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HIV-1 coreceptor usage plays a critical role in virus tropism and
pathogenesis. A switch from CCR5- to CXCR4-using viruses occurs
during the course of HIV-1 infection and correlates with subse-
quent disease progression. A single mutation at position 322
within the V3 loop of the HIV-1 envelope glycoprotein gp120, from
a negatively to a positively charged residue, was found to be
sufficient to switch an R5 virus to an X4 virus. In this study, the NMR
structure of the V3 region of an R5 strain, HIV-1JR-FL, in complex
with an HIV-1-neutralizing antibody was determined. Positively
charged and negatively charged residues at positions 304 and 322,
respectively, oppose each other in the �-hairpin structure, enabling
a favorable electrostatic interaction that stabilizes the postulated
R5 conformation. Comparison of the R5 conformation with the
postulated X4 conformation of the V3 region (positively charged
residue at position 322) reveals that electrostatic repulsion be-
tween residues 304 and 322 in X4 strains triggers the observed one
register shift in the N-terminal strand of the V3 region. We posit
that electrostatic interactions at the base of the V3 �-hairpin can
modulate the conformation and thereby influence the phenotype
switch. In addition, we suggest that interstrand cation-� interac-
tions between positively charged and aromatic residues induce the
switch to the X4 conformation as a result of the S306R mutation.
The existence of three pairs of identical (or very similar) amino
acids in the V3 C-terminal strand facilitates the switch between the
R5 and X4 conformations.

447-52D � gp120 � NMR

The third variable (V3) region of the HIV type 1 (HIV-1)
envelope glycoprotein gp120 binds to chemokine receptors

CCR5 and CXCR4, which are involved in HIV-1 infection. The
amino acid sequence of V3 determines whether the virus binds to
CCR5 (‘‘R5 viruses’’) and infects predominantly macrophages or to
CXCR4 (‘‘X4 viruses’’) and infects mostly T cells (1). The presence
of a basic residue at V3 positions 306 or 322 is associated with X4
and dual-tropic, X4R5 viruses, whereas the presence of a negatively
charged residue and a neutral residue at positions 322 and 306,
respectively, is correlated with R5 viruses (the ‘‘11�25 rule’’) (2).
Numerous investigations have confirmed that mutation of a neg-
atively charged residue at position 322 to a positively charged one
converts an R5 strain into an X4 strain (2–4).

To gain insight into the structure of the V3 region and the
mechanism for phenotype conversion, we used solution NMR
spectroscopy to study the conformation of synthetic V3 peptides
in complex with V3-specific anti-gp120 antibodies. An assump-
tion underlying this approach is that the native conformation of
V3 is induced in linear V3 peptides upon binding to V3-directed
antibodies that were elicited against the entire gp120 protein. We
studied two V3-specific antibodies. The first, murine mAb 0.5�,
is a potent strain-specific HIV-1-neutralizing antibody that was
raised against a full-length gp120 protein of the X4 virus
HIV-1IIIB (5). The second antibody, human mAb 447-52D, was
derived from B cells of an HIV-1-infected donor and neutralizes
a broad spectrum of R5 and X4 viruses. The phenotype of the

virus that elicited the production of the 447-52D antibody is
unknown.

Our previous NMR studies consistently revealed a �-hairpin
conformation in V3 peptides bound to HIV-1-neutralizing an-
tibodies. Among the V3 �-hairpin structures observed by NMR,
two distinct N-terminal �-strand conformations were found that
differed by 180° in side chain orientation (6) and by a one-
register shift in the residues occupying the hydrogen bond-
forming positions. We suggested that these structures represent
two alternative conformations of the N-terminal V3 �-strand
that create surfaces with different topology. These two confor-
mations, together with possible involvement of the residues at
positions 306 and 322 in coreceptor interactions, determine the
selectivity of binding of gp120 to either CCR5 or CXCR4.
Because 0.5� was raised against an X4 virus (5), we concluded
that the conformation recognized by 0.5� represented the X4
conformation of V3 whereas 447-52D recognized the R5 con-
formation. Furthermore, a search of the structural database
(www.rcsb.org�pdb) revealed a clear analogy between the alter-
native V3 conformations of R5 and X4 viruses and the �2,�3-
hairpin of the CCR5 and CXCR4 chemokines, respectively (6).
Similar to the X4 structure of V3 peptides, the conformation of
the �2,�3-hairpin of stromal cell-derived factor 1 (SDF-1), a
CXCR4 chemokine, differs from that of the corresponding
hairpin in the CCR5 chemokines by a one-register shift in the
pairing of residues resulting in a 180° difference in side-chain
orientation, and a one-register shift in the hydrogen bond
positions at the N-terminal strand. This homology between V3
structures and either CCR5 or CXCR4 chemokines supports our
contention that the different V3 structures are relevant to virus
selectivity.

The crystal structure of the gp120 core with the entire V3
region was solved recently by x-ray crystallography (7). Whereas
the base and tip of the V3 loop adopt well defined �-strand and
�-turn conformations, respectively (the latter of which agrees
with results of our NMR studies), a large central segment of the
C-terminal strand, as well as a short central segment of the
N-terminal strand, is f lexible. Residue 322 was found to be
separated from residues 304 and 306 by C� distances of 13 Å and
17 Å, respectively. These three residues, important for HIV-1
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phenotype conversion, were located in flexible segments in the
crystal structure.

The present NMR study of a V3JR-FL peptide (representing the
consensus R5 sequence) bound to 447-52D reveals a well defined
structure for residue E322 that is critical for phenotype conver-
sion. In contrast to the recent crystal structure, the part of the
V3JR-FL stem that is included in the NMR structure (most of the
V3 stem) is not flexible, and the hairpin conformation places
E322 directly opposite R304, suggesting a role for a cross-strand
electrostatic interaction in determining the V3 conformation
and phenotype conversion. Comparison of the V3JR-FL structure
with that of a V3MN peptide bound to the same antibody suggests
the involvement of interstrand diagonal cation-� interactions in
the conformational switch of V3 when residue 306 is mutated to
arginine.

Results
The Structure of the Bound V3JR-FL Peptide. To determine the
structure of the V3JR-FL peptide in complex with the Fv fragment
of mAb 447-52D, the chemical shifts of 96% and 97% of the
backbone and side chain atoms, respectively, were assigned by
using multidimensional NMR techniques. NOE interactions
characteristic of a �-hairpin conformation were detected be-
tween backbone atoms of the N- and C-terminal halves of the
peptide and between the side chains of opposing residues (Table
2, which is published as supporting information on the PNAS
web site). Five NOE interactions between the �, �, and � protons
of E322 and the � and � protons of R304 were unambiguously
assigned, providing clear evidence that these two residues are
close in space and allowing definition of the structure of a V3
segment that includes these two residues. 3JHNH� coupling con-
stants �7.7 Hz, typical of a �-strand, were measured for T303,
S306, I309, R315, F317-T319, and I323.

The structure of the V3JR-FL peptide bound to 447-52D Fv
(PDB ID codes 2ESX and 2ESZ) was determined by using 308
NMR-derived distances, 2 hydrogen bond constraints, and 25
dihedral angles (Table 1). The backbone superposition of the 30
lowest energy structures of the bound peptide that satisfy the
experimental restraints with no NOE violation �0.5 Å defines a
�-hairpin consisting of two strands encompassing residues R304-
I309 on the N side and F317-E322 on the C side (Fig. 1A). Most
of these residues are in an extended but not ideal �-strand
conformation. However, two short well defined anti-parallel
�-strands are formed by residues S306-I307 and T319-T320. The
side chains of residues R304, S306, H308, Y318, T320, and E322

form the lower face of the �-hairpin, whereas the side chains of
K305, I307, I309, F317, and T319 form the upper face (green
versus purple, respectively, in Fig. 1B). The structure of residues
G312-R315 at the turn of the �-hairpin is not as well defined as
the flanking strands. The rmsd values for the entire V3 epitope
(R304-E322) were 0.85 Å and 1.82 Å for the backbone and all
heavy atoms, respectively. The statistical data for the final set of
structures are presented in Table 1. The Ramachandran plot
(Fig. 6, which is published as supporting information on the
PNAS web site) of the mean structure of the V3JR-FL peptide
bound to 447-52D Fv shows that the � and � angles of all
non-glycine peptide residues except R304 occupy allowed
regions.

The presence of a �-hairpin conformation is additionally
supported by the deviations of the C� and C� chemical shifts
from their random coil values, �C� and �C�, respectively. To
obtain a value that is independent of the reference chosen to
calibrate the 13C chemical shift, we calculated the difference
�C� � �C� (8). This difference was more negative than 2 ppm
for T303, S306, I307, and H308 at the N-terminal strand and for
Y318, T319, T320, I323, and I324 at the C-terminal strand (Fig.
2A), indicating that these two strands are mostly in an extended
conformation. Some deviations are observed in the N-terminal
(R304 and K305) and C-terminal (G321 and E322), strands
probably the result of the kink at G321 observed in the structure
of the V3JR-FL peptide bound to 447-52D (Fig. 1). The two
strands are linked by the five residue loop constituting G312-
A316. The deviations of the C� and C� chemical shifts of T303,
I323, and I324 from random coil values and the large 3JNH
coupling constants of T303 and I323 residues indicate that the
backbone of the V3 is probably in an extended structure also for
the residue preceding R304 and the two residues following E322.

Hydrogen Bonds. Very low temperature coefficients (more posi-
tive than �2 ppb�K) were measured for the amide protons of
I307, I309, and R315, providing strong evidence that these form
hydrogen bonds (Fig. 2B). Such hydrogen bonds would be
consistent with those found in the crystal structure of a V3MN
peptide in complex with 447-52D Fab (9). The V3JR-FL and V3MN
peptides share the same N-terminal strand conformation when
bound to 447-52D (see below). In the crystal, MNI307 and MNI309
formed hydrogen bonds with residues of the antibody CDR3,

Table 1. NMR constraints and structural statistics for the
refined structures of the 447–52D Fv-bound V3JR-FL

peptide (30 structures)

NMR distance constraints
Total 308
Intra-residue 180
Sequential 55
Medium- and long-range 73

Dihedral angle 25
Hydrogen bond 2
NOE violations

Maximum individual violation, Å 0.5
rmsd of NOE violation 0.0108 � 0.0031

Deviation from ideal covalent geometry
Bond lengths, Å 0.0011 � 0.0002
Bond angles, ° 0.3496 � 0.0127
Improper angles, ° 0.1202 � 0.0341

Mean rmsd values, Å
All backbone atoms 0.85
All heavy atoms 1.82 Fig. 1. Solution structure of a V3JR-FL peptide bound to the 447-52D Fv. (A)

Backbone superposition of the 30 lowest-energy structures of 304–322gp120JR-FL.
(B) Stick representation of 304–322gp120JR-FL bound to the 447-52D Fv. Side chains
pointing out from the page are colored purple, side chains pointing inward are
colored green, and side chains of the loop residues are colored blue.
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creating an intermolecular �-sheet, and MNR315 amide-
hydrogen bonded with the carbonyl oxygen of MNG312, stabi-
lizing the reverse-turn formed by the GPGR segment. Several
other amide protons exhibit temperature coefficients more
positive than �4.6 ppb�K, including S306, G312, A316, Y318,
T319, and E322, indicative of partial protection from the solvent
and possible involvement in hydrogen bonds.

Comparison Among the Structures of V3JR-FL, V3IIIB, and V3MN. The
structures of V3JR-FL and V3IIIB bound to 447-52D (the latter of
which we previously postulated was the R5 conformation of V3)
(10) are similar in the pairing of the �-hairpin residues, the side
chain orientation, and the register of the hydrogen bond-forming
positions in both the N- and C-terminal strands (Fig. 3 A and B).
Intriguingly, the overall structure of V3JR-FL bears greater
similarity to that of V3IIIB bound to 447-52D Fv than to V3MN

bound to the same Fv (structure not shown). This finding is
surprising, given the 93% sequence identity between V3JR-FL and
V3MN in K305-T320 vs. only 71% sequence identity between
V3JR-FL and V3IIIB in the same segment and the two-residue
insertion in V3IIIB in comparison with V3JR-FL and V3MN.
Whereas the structures of the N-terminal strands of both V3JR-FL
and V3MN bound to 447-52D are similar, the two peptides differ
by a one register shift in the pairing of the residues, a 180°
difference in the side chain orientation and in the hydrogen bond
positions in the C-terminal strand. As a result, the backbone
rmsd between V3JR-FL and V3IIIB bound to 447-52D is 1.28 Å
when the segments K305-I309 and F317-T320 are compared and
1.95 Å when the corresponding segments in V3JR-FL and V3MN
bound to 447-52D are compared.

Electrostatic Potential of V3 Conformations. The region of the
Fv-bound V3JR-FL for which we obtained a well defined structure
includes residues R304 and E322, the latter of which is known to
be critical for phenotype conversion. These residues were not
ordered in any of the three structures of antibody-bound V3
peptides that we previously reported (6, 10, 11). The short
distance, 4.6 Å, between the positively charged guanidinium
proton of R304 and the negatively charged oxygen of the E322
carboxyl suggests the existence of an electrostatic interaction
between these two residues. The electrostatic attraction between
R304 and E322 in V3JR-FL is most likely responsible for a well
defined structure for these residues in the V3JR-FL�447-52D Fv
complex despite the absence of any detected interactions be-
tween these residues and 447-52D Fv.

To analyze the impact of the electrostatic interaction between
residues 304 and 322 on the conformation of V3, we calculated
the electrostatic potential of (i) V3JR-FL bound to 447-52D Fv,
(ii) V3IIIB bound to 447-52D Fv, and (iii) V3IIIB bound to 0.5�
Fv, using the DELPHI module of InsightII (Accelrys, San Diego,
CA). The first two V3 structures correspond to the postulated R5
conformation, even though in terms of sequence, only V3JR-FL
has an R5 V3 sequence (whereas V3IIIB has an X4 sequence).
The third V3 structure is the postulated X4 structure of this
region of gp120. Because the NMR structure of V3IIIB bound to
447-52D (10) did not include either IIIBK322 or IIIBR304 and the
NMR structure of V3IIIB bound to 0.5� Fv (11) did not include
IIIBT303 and IIIBK322, we ‘‘extended’’ the structure of V3IIIB
bound to 447-52D and that of V3IIIB bound to 0.5� by one
residue at each strand by modeling V3IIIB residues R304 and

Fig. 2. The difference between the deviations of �C� and �C� from random coil
values (�C�-�C�)andtemperaturecoefficients foreachoftheV3JR-FL residues. (A)
(�C�-�C�) are represented by vertical bars. The horizontal line denotes a thresh-
old value of �2 ppm. Consecutive residues with values less than �2 ppm indicate
existenceofa �-strandconformation (8). (B) Thetemperaturecoefficientsofeach
residue are displayed as bars. The horizontal line represents a threshold value of
�4.6 ppb�K. Values greater than �4.6 ppb�K are indicative of protection from
solvent exchange. Residues N302 and P313 are not included in B.

Fig. 3. The influence of the sequence and residue-pairing in the V3 �-hairpin on the electrostatic potential at the base of the hairpin. (A) The residue pairing
and hydrogen bonds in the schematic structure of V3JR-FL bound to 447-52D Fv. (B) The residue pairing and hydrogen bonds in the schematic structure of the V3IIIB

bound to the 447-52D Fv. (C) The residue pairing and hydrogen bonds in V3IIIB bound to 0.5� Fv. Hydrogen bonds are indicated by black dashed lines. (D–F)
Electrostatic potential map calculated by the DELPHI program in different V3 structures: V3JR-FL bound to 447-52D Fv (D) and V3IIIB bound to 447-52D Fv (E).
Residues R304 and K322 were modeled according to the conformation of V3JR-FL bound to 447-52D Fv (the R5 conformation of V3). (F) V3IIIB bound to 0.5� Fv;
residues T303 and K322, not included in the NMR structure, were modeled. The charged residues involved in the switch between the R5 and X4 conformation
are underlined. Positive potential is shown in blue, and negative potential is shown in red.
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K322 in the first complex (Fig. 3 B and E) and V3IIIB residues
T303 and K322 in the second complex (Fig. 3 C and F).

Inspection of these structures reveals that, when an R5 V3
sequence adopts an R5 conformation, as found in the present
study, a favorable electrostatic interaction can occur between
R304 and E322, which oppose each other in the R5 �-hairpin
conformation (Fig. 3 A and D). This electrostatic interaction
can stabilize the �-hairpin conformation and dictate the
residue-pairing across the two �-strands. However, when
V3IIIB, an X4 peptide, is in the R5 conformation, as shown in
Fig. 3 B and E, the two modeled positively charged residues
IIIBR304 and IIIBK322 oppose and electrostatically repel each
other. The repulsion between R304 and K322 in V3IIIB bound
to 447-52D probably resulted in increased f lexibility and poor
definition of the structure of these residues in the V3IIIB�447-
52D Fv complex. In contrast, when V3IIIB adopts the postu-
lated X4 V3 conformation (Fig. 3C), because of the one-
register shift in the N-terminal strand, IIIBR304 opposes
IIIBG321, and IIIBK322 opposes IIIBT303 (data not shown in
Fig. 3C), partially alleviating the electrostatic repulsion be-
tween the side chains of the positively charged residues. This
reduction in electrostatic repulsion is aided by these side
chains pointing in different directions (Fig. 3F).

Electrostatic Potential in Chemokines and the Conformational Switch.
Although the CCR5 chemokines macrophage inflammatory
protein (MIP) 1�, MIP-1�, and RANTES (regulated upon
activation, normal T cell expressed and secreted) and the
CXCR4 chemokine SDF-1 share very similar 3D structures, they
differ in the conformation of the �2,�3-hairpin in analogy with
the dual �-hairpin conformations of the V3 region (6). We
suggest that the difference between the CCR5 chemokines and
SDF-1 is mostly due to replacement of F41 and T43 in the CCR5
chemokines with arginine and lysine, respectively, in SDF-1. F41
and T43 are buried in the CCR5 chemokines (Fig. 4A). To
prevent the occlusion of the two positively charged residues at
these positions in SDF-1, a one-register shift occurs in the
N-terminal strand with respect to the C-terminal strand that
results in a 180° difference in the orientation of the side chains,
exposing the side chains of R41 and K43 in SDF-1 (Fig. 4B).
Interestingly, A40, R41, and L42 undergo significant changes in
chemical shift when SDF-1 binds to a peptide corresponding to
an N-terminal segment of CXCR4, suggesting that these residues

of SDF-1 are involved in interactions with CXCR4 (12). Thus, it
is likely that, in the chemokines as well as in gp120, the change
in specificity is contributed both by mutations in interacting
residues as well as a topological change in a region involved in
receptor binding.

Discussion
Molecular Switch for Phenotype Conversion. The NMR structure of
the V3JR-FL peptide bound to 447-52D reveals the structures of
residues R304 and E322. Unequivocal NOE connectivities show
that the side chains of these two residues are in close proximity.
This finding contrasts with the crystal structure of a V3-
containing gp120 core in complex with CD4 and the anti-gp120
X5 antibody-Fab, which showed the C� atoms of these two
residues to be separated by 13 Å, vs. 4.8 Å in the NMR structure.
Our structural findings led us to suggest that an electrostatic
interaction between the residue at position 322 and the con-
served arginine at position 304 is responsible for the switch
between the R5 and X4 V3 conformations. Thus, HIV-1 phe-
notype conversion arises not only from mutations of residues
that possibly interact with the coreceptor but also from a switch
in the V3 conformation mediated by mutation to positively
charged residues at position 322 that is known to be critical for
viral selection (2).

The electrostatic attraction between R304 and E322 in
V3JR-FL stabilizes the �-hairpin conformation and determines
the pairing of the residues in the V3 loop. Indeed, recent NMR
measurements of �-hairpin stability have shown that a salt bridge
between lysine and glutamate contributes 1.2–1.3 kJ�mol�1 to the
stability of �-hairpins in short synthetic peptides dissolved in
water (13). Molecular dynamic simulations of two �-hairpins
from protein G showed that a salt bridge between their termini
provides stabilization of 5.5 kJ�mol�1 (14). Moreover, in a
site-directed mutagenesis study of the stability of parallel
�-strands, the greatest stabilization came from electrostatic
interactions (15).

Mutation from a negatively to a positively charged residue at
position 322, known to be sufficient for phenotype conversion
(3), will cause repulsion between residues 304 and 322 and
destabilization of the postulated R5 conformation. This repul-
sion is alleviated by the one-register shift of the N-terminal
strand relative to the C-terminal strand that we observed in the
postulated V3 X4 conformation manifested by the structure of
a V3IIIB peptide bound to the 0.5� Fv (Fig. 3 C and F).

Phenotype Switch by the S306R Mutation. The 11�25 rule suggests
that simultaneous mutations of S306 to arginine and E322 to a
neutral residue result in a shift in HIV-1 phenotype (2). These
two mutations create a segment of three consecutive positively
charged residues (R304, K305, and R306) in the N-terminal
strand of the V3 �-hairpin (Fig. 5 A and B) with no obvious
negative charges on the C-terminal strand that could form
stabilizing electrostatic interactions. However, it is well known
that the �-electrons of the aromatic amino acids tryptophan,
tyrosine, and phenylalanine can interact with cationic centers in
lysine and arginine. A one-register shift of the N-terminal strand
as occurs in the postulated X4 conformation would enable two
such diagonal cation-� interactions between K305 and Y318 and
between R306 and F317 (Fig. 5B), versus only one cation-�
interaction that is possible in the R5 conformation (between
R306 and Y318)(Fig. 5A), thereby stabilizing the X4 conforma-
tion and favoring the phenotype conversion. Diagonal cross-
strand interactions are between residues whose side chains point
in the same direction but are not directly opposite each other.
Such cation-� interactions have been found to contribute sig-
nificantly to the stability of the �-hairpin conformation in
designed �-hairpins (16, 17) and are possible as a result of the

Fig. 4. Surface exposure of the �2-�3 hairpin in macrophage inflammatory
protein (MIP) 1� (A) and SDF-1 (B). Surface exposure was calculated by using
the 3D structures of these proteins [PDB ID codes 1B52 and 1SDF, respectively
(20, 21)].
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right handed twist that is usually observed in �-hairpins and
�-sheets (16).

Support for the above explanation comes from the structure
of V3MN bound to 447-52D, which, surprisingly, does not adopt
the postulated R5 conformation at the C-terminal strand despite
93% sequence identity with V3JR-FL in the epitope recognized by
447-52D (gp120305–320). The only difference between V3JR-FL
and V3MN in this segment is the mutation S306R in V3MN.
Previous NMR findings on the V3MN peptide bound to 447-52D
(6) included an NOE interaction between the side chains of K305
and Y318, supporting their proximity in the structure of the
V3MN peptide bound to 447-52D Fv (Fig. 5C). This interaction
may indicate a cation-� interaction between the lysine and
tyrosine residues. Existence of cation-� interaction involving
residue 306 would explain the surprising difference in the
C-terminal strand conformation between V3MN and V3JR-FL
bound to the same antibody.

Pairs of Identical or Similar Residues in the C-Terminal Strand.
Frequently the sequence of �-strands is characterized by the
motif PHPH in which P represents a polar residue and H
represents a hydrophobic residue (18). This motif exists in the
N-terminal strands of many V3 regions as the sequence SIHI.
However, the consensus sequence of the C-terminal strand of R5
viruses contains two pairs of identical residues (T319 and T320,
I323 and I324) and one pair of similar residues (F317 and Y318)

(these residues have a high propensity to assume �-sheet struc-
tures and likely favor �-strand formation by this region of V3).
As a result of the residue repeats in the V3 primary sequence,
62% of the pairs of opposing residues in the X4 and R5
conformations of V3 are identical or very similar, e.g., Y318�
H308, T320�R306, G321�K305, I324�N302, and F317�I309 in
the R5 conformation, versus F317�H308, T319�R306, G321�
R304, I323�N302, and Y318�I307 in the X4 conformation (Fig.
5 A versus B). Although the order of the pairs differs, the overall
identity or similarity of cross-strand interactions in the two
topologies of the �-hairpin may result in a small energy differ-
ence between the R5 and the X4 conformations of V3, especially
when residues 306 and 322 are neutral, and thereby facilitate
interconversion between the two conformations. The flexibility
of the GPGR turn, because of the two glycine residues, further
facilitates the conformational switch in the V3 �-hairpin. This
sequence-dictated conformational f lexibility may help explain
the existence of dual tropic viruses.

Cross-Reactivity of 447-52D with the R5 and X4 Conformation. A
question arises as to how 447-52D can interact with both R5 and
X4 V3 regions if these adopt two different �-hairpin conforma-
tions. We suggest that the conformational f lexibility of V3 may
enable 447-52D to impose the R5 conformation on an X4 virus
as long as the V3 sequence contains the conserved triad K305,
I307, and I309, which interact extensively with this antibody (10),
as is the case for V3JR-FL (Fig. 7, which is published as supporting
information on the PNAS web site). The absence of 447-52D
interactions with residue 322 (Fig. 7) means that this antibody
should be ‘‘insensitive’’ to the nature of the amino acid at this
position. In addition the existence of five consecutive tyrosine
residues in the third complementarity determining region
(CDR3) of the heavy chain of 447-52D leads to similar back-
bone�backbone and side-chain�side-chain interactions with both
the R5 and X4 �-hairpin conformation.

Comparison with the Crystal Structure of a gp120-core That Includes
V3. The NMR structure of the V3JR-FL peptide differs from that
in the crystal structure reported by Huang et al. (7). Most
notably, residues R304 and E322 were found to be separated by
a C� distance of 13 Å in the crystal structure (7) vs. a C� distance
of 4.8 Å in the NMR structure of V3JR-FL peptide bound to
447-52D Fv. This discrepancy may reflect the flexibility of the V3
stem, which is most pronounced for the C-terminal segment
Y318-E322, as manifested by high B values reported for this
region of the crystal structure (7). This f lexibility could result
from the remarkable protrusion of the long V3 region from the
gp120-core molecules lacking the V1 and V2 regions and almost
all carbohydrates (which constitute 50% of the gp120 molecule).
As a result of the V3 flexibility in the system used in the
crystallographic studies, the observed involvement of V3 in
crystal packing interactions with the X5 Fab fragment and with
adjacent molecules in the crystal lattice (7) could easily affect the
V3 conformation.

Antibody 447-52D was elicited in the course of natural
infection and most likely recognizes a native conformation of the
V3 region. Whereas most probably 447-52D was generated
against a gp120 conformation before CD4 binding, the confor-
mation of gp120 relevant for interaction with the coreceptor is
induced only after CD4 binding. However, the conformation of
the V3 recognized by anti-V3 antibodies must be one that
remains similar before and after CD4 binding because CD4 does
not inhibit binding of such antibodies to gp120. On the contrary,
in a few cases, CD4 binding enhanced the binding and neutral-
ization of HIV-1 by V3-specific antibodies by increasing expo-
sure of V3. Thus, we conclude that the NMR structure of the R5
V3 in complex with 447-52D Fv is relevant both for the rational
design of HIV-1 immunogens and for understanding the mech-

Fig. 5. A V3 conformational switch that enhances interstrand cation-�
interactions explains phenotype conversion associated with the S306R muta-
tion. Schematic representations of the two suggested �-hairpin structures of
R5 (A) and X4 (B) are shown. The presented structures have two point
mutations, S306R and E322Q, that according to the 11�25 rule switch the R5
to an X4 conformation (2). Possible diagonal cation-� interactions in the
suggested conformations are marked by diagonal colored dashed lines. Sim-
ilar interstrand pairs are marked by rectangles connected by two-headed
arrows. Residues pointing out of the page are purple; residues pointing
inward are colored green. (C) CPK representation of the structure of the V3MN

peptide bound to the 447-52DFv (6) showing diagonal side-chain–side-chain
interactions between residue Y318 (green) and K305 (blue).
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anism underlying the phenotype switch. The idea that the
alternative V3 conformations observed by NMR correspond to
the R5 and X4 conformations of V3 and the �-hairpin structure
of V3 enables us to explain the role of residues 306 and 322 in
phenotype conversion and the 11�25 rule (2). Specifically the
proximity of R304 and E322 in the NMR structure suggests an
electrostatic interaction that stabilizes the R5 conformation of
the V3 region. Mutation to a positively charged residue at
position 322 (V3 position 25) will trigger the switch to the X4 V3
conformation to alleviate the repulsion between the positively
charged residues at positions 304 and 322. In the case of the
S306R mutation (at V3 position 11), the conformational switch
will enhance interstrand cation-� interactions.

Experimental Procedures
The 23-residue peptide, NNTRKSIHIGPGRAFYTTGEIIG, cor-
responding to residues N301–G325 of the gp120 of HIV-1JR-FL
strain and the consensus V3 sequence of clade-B R5 viruses, was

expressed as a fusion protein in Escherichia coli, and purified
as described (6). The 447-52D Fv was expressed in the
BL21(DE3)pLysS strain as described (19). The peptide-Fv complex
was prepared as described (10). All samples contained 10 mM
d4-acetic acid buffer at pH 5, and 0.02% NaN3 was added as
preservative (some of the samples contained 0.005% Thimerosal
instead of NaN3). For measurements in D2O, the lyophilized
peptide�Fv complex was dissolved in 99.99% D2O. NMR experi-
ments and structure calculations were done as described.
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