we think that analyses of se-
quence sets with carefully constructed sampling plans will be
of greatest value. The sample size for such studies may be mod-
est, and therefore it is important to use powerful statistical pro-
cedures for maximizing signal detection, such as the FDR pro-
cedure used here. Color figures and online software for
graphical display and testing of covariability are available from
the first author (pgilbert@scharp.org).

APPENDIX: STATISTICS FOR MEASURING
COVARIABILITY

In the notation of Bickel er al.,? the statistics are defined as
follows. For a set of N equal-length aligned sequences, let

pi(@) = (number of sequences with residue a at
site i)/N
pij(a,b) = (number of sequences with residue a at
site i and residue b at site j)/N
pi(a;max) = maxpp;a,b), pi(max,b) = max,p;(a.b),

pi(max) = max,p;(a)

Then
M; = ) wia.b)pii(a.b)log{p;(a.b)/[p{a)pi(b)]}
a,b
Gy = 1 2 pia.max) + Zpp(max,b) — p(max) — p(max)

2

1 = (1/2)[ p(max) + p;(max)]
PU = maxa,;,P,j(a,b)

where Pj(a,b) is the sum of the four terms p;(a’,b")log{p;(a’,b")/
[Pia")p;(b)]} with (a',b’) set to (a,b), (@b), (a,b), and (a,b),
where @ represents all residues other than a and b represents all
residues other than b. We took the estimated weight w;(a,b) to
be the normalized average pairwise amino acid sequence dis-
tance (computed using PROTDIST in the PHYLIP phylogeny
inference package, ver. 3.572c) of all sequences with amino
acid a at position i and amino acid b at position j. A more ap-
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propriate weight may be this quantity exponentiated, to reflect
that linkage disequilibrium declines exponentially with the num-
ber of generations. The normalized mutual information statis-
tic is given by M3 = 2M;/{2,pa)log[pia)] + pla)log[ pia)]}.

To define Cj;, consider the two-by-two table formed by
considering a, b, a, b, with cell probabilities p;(a.b), p;i(a.b),
Pij(glﬁ), pi(@.b). Then C; = Wg(a‘ﬁ){[ﬁij(ﬁﬁ)/ﬁf(a‘)] X [piaby
P12 = w§(a,b)py(a,b)pa)pyb)!?, where the weight
v?/icj(d,b) is the normalized average pairwise amino acid distance
(defined the same as for M and M%) between all sequences
with a non-a amino acid at site i and non-b amino acid at site
J-

For three sites (i, j, k), the mutual information statistic M
is given by

_ A DPiir(a,b,0)pa)p(b)pi(c) }
My = iin(a,b,c)lo " X -
Jk a,zh;c Pl £ [ pifa.b)pia,c)pi(b,c)

where p;i(a,b,c) is the fraction of the N sequences with residues
a, b, and c at sites i, j, and k, respectively. The normalized ver-
sion of My is given by

M = 3My/ {Z Bialogha) + pallogha + ﬁk<a>1ogﬁk<a>}
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