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Abstract
The known sequences of HIV-1 viruses have been categorized into subtypes based on the
phylogenetic partitioning of their env and gag gene sequences. The env gene encodes the protein
gp120, which contains five sequence-variable regions (V1 to V5), of which the V3 loop is of central
importance to viral infectivity. The V3 loop consensus sequences of HIV-1 subtype A and C viruses
are similar, and more similar to one another than the V3 consensus sequences of any other two HIV-1
subtypes. However, using a position-specific statistical comparison, we found that the V3 region of
these two subtypes is statistically distinct (p = ~0.0). (The p-value calculated to the lowest limit of
representation on the computer used to run the calculation. This lowest limit was 10−16. Although
theoretically a p-value cannot be equal to 0.0, the p-value for the comparisons in question can be
intuitively considered to be extremely small, or ~0.0.)

The protein gp120 encoded by env requires interaction with CD4 and chemokine receptors in
the membrane of target cells for HIV-1 to infect cells. Deletion of the V3 loop of gp120
abolishes virus infectivity.1 The V3 loop interacts with the chemokine receptors, and specific
V3 residues dictate the choice of coreceptor usage.2 Coreceptor utilization is often predicted
using HIV-1 envelope sequence data, with viral tropism, or “phenotype,” being assigned on
the basis of the sequence of the V3 loop.3 These well-documented findings provide evidence
that the V3 loop plays a critical role, through direct chemokine receptor interaction, in virus
infectivity. Several studies have also demonstrated that the V3 loop of gp120 contains epitopes
susceptible to neutralization by broadly reactive antibodies.2

Distinct subtype definitions for HIV-1, based on full length env sequences of worldwide strains,
have previously been established.4 The consensus V3 loop sequences of most subtypes are
distinct, but the consensus V3 sequences of subtypes A and C were originally thought to be
identical. More recently, expanded data indicate that the consensus sequences of these two
HIV-1 subtypes are indeed quite similar, differing at only one position (as compared to the
consensus sequences of subtypes A and B, which differ at five positions, or B and D, which
differ at four).5

Significant similarity in the V3 sequences of subtypes A and C, the two most prevalent subtypes
causing the HIV pandemic, might imply that these two subtypes could be treated as one with
respect to structural studies of the V3 loop and with respect to the design of vaccines that will
induce neutralizing antibodies to the V3 loop. However, inspection of the sequences of many
isolates from these two subtypes reveals that the V3 region of subtypes A and C do, in fact,
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differ at several key positions (Table 1). This study was undertaken to determine whether a
statistically significant difference exists in the sequences of the V3 loop as it appears in HIV-1
subtype A and C viruses.

Differences between subtypes is usually quantified by bootstrap value,6 but there is no
established significance threshold for this procedure, and it does not allow identification of the
key positions that may underlie the statistical difference between two globally related sequence
groups. We used a classical statistical approach to compare the amino acid distributions at each
position in the V3 loop between subtype A and subtype C to quantify the difference, if any,
between these two groups.

All of the subtype A and subtype C V3 loop sequences were downloaded from the Los Alamos
HIV sequence database (http://www.hiv.lanl.gov).5 Duplicates were removed and 3562 unique
sequences from subtype A and 2704 unique sequences from subtype C (as defined by LANL
annotation) were organized into separate multiple sequence alignments using the multiple
sequence alignment assignments of the LANL database. An equivalence was established
between the two multiple sequence alignments at each of the 35 common V3 loop positions
such that the first cysteine was labeled position 1, the terminal cysteine was labeled position
35, and each homologous position in between was numbered accordingly. (The GPG of the
crown is thus numbered 15–17.) Gaps in the individual sequences were removed, leaving only
the aligned 35 V3 loop positions. The number of occurrences of each amino acid was recorded
at each of these 35 common positions in the V3 loop for each alignment (not shown). These
counts were also expressed as the percentage of the total number of viruses in the subtype for
display purposes [e.g., threonine (T) occurs in position 2 of the V3 loop in 59% of subtype A
viruses; Table 1]. A comparison of the amino acid distributions at each of the 35 positions was
then made independently using the chi-squared test in a two-by-two table.

1. To assess whether the two probability distributions of amino acids at each position in the
two subtypes are different, it is not necessary to compare the distributions in every respect;
rather it suffices to compare some interesting or important features. The comparison of amino
acid counts at equivalent positions in the two different sets (subtypes) can be made by
comparing the two categories of consensus and nonconsensus sequences, instead of using 20
categories for the 20 amino acids. Thus, for example, for position 2 of the V3 loop, instead of
comparing the two boxed columns of 20 elements seen in Table IA (which would be an invalid
chi-square comparison since the occurrence of many amino acids would be zero), we compared
just the number of occurrences of the consensus amino acid at position 2 in subtype A
(threonine, 59%), the nonconsensus counts of subtype A (the other 19 amino acids added up
= 41%) and the corresponding counts at that position in subtype C. Thus, the two-by-two table
for the chi-square comparison at position 2 is as follows:

Consensus Non-consensus

Subtype A 2072 threonines (59%) 1489 other amino acids (41%)
Subtype C 2202 threonines (76%) 502 other amino acids (24%)

This simplified comparison matches more specifically the question we are asking in the first
place: do the two consensus sequences differ.

2. This simplification results in the comparison of two Bernoulli (two-dimensional
multinomial) distributions, one for each subtype, with the null hypothesis being that the two
distributions of consensus V3 loop amino acids do not differ.
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3. The interdependence between positions in the V3 loop is significant,7 requiring a
Bonferroni-like correction of the p-value for this lack of independence between nearby
positions along the sequence. Thus, the significance threshold for this comparison is much less
than p < 0.05.

The chi-squared tests were computed in S-PLUS 7.0 (Insightful Corp.) using the program
“chisq.test” provided therein. Note that the calculation was done on amino acid counts and not
the percentages shown in Table 1. This was done in order to satisfy the minimum expected
count threshold of valid chi-square tests. The minimum expected count for amino acids in the
two-by-two tables ranged between 17 and 1244 over the 35 positions, thus amply satisfying
the traditional requirement that such counts should exceed five.

If a p-value shows a statistically significant difference at any one of the 35 positions of the V3
loop, it may be concluded quantitatively that the consensus sequences, and therefore the amino
acid makeup, of the V3 loops of subtype A and C are different. The result of our position-
specific analysis is that the null hypothesis is rejected for 9 of the 35 positions with a p-value
of essentially 0.0 (the p-value calculated below the limit of representation on the particular
computer used, which read out as “< 10−16”), well below any conceivable threshold of
statistical significance (Table 2). Since the null hypothesis was established with no difference
between subtype A and C V3 loop consensus sequences, the results show that there is a
statistically significant difference between the two sets. In addition, the specific amino acid
positions responsible for the difference are distributed throughout the V3 loop, indicating that
the differences observed are not an anomaly related to a single site or to boundary effects.

The differences in the amino acid distributions between subtypes A and C at these positions
do not represent differences in the distribution of electrostatic charges between the subtypes.
For example, there are no positions at which a positively charged lysine, arginine, or histidine
is prevalent in subtype A while a negatively charged aspartate or glutamate is prevalent at that
same position in subtype C. Instead, the differences derive from relatively charge-conservative
alterations in the amino acid distribution at a particular position, such as T to A at position 19
or H to R at position 13 (Table 1).

A large portion of the crown of the V3 loop has been resolved in three dimensions for several
subtype B sequences and is a β-hairpin structure regardless of the sequence variation.2 At least
one conformation of the whole V3 loop including this β-hairpin has also been published,8
allowing us to map the specific amino acid positions responsible for the differences we see
statistically. These amino acid positions are clustered at the extreme stems and at the crown or
tip of the V3 loop (Fig. 1). The majority of the positions between the stem and crown do not
appear to vary between the subtypes. Interestingly, the specific amino acid positions
responsible for the difference occur at symmetric positions in the parallel β-strands of the stem
and crown.

This study was prompted by observations that the human antibody response to V3 is different
in individuals infected with subtypes A and B.9 Indeed, the amino acid distribution between
the V3 regions of various HIV subtypes is well recognized. For example, the database of HIV
sequences establishes that while the vast majority of subtype B V3 sequences contain the GPGR
motif at the tip of the loop, GPGQ is the more common motif at the tip of V3 in all of the other
HIV-1 subtypes.5 This latter R/Q change constitutes a major antigenic distinction.10 Another
example includes the finding that in contrast to the V3 region of subtype B, the V3 of subtype
C is far less variable.11

Subtypes A and C were originally thought to have identical consensus V3 loops and their
consensus sequences are now known to be extremely similar. This similarity could indicate
that the immune response to this region of these two subtypes might also be similar, implying
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that immune responses induced by a vaccine to the V3 of subtype A might induce neutralizing
antibodies against subtype C as well. However, on the basis of the results presented above, the
patterns of amino acid usage in the V3 loops of these two virus subtypes differ significantly,
implying that it is important to determine if there are differences in the type of anti-V3
antibodies induced by viruses carrying the subtype A vs. the subtype C envelopes. Such studies
should reveal if there are anti-V3 antibodies that cross-react with and cross-neutralize subtype
A and C primary isolates (as there are between subtypes A and B), or if subtype-specific
antibodies predominate. This information could have significant implications for vaccine
design.

These data may also illuminate the structural basis of the biological differences between viruses
of subtypes A and C. In the β-strand structural fold of the V3 loop (Fig. 1), symmetric positions
tend to be part of a single continuous protein surface despite their separation in the primary
sequence. This suggests that the symmetrically located side chains of the crown and stem that
vary significantly between the subtypes form continuous exposed surfaces that differ in shape
between the subtypes. As the amino acid differences we found are charge conservative, the
underlying β-strand structure and the electrostatic nature of these surfaces probably do not, on
the other hand, alter significantly between the subtypes.5 The shape difference might be
sufficient to confer escape of one subtype from antibodies that bind this surface in the other
subtype. The V3 loop is in fact essential for infectivity,1 and therefore variably shaped, exposed
residues in V3 might be selected to confer better viral fitness. Therefore, one possible
interpretation of these results is that the crown and extreme stem of the V3 loop are exposed
fragments in the unliganded or liganded forms (or both) of gp120 and therefore subjected to
the evolutionary pressures that have produced the various virus subtypes.
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FIG. 1.
Location of statistically significant differences between subtype A and subtype C on the 3D
structure of gp120 and the V3 loop. The crystallographically derived 3D model of gp120
including the V3 loop from Huang et al.8 is displayed in ribbon depiction. Amino acid positions
in the V3 loop found in this study to differ significantly between subtypes A and C are colored
red. The coreceptor interacting 11 and 25 positions of the V3 loop are displayed in green stick
depiction. Disulfide bridges in the gp120 core are also displayed in stick depiction.
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Table 1
Distribution of Amino Acids Found at Each Position in the V3 Loop in All Unique Clade A and Clade C Sequences
from the LANL Databasea

a
Only the amino acids occurring more than 6% of the time are displayed for clarity.
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Table 2
Statistically Significant Differences between Amino Acid Distributions at Indicated Amino Acid Positions in the
V3 Loop

Amino acid position in the V3 loop p-value

2 0.0
12 0.0
13 0.0
14 0.0
15 0.0
19 0.0
23 0.0
32 0.0
34 0.0
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