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Monte Carlo Study of Single Molecule Diffusion Can Elucidate the
Mechanism of B Cell Synapse Formation
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ABSTRACT B cell receptors have been shown to cluster at the intercellular junction between a B cell and an antigen-
presenting cell in the form of a segregated pattern of B cell receptor/antigen complexes known as an immunological synapse.
We use random walk-based theoretical arguments and Monte Carlo simulations to study the effect of diffusion of surface-bound
molecules on B cell synapse formation. Our results show that B cell synapse formation is optimal for a limited range of receptor-
ligand complex diffusion coefficient values, typically one-to-two orders of magnitude lower than the diffusion coefficient of free
receptors. Such lower mobility of receptor-ligand complexes can significantly affect the diffusion of a tagged receptor or ligand in
an affinity dependent manner, as the binding/unbinding of such receptor or ligand molecules crucially depends on affinity. Our
work shows how single molecule tracking experiments can be used to estimate the order of magnitude of the diffusion
coefficient of receptor-ligand complexes, which is difficult to measure directly in experiments due to the finite lifetime of receptor-
ligand bonds. We also show how such antigen movement data at the single molecule level can provide insight into the B cell
synapse formation mechanism. Thus, our results can guide further single molecule tracking experiments to elucidate the

synapse formation mechanism in B cells, and potentially in other immune cells.

INTRODUCTION

Many important physiological processes are mediated by the
binding of receptor molecules to ligands and the formation of
receptor-ligand signaling complexes (1). In the immune
system, the binding of antigen ligands by lymphocyte re-
ceptors, namely the T cell and B cell receptors (TCR and
BCR, respectively), is the principal mechanism by which
lymphocytes recognize antigen. During this process, it has
been observed that the receptor/antigen complexes cluster at
the center of the contact zone between the lymphocyte and
the antigen presenting cell while excluding other surface
molecules, forming a visible segregation pattern known as
the ‘‘immunological synapse’’ (2-9). The clustering of re-
ceptor/antigen complexes in the immunological synapse is
thought to enhance signaling (10,11). The immunological
synapse pattern was first observed in T cells (2-5), and
subsequently was also observed in B cells (6-9).

Given its significance and complexity, many studies have
been conducted to fully understand the mechanisms of im-
munological synapse formation in lymphocytes (12-23).
Several of these studies, including our own work on B cell
synapse formation (21), show that diffusion of receptor/li-
gand complexes is important in immunological synapse for-
mation (12,13,15,19-21,24). Indeed, diffusion is the primary
mechanism by which receptors and receptor-ligand com-
plexes translocate within the cell membrane (25). How-
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ever, the effect of receptor-ligand complex diffusion
on synapse formation remains largely unknown. Recently,
pioneering single molecule tracking experiments carried out
by the Pierce group measured diffusion of receptor molecules
at the single molecule level during the course of B cell syn-
apse formation (26). However, the same cannot be done
easily for receptor-ligand complexes (e.g., B cell receptor/
antigen [BCR/Ag] complexes) due to their finite bond life-
time. Hence, computational and theoretical approaches are
necessary to establish a relation between the diffusion of free
receptors and the diffusion of receptor-ligand complexes.
Such a theoretical approach can potentially elucidate the
synapse formation mechanism in B cells, as antigen mobility
can differ depending on the precise mechanism of synapse
formation.

In this study, we have used theoretical arguments and a
detailed Monte Carlo simulation procedure to investigate
synapse formation in B cells to focus exclusively on the role
of diffusion in synapse formation (21). Monte Carlo methods
are ideally suited to study systems involving receptor seg-
regation and pattern formation, as the number of molecules
may be small (as little as ~100) and spatial heterogeneity and
exclusion effects are important (21,23,27-29). Although the
diffusion coefficient of receptor-ligand complexes is difficult
to determine in vivo, it is generally believed to be lower than
that of free receptor molecules (13,20,30-33). Our results
clearly show that an order of magnitude difference in mo-
bility between free and complex molecules is crucial to
synapse formation in B cells. Given the difficulty of mea-
suring the diffusion coefficient of receptor-ligand complexes
directly, we propose an indirect method that relies on tracking
individual antigen molecules.

doi: 10.1529/biophys;.107.122564
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Our method is based on measuring the mean-square dis-
tance an antigen molecule has traveled from its original lo-
cation as receptor-ligand affinity is varied. If receptor-ligand
complexes are as mobile as free molecules, we would expect
little decrease in the mean-square distance traveled as affinity
increases. However, if the diffusion coefficient of receptor-
ligand complexes is significantly lower (~an order of mag-
nitude or more) than that of free molecules, the mean-square
distance traveled by the antigen molecule will decrease as
binding affinity increases. We have found a nonlinear rela-
tionship between the mean-square displacement of antigen
molecules and time, indicating subdiffusive behavior. Such a
result can be readily used to estimate the diffusion coefficient
of membrane-bound complex molecules from that of free
molecules. More importantly, the information gathered from
antigen diffusion at the single molecule level can be used to
probe the nature of the B cell synapse pattern and its for-
mation mechanism.

METHOD

Our stochastic simulation scheme belongs to the kinetic Monte Carlo class of
methods (27). Individual molecules are randomly sampled to undergo dif-
fusion or reaction with given probabilistic rates. One long-standing issue in
the design of such stochastic simulations is that the simulation timescale is
often arbitrary, providing limited opportunities for comparing the simulation
results with data obtained from biological experiments (23). One rudimen-
tary way of choosing the size of the time step in stochastic simulations is to
match the simulation timescale with the already-known timescale of the
relevant biological process (23). Instead of this approach, in our method the
size of the simulation time step is set by matching the diffusion coefficient
obtained from a low density, random-walk simulation to experimentally
measured diffusion coefficient values. This does not guarantee that the
timescale of a simulation of a complex biological process involving several
species and large numbers of reacting molecules will match the timescale of
diffusion of a single species at low density. However, the timescale of im-
munological synapse formation that emerged from our simulation due to the
collective diffusion and reaction of a large number of molecules was com-
parable to that of biological experiments.

Lipid Bilayer
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Model setup

Our modeling procedure is based on that described in (21). The system we
model is a B cell-lipid bilayer system such as the one used in B cell synapse
formation experiments (6-9). We model a 3 um X 3 um square area on the
bilayer surface and its vertical projection on the cell surface, as shown in
Fig. 1. This area is substantially larger than the region where the vertical
distance between the cell and the bilayer, z, is small enough for receptor-
ligand binding to occur. This area is also believed to be large enough so that a
zero net flux condition can be assumed to exist at the boundaries, which in
our model is simulated by means of fully reflecting boundaries. The cell
membranes are modeled as discrete Cartesian lattices consisting of an N*¥*N
grid of nodes. We assume the B cell membrane initially has a spherical
curvature (to minimize free energy) so that the vertical separation distance z
between the two surfaces at any given point (x, y) is given by:
1/2

2(0,y) =20+ Re — (Ry — (x —x0)" + (y =30)) . (D)

Only one molecule can occupy a node in our simulation, so we choose a
nodal spacing equal to a membrane protein molecule’s exclusion radius, ~10
nm (resulting in N = 300 nodes). The exception are BCR molecules, which
being bivalent, have a width of ~25 nm (34,35) and thus occupy three nodes,
with either a horizontal or vertical orientation on the lattice. For the radius of
B lymphocytes we use Rg = 6 um and zy = 40 nm.

At the start of a simulation run, molecules are uniformly distributed over
the two surfaces at random. The molecular species represented are BCR and
lymphocyte function activated antigen-1 (LFA-1) on the B cell surface and
their binding partners, antigen and Intracellular adhesion molecule-1 ICAM-1),
on the bilayer surface. At every time step in the simulation, molecules from
the population are individually sampled at random to attempt either diffusion
or reaction events, determined by means of a coin toss with probability 0.5.

Reaction move

If amolecule has been selected to undergo a reaction, the first step is to check
the same node on the opposite surface for a binding partner. If that is the case,
arandom number trial with probability p,n) is carried out to determine if the
two molecules will bind and form a receptor-ligand complex. BCR mole-
cules are able to bind up to two antigen molecules, one on each end node (but
not the middle node). If a free BCR molecule is selected for a reaction, an
additional coin toss is carried out to pick one of the end nodes, and the bilayer
surface opposite the chosen node is checked for a free antigen molecule.
Sometimes a BCR molecule may have bound an antigen molecule on one

FIGURE 1 Schematic of the cell-bilayer sys-
tem simulated in our model. The bilayer and cell
surfaces are modeled as N*N Cartesian lattices.
We use a lattice spacing of 10 nm and simulate a
3 um X 3 um area on the bilayer and its
projection on the cell surface. The initial vertical
separation distance z(x,y) is given by Eq. 1. The
3 pm X 3 um simulated area is chosen to
include the entire area where z is small enough
for receptor-ligand binding to be physically
possible.

Biophysical Journal 95(3) 1118-1125



1120

Fab (Fragment, antigen binding) domain and have the other Fab domain free,
forming a BCR/Ag complex. If the free Fab domain is selected, the reaction
proceeds as described above, which may result in a second antigen molecule
binding to the BCR/Ag complex (forming a BCR/Ag, complex), whereas if the
Fab domain with the bound antigen is selected, the BCR/Ag complex may
dissociate into its component molecules with probability pgy;). Three reversible
reactions are thus possible: LFA-1 + ICAM-1 < LFA-1/ICAM-1, BCR +
Ag < BCR/Ag, and BCR/Ag + Ag < BCR/Ag,. The binding and dis-
sociation probabilities for the two reactions involving antigen are assumed to
be the same and thus the subscript i refers to the BCR/Ag reactions when i =
BA and the LFA-1/ICAM-1 reaction when i= LI. We also used a different
binding/dissociation probability for binding to the second Fab domain,
without any qualitative changes in our results.

We assume the probability of bond formation, pyy), and bond dissocia-
tion, posrii), depends on the intermembrane distance z in accordance with the
well-known linear spring model (1,21,36,37). Because pongy and pogeq) are
analogous to ko, and k¢, we can define the probabilistic analog to the as-
sociation constant K5, denoted by P, as the ratio pongiy/Porriy:

max 2
Pongi (ki (2 — Zeqq)
Pri(2) = eXP(
Posr(i) 2ksT
2
max K;i (Z — Z¢, (i))

The quantity P (z) defined in Eq. 2 denotes the overall receptor-ligand
affinity, which consists of both the int;insic affinity Pg‘é‘f; and the bond stiffness
k;. Individually varying pii™ and pgi* while keeping the ratio P'™ constant
changes the timescale of the simulation, but not the equilibrium behavior. The
intrinsic affinity P corresponds most closely to the quantity K, and the
mapping between Ka, kon, ko and PTX, pmax  piin - regpectively, is given in

Tsourkas et al. (21).

Diffusion move

On the other hand, if a molecule has been selected to undergo diffusion, a
random number trial with probability pifgi) is used to determine if the dif-
fusion move will occur successfully. If the trial is successful, one of the four
neighboring nodes is selected at random for the molecule to diffuse to. Be-
cause two molecules are not allowed to occupy the same node, the molecule
will only move if the appropriate node(s) are unoccupied. For example, three
nodes need to be free for a BCR molecule to diffuse in the direction trans-
verse to its length, whereas only one free node is needed for it to diffuse along
its length. In the case of complexes, the appropriate nodes on both surfaces
need to be free (two nodes for monomeric LFA-1/ICAM-1 complexes, two or
four for BCR/Ag complexes, and three or five for BCR/Ag, complexes).

Sampling and time step size

In our algorithm, a number S of diffusion/reaction trials is carried out during
every time step. The number of trials S is set equal to the total number of
molecules (free and complexes) present in the system at the beginning of
each time step, and the simulation is run for a number of time steps 7. A
schematic of our Monte Carlo algorithm is shown in Fig. 2. The mapping
between our model’s timescale and physical time is given in (21). We use a
time step of 10~ s and the simulation is run for 7= 10° steps, i.e., 100 s. This
is broadly in agreement with the timescale of B cell synapse formation ob-
served in imaging experiments (6—9). The Monte Carlo code is written in the
C programming language and run on a Linux Beowulf cluster (PSSC Labs,
Lake Forest, CA). Each run of our simulation takes <<5 min on a cluster node.

Parameter values

The parameters used in our model are listed in Table 1. Parameter values found
in the literature are given on the left side of Table 1, whereas the appropriately
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FIGURE 2 Flow chart of the Monte Carlo model.

mapped forms used in our model are listed on the right side of Table 1 (21).
Parameters whose values vary during experiments (such as BCR/Ag affinity)
or whose values are unknown (such as the diffusion coefficient of receptor-
ligand complexes) are those that we vary in our simulations.

The diffusion coefficient of free receptor molecules in a cell membrane is
in the range of ~0.01-0.1 um?/sec (12,13,39). We thus collectively group
the individual diffusion probabilities of the free molecule species in Table

1 (pditeB)s Pditeca) PdiftL)» Pdifey) into a single parameter piser), and likewise
group the individual diffusion probabilities of the complexes, pairrpa) and
PdifL1), INto a single parameter pgierc). Because the upper bound of the
diffusion coefficient of free molecules is of the order of 0.1 /.Lmz/sec, we set
that value to correspond to pigr) = 1.0 (21), whereas pg;gscc) is assumed to be
unknown and therefore variable (although it cannot exceed p;gsr)).-

RESULTS
Theoretical model

Mapping to a continuous time random walk problem with
given waiting time distribution

Diffusion of BCR molecules on the B cell surface can be
mapped to an effective random-walk problem with a given
waiting time distribution that arises from binding with anti-
gen molecules on an apposing antigen-presenting cell sur-
face. The waiting time distribution can be obtained by
assuming that receptors can diffuse only when they are not
bound to any ligands, which are taken to be immobile. We
can calculate the probability P(n) that a receptor molecule
that is initially bound with an antigen and diffuses for the first
time at step n. P(n) is given by a sum of all possible ways a
receptor can go through a series of binding-unbinding reac-
tions to finally unbind at step (n—1) and then diffuse for the
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TABLE 1 Experimentally measured parameter values and their probabilistic counterparts

Experimental parameter

Measured value

Simulation parameter Mapped value

K\ BCR/Ag

kon BCR/Ag

kot BCR/Ag

K LFA-1/ICAM-1
kon LFA-1/ICAM-1
kofr LFA-1/ICAM-1
BCR molecules/cell
LFA-1 molecules/cell
Antigen concentration
ICAM-1 concentration
KL1

KBA

Zeq(LD)

Zeq(BA)

Dfree molecules

D, complexes

10°-10" M~! (7,8)
10° M~ s (7,8)
1-107° s~ (7,8)

3.3 wm?*/mol (38)

0.33 pm? - s~ '/mol (38)
0.1s71(38)

~10° (13,21,37)

~10° (13,21,37)

~100 mol/um? (7)
170 mol/um? (7)

40 uN/m (13)
Unknown, taken as Ky
42 nm (13)

~40 nm (6,32,33)
~0.1 wm?/sec (38)
Unknown, varied

PR A 10°-107

Py o1
pg‘f‘f‘zBA) 107°-10

PR 10°

p e

B(;”(L]) 3000 molecules

Ly 3000 molecules

Ag 1000 molecules

Iy 2000 molecules

KL1 Same as measured value
KBA Same as measured value
Zeq(L) Same as measured value
Zeq(BA) Same as measured value
Pdiff(F) 1.0

Pificco) 1-107?

first time at step n. The terms in P(n) are going to be domi-
nated by the term ~P(n) ~ (1—Py)" ~ exp[—at], with a =
—In(1—Pg)/7. The constant 7 = #/n arises from mapping the
discrete step n to a continuous time 7.

For flat cell-to-cell contact area, P is a constant leading
to an exponentially distributed P(f) arising due to BCR-
antigen binding. Hence the waiting time distribution for the
effective random walk diffusion is also exponentially dis-
tributed. Details of the derivation of the waiting time distri-
bution and the mapping to an effective random walk problem
will be described in a separate manuscript (S. Raychaudhuri
and P. Tsourkas, unpublished). The continuous time random
walk diffusion with a given waiting time distribution can be
solved using Fourier-Laplace transform of the space-time
variables to yield the probability distribution of the dis-
placement (40):

P(s)

1—
s = i o))

3

The quantity ¢s(s) is the Laplace transform of the waiting
time distribution and p(w) is the Fourier transform of the step
size distribution of a given random walk. For an exponential
waiting time distribution, the mean-square displacement is
linear with time, indicating diffusive behavior. In the case of
any directed transport of BCR molecules, diffusive scaling can
be masked by the leading displacement ~ time behavior of
directed BCR motion. Thus, studying the mean-square dis-
placement of receptor diffusion can elucidate the essential
molecular mechanism of immune synapse formation.

If the cells are assumed to be spherical (or with some
curvature), the binding-unbinding constants (P,n/P¢) be-
come position dependent. In such a scenario, the waiting time
distribution also acquires a spatial dependence. For cell-cell
contacts with spherical cell shapes, such spatial dependence
of the waiting time distribution is nonlinear. Hence, our
random walk model with spatially dependent waiting time

essentially captures diffusion of receptor molecules in a
nonlinear confining potential that arises due to binding with
ligands at a curved cell-cell contact area. A random walk in
such a nonlinear potential leads to subdiffusive behavior for
biologically relevant timescales and hence pure diffusion
(mean-square displacement varying linearly with time) may
not be observed in experiments (40). Hence, we can use the
time of synapse formation as a cut-off at which the mean-
square displacement is calculated for various affinity anti-
gens. The mean-square displacement at the preset cut-off
time will be affinity-dependent if the synapse formation
mechanism is dominated by pure diffusion and binding of
antigens. Some of the results of our random walk model are
corroborated by a detailed kinetic Monte Carlo model of
receptor diffusion. One advantage of using such a Monte
Carlo model is that it can easily incorporate additional
complexities such as mobility of antigens or BCR-antigen
complexes and crowding effects and hence matches the ex-
perimental situation more closely.

Monte Carlo simulations

The diffusion of receptor-ligand complexes is a key factor in
synapse formation mechanism

We first investigate the effect of the diffusion probability of
receptor-ligand complexes (pgisrcy) on synapse formation,
shown in Fig. 3. In the Figure, we see that synapse formation
is optimal for pgircy = 0.1 and 0.01 (Fig. 3, B and C). Sig-
nificant deterioration in synapse quality is observed when the
diffusion probability of receptor-ligand complexes is equal to
that of free molecules (pgitrcy) = 1, Fig. 3 A). As an objective
measure of synapse formation, we tabulate the mean radial
distance (in wm) from the center the contact zone of BCR/Ag
complexes and LFA-1/ICAM-1 complexes in Table 2.

The detrimental effect of high receptor-ligand complex
diffusion coefficient on synapse formation can be explained
as follows: in our simulations, segregation of BCR/Ag and
LFA-1/ICAM-1 complexes is driven mainly by the differ-

Biophysical Journal 95(3) 1118-1125
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FIGURE 3 Effect of receptor-ligand
complex mobility on immune synapse
formation. BCR/Antigen complexes are
shown in green and LFA-1/ICAM-1

3um

Paitiicy=1 Paitiic)=0.1 Paiticy=0-01

complexes in red. In this set of images,
the diffusion probability of receptor
ligand complexes, pifrc), directly anal-
ogous to the diffusion coefficient, D, is
varied across orders of magnitude from
Paiticc)y = 1 10 paitrc) = 10747 whereas
the diffusion probability of receptor
D ligand complexes is fixed at pgierry =

Paincy=0.001

ence in poeriy between the two reactions (21), or equivalently,
by the differences in the free energy of bond formation. In the
case of synapse formation, the decrease in entropy due to the
clustering and segregation of receptor-ligand complexes
is balanced by the decrease in free energy associated with
receptor-ligand binding (Supplementary Material in Tsourkas
et al. (21)). Changes in entropy are primarily associated with
the diffusion coefficient, whereas free energy is primarily
determined by affinity (Pag)), with higher affinity corre-
sponding to higher free energy. Thus, if receptor-ligand
complexes are highly mobile, entropic factors will prevail
and an ordered pattern such as an immunological synapse
will not form.

Tracking individual antigen molecules can reveal the
mobility of BCR/Ag complexes and help elucidate the
mechanism of B cell synapse formation

Given the importance of the diffusion coefficient of receptor-
ligand complexes in synapse formation, and the difficulty of
measuring it directly in physical experiments, we used our
simulation to devise an indirect method for estimating it. We
track an individual antigen molecule for the duration of a
simulation run and record the square of the distance (Rz) it has
traveled from its starting position at every 100 time steps. This
is shown in Fig. 4, where we plot the trajectory (Fig. 4, A and
D) and R%(t) (Fig. 4, C and F) for four antigen molecules for
both high BCR affinity (K5 = 10'' M~ "; Fig. 4, A—C) and low
BCR affinity (K, = 10° M™'; Fig. 4, D-F). Also shown is the
corresponding segregation pattern formed by the receptor-
ligand complexes (Fig. 4, B and E). In these simulations we
have set pgitrcy = 0.1 and pg;gsr) = 1.0, so that antigen binding

TABLE 2 Mean distance of receptor-ligand complexes from the
center (in um) as a function of diffusion probability (pgit(c))

paitic) = 1 paiticy = 0.1 paittcy = 0.01 paisrcy = 0.001

0.305 0.272 0.258 0.258
0.327 0.295 0.284 0.287

BCR/Ag
LFA-1/ICAM-1

Biophysical Journal 95(3) 1118-1125

1. High complex mobility is detrimental
to synapse formation (A). These pat-
terns were obtained after 10° time steps
(t = 100 s) with the parameter values
given in Table 1.

events are reflected in the plot of R*(r). When the antigen
molecule is outside the zone where binding is possible (Fig. 4,
black circle), the value of R*(¢) varies rapidly over time be-
cause the molecule is in the free state (pgitrr = 1.0). As soon
as the antigen binds to a BCR, however, the mobility of the
molecule decreases by an order of magnitude and the variation
in Rz(t) over time becomes considerably slower.

In the high affinity case (Fig. 4, A—C), the antigen molecule
whose trajectory is traced in pink is bound to a BCR almost
from the beginning, and hence its R*(t) value increases very
little over time. The antigen molecule whose trajectory is
denoted in green never binds to a BCR and thus R(1) for this
molecule varies rapidly over time. In the remaining two
tracks, the antigen molecule initially starts outside the zone of
binding, drifts toward the center, and subsequently binds to a
BCR. Accordingly, the trajectories are initially noisy and
level off after binding. Because BCR/Ag affinity in this case
is higher than LFA-1/ICAM-1 affinity and the two species
have the same bond stiffness, the segregation pattern is the
inverse of the canonical synapse pattern (21).

For the low affinity case (Fig. 4, D-F), in two tracks
(beige, green) the antigen molecule starts outside the zone of
binding and eventually diffuses inside and binds a BCR,
whereas in the remaining two tracks (pink, cyan), the antigen
molecule also starts outside, binds a BCR, but then diffuses
all the way to the edge of the contact zone and eventually
unbinds. The value of R*(7) after binding varies more rapidly
than the high affinity case because there are more unbinding
and rebinding events after the initial binding event (pyg =
10~ for Fig. 4, A—C, but pog = 10~ for Fig. 4, D-F).

From Fig. 4, we thus see that R*(f) is strongly affected by
the value of BCR/Ag affinity. We deduce that it would in fact
be possible to estimate the value of pgisc) if we could
measure the value of Rz(z) in experiments in which the value
of BCR affinity is known. Because the value of R*(f) can vary
greatly between trials, it is necessary to obtain R*(f) from the
average of a large number of trials. In Fig. 5, we plot (R*(1)),
obtained by averaging the trajectories of 1000 antigen mol-
ecules, whereas BCR affinity is varied from K, = 10°M ™' to
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FIGURE 4 Plots of the trajectories of
four individual antigen molecules (A
and D), the resulting segregation pat-
terns formed by the receptor-ligand
complexes (B and E) and the square of
the distance each antigen molecule has
covered (C and F). A—C represent high
BCR affinity (Kx = 10"" M™") whereas
D-F represent low BCR affinity (K5 =
10° M™Y. In (A and D), black stars
represent the start of the trajectory and
red stars represent the end of the trajec-

vy

tory. Each antigen molecule trajectory in
(A and D) corresponds to an R2(1) plot in
(C and F). The inversion in the canon-
ical synapse pattern in (B) is due to
differences in k¢ between BCR/Ag and
LFA-1/ICAM-1 (21). The plots were
obtained after 10° time steps (+ = 100
s), with pgifrey) = 0.1, paierey = 1, and

60000

40000

R? (nodal spacings?)

|
ad LA o J20000
ﬂﬁ; L

2um 2um 0

10" M. In the case of Dditrcy = 1 (Fig. 5 A), there is little
variation in the final value of R*(f) as BCR/Ag affinity is
varied across four orders of magnitude. This is to be expected
as pgirr = 1 regardless of whether the tracked antigen mole-
cule is free or bound, and thus varying affinity will have no
effect on (R*(r)). The situation is markedly different when
paitrcy = 0.1 (Fig. 5 B), where we see a clear decrease in the
final value of (R*(r)) as affinity increases. Again, this is ex-
pected as increasing affinity means an increase in the mean
time the antigen molecule stays bound, which in turn implies
more time spent in the pgir = 0.1 regime. As noted in our
theoretical analysis of an effective random walk model, a
curvature dependent nonlinear potential due to receptor-
ligand binding at the cell-bilayer contact can lead to sub-
diffusive behavior of receptor molecules during B cell
synapse formation. In our synapse formation simulations, we
do not observe diffusive behavior (Fig. 5). We use the final

25000 50000

the remaining parameters as given in

70 Table 1.

100000
No. of time steps

values of (R*()) for typical synaptic pattern formation
timescales (shown in Fig. 4) as a measure of mobility.

The values of the end points of the curves in Fig. 5 (i.e., the
final value of (R*(¢))) are plotted as a function of both BCR/
Ag affinity and pgiscy in Fig. 6. In Fig. 6 A, we plot the
endpoint of (R*(r)) as a function of affinity and each series
corresponds to a fixed value of pgisrc). From Fig. 6, we see
that the final value of (R*(r)) remains constant with affinity
when pgiercy = 1, but we also note that it decreases in a
nonlinear manner with increasing affinity for pgigrc) = 0.1,
0.01, and 0.001. We also note the there is not much difference
between the latter three cases, particularly between pgisrc) =
0.01 and 0.001. We believe that these results form a theo-
retical basis for a method to experimentally determine
whether the mobility of receptor-ligand complexes is roughly
the same as that of free molecules, or at least an order of
magnitude less. If we note the initial and final positions of a

FIGURE 5 Plots of Rz(t) obtained from av-
eraging 1000 individual trials (such as those in
Fig. 4, C and F). BCR affinity was varied from
KA = 106 to KA = 1010 Mil. Whe[lpdiff(c) =1,
there is little separation among the curves, but
when pgisecy) = 0.1, we clearly see that the final
value of R(f) decreases as affinity increases.
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FIGURE 6 Plots of the final value of

(R*(1) as a function of BCR/Ag affinity (A)
and pgigrc) (B). In (A), each series represents a
constant value of pgigrc). We see that the final
value of R%(r) decreases as BCR/Ag affinity
increases for pgiscy = 107'-107 but remains
the same for pgirrcy = 1. If it were possible to
H  measure the final value of R? for a large number

g q  of antigen molecules as BCR/Ag affinity is
varied from K = 10° to K, = 10" M7, it

would be possible to determine the order of
magnitude of pgerc) (and hence the diffusion
coefficient of receptor-ligand complexes) by
noting whether the final value of R?(7) decreases
or remains constant as BCR/Ag affinity in-
creases. In (B), each series represents a constant
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large number (~1000) of antigen molecules in an experi-
mental cell-bilayer system, we can estimate the order of
magnitude of the diffusion coefficient of receptor-ligand
complexes within an order of magnitude by observing
whether or not there is a decrease in the final value of (R*(r))
as BCR/Ag affinity increases.

We also plot the final value of (R*(r)) as a function of
Dditrcy in Fig. 6 B, where each series represents a fixed BCR
affinity value. Here, we see that it is impossible to distinguish
between values of BCR affinity when pgigcy) = 1, but as
Paittcy decreases we note that is increasingly possible to
distinguish between affinity values. This is especially true
when the probability of diffusion of receptor-ligand com-
plexes is very low (pgigrcy = 0.01).

The study of diffusion of antigen molecules at the single
molecule level can be used to probe the mechanism of B cell
synapse formation. Single molecules tracks showed consid-
erable variation as BCR/Antigen affinity was varied, as evi-
denced in Fig. 4, A and D. Therefore, if it is true that BCR/
Antigen affinity determines the nature of the synaptic pattern,
as in Fig. 4, B and E, this synapse formation mechanism will
also be reflected in the tracks of individual antigen molecules.
On the other hand, if B cell synapse formation is not gov-
erned by an affinity dependent mechanism, the final (R*(r))
values should be insensitive to BCR/Antigen affinity.
It should be noted that in our simulation, the diffusion of
receptor-ligand complexes is spatially dependent, as affinity
itself is a function of position (Eq. 2). Therefore, the diffusion
of antigens in this case should be very different from cases
where synapse formation is mainly driven by a directed
transport mechanism.

DISCUSSION

Diffusion plays a critical role in receptor clustering, including
B cell immune synapse formation. If the B cell synapse forms
primarily by an BCR/antigen affinity dependent mechanism
(21), then our results show that receptor-ligand complexes
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Poirrc

e BCR/Ag affinity value. For low BCR/Ag affin-
ity (10°~10° M™") there is little decrease in the
final value of R*(7) as Dairrccy decreases.

need to diffuse at least an order of magnitude slower than
free molecules to synaptic pattern to form. If receptor-
ligand complexes are as mobile as free receptors, entropic
effects predominate and receptor-ligand complexes do not
segregate, and the pattern formed is purely random. Tracking
receptor-ligand complexes, however, cannot be done easily
in biological experiments due to the finite lifetime of recep-
tor-ligand bonds. It is, however, readily possible to do so in
computer simulations. We have found a nonlinear relation-
ship between mean-square displacement of antigen mole-
cules and time. Interestingly, such a nonlinear relationship
depends on antigen-affinity only when receptor-ligand
complexes diffuse at a slower rate than free molecules. Our
results elucidate how tracking antigen molecules at the single
molecule level can provide crucial insight into the mecha-
nism of B cell synapse formation. Specifically, a synapse
formation mechanism primarily driven by BCR/Antigen af-
finity leads to distinct antigen molecule trajectories as BCR/
antigen affinity is varied.

During the course of this study we came to know about single molecule
diffusion studies in the context of B cell synapse formation from the Susan
Pierce lab at the National Institutes of Health. We thank Dr. Pavel Tolar
from the Pierce lab for sharing some of his initial experimental data with us,
and for helpful discussions.
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