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ABSTRACT: The V3 region of the envelope glycoprotein gp120 of the human immunodeficiency virus type 1
(HIV-1) is a potential target for an anti-HIV-1 vaccine. Peptides corresponding to V3 form three variations of
a β-hairpin conformation when bound to anti-V3 HIV-1 neutralizing antibodies. The conformation of a
V3IIIB peptide bound to the 0.5β antibody, generated against an X4 gp120, has been postulated to represent
the V3 conformation of X4 viruses while the conformations of a V3MN and a V3CONSENSUS peptide bound to
the 447-52D human monoclonal antibody were postulated to represent the R5A and R5B V3 conformations
of R5 viruses, respectively. To constrain the conformation of synthetic V3 peptides to these X4, R5A, and
R5B conformations, we formed disulfide bonds between Cys residues whose location in a peptide template
representing the entire V3CONSENSUS epitope recognized by the broadly neutralizing 447-52D antibody was
changed systematically. In a previous study [Mor, A., et al. (2009) Biochemistry 48, 3288-3303] we showed
that these constrained peptides adopted conformations resembling the three antibody-bound V3 conforma-
tions according to the location of the disulfide bonds. Here we show that these constrained peptides, with the
exception of peptides in which the disulfide bond flanks theGPGR segment, retain high-affinity binding to the
447-52D antibody. Compared with peptides designed to mimic the X4 conformation, peptides designed to
mimic either the R5A or R5B conformation had higher affinity to 447-52D. It is possible that constrained
peptides which mimic the R5A and R5B conformations of the V3 and retain high-affinity binding to 447-52D
are good candidates for eliciting a broad neutralizing antibody response similar to that of 447-52D.

The third variable region (V3)1 of the envelope glycoprotein
gp120 of the human immunodeficiency virus (HIV-1) was pre-
viously termed as the “principal neutralizing determinant” of
HIV-1, since many HIV-1 neutralizing antibodies from infected
individuals were found to be directed against it (1). The V3
sequence determines whether the virus will use the CCR5 or
CXCR4 chemokine receptors as a coreceptor for gp120 binding
(R5 and X4 viruses, respectively). Although the V3 is variable in

its amino acid sequence, its structure is conserved, and it contains
conserved sequence elements (2) that are probably required for
coreceptor binding. Antibodies targeted against V3 prevent the
binding of gp120 to CCR5 and CXCR4, thus blocking events
leading to viral fusion (3, 4). Accordingly, the V3 has been
considered as one of the main targets for an anti-HIV-1 vaccine.
However, in neutralization-resistant primary isolates the V3 is
occluded and becomes exposed only after CD4 binding. As a
result these viruses are not sensitive to neutralization by anti-V3
antibodies.

The antibody 447-52D (5) derived from an HIV-1 infected
donor is one of the most potent and broadly neutralizing human
monoclonal antibodies directed against V3. In a comprehensive
study of HIV-1 broadly neutralizing antibodies, 447-52D neu-
tralized 45% of the clade-B isolates tested and was capable of
neutralizing both X4 and R5 viruses as well as many primary
isolates (6, 7). However, 447-52D failed to neutralize neutraliza-
tion-resistant primary isolates in which the V3 is occluded (7).
Recently, soluble CD4 was found to broaden the neutralization
profile of this antibody as well as of other V3-directed mono-
clonal antibodies and vaccine sera against subtype B viruses
(8, 9). In principle, the occlusion of the V3 can be overcome by
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prophylactic administration of CD4-mimic compounds: either
small organic molecules like NBD-556 (10), which can be given
orally, or CD4-mimic peptides that can be given as microbi-
cides (11). Administration of these compounds to V3-vaccinated
individuals will expose the V3 of the infecting virus prior to its
attachment to target cells, thus enabling neutralization by the
vaccine-elicited antibodies. The broadening of the spectrum of
HIV-1 isolates neutralized by V3-directed antibodies using CD4-
mimic compounds would make a V3-based vaccine an attractive
candidate for an anti-HIV-1 vaccine.

In principle, the entire envelope glycoprotein gp120 could be
used as an anti-HIV-1 vaccine. However, this protein is a
notoriously poor immunogen due to conformational mask-
ing (12), occlusion by carbohydrate (13), and the existence of
immunosuppressor determinants (14). Monomeric gp120 con-
tains many epitopes that are not exposed in the native trimeric
structure of gp120 (15), thus diverting the immune response to
non-neutralizing determinants. A stabilized trimeric gp140 which
includes gp120 and the extracellular region of trans-membrane
glycoprotein gp41 may lead to a poor anti-V3 antibody response
because of V3 occlusion (16). The use of synthetic peptides as
immunogens can focus the immune response on the neutralizing
epitope and lead to a high level of neutralizing antibodies
compared with the use of monomeric or trimeric gp120. Never-
theless, even constrained V3 peptides may contain epitopes that
are irrelevant for neutralization.

Insights into the conformation of the V3 region presented to
the immune systembyHIV-1 should be useful for the design of an
anti-HIV-1 vaccine. Therefore, we previously studied the struc-
tures of V3 peptides bound to the strain-specific HIV-1 neutraliz-
ing antibodies 0.5β and the broadly neutralizing antibody 447-
52D (17). The structure of a V3IIIB peptide (V3 region of the
HIV-1IIIB strain) in complex with the 0.5β antibody Fv and the
structure of three different V3 peptides corresponding to IIIB,
MN, and JR-FL sequences in complex with 447-52D Fv
were determined by NMR (2, 18-20). All bound V3 structures
showed a β-hairpin conformation. The X-ray structure of 447-
52D Fab in complex with a V3MN peptide (21) was in excellent
agreement with the NMR structure of an Fv-bound V3MN

peptide (18). The structures of two additional anti-gp120 anti-
bodies (2219 andF425-B4e8), directed against the V3, in complex
with V3 peptides were solved recently by X-ray crystallogra-
phy (22, 23), and in both cases the bound V3 peptides formed a
β-hairpin similar to that observed by NMR in Fv/V3-peptide
complexes. Moreover, the structure of a V3-containing gp120
solved lately byKwong and co-workers (24) exhibited an rmsd of
1.6 Å for the CR atoms of residues 304-322 when compared with
the previously published structure of a V3CONSENSUS peptide (the
same sequence as V3JR-FL and V3JR-CSF) bound to 447-42D (25).
The excellent agreement among the NMR and the X-ray
structures of the V3 suggests that the β-hairpin conformation
represents the native conformation of the V3.

In all NMR and crystallographic studies of V3 peptides in
complex with Fv or Fab fragments of different HIV-1 neutraliz-
ing antibodies, the N-terminal segment of the V3 and the reverse
turn formed by the GPGR segment interacted extensively with
the antibodies while the C-terminal segment exhibited consider-
ably fewer interactions with the antibodies (2, 18, 20, 21, 25-28).
As shown in Figure 1, two different variations of the N-terminal
strand conformations have been observed: one that is recognized
by the 0.5β antibody (20) and the other recognized by the 447-
52D antibody (2, 18, 25). These two variations differ by a one

register shift in the N-terminal strand residues that form hydro-
gen bonds within the β-hairpin (18). We postulated that the
V3IIIB conformation bound to the 0.5β Fv represents the X4
conformation of the V3, while conformations of V3 peptides
bound to 447-52D represent the R5 conformation (18). The
conformations of V3CONSENSUS and V3IIIB bound to 447-52D
differ from that of V3MN recognized by the same antibody in the
pairing of the residues in the β-hairpin, resulting in a further
differentiation to R5A (V3MN) and R5B (V3CONSENSUS, V3IIIB)
substructures (2, 25). Since R5 and not X4 viruses are mostly
involved in HIV-1 transmission (8), it is the R5 phenotype of
HIV-1 that is most relevant for vaccine development, and we
have been interested in constraining peptides to assume the
postulated R5 conformations of the V3.

Synthetic peptides corresponding in sequence to the V3 region
were previously suggested as a component of an anti-HIV-1
vaccine (29), and a few studies using HIV-1 and SHIV V3
peptides have demonstrated the induction of antibodies that
neutralized homologous HIV-1 primary isolates (30-34). Re-
cently, a linear 22-residue V3 segment (in the form of a C4-V3
peptide, where C4 stands for the fourth constant region of
gp120), that resembles the consensus sequence of clade-B R5
viruses, was found to induce antibodies that neutralized 31% of
the subtype B HIV-1 isolates that were evaluated (29). The
antibody response to the C4 segment was rather limited (35),
suggesting that immunization by C4-V3 peptides is a promising
method to elicit broadly neutralizing anti-V3 antibodies provided
that these antibodies can overcome the occlusion of the V3
observed in many HIV-1 primary isolates.

Linear V3 peptides are flexible in solution, and except for a
turn formed by the conserved GPGR segment, they do not
exhibit any well-defined structure (36, 37). As a result, linear V3

FIGURE 1: Residue pairing and hydrogen bond in the schematic
structure of X4, R5A, and R5B of V3 (A, B, and C, respectively).
The X4 structure is that of V3IIIB bound to 0.5β (20). The R5A and
R5B structures are those of V3MN (18) and V3CONSENSUS (25),
respectively, bound to 447-52D. Hydrogen bonds are indicated by
dashed black lines. Possible locations for cysteine replacement for the
disulfide bond are indicated by orange symbols.
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peptides may elicit antibodies against numerous different struc-
tures, many of which do not resemble the native conformation of
the V3. V3 peptides constrained by chemical means to adopt the
native V3 conformation, i.e., the β-hairpin V3 conformation
found by both NMR and crystallography, should be more
efficient than linear V3 peptides in eliciting HIV-1 neutralizing
antibodies. Although the constrained peptides may not adopt a
conformation identical to that of native V3, they will assume a
narrower conformational distribution in comparison to that
formed by the unconstrained V3 peptide. Thus, a larger fraction
of the antibodies elicited against the constrained peptide should
recognize the V3 in the context of native gp120 on the infecting
virus. Most importantly, in comparison with the predominantly
unstructured linear V3 peptides, V3 peptides constrained to a β-
hairpin conformation similar to that bound to 447-52D are more
likely to elicit antibodies manifesting extensive backbone-back-
bone interactions between V3 and the CDRs of the antibody.
This type of interaction, observed for the 447-52D complex with
V3MN, is probably one of the main reasons for the broad
neutralization by this antibody.

Different methods, such as cyclization by disulfide bonds (38)
and hydrazone-based cross-links (39, 40), have been developed
recently and used in attempts to constrain the conformation of
V3 peptides (39, 41, 42). In most of these studies short V3
segments were used. For example, Cabezas and co-workers used
a hydrazone link to constrain the segment HIGPGRAF to a
β-hairpin conformation (39). This segment is eight residues
shorter than the 447-52D epitope and ten residues shorter than
the constrained V3 peptides used in this study. Moreover, unlike
the peptides used in this study, the peptide used by Cabezas
et al. (39) did not include residues K305 and I307, which form
extensive interactions with 447-52D. Only one of the sera from
the three rabbits immunized with an hydrazone-link constrained
V3 peptide neutralized the laboratory-adapted strain HIV-1MN,
and neutralization of primary isolates was not tested (39).

As part of our program to develop a rational strategy to design
peptide-based anti-HIV-1 vaccines, we previously studied the
conformations of V3 peptides constrained by single and double
disulfide bonds and by replacement of P313 by D-Pro (43). Our
design of these peptides considered the register of the hydrogen
bond-forming positions, especially in the N-terminal strand, and
the pairing of the residues in the β-hairpin conformation. Proper
placement of disulfide bonds was used to dictate specific pairing
of opposing residues as well as the alignment of the hydrogen
bond network between the two β-hairpin strands (43). OurNMR
studies concluded that constraining the peptide by a single
disulfide bond or D-Pro resulted in a conformation that partly
resembled a β-hairpin in that the NOESY spectra of these
analogues exhibited long-range side chain interactions between
the N- and C-terminal strands of the V3. We have determined
that a conformation similar to a β-hairpin conformationmimick-
ing either the postulated X4 or the R5A conformation could be
obtained using two disulfide bonds (43), thus demonstrating that
the location of the disulfide bond can indeed dictate the hydrogen
bond network in the constrained peptides.

In the present study we investigated the influence of the
constraints on the affinity of the V3 peptides to the 447-52D
antibody. Our results show that a single disulfide bond involving
the replacement of either T303, or K305 or I307, with cysteine
increased the affinity of the peptide to 447-52D. These peptides
have the potential to elicit anti-V3 antibodies that will cross-react
with HIV-1 although it is questionable whether antibodies that

very closely resemble 447-52D in their neutralization potency can
be elicited.

EXPERIMENTAL PROCEDURES

Peptide Synthesis. Peptide synthesis and purification as well
as cyclization were discussed previously (43). All peptides used in
the binding studies were greater than 95% pure as judged by
HPLC and had the correct molecular mass.
Expression and Purification of 447-52D. IgG 447-52D

(IgG3, λ) was prepared as described by Sharon et al. (44). Briefly,
the monoclonal antibody 447-52D was purified from the super-
natant of the hetero-hybridoma cells by affinity chromatography
using a proteinA column. The antibodywas cleaved by papain as
previously described (44). The cleavage reaction was stopped
with iodoacetamide, and the Fab was then purified by size-
exclusion chromatography using a Superdex 200 column. The
Fab fraction was dissolved in sodium acetate buffer, pH 4.0, and
was further purified on an SP-Sepharose cation-exchange column
(GE Healthcare) using a gradient of NaCl with final concentra-
tion of 1 M.
Surface Plasmon Resonance (SPR) Measurements.

Binding affinities (KD) of Fab 447-52D to various biotinylated
V3 peptides were determined by SPR using a Biacore3000
instrument (Biacore AB, Uppsala, Sweden) and a ProteOn
XPR36 instrument (Bio-Rad Haifa, Haifa, Israel) (45). All
experiments were carried out at 25 �C using standard HBS-EP
buffer (0.01 M HEPES, pH 7.4, 0.15 M NaCl, 3 mM EDTA,
0.005%Surfactant P20). Peptides (100 ng/mL) were immobilized
to a carboxymethylated dextran matrix chip, precoated with
streptavidin (Biacore SA sensor chip, ProteOnNLC sensor chip).
The immobilization procedure was allowed to continue until 30-
50 RU (response units; 1 RU = 1 pg of protein/mm2) of
biotinylated V3 peptides were attached to the streptavidin-pre-
coated surface of the chip. A blank reference sensor surface
without an immobilized V3 peptide served as a negative control
for the binding interaction. To test binding of Fab 447-52D to
this surface, serial dilution of Fab 447-52D in a HBS-EP buffer
(concentration ranging from nano- to micromolar, depending on
the immobilized V3 peptide) was injected over the peptide-
immobilized surface. All Fab injections were performed in
duplicates or triplicates. The sensor surface was regenerated
between each binding reaction by one wash with 50 mM aqueous
NaOH for 60 s at flow rates of 20 and 30 μL/min (Biacore3000
and ProteOn XPR36, respectively). The regeneration step was
followed by a blank injection in order to prevent analyte
contamination by the regeneration reagent in the next binding
reaction. Each binding curve was corrected for nonspecific
binding by subtracting the signal obtained from the negative
control channel. For binding experiments under reducing condi-
tions, HBS-EP buffer with 2 mM DTT was used. The peptides
were incubated overnight with 10 mM DTT, and the Fab
injections were performed in HBS-EP buffer with 2 mM DTT.
The injection method and data analysis scheme for each Fab
concentration were adapted from Myszka (46).
Steady-State Binding Measurements. All steady-state

binding measurements were performed using a Biacore3000
instrument (Biacore AB, Uppsala, Sweden). Association and
dissociation phases were monitored for 600-750 and 200 s,
respectively, at 20 μL/min flow rate. In cases where the injection
time did not suffice to bring the reaction toward a complete
steady-state regime (where dRU/dt =0), the last 20 response
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signals were averaged and treated as the steady-state values. The
dissociation rate constants (koff) were obtained by globally fitting
the dissociation phases of the experimental sensorgrams of each
peptide to a single exponential equationwith a locally fitted linear
drift term. The steady-state SPR data points of the averaged
duplicate or triplicate runs were plotted against the Fab con-
centration. To derive the steady-state binding constant (KD),
each of these plots was non-least-square fitted (NLSF) to a “one-
site” binding model available in the Origin 7.0 package
(OriginLab Corp.).
Kinetic Binding Measurements. V3 peptides with off-rates

slower than 3 ms-1 were investigated using SPR kinetic measure-
ments. Kinetic assays were performed using both a Biacore3000
instrument (Biacore AB, Uppsala, Sweden) and a ProteOn
XPR36 instrument (Bio-Rad Haifa, Haifa, Israel). The unique

feature of the ProteOn XPR36 system is its ability to collect
binding data for six different analyte concentrations over six
different target protein surfaces at one time (45). In kinetic assays,
five or six Fab dilutions (nano- to micromolar concentration
ranges) were injected over the peptide-immobilized surface at a
flow rate of 75 μL/min for 250 s (Biacore3000) and 60 μL/min for
225 s (ProteOn XPR36) to monitor the association phase. The
dissociation phase was subsequently measured by running the
buffer over the peptide-immobilized surface at the same flow rate
for a period of 1000 s. In cases where background or systematic
noise reduction was necessary, kinetic data were “double refer-
enced” by using a “blank” cycle, in which no Fab was present, in
order to record the systematic noise of the system. The final
sensorgrams were generated by subtracting both the signal of the
negative control channel and the averaged response of the blank

Table 1: Sequences and Kinetic Parameters of Single Disulfide Bond Constrained and Mutated Peptidesa

aError values in KD represent the fitting error (errors in all other cases represent the SDs). Off-rates (koff) were derived from data recorded at a slower than
optimal flow of 20 μL/min. bData were obtained by equilibrium experiment. cData were obtained under reducing conditions; i.e., the peptides were incubated
overnight with 10 mM DTT, and 2 mM DTT was added to the HBS-EP buffer containing 447-52D Fab.
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injections from the entire data set (46). Kinetic parameters and
binding affinities were obtained by globally fitting the data to a
simple 1:1 Langmuir interaction model by using BIAevalution
3.1 software (Biacore AB, Uppsala, Sweden). Sensorgrams
obtained by Biacore3000 were fitted by adding a local linear
drift term.
Isothermal Titration Calorimetry (ITC). ITC measure-

ments were carried on an iTC200 titration microcalorimeter
(Microcal; GE Healthcare, NJ). The Fab and V3 peptides were
dialyzed and dissolved, respectively, with HBS-EP buffer (same
buffer that was used for SPR measurements). The sample cell
(204 μL) was maintained at 25 �C and filled with a 3.6 μM Fab
solution. The injection syringe was filled with either the linear
(41 μM) or constrained (44 μM) peptide solutions. During the
titration experiments, the sample solutionwas stirred at 1000 rpm
with the injection syringe. After the establishment of a stable
baseline, 0.4 μL of solution was injected to remove possible air
bubbles at the syringe opening. Subsequently, a succession of
15 microinjections of 2.4 μL of the peptide solutions was made,
with each injection separated by 2.5 min to allow the heat signal
to return to the baseline. The isothermal titration curves were
recorded and analyzed with ORIGIN software (Microcal Inc.),
provided with the iTC200 instrument. A monovalent binding
model was used to calculate the thermodynamic parameters. For
high association constants (Ka g 1�108 M-1), only the enthalpy
(ΔH) can be determined accurately from ITCmeasurements (47).
Therefore, for calculating the entropy (ΔS�), ΔG� was first
calculated from the equation ΔG�=-RT ln Ka, where Ka is
the reciprocal value of KD that was obtained from SPRmeasure-
ments, R is the ideal gas constant, and T is the absolute
temperature. Subsequently, ΔS� was calculated by ΔS�=(ΔH� -
ΔG�)/T, where ΔH� is taken from the ITC experiment, ΔG� is
taken from the calculation described above, and T is the absolute
temperature.

RESULTS

Design of Peptides with a Single Disulfide Bond. The
V3IIIB epitope recognized by the 0.5β antibody encompas-
ses residues K305-I320 (16 residues), and the V3MN and
V3CONSENSUS epitopes recognized by the 447-52D antibody
include residues K305-T320 (14 residues) and R304-G321 (16
residues), respectively. The apparent disagreement between the
epitope lengths of V3MN and V3CONSENSUS calculated on the
basis of the numbering of the terminal residues and their actual
lengths given in parentheses is due to the numbering of gp120
residues according to gp120IIIBwhich has a two-residue insertion,
Q310-R311. In addition to residues 305-321, the structure of
V3CONSENSUS bound to 447-52D included residue E322 which
was found to form electrostatic interactions with R304 (25). This
interaction may stabilize the β-hairpin conformation and dictate
the pairing of the residues, and therefore, we have decided to
includeE322 in the peptides that we investigated. The sequence of
the peptides we studied is based on the V3CONSENSUS sequence
which represents the consensus sequence of clade-B R5 HIV-1
strains.

In the peptides constrained by a single disulfide bond, the
location of the disulfide bond was changed systematically (see
Table 1) in order to investigate its influence on the binding
affinity of the constrained V3 peptides to 447-52D Fab. Initially,
a disulfide bond was formed between cysteine residues replacing
I309 and A316 which flank the conserved GPGR segment

(V3I309C-A316C). Subsequently, the disulfide bond was moved
systematically further away from the GPGR turn until T303 and
I323 at the very ends of the epitope were replaced by cysteines
(V3T303C-I323C) in the last peptide. All peptides were preceded
by a flexible linker (Ser-Gly-Ser) and were biotinylated at their
N-termini.
Dissociation Constants and Off-Rates of Peptides Con-

strained by a Single Disulfide Bond. The binding of 447-52D
Fab to the V3 peptides was measured by SPR using kinetic
bindingmeasurements (for V3 peptides with off-rates slower than
3 ms-1) and/or steady-state equilibrium binding measurements
as described in the Experimental Procedures. The kinetic on-
and off-rates, kon and koff, respectively, were evaluated by
analyzing the SPR sensorgrams. The dissociation constant, KD,
was then calculated from the kinetic constants (KD=koff/kon).KD

values obtained for the constrained V3 peptides were compared
to those obtained for the parent linear V3CONSENSUS pep-
tide corresponding to residues 303-323 of V3CONSENSUS

(biotin-SGSTRKSIHIGPGRAFYTTGEI). All peptides con-
tained biotin-SGS at their N-terminus to facilitate the SPR
measurements. Sensorgrams of the kinetic binding experiments
for the linearV3CONSENSUS andV3K305C-T320C peptides (panelsA
and B of Figures 2, respectively) and a sensorgram of an
equilibrium binding measurement for the peptide V3I309C-A316C

FIGURE 2: SPR binding measurements of two representative V3
peptides to Fab 447-52D. Kinetic sensorgrams of V3CONSENSUS

linear (A) and V3K305C-T320C (B) peptides. Injection of Fab 447-
52D at different concentrations (1.5625, 3.125, 6.25, 12, and 25 nM)
was allowed for 225 s at a flow of 60 μL/min, while the dissociation
phase was set for 1000 s for both peptides. Fitted curves (overlaid,
represented by the thin black lines) were obtained using the 1:1
Langmuir binding model (ProteOn Manager Software 2 beta).
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(Figure 3A) are representative of the quality of the data obtained.
Figure 3B presents the titration plot constructed from the
equilibrium experiment and its curve-fitted line. Table 1 sum-
marizes theKD, koff, and kon values determined for the linear and
the constrained peptides.

The linear V3CONSENSUS peptide exhibited very tight binding
with a dissociation constant of 0.84 ( 0.1 nM and an off-rate of
0.43�10-3 s-1. This binding was weakened by more than 600-
fold for the first constrained peptide V3I309C-A316C in which the
disulfide bond flanks the conserved GPGR turn at the tip of the
V3 β-hairpin and which was designed to mimic the R5A
conformation of the V3 (18). In this peptide, I309 opposes
A316 as in the structure of V3MN bound to the 447-52D
Fv (18). When the size of the turn was increased from four to
five residues to mimic the R5B conformation of the V3 (25), the
dissociation constant of the peptide V3I309C-F317C increased
by almost a factor of 300 in comparison with the linear
V3CONSENSUS peptide. In this peptide, I309 opposes F317 as in
the structure of V3CONSENSUS and V3IIIB bound to the 447-53D
Fv (25). When the disulfide bond was placed further away from
the GPGR segment, with six residues between the two cysteine
residues (V3H308C-F317C) theKD increased only by 20-fold relative
to the linear V3CONSENSUS peptide. A further increase in the
distance of the disulfide bond from the GPGR segment resulted
in additional improvement in the peptide binding affinity to 447-
52D, and some of the peptides, most notably V3I307C-Y318C,
V3K305C-T320C, V3K305C-G321C, V3T303C-E322C, and V3T303C-I323C,
which were designed to mimic either the R5A or the R5B
conformation of the V3, bound more tightly to 447-52D than
linear V3CONSENSUS. However, the maximum improvement was
only by up to 5-fold (KD=0.17 ( 0.03 nM). Interestingly, in all
peptideswhereCys replacementwas designed tomimic theX4V3
conformation (see these positions in Figure 1 and Table 1), the
dissociation constants were found to increase in comparison with
peptides in which the disulfide bond involved one of the adjacent
residues tomimic theR5 conformations of the V3 as illustrated in
the diagram summarizing the dissociation constant data
(Figure 4).
Dissociation Constants of Alanine Mutants. In order to

isolate the influence of constraining the V3 peptide by a disulfide
bond from the change in peptide binding due to amino acid
replacement of V3CONSENSUS wild-type residues, five V3 peptides
containing alanine replacements were synthesized, and their
binding to 447-52D Fab was measured. KD and koff were

evaluated as summarized in Table 1. Replacement of I307 or
I309 resulted in approximately a 13- and 29-fold increase,
respectively, in the dissociation constant relative to the KD of
the linear V3CONSENSUS peptide. Additional replacement of the
C-terminal residues A316 (with serine) and F317 resulted in only
minor changes in binding affinity as measured for the peptides
V3I309A-A316S and V3I309A-F317A, which had KD of 13 and 22 nM,
respectively. The considerable increases in theKD of the modified
peptides could be due tomutations inV3 residues interactingwith
the 447-52D antibody and/or due to changes in the propensity of
the N- and C-strand residues to form a β-strand conformation.
Dissociation Constants and Off-Rates of Reduced Pep-

tides. To further asses the influence of constraining the V3
peptide by a disulfide bond from the change in peptide binding
due to cysteine replacement of consensus sequence V3 residues,
the kinetic parameters of constrained versus reduced V3 peptides
were compared. For this purpose, four peptides were selected:
linearV3CONSENSUS and one representative from each conforma-
tion, R5A, R5B, and X4 (V3T303C-E322C, V3I309C-F317C and
V3R304C-G321C, respectively), and their binding to 447-52D

FIGURE 3: SPR binding measurements of V3I309C-A316C peptide to Fab 447-52D. Overlay plot of equilibrium sensorgrams for various
concentrations (5.8, 17.5, 35, 70, 140, 350, 525, 700, 1050, 1400, and 2100 nM) (BIAevalution 3.1 software). Fab injection lasted for 750 s and
was followed by a 200 s dissociation phase using a flow rate of 20 μL/min (A). The corresponding equilibrium binding curve: response (RU) as a
function of Fab concentration is shown in (B). The black line represents the fit of the binding plot to a 1:1 binding model.

FIGURE 4: Dependence of the dissociation constants of 447-52D
Fab complexes with constrained V3 peptides on the location of
the disulfide as indicated by the number of residues (gap) between
the cysteine residues at the N- and C-terminal strands and the
GPGR segment. The postulated conformation is noted above the
line.
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wasmeasured in their oxidized (with disulfide bond) and reduced
form (without disulfide bond). The V3T303C-E322C peptide, which
exhibited 3-fold stronger binding compared with linear
V3CONSENSUS displayed almost the same KD under reducing
conditions as the linear V3CONSENSUS peptide. The V3I309C-F317C
peptide, which exhibited a 300-fold increase inKD in comparison
with linear V3CONSENSUS, displayed only a 3-fold increase in KD

under reducing conditions. The 100-fold higher KD observed for
the oxidized constrained V3I309C-F317C peptide relative to the
reduced unconstrained peptide likely reflects an unfavorable
conformation induced by the disulfide bond when it is too close
to the GPGR segment. The reducing conditions had almost
no effect on the KD of the V3R304C-G321C peptide which bound
447-52D 8-11-fold less strongly than linear V3CONSENSUS. It is
possible that the replacement of Arg304 by Cys eliminated the
potential electrostatic interaction between Arg304 and Glu322
that could stabilize the β-hairpin conformation of the V3 (25). A
disulfide bond between residues 304 and 321 does stabilize a β-
hairpin but in the X4 V3 conformation and not in the R5
conformation recognized by 447-52D (43). The X4 conformation
seems to have lower affinity to 447-52D in comparison with the
R5A and R5B conformations (Table 1 and Figures 1 and 4).
Thus, although the peptides with reduced and oxidized Cys at
residues 304 and 322 both have lower affinity than linear
V3CONSENSUS to 447-52D, these decreases likely result from
different reasons.
Dissociation Constants of Penicillamine Analogues. Re-

placement of I307 and I309 with cysteine involves a change from a
bulky hydrophobic residue containing a sec-butyl group
(CH(CH3)(CH2CH3) in isoleucine) to a residuewithmuch smaller
hydrophobic surface (CH2SH in cysteine). To examine whether
substitution of two methyl groups in place of the methylene
protons of cysteine could compensate for the loss of hydrophobic
interactions, I307 and I309 were replaced with penicillamine
(C(CH3)2SH) and oxidized to the corresponding disulfide bond.
SPR measurements revealed that the V3I309pen-A316pen peptide
exhibited an approximately 4-fold increase, V3H308pen-F317pen pep-
tides exhibited approximately 2-fold increase, and V3I309pen-F317pen
exhibited approximately 6-fold decrease in the dissociation constant
in comparison with the corresponding peptides containing cysteine
at the same positions (Table 1). Thus, the use of penicillamine
instead of cysteine did not exhibit any advantage and was slightly
detrimental to 447-52D binding.

Replacement of L-Proline with D-Proline or Asparagine.
The sequence D-Pro-Gly has been found to promote the forma-
tion of a β-hairpin (48, 49). Similarly, Asn-Gly can stabilize β-
hairpin structures (50). Hence, we wanted to examine whether D-
Pro or Asn could substitute for L-Pro in the GPGR region of V3
peptides. SPR measurements revealed that V3 (L-Pro313D-Pro)
exhibited more than a 50-fold increase in the dissociation
constant relative to linear V3CONSENSUS. The Pro313Asn repla-
cement abolished completely the V3 peptide binding to 447-52D.
Dissociation Constant of Peptides Constrained by Dou-

ble Disulfide Bonds. We synthesized six different V3 peptides
constrained by double disulfide bonds in order to further
constrain V3 to the postulated R5A, R5B, and X4 V3 conforma-
tions as listed in Table 2. SPR results obtained for these highly
constrained molecules underline the reduction in affinity due
to disulfide bonds involving the two residues flanking the
GPGR, I309 and A316. It is interesting to compare the pep-
tides constrained by a single disulfide bond close to the GPGR
with peptides that contain an additional disulfide bond fur-
ther away from the GPGR segment. While for the peptide
V3T303C-E322C;I309C-A316C the dissociation constant decreased
upon the introduction of a disulfide bond between residues 303
and 322 by 7-fold in comparison with V3I309C-A316C, the dissocia-
tion constant ofV3R304C-G321C;H308C-F317C increased by 14-fold in
comparison to V3H308C-F317C. The peptide V3T303C-I323C;I307C-T319C,
in which the disulfide bond was further removed from the
GPGR segment, exhibited high affinity to 447-52D Fab that
was only 4-fold lower than the affinity of the linear V3CONSENSUS

peptide. Of the peptides constrained by two disulfide bonds,
V3T303C-E322C;I307C-Y318C exhibited the tightest binding to 447-
52D with a KD of 0.78 nM, which is practically the same KD

observed for linear V3CONSENSUS.
Thermodynamic Parameters of Linear versus Con-

strained Peptides. The thermodynamic values of linear and
constrained V3 peptides were determined using isothermal titra-
tion calorimetry with the linear V3CONSENSUS peptide and the
representative constrained peptide V3T303C-E322C (Figure 5). The
ΔH value was determined from the ITC measurements. The ΔS�
value was then calculated based on the free energy value (ΔG�)
from the Ka value obtained by SPR measurements (as described
in Experimental Procedures). The linear V3CONSENSUS peptide
exhibited a ΔH� value of -18.3 ((0.3) kcal/mol and a ΔS� of
-20.0 ((0.3) cal/(mol 3kelvin) while the constrained V3T303C-E322C

Table 2: Sequences and Kinetic Parameters of V3 Peptides Constrained with Two Disulfide Bondsa

aError values in KD represent the fitting error (errors in all other cases represent the SDs). Off-rates (koff) were derived from data recorded at a slower than
optimal flow of 20 μL/min. bData were obtained by equilibrium experiment.
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exhibiteda ΔH� value of -13.5 ((0.1) kcal/mol and a ΔS� of
-2.3 ((0.2) cal/(mol 3kelvin). These results indicate different
entropic and enthalpic contributions to the binding of linear and
constrained peptides to 447-52D.

DISCUSSION

An important goal of our laboratory is to develop a rational
approach to design an anti-V3 vaccine that will neutralize a broad
spectrum of HIV-1 strains. To achieve this objective, we have
designed and synthesized constrained V3 peptides that were
expected to mimic the β-hairpin conformations recognized by
447-52D and to bind tightly to this broadly neutralizing anti-
HIV-1 antibody. We assume that such constrained peptides can
be used as immunogens to elicit an antibody response similar in
potency and breadth of neutralization to 447-52D.

Constraining the peptide to a conformation similar to that
recognized by the 447-52D antibody considerably reduced the
change in the entropy of binding to the antibody in comparison
with the entropy measured for the flexible linear V3CONSENSUS

peptide binding (ΔS of -2.3 versus -20 cal/(mol 3kelvin),
respectively) as determined by ITC for V3T303C-E322C and linear
V3CONSENSUS. The enthalpic contribution to the free energy of
binding was also smaller (in absolute value) for the constrained

peptide in comparison with linear V3CONSENSUS (-13.5 vs
-18.3 kcal/mol, respectively). The differences in the thermody-
namic parameters observed for the binding of the free and linear
V3CONSENSUS peptide reflect the preorganization of the con-
strained peptide and the formation of a hydrophobic cluster
involving favorable energetic interactions between residues I307,
I309, and F317 in the unbound constrained peptide (43). The
more favorable entropy of binding of the constrained peptide to
447-52D is counterbalanced by a more favorable enthalpic
contribution during binding of the linear V3CONSENSUS resulting
in similar dissociation constants for both peptides.

Due to the use of disulfide bonds to constrain the V3 peptides, it
is possible that some of the antibodies elicited by immunization
with constrained V3 peptides will recognize the constraint itself
andwill, therefore, not cross-react with theV3 in its native context.
The recognition of the constraint may depend on its location
within the epitope recognized by the anti-V3 antibodies. Immu-
nization with different constrained peptides and examination of
the HIV-1 neutralizing potency of the immune sera are therefore
required for the selection of the best vaccine candidate. Despite
this concern, the results of the present study, together with our
previous NMR investigation of constrained V3 peptides (43),
clearly demonstrate that it is possible to constrain peptides to the

FIGURE 5: Isothermal titration calorimetric (ITC) measurements of the binding of linear V3CONSENSUS and a representative constrained peptide
to 447-52D Fab. Heat flow of linear V3CONSENSUS peptide (A) and constrained V3T303C-E322C peptide (B) added to 447-52D solution.
Enthalpogram for linear V3CONSENSUS peptide (C) and constrained V3T303C-E322C peptide (D). Table summarizing the thermodynamic
parameters (E).
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V3 β-hairpin-like conformation recognized by 447-52D while
maintaining high-affinity binding to this HIV-1 neutralizing anti-
body.

A systematic change in the location of a disulfide bond within
the V3 epitope recognized by the 447-52D antibody and deter-
mination of the binding of these constrained peptides to 447-52D
have provided us with guidelines that will be used in the future to
design the optimal constrained peptide immunogens for the
induction of broadly neutralizing antibodies similar to 447-
52D. A disulfide bond involving residues 309 and 316 or 309
and 317 reduced the affinity to 447-52D by 600- and 300-fold,
respectively. Reduction of the disulfide bond in V3I309C-F317C
caused a 100-fold decrease inKD in comparison with the oxidized
peptide. Moreover, mutation of I309 to alanine decreased the
affinity to 447-52D only by 25-fold. Together, these results
indicate that the disulfide bond connecting residues 309 and
316 or 309 and 317must distort the cyclic peptide from the native
V3 structure that binds to 447-52D, resulting in a major decrease
in affinity to 447-52D.

Considerably higher affinity was obtained when T303, K305,
or I307 was replaced by a cysteine residue and a disulfide bond
between the N- and C-terminal strands was formed. The high-
affinity binding of peptides constrained by disulfide bonds
involving residues 303, 305, or 307 and the increased affinity of
447-52D Fab to oxidized vs reduced V3T303C-E322C peptides
underline the gain in binding affinity, in comparison with the
linear V3CONSENSUS peptide, achieved by constraining the pep-
tides to a conformation similar to the V3 β-hairpin.

Replacement of I307 and T319 with cysteine resulted in a
constrained peptide in which the segment C307-C319 mimicked
a β-hairpin very well (43). However, the segments R304-S306
and T320-E322, which were part of the β-hairpin in
V3CONSENSUS bound to 447-52D, were quite flexible in
V3I307C-T319C as judged by our NMR analysis (43). Therefore,
it is questionable whether this peptide would be an appropriate
immunogen for eliciting 447-52D-like antibodies. The peptides
constrained to the R5 conformations by a disulfide bond invol-
ving either T303 or K305 could be better vaccine candidates since
in these two peptides either the entire V3 epitope or its major
fraction is constrained while retaining high-affinity binding to
447-52D.

In our previous NMR studies (43) we have shown that
disulfide bonds, especially in peptides constrained by two disul-
fide bonds, can dictate the pairing of the residues and the
hydrogen bond network within the constrained peptide to mimic
the postulated X4, R5A, andR5B conformations of the V3. Here
we showed that V3 peptides constrained to the postulated X4
conformation exhibited poorer binding to 447-52D (Table 1 and
Figure 4) and therefore are not appropriate candidates for anti-
HIV-1 vaccine targeting R5 viruses. In contrast, peptides con-
strained to the R5A or the R5B conformations (18, 25) of the V3
maintain high-affinity binding to 447-52D and as such are good
candidates for an anti-HIV-1 vaccine that aims to target the R5
viruses which present the major challenge for HIV-1 vaccine
development.

It should be noted that similar dissociation constants (KD)
were observed for peptides constrained to the R5A or R5B
conformation given that the same N-terminal strand replace-
ments to cysteine were used (V3T303C-I323C and V3T303C-E322C,
V3K305C-G321C and V3K305C-T320C, and V3I307C-T319C and
V3I307C-Y318C). Previous NMR and crystallographic studies of V3
peptide complexes with 447-52D concluded that the N-terminal

strand of the V3 and the GPGR turn form most of the
interactions with 447-52D, while the C-terminal strand had only
a few interactions with the antibody (18, 21).

As for the peptides constrained by two disulfide bonds,
four of the six V3 peptides investigated exhibited 2 orders of mag-
nitude poorer affinity than the linear V3CONSENSUS parent
peptide (Table 2). However, the V3T303C-I323C;I307C-T319C and
V3T303C-E322C;I307C-Y318C peptides exhibited binding to 447-52D
that was similar to that observed for the linear V3CONSENSUS

peptide. The structure of these two peptides has not been
determined. Nevertheless, the NMR structures of two other
peptides constrained by two disulfide bonds indicate that such
peptides form an almost ideal β-hairpin conformation when the
two cysteine residues in each peptide analogue are separated by
three residues (43). On the basis of the assumed structural
mimicry and the high affinity of V3T303C-I323C;I307C-T319C and
V3T303C-E322C;I307C-Y318C to 447-52D, these two peptides are
excellent candidates for anHIV-1 vaccine component that targets
the V3. We are currently initiating efforts to synthesize such
doubly constrained peptides in a form suitable for immunization.

Turn stabilizing replacements such as L-Pro313D-Pro and
Pro313Asn either abolished or considerably reduced the affinity
to 447-52D. This is not surprising since P313 of a V3MN peptide
was found to interact extensively with 447-52D and occupies the
center of the antibody binding site (21). Our results are in
agreement with a previous study that found that the proline in
the GPGR segment was invariant in 55 447-52D-binding
peptides selected from a phage-display library (51). On the basis
of the proline replacements and the systematic change of the
single disulfide bond, we conclude that in order to maintain
optimal binding to 447-52D no modification should be con-
ducted at the center of the V3 447-52D epitope which includes
residues 308HIGPGRAF317.

Interestingly most of the V3 peptides used in this study
exhibited on-rates in a very narrow range (0.2-0.7 106 s-1 M-1,
Table 1) regardless of whether they were linear or constrained
by disulfide bonds. The existence of a significant population in
a β-turn conformation formed by the GPGR segment even in
the linear V3CONSENSUS peptide (36, 37) and the dominant
interaction of this segment with the center of anti-V3 anti-
bodies (21) may contribute to the fast on-rate of the linear
V3CONSENSUS peptide. It is possible that higher on-rates could
not be determined accurately due to the limitation of the SPR
method; thus, the SPR method has its limitations in distinguish-
ing between peptides exhibiting very tight binding and high
on-rates.

Despite the fact that we could mimic the native conformation
of the V3 and retain high-affinity binding, the presentation of the
V3 in the context of the entire gp120 may also be important in
eliciting broadly neutralizing antibodies. Mimicking the presen-
tation of V3 in the context of the entire gp120 is hard to achieve
using short constrained peptides.

In conclusion, we have shown that structural information
obtained by NMR studies of the V3 epitope recognized by anti-
HIV-1 broadly neutralizing antibodies (18, 25) can be used to
design constrained V3 peptides in which the β-hairpin conforma-
tion of the antibody-bound V3 is stabilized to various degrees (43)
while maintaining high-affinity binding to the antibody. Previous
studies by Haynes and co-workers have shown that immunization
with linearV3 peptides that contained the entire epitope recognized
by the 447-52D antibody elicited a broadly neutralizing antibody
response (29). It remains to be seen whether the additional
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stabilization of the V3 peptide β-hairpin conformationwill result in
better vaccine candidates in comparison with linear V3 peptides.
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