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The fusion of human immunodeficiency virus type 1 (HIV-1) to host cells is a dynamic process governed by
the interaction between glycoproteins on the viral envelope and the major receptor, CD4, and coreceptor on the
surface of the cell. How these receptors organize at the virion-cell interface to promote a fusion-competent site
is not well understood. Using single-molecule force spectroscopy, we map the tensile strengths, lifetimes, and
energy barriers of individual intermolecular bonds between CCRS5-tropic HIV-1 gp120 and its receptors CD4
and CCRS or CXCR4 as a function of the interaction time with the cell. According to the Bell model, at short
times of contact between cell and virion, the gp120-CD4 bond is able to withstand forces up to 35 pN and has
an initial lifetime of 0.27 s and an intermolecular length of interaction of 0.34 nm. The initial bond also has
an energy barrier of 6.7 k,T (where k is Boltzmann’s constant and 7 is absolute temperature). However, within
0.3 s, individual gp120-CD4 bonds undergo rapid destabilization accompanied by a shortened lifetime and a
lowered tensile strength. This destabilization is significantly enhanced by the coreceptor CCR5, not by CXCR4
or fusion inhibitors, which suggests that it is directly related to a conformational change in the gp120-CD4
bond. These measurements highlight the instability and low tensile strength of gp120-receptor bonds, uncover
a synergistic role for CCRS in the progression of the gp120-CD4 bond, and suggest that the cell-virus adhesion

complex is functionally arranged about a long-lived gp120-coreceptor bond.

The fusion of human immunodeficiency virus type 1 (HIV-1)
to host cells is a dynamic process governed by the interaction
between four key proteins, including two glycoproteins on the
viral surface and two main receptors on the surface of the host
cell. The viral envelope (Env)-associated complex is a het-
erodimer consisting of glycoproteins gp41, which is anchored
in the viral Env, and gp120, which is noncovalently bound to
gp41 and protrudes from the virion (13, 30, 57, 61). These
heterodimers are organized in trimer complexes on the surface
of the virion (13). The fusion process is initiated by the binding
of gp120 to the main host cell receptor CD4 (1, 2, 11, 30, 31).
This binding promotes a conformational change in gp120,
which produces a binding site for a secondary host cell receptor
(51, 52, 64). The most common strains of HIV-1 utilize the
seven-transmembrane molecule CCR5 or CXCR4 as a core-
ceptor (5, 29, 47). CD4 binding to gp120 results in conforma-
tional changes in gp41 that expose an N-terminal hydrophobic
fusion peptide, which is inserted into the cellular plasma mem-
brane (12). Heptad repeat (HR) regions (1 and 2) of the gp41
trimer subsequently fold in to form a six-helix bundle referred
to as a coiled-coil complex (7, 27, 60). The formation of this
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new complex couples viral and cellular membranes and re-
leases a free energy sufficient to promote their fusion (34).
While CD4 binding is sufficient to induce six-helix bundle for-
mation in gp4l, coreceptors substantially improve the effi-
ciency of its formation (21).

Current assays cannot probe early fusion dynamics at
single-molecule resolution in live cells and in real time.
Traditional assays have provided an important mechanistic
understanding of the fusion process, which has led to the
development of novel viral entry inhibitors. However, static
assays, such as crystallographic studies or binding assays
with purified proteins, characterize only halted steps of the
fusion process. Commonly used infection assays rely on phe-
notypes developed far downstream from the initial virus-cell
interaction (40). Similarly, while membrane fusion assays
have been utilized to extract kinetic data, they depend crit-
ically on temperature-arresting states (TAS) (14, 34). Initial
binding to the target cell is induced during a TAS, and the
fusion process is only reinitiated after physiological temper-
ature is restored. This leaves initial complexes, such as
gp120-CD4 bonds formed during TAS, unexamined. These
issues have begun to be addressed with magnetically syn-
chronized viral attachment at physiological temperatures
although only postattachment events are observable (15).
Ultimately, assays that rely on downstream effects prevent
direct mechanistic insights into the initial interactions be-
tween the virus and host cell. Moreover, these assays aver-
age kinetic constants in bulk and may overlook “molecular
individuality,” i.e., the possibility that subsets of Env glyco-
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proteins and receptors of the same type may respond dif-
ferently at discrete points in time during fusion.

Here, we develop an assay that directly probes the early
interactions between virion and receptors on living host cells at
single-molecule resolution. This assay retains the native con-
formation of both the Env proteins and the receptors in the
plasma membrane, while simultaneously preserving the phys-
iological geometries of fusion proteins for infection. Kinetic,
mechanical, and thermodynamic properties of the molecular
bonds between gp120 and receptors CD4 and CCRS are com-
puted rigorously, and the time-dependent maturation of these
bonds is monitored directly without the use of proxies or down-
stream phenotypes.

With the strategic use of entry-inhibiting small molecules
and the controlled expression of various cellular receptors,
individual specific binding events between host cell receptors
and virion ligands can be monitored. We find that, unlike the
relatively stable gp120-CCRS bond, the gp120-CD4 bond be-
comes rapidly unstable. We also observe that the coreceptor
CCRS enhances this instability. To decipher the mechanism
driving these unstable intermolecular interactions, we per-
formed assays in the presence of small-molecule entry inhibi-
tors. Together, these approaches provide new and important
mechanistic insight into the initial interactions of HIV-1 with
the surface of living cells and the effects of viral entry inhibi-
tors.

MATERIALS AND METHODS

Cell culture. GHOST (3) parental (CD4" CCR5") cells (developed by V.
Kewal Ramani and D. Littman) were grown in Dulbecco’s modified Eagle’s
medium (ATCC, Manassas, VA) supplemented with 10% fetal calf serum
(ATCC), 500 pg ml~! G418 (Cell-Gro), and 100 pg ml~! penicillin-streptomycin
(Sigma, St. Louis, MO) for the parental cells or 1.0 g ml~! puromycin for the
coreceptor encoding HOS.CCR5 (CD47/CCR5™) cells. GHOST (3) Hi-5
(CD4"/CCR5™) cells (developed by N. Landau) were grown in Dulbecco’s
modified Eagle’s medium with 10% fetal calf serum and 1.0 pg ml~! puromycin
(37). Cells were passaged every 2 or 3 days in a humidified 5% CO,-95% air
incubator maintained at 37°C. Cells were washed with Hanks medium (Sigma)
and treated with 0.25% trypsin~EDTA for 7 min at 37°C and then split 1 to 10.
Prior to single-molecule force measurements, 200 pl of 1 X 10° cells ml~! was
added to a 60-mm tissue culture dish containing 5 ml of culture medium and was
incubated overnight in 5% CO, at 37°C to allow for cell spreading and restora-
tion of normal cell morphology. Immediately before an experiment, the medium
was changed to serum-free medium containing HEPES (Invitrogen, Carlsbad,
CA) to stabilize the pH while cells were outside the incubator environment.

Purification of the virus. The viral vector pNL4-3-EGFP-AE was used to
encode the core of a single-cycle infectious pseudovirus by replacing the se-
quence that encodes HIV-1 env with that of the enhanced green fluorescence
protein (EGFP) (44). Virus particles with the Env of the HIV-1, CCR5-tropic,
YU-2 strain were subsequently generated by cotransfecting 30 X 10° 293T cells
in a T150 flask with 20 pg of the pNL4-3-EGFP-AE vector and 10 ug of an
expression vector encoding the env of YU-2. The host cell protein furin can
cleave the precursor glycoprotein gp160 into infectious gp41/gp120 units (16).
Therefore, pseudovirus with uncleaved gp160 env glycoproteins was also pro-
duced by simultaneously transfecting cells with 10 pg of the pCl.neo.PDX ex-
pression vector, which encodes the furin inhibitor alpha 1-PDX and G418
resistance (3, 16). Transfections were performed using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. Five hours later, the
transfection medium was replaced by cell culture medium and, for pCl.neo.PDX
transfections, supplemented with 250 wg/ml G418 to ensure furin inhibition. The
supernatant containing pseudovirus was collected 48 h after cell transfection.
Cell debris was removed from the supernatant by centrifugation at 470 X g at 4°C
for 5 min and subsequent filtration through a 0.22-pwm-pore-size filter. The
supernatant was concentrated by ultracentrifugation at 112,000 X g at 4°C for
1.75 h through a sucrose cushion. Twenty percent (wt/vol) sucrose was prepared
in TNE buffer (20 mM Tris [pH 8.0], 150 mM NaCl, and 2 mM EDTA) and was
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loaded beneath the infectious supernatant in the ultracentrifugation tube with a
1:10 volume ratio of sucrose cushion to viral supernatant. Monodispersed virions
were purified using an OptiPrep density gradient (Sigma) according to the
manufacturer’s instructions. The pseudovirus was further purified by ultracen-
trifugation at 112,000 X g at 4°C for 1.75 h.

We note that not all Env gp120 trimer complexes on the viral surface are
functional or infectious (9, 32). Our assay probes all trimer units that are able to
specifically bind the target cell without selection for infectious over noninfectious
complexes. By specifically binding the virion to the host cell, a noninfectious
gp120 unit can ultimately aid infection by stabilizing the adhesion interface in
which the infectious unit may act.

Analysis of viral infection. A total of 1 X 10° GHOST (3) Hi-5 (CD4"/
CCR5™) cells were plated in a 60-mm dish and allowed to adhere at 37°C for 6 h.
After spreading, cells were washed with Hanks medium (Sigma) and infected
with the specified virus for 6 h. Cells were washed with Hanks medium (Sigma)
and treated with 0.25% trypsin-EDTA for 7 min at 37°C and fixed with 3%
formaldehyde in phosphate-buffered saline (PBS) for 30 min. Induced expression
of GFP was examined by flow cytometry 48 h after infection and performed by
using a FACSCalibur fluorescent cell sorter (BD Biosciences).

Functionalization of the virus for attachment to the cantilever. Solutions of
the pseudovirus were incubated with succinimidyl-4-[N-maleimidomethyl]cyclo-
hexane-1-carboxy-[6-amidocaproate] (LC-SMCC; Pierce Biotechnology, Rock-
ford, IL) in a 10-fold molar excess of the gp120 molecules for 2 h at 4°C. The
molar concentration of gp120 was calculated assuming an average of 15 gp120
viral Env trimer complexes per virion (9). LC-SMCC-functionalized virions were
separated from excess LC-SMCC by dilution with PBS, pelleted by ultracentrif-
ugation at 112,000 X g at 4°C, and resuspended in PBS. Taking into account that
99% of HIV-1 virions are replication defective (6) and that those able to pro-
ductively fuse with their host cell require only one functional gp120 Env trimer
(62, 63), each cantilever was incubated with 1 X 10° virions in 50-p.l aliquots to
achieve a Poisson distribution of adhesion events. To determine if LC-SMCC
treatment affected viral infection, CD4" CCRS5™ cells were infected with our
GFP-encoding pseudovirus that was either treated or not treated with LC-
SMCC. The LC-SMCC treatment did not have a noticeable effect on infection
(see Fig. S1 in the supplemental material).

Functionalization of the cantilevers. Atomic force microscopy cantilevers
(Veeco Instruments, Santa Barbara, CA) were cleaned by successive 1-min
incubations in 70% ethanol-10% HCI, ultrapure water, and 100% ethanol at
room temperature. The cantilevers were then silanized for 30 s in 2% 3-(amino-
propyl)triethoxysilane (Sigma) in acetone and then functionalized with thiol
groups using 2 mg/ml Traut’s reagent (Sigma) in PBS at pH 8.0 supplemented
with 2 mM EDTA for 1 h. The cantilevers were subsequently washed three times
with PBS and incubated with LC-SMCC-labeled virions for 3 h at 4°C. The
cantilevers coated with virions were washed three times in cold PBS, incubated
for 1 h at 37°C in 1% bovine serum albumin (Sigma) in PBS, and washed again
in warm PBS. Finally, the cantilevers were immersed into serum-free Dulbecco’s
modified Eagle’s medium containing HEPES just prior to use.

Recombinant protein and monoclonal antibodies. The soluble recombinant
human CD4 (sCD4; Pharmacia sCD4-183) used here is composed of the first two
extracellular domains of human CD4. This protein is reactive with HIV-1 gp120
and anti-CD4 monoclonal and polyclonal antibodies. Monoclonal anti-human
CCRS5 antibody used in some control experiments was selected for its ability to
react specifically with human CCRS5 transfectants but not the parental cell line
(as assessed by fluorescence-activated cell sorting analysis) (R&D Systems). Cell
surface CD4 complex monoclonal B4 (United Biomedical, Inc., Hauppauge,
NY) used in control experiments exerts a broad neutralizing activity against
several HIV genotypes and clades by blocking access to the CD4 cell surface
complex (59). The above reagents were obtained from the AIDS Research and
Reference Reagent Program (National Institute of Allergy and Infectious Dis-
eases, NIH, Bethesda, MD).

Small-molecule inhibitors. When experiments were performed in the presence
of small-molecule inhibitors, functionalized cantilevers were incubated with each
inhibitor in PBS at 37°C for 30 min. The inhibitor was then added to the
serum-free medium immediately prior to experimentation. The inhibitor BMS-
806 was used at a concentration of 1 wM; T20 was used at a concentration of 100
pg ml~'. BMS-806 was generously donated by Ernesto Freire, Department of
Biology, Johns Hopkins University. T20, a fusion inhibitor from Roche, was
obtained through the NIH AIDS Research and Reference Reagent Program.

Single-molecule force spectroscopy. Single-molecule measurements were con-
ducted using a molecular force probe (MFP) (Asylum Research, Santa Barbara,
CA). The MFP is similar to an atomic force microscope and utilizes the deflec-
tion of a flexible cantilever probe to determine forces between the probe and the
sample. The spring constants (in pN/um) of the individually loaded probes were
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determined by the nondestructive thermal oscillation method (24). The MFP
records the time-dependent position and deflection of the flexible cantilever
probe above a sample with microsecond temporal resolution and with sub-
nanometer spatial resolution using laser deflection onto a photodector. Changes
in applied force were measured with subpiconewton resolution.

The MFP records outputs from the photodetector (in volts) and the linear
variable differential transformer (LVDT). The photodetector output is trans-
formed into force values using the inverse optical lever sensitivity, which is the
inverse slope of the sensor output versus the LVDT output while the system is
exhibiting constant compliance. The probe-to-sample distance is calculated using
the LVDT output by taking the total cantilever movement and subtracting the
deformation due to the applied force. Force measurements are computed using
Hooke’s law, F = kAx, where F is the applied force, k is the spring constant of
the cantilever, and Ax is the measured cantilever deflection. The final output is
a time-dependent trace of applied force versus separation distance from the
sample.

The largest (and softest) triangular cantilever probe with an average spring
constant of 10 pN/nm was used to collect force measurements with the highest
possible resolution (<1 pN). For every contact between cell and cantilever, the
distance between the cantilever and the cell was adjusted to maintain an im-
pingement force of 100 to 300 pN before retraction (8, 17, 33). Data collection
was performed at 1.0 kHz. To extract kinetic parameters using the Bell model,
experimental retraction velocities were varied between 5 and 25 pm/s, and the
contact time between cantilever and cell surface was kept at a minimum (~1 ps),
which was considered to be no contact time. For measurements of bond matu-
ration, the retraction velocity was kept constant at 10 wm/s, while the contact
time was varied between 1 ps and 0.3 s, which was approximately the bond
lifetime obtained from Bell model analysis (see text for details).

Data analysis. Traces of applied force as a function of cell-cantilever separa-
tion were analyzed using Igor Pro, version 4.09, software (Wavemetrics, Inc.,
Lake Oswego, OR). Adhesion forces were determined directly by recording the
height of the adhesion peak from the level of zero applied force. Loading rates
were calculated for individual adhesion events as the product of the slope of
applied force per distance (in pN/wm) prior to rupture and the retraction velocity
(in pmy/s). Adhesion force measurements were binned according to loading rate
at increments of 50 pN s ! (41, 42). For each set of binned data, a mean adhesion
force and loading rate were calculated and used to fit Bell model parameters (41,
42). Specific binding was binned between 20 and 40 pN with a corresponding
range of loading rates of ~200 to 1,000 pN/s. Bell model predicts that:

kgT Xply

0= Ih‘(kzﬁkgr)

where (f) is the mean adhesion force of a bond, k is Boltzmann’s constant, x; is
reactive compliance, kb is the unstressed dissociation rate constant, T is the
absolute temperature, and r; is the loading rate. We note that for loading rates
that were >1,200 pN, nonspecific binding began to occur (i.e., the logarithmic
dependence of bond adhesion on loading rate was not observed). To determine
if this was characteristic of the virion or an effect of reaching the MFP limit, we
performed experiments probing binding from low to high loading rates and again
at low loading rates. We observed the logarithmic dependence at low applied
forces, but after acquiring data at large applied forces, we could not recover the
logarithmic dependence when the applied force was lowered (data not shown).

For Monte Carlo analysis of Bell model parameters, the theoretical probability
of an adhesion event, or bond rupture, Pryp, was calculated as

P, =lfexpk°expL/nAtAt
rup off kyT

wheren =1,2,3. .., Atis the time interval, and nAt is the time step (17, 18). P,
was compared to a random probability, P,,,. Theoretical adhesion events and
corresponding loading rates were recorded when the calculated P,,,, was greater
than the random P,,,,.

Distributions of adhesion event probability versus adhesion force were ana-
lyzed using MATLAB, version 7.0, software (Mathworks, Inc., Natick, MA).
Adhesion forces were obtained as described above and binned to produce prob-
ability distributions. For each bin of adhesion forces, a probability was deter-
mined as the number of all observed adhesion events within that bin per total
observed adhesion events for that condition. The adhesion forces produced for
each contact time were averaged and compared using a Student’s ¢ test. P values
of <0.05 were considered to correspond to distributions of adhesion forces that
were statistically different, while P values of >0.5 corresponded to adhesion
forces that were statistically similar. The probability of an adhesion event occur-
ring with a particular force f is given by

rup

J. VIROL.

p(ﬁ = (K.\'V)71 [*S(t*)]:* = (BF + koh)/kgy

where
S@t) = as
dt
—ks($)2/2
ko= (Zﬂ)"/zDKmmxie’B“”
and

K, (%)
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as described by Hummer and Szabo (23). Here, k, is the harmonic force constant
scaled by kzT = B!, v is the retraction velocity of the cantilever, x* is the
distance along the free energy surface from the well minimum to the energy at
bond rupture, k,, is the molecular spring constant of the bond, « is the sum of
and «,,,, and D is an effective diffusion coefficient. S is the survival probability or
the probability that the rupture has not occurred yet at time ¢, and ¢* is the time
of rupture. This probability density function was fit to each experimental adhe-
sion force distribution by probing fit parameters using Monte Carlo optimization
methods. After independently optimizing using all three fit parameters (k,,,, x%,
and D), we found that D remained constant at 1,600 = 3 nm? s~ '; therefore, to

obtain an improved fit to the experimental data, we held D constant at 1,600

nm? s .

Error values were obtained by generating synthetic adhesion force probability
density distributions and fitting these distributions to the desired model. Each
synthetic probability value was randomly chosen from a distribution about the
original point obtained when the complete experimental data set was binned. For
each of the fitting parameters obtained from the fitting of synthetic data (n =
1,000), separate probability distributions were produced. Error values reported
for variables are the standard deviation of these parameter distributions.

RESULTS

Probing interactions between pseudotyped virus and recep-
tor-expressing cells at single-molecule resolution. We used
single-molecule force spectroscopy to characterize the initial
formation of intermolecular bonds between YU-2 gp120 on
the Env of a pseudotyped virion and its primary HIV-1 recep-
tor, CD4, and coreceptor CCR5 or CXCR4 on the surface of
living cells (Fig. 1A and B). Virions were tethered to a canti-
lever and placed in contact with individual cells, which ex-
pressed either CD4 (GHOST [3] parental [CD4" CCR57)),
CCR5 (HOS.CCR5 [CD4~ CCR57]), both CD4 and CCR5
(GHOST [3] Hi-5 [CD4" CCR5"]), or both CD4 and CXCR4
(GHOST CXCR4 [CD4" CXCR4"]). The cantilever was re-
peatedly brought in contact with the host cell surface with a
controlled impingement force and then retracted at a con-
trolled velocity (between 5 and 25 wm/s). The value of the
force of impingement, ranging between 100 to 300 pN, was
selected to promote single-bond formation between host cell
surface receptors and Env glycoproteins (8, 17, 33). Adhesion
force and separation distance between virion and cell surface
were recorded simultaneously with high temporal resolution,
resulting in force-deflection traces (Fig. 1C), from which bond
adhesion forces were extracted. Histograms of adhesion forces
(the force to rupture bonds upon cantilever retraction) were
collected and analyzed to extract the average dissociation rate,
the reactive compliance (the molecular length over which
virion glycoproteins and receptors interact), the adhesion force
(tensile strength of the bond), the interaction energy (which
measures the stability of the bond), and the lifetime of the
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FIG. 1. Schematic of the instrument used to measure the micro-
mechanics and kinetics properties of single molecular bonds between
an infectious HIV-1 virion and individual cell receptors on a live host
cell. (A) Schematic of the detection components of the MFP and the
flexible cantilever placed just above a host cell. (B) Pseudovirus par-
ticles are cross-linked to a triangular cantilever, which is delicately
brought into contact with a cell displaying either major receptor CD4,
coreceptor CCRS5 (or CXCR4), or both on its surface. (C) Typical
force deflection traces recorded during the retraction of the cantilever.
Ruptures of virion-cell bonds are marked by arrows. (D) Probability of
formation of bonds between a virion and a host cell. The distribution
displays Poisson characteristics (see text). (Inset graph) Probability of
formation of bonds when only force deflection traces displaying at least
one bond adhesion are analyzed. The time of contact between cell and
virion was ~1 ps.

initial molecular bonds formed between host cell receptors and
Env glycoproteins.

Analysis of force deflection traces indicates that the proba-
bility of formation of cell-virion contacts that resulted in one or
more bond adhesion events adopted a Poisson distribution
(Fig. 1D). For the initial characterization of the kinetic and
micromechanical properties of individual gp120-receptor
bonds, the contact time between pseudotyped virus and host
cell was kept as short as possible (<1 ps). These conditions
resulted in successful adhesions between CD4" CCR5™ cells
and pseudotyped virus in 26% of total contacts, 33% for CD4™"
CCR5™ cells, 30% for CD4~ CCR5™ cells (in the presence of
sCD4), and 26% for CD4" CXCR4" cells. According to Pois-
son distribution statistics (10), when ~30% of cell-cantilever
contacts result in binding events, >80% of these binding events
involve a single bond, 15% involve double bonds, and <3%
involve triple bonds. Therefore, our experimental setup can
detect and characterize the binding of Env glycoproteins to
receptors on living cells at single-molecule resolution. To-
gether, these measurements quantify, for the first time at this
resolution, the specific binding between a virion and a CD4™"
or CCR5™ cell at the earliest stages of molecular recognition
prior to fusion.

Probability of binding between virion and host cell and
adhesion specificity. To examine the specificity of our single-
molecule force spectroscopy measurements, the probability of
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successful binding between a virion and a CD4" CCR5™
GHOST parental cell was examined in the presence of either
function-blocking antibodies or sCD4. The probability of bind-
ing between cell and virion was measured by computing the
percentage of force deflection traces that displayed at least one
bond de-adhesion event. Binding between cell and virion was
deemed successful if the force deflection trace during cantile-
ver retraction displayed at least one discernible peak (i.e., a
bond adhesion event) (Fig. 1C). In the absence of virus on the
cantilever, in the presence of a monoclonal antibody against
CD4 (B4) in the culture medium, or in the presence of satu-
rating amounts of sCD4, the probability of binding between
virion and CD4% CCR5™ cells was reduced to <2 to 6% (Fig.
2B). Similarly, for CD4~ CCR5™" cells in the absence or pres-
ence of sCD4—which promotes a conformational change in
gp120 that induces the formation of the glycoprotein’s binding
site for CCR5—and a monoclonal anti-human CCRS5 antibody,
successful binding between virus and CD4~ CCR5™ cells was
reduced to ~4% (Fig. 2A). In addition, only ~5% of contacts
between this CCR5-tropic virus and CD4~ CXCR4 ™" cells re-
sulted in successful binding. These results indicate that direct
binding between gp120 (without sCD4) and CCRS is not fa-
vored and that binding interactions between virions tethered to
the cantilever and the cell surface, as detected and measured
by our single-molecule force spectroscopy assay, are specific.

sCD4 can induce the dissociation of gp120 from the mem-
brane-anchored gp41 (20, 36). To determine the potential ef-
fect of this dissociation on our micromechanical results, we
examined the binding of pseudovirus carrying gp160, in which
gp120 is covalently linked to gp41. The pseudovirus was pro-
duced by cells transfected to inhibit gp160 cleavage and nor-
malized to virus carrying wild-type HIV-1 Env based on p24
enzyme-linked immunosorbent assay. Pseudovirus carrying
gp160 units was unable to productively infect CD4" CCR5™
cells (see Fig. S1 in the supplemental material) but produced
MFP binding frequencies similar to normal pseudovirus (data
not shown). Experiments performed using the noninfectious
pseudovirus and CD4" CCR5™ or CD4~ CCRS5™ cells resulted
in thermodynamic and micromechanical properties displaying
comparable trends and values similar to or lower than those of
normally produced virions (see Fig. S2 in the supplemental
material). This suggests that bond rupture events in force dis-
placement traces (Fig. 1C) correspond mostly to the breakages
of CD4-gp120 or CCR5-gpl120 bonds, not the cleavage of
gp120 from gp4l.

Interactions between pseudovirus and host-cell receptors at
single-molecule resolution. The Bell model (4), which has been
successfully applied to analyze the binding kinetics of many
molecular pairs (8, 17, 18, 41, 42), has become the standard
model to analyze single-molecule force spectroscopy data (48).
Here, it was exploited to characterize the micromechanical and
kinetic properties of a single gp120-CD4 bond formed between
cell and virion during their initial interaction. The Bell model
relates the force of adhesion (also called tensile strength) of a
single molecular bond to the rate at which a force of retraction,
or loading rate, is applied to that bond. Bell model parameters,
the unstressed dissociation rate, k', and the reactive compli-
ance, xg, were obtained by a nonlinear least-squares fit of
binned adhesion forces as a function of the logarithm of the
loading rate. As predicted by the Bell model (4), the force of
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FIG. 2. Test of binding specificity and characterization of virion-
receptor interactions at single-molecule resolution. (A) Test of speci-
ficity of MFP measurements and frequency of binding interactions
between Env glycoproteins and CD4~ CCR5™ living cells in the pres-
ence of sCD4, in the absence of sCD4, in the presence of a function-
blocking antibody against CCR5 (CCRS mAb), or in the absence of
virions attached to the cantilever (No virus), respectively. (B) Test of
specificity of MFP measurements and frequency of binding interac-
tions between Env glycoproteins and CD4~ CCRS5 ™ living cells in the
absence of added molecules, in the presence of a function-blocking

J. VIROL.

adhesion of a single gp120-CD4 bond increased logarithmically
with loading rate (Fig. 2D). The Bell model fit yielded an
unstressed dissociation rate of the bond between viral gp120
and CD4 on live CD4" CCR5™ cells of 3.73 = 0.45 s 1,
corresponding to an equilibrium bond lifetime, 1/k%;, of 0.27 +
0.03 s (Table 1). The fit also yielded a reactive compliance of
3.4 + 0.6 A for the gp120-CD4 bond.

Importantly, Monte Carlo simulations of gp120-CD4 bond
ruptures under constant loading rate, which assumed a single
dissociation rate and a single reactive compliance, showed
good agreement with the experimental data (Fig. 2E). This
agreement indicates that the early interactions between the
pseudotyped virus and a CD4™" parental cell depend on CD4
and gp120, not other receptors on the surfaces of the cell and
molecules on the virus.

The Bell model is an excellent tool for the characterization
of molecular bonds, and our system offers another example of
its value. In an attempt to monitor subtle time-dependent
changes in the kinetic properties of cell-virion molecular bonds
under different binding conditions, we employed a recently
developed method to analyze adhesion force distributions.

Monitoring single gp120-receptor bond maturation. So far,
we have analyzed the interactions between host cell and virion
at extremely short contact times (<1 ps). Here, we asked how
individual bonds between gp120 and CD4 in live CD4™"
CCR5™ and CD4" CCR5™ cells, as well as gp120 and CCRS in
the presence of sCD4 in live CD4~ CCR5™ cells developed
over time, or “matured.” We monitored the kinetics and mi-
cromechanical properties of these bonds by recording force
deflection traces for increasing contact times between host cell
and virion. Cell-virion contact times were increased from 1 ps
to up to 0.3 s, an upper limit chosen to be longer than gp120-
CD4 bond lifetime. The percentage of traces resulting in at
least one bond rupture event did not increase >33% for all
tested conditions and contact times, which ensures that all
results corresponded to single-molecule observations. Statisti-
cal analysis of adhesion force distributions was performed us-
ing equations derived by Hummer and Szabo (23) (see Mate-
rials and Methods). Fits of each adhesion force distribution
were independently optimized using two fitting parameters,
including the distance from the free energy minimum to bond
rupture, x¥, and the molecular stiffness, «,,,.

This analysis revealed that the initial gp120-CD4 bond be-
tween a CD4" CCR5™ cell and the pseudotyped virus had an
average adhesion force of 35 = 1.4 pN, which decreased to 26 *
1.8 pN within 0.3 s (Fig. 3B). Initially, the adhesion force of the

antibody against CD4 (CD4 mAb; B4), in the presence of sCD4, or in
the absence of virions (No virus), respectively. (C) Comparison of
CD4" CCR5" cells infected to express GFP with pseudotyped virus
with and without LC-SMCC treatment. (D) Mean adhesion force of
the gp120-CD4 bond as a function of loading rate (pN/s) for CD4*
CCRS5™ parental cells. Fit of this curve using Bell’s model yielded a
bond dissociation constant, k%, of 3.73 s~! and a bond reactive com-
pliance, xp, of 0.34 nm. (E) Distribution of adhesion bond forces
obtained experimentally (triangles) or computed using a Monte Carlo
simulation (line) based on Bell model’s kinetic parameters (see text for
details)l. The retraction velocity of the cantilever was maintained at 10
pms .
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TABLE 1. Summary of the biochemical and biomechanical properties of pseudotyped virus Env gp120-CD4 bond and purified gp120-CD4
bond using the Bell model”

Adhesion strength, F (pN),

Dissociation rate,

at loading rate of:

Relative compliance
Source or reference

Molecular pair Ko (51 Xg (nm)
200 pN/s 500 pN/s
gp120-CD4 (pseudotyped) 3.73 £0.45 22+1 29+ 1 0.34 = 0.06 This work
gp120-CD4 (purified) 4.10 = 0.20 26 =1 34x1 0.14 = 0.01 8
P-selectin/PSGL-1 0.22 = 0.05 82 130 0.14 = 0.01 18

“ Values are means * standard errors. The values for P-selectin/PSGL-1 are used for comparison.

gp120-CD4 bond in the presence of a CCRS5 (gp120-CD4/
CCR5) bond between a CD4" CCR5' cell and the
pseudotyped virus was 32 = (.7 pN, statistically similar to that
obtained in the absence of CCRS5. However, the adhesion force
decreased to 16 * 0.5 pN within 0.3 s (Fig. 3D). These results
suggest that gp120-CD4 bonds weakened over time and also
argue for a possible synergistic effect of CCRS, resulting in the
rapid progression toward a weaker gp120-CD4 bond than with
CD4 binding alone.

Correspondingly, the minimum free energy, AG* = (1/2)k,,x*2,
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decreased steadily for increasing cell-virion contact time. AG*
describes the interaction energy barrier between gp120 and
receptors CD4 and CCRS. The interaction energy of the
gp120-CD4 bond between virus and CD4" CCR5™ cells de-
creased from 6.6 = 0.15 kzT to 5.7 = 0.2 kzT, while the
gp120-CD4"/CCR5™ bond decreased from 6.7 = 0.2 k5T to
3.9 £ 0.1 kzT (Fig. 4A). Moreover, the dissociation rate of the
gp120-CD4 bond increased only 2.5-fold in the absence of
CCRS and >11-fold in the presence of CCR5 (Fig. 5A). The
molecular stiffness of the bonds remained constant and did not
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FIG. 3. Histograms of adhesion forces of single intermolecular bonds for increasing contact time between pseudovirus and host cell. Time-
dependent histograms of adhesion forces and mean adhesion forces of intermolecular bonds between Env glycoproteins and receptors on CD4™
CCRS5~ GHOST parental cells (A and B), CD4" CCR5" GHOST Hi-5 cells (C and D), and CD4~ CCR5" HOS.R5 cells (E and F). Mean
adhesion forces at times >0 s were considered statistically significant different from the values at no contact time. *, P < 0.05; s, P < 0.01; sk,
P < 0.001. Data were collected with a retraction velocity of 10 pwm/s.
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FIG. 4. Energy barriers, lifetimes, and molecular elastic constant of bonds between Env glycoprotein and cellular receptors. (A and B)
Time-dependent minimum value of the free energy (AG*) describing the binding adhesion interactions between Env glycoproteins and receptors
on CD4" CCR5 7, CD4" CCR5", CD4~ CCR5*, and CD4" CXCR4" cells in the absence (A) and the presence (B) of small-molecule inhibitors.
(C and D) Time-dependent molecular spring constants, k,,, of gp120-CD4 and gp120(sCD4)-CCRS bonds in the absence (C) and the presence
(D) of small-molecule inhibitors. (E and F) Time-dependent distance from the free energy minimum to the point of bond rupture, x¥, of gp120-CD4
and gp120(sCD4)-CCRS5 bonds in the absence (E) and presence (F) of small-molecule inhibitors. Data were collected with a retraction velocity

of 10 wm/s.

approach values obtained with CD4~ CCR5™ cells, which is
consistent with the assay probing only gp120-CD4 interactions
in both cases. This is especially apparent when k,,, values for
CD4" cells are compared to those obtained for gp120-CCR35
bonds with CD4~ CCR5™ cells (Fig. 4C). These results suggest
that there is a rapid destabilization of the gp120-CD4 bond and
that CCRS mediates an enhancement of that destabilization.

The adhesion force of the bond between gp120 and CCRS
on HOS.CCRS cells in the presence of sCD4 had a mean value
of 45 = 2 pN (Fig. 3F). Unlike CD4 ™" cells, the mean adhesion
force did not change significantly when the contact time was
increased to 0.3 s (Fig. 3F). The difference between time-
dependent bond strength distributions (Fig. 3D and F) sug-
gests that deadhesion events occur more slowly post-CCRS
binding than immediately following CD4 binding. Moreover,
the large forces of adhesion produced AG* values larger (~7.5
kT) than obtained with CD4™" cells, indicating a more stabile
bond.

To determine if the destabilization of the gp120-CD4 bond
can be induced by the presence of any coreceptor or CCRS
specifically, we examined gp120-CD4 bond progression on

CD4" CXCR4™ cells. Initially, the change in free energy sug-
gests a more dynamic effect than with coreceptor-negative cells
up to 0.2 s. However, AG* then approaches the coreceptor-
negative value at the final 0.3-s point (Fig. 4A). Also, the
change in k, compares much better to the CD4" CCR5™
binding than that observed with CD4" CCR5™ cells (Fig. 5A).
These results suggest that the bond instability observed in
CD4" CCRS5™ cells for the CCR5-tropic HIV-1 strain is due to
the presence of CCRS specifically, not simply the presence of
a coreceptor.

Effect of small-molecule viral entry inhibitors on bond pro-
gression. To determine whether the rapid destabilization of
gp120-CD4/CCRS5 bonds was caused by a conformational
change in gp120 initiated by CD4, we utilized the BMS-806
viral entry inhibitor. We focused on CD4" CCR5™ cells be-
cause they produced a more dramatic change in the kinetic
properties of the bonds than CD4 ™" parental cells Fig. 3B and
D). BMS-806 promotes a nonproductive conformational
change in gp120 that prevents viral fusion but does not inhibit
binding to CD4 or CCRS (53). In the presence of BMS-806,
the mean adhesion force of the bond remained constant at a
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FIG. 5. Dissociation rates calculated from adhesion distributions
and normalized by the initial (i) dissociation rate of the gp120-CD4
bond. (A) Dissociation rates k, for virion gp120 adhesion with CD4*
CCR57,CD4" CCR5",CD4™ CCR5", and CD4" CXCR4" cell lines
normalized by the no-contact time k, for CD4" CCR5™ cells. (B) k,
values (normalized by the initial control CD4" CCR5™ value as in A)
for CD4" CCR5" and CD4~ CCR5™ cell lines in the presence of
small-molecule inhibitors. (C) Example fit of the theoretical probabi-
listic equation to experimental data obtained from CD4* CCR5 ™ cells
with no contact time. (D) Effect of small-molecule inhibitors (w/inhib-
itor) on k, from CD4" CCR5" and CD4~ CCR5" cell lines normal-
ized by the corresponding values without (w/0) small-molecule inhib-
itors. Data were collected with a retraction velocity of 10 wm/s.

value of 22 = 1 pN (Fig. 6B). BMS-806 had a complex effect on
the minimum free energy of gp120-CD4 binding in the pres-
ence of CCRS: while originally AG* decreased by 3 kT over
time, AG* remained constant at 5.1 = 0.2 kz7. Interestingly,
this value was both lower than the initial AG* and larger than
that observed after 0.3 s of contact (Fig. 4B). In addition,
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BMS-806 completely abrogated the increase in the kg rate of
the gp120-CD4 bond with time of contact (Fig. 5B). The effect
of BMS-806 on sCD4-induced gp120 binding to CCRS was also
explored using CD4~ CCR5™" cells. Initially, gp120 bound
CCRS in the presence of sCD4 with a constant strength of 45
+ 2 pN (P > 0.05) (Fig. 3F). The addition of BMS-806 to the
system decreased the mean adhesion force to a statistically
different value of 30 = 2 pN (Fig. 6F). BMS-806 effectively
decreased the AG* of gp120 to CCRS at all time points. Both
in the presence and the absence of BMS-806, AG* remained
relatively constant; however, the mean AG¥ obtained with
BMS-806 was 6.1 kT, slightly lower than normal. It is tempt-
ing to infer from this that the destabilization of the gp120-
CD4/CCRS bond may be a measure of the extent of confor-
mation change in gp120.

T20 is a small-molecule inhibitor of HIV-1 that mimics the
coiled-coil complex formed by the HR regions of gp41, subse-
quently locking the complex in a conformation that does not
support viral fusion (27). For short contact times, T20 had no
effect on the mean adhesion force of the sCD4-induced gp120-
CCRS [gp120(sCD4)-CCRS5] bond (Fig. 6F). Though the ini-
tial adhesion forces (no increased contact time) were indistin-
guishable, they changed significantly at later times (Fig. 6F).
While gp120(sCD4)-CCRS bonds without T20 were not statis-
tically different at later time points (P > 0.05), each subsequent
time point with T20 was statistically similar to the no-contact
time mean. Also, while T20 does not directly target gp120, it
slightly decreased the interaction energy of the gp120-CCRS
bond. Originally the AG* was stable at ~7.5 k;T; however, the
presence of T20 lowered the AG* of gpl120(sCD4)-CCRS
bonds to ~6.7 kzT (Fig. 4B). Additionally, T20 only slightly
increased the kg rate, k, (Fig. 5B). Neither BMS-806 nor T20
had an effect on x* (Fig. 4F). As T20 binds to a protein that acts
downstream of gp120 binding to CCRS, observing an effect of
T20 on the gpl120(sCD4)-CCRS5 bond was unexpected. The
indirect effect that T20 has on gp120(sCD4)-CCRS5 bond ki-
netics is evidence of the effect of gp41l on the dynamics of
gp120 binding to its receptors.

DISCUSSION

Using single-molecule force spectroscopy, we have deter-
mined the mechanical and kinetic properties as well as energy
barriers of intermolecular bonds between HIV-1 pseudotyped
virus and receptors CD4 and CCRS as a function of time of
interaction, at single-molecule resolution, and in living cells.

Rapid destabilization of the gp120-CD4 bond aided by co-
receptor CCRS. Our analysis demonstrates a significant differ-
ence between the growing instability of gp120-CD4 bonds with
and without the coexpression of CCRS on the host cell surface
(Fig. 4A). Within a time of contact of 300 ms with cells ex-
pressing both CD4 and CCRS5, we did not observe a transition
from gp120-CD4 bonds to gp120-CCRS bonds. First, distribu-
tions of adhesion forces contained only one quantized peak. A
transition from the initial gp120-CD4 bond distributions to
those measured from only CCRS5-expressing cells would ulti-
mately contain two distinct peaks of adhesion force probability.
Second, if we measured a transition from gp120-CD4-domi-
nated binding to gp120-CCR5-dominated binding, we would
note an increasing similarity between k,,, and other microme-
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FIG. 6. Histograms of adhesion forces of single intermolecular bonds between pseudovirus and host cell in the presence of small-molecule
inhibitors. Time-dependent histograms of adhesion forces and mean adhesion forces of single intermolecular bonds formed between HIV-1 and
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absence of T20 (E and F). Data were collected with a retraction velocity of 10 wm/s.

chanical properties to values obtained from CD4~ CCR5™
cells (Fig. 4A). Finally, dissociation rates measured with CD4™
CXCR4™" cells did not approach the level of instability pro-
duced by CCR5™ binding (Fig. 5A), suggesting that it is the
expression of CCRS5 that is significant for this virus, not simply
an underlying protein organization due to unspecific corecep-
tor expression.

The rapid instability of gp120-CD4 bonds is unexpected.
Typically, bond strength has been observed to increase in
strength over time, as with cadherin-cadherin bonds (43). In-
creased cadherin binding is thought to be due to an increase
in intramolecular interactions between cadherin pairs. Here,
HIV-1 fusion events begin with the formation of gp120-CD4
bonds, which progress toward other protein associations for
effective fusion. Therefore, we speculate that the destabiliza-
tion of the gp120-CD4 bond over time is a beneficial step for
effective infection.

The drastic change in bond stability mediated by coreceptor
CCRS suggests a synergistic effect of CCRS5 on gp120-CD4
bond progression. The colocalization of CD4 and fusion core-
ceptors at the surface of live cells has been suggested, and

colocalization enhancement through capsianoside G treatment
has been observed to increase infection (25, 54). Also, in an
attempt to explain the inhibitory effects of tetraspanin EC2
proteins for HIV-1 (22), it has been suggested that membrane
protein reorganization with a disruption of CD4-coreceptor
complexes would result in decreased fusion. However, a syn-
ergistic effect on gp120 interaction had not been directly ob-
served.

Contribution of gp120 conformational change to virion-re-
ceptor bond mechanics. It is tempting to infer that gp120-CD4
bond instability stems directly from the conformational change
that gp120 undergoes upon binding with CD4. The association
of CD4 with gp120 once gp120 begins to bind with CCRS is not
well understood. Our result showing that the gp120-CD4 bond
becomes unstable with time (i.e., as indicated by a decrease of
the bond free energy and an increase of its dissociation rate)
implies that the bond progresses rapidly toward dissociation.

To test this hypothesis, we used the small-molecule inhibitor
BMS-806 specific to this portion of early fusion events. BMS-
806 produces a nonproductive conformational change in the
glycoprotein while simultaneously allowing for the binding of
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gp120 to both CD4 and CCRS (52). In the presence of satu-
rating amounts of BMS-806, the early fusion dynamics of
gp120 binding to a CD4" CCR5™ cell is drastically altered.
Interestingly, while the free energy of the initial binding with
no incremented contact time decreases, the increasing insta-
bility of the complex is abrogated, which leads to a more stable
complex with the drug at later time points. By demonstrating
that a drug that has been shown to decrease infection prevents
destabilization, our results suggest that the growing instability
of the gp120-CD4 bond is preferential for viral fusion. Previous
knowledge of gp120 expression on an individual virion, the
spherical geometry of the virus (56), and this destabilizing
effect could result in a highly effective probing mechanism of
the cell surface by the virus. The virion could employ these
kinetic features either to remain associated with a CD4™" cell
while not remaining statically bound to one small area of the
cell or even to relocate to a neighboring cell to search its
surface for coreceptor binding.

Viral bond progression and dynamic organization of the
virion-cell adhesion complex before fusion. T20 (also called
enfurvatide) is a small-molecule inhibitor that has recently
begun to be used clinically (26). Its ability to produce a non-
functional coiled-coil complex within gp41 is sufficiently effec-
tive to produce an impressive log 2 difference in viral loads.
T20 binds the gp4l HR regions specifically (27). The gp4l
binding site for T20 is available after gp120 binds CD4, and by
interfering with a post-CCRS5-binding mechanism, T20 pre-
vents membrane fusion (28, 53). However, using sCD4-in-
duced pseudotyped virus and CD4~ CCR5™ cells, we were
able to detect that T20 slightly affected the free energy of
gp120 binding to CCRS.

Heparin and heparan sulfate (HS) may play a role in the
attachment of virions to various cell types (19, 35, 49, 50),
although their effect on R5-tropic strains is somewhat contro-
versial (38, 58). Our control experiments suggest that heparin
and HS binding do not play a significant role in R5-specific
virion attachment with our cells. However, cell surface concen-

trations of heparin and HS vary greatly from one cell line to
another (46). Our assay could prove very useful in heparin
interactions by utilizing multiple viral strains and cell lines with
well-characterized heparin and HS surface profiles.

We observed a slight decrease in AG* and increase in &, for
gp120(sCD4)-CCRS5. The sensitivity of these proteins to
changes in conformation allows force spectroscopy to analyze
subtle differences in binding. Therefore, this may indeed be a
new method for analyzing the effect of entry-inhibiting drugs
on their targets. Here, we summarize how the bond parameters
change in an uninhibited system (Fig. 7). How these bond
parameters differ from strain to strain and how effects of indi-
vidual drugs relate to the ease with which HIV-1 may mutate
toward resistance are important questions for future work. We
note that our measurements of bond lifetime and energetics of
the gp120-CD4 bond differ significantly from those obtained by
Myszka et al. (39), who used surface plasmon resonance spec-
troscopy (Bioacore). Surface plasmon resonance requires the
use of purified viral proteins instead of whole virions and
purified ligands instead of full-length receptors expressed on
the surface of living cells. Hence, these differences may be due
to the drastic differences in experimental approaches. Our use
of live cells and whole virions ensures the proper orientations
of proteins on the viral surface and receptors on the cell sur-
face, preserves their posttranslational modifications, and al-
lows for intracellular signaling pathways to be functional.
Therefore, our assay allows us to monitor early fusion dynam-
ics in a more physiological environment than surface plasmon
resonance.

Virion-cell attachment is governed by complexes composed
of reversibly bound CD4 and CCRS receptors. The number of
receptors required to form these functional complexes is de-
pendent on coreceptor affinity (45). Detailed electron micros-
copy studies of what have been termed “entry claw” structures
reveal a dense packing of viral Env spikes between the virion
and cell membranes (55). The assembly of such complexes
would likely explain discrepancies between the time scales of
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typical fusion assays and those examined here. While previous
kinetic studies describing the stoichiometric requirements for
fusion-competent complexes also describe the dynamic rela-
tionship of the coreceptor population (45), our results high-
light how these dynamic interactions are driven by dynamic
binding between individual CD4 and CCRS5 receptors with
gp120 (56). Our findings together with those presented by
Subramaniam and coworkers suggest that the adhesion inter-
face between cell and virion could eventually self organize into
a “synapse” before fusion. This synapse-like complex would be
initially dominated by short-lived gp120-CD4 interactions,
which individually undergo rapid destabilization. If CCRS is
absent from the first point of contact between the virion and
host cell, the virion can exploit these short-lived interactions to
efficiently scan the cell surface to seek CCRS. When the virion
successfully forms a first CCRS bond, we hypothesize that the
other (short-lived) gp120-CD4 bonds become organized about
this central stable CCR5 bond, which acts as an anchor for the
virion. This reorientation of the gp120-CD4 bonds about a
gp120-coreceptor bond might then lead to the previously hy-
pothesized (55) formation of the fusion pore at the center of
the cell-virus adhesion complex.
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