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Current knowledge of human immunodeficiency virus type 1 envelope (Env) glycoprotein structure and
function is based on studies of clade B viruses. We present evidence of sequence and structural differences in
viral glycoprotein gp120 between clades B and C. In clade C, the C3 region �2-helix exhibits high sequence
entropy at the polar face but maintains its amphipathicity, whereas in clade B it accommodates hydrophobic
residues. The V4 hypervariable domain in clade C is shorter than that in clade B. Generally, shorter V4 loops
are incompatible with a glycine occurring in the �2-helix in clade C, an intriguing association that could be
exploited to inform Env immunogen design.

The genetic diversity of human immunodeficiency virus type
1 (HIV-1) is characterized by a relatively small number of
genetically defined clades, or subtypes, A to K, and their re-
combinants (11). The envelope (Env) glycoproteins gp120 and
gp41 are the main targets of antibody neutralization and are
among the most variable of HIV proteins, with typical inter-
clade and intraclade differences of 20 to 35% and 10 to 15%,
respectively (7). An antibody-based HIV vaccine would ideally
be capable of neutralizing viruses from diverse variants.
Whether this will be feasible and how one might design a
polyvalent cocktail that could improve the cross-reactive
breadth of vaccine-induced responses can be informed by de-
tailed examination of clade-specific differences in structure and
mutational patterns.

Different regions of Env are under profoundly different se-
lective pressures in the different clades (2, 7). Such differences
could result from the evolution of lineage-specific structural or
functional constraints in the proteins. They could also be due
to transmission pressures (1a, 4, 6), spatially localized differ-
ences in neutralizing antibody binding sites (15), or different
HLA frequencies in the circulating populations (12) and the
consequent immune escape pressures. Codon-specific ratios of
nonsynonymous to synonymous substitution rates (dN/dS;
where a high ratio is indicative of positive as well as diversify-
ing selection) (17) are dramatically different in the B- and
C-clade V3 and C3 regions of gp120 (2, 7). The V3 loop from
clade B has a high density of states with dN/dS of �1, whereas
those from clade C show little variation (8). Conversely, clade
C is more variable in the C3 region, particularly in the �2-helix,

which is relatively conserved in clade B (2, 7). Neutralization
studies on C-clade transmission pair Envs found �2-helix re-
sistance-associated mutations (14a), indicating that immune
pressure could be directed against it. Here we explore muta-
tional patterns and their structural implications to better un-
derstand how positive selection might be driven by immune
escape.

The analysis of clade differences is based on 582 C-clade and
634 B-clade sequences from the LANL HIV database as of
January 2005. Subsets of 120 early and 68 late C sequences and
241 early and 211 late B sequences are also analyzed, where
“early” and “late” sequences are defined as described by the
sequence contributor as �12 and �24 months postseroconver-
sion, respectively. Early sequences transmitted from mother to
infant were excluded, as maternal neutralizing antibodies can
select for transmission of neutralization-resistant virus (5, 16).
Sample sets include only one sequence per individual and only
sequences that span �2 through V4 (HXB2 amino acid num-
bering, gp120 335 to 418). Structural calculations are based on
all-atom molecular dynamics simulations with AMBER (D.
Pearlman, D. A. Case, J. W. Caldwell, W. S. Ross, I. T. E. Chea-
tam, D. M. Ferguson, U. C. Singh, P. Weiner, and P. Kollman.
AMBER 4.1, University of California—San Francisco, 1995) us-
ing the PARM94 force field (3). The simulated system corre-
sponded to a fully flexible gp120 of YU2 (PDB accession no.
1RZK) (10) with modeled loops solvated in �16,000 water mol-
ecules (14a). The phylogenic methodology is described elsewhere
(1). The Wilcoxon rank test was used to compare distributions.
For correlation statistics, Pearson’s product moment correlation
coefficients are provided, and a nonparametric Spearman’s rank
correlation produced similar P values (R Statistical Software pro-
gram, 2.3.1 ed.; R Foundation for Statistical Computing). The
sequence alignments used are available via ftp at ftp-t10.lanl.gov
/pub/BC_JVIROL.

The �2-helix, comprising 18 residues (HXB2 numbering,
335 to 352), has different sequence entropy profiles for clades
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FIG. 1. Sequence and structural characteristics of �2-helix from the C3 region of gp120 from clades B and C. (A) Sequence entropy profiles
of �2-helix for clades B (blue) and C (orange). Sequence entropy at each position in the alignment is evaluated (582 C-clade and 634 B-clade
sequences), and the consensus sequences are also shown for completeness. The asterisk marks significantly greater entropy. Positions 1, 2, 3, 6, 8,
10, 12, 16, and 18 exhibit statistically significantly higher sequence entropy scores in clade C; only positions 9 and 13 are found to have greater
variability in clade B. Positions 4, 7, 8, 14, and 15 in both clades and position 11 within individual clades are conserved and are hydrophobic in
nature. Substitutions at these positions also conform to maintain the hydrophobicity, as seen in positions 8 and 11, which show slight variability
in clades C and B, respectively. (B) Mapping of residue positions from panel A onto the X-ray structure of HXB2 (10). The hydrophobic and
hydrophilic residues are marked by green and violet, respectively. The dark amber colors in position 2 and 12 mark the differences in residue types
between the clades. In clade C, those positions are hydrophilic, whereas in clade B, position 12 is hydrophobic and position 2 can either be
hydrophobic or hydrophilic. In this X-ray structure, the V4 loop was not resolved (10). (C) Fraction of charged residues (blue, positive; red,
negative) at each position of the �2-helix of clades B and C as identified in panel A.
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B and C. Sequence variability at each position in the alignment
was evaluated using Shannon entropy (9, 18). The �2-helix of
clade C is more variable than that of clade B (Fig. 1A), and the
entropy at each position parallels differences previously found
for dN/dS ratios (7). Structural mapping reveals that the C-
clade �2-helix is amphipathic: i.e., it has distinct polar and
nonpolar faces, an expected characteristic for a surface helix.
The interior positions are highly conserved in both clades and
form critical contacts with the gp120 core (Fig. 1B). In con-
trast, various positions in both clades appear on the solvent-
exposed face. Positions 2 and 12 on the polar face are predom-
inantly hydrophilic in clade C, whereas they can either be
hydrophilic or hydrophobic in clade B. Thus, the amphipathic
character of the �2-helix is maintained to a greater degree in
clade C.

At 7 of the11 variable positions in the C-clade �2-helix, the
two most commonly occurring amino acids switch between
positively and negatively charged residues, whereas the B-clade
variable positions tend to maintain similar charge (Fig. 1C). In
both clades, the existence of charged or polar residues at these
positions is easily understood in terms of solvent exposure.
However, the reason for the differences in patterns of se-
quence variation is not clear. The �2-helix may be more ex-
posed and therefore more antigenic in clade C, and the switch
between positive and negative residues may facilitate immune

escape. Alternatively, the greater hydrophobicity and mainte-
nance of similar charge in specific residues in clade B could
indicate that the �2-helix in clade B is shielded from the sol-
vent by the V4 loop and/or by glycosylation.

The B and C clades also differ in the number of charged
residues in �2 and V4 (HXB2 numbering, 385 to 418) regions,
as can be seen from the distributions of net charges (Fig. 2A).
The �2-helix of clade B (�3) is more positive than that of clade
C (�1) (P � 0.00001). The V4 of clade B is more negative
(�2) than that of clade C (�1 to 0) (P � 0.00001). Interest-
ingly, the �2 and V4 regions of both clades have a similar
number of positively charged residues, but differ in the number
of negatively charged residues that modulate the changes in
net charges. A conserved charge anticorrelation between the
�2 and V4 regions is maintained, with clade C (correlation
coefficient, �0.324; P � 0.00001) exhibiting stronger anticor-
relation than clade B (correlation coefficient, �0.185; P �
0.00001) (Fig. 2B and C). In V4, the C-terminal end is nega-
tively charged and the N-terminal end is positively charged.
The contact map (Fig. 3) of the �2-V4 region obtained from
molecular dynamics simulations shows that the N-terminal
half of �2 interacts strongly with the C-terminal half of V4.
Therefore, the close proximity and spatial preference of charge
residues suggest that the anticorrelation enables electrostatic
interactions. This charge complementarity is statistically sup-

FIG. 2. Nature and correlations of charge distributions in �2 and V4 regions. (A) The net charge distributions are given for �2 (B, light blue;
C, yellow) and V4 (B, dark blue; C, dark orange) regions of clades B and C. (B and C) Contour plots showing the correlation between net charges
from �2 and V4 regions for clades B (B) and C (C). In clade B, �3 and �2 are the predominant set of preferred net charges for �2 and V4,
whereas, a few sets of preferred net charges exist in clade C and are related to the different lengths of V4. Short and long V4 lengths contribute
to peaks at �3 and �1 and �1 and �1 for �2 and V4, respectively, whereas medium V4 lengths (25 to 30) dominate the peaks at �1 and 0.

4888 NOTES J. VIROL.



ported between two specific pairs of charged residues (marked
in Fig. 3) that are spatially in close proximity. These two pairs
of residues (HXB2 positions 335 and 412 and 337 and 412; P �
0.001 and 0.015, respectively, based on 10,000 randomizations)
maintain complementarity of charges despite a high mutation
rate in these positions.

The V4 loop shows extensive length variation and clade
dependency. Overall, the distribution of V4 of clade C is
shifted towards shorter lengths (P � 0.00001). In the early
stages following transmission, V1-V2 and V1-V4 lengths
tended to be shorter in clades A and C, but not in clade B;
shorter loops were postulated to enhance infectivity at the cost
of exposing neutralization epitopes (1a, 4, 6). In Fig. 4A and B,
the distribution of V4 lengths is plotted for early and late
sequences; no significant difference was found for clades B
(P � 0.276) and C (P � 0.507), although the shortest loops in
clade C tended to be from the earliest samples (Fig. 4A). The
number of glycosylation sites in V4 is correlated to loop
lengths in clades B (correlation coefficient, 0.455; P � 0.00001)
and C (correlation coefficient, 0.667; P � 0.00001).

Finally, certain residues within the �2-helix are associated
with the V4 loop length in clade C. Glycine occurs more fre-
quently in the middle of the �2-helix (positions 10 to 12) in
clade C than in clade B (P � 0.00001). The presence of a Gly
leads to a narrow distribution of long V4 loops in clade C (Fig.
4C) (P � 0.00001). Phylogeny-based analysis confirms this
correlation is not explained by founder effects (P � 0.0007; Fig.
4D); i.e., a Gly in this position emerges repeatedly along ter-

minal branches in the tree in the context of sequences that
have long V4 loops. The additional entropy cost associated
with Gly could disrupt the �2-helix (13, 14) and thus alter
helix-V4 loop interactions. Alternatively, the lack of a side
chain in Gly may eliminate interactions with “gatekeeper” res-
idues that influence the length of the V4 loop. Interestingly,
the presence of Gly in the �2-helix has a statistically significant
correlation with V4 loop length of the early sequences (P �
0.0013) but not late sequences (P � 0.714) of clade C. The
above identification marks the first such intriguing association
between a core residue and the length of its proximal hyper-
variable loop in gp120. Importantly, such an association indi-
cates that mutagenesis alterations in the V4 loop made in
isolation need to be interpreted cautiously due to potential
interactions (direct or indirect) between the core and the vari-
able loop.

In summary, comparison of sequence and structural charac-
teristics of domains in gp120 that are under distinct selection
pressures in clades B and C reveals there are clade-specific
patterns in variation with structural and antigenic implications.
The immunological impact of these differences is not well
understood, but they suggest that the �2-helix and V4 loop are
key defining features of clade-specific patterns in variation and
are interactive and these features should be considered when
selecting vaccine antigens. These differences should be taken
into account when trying to discern sequence-related correla-
tions with neutralization sensitivity.

FIG. 3. Distance matrix identifying the contacts proximal to �2 helix in gp120. This distance matrix shows the �2-helix–to–V4 region and was
obtained from all-atom molecular dynamics simulations of gp120 in aqueous solution. The color gradient shown on the right indicates the spectrum
of proximity (in Å), with red representing shorter and blue representing longer distances between residues. A potential contact is defined when
two C-� atoms are less than 10 Å from each other, as shown with a red double arrow. Boxes with solid lines show contact between the C-terminal
halves of �2 and �14; boxes with dashed lines show contact between the N-terminal half of �2 and the C-terminal half of V4. Black dots show pairs
of residues with statistically significant charge complementarity.
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FIG. 4. Length characteristics of the V4 loop and their dependence on the core gp120 structure. (A) Distribution of V4 lengths for C-clade
sequences from early (yellow) and late (orange) infection. (B) Distribution of V4 lengths for B-clade sequences from early (light blue) and late
(dark blue) infection. (C) Distributions of V4 lengths with (red) or without (yellow) glycine in the middle of the �2-helix (positions 10 to 12) of
clade C. Part C pertains mostly to clade C, since Gly is most abundant at position 12 of �2. Very few sequences from clade B contain Gly in �2,
and those that do exhibit a similar behavior. (D) Phylogenetic analysis showing the correlation between the existence of glycine in the �2-helix and
the longer length of the V4 loop for C-clade sequences. The short and long V4 loop sequences are indicated in the rightmost column in purple
and gray, respectively. The probability of the amino acid under comparison is indicated by the numbers 0 through 9, where 0 represents �0.05,
1 represents between 0.05 and 0.15, etc., through 9, which represents between 0.85 and 0.95, with X representing �0.95. The color of the symbol
indicates the most likely amino acid as per the legend.
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