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Abstract

The diversity of HIV-1 is a confounding problem for vaccine design, as the human immune response appears to
favor poor or strain-specific responses to any given HIV-1 virus strain. A significant portion of this diversity is
manifested as sequence variability in the loops of HIV-1’s surface envelope glycoprotein. Here we show that the
most variable sequence positions in the third variable (V3) loop crown cluster to a small zone on the surface of
one face of the V3 loop ß-hairpin conformation. These results provide a novel visualization of the gp120 V3 loop,
specifically demonstrating a surprising preponderance of conserved three-dimensional structure in a highly
sequence-variable region. From a structural point of view, there appears to be less diversity in this region of the
HIV-1 ‘‘principle neutralizing domain’’ than previously appreciated.

Introduction

The envelope glycoproteins, gp120 and gp41, found on
the surface of infectious HIV-1 are the predominant viral

constituents exposed to the human immune system. The
gp120 glycoprotein, which mediates the critical binding of
virus to cells, consists of a sequence-conserved core, sequence-
variable loops, and large numbers of glycosylation sites. The
three-dimensional structure of the core of gp120 folds into a
compact shape. Of the sequence-variable loops, only the V3
loop has been visualized, pointing outward into the solvent
away from the core.1 Overall, the structure suggests an ar-
rangement in which the sequence-variable surface loops form
an outer glycosylated shell around the sequence-conserved
core of gp120. This outer glycosylated shell shields much of
gp120 from antibodies directed against the core whereas the
sequence-variable loops display mutations over time that
protect them from strain-specific antiloop antibodies.

Sequence variability does not, however, necessarily indi-
cate three-dimensional (3D) structural variability. There are
many examples of conserved 3D structures that share no se-
quence similarity whatsoever.2 We postulated that this could
be the case for V3 as, despite its sequence variability, the V3
loop must display structural conservation since it participates
in the binding of gp120 to the virus coreceptor, the chemokine
receptors CXCR4 and CCR5.3,4 Thus, the functional data

suggest that within the sequence variation that characterizes
V3, there could be hidden a conserved 3D structure.

Data from the Los Alamos National Database5 show that
along the linear sequence of the V3 region, the positions that
vary maximally in terms of sequence do not cluster to one
linear fragment, but are distributed throughout the V3 loop
(Supplemental Fig. 1; see www.liebertonline.com=aid). Fur-
thermore, several crystallographic structures of the V3 loop
crown in complex with neutralizing anti-V3 human mono-
clonal antibodies (mAbs) have been unveiled,6–10 which re-
veal an epitope consisting of *16 amino acids (the V3 crown)
with a conserved stem:turn:stem b-hairpin structure. Here,
we sought to visualize the primary sequence variability in the
V3 loop crown in a new way, i.e., by mapping it into tertiary
(3D) structural space.

Materials and Methods

Bioinformatics

V3 loop sequence information was gathered from the Los
Alamos National Labs HIV Database5 and organized as follows:

1. Unfiltered HIV-1 V3 loop sequences were downloaded
from the Los Alamos HIV Sequence Database.

2. Empty sequences (containing no alphanumeric charac-
ters), sequences annotated to indicate that they were
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actually not a V3 loop sequence, and sequences con-
taining a non-amino acid letter, character, or characters
were removed from the (1) set.

3. Only group M sequences were selected from (2) by re-
moving sequences from HIV-1 groups ‘‘N,’’ ‘‘O,’’ and
‘‘U.’’

4. Sequences having exactly 35 amino acids were selected
from (3). This was necessary to reliably align all the
sequences and calculate the positional variability. Se-
quences with more or less than 35 amino acids are
naturally rare and are mostly laboratory strains.

5. All sequences without a patient ID were excluded and
only one sequence per patient was selected. We in-
cluded this criterion to enforce some measure of clinical
relevance, preventing bias toward any one patient.

After filtering, 6010 sequences remained for analysis.

Structures used

The V3 structures used in this chapter are those confor-
mations seen in complex with mAbs 447 (PDB code 1q1j),
2219 (PDB code 2b0s), and F425-B4e8 (PDB Code 2qsc).7–9

Positional sequence variability score

We scored the sequence variability at each position using
the equation 1 – ( p=n) where p is the number of occurrences of
the most common amino acid at that position and n is the total
number of sequences analyzed (n¼ 6010). This score was then
converted into a percentage. The scores were normalized by
setting the most variable position of the 35 V3 loop positions
equal to 100%, and multiplying the remaining values by the
same coefficient required to bring that most variable position
to 100%. Hydrophobic residues I, L, and V were treated as a
single residue since they have very similar volumes, shapes,
and physical properties from the point of view of receptor or
antibody engagement. Thus, the greater the score, the more
amino acid variability there is at that specific position in the
V3 loop. The number of occurrences at each position and
calculations are shown in Supplemental Table 1 (see www
.liebertonline.com=aid).

Visualizing positions of the variable sequences
in the 3D structure of V3

The conformation of the 16 amino acid crown of the V3 loop
seen in the crystallographic complex of the V3 crown with the
2219 mAb, 8KRKRIHIGPGRAFYTT23, was divided into four
structural zones. These four zones are the four distinct protein
surfaces of a classical amphipathic ß-hairpin. The left-most
Zone 1 is composed of the residues at the base of the ß-hairpin,
where the N-terminus of the segment and the C-terminus of
the segment start to come together to form the antiparallel ß-
strand midsection of the ß-hairpin, in this case, composed of
V3 positions 8KRK10 and 23T. Zones 2 and 3 are formed by the
opposite faces of the planar, antiparallel ß-strand midsection
of the ß-hairpin (as this ß-hairpin is amphipathic). Thus, Zone
2 is hydrophilic and is composed of V3 positions 11R, 13H, 19A,
and 22T, and Zone 3 is highly hydrophobic and is composed of
V3 positions 12I, 14I, 20F, and 21Y. Zone 4 is the turn of the
peptide chain that connects the two antiparallel ß-strands of
the ß-hairpin, in this case V3 positions 15GPGR18. The average
sequence variability score was derived by calculating the

average of the positional sequence variability scores for the
residues occurring in each of the four zones.

Cells, plasmids, reagents, and mAbs. The following re-
agents were obtained through the AIDS Research and Re-
ference Reagent Program: HXB2-env,11 pNL4-3.Luc.R-E-,12,13

pSV-rev,14,15 bicyclam JM-2987 (hydrobromide salt of AMD-
3100),16–18 TAK-779,19,20 and U87.CD4.CXCR4 cells.21 The
human mAbs used were previously described: anti-CD4bs
mAb 1570,22 anti-V3 mAbs 694=98D,23 838-12D,24 and anti-
parvovirus B19 mAb 1418.25 Recombinant SDF-1a and MIP-
1b were purchased as controls (PEPROTECH, Rocky Hiss,
NJ). Recombinant HIVIIIB gp120 (Repligen) and HIVSF162

gp120 (courtesy of Dr. Abraham Pinter, The Public Health
Research Institute Center, Newark, NJ) were purchased and
used as controls.

Site-directed mutagenesis. The 581-bp BglII fragment of
the HXB2 env gene was cloned into pCR-Script (Stratagene, La
Jolla, CA). The mutagenesis assay was performed on this
plasmid with a QuikChange site-directed mutagenesis kit
(Stratagene) according to the manufacturer’s instructions. The
BglII fragment with the mutations was digested from the
plasmid and ligated back into the HXB2 env. The mutations
were verified by DNA sequencing.

Production of pseudotyped viruses. pNL4-3.Luc.R-E-,
pSV-rev, and HXB2-env WT or the vector containing the a-
helical V3 mutant were cotransfected into 293T cells using
calcium phosphate. Cell-free culture supernatants were col-
lected at 48 h posttransfection and filtered through 0.22-mm
filters. The supernatants were centrifuged at 43,000 rpm
(Beckman, TL-110 rotor) for 1 h at 48C. The pelleted virions
were resuspended in 1 ml of DMEM and stored at�808C. The
level of p24 in each virus stock was determined using a
noncommercial ELISA as described previously.26

Virus infectivity assay. U87.CD4.CXCR4 cells were see-
ded in 96-well tissue culture plates at a density of 1�104 cells=
well 1 day prior to the infection. The cells were pretreated
with 100 ml of culture medium for 2 h at 378C prior to infection.
The cells were infected with 500 ng p24=well and cultured for
2 days, after which luciferase activity was measured using the
Bright-Glo Luciferase assay system (Promega) and a Lumi-
mark Plus luminometer (Bio-Rad, Hercules, CA). A pseudo-
typed virus, which does not contain the Env protein, was used
as a negative control (mock, data not shown). All infectivity
assays were done in triplicate.

Results

We compared three published 3D conformations of the V3
loop crown that have been visualized by x-ray crystallogra-
phy. All the structures are ß-hairpins (Fig. 1), as are the
structures of the V3 loop crown in situ in gp1201 and at least
five newly crystallized x-ray structures of the V3 loop in
complex with new anti-V3 mAbs (X-P. Kong, personal com-
munication). Specifically, the conformation of the V3 crown
seen in complex with the 2219 mAb exhibits a pure amphi-
pathic ß-hairpin with hydrophobic side chains on one face of
the hairpin and hydrophilic residues on the other face.8 The
other ß-hairpins are twisted strand versions of this ß-hairpin,
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as all have a ß-turn at the GPG motif in the V3 loop, including
one structure that retains the ß-turn despite substitution of
GPG with RPR.8

We performed a bioinformatics and protein design analysis
to determine that nearly all infective V3 loop crown sequences
recorded from HIV-1-infecting patients are ß-hairpin-like and
not a-helical (Fig. 2). First, the prediction that all V3 crowns

share a ß-hairpin conformation predicts that ß-turn sequence
motifs occur almost universally at the location in the V3 crown
commonly populated by a GPG motif. In actuality, this is the
case (Fig. 2a), so we hypothesized that such a strong selection
for a ß-hairpin conformation in the V3 crown must mean that
this conformation is somehow required for viral fitness=
infectivity. To independently test this hypothesis, we

FIG. 1. Ribbon diagrams of three HIV gp120 V3 loops complexed with different anti-V3 mAbs, as viewed from the front
(top) and side (bottom). Thus, V3 loops are shown in the context of (a) mAb 2219, (b) mAb 447-52D, and (c) mAb F425-B4e8.
Loops a and b are from HIV-1 strain MN, whereas c is from strain RP142. Each 3D structure is colored from N-terminal to
C-terminal in a blue to red gradient.
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designed a V3 loop with a strong preference for an a-helical
fold in its crown region. Indeed, this design was not infective.
The near universal signature for a V3 crown ß-hairpin in all
recorded HIV-1 sequences, along with the incompatibility
of a-helical conformations for viral fitness, suggests that a
ß-hairpin conformation is a reasonable 3D visualization of the
V3 crown for most, if not all, V3 crown sequences.

The ß-hairpin conformation seen in complex with Ab 2219
may be the most representative of the various observed V3
loop crown conformations based on two recent observations
suggesting that the 2219 ß-hairpin conformation is more en-
ergetically stable than the other V3 loop variations ob-
served.27 First, the identical V3 loop sequence of the MN strain
of HIV-1 was crystallographically resolved into two different
conformations in complex with mAbs 447-52D7 and 2219.8 Ab
initio visualization of the dynamic ensemble of conformations
of this single sequence recapitulated the observed two crys-
tallographic conformations and demonstrated that the 2219-
bound conformation was the lower energy conformation.27

Second, a large set of V3 loop sequences uniformly had
greater energetic stability when placed in the 2219-bound
conformation as opposed to the conformation seen bound to
the mAb 447-52D.27 These observations suggest that the 2219-
bound conformation may be the most biologically informa-
tive conformation of the several conformations observed in
complex with different mAbs or in situ on gp120. Conse-

quently, we mapped the sequence variability of the V3 loop
onto the 2219-bound V3 loop crown conformation. Interest-
ingly, when the variable positions found between positions 8
and 23 of the V3 loop crown are mapped onto the 3D structure
of the 2219-bound conformation of the V3 loop crown, they
cluster into one small continuous protein surface zone on the
hydrophilic face of the amphipathic ß-hairpin. The average
sequence variability score of the amino acids contributing to
this surface is 66% compared to 16–20% for the other surfaces
of V3 (Fig. 3).

Discussion

We show that a backbone ß-hairpin conformation may be
nearly universally conserved in the sequence-variable V3 loop
crown, and that when mapped onto a canonical ß-hairpin, the
side chains of the most sequence-variable positions in the V3
loop crown are restricted to a minority of the overall 3D
protein surface of the crown. Indeed, the sequence-variable
positions cluster to a single surface zone. Thus, from a 3D
structural point of view, the V3 loop is more conserved than
variable.

The V3 loop crown is considered to be a flexible structure,
flickering between the various ß-hairpin conformations. Al-
ternative conformations may place different positions into the
structural zones we have defined here, but our preliminary

FIG. 2. (a) Plot of the occurrence of the tetrameric motif in the V3 loop crown sequence (at the ß-turn location) in a
representative sample of all known V3 loops. Of the recorded motifs occurring in the turn sequence 94% have already been
identified in the literature as sequences that strongly predict a ß-turn or ß-hairpin conformation.34 Of the remaining 6%, 5%
are sequences that moderately predict a ß-turn and none is a strongly a-helical sequence. (b) Design and testing of a V3 loop
with an a-helical crown (designated S2, bottom panel). The ribbon structure shown below each sequence is the ab initio
folding of the red or green colored portion of the sequence, a technique previously shown to predict the structural preferences
of the V3 loop crown accurately enough to recapitulate crystallographic V3 loop conformations.27 The upper sequence shown
in green is the wild-type Hxbc2 V3 crown sequence (HXB2WT). The lower sequence differs only in the amino acids shown in
red, which are designed to fold ab initio an a-helical V3 loop sequence (HX S2). (c) Infectivity of HXB2 wild-type (HXB2 WT)
and V3 loop engineered HXB2 chimeric pseudotyped (HX S2) viruses. The result shows mean luciferase activity (y-axis)
resulting from productive infection of cells with virus� SD from triplicate wells. The a-helical V3 crown construct HX S2
shows no activity and thus is not infective, whereas HXB2WT shows the full luciferase activity typical of productive infection
of cells by virus.
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analysis suggests that the four-dimensional view of the dy-
namic structure adheres to the understanding we have pre-
sented here even better, with at least one of the more variable
positions in Zone 4 occupying a location in Zone 2 15% of the
time (data not shown). Thus, incorporation of dynamics is
expected to further strengthen the view that sequence vari-
ability maps strongly to Zone 2.

This new view of the V3 loop as a structurally conserved
region of the HIV-1 envelope is not inconsistent with previous
studies localizing the ability of virus to bind chemokine re-
ceptors to the V3 loop. As the host chemokine receptors do not
vary in sequence or structure, the shape within the V3 loop
that must interact with these receptors also must not vary.
These results show that the amino acids of the V3 loop con-
tributing to this invariant coreceptor-engaging shape are not
few, but constitute most of the V3 loop. Indeed, our previous
work suggesting that the key residues for coreceptor en-
gagement (11, 24, and 25) cluster to form a single continuous
coreceptor binding site reveals how these few positions might
depend on a conserved structure throughout the V3 loop
crown28: (1) the coreceptor binding cluster of positions 11, 24,
and 25 of the V3 loop is located in the stem of the V3 loop

crown, which we have found here to be structurally con-
served, and (2) these positions are only brought together
to form a cluster by a backbone ß-hairpin conformation
(including a ß-turn at the tip) that organizes and ramifies
through the entire tertiary structure of the V3 loop crown, a
ß-hairpin preference that we have here shown is conserved
throughout HIV-1 strains. Thus, in this model, the formation
of the coreceptor binding site in the V3 loop is dependent on
all the atoms of the V3 loop crown except the side chain atoms
in Zones 2 and 3 (see Materials and Methods). These are also
the atoms comprising most of the conserved structural por-
tion of the V3 loop we have shown in this work, so we can
speculate that the reason for the structural conservation is in
fact largely coreceptor binding constraints.

Many anti-V3 mAbs are immunologically cross-reactive
and display cross-clade neutralizing activity.23,24,29–31 In ad-
dition, V3 loops can induce cross-strain neutralizing antibody
responses in animals.32,33 These findings demonstrate anti-
genic conservation in the V3 loop, which is consistent with the
new visualization we report here, but at odds with previous
reports of the V3 loop giving rise to narrow or type-specific
antibodies. Crystallographic structures of broadly neutralizing

FIG. 3. Average sequence variability of V3 loop positions mapped onto the 3D structure of the 2219 mAb-bound confor-
mation of the crown of the V3 loop of clade B strain RP322 consisting of residues 8–23 of the V3 loop 8KRKRIHIGP-
GRAFYTT23. The V3 loop crown region is divided into four different zones: the left-most division (orange) contains the base
of the V3 crown (8KRK10 and 23T). The upper middle division (red) contains the residues pointing their side chains into the
hydrophilic face of the amphipathic ß-hairpin (11R, 13H, 19A and 22T). The lower middle division (blue) contains residues that
point their side chains into the hydrophobic face of the amphipathic ß-hairpin (12I, 14I, 20F and 21Y). The division on the right
(green) contains the conserved ß-turn (15GPGR18). The average sequence variability score, calculated as noted in Materials
and Methods, is noted in each region.
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mAbs 447-52D and 2219 show that these broadly neutralizing
mAbs bind to atoms outside the variable zone we have
identified,7,8 whereas crystal structures of narrowly or strain-
specific antibodies such as 268 bind to at least one side chain
within the zone (XP. Kong, personal communication). The
obvious implications are that the structurally conserved areas
of the V3 loop account for the cross-reactivity of many anti-V3
antibodies: these antibodies bind to an epitope that varies
little between strains. Conversely, antibodies binding to the
small sequence variable zone are easily escaped by sequence
variation and therefore exhibit less cross-reactivity. Thus,
structural conservation may coincide with broad neutraliza-
tion in the V3 loop. If so, many diverse broadly neutralizing
antibodies targeting the V3 loop may yet be discovered, as our
work shows that the majority of the V3 surface is structurally
conserved.

Why, then, are broadly neutralizing anti-V3 loop anti-
bodies not more frequently observed? It is notable that the
sequence-variable zone of V3 is populated by polar and
charged side chains (the hydrophilic face of the amphipathic
ß-hairpin) that, in general, are more solvent exposed in pro-
teins.34 The proclivity of the immune system to first form
strain-specific anti-V3 antibodies early after infection or im-
munization suggests that the small V3 zone of variability may
be more exposed to the immune system, perhaps via greater
solvent exposure. (The increased occurrence of electrostatic
charge in this region may also promote antibody specificity to
this region via unknown mechanisms favoring electrostatic
charge as a binding glue.) Whatever the mechanism, the im-
plication is that the conserved surfaces of the V3 loop are more
antigenically silent, masked, shielded, or buried either by
glycans or by the other variable loops, as compared to this
sequence variable zone, but that broadly neutralizing mAbs
are unavoidable by the virus as the structurally conserved
portions must be exposed during the process of infection to
engage the chemokine receptors. Thus, this small sequence
variable zone is probably selected by viral fitness to be an-
tigenically dominant, resulting in readily observed type-
specific mAbs and rare broadly neutralizing antibodies. This
view suggests a novel hypothesis that broadly neutralizing
antibodies may easily be raised by synthetic V3 loop mim-
icking immunogens that enhance the antigenicity of the
structurally conserved zones, while eliminating or otherwise
silencing the antigenicity of the sequence variable zone.

The findings in this work therefore suggest a novel ap-
proach for designing immunogens that can induce broadly
reactive anti-V3 loop neutralizing antibodies: the new visu-
alization we have described could serve as a blueprint for
identifying novel V3 epitopes and=or designing novel V3
mimotopes to the 75% of the V3 loop that structurally appears
to be shared across HIV-1 strains. Similarly, the approach we
demonstrate here of mapping out the exact locations of se-
quence variability and structural conservation in ‘‘variable
regions’’ may be useful for mining conserved neutralization
epitopes in other variable loops of gp120, as well as on sur-
faces of other antigenically variable pathogens.
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