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Role of gp120 Trimerization on HIV Binding Elucidated with Brownian
Adhesive Dynamics

Andrew D. Trister and Daniel A. Hammer
Department of Bioengineering, University of Pennsylvania, Philadelphia, Pennsylvania

ABSTRACT We simulated the docking of human immunodeficiency virus (HIV) with a cell membrane using Brownian adhesive
dynamics. The main advance in the current version of Brownian adhesive dynamics is that we use a simple bead-spring model to
coarsely approximate the role of gp120 trimerization on HIV docking. We used our simulations to elucidate the effect of env spike
density on the rate and probability of HIV binding, as well as the probability that each individual gp120 trimer is fully engaged. We
found that for typical CD4 surface densities, viruses expressing as few as 8 env spikes will dock with binding rate constants
comparable to viruses expressing 72 spikes. We investigated the role of cellular receptor diffusion on the degree of binding
achieved by the virus on both short timescales (where binding has reached steady state but before substantial receptor
accumulation in the viral-cell contact zone has occurred) and long timescales (where the system has reached steady state). On
short timescales, viruses with 10-23 env trimers most efficiently form fully engaged trimers. On long timescales, all gp120 in the
contact area will become bound to CD4. We found that it takes seconds for engaged trimers to cluster CD4 molecules in the contact

zone, which partially explains the deleay in viral entry.

INTRODUCTION

Human immunodeficiency virus (HIV) is the cause of ac-
quired immunodeficiency syndrome (AIDS), and currently
afflicts 33,000,000 people worldwide and was responsible
for 2,000,000 deaths in 2006 (1). While the progress of HIV
infection to AIDS has been effectively slowed with phar-
maceuticals in many patient populations, HIV infection con-
tinues to be a worldwide public health concern (2). A greater
understanding of the molecular mechanisms of viral patho-
genesis can explain viral tropism as well as the variation in
virulence seen in different hosts. A robust description of the
molecular basis of disease may lead to better targeted thera-
pies against infection and improved methods to monitor
disease progression.

The first step in viral infection is the binding of receptor
and ligand allowing the viral particle to dock to a host cell (3).
HIV expresses protein spikes on the viral envelope that are
derived from the env sequence of the viral genome. The en-
velope spike has two noncovalently bound subunits, gp41
and gp120. Each spike on the viral envelope consists of a
trimer of gp120 and gp41 (4). Viral docking is initiated by
gpl120 binding its primary target, CD4, expressed on the
surface of host cells. Upon binding to CD4, the gp120-CD4
complex begins to dissociate from gp4l and a cryptic
coreceptor binding site is revealed on gp120. The complex
must bind a coreceptor to further dissociate gp120 from gp41,
freeing gp41 to interact with the host cell membrane. A
conformational shift in gp41 leads to fusion of the viral en-
velope with the cell membrane. In certain viral strains, each
gp120 monomer on an env spike must be bound to CD4 and
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chemokine receptor before fusion of the viral envelope with
the cell membrane can occur (5,6).

Once gp41 is free of gpl20, it undergoes a coiled-coil
interaction similar to hemagglutinin (HA) used by influenza
virus and other fusion proteins seen in different enveloped
viruses. Previous studies of influenza virus have shown that
between six and eight HA binding proteins are needed to bind
to a cell surface before the virus can fuse with the cell (7).
HIV may require fewer bound gp120 molecules to fuse (5),
and studies of the stoichiometry of the fusion complex in-
dicate that a single wild-type homotrimer is sufficient to form
a fusion pore (8). In our computer simulations, we investigate
the relationship of the spatial configuration of the env spike
on the probability of the virus having at least a single fully
engaged trimer as a function of time, which can be viewed as
a metric of the minimum requirement for viral entry.

Different groups have debated the number of env proteins
on the envelope of a competent HIV virion since the first
direct observation of 72 spikes was made by electron mi-
croscopy in 1991 (9). Through biochemical analysis and
cryo-electron microscopy, other groups have more recently
estimated that 2—14 trimers are expressed on a mature virion
(10-13). The env spike density on the viral envelope can
influence both the rate constant of viral binding and the fre-
quency with which the virus will have a fully engaged trimer.
We investigate how these two parameters (the rate constant
for viral binding and the probability of fully engaged trimers)
are affected by env density, and determine optimal viral
configurations for binding and infection.

We have developed a model of viral docking based on a
method previously developed in the Hammer laboratory that
combines adhesive dynamics with Brownian motion (BRAD)
(14). Adhesive dynamics is a stochastic algorithm to determine
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the adhesion of a biological object by receptor-mediated bond
formation; the formation and state of intermolecular bonds are
based on the Bell model of bond formation and dissociation
(15). Adhesive dynamics has been used extensively to model
effects related to leukocyte rolling and adhesion (16-19). Once
a bond is formed, the subsequent effects on particle motion are
calculated from a force balance of the adhesive and hydro-
dynamic forces. Each bond is modeled as a Hookean spring
and the bonded forces on the particle are calculated from the
displacement of these springs. The stochasticity of bond for-
mation and breakage is modeled from a Monte Carlo sampling
of a distance-dependent distribution function (20).

BRAD extended the simulation methods of adhesive dy-
namics to account for the small nanometric objects, such as
viruses, where Brownian motion would be significant (21). We
previously published two articles employing BRAD for the
simulation of viruses binding to cell surfaces, but the limitation
was that our methods were ‘generic’’—we modeled viral at-
tachment proteins as monomers. However, gp120 is known to
exist as a trimer, and a simplified bead-spring model has been
incorporated into BRAD to account for gp120 trimerization.
We use the bead-spring units to coarse-grain the entire env
spike with three gp120 monomers connected to a gp41 stalk.
This coarse-grained model produces a close approximation to
the structure of env spikes as reproduced by cryo-electron to-
mography (22). The algorithm is now able to calculate the
number of fully engaged trimers, a possible determinant of
entry (as suggested above). With this new model, we are able
to make predictions regarding the effects of cell surface re-
ceptor diffusion on viral docking. We calculate the binding rate
constant of viruses with different gp120 densities and we make
predictions of the optimum number of spikes for the virus to
form fully engaged trimers. The methods described in this
article have produced the most complete and general model of
the dynamics of HIV docking to the cell membrane available.

MODELS
Brownian motion—adhesive dynamics

Our algorithm is based on previous work on Brownian adhesive dynamics
(14). The virus is translated and rotated relative to the planar cell surface. To
model the motion of the virion, we balance three forces acting on the viral
particle—Brownian forces, bonding forces emerging from gp120-CD4 in-
teractions, and nonspecific cell-virus interaction forces. Brownian forces are
caused by the random collision of the surrounding solvent with the viral
particle. Bonding forces occur after a bond between the virus and cell surface
is formed and then stretched or compressed due to the motion of the virus
relative to the cell surface. Nonspecific forces include electrostatic, steric,
and van der Waals forces. These forces are all included in solving the
Langevin equation of thermally driven random motion. We employ the ef-
ficient method of solving the Langevin equation developed by Ermak and
McCammon to propagate the motion of the virus (23). The minute dis-
placement of the virus at each time step is modeled as a Markov process with
the identity listed in Eq. 1,
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where X" is the position of the virus at time n, At is the time step used in the
algorithm, kg is the Boltzmann constant, 7 is the temperature Kelvin of the
system, D" is the diffusion tensor at time n, F(X") is the sum of extrinsic
forces on the virus at position X", 1y is the friction coefficient, and R" is the
random displacement due to thermal force with distributions shown in Egs. 2
and 3. 6(¢—t") in Eq. 3 represents the Kronecker delta function.

The virus also undergoes random torques (24) and we describe an anal-
ogous set of equations for the rotation of the virus due to random interactions
with the surrounding fluid and from the force of the bonds on the virus. The
propagation of the effect of random torque on the virus is described in Eq. 4
with random torque distributions in Egs. 5 and 6,

n+tl _ —n At n n n
0" = 0"+ <kBT)DwT(® )+ R, )
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where ©" is the rotational position at time n, DY) is the rotational diffusion
tensor at time 1, T(®") is the sum of the extrinsic torques at rotational position
0", v, is the rotational friction coefficient, I is the moment of inertia for the
virus, Ry, is the random angular rotation due to thermal torque, and the other
constants are as above. We model the virus as a solid sphere in calculating the
moment of inertia.

The nonspecific electrosteric forces between the viral envelope and the
cell membrane are included in the calculation as a phenomenological
equation as shown in based on work by Bell (25) and reproduced in Eq. 7.
Phenomenological forms such as these have been used previously in adhe-
sive dynamics simulations to describe the nonspecific interactions between
membranes in close apposition (26),

re*l’S

where F', represents the repulsive force at separation s, F includes the force
from the compressibility of the interaction layer, and r is the thickness of the
polymer layer between the membranes. We tuned these parameters to values
that ensure the membranes can interact at the distance of a gp120-CD4 bond,
but produce a repulsive force great enough to ensure the virus does not pass
through the cell membrane with values for F of 107" N and r of 10~ m.

Bond formation and breakage are treated as stochastic processes and we
use a modified Monte Carlo scheme to determine the state of individual
bonds. At each time step we sample from a probability distribution model for
the rates of bond formation and breakage (20). The forward rate is given by
Eq. 8, while the reverse rate is shown in Eq. 9,

Frep:FU (7)
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where k¢ is the rate of bond formation, k? is the intrinsic rate of bond
formation, &, is the rate of bond breakage, k? is the intrinsic rate of bond
breakage, o is the spring constant of the bond, o7 is the transition-state spring
constant, x,, is the length of the bond, 7y is the equilibrium length of the bond,
kg is the Boltzmann constant, and T is the temperature.

For each receptor-ligand pair, a uniformly distributed random number is
compared to the probability given by P(Ar) =1 — exp(—kfAr) for bond
formation. If this random number is less than the probability, then a bond
between the receptor and ligand is formed. The analogous calculation is
performed for bond breakage for any existing bonds using the rate of bond
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breakage, k;; P(At) = 1 — exp(—k:At). The pseudo-random numbers used
throughout our implementation of this algorithm are generated by the
Mersenne twister algorithm (27).

The force that the bond exerts on the viral particle is calculated by modeling
each bond as Rouse-like springs (see below). The compression or extension of
the spring gives a restoring force that is summed with the other extrinsic forces
in each time step of the Ermak and McCammon algorithm (23).

Coarse-grained env trimers

We employed a modified Rouse polymer model (28) to coarse-grain the
trimeric structure of the env protein stalk. As our focus is the interaction of
gp120 and CD4, we modeled gp120 trimers as a set of three bead-spring units
attached to a fourth bead-spring (which represents the single gp41 stalk (29)).
The free bead-spring units represent individual gp120 monomers and each
can form a bond with CD4. The gp120 bead-springs are free to move in all
directions, though there are interparticle steric forces keeping two beads from
colliding. The value of the repulsive radius surrounding each gp120 is 5 nm,
which is in agreement with crystal structure data of the bound gp120-CD4
complex (4) and other measurements of the gp120 structure (11,13,22,30).
The gp41 stalk is always kept normal to the virus to simplify the force cal-
culations in each time step, and hence the force on the virus is due to the
stretching of the gp41 stalk, as collectively driven by the actions of the trimer.
‘We model the location of gp41 as fixed on the viral envelope.
Coarse-graining allows for relatively high resolution and large time step
calculations of the binding of HIV to a cell surface. Ultimately, more
structural detail can be added to the model by incorporating separate domains
of gp120 as individual bead-springs. One important future extension will be
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the inclusion of a separate binding site for the chemokine coreceptor. A
representative schematic of the system with gp120 trimers expressed on the
virus is shown in Fig. 1.

Protein diffusion

Cellular receptors are mobile on the cell surface (31). In our simulation, the
receptors in the plane are modeled as single disks that can form bonds with
the terminal bead of a gp120 monomer. To investigate the role of protein
diffusion on the degree of binding of the virus to the cell surface, we allow the
cellular receptors to diffuse laterally. This motion is calculated by solving the
Langevin equation for each receptor using an algorithm due to Ermak and
McCammon (23) with identities shown in Eqs. 1-3. Since the cell membrane
in our model does not deform, we restrict diffusion of the receptors orthog-
onal to the plane of the membrane. Therefore, we only calculate the diffusion
of the proteins in two dimensions. The random walk of the individual pro-
teins produces expected values of the mean-squared displacement over long
times. The diffusion constant of CD4 bound to gp120 in the cellular mem-
brane has been measured as 5 X 107! cm?/s (31). We use this value for the
diffusion constant to calculate the two-dimensional diffusion of both bound
and unbound cellular receptors, as well as the drag force on bound receptors.
When a gp120 molecule is bound to CD4, it can induce a lateral force that
will affect the molecule’s motion in tandem with thermal motion. We assume
that the force on the protein cannot deform the cell membrane, so we are
concerned only with the motion of the protein in the plane of the membrane.
Every receptor experiences Brownian motion during each time step.

We do not track diffusion of the cellular receptors before the virus first
forms a bond with the surface to limit computational time. We model a region

FIGURE 1 Schematic of Brownian adhesive dynamics
viral-cell interactions. (A) Solid viral sphere in a coordinate
system with relation to the cellular surface along with the
random forces and torques acting on the virion. The env
trimers are randomly distributed on the viral surface. These
proteins interact with CD4 receptors in the plane of the cell
membrane. (B) Construct of the modified Rouse polymer
bead-spring model of env trimers used in the simulation.
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of the cell surface 10 viral diameters of the cell membrane and, to ensure
stable local densities of receptors, the edges of this region of the cell surface
connect as a repeating lattice. As an example of this reflecting boundary
condition, a receptor diffusing off the southwest edge of the modeled area
will reappear on the northeast edge. The volume of the cellular receptors was
modeled as a single point on the cell surface. We did not include any method
of avoiding cellular receptor overlap as the receptors diffuse on the cell
membrane. Once the cellular receptors are bound to gp120, the repulsive
diameter of gp120 keeps the molecules apart. Including lateral repulsive
forces on cellular receptors may be important in future calculations where the
receptor density in the contact zone reaches the packing limit.

Adaptive time step

To investigate the role of cellular receptor diffusion on the steady-state
configurations of viral bonds in tractable computational time, we employ an
adaptive time step in our algorithm. When the virus is unbound, a small time
step is used as prescribed by the propagation algorithm of Ermak and
McCammon (23). Once the virus forms a bond, the contact zone is interro-
gated for any unbound proteins. The contact zone for the tethered virus
changes as the separation distance between the virus and the cellular mem-
brane changes due to the thermal motion of the virus.

To determine which viral proteins should be included in the contact zone,
we performed an analysis of the probability of bond formation used in the
Monte Carlo scheme at varying distances from the cell surface. We do not
consider any viral proteins that have a probability of bond formation <10~°
as being in the contact zone. Our truncation of the probability density
function introduces an error of <0.01% in the cumulative probability of bond
formation. We only interrogate gp120 trimers for binding that are stretched
or compressed a maximum of 3.2 nm from the equilibrium bond length
(roughly 22% of the equilibrium bond length). Using the transition-state
spring constant of 1.1 X 10~ N/m, the limit of 3.2 nm excludes any trimers
that have a probability of bond formation of <107°.

If there are no available unbound viral or cellular proteins in the contact
zone, the algorithm switches to employing a long time step (10 ms). During
long time steps, we assume that the virus and bound cellular receptors do not
diffuse. This heuristic is based on the assumption that the bonds tethering the
virus to the cell surface will reach an equilibrium length on the timescale of
the long time step. For each long time step we still calculate the thermally
driven rotation of the virus to ensure that the contact area is completely in-
terrogated. This also allows the virus to relax along the three rotational de-
grees of freedom.

The diffusion of all unbound cellular receptors in the field is calculated for
each long time step. During each long time step, we use the unstressed off-
rate to calculate the cumulative probability that a bond will dissociate. Once a
bond breaks, or an unbound cellular receptor diffuses into the contact zone
while there are still unbound gp120 monomers in the contact zone, the al-
gorithm reverts to the short time step. For short time steps, the microscopic
details of bond formation and dissociation are calculated at each time step as
before. This adaptive time step algorithm has increased the tractable range of
simulation time from fractions of seconds to minutes.

Calculation of the rate constant of
particle binding

To calculate the rate constant of binding of the virus to the cell surface, we
utilize the algorithm of Northrup et al. (32). The overall rate constant for viral
docking is constructed from three driving probabilities: the probability that
the virus will bind when it is in close proximity to the cell surface; the
probability of the virus escaping from the cell surface; and the probability of
the virus returning to the surface after unsuccessful binding (32). Each of
these probabilities can be measured in simulations and are used to calculate
the overall rate constant for viral binding given by Eq. 10,
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where k, is the binding rate constant, kp(b) is the diffusion rate constant near
the cell surface, « is the probability that a collision will lead to viral binding,
B is the probability that a bond will form when the virus is close to the cell
surface, () is the probability that a virus diffusing to an outside boundary will
return to the starting position, and A is the probability that a virus that does
not bind when it encounters the cell will interrogate the cell surface rather
than diffuse back to the starting position. Each of these probabilities can be
calculated or estimated from solution of the diffusion equation. Thus, by
calculating the probability of virus binding, B, we can calculate the rate
constant of viral docking, .

ke = (10)

Model parameters

The physical parameters used in the computer simulation are motivated by
those measured for HIV and are summarized in Table 1. The value for the
binding and dissociation rates were calculated as previously described
(14,15). The spring constant is not available for the gp120-CD4 interaction,
S0 we use spring constants consistent with other protein-protein interactions
(29). We have assessed through separate calculations that the effect of the
spring constant on virus binding, and the average number of bonds formed, is
negligible, even with a change in the compliance as much as 50% (14). To
model the microscopic events leading to bond formation and dissociation, we
use a short time step of 1 ns and a long time step of 10 ms. The short time step
is sufficiently long so that A7 > MD/kpT and short enough that the restoring
force on the virus during a single time step is nearly constant. These bound-
aries are prescribed by Ermak and McCammon (23). The long time step is
sufficiently small that the probability that a bond will dissociate in a single
time step is small, while it is large enough that the calculation of the bond
configuration over long timescales becomes computationally tractable.

RESULTS

Fig. 2 A shows a typical simulated trajectory of viral motion.
The virus begins at the origin (located a viral diameter, 90
nm, away from the cell surface) and then undergoes a three-
dimensional random walk until it comes into molecular
contact with the cell surface. In the trajectory illustrated in
Fig. 2 A, the virus moves about one viral radius before the
first bond is formed. Once a bond is formed, the virus be-
comes tethered to the cell surface and there is a rapid increase
in the total bond number (Fig. 2 B).

TABLE 1 Physical parameters used in BM-AD

Parameter Value Reference
Virus diameter 90 nm 201
Unstressed bond length 14.3 nm (14)
Bond spring constant 1.2 X 107" N/m (29)
Transition-state spring constant 1.1 X 107" N/m (29)
Cellular receptor density 12,000 mol/cell (46)
Cellular receptor diffusion constant 5 % 1071 cm%/s 3D
K 6.72 X 10* M~ 's™! 37
K0 1.5 % 1073 57! 37
At 1 ns Calculated
Adaptive At 10 ms Calculated
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FIGURE 2 Sample trajectory of viral binding simulation. (A) The pro-
jection of the centroid of the virus onto the xy plane of the cell surface. The
trajectory begins at the origin of the graph and the viral diameter is projected
on the plane and indicated by the dashed circle centered at the origin. In
the first 0.5 ms of random motion, the virus searched a space of ~1 viral
diameter (90 nm). (B) The separation between the cell membrane and the
viral envelope along the z axis and the number of bonds versus time.

Effect of gp120 trimerization on the rate of
viral attachment

We first investigate the role of gp120 spike density on the
probability of binding and the calculated binding rate con-
stant. Using the algorithm of Northrup et al., we calculate the
binding rate constant of viruses expressing a single env spike
binding to surfaces with varying CD4 densities (32). To
understand the effect of gp120 trimerization on viral binding,
we compare the results calculated with the homotrimer of
gp120 using our Rouse-like model to that when gp120 is
modeled as a single spike, as was done previously (14,33).
Fig. 3 shows the differences in the binding probability and the
calculated rate constant shown with the different models.
Viruses binding with gp120 trimers demonstrated signifi-
cantly greater binding rate constants when binding to sur-
faces with 8 X 107 CD4/cell (r = 4.02, df = 44000, p <
0.001); 4 X 10° CD4/cell (t = 4.99, df = 52010, p < 0.001);
2 X 10° CD4/cell (t = 4.54, df = 100,000, p < 0.001);
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FIGURE 3 Comparison of trimerized gp120 model with single gp120
spike. The calculated binding rate constant is shown for model viruses with a
single env spike interacting with surfaces with different CD4 densities by the
connected graphs. The two sets of data represent either a single binding node
or the Rouse-like trimer model of gp120 for each env spike. The values of the
binding rate constant are shown on the secondary axis. The symbols represent
the probability that a collision will result in a binding event for these same
viruses, with the values depicted on the primary axis. Each point represents
the mean of at least 40,000 simulations and the error bars represent the 95%
confidence interval for that data point. Despite the overlapping 95% confi-
dence intervals for trials on the surfaces with few CD4 particles (1 X 10°
CD4/cell or fewer), using ANOVA, we find that the changes in CD4 and in
the trimerized env model produce significant changes (f(11,600,000) = 111.22,
p < 0.001). Furthermore, using the paired #-test, the difference caused by the
trimer model in rate and binding probability for viruses binding to 8§ X 10°
CDA4ycell (t = 4.02, df = 44,000, p < 0.001), 4 X 10° CD4/cell (t = 4.99, df =
52,010, p < 0.001), 2 X 10° CD4/cell (t = 4.54, df = 100,000, p < 0.001),
1 X 10° CD4/cell ( = 2.23, df = 100,000, p < 0.05), and 500 X 10° CD4/cell
(t =2.26, df = 100,000, p < 0.05) are significant. The difference seen for the
viruses binding to surfaces with 250 X 10° CD4/cell had a p > 0.05.

1 X 10° CD4/cell (t = 2.23, df = 100,000, p < 0.05); and
500 X 10° CD4/cell (1 = 2.26, df = 100,000, p < 0.05) than
viruses expressing the single-spike model. (These CD4
densities were selected to make a direct comparison with
English and Hammer (14); other calculations in this work
were performed at 12,000 CD4/cell, unless noted). The in-
creased binding probability and subsequent increase in the
binding rate constant is due to the increased number of gp120
monomers in the localized area of the env spike.

Effect of CD4 diffusion in the cell membrane on
degree of binding

In our previous computer experiments, when viruses bound to
cells with a high density of CD4 that was fixed to the surface,
only a few bonds were formed (14). Using a physiological
CD4 density, if CD4 is fixed on the cell surface, there is an
increase in bond number until all of the free CD4 in the
contact zone are bound to gp120. In the absence of diffusion
of CD4, and for typical densities of CD4 on the cell surface, if
more than a single env trimer is in the contact zone, the CD4
density will limit the ability of the virus to engage all of the
gp120 molecules in the contact zone. However, CD4 diffuses
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(34) and we investigate the implications of its diffusivity on
the degree of binding achieved by HIV to cell membranes.
Over a long time, the level of binding that a virus can achieve is
clearly dependent upon the diffusion of the CD4 molecules in
the cellular membrane and the lifetime of the tether of the virus
to the cell membrane. Once a bond with the surface is formed,
the gp120 molecules on the viral surface act as a sink for CD4
receptors that diffuse into the contact zone. We calculate from
the diffusion constant of CD4 (1 X 10" mz/s), the density
used in our simulation (4 X 107° CD4/cm2), and the contact
diameter of the virus that the average time for a new free CD4
receptor to diffuse to the edge of the contact zone is 2.5 s. Thus,
on this timescale or longer, receptor diffusion should lead to an
accumulation of binding sites into the contact zone.
However, it is also possible that lateral diffusion of CD4
may assist binding on a shorter timescale, as it may facilitate
proper orientation of CD4 and gp120. Therefore, we have
also examined the effect of lateral motion on binding over
shorter timescales before receptors could accumulate in the
contact zone. A comparison of the bond number after 0.1 s of
virus binding to surfaces with fixed CD4 or diffusible CD4 is
shown in Fig. 4. The mean number of bonds is larger when
CD4 undergoes lateral diffusion than when it is fixed (t =
3.81,df =105, p < 0.001). Likewise, CD4 diffusion leads to
more gp120 trimers being fully engaged (Fig. 4 B, t = 2.24,
df = 105, p < 0.05). Since there is more binding on this
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FIGURE 4 Distribution of bond number and number of gp120 trimers
bound at 0.1 s. (A) depicts the distribution of bond number achieved for vi-
ruses expressing 72 env trimers interacting with CD4 surfaces that have ei-
ther diffusible or fixed receptors after 0.1 s of simulation. (B) Distribution of
individual protein spikes involved for the same trajectories as in panel A.
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timescale with diffusion, these results indicate that local CD4
motion allows CD4 to find a more favorable configuration for
binding, leading to more robust binding, even before wide-
spread accumulation of CD4 into the contact zone.

Fig. 5 illustrates the probability of a single bond breaking
versus the number of bonds formed by the virus within 0.1 s of
simulation. The probability of bond breakage is lower when
the receptors can diffuse in the cell membrane than when they
are fixed. The difference in mean probability of breakage is
significant for each level of binding denoted with an asterisk
(p < 0.05). Receptor diffusion facilitates the maintenance of
bonds since CD4 motility allows the bond to relax more readily
than when the attachment point is fixed to the cell surface. In
Fig. 5, the probability of bond breakage is not reported for
higher bond numbers since relatively few viruses interacting
with fixed CD4 molecules achieve larger numbers of bonds.

Virus binding at steady state

Using our adaptive time step algorithm, we investigate the
degree of binding achieved by viruses at steady state. We
extend the timescale of the previous calculations reported in
this article by at least three orders of magnitude to investigate
the bond configuration after the virus interacts with the cells
for tens of seconds—sufficient time for receptors to diffuse in
the contact zone. For long times, we anticipate that CD4 ac-
cumulation in the contact zone will significantly increase the
degree of binding for viruses with higher gp120 densities. For
viruses with up to seven env trimers in the contact zone, we
simulated viral docking until the binding reaches steady state.

In performing many simulations, we uncovered several
general principles. We found that in each of our long time-
scale simulations, all of the gp120s in the contact area ulti-
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FIGURE 5 Frequency of bond breakage versus total number of bonds at 0.1 s.
The percentage of viruses with at least a single broken bond are shown versus
the total number of bonds achieved at 0.1 s of simulation for viruses expressing
between 1 and 72 env spikes. The total number of simulations included in the
frequency calculation is shown above the bar. An asterisk above a bar indicates
a significant difference between fixed and diffusible viruses with p < 0.05.
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mately become fully engaged to CD4. Furthermore, we find
that after a single bond dissociates, an unassociated gp120
often rapidly binds to a free CD4 once again.

Our steady-state calculations were limited to viruses with
seven or fewer trimers in the contact zone. This was done to
avoid the limit where bond crossover was possible, to cor-
respond to what is generally accepted to be the average gp120
architecture (13,22) and to limit computational time. Spe-
cifically, we can relate the gp120 density to the probability of
bond overlap. In our model, the env stalk is free to pivot on its
viral attachment point along all three degrees of freedom
unhindered. We can use this to map out the potential volume
that each individual env spike can occupy around the viral
surface. Utilizing work done to calculate the closest packing
of circles on a sphere (35), we see that with no limitation to
the env rotation, at most 32 env trimers can be placed on the
viral envelope ensuring no bond overlap.

If env spikes are not permitted to rotate away from the
normal, the maximum number of bonds that can be packed
onto the viral surface will be increased. By permitting env
molecules to tilt 45° from the normal, the most efficient
packing of env spikes would allow 73 spikes on the envelope
with no overlap (Fig. 6 B). Conversely, if the env stalks are
free to rotate, we calculated that no more than seven trimers
can interact with a planar surface without overlap.

Thus to avoid overlapping of bonds, we calculate the steady-
state binding for viruses with seven or fewer env trimers in the
contact zone. We find that for these viruses, all gp120 trimers in
the contact zone are fully bound to CD4 given enough time.
Fig. 7 depicts the elapsed time before all of the viral proteins
become fully engaged. As the number of gp120 trimers in the
contact zone increases, the time until all trimers are fully en-
gaged increases.

We also investigate the time for trimers of gp120 to be fully
engaged—where each of its gp120 arms is bound to a CD4
molecule. Structural evidence indicates that after binding of
gp120 with CD4, the gp120-CD4 complex moves away from
gp41 and a cryptic binding site for chemokine receptor is re-
vealed. For certain viral strains, all three gp120 monomers of a
single env spike must be bound to CD4 to support its dissociation
from gp41 (5). Thus, we need to assess the probability of forming
fully engaged trimers to assess the probability of eventual fusion
and infection. The average time before a single gp120 trimer
becomes fully engaged to CD4 is shown in Fig. 7. We see that
time elapsed before a single gp120 trimer is fully bound to CD4
increases slightly as the number of gp120 trimers in the contact
area increases. This trend can be explained by the increased like-
lihood of CD4 binding to gp120 molecules on different env spikes
initially when there are more spikes in the contact area. Also, it can
take many seconds for all the gp120s to be fully engaged.

CD4 receptor configuration at steady state

We examine the configuration of bonds as CD4 receptors
diffuse and bind in the contact area. Fig. 8 depicts the relative
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FIGURE 6 Volumes of possible bond formation for each env spike. The
volume that a single env spike can occupy is shown on the viral surface. (A)
Rotational degrees of freedom are not limited, so the volume is a complete
hemisphere shown on the surface of the virus. The most efficient packing of
these volumes results in a maximum of 32 env spikes on the surface of the
virus as shown. (B) Volume of each env spike with a limitation of 45° from
normal to the viral surface. The efficient packing of these volumes results in
a maximum of 73 nonoverlapping env spikes on the surface of the virus.

positions of cellular receptors and their binding state over the
course of a simulation for a representative virus with five env
trimers in the contact area. There is an initial rapid increase of
binding followed by a slower phase which is limited by the
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FIGURE 7 Adaptive time step calculation of time to reach steady-state
binding and time before a single gp120 trimer becomes fully engaged to
CD4. The time elapsed before all gp120s in the contact zone are fully bound
to CD4 is shown with the solid line. The time before a single gp120 trimer
becomes fully engaged to CD4 is shown with the dashed line. Each error bar
depicts the 95% confidence interval for that point.
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diffusion of CD4 into the contact zone. As the simulation
progresses, there is an accumulation of CD4 in the contact
area and, between binding events, the CD4 receptors change
their relative configurations. This receptor motion is driven
by both the thermal diffusion of the bound receptors as well
as the force from the bond which acts to drag individual re-
ceptor to new locations.

The representative example shown in Fig. 8 illustrates that
even with a total of five env trimers available for binding in the
contact area, the initial binding events involve several different
viral spikes. These initial bonds tether the virus, until other
CD4 molecules accumulate within the contact zone. When
trimers are first fully engaged, gp120 molecules from the same
trimer are engaged over a distance. Ultimately, as the simu-
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FIGURE 8 CD#4 receptor configuration time-
course. The progressive accumulation of CD4
molecules under the virus is shown for a virus
with five env spikes in the contact zone binding
to steady-state with all env spikes in the contact
zone fully bound. The shadow of the virus as
projected on the plane of the cell surface is
shown as the green circle. The smaller dots
indicate a single CD4 molecule. Red CD4s are
unbound, while the colors of the bound CD4s
indicate binding to a common env spike. The
total time elapsed in the simulation is indicated
in the lower left portion of each panel. Two
events of bond breakage and reformation be-
tween panels (L) and (M) are not shown in the
time-course. Only after the rearrangement of the
CD4 proteins in the contact area are the CD4s
attached to a single env trimer in a ‘‘tight”
configuration.

5.59790

12.6371

lation progresses, the trimers become ‘‘tight’’, as the engaged
CD4 for each trimer are tightly clustered under each env. If
fully engaged trimers in a ‘‘tight’’ configuration are required
for viral entry, then the time to form these tight trimers may
help explain why viral entry can take seconds or longer (36),
when binding rapidly occurs within fractions of a second.

Effect of gp120 density on pseudo
steady-state binding

We investigate the configuration of binding sites over a short
timescale of 0.1 s using a time step of 1 ns. By simulating the
diffusion of the virus and proteins and the probability of bond
formation and breakage, we can determine the fine details of
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bond formation and breakage for initial times. Over this short
timescale, we generally find that binding reaches a pseudo
steady state, where all CD4 molecules initially in the contact
zone are bound, before the diffusive accumulation of recep-
tors in the contact zone.

We simulated the effect of CD4 diffusion on the number of
bonds formed within 0.1 s as a function of total viral env
trimer density as shown in Fig. 9. Clearly, the level of binding
increases with increasing number of env molecules. CD4
diffusion increases the average level of binding achieved at
all gp120 densities simulated, even for short times. However,
the number of fully bound gp120 trimers increases with CD4
diffusion only if the density of gp120 molecules on the virus
is high. Presumably, at low gp120 densities, sufficient CD4
is available without diffusion to rapidly form bonds to all
unbound gp120 trimers in the contact zone. In simulations
of viruses with low gp120 densities (expressing only one or
two env spikes in the contact area), most viruses will have
at least one gp120 fully engaged to three CD4 molecules by
0.1 s. However, at high gp120 densities, competition between
gp120 molecules for available CD4 means that CD4 diffu-
sion is necessary to overcome competition and allow CD4
molecules to associate with gp120 to form fully engaged
trimers.
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FIGURE 9 Degree of binding with diffusible and fixed CD4 at 0.1 s. (A)
Number of bonds formed after 0.1 s of simulation with viruses expressing
varying densities of gp120. The solid line represents binding with diffusible
CD4 receptors. The dashed line represents viruses interacting with fixed
CD4. The bars depict the 95% confidence interval for each point. The
difference between diffusible and fixed CD4 for all points is significant with
p < 0.005. (B) The number of trimers bound at 0.1 s for each of the
trajectories. The difference between fixed and diffusible CD4 are significant
with p < 0.005 only for viral env densities of 8 and greater.
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Effect of gp120 density on binding probability
and rate constants

There is some debate about the number of env trimers that are
necessary for optimal viral binding and entry. It has been
shown that a single env homotrimer is sufficient to cause viral
fusion (8), indicating that a single spike can form a fusion
pore once fully bound to CD4. This result suggests that only a
single gp120 trimer may be necessary for viral entry. How-
ever, we question how the rate of viral binding might depend
on gpl20 timer density, or alternatively, what the optimal
density is to maximize binding and the formation of fully
engaged trimers. To elucidate the role of gp120 density on the
kinetics of binding, we calculate the kinetic rate constant of
virus binding with different densities of gp120 spikes using
the algorithm of Northrup et al. (32). The results of these
calculations are shown in Fig. 10 A.
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FIGURE 10 Binding rate constant and mean bond number after 0.1 s for
varying env trimer densities. A number of probabilities were measured for a
virus starting at a viral diameter (90 nm) separated from the cell surface to
calculate the binding rate constant using the method of Northrup et al. (32).
Two of these probabilities, the probability of the virus encountering the cell
and whether the virus forms a bond with the cell, for different gp120
densities are shown in panel A as dashed lines. The calculated binding rate
constant is depicted as the solid line with values shown on the secondary
axis. The vertical bars at each point represent the 95% confidence interval for
that point. ANOVA analysis of this data indicates these values are signif-
icantly different ((561,050) = 530, p < 0.001). (B) Mean number of bonds
achieved at 0.1 s of simulation for 100 viruses with different gp120 densities.
The diamonds depict the mean value while the bars show the range of values
from low to high for each set of trajectories.
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We performed simulations of viral docking by starting the
virus 90 nm above the cell surface and running the simulation
until the virus either binds, diffuses to 230 nm above the cell,
or comes within a bond length of the cell surface and diffuses
back to the starting position. The solid line in Fig. 10 A de-
picts the kinetic rate constant of binding of viruses with
different densities of gp120. For high gp120 densities, the
rate constant for viral binding is independent of gp120 den-
sity; there is only a 2.5% reduction in the binding rate con-
stant when the total number of trimers is reduced from 72
to 8. The rate constant of viral binding drops as the number
of gp120 trimers is reduced to <8 on the viral surface. These
results indicate that viruses with as few as eight env spikes
will bind nearly as quickly to CD4 surfaces as those with 72
spikes. Furthermore, the maximum calculated rate constant
of 64,000 M~ 's™" is within 5% of that measured by surface
plasmon resonance of 67,200 M~ 's™" for HIV binding to a
CD4 substrate (37).

Our calculations show a significant drop in the binding rate
constant for viruses with fewer than eight env trimers. To
determine whether this lower rate of binding is caused by the
lower probability that these viruses will display an env spike
oriented toward the cell surface, we estimated, using the av-
erage length of the gp120-CD4 bond (14.3 nm), that the
initial contact zone on the viral surface covers ~13% of the
surface area of the virus. Since the proteins are uniformly
distributed on the viral surface, viruses with eight or more
trimers are likely to express a trimer in the 13% of the surface
involved in binding. Using the Poisson distribution, we show
the probability of at least a single gp120 in the initial contact
area for varying total viral env trimer density in Fig. 11. With
a total trimer density of <8, there is a higher probability that
the virus will not express a trimer in the area initially pre-
sented to the cell surface. There is a >50% chance for a single
env spike in the contact area when the virus expresses >3 env
in total. At these low gpl20 densities, then, binding is af-
fected by the rate of CD4/gp120 encounter.
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FIGURE 11 Poisson distribution of the probability of at least a single env
spike in the contact area. We calculate the probability that the virus will have
at least a single trimer within the contact zone for varying total densities of
env. For viruses with >3 env spikes, the probability is >50% that there will
be a trimer in the contact zone. The probability that there is at least a single
spike in the contact zone approaches 1 for total env densities of over 20.
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Effect of gp120 density on fully engaging a single
env spike

Assuming that a single fully engaged gp120 trimer is suffi-
cient to form a fusogenic pore, we investigate the effect of
gp120 density on the likelihood a virus will have a fully
bound trimer spike during a 0.1 s encounter. As we showed,
the system does not reach steady state on this timescale, but
we are interested in the binding configuration at pseudo
steady state, after initial binding has rapidly equilibrated, and
the limiting CD4 in the contact area has interacted with the
virus. Our previous calculations have shown that all env
trimers in the contact area will be fully bound once the viral
simulation is allowed to reach the true steady state (and every
env in the contact zone will be trimerically bound). Thus, it is
more relevant to ask what the kinetics of bound trimer for-
mation might be.

For short timescales, while the probability of docking in-
creases as the number of gp120 trimers increases (Fig. 9), the
probability that a single trimer will be simultaneously bound
to three CD4s decreases as the gp120 density increases. Since
the cell has a low local concentration of CD4 in the contact
zone, each free gp120 must compete for the limited CD4 in
the contact zone. Correspondingly, there must be an optimal
density of env trimers that maximizes the probability of fully
bound trimers on the short timescale, before reaching the
diffusion-limited regime of viral binding. In Fig. 12, the
dashed lines depict the probability of virus binding and
the probability that at least a single trimer becomes fully
engaged at pseudo steady state (0.1 s). The product of these
two probabilities, shown with the solid line in Fig. 12, rep-
resents the probability that a virus encountering the cell
surface will have a fully engaged trimer. We call this metric
the “‘efficiency’’ of viral entry, presuming that a trimer must
be fully engaged to secure entry.

We find that efficiency is maximized when viruses have 13
gpl120 trimers when binding to cells expressing ~12,000
CD4/cell. There is a sharp increase in the efficiency as the
density of gp120 increases from 1 to 13, beyond which the
efficiency decreases. At low gp120 densities, the low prob-
ability that the virus will form a bond with the cell surface
constrains the efficiency. At higher gp120 densities, com-
petition among gp120 molecules leads to a lower probability
of achieving a fully engaged trimer and constrains the effi-
ciency, as gpl120 molecules compete for unbound CD4
molecules in the contact zone.

Effect of CD4 density on binding rate constant
and achieving a single fully bound env spike

The calculation of the binding rate constant is dependent
upon the density of cellular receptors in the contact zone. For
cells that express ~12,000 CD4/cell, there are initially ~3
CD4s per viral contact area, so we anticipate that the binding
rate constant is dependent on CD4 concentration. We extend
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FIGURE 12 Binding probability, frequency of fusogenic bond formation,
and efficiency. The probability of viral docking measured in simulation is
shown for viruses with varying densities of gp120 trimers as the solid boxes.
An exponential fit to these data is shown as the dashed line. The probability
of at least a single trimer being fully engaged is depicted at each density of
gp120 with the open circles. The vertical bars depict the 95% confidence
interval for each gp120 density. The associated exponential fit is shown as
the dashed line. The multiplication of these two functions is the surrogate for
efficiency of fusogenic bond formation and is shown as the solid line. The
values for the efficiency are shown on the secondary axis. The peak value is
seen for a total env density of 13 spikes.

our previous calculations to determine the binding rate con-
stant for viruses binding to surfaces as CD4 density is varied
between ~6500 CD4/cell and ~24,000 CD4/cell.

Fig. 13 A illustrates that the rate constant for binding de-
creases as the gp120 density decreases at all CD4 densities.
When the gp120 density is high, the rate constant for binding is
independent of CD4 density. For example, when the CD4
density is 6500 CD4/cell, the binding rate constant for viruses
with eight trimers is within 5% of the value calculated with 72
trimers. When the gp120 density is low, the rate constant for
binding decreases sharply for low CD4 density. Furthermore,
when the CD4 density is high (24,000 CD4/cell), the rate
constant for binding is high and independent of gp120 density.

We also calculated the efficiency for short encounters as a
function of CD4 density. Repeating the calculations of the
efficiency of binding (the probability of binding multiplied
by the probability of having a fully engaged trimer), we show
there is always an ideal density of gpl120 for every CD4
density. The peak efficiency falls between 10 and 23 gp120
trimers, and the ideal number of gp120 molecules increases
as the CD4 density increases.

DISCUSSION

In this article, we have extended Brownian adhesive dy-
namics to deal with trimerized viral adhesion proteins, such
as seen with env on HIV. Trimers were simulated using a
Rouse-like polymer model of the trimer. Our simulations
were used to determine the role that trimerization of gp120
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FIGURE 13 Binding rate constants and efficiency of forming trimers for
different values of CD4 density. The binding rate constant (A) and fusogenic
efficiency (B) of viruses binding to surfaces expressing a range of CD4
densities (~6500 CD4/cell, ~12,000 CD4/cell, and ~24,000 CD4/cell) are
shown. Vertical bars indicate the 95% confidence interval for the values in
panel A. The asterisks in panel B denote the peak value of the efficiency line
and represent the gp120 density that optimally results in a trimer being fully
engaged by CD4.

has on the probability of virus-cell binding, and the kinetics
and probability that trimers will be fully engaged during viral
docking. First, we illustrated that trimers significantly in-
crease the probability of bond formation and the binding rate
constant compared to a single gp120 monomer.

We found that CD4 diffusion in the cell membrane in-
creases the number of bonds formed between the virus and
cell, both over short and long times. We estimate that within
seconds, the diffusion of receptors into the contact zone will
resultin HIV fully engaging every gp120 trimer in the contact
zone. However, we also illustrate that at short times, receptor
diffusivity enhances binding. Our simulation results may
explain some of the microscopic details leading to the lower
infectivity of viruses in cells with hindered CD4 lateral dif-
fusion (38—40). Without lateral diffusion, the gp120 trimers
are less likely to reach a fully bound configuration and
therefore less likely to infect the cell.

Our simulations determined the rate constant of binding as
well as the configuration of bonds at 0.1 s, before significant
receptor accumulation. We performed short timescale simu-
lations to predict an optimal gp120 density to lead to a fully
engaged gp120 trimer between the cell and surface at 0.1 s,
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which can be viewed as a pseudo steady state, when the
binding is at steady state but before the receptor accumulation
has occurred. We also illustrated that there is always an ideal
intermediate density of gp120 at which a single env trimer
may be fully engaged.

The estimated number of env spikes on the viral surface
has been debated. Ranges from two to 72 env trimers on wild-
type viruses have been claimed (9-13). A study of the stoi-
chiometry of env trimers indicated that a single homotrimer
on the viral envelope is sufficient for the virus to infect a host
cell (8). To understand the differences in binding of viruses
with different expression levels of env spikes, we titrated the
gp120 density on the viral envelope in our simulations to
calculate the effect of gpl120 density on the binding rate
constant and the probability of forming a fully engaged
trimer. We found that viruses with eight trimers bind to cell
surfaces nearly as quickly as those with 72. As we increase
the CD4 density on the surface, from ~12,000 CD4/cell to
~24,000 CD4/cell, the binding rate constant for viruses with
fewer gp120 trimers increased while the rate constant for vi-
ruses expressing many trimers was unaffected. As the binding
rate constant is dependent upon the contact frequency of
gp120 and CD4, we see that increasing the CD4 density on the
cell will increase the binding rate constant for viruses with few
env spikes. These results could be corroborated with surface
plasmon resonance measurements of HIV strains expressing
different amounts of gp120 on surfaces bound with CD4 (37),
though the total gp120 density on the viruses used in the
surface plasmon resonance studies was not reported.

The events leading to HIV fusion and cellular infection
occur on multiple timescales (36). In this simulation, we were
concerned only with viral attachment. We performed simula-
tions to a steady-state level and found that all available gp120
monomers were bound within seconds for viruses displaying
between one and seven trimers in the contact zone. The
amount of time elapsed between viral binding and infection
has not been measured in vivo, but estimates indicate that the
entire process of viral fusion after binding occurs on the order
of minutes (36). While the initial binding can occur in a
fraction of a second, the explanation for why fusion takes
minutes is likely because the gpl120-CD4 bonds must re-
configure in the interface to achieve full trimer engagement.
Interestingly, when gp120 density is high, it takes longer for all
the gp120 monomers to become fully engaged.

An interesting result from our simulations that may have
implications for the timescale of viral entry is that fully en-
gaged trimers where all of the CD4 molecules are clustered
tightly around each env spike take some time (seconds) to
form. This delay is due to the reorganization of the CD4
molecules through lateral diffusion to the lowest energy state.
Although initial viral docking can take a fraction of a second,
minutes are required for clustering the CD4 molecules tightly
(36). Entry is known to take minutes to hours (36,41,42), and
require not only trimerization but also engagement of che-
mokine receptors (43,44). However, the results shown here
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indicate that minutes may be required to organize CD4
molecules in the proper orientation for entry.

Entry must compete with viral inactivation. Work on the
kinetics of viral entry demonstrate a measurable rate constant
for viral inactivation once the virion is bound to the cell
surface (41). Platt and co-workers measured the rate constant
of inactivation at ~0.47/h and the rate of entry for fully
formed complexes at ~0.09/h (41). More importantly, the
percentages of attached viruses that eventually infect the cell
were also calculated. For viruses infecting cells with a high
coreceptor density (effectively the infectivity of these viruses
was limited only by the gp120-CD4 interaction) only 15% of
the attached viruses infected the cell. Other measurements of
neutralization of bound virus indicate that competing effects
limiting the ability of the virus to infect a cell occur on the
order of minutes (41,42,45). From these data, we may pos-
tulate that there may be a selective advantage for viruses
capable of quickly entering the cell. We anticipate that vi-
ruses expressing an intermediate density of env spikes would
have an advantage over multiple rounds of selection due to
their ability to quickly achieve a fully bound trimer.

We examined the binding of the virus over short times to
determine the bond configuration as a function of gp120 den-
sity. Based on the hypothesis that all three gp120 monomers
on an env spike must be bound to CD4 to eventually lead to
viral fusion (5), we measured the likelihood that once a bond
is formed, one of the gp120 trimers will become fully bound
to CD4, over short times. By multiplying the probability of
binding with the probability of forming fully engaged timers,
we calculated a surrogate for infective efficiency. We found
that for viruses binding to cells with between ~6500 CD4/cell
and ~24,000 CD4/cell, a range equivalent to CD4 densities on
macrophages in HIV infected patients (46), viruses expressing
between 10 and 23 env trimers were most efficient in binding
with a fully engaged trimer over short times.

This estimate is in close agreement to recent cryo-electron
microscopy measurements of 14 * 7 env spikes expressed on
the viral surface (13). This optimally efficient density can
only be measured while the amount of CD4 in the contact
zone is limited when compared to gp120. Once we increase
either the density of CD4 or the timescale of the simulation,
in the absence of any inactivation process, we note that every
virus will have all gp120 trimers in the contact zone fully
engaged to CD4. Given the small differences in the binding
rate constants of viruses with varying env densities, we an-
ticipate that env expression on primary viral population in an
infected host may be heterogeneous.

We have shown that viruses with as few as eight gp120
trimers will bind with similar rate constants to CD4-coated
surfaces as viruses with 72 trimers. Given the results from our
long timescale simulations that all viruses will have every
gp120 trimer in the contact zone fully engaged given enough
time, we would anticipate that there would be no difference in
infectivity for viruses with different env spike density. Work
by Kabat et al. showed that laboratory-adapted (LA) viruses
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and primary isolate viruses have different dependence on
CD4 density for infectivity (47). We anticipate that this can
be explained by the differential selection pressures on the
viruses from these two sources resulting in different env spike
density expressed by these different viral populations. Kabat
showed that LA viruses infected equally with host cells with
different CD4 densities while primary isolates had increased
infectivity when CD4 increased (47). Based on our calcula-
tions, we would predict that the LA strains of the virus have
been selected for a low gp120 density, so that increasing the
CD4 density would have little effect on the probability of
forming a fully bound trimer. The primary isolates may have
had a higher gp120 density, so viruses would be less likely
to form fully bound trimers when binding to low CD4 ex-
pressing cells, thereby making these viruses less likely to
infect. As Kabat showed, repeating the experiment with cells
that have a greater CD4 density increases the infectivity,
which would mitigate their limitation in forming a fully
bound gp120 trimer.

One limitation to our simulations is that we did not con-
sider viruses with >7 env spikes in the contact zone or in-
clude the steric hindrance of the cellular receptors that might
occur at this density. Presumably, the size of gp120 and CD4
both would affect the interfacial configuration of bonding as
we increase the number of gp120 molecules available in the
contact area. It might be that significant accumulation of CD4
in the contact zone is not possible, or that at high concen-
trations of gp120 or CD4, achieving binding of every gp120
in the contact area may be difficult. We anticipate that as the
bound CD4 density in the contact area increases, steric hin-
drance between cellular receptors would increase the time to
reach steady state. Hlavacek and co-workers have addressed
the role of steric hindrance in multivalent binding (48). They
found that steric hindrance increases the time to reach bound
states and decreases the total number of available sites. In-
creasing the number of env spikes in the contact zone with
steric hindrance would cause us to amend our predictions for
binding characteristics of viruses with larger gp120 densities.
These calculations would always lead to less binding than
predicted here, further reinforcing the conclusion that fewer
interactions might lead to more efficient interfacial configu-
rations for viral entry.

We have omitted membrane deformation from our calcu-
lations. The cell membrane is known to fluctuate as much as
10 nm on short timescales (microseconds) due solely to
thermal energy (49). These fluctuations would appear to be
rapid on the timescale of binding, thus leading the membrane
to appear as a mean-field to the virus. Recently, Sun and
Wirtz showed that when a virus is bound at steady state, the
membrane can deform sufficiently to envelop the virus (50).
This calculation simplified the gp120 molecules as mono-
mers and calculated the binding deterministically. Thus,
small deformations on the order of the size of proteins are
possible on small timescales, and large deformations, owing
to the reciprocal effect of receptor binding on membrane
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mechanical deformation, are possible on large timescales. To
address the effect of these deformations on viral binding, we
would have to include a simulation of the dynamic fluctua-
tions of the membrane as stochastic spatial fluctuations,
dictated by the bending modulus of the membrane (51). This
is clearly a very difficult calculation which will have to be
addressed separately in future work.
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