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ABSTRACT: The HIV-1 envelope glycoprotein, gp120, is a key target for a class of drugs called entry inhibitors.
Here we used molecular modeling to construct a three-dimensional model of an anti-gp120 RNA aptamer,
B40t77, alone and in complex with gp120. An initial model of B40t77 was built from the predicted secondary
structure and then subjected to a combination of energy minimization andmolecular dynamics. Tomodel the
B40t77-gp120 complex, we docked the B40t77 predicted structure onto the CD4-induced epitope of the
gp120 crystal structure. A series of gp120 point mutations in the predicted B40t77-gp120 interface were
measured for their binding affinity for B40t77 by surface plasmon resonance. According to the model, of the
10 gp120 amino acids that showed a reduction in the level of binding when mutated to alanine, all of them are
modeled as making direct contact with B40t77 as part of a hydrogen bonding network. Comparison by
electronmicroscopy of the B40t77-gp120 complex with gp120 alone revealed that only the longest dimension
of the complex significantly increased in length, in a manner consistent with the predicted model. Binding
assays revealed that B40t77 can weaken the binding of gp120 to the monoclonal antibodies B6, B12, and
2G12, none of which have binding sites that overlap with B40t77, as well as strengthen the binding to the
antibody 19b. Thus, B40t77 may induce distant conformational changes in gp120 that disrupt its association
with host cells and may suggest a mechanism for aptamer neutralization of HIV-1.

Human immunodeficiency virus type 1 (HIV-1)1 infection and
its associated disease, acquired immunodeficiency syndrome
(AIDS), remain significant health problems globally. More than
33 million people are currently estimated to be living with HIV-1
(1-3). The most dramatic improvement was seen with the intro-
duction of antiviral therapy, which substantially increased the
quality and length of life for HIV/AIDS patients. These gains,
however, quickly reached a plateau as the genetic diversity of
HIV-1 allowed it to evade the immune system and resist
antiretrovirals (4). Currently, there are more than 800 complete
genome sequences in the HIV-1 sequence database (5, 6), an
increasing number of which are proving to be drug resistant (7).
This high degree of variability and complexity has made HIV-1
an extremely challenging target to inhibit (8), prompting re-
searchers to explore new avenues for more effective alternatives.

A novel and rapidly growing strategy is the advancement of
drugs that inhibit viral entry (9). This stage of viral infection is
largely attributed to a virion surface glycoprotein called gp120.

HIV-1 gp120 is organized into a trimeric spike on the exterior
surface of the virion (10, 11) andmediates attachment of the virus
to host cells (12). The crystal structure of gp120 complexed with
the CD4 receptor and a neutralizing antibody revealed specific
structural features that suggest a mechanism for immune eva-
sion (13). Specifically, the V3 loop of gp120, which is necessary
for coreceptor binding and selection, and for interacting with
most neutralizing antibodies (14), was found to be extended away
from the protein in the crystal structure, suggesting that it may
act as a “molecular hook” that snags coreceptor binding sites and
organizes associations within the viral spike (15). The importance
of gp120 in HIV-1 entry and pathogenesis has led to the recent
pursuit of drugs targeted against it. However, most of these
efforts have relied on cellular-based immunity and antibody
technology, both of which have failed to produce an effective
vaccine or prophylactic reagents for preventing HIV-1 infection.

One of the promising new alternatives to preventing HIV-1
infection and treating infected individuals is the use of aptamer
technology (16).Aptamers are small nucleic acidmolecules that can
be designed to bind to and disrupt the function of almost any target
molecule (17), including biological proteins (18). Aptamers offer a
range of advantages over other conventional approaches (19).
Their high affinity and specificity for a specific target give them the
recognition properties of antibodies. In addition, their small size
and flexibility allow them to fit into clefts where bulkier molecules
would otherwise be excluded. In 2006, aptamers achieved a major
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milestone in clinical therapy when an antivascular endothelial
growth factor 165 (VEGF165) aptamer called pegaptanib sodium
was approved for the treatment of macular degeneration (20).

The first aptamers isolated against gp120 bound the protein
with high affinity and specificity and neutralized a broad range
of HIV-1 clinical isolates (21). These RNA aptamers showed
the most potent antiviral efficacy of all HIV entry inhibitors
described to date (22), including antibodies. They suppressed
viral replication in cultured human peripheral blood mono-
nuclear cells (PBMC) by up to 1000-fold relative to control cells
and neutralized a range of clinical isolates (21). While escape
mutants and drug resistance are inevitable events (23), these
aptamers have been shown to penetrate the highly variable
exterior surfaces of gp120 to gain access to the conserved core,
which the virus cannot afford to mutate without compromising
its fitness (24). Although the interaction between aptamers and
gp120 has been established, to date, almost no structural
information about this interaction has been available. Here we
have used a structure-based approach to investigate the interac-
tion of gp120 and the 77-nucleotide truncated form of one
aptamer, B40t77, shown to have high gp120 binding affinity
and neutralization potency (25). Using molecular modeling, we
generated a three-dimensional structure of the B40t77-gp120
complex and validated the structure by experimental analysis.
The results indicate that anti-gp120 aptamers prevent entry of
HIV-1 into host cells through steric blocking of the CD4-induced
epitope as well as mediating conformational changes that disrupt
binding at distant sites.

EXPERIMENTAL PROCEDURES

Aptamer Secondary Structure Prediction. Aptamer sec-
ondary structures were predicted using the mfold folding algo-
rithm (26). A 77-nucleotide truncated from of the B40 aptamer
(B40t77), which displayed comparable binding affinity and
neutralization potency as the B40 full-length aptamer (25), was
run through the program, and the lowest-energy conformations
were examined further. Secondary structures were adjusted with
RNAdraw for presentation (27).
Generation of the B40t77-gp120 Model. On the basis of

the secondary structures of B40t77 (open and closed), two
tertiary models were built using Discovery Studio version 1.7
(Accelrys). First, initial models were built from the primary
sequence of B40t77 where nucleotides which were predicted to be
base paired according to their secondary structures were speci-
fically matched, but not constrained. Regions of B40t77 with
paired residues were treated as double-stranded using standard
helix parameters, whereas the rest of the molecule was treated as
single-stranded. In both the closed and open forms, nucleotides
in the stem region from G1 to C19 were base paired to C77 to
G60, in an antiparallel fashion. In the closed form, nucleotides
in the loop regions were base paired as follows: A22 to U43, A23
toU42,U26 toG38,G27 toC37,G28 toC36,G29 toC35,C30 to
G34, G46 to C57, and C47 toG56. Base pairing in the open form
was identical except for A22 toU43, andA23 toU42, whichwere
not paired. These models were placed in a CHARMm force
field (28) and run through Minimization using the Smart Mini-
mizer Algorithm, for 500 Max Steps, an rms gradient of 0.1, a
dielectric constant of 1.0, and no implicit solvent model or shake
constraints. The minimized molecules were then run through
Solvation using the Explicit Periodic Boundary model, ortho-
rhombic shape, a 55 Å radius centered on the molecule, a

minimum distance from boundary of 2 Å, and addition of
sodium and chloride counterions. The resulting solvated mole-
cules were run through a Standard Dynamics Cascade which
performed several consecutive simulations:Minimization (Steepest
Descent algorithm, 500 max steps; Adopted Basis algorithm, 500
max steps), Heating (2000 steps, initial temperature of 50 K, target
temperature of 300 K), Equilibration (1000 steps, target tempera-
ture of 300 K), and Production (1000 steps, target temperature of
300 K), with no constraints. The B40t77 closed model was then
manually docked onto the previously determined gp120 crystal
structure [Protein Data Bank (PDB) entry 2B4C] in the approx-
imate binding site as the X5 antibody (15). Using interactive
features of the program that maximize hydrogen bonding and
minimize steric hindrance, the best docked structure was selected.
Lastly, interactions in theB40t77-gp120 interfacewere refined in a
final round of minimization using Ligand Minimization with the
Smart Minimizer algorithm, 1000 steps, the receptor defined as
gp120 and the ligand defined as the 54 nucleotides ofB40t77 closest
to gp120.
Purification and Refolding of B40t77. The B40t77 DNA

template was PCR amplified from the full-length B40 DNA
template cloned into the pCR 3.1 cloning vector (Invitrogen)
using 50 and 30 primers for B40t77 as previously described (25).
The DNA template was purified by phenol chloroform extrac-
tion, precipitation in ethanol, and reconstitution in water. The
solutionwas then run through a Sephadex-G50 column to remove
free nucleotides.

For the transcription reaction, 90 μg of B40t77 DNA template
was added to a 6 mL transcription mixture consisting of 40 mM
Tris-HCl (pH 7.5), 6mMMgCl2, 1mM20FUTP, 1mM20FCTP
(Trilink BioTechnologies), 1 mMATP, 1 mMGTP (Fermentas),
5 mM DTT, 2 mM spermadine, and 7 units/μL T7 RNA poly-
merase (Fermentas). The reaction mixture was aliquoted into
200 μL volumes and incubated for 16 h at 37 �C. Twomicroliters
of DNaseI (Fermentas) was added to each 200 μL reaction
mixture and the solution incubated for 45 min at 37 �C to stop
transcription. The RNAwas then purified in the same manner as
the DNA template (above). The presence and purity of the RNA
transcript were assessed at every stage by electrophoresis on an
11% denaturing (8 M urea) polyacrylamide gel and subsequent
visualization with ethidium bromide staining.

Immediately prior to being used, B40t77 was refolded when it
was heated at 95 �C for 4 min, cooled at room temperature for
5 min, adjusted to 1� refolding buffer [10 mMHEPES (pH 7.4),
150 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, and 2.7 mM KCl],
and cooled for an additional 10 min at room temperature as
previously described (25).
Native Gel Assessment of B40t77. The following compo-

nents were run on a 2% agarose gel in the absence of denaturing
agents for 1 h at 120 V: the B40t77 PCR amplified product, the
B40t77 RNA transcript immediately after refolding, the B40t77
RNA transcript after being frozen at -20 �C overnight, and the
Fermentasmolecularweightmarker (O’generuler ultra low range).
Bands were visualized with ethidium bromide staining and UV
illumination.
gp120 Protein, Anti-gp120 Monoclonal Antibodies, and

CD4 Receptor. The following reagents were obtained through
the NIH AIDS Research and Reference Reagent Program,
Division of AIDS, NIAID, NIH: HIV-1BaL gp120 fromDAIDS,
NIAID (catalog no. 4961), HIV-1 gp120 monoclonal antibody
B12 (catalog no. 2640), HIV-1 gp120 monoclonal antibody 19b
(catalog no. 11436), HIV-1 gp120 monoclonal antibody 17b
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(catalog no. 4091), HIV-1 gp120 monoclonal antibody 2G12
(catalog no. 1476), and HIV-1 gp120 monoclonal antibody A32
(catalog no. 11438) (www.aidsreagent.org). HIV-1 gp120 mono-
clonal antibodies B6 and C11 were kindly donated by L. Morris
(National Institute for Communicable Diseases, AIDS Virus
Research Unit, Johannesburg, South Africa). The CD4 receptor
was obtained from the Sir William Dunn School of Pathology,
University of Oxford (Oxford, U.K.).
Mutagenesis and Expression of gp120. Fourteen point

mutations were generated in HIV-1BaL gp120 cloned into the
pTriEx vector with a C-terminal His6 tag. Mutagenic primers
were designed with the assistance of the Stratagene primer design
program (www.stratagene.com/qcprimerdesign) and introduced
into gp120 according to the Stratagene site-directed mutagenesis
protocol. Briefly, primers were annealed to wild-type gp120 and
PCR amplified with Pfu Turbo polymerase (Stratagene) for 16
cycles. Plasmids encoding the gp120 variants were purified using
a GeneElute Plasmid purification kit (Sigma-Aldrich, St. Louis,
MO), checked by restriction mapping, and sequenced before all
transfection experiments. All proteins were expressed in serum-
containing medium by transient transfection of HEK293T cells.
Briefly, HEK293T cells grown in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum and 1 mM glutamine
were seeded at a density of 1.8� 106 cells per 25 cm2 tissue culture
flask. After overnight incubation, cells were transfected with a
mixture containing 20 μg of gp120-expressing plasmid in 62.5mM
CaCl2 and 25 mM HBS. On the following day, the transfection
medium was replaced with fresh Dulbecco’s modified Eagle’s
medium containing 2% fetal bovine serum and 1 mM glutamine.
After incubation at 37 �C for a further 48 h, culture supernatants
were collected and centrifuged at 3500 rpm, to remove cell debris,
and stored at-20 �C.Recombinant gp120 expressionwas verified
by SDS-PAGE andWestern blotting using a primary anti-gp120
monoclonal antibody (Chessie 13-39.1) and a secondary HRP-
conjugated mouse antibody. The expression profiles of all 14
gp120 mutants and the wild type were indistinguishable.
Surface Plasmon Resonance. The affinity and rates of

interaction between B40t77 and gp120 were measured on a
BIAcore 3000 biosensor instrument using SPR, in a manner
similar to that previously described (29-31). The amounts of
protein and aptamer bound were measured as the change in
refractive index [recorded in response units (RU)]. All experi-
ments were conducted using HBS-N running buffer [10 mM
HEPES (pH 7.4) and 150 mMNaCl] at a flow rate of 5 μL/min,
to prevent significant dissociation of the immobilized protein
from the chip and to optimize for the fast dissociation rate
constant observed (25, 32). For the functional assessment of
B40t77 after synthesis and refolding, a CM5 biosensor chip was
extensively washed with running buffer and two flow cells
were simultaneously monitored. Approximately 19000 RU of
HIV-1BaL gp120 was immobilized to flow cell 2, and an equiva-
lent amount of bovine serum albumin (BSA) was immobilized to
flow cell 1 as a control flow cell using amine coupling chem-
istry (33). Briefly, gp120 andBSAwere coupled to flow cells 2 and
1, respectively, using several steps. (1) EDC and NHS (BIAcore)
were mixed in a 1:1 ratio and injected over both flow cells for
10 min. (2) gp120 at 50 μg/mL in 10 mM sodium acetate (pH 5.0)
was injected over flow cell 1 for 6 min, followed by injection of
BSA over flow cell 2 for 6 min. (3) Ethanolamine (BIAcore) was
injected over both flow cells for 10 min to block any remaining
activated groups. (4) Glycine-HCl (10 mM, pH 2.5) was injected
for 7 min to remove nonspecifically bound protein. Freshly

refolded B40t77 (see above) at 500 nM in 1� refolding buffer
was then injected over flow cells 1 and 2 for 3 min and allowed to
dissociate for 10 min, and the change in RU was recorded. To
regenerate the chip, 5 μL of 10 mMNaOH was injected between
each run and the RU monitored to make sure that the curves
returned to baseline (data not shown), as this had been previously
demonstrated not to affect subsequent aptamer binding (25, 29).
A flow of running buffer was executed to remove any residual
NaOH. Three runs of B40t77 binding to gp120 were performed.
The interactive software BIAevaluation version 3.2 was used to
subtract the sensogram of the control flow cell from the experi-
mental sensograms.
Kinetic Analysis of Aptamer-gp120 Mutants. For the

kinetic studies ofB40t77 binding to the gp120mutants, the amount
of gp120 on the chip was minimized to avoid saturation and
adverse effects. The immobilizationwas performed essentially as in
the SPR section, except that four flow cells were simultaneously
monitored, where flow cells 1-3 of the chip were experimental
and flow cell 4 was a control. Approximately 8000-10000 RU of
the antibody C11 was first immobilized to flow cells 1-3 using
amine coupling chemistry, followed by quenching and removal of
nonspecifically bound protein. The wild-type and mutant gp120
expressed supernatants were concentrated 20-fold, and then
100 μL was injected one at a time over individual flow cells where
the antibody C11 had been bound to capture gp120. As a negative
control, an equivalent number of RU of BSA was immobilized to
flow cell 4, as described in the SPR section. Ten microliters of the
1:1 mixture of EDC and NHS (BIAcore) was then immediately
injected over all flow cells (including the control) to cross-link the
boundgp120 to the antibodyC11, followed byquenching, removal
of nonspecifically bound proteins, and awashwith running buffer.
Approximately 1500-3000 RU of gp120 was captured on each
chip. Serial dilutions of B40t77 (2000, 1000, 500, 250, 125, and
75 nM) in 1� refolding buffer were made. Fifteen microliters of
each B40t77 concentration was injected over flow cells 1-4, and
the association and dissociation phases were recorded. The chip
was regenerated between each run (as in the SPR section) to make
sure that the curves returned to baseline. BIAevaluation version 3.2
was used to process the data. The binding curve from the 1�
refolding buffer alone was subtracted for each curve. The associa-
tion anddissociationdata from four to five concentrations per flow
cell were fitted simultaneously to a 1:1 binding model with a
drifting baseline. The equilibrium dissociation constant (Kd)
calculated from two data sets was averaged, where the binding
of three concentrations was used for the duplicate set. Error values
were calculated as the standard deviation. The dissociation con-
stants and χ2 values were calculated with the software, and the
residuals were examined to ensure the best fit.
Electron Microscopy of gp120 and the B40t77-gp120

Complex.HIV-1 gp120 alone andHIV-1 gp120 in complex with
B40t77 were prepared for examination by electron microscopy.
For the sample of gp120 alone, HIV-1BaL gp120 was prepared at
0.5 mg/mL [86 mM NaCl, 6 mM phosphate, and 1.7 mM KCl
(pH 7.4)]. For the B40t77-gp120 sample, 2.5 μL of 0.5 mg/mL
B40t77 in 0.1� refolding buffer was added to 10 μL of HIV-1BaL
gp120 at 0.5 mg/mL [86 mM NaCl, 6 mM phosphate, and
1.7 mMKCl (pH 7.4)], to give a final ratio of 1 mol of gp120 to
1.1 mol of B40t77, and incubated at room temperature for
30 min. Samples were then shipped overnight to the Electron
Microscope Unit at the University of Cape Town.

The two samples, gp120 alone and gp120 in complex with
B40t77, were both diluted 1:50 with 20 mM Tris (pH 7.5) and
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150 mMNaCl. Three microliters of each diluted sample was pipet-
ted onto carbon-coated copper grids that had been made hydro-
philic in a glowdischarge apparatus (EMS100�GlowDischarge).
The samples were allowed to adsorb for 30 s. We removed excess
solution by blotting with filter paper. The grids were then floated
on a drop of water, blotted, and stained with 2% uranyl acetate.
Excess stain was removed, and the grids were air-dried. The grids
were examined using aLEO912TEMoperating at 120 kV, and the
images were obtained using a 2K � 2K Proscan CCD camera.
Conformational Evaluation of gp120. For the gp120 con-

formational experiments, immobilizationof gp120was performed
as described in the SPR section with the following changes: 50 μg/
mL HIV-1BaL gp120 was injected for 3 min, and 13000 RU was
immobilized to flow cell 2. Flow cell 1 was used as a blank control.
Next, to perform the conformational assays in the absence of
aptamer, we injected 15 μLof antibodies (A32, C11, B6, B12, 17b,
19b, and 2G12, 8-50 nM each) or the CD4 receptor (900 nM) in
water one at a time over the gp120-immobilized flow cell and
control flow cell, and the RU after each injection had been
completed was recorded. The binding response at approximately
the 700 s time point after the start of injection (60 s after the
injected ended) was noted. This time point showed optimal
aptamer binding just after the injection was completed, as
previously described (29). For the conformational studies in the
presence of aptamer, 200 nM freshly refolded B40t77 in 1�
refolding buffer was injected for 10min and the change inRUwas
monitored to ensure binding to gp120. Antibodies or the CD4
receptor was then injected as described above, and the change in
RU was recorded. To remove noncovalently bound proteins and
thus regenerate the gp120 surface between each subsequent run
(in the presence or absence of aptamer), 5 μL of 50 mM NaOH
was injected and the RU was monitored to make sure the curves
returned to baseline (data not shown). A wash with buffer was
performed to remove any residual NaOH. Three trials were
performed intermittently, with and without aptamer, and the
average and percent uncertainty were calculated as follows:

% difference ¼ ½ðAVEΔRU with B40t77
� 100Þ=ðAVEΔRU no B40t77Þ�- 100

% uncertainty

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðSD AVEΔRU with B40t77Þ2 þðSD AVEΔRU without B40t77Þ2

q

where SD is the standarddeviation,AVE is the average value, and
ΔRU is the change in response units.

RESULTS

Tertiary Molecular Model of the B40t77 Aptamer. To
gain a deeper understanding of aptamer structure in solution, we
sought to generate a three-dimensional aptamer model. The B40
aptamer was selected due to the identification of a 77-nucleotide
truncated derivative, known as B40t77, which was previously
shown to bind gp120 with high affinity and potently neutralize
HIV-1 infectivity in close comparisonwith the full-lengthB40 (25).
In addition, preliminary chemical and enzymatic footprinting
experiments probing the B40t77 structure had been preformed
which provided additional insight into the structure (25).

Secondary structure analysis was executed on B40t77 using the
mfold folding algorithm, and the lowest-energy conformations
were examined. Two similar folds were revealed which were
consistent with the previously reported secondary structural
elements and base pairing of B40t77 (Figure 1) (25). The two
conformations were identical except for the central ring which
was closed in one structure (Figure 1A) and open in the other
(Figure 1C), due to the loss of two base pairs, A22 to U43 and
A23 toU42. The closed and open secondary structures were used
to build two molecular models of B40t77 using Discovery Studio
version 1.7. Initial models were constructed from the primary
sequence where nucleotides which were predicted to be base
paired according to their secondary structures were specifically
matched. The resulting model was run though an initial mini-
mization and then placed in a solvated environment with charged
ions. A standard dynamics cascade was performed which in-
cluded several consecutive simulations (minimization, heating,
equilibration, and production) to ensure that the lowest-energy
state was achieved. Solvating the molecule produced a more
energetically favorable structure than the solvent-free form as
shown by the more negative potential energy seen after the
molecular dynamics simulation was performed, similar to that
reported for other RNA modeled structures (34). The resulting
B40t77 tertiary molecule displays a “Y-like” shape where the
stem region is highly base paired and may provide rigidity to the
overall molecule (Figure 1B). An overlay of the predicted open
and closed tertiary structures revealed that while the stem regions
are modeled as virtually superimposable, the branched regions

FIGURE 1: Modeled structure of the B40t77 aptamer. (A) Secondary structure prediction of B40t77 showing the closed form of the central loop.
(B)Molecularmodel of the predicted tertiary structure of the closed formofB40t77. (C) Secondary structure of the open formof the central loop.
(D) Overlay of the predicted open (blue) and closed (red) tertiary structures of B40t77.
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showed large conformational differences (Figure 1D). Previous
experimental data had identified nucleotides in the branched
structure, but not the stem region, as binding to gp120 (25).
Three-Dimensional Model of the B40t77-gp120 Com-

plex. A molecular model of the aptamer-gp120 complex was
generated to investigate the mechanism of interaction between
B40t77 and gp120. We hypothesized that the closed form of
B40t77 would be the more likely bound conformation since the
only two residues that are base paired in the closed but not open
form (A22 to U43 and A23 to U42) also become base paired
upon binding gp120 (25). The region of B40t77 in the mouth of
the Y was targeted, as nucleotides in this region had previously
been shown to bind gp120 (25). We speculated that the B40t77
binding site and the X5 antibody binding site on gp120 might
coincide due to the fact that the X5 antibody was cocrystallized
with gp120 on theCCR5binding site and that partial competition
experiments showed that the full-length B40 can compete for
binding to theCCR5binding sitewith antibodies (21), aswell as a
synthetic peptide of CCR5 (24); finally, that alanine scanning
mapped the B40t77-gp120 interface to the CCR5 binding site of
gp120 (29). The predicted structure of the closed form of B40t77
was docked onto the X5 antibody binding site of the gp120
crystal structure (15), in a manner that maximized both buried
surface area and hydrogen bonding, while minimizing steric clash
(Figure 2A,B).

The B40t77-gp120 docked structure is ergonomically suited,
electrostatically favorable, and strongly hydrogen bonded. Simi-
lar to theX5-gp120 interface, both the binding surfaces of theX5
antibody and the B40t77 phosphate backbone are highly acidic
and thuswell complemented by the positively charged binding site
on gp120 (Figure 2C,D). However, in contrast to the X5-gp120
interface, 10 amino acids of gp120 (Q114, K117, T319, E322,
D325, R327, K421, Q422, K432, and R440) are predicted to
participate in hydrogen bonding with B40t77, whereas only five
participate in binding to the X5 antibody. In our model, of the
24 residues of B40t77 that were previously predicted to bind

gp120 (25), 16 are modeled to interact directly with gp120, four

are modeled as base-paired to an interacting residue, and the

remaining four are in the proximity (Figure 2E), showing the

agreement of our model with previous footprinting experiments.
Validation of the B40t77-gp120 Model through Site-

Directed Mutagenesis. To investigate the validity of the
B40t77-gp120 model in solution, a set of point mutations were

designed in the modeled in silico interface. Amino acids of gp120

were targeted that were modeled as externally exposed and

FIGURE 2: Molecularmodel of thedockedB40t77-gp120complex. (A)Thepredicted tertiarymodel of the closed formof theB40t77 aptamer (red)
was docked onto the gp120 crystal structure (purple) in the approximate location where the X5 antibodywas bound. (B) Side view of the predicted
B40t77-gp120 complex. (C)Electrostatic complementarity of thenegatively chargedphosphatebackboneofB40t77 and (D) thepositively charged
surface of gp120 where it was docked. Negatively charged electrostatic potential is colored red, while positively charged electrostatic potential is
colored blue. (E) Of the 24 nucleotides previously predicted to bind gp120, 20 are located directly in the interface of the model (yellow).

Table 1: Binding of B40t77 to HIV-1BaL gp120 Alanine Mutants

gp120a Kd (M)b χ2c P valued effecte

wild type (2.9( 0.9)� 10-8 2.0( 1.3 - /

Q114A (2.5( 1.1)� 10-7 3.8( 0.5 * V

K117A (6.4( 0.4)� 10-7 0.7( 0.1 ** V

K207A (3.1( 0.5)� 10-7 1.4( 1.6 ** V

E211A (6.7( 2.0)� 10-8 1.4( 1.5 - /

R298A (4.2( 1.6)� 10-7 0.5( 0.2 * V

I307A (7.0( 0.1)� 10-9 4.1( 3.9 * v

T319A (3.5( 1.1)� 10-7 2.4( 0.4 * V

D325A (3.2( 0.6)� 10-4 3.3( 0.7 ** VVV

R327A (3.0( 0.5)� 10-7 4.7( 0.8 ** V

K421A (1.7( 0.4)� 10-8 3.8( 3.4 - /

I423A (3.2( 2.6)� 10-8 1.5( 0.2 - /

R432A (6.3( 2.9)� 10-7 1.7( 0.1 * V

I439A (2.9( 0.2)� 10-7 1.6( 0.1 ** V

R440A (4.0( 0.5)� 10-7 0.7( 0.1 ** V

aAmino acid numbering is based on the HIV-1 gp120 sequence accord-
ing to PDB entry 2B4C. bKd represents the equilibrium dissociation con-
stant. Values are averages of duplicate runs, where errors represent the
standard deviation. cχ2 is the residual square sum. Averages and standard
deviations are shown. dP values were determined by a t test between theKd

values of wild-type and mutant gp120. Statistically significant changes are
denoted with one asterisk (P< 0.05) and two asterisks (P< 0.01). Dashes
indicate no significant differences (P>0.05). eThe effect of B40t77 binding
to gp120 mutants as compared to the wild type: /, no change; V, g10-fold
decrease in the level of binding; VVV, g104-fold decrease in the level of
binding; v, increase in the level of binding.



Article Biochemistry, Vol. 49, No. 28, 2010 5885

therefore predicted to participate in a stabilizing interaction with
B40t77 according to the model. In total, 14 gp120 amino acids
were selected and changed, one at a time, to alanine (Table 1).
Thirteen were at or near the predicted interface, and one, E211,
was selected outside of the interface as a control. To evaluate if
the gp120 point mutants were correctly folded, they were tested
for their ability to bind the antibody C11. The antibody C11
epitope on gp120 is conformation-dependent, thus controlling
for conformational consistency between the various mutants.
First, the antibody C11 was immobilized to a CM5 flow cell, and
then wild-type gp120 and the mutants were passed one at a time
over individual flow cells to determine if the gp120 protein could
be captured out of solution. Only gp120 that was correctly folded
should be able to bind the antibody C11, as a result of a func-
tional gp120-antibody interface. All 14 gp120mutants were able
to bind to the antibody C11, where more than 1500 RU of all
mutants was captured, in a manner equivalent to that of wild-
type gp120, demonstrating that the overall integrity of the gp120
mutants had been maintained.

A kinetic assay using SPR technology was used to assess the
ability of the gp120mutants to bindB40t77. Before the kinetic assay
was conducted, the B40t77 aptamer was transcribed, purified, and
tested for functional integrity by binding to gp120 via SPR (data not
shown). After the gp120 wild type and mutants had been captured
one at a timeby the antibodyC11on separate flow cells (as above), a
cross-linker was injected to ensure that gp120 was locked in place.
Several concentrationsofB40t77 (ranging from2000 to 75nM)were

passed over each flow cell, and the binding profiles were recorded
(Figure 3A). Buffer effects were subtracted, and the resulting curves
were fit to a 1:1 model with a drifting baseline (to correct for minor
dissociation of the protein from the chip due to inefficient secondary
cross-linking) using BIAevaluation (Figure 3B). Wild-type gp120
was found to have a dissociation constant (Kd) of 29 ( 9 nM, in
agreement with a Kd of 31 nM reported by other groups (25),
showing a tight association between B40t77 and gp120. Analysis
of residuals showed a randomdistribution of data points around the
x-axis as represented in panels C andD of Figure 3. All kinetic data
also exhibited a χ2 value of<5 showing an acceptable fit of the data
to the binding model (Table 1).

The results of kinetic analysis demonstrate thatmutating single
amino acids in the modeled gp120-B40t77 interface indeed
disrupts binding affinity (Table 1). All 14 gp120 mutants were
able to bind B40t77, however at different affinities as shown by
their altered Kd values. Statistically significant changes in bind-
ing, as measured by a t test, were seen for gp120 Q114A (P <
0.05), K117A (P<0.01), K207A (P<0.01), R298A (P<0.05),
I307A (P<0.05), T319A (P<0.05), D325A (P<0.01), R327A
(P<0.01), R432A (P<0.05), I439A (P< 0.01), and R440A
(P<0.01). In summary, nine mutants were found to have Kd

values increased by approximately 10-fold, one was found to have
a Kd increased>104-fold, three showed no change, and one even
had a decrease in Kd (Table 1). Upon examination of the gp120-
B40t77 modeled structure, we see that all 10 destabilizing
mutations make direct contacts with B40t77 in the complex

FIGURE 3: Point mutations in the predicted B40t77-gp120 interface disrupt binding. (A) Representative BIAcore sensogram overlay showing
binding of B40t77 to the gp120 R440A mutant. Several concentrations of B40t77 were injected over the sensor chip, and the SPR response was
recorded as a function of time. (B) Fit of SPR sensograms for gp120 R440A to a 1:1 binding model with a drifting baseline. Experimental
sensograms for gp120R440Aare depictedwith blue triangles, and the calculated curves are colored black. (C)Representative residual plots of the
1:1 bindingmodel for gp120K117A and (D) gp120R440A, shown in panel B. (E) The central panel shows the B40t77-gp120 predicted interface,
while the left and right panels depict side views of this interface. The 10positions that reduced the level of bindingwhenmutated are coloredorange
(g10-fold reduction) or yellow (g104-fold reduction). The one that increased the level of binding is colored green, and the three showedno change
are colored gray. B40t77 and gp120 are colored red and purple, respectively.
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(Figure 3E), providing a possible explanation for their ability
to disrupt association and thus supporting the accuracy of the
model. Of the three mutants that showed no change, the first is
our noninterface control, E211A. The remaining two, K421A
and I423A, are located in the predicted interface. The fact that
they did not disrupt binding suggests that they may not
contribute substantially to the interaction or that this region
of the model is inaccurate. The only activating mutation,
I307A, is located in the middle of the V3 loop.

To decipher the primary forces that stabilize the B40t77-
gp120 interaction, themodeled interface was examined. Of the 10
gp120 amino acids that weaken binding uponmutation (Table 1),
seven (Q114, K117, T319, D325, R327, K432, and R440) are
positioned in the model within 2.5 Å of a B40t77 hydrogen
bonding partner (Figure 4A-C), two (K207 and R298) are
modeled approximately 6 Å from a hydrogen bonding partner,
and the remaining one (I439) is modeled next to a hydrogen bond
donor (R440) and thus may cause a conformational change that
disrupts hydrogen bonding (Figure 4C). Arginine may be the
most common amino acid to participate in hydrogen bonding
with B40t77 because of its potential to form three hydrogen
bonds (Figure 4C), as seen with other aptamer-protein com-
plexes (35, 36). Amino acids of gp120 that are predicted to
hydrogen bond appear to donate a hydrogen to B40t77 in all but
two cases, E322 and D325 (Figure 4B), where gp120 then
becomes the hydrogen bond acceptor. These results suggest that
the B40t77-gp120 predicted interface is primarily stabilized by
a hydrogen bonding network and electrostatic interactions be-
tween charged amino acids of gp120 and the oxygen atoms in the
backbone of B40t77.
Electron Microscopy of the B40t77-gp120 Complex.

The B40t77-gp120 complex was examined by electron micro-
scopy for comparison to the in silico model. As a preliminary test
for electron microscopy, it was determined whether at least a
fraction of the aptamer was in the monomeric state and thus
could potentially be visualized as a 1:1 complex with gp120,
similar to that described for other RNA molecules (37). The
freshly refolded B40t77 and a sample of B40t77 that had ex-
perienced freezing and thawing were run on a native agarose gel
to determine if the migration of the molecule was consistent with
a mostly monomeric or aggregated state (Figure 5A). The freshly
refolded B40t77 migrated on a gel consistent with a monomer
and thus might be visualized in solution as a discrete complex
with gp120, similar to that predicted by our model. The B40t77

sample that had been subjected to freezing and thawing, however,
showed a smearing effect indicating the presence of higher-order
multimers (Figure 5A).

Negative stain preparations of gp120 alone and in the presence
of B40t77 were visualized by electron microscopy. Both samples

FIGURE 4: B40t77-gp120 docked interface predicted to be stabilized by a network of hydrogen bonds. (A) A close-up of the B40t77-gp120
interface shows that gp120K117 (orange) wasmodeled in a position tohydrogenbond to anoxygenatomofB40t77C35. (B) gp120D325 (yellow)
was placed to hydrogen bond with a hydroxyl group of B40t77 C54. (C) gp120 R440 (orange) was predicted to hydrogen bond with two oxygen
atomsofB40t77G25. I439 (pink), anamino acid adjacent toR440,maydisrupt hydrogenbonding through conformational changes. In all panels,
gp120 is colored purple and B40t77 gray. Additional atoms of interest are colored white (hydrogen), red (oxygen), dark blue (nitrogen), and light
blue (phosphate). Hydrogen bonds are represented by dotted lines.

FIGURE 5: Electron microscopy of the B40t77-gp120 complex was
in agreement with the model. (A) A native agarose gel shows the
migration of the 77-nucleotide refolded B40t77 and B40t77 subjected
to freezing and thawing. (B) The longest axis of the gp120 crystal
structure is 93 Å. (C) This axis was predicted to increase to 136 Å
uponbindingB40t77, according to theB40t77-gp120model. (D)An
electron micrograph of gp120 alone contained a homogeneous
mixture of particles, where the average longest axis was 94 ( 10 Å.
(E) An electron micrograph of the B40t77-gp120 complex revealed
that the average longest length increased to 123 ( 16 Å upon
formation of the complex.White arrows and bars indicate the longest
axis of representative molecules. Error values represent standard
deviations of the average values, where differences between the data
sets were found to be statistically significant (P < 0.0001).
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contained a similar mixture of homogeneous particles of ap-
proximately the same size (Figure 5). This was not surprising
considering that B40t77 is only 23% of the molecular weight of
gp120 and thus would not contribute substantially to a change in
size. The two samples, however, might differ slightly in the length
of their longest axis because of a length contribution from the
aptamer while keeping all other dimensions constant (Figure 5B,
C). To test this, a set of dimensions were taken from 15 particles
from each sample and averaged. All the dimensions between the
two samples were relatively constant, except for the longest axis
which differed between the two samples. For the gp120 particles,
the average length of this axis was determined to be 94 ( 10 Å
(Figure 5D), in close agreementwith the length of 93 Å calculated
from the gp120 crystal structure (Figure 5B). In contrast, the
B40t77-gp120 particles had a longer average length of 123 (
16 Å (Figure 5E), also in agreement with a length of 136 Å pre-
dicted from the model (Figure 5C). Differences between these
data sets were found to be statistically significant when compared
using a t test (P < 0.0001). This difference in length of nearly
30% of only one dimension between the two samples demon-
strates that B40t77 has indeed contributed to an increase in the
length of gp120 in amanner that is consistent with our aptamer-
gp120 in silico model.
B40t77 Induces Conformational Changes in Distant

Binding Sites of gp120. To provide insight into the mechanism
of aptamer neutralization of gp120, we investigated the ability of
B40t77 to induce conformational changes in gp120 upon binding,
as seen with other proteins (38, 39). Antibodies that do not have
overlapping binding sites with B40t77 would not be sterically
hindered and thus would most likely be inhibited from binding
through conformationally induced changes. To test this, the
ability of antibodies to bind to gp120 both in the presence and
in the absence of B40t77 was measured by SPR. Seven mono-
clonal antibodies (B6, B12, 17b, C11, A32, 19b, and 2G12) and
the CD4 receptor that bind to spatially distinct sites on gp120
were chosen (40-44), so that conformational changes, and not
steric hindrance alone, could be properly assessed (Figure 6A).
First, gp120 was immobilized to a CM5 flow cell; then each
antibody or the CD4 receptor was injected over the flow cell and
allowed to bind, and the RU was recorded. The RU at the 60 s
time point after the injection had been completed was noted for
further processing. This procedure was performed under two
conditions: (1) where B40t77 was first bound to gp120 before
antibody binding and (2) in the absence of B40t77. The two
values were then compared, and the percent inhibition of anti-
body binding was calculated (Figure 6B).

Of the eight proteins tested, five were inhibited with respect to
binding gp120 by B40t77 (antibodies B6, B12, 17b, and 2G12 and
the CD4 receptor), two were uninhibited (antibodies C11 and
A32), and one was enhanced (antibody 19b) (Figure 6B). Statis-
tically significant differences in binding were obtained for anti-
bodies B6 (P<0.01), B12 (P<0.05), 17b (P<0.05), 19b (P<
0.05), and 2G12 (P<0.001). The CD4 receptor also displayed a
reduction in the level of binding; however, the differences were
not statistically significant (P = 0.13). The ability of B40t77 to
inhibit 17b binding by the largest percentage was not surprising
because the B40t77 and 17b binding sites are known to overlap,
and thus, inhibition is most likely due to steric hindrance caused
by the aptamer. However, in contrast, the binding sites of the
remaining proteins do not overlap with B40t77, and thus, a
reduction in the level of binding is most likely due to a confor-
mational change in gp120 caused by B40t77. The enhanced

binding of 19b to gp120 in the presence of B40t77 indicates that
conformational changes with different effects may occur. In
support of this, gp120 I307, an amino acid in the V3 loop of
gp120 previously predicted to bind 19b (Figure 6C) (42), was also
the only mutation to cause an increase in the level of binding to
B40t77 (Table 1). TheB40t77-gp120model shows that an amino
acid in the vicinity of I307, T319, is modeled in a position to
hydrogen bond with the B40t77 backbone (Figure 6D). These
results suggest that B40t77 may cause neutralization of the virus
by inducing distant conformational changes in gp120 that inhibit
interaction between gp120 and host receptors, thus disrupting the
mechanism of viral entry and host infection.

DISCUSSION

We have used molecular modeling to predict the tertiary
structure of a nucleic acid aptamer (B40t77), alone and in
complex with gp120. This aptamer is known to specifically
interact with gp120 and to potently neutralize a broad range of
HIV-1 primary isolates (21, 24). Historically, most simulated
docking approaches were developed for the binding of non-
nucleic acid ligands to proteins and have yet to be reliably

FIGURE 6: B40t77 induced distant conformational changes in gp120.
(A) Diagram showing approximate protein binding sites on gp120
(purple). (B) Relative binding responses of antibodies and the CD4
receptor in the presence and absence of B40t77 obtained by SPR.The
percent inhibitionwas calculated as the percent change inbinding due
to the presence of aptamer. A reduction in the level of binding in the
presence of aptamer is shown in dark gray, an increase in the level of
binding in white, and no change in light gray. The average of three
runs is reported, where error bars represent the percent uncertainty.
Proteins whose binding was significantly different in the presence
of B40t77 as determined by a t test are indicated by asterisks: one for
P<0.05, two forP<0.01, and three forP<0.001. (C) Sequence of
the HIV-1 gp120 V3 loop bound by the antibody 19b (numbering
according to PDB entry 2B4C). Boxes highlight amino acids known
to directly participate in the interaction (42). (D) Close-up of the
modeled interaction of B40t77 and the V3 loop of gp120. I307
(green), an activating mutation, is adjacent to T319 (orange), which
was modeled in a position to hydrogen bond with B40t77. B40t77 is
colored gray and gp120 purple. Additional atoms are colored red
(oxygen), white (hydrogen), and light blue (phosphate). Hydrogen
bonds are represented by dotted lines.
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optimized for nucleic acid research (34). For instance, AutoDock
was found to have a 50-60% success rate for reproducing
experimentally observed RNA complexes (45). RNA is a parti-
cularly challenging target to model in silico because of the high
flexibility, base pairing capability, and presence of bridging water
molecules. In this work, previously reported biophysical and
biochemical data from the investigation of the interaction of
B40t77withgp120wereused tooptimize themodel (21,24,25,29).
By generating a model that agreed with existing experimental
data, we hoped to obtain a more physiologically relevant
representation of the complex that could be used as a tool to
probe the neutralization ability of these aptamers (46).

The B40t77 modeled structure displays a Y-like shape with the
predicted gp120 binding site in the mouth of the Y, suggesting
that B40t77 may function as a molecular clamp that grasps
gp120. This clamp may change conformation upon binding as
suggested by the comparison of the closed and open tertiary
models of B40t77.Docking the closed formof B40t77 onto gp120
generated a complex with an electrostatically favorable and well
hydrogen bonded interface. The aptamer-binding site (aptatope)
on gp120 was previously predicted to have a smaller footprint on
gp120 than other gp120 binding molecules, such as CCR5 or
antibodies (24, 25, 29). The results reported here suggest that the
B40t77-gp120 docked complex has a larger, more elongated
footprint than previously expected and may extend to the V3
loop. Testing mutations on the edge of the aptatope, such has
K117A and Q114A, or on the V3 loop, such as I307A and
T319A, enabled us to define the extent of the footprint beyond
the previously published data.

To validate the docked model, site-directed mutagenesis
targeted against the predicted B40t77-gp120 interface was em-
ployed. In summary, 10 gp120 mutants were destabilizing, three
showed no change, and one was activating (Table 1). Differences
in binding for the destabilizing and activating mutations were
found to be statistically significant (P<0.05). Four amino acids
of gp120 (Q114,K117,K207, and I439) thatweakened binding to
B40t77 by at least 10-fold when mutated to alanine are naturally
conserved among all HIV-1 isolates (13). This suggests that
B40t77 may make direct contact with at least four conserved
core residues on gp120 within the CCR5-binding site, which the
virus cannot afford to mutate without losing fitness or selective
advantage.

Recent data have shown that 10 gp120 point mutations
(K121A, P299A, N301A, N302A, A329K, N339A, D368A,
I420A, W427A, and Y435A), which are predicted to be out-
side of the B40t77-gp120 interface according to the model, did
not significantly reduce the level of binding to a roughly 50-
nucleotide, synthetic, and 50-biotinylated derivative of B40t77,
called 299.5 (shown to have binding affinity at least at the level of
that of B40t77) (29). The location of 10 destabilizingmutations in
the predictedB40t77-gp120 interface as shown inFigure 3E, and
an additional set outside the interface that showed no effect on
aptamer binding (29), provides further support for the model. In
contrast to our results, the 299.5 aptamer showed a significant
reduction in the level of binding to gp120 for two mutations
located in the predicted interface, K421A (P < 0.05) and I423A
(P<0.001). This suggests that biotinylation and/or truncation of
B40t77 may slightly alter the folding of the aptamer and hence
decrease the affinity of the interaction with gp120 at these posi-
tions. Although the possibility that gp120 mutations outside the
interface could disrupt aptamer binding though local conforma-
tional changes or electrostatic effects cannot be entirely excluded,

this seems unlikely given that the overall integrity of gp120 was
maintained (demonstrated by the efficient binding of gp120 to
antibody C11) and that noninterface mutations (including those
that are charged) do not disrupt binding.

A preliminary test showed that B40t77 migrates on a native
agarose gel consistent with a monomer and thus might be
visualized as a 1:1 complex with gp120. The presence of higher-
order aggregates of the molecule after freezing and thawing
indicates that it may exist in solution in the monomeric state and
may be sensitive to unfolding and aggregation upon mild stress
treatment. However, the use of more sophisticated techniques in
the future that examine the oligomeric state of the aptamer will
also be crucial to defining its conformational stability. Electron
microscopy revealed that the dimensions of the B40t77-gp120
complex compared to gp120 alone were consistent with the
model, and statistically significant (P < 0.0001). Specifically,
only the longest axis of the B40t77-gp120 complex (123( 16 Å)
increased in length when compared to that of gp120 alone (94(
10 Å). These results indicate that B40t77 may exist in the mono-
meric state in solution, may bind to gp120 in a 1:1 complex, and
may interact with gp120 in a manner consistent with the model.

The ability of B40t77 to induce distant conformational
changes in gp120 was demonstrated by the weakened binding
of proteins to gp120 in the presence of aptamer. B40t77 was
found to significantly reduce the level of binding of gp120 to
monoclonal antibodies B6, B12, and 2G12. The level of binding
to the CD4 receptor was also reduced, although the difference
was not found to be statistically significant. None of these gp120
binding proteins are predicted to be sterically inhibited by the
presence of B40t77. However, nonspecific binding between
B40t77 and gp120 that is partially responsible for the reduction
in the level of antibody binding cannot be entirely excluded. The
binding of the CD4 receptor to its binding site on gp120 has
previously been shown to induce distant changes in conformation
that increase the level of binding of antibody 17b to the CCR5
binding site (47). Therefore, the opposite also seems plausible,
that binding of B40t77 to the CCR5 binding site of gp120 could
induce distant conformational changes that affect remote sites,
consistent with the results reported here.

Antibody 19b showed an increase in the level of binding in the
presence of B40t77, perhaps indicating that conformational
changes in gp120 can lead to activation. The enhanced binding
of 19b may be due to conformational changes in the V3 loop
induced by B40t77 resulting in increased exposure of the 19b
epitope, which was thought to occur with other gp120 antibodies
that bind synergistically (48). In support of this, the only
activating mutation, gp120 I307A, is also located in the V3 loop
and may indicate that this is a flexible region of the molecule
susceptible to conformational changes. Consistent with the
modeling presented here, I307A may cause a conformational
change in the V3 loop that permits stronger hydrogen bonding
betweenB40t77 andT319, an adjacent amino acid that ismodeled
to hydrogen bond to B40t77 (Figure 6D).

These results, combinedwith previous evidence (21, 24, 25, 29),
suggest that the B40t77 binding site overlaps with the CCR5
binding site on gp120 and may explain the ability of B40t77 to
inhibit a broad range of clinical isolates (21). A previously docked
model of the CCR5 N-terminus and a crystal structure of gp120
showed that CCR5 interacts with specific residues at the base of
the V3 loop (38). Five gp120 residues in the CCR5-gp120
docked interface, R298, D325, R327, I439, and R440 (38), were
also found to destabilize the interaction of gp120 with B40t77
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when mutated to alanine in our system. This includes our most
destabilizingmutation, D325A, located at the base of the V3 loop
(Figure 3E), andmodeled as being in a position to hydrogen bond
with B40t77 (Figure 4B). Themodeling of the B40t77 binding site
to a core part of the coreceptor binding site may provide a partial
explanation for the antiviral activity of B40t77.

Overall, the neutralization ability of B40t77 appears to be due
to a combination of steric inhibition of CCR5 binding to gp120
and distant conformational changes upon binding that prevent
the interaction of gp120 with host cells. Aptamers have the
potential to be used as molecular tools to investigate the HIV-1
entry process and subsequent conformational changes. Future
experiments that investigate the interaction of B40t77 and gp120
and subsequent conformational changes in an in vitro cellular
system should provide new insights into the mechanism ofHIV-1
infectivity.
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