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Mechanisms of B-Cell Synapse Formation Predicted
by Monte Carlo Simulation
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ABSTRACT The clustering of B-cell receptor (BCR) molecules and the formation of the protein segregation structure known
as the “immunological synapse” at the contact region between B cells and antigen presenting cells appears to precede antigen
(Ag) uptake by B cells. The mature B-cell synapse is characterized by a central cluster of BCR/Ag molecular complexes
surrounded by a ring of LFA-1/ICAM-1 complexes. In this study, we investigate the biophysical mechanisms that drive
immunological synapse formation in B cells by means of Monte Carlo simulation. Our approach simulates individual reaction
and diffusion events on cell surfaces in a probabilistic manner with a clearly defined mapping between our model’s probabilistic
parameters and their physical equivalents. Our model incorporates the bivalent nature of the BCR as well as changes in
membrane shape due to receptor-ligand binding. We find that differences in affinity and bond stiffness between BCR/Ag and
LFA-1/ICAM-1 are sufficient to drive synapse formation in the absence of membrane deformation. When significant membrane
deformation occurs as a result of receptor-ligand binding, our model predicts the affinity-dependent mechanism needs to be

complemented by a BCR signaling-driven shift in LFA-1 affinity from low to high in order for synapses to form.

INTRODUCTION

Specific recognition of foreign antigens by lymphocytes is
central to the adaptive immune response. However, precisely
how lymphocytes differentially respond to antigenic stimuli
of varying type and strength remains unknown. Recent ex-
perimental evidence suggests antigen (or MHC-loaded pep-
tides for the T-cell/APC system) presentation on the restricted
geometry of a two-dimensional cell surface, together with
recruitment of antigen into segregated clusters of receptor-
ligand complexes, could be one possible mechanism by
which lymphocytes recognize and respond to antigen (1-9).

The clustering of receptor molecules on the cell surface
and the formation of segregated protein structures increas-
ingly is seen as an efficient mechanism of cellular infor-
mation exchange during cell-cell interactions (10). In the
immune system, such clustering and segregation of mem-
brane-bound proteins is observed at the intercellular junction
between lymphocytes and antigen presenting cells (APC) as
they become adherent and engage in antigen recognition.
Because of the resemblance to neurological synapses, these
structures have been collectively termed ‘‘immunological
synapses’’ (2-4).

The mature B-cell synapse consists of a central cluster of
B-cell receptor/antigen (BCR/Ag) molecular complexes
(sometimes also referred to as the central supramolecular
activation cluster, or c-SMAC), surrounded by a ring of lym-
phocyte function-associated antigen-1/intercellular adhesion
molecule-1 (LFA-1/ICAM-1) complexes (also known as the
peripheral SMAC, or p-SMAC). This is the much-studied
canonical form of the immune synapse first observed at the
intercellular junction between a T cell and an APC (1-4).
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Although the mechanisms that drive synapse formation in
T cells have extensively been modeled (11-18) since the
pioneering work of Qi et al. (11), less is known about the
mechanisms that govern synapse formation in B cells. Even
though the structure of the B-cell synapse is similar to that of
the canonical form of the T-cell synapse, factors such as
receptor affinity, density, shape, and extracellular domain
length vary significantly between T cells and B cells. B-cell
receptors (BCRs) are bivalent antibody molecules (IgM and
IgD for naive B cells) whereas T-cell receptors are mono-
valent. Moreover, the affinity of BCR for antigen can vary
between 10° M~!1-10'° Mfl, as compared to 10* M~12107
M ! in the case of T-cell receptors (TCRs) for MHCp. Fur-
thermore, the typical density of BCR on B-cell surfaces
(~200 molecules/uwm?) is an order of magnitude greater than
the typical density of TCR on a T-cell surface (~20 mole-
cules/um?). Importantly, the extracellular domain length of
BCR/Ag complexes in B-cell synapse experiments (5-7) is
close to that of LFA-1/ICAM-1 complexes (~40 nm), which
is markedly different from that of TCR/MHCp complexes
(~15 nm). The relatively short length of TCR/MHCp bonds
is considered to be one of the major driving factors in T-cell
synapse formation (11). For these reasons, it is thought that
the mechanisms that drive synapse formation in B cells differ
substantially from those in T cells (19).

B-cell synapse formation might be driven by signaling that
results in changes in membrane shape as a result of affinity-
dependent BCR/Ag binding (8). Alternatively, B-cell recep-
tor clustering in B cells defective in signaling might be
explained by the so-called ‘‘diffusion and binding’’ hypoth-
esis (19). According to the latter model, the synapse forms
mainly by undirected diffusion of receptors into the contact
zone, whereupon they bind with high affinity and stay in
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place or are eventually expelled by crowding at the center of
the contact zone. The experimental work (19) on which this
model was based upon has crucial limitations, however, in
that only a limited range of affinity (K, ~ 108-10"° M~
was considered, despite the fact that B cells can recognize
antigen over K, ~ 10°-10'° M~ L. In addition, the model
does not consider the formation of the surrounding ring of
LFA-1/ICAM-1 complexes observed in B-cell synapse
experiments (5-7).

In this study, we investigate the molecular mechanisms
of that drive B-cell synapse formation by systematically
studying the effect of biophysical parameters. Our approach
consists of a stochastic, agent-based computer model of
B-cell/APC interaction in which individual molecular events
such as diffusion and reaction are simulated using probabi-
listic rules. Individual parameter values can be varied in a
controlled manner in successive in silico experiments to
identify their contribution, or negate their importance, to the
process of synapse formation. Interestingly, we are able to
clearly define a mapping between the probabilistic param-
eters used in our simulation and their experimentally mea-
sured counterparts. Such a mapping scheme is crucial if we
are to compare the results of in silico simulations to those of
immunological experiments (20).

Our results show that differences in affinity and bond
stiffness between BCR/Ag and LFA-1/ICAM-1 are suffi-
cient to account for synapse formation when the affinity of
BCR for antigen is less than that of LFA-1 for ICAM-1 and
in the absence of membrane deformation (as is the case at the
onset of synapse formation). For high-affinity BCR/Ag
binding, our model predicts that it is necessary for BCR/Ag
bonds to be stiffer than LFA-1/ICAM-1 bonds for a synapse
to form. However, when significant membrane deformation
is allowed in our model, active, signaling driven processes
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become necessary for synapse formation. One example of
such a signaling-driven process is a shift in the affinity of
LFA-1 from an initial low affinity state to a high-affinity state
as a result of BCR signaling (6,7,9).

MODEL
Background

A Monte Carlo method was applied to model B-cell synapse
formation. Thus, the molecular population is randomly sam-
pled to undergo events such as diffusion and reaction, with
its status updated at every time step. Monte Carlo methods
have been successfully employed in the past to understand
immune cell receptor-ligand binding, clustering, and signal-
ing (13,18,20-24). Our model’s distinguishing features are:
1), the use of probabilistic rate constants instead of an energy-
based Metropolis algorithm; ii), explicit spatial simulation of
molecules; and iii), treatment of diffusion of receptor-ligand
complexes. The explicit spatial simulation of molecules
allows the modeling of crowding and exclusion effects that
are potentially important in synapse formation but cannot
easily be captured by differential equation-based models,
particularly if more than one molecular species is present.
The discrete nature of our model also eliminates the need to
make assumptions about the continuity of molecular con-
centrations, which may not be valid at low antigen concen-
tration. This is particularly relevant in light of the fact that
antigen concentration is usually low at the onset of an im-
mune response.

Model setup

As shown in Fig. 1, the section of the B-cell/APC system we
wish to model is the region of closest approach between the

FIGURE 1 Model of the B-cell/APC con-
tact region. The cells are assumed to have a
spherical shape, with the total vertical sep-
aration distance between the two surfaces at
any point z = z; + z,, with z; and z, given
by Eq. 1. At the center of the contact zone
(%o, Yo), the vertical separation distance is at
its minimum z = z,, whereas at the corners
it iS z = Zpax The 3 wm X 3 wm simulated
area is large enough to include the entire zone
where binding is possible.
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two cells, where the distance between the membranes is
small enough to allow binding between molecules on op-
posite surfaces. The cell membranes are modeled as two
Cartesian lattices, each discretized in an NXN grid of nodes.
We assume the membranes initially have a spherical cur-
vature, which, in the absence of external forces, both cells
would tend toward to minimize surface energy. The total
vertical separation distance z between the two surfaces at any
given point (x, y) is given by z = z; + 2,, as in Fig. 1, with the
half-heights z; and z, each given by:

a(ey) = 24 R = (R = ((r=x)"+ 0 —w)) .

)

At the center of the contact zone (x = x,,, y = y,), the ver-
tical separation between the two surfaces is at its minimum
value, z = z,. We also can simulate a cell-bilayer system such
as the one used in many synapse experiments (6—8) in the
limit as R, — % and z,(x,y) = z,/2.

The size of the region we have chosen to simulate in our
model is 3 wm X 3 uwm, which is large enough to include the
entire region over which binding can occur for spherical cur-
vature (see Fig. 2), and also larger than typical experimen-
tally observed synapse diameters of ~2 um (6,7). In addition,
this area is believed to be sufficiently large such that a zero
net flux condition exists at the boundaries, which in our agent-
based simulator is simulated by means of fully reflecting
boundaries. Only one molecule can occupy a node in our
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simulation, so we choose a nodal spacing equal to a mem-
brane protein molecule’s exclusion radius, ~10 nm (result-
ing in 300 X 300 nodes). The exception are BCR molecules,
which being bivalent, have a width of ~25 nm (25,26), and
thus occupy three nodes, with either a horizontal or vertical
orientation on the lattice. The various parameters that relate
to the spatial dimensions of our model are listed in Table 1.

Simulation procedure: reaction and
diffusion “moves”

At the start of a simulation run, molecules are uniformly
distributed over the two surfaces at random. The molecular
species represented are BCR and LFA-1 on the B-cell
surface and antigen and ICAM-1 on the APC or 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

If a molecule has been selected to undergo a reaction, the first
step is to check the same node on the opposite surface for
a complementary molecule. If that is the case, a random
number trial with probability pon) is performed to determine
if the two molecules will bind together and form a molecular

FIGURE 2 Sample graphical representa-
tion of (A) pon, (B) posr, and (C) P 4 according
to Egs. 2-4. Receptor-ligand binding can
only occur where p,,, > 0 and pog < 1. In this
set of images, k' = 40 uN/m, k = 2k’, z.q =
42 nm, kg = 1.38 X 1072 J/K, T = 300 K,
Pon = 1.0 and poge = 0.001.
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TABLE 1 Spatial dimensions of the model

Parameter Value
Size of contact region 3 pm X 3 um
Number of nodes 300 X 300
Nodal spacing 10 nm
Cell radius (B Cell, APC) 6 um
Zmax from Eq. 1 (cell-bilayer case) 390 nm + z,

complex. BCR molecules are modeled as being bivalent and
occupy three nodes while being 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, a
coin toss is additionally performed to pick one of the end
nodes, and the APC surface opposite the chosen node is
checked for a free antigen molecule. Sometimes a BCR
molecule may have bound an antigen molecule on one Fab
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), while if the Fab domain with the
bound antigen is selected, the BCR/Ag complex may
dissociate into its component molecules with probability
Dottiy- If a BCR/Ag, molecule is selected, one of the two Fab
domains is selected at random to undergo dissociation as
described above, resulting in the formation of a BCR/Ag
complex and a free antigen molecule. Three reversible
reactions are possible: LFA-1+ICAM-1 < LFA-1/ICAM-1,
BCR+Ag+<BCR/Ag, and BCR/Ag+Ag<« BCR/Ag,. The
binding and dissociation probabilities for the two reactions
involving BCR 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 assume the probability of bond formation depends on
the intermembrane distance z in accordance to the well-
known linear spring model (27,28). Replacing the rate
constant k,,, with the probability p,,, we obtain the following
probability density function:

"y — zeqa))z)_ 2

max Ki (Z
Pon(i) (Z) = pon(i)eXp (_ 2kBT

The bond is modeled as a mechanical spring with stiffness
k' and equilibrium length z.,, whereas kg denotes the
Boltzmann constant (1.38 X 1072 J/K) and T the temper-
ature (~300 K). The probability of binding is greatest at the
point z(x,y) = z.q, which will be the center of contact zone
when z.y = z,, as in Fig. 2 A. In formulating our model, we
assumed that as the two cells move closer to one another and
z, decreases, the first binding event is likely to occur when z,,
approaches the value of z.4 of one of the species, after which
the cells stop moving toward each other. In our simulations
we thus set z, equal to either zeq@a) Or Zeqen, depending on
the circumstances.

Similarly, the dissociation probability p.s is given by
(27,28):
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— Zeq)’
eql . 3
s T ) 3)

min ((Ki —Ki)(z

Poit (2) = Potii) XP

Without loss of generality, we can set kg, = 2k so that
the exponential in Eq. 3 is the same as that in Eq. 2 but with a
positive sign in front. In contrast to pg,, Pogr 1S @ minimum at
Z = Zeq, inCreasing away from this point, as in Fig. 2 B, where
we also see that p.¢ cannot exceed 1.0.

Since p,, and p.g are analogous to k,, and k¢, We can
obtain the probabilistic analog to the association constant
K4, denoted as P4, by dividing Eq. 2 by Eq. 3 and setting
Kai = 2K ,(i):

(ki(z — Zeq<i>)2)

Ponii
R S RLCES

off (i)

2
max Ki(Z — Ze (1))
= PA(i) exp (—TB]?) . (4)

A typical plot of Pa;)(z) is shown in Fig. 2 C. The height
of the peak is determined by the intrinsic affinity of the
receptor-ligand pair, Pf;‘i’;, whereas the bond stiffness «; de-
termines how far from the optimum intermembrane spacing
bonds can form, and hence the width of the peak in Fig. 2 C.
The quantity P )(z) defined in Eq. 4 thus denotes the overall
receptor-ligand affinity, which consists of both the intrinsic
affinity and the bond stiffness. Individually varying pJ®* and
pmin while keeping the ratio PR™ constant changes the
timescale of the simulation, but not the equilibrium behavior.
It is important to note that P,(z) is not a probability but a
probability ratio. The intrinsic affinity P most closely
corresponds to the quantity K4 and the mapping between K 5,
kons Kofr, and PR, plax, pg}ig‘, respectively, is given in the
Appendix.

Diffusion

On the other hand, if a molecule has been selected to undergo
diffusion, a random number trial with probability pgis) is
used to determine if the diffusion move will occur success-
fully. If the trial is successful, the selected molecule will
“hop”” by a distance of one nodal spacing in one of four
possible directions with equal probability. Because mole-
cules are not allowed to occupy the same node, the diffusion
hop will only occur if the appropriate nodes are unoccupied.
For example, three nodes need to be free for a BCR molecule
to diffuse the direction transverse to its length, whereas only
one free node is needed in order 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 com-
plexes, and three or five for BCR/Ag, complexes). The
mapping between pgsiy and the diffusion coefficient D is
given in the Appendix.

Biophysical Journal 92(12) 4196-4208
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Membrane free energy and deformation

Our simulation also allows the modeling of changes in the
originally spherical membrane shape as a result of receptor-
ligand binding. We use the membrane free energy used by
Qi et al. (11) and Weikl and Lipowsky (18), which has the
following form:

1
E = —// [KBACBA(Z - Zeq(BA))2

+ KLICLI Z — Zeg(LI) ) ]dxdy

/ Vz >+ B(V’z) ]dxdy 5)

The first integral in the equation relates to the energy
associated with receptor-ligand bond stretching, which is a
function of the concentration of BCR/Ag and BCR/Ag,
complexes, Cga, and the concentration of LFA-1/ICAM-1
complexes, Cp;, whereas the other two terms relate to the
energy associated with membrane tension (y) and bending
rigidity (B), respectively. The change in the membrane sepa-
ration distance z is modeled according to the well-known
Landau-Ginzburg formulation in the manner of Qi et al. (11),
which for the geometry used here has the form:

0z
= M(_KBACBA (Z - Zeq(BA)) - KLICLI(Z - Zeq(LI))

ot
+ V2 — BV42). (6)

The constant M relates the timescale of membrane
deformation relative to that of receptor-ligand binding,

Tsourkas et al.

such that for small M, the membrane will essentially retain its
shape for the duration of the simulation. Because the length
scale of membrane deformation (set by (,B/y)” %) is consid-
erably larger than that of a protein’s exclusion radius (~100
nm instead of ~10 nm), for the purpose of calculating z we
coarse-grain the NXN membrane surface lattice into 10 X 10
node subdomains over which z is constant. The concentra-
tion of BCR/Ag, BCR/Ag, and LFA-1/ICAM-1 complexes
in each of these subdomains is then calculated and entered in
the discrete form of Eq. 6.

Monte Carlo time step

In our algorithm, a number S of diffusion/reaction trials is
performed during every time step, at the end of which the
membrane height is adjusted using Eq. 6 with Dirichlet
boundary conditions obtained from Eq. 1. 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 T. Each Monte Carlo time step corresponds to 10>
as shown in the Appendix. A summary of our Monte Carlo
algorithm is shown in Fig. 3.

Model parameters

Our investigation strategy consists of successive virtual
experiments in which individual parameter values are varied

> Randomly selected molecule +

Unbiased
coin toss

probability P, successful

Yes

Randomly select one of four
neighbor nodes to move to
with equal probability

I Dissociation with
I probability p,

No Is selectgd node
unoccupied?

l Yes

< Complete the
diffusion move

Vv
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to determine the role of each parameter on synapse forma-
tion. Table 2 lists all biological parameters whose values can
be varied in our simulations, excluding the spatial parameters
listed in Table 1.

Many of the model parameters in Table 2 do not appear to
vary significantly during physical experiments. Relevant
experimentally obtained parameter values are listed in the
two columns on the left-hand side of Table 3. In some cases,
it is necessary to map the experimental value into the prob-
abilistic analogs used by our model (see Appendix), as is the
case with K4, kon, kote and PR™, pli®, pL‘}}“, respectively.
Adapted forms of the experimentally-derived published
parameter values used in our simulations are listed in the
two columns on the right-hand side of Table 3.

Diffusion coefficients of free molecules in a biological
membrane are in the range of ~0.01-0.1 ,u,mz/s (30), with
little variation between species. We thus collectively group
the individual diffusion probabilities of the free molecule
species from Table 2 (paifis)» Pdifica) Pditf)» Pdittay) Into a
single parameter pgifrr), and likewise group the individual
diffusion probabilities of the complexes, paisrma) and paisrrn,
into a single parameter pgisrc). A diffusion coefficient of the
order of 0.1 wm?/s approximately corresponds to Ddifi(F) =
1.0 (see Appendix), while pgisrcy is assumed to be unknown
and therefore variable.

The number of variable parameters can be further reduced
by making assumptions regarding the number of free BCR
and LFA-1 molecules initially present on the B-cell surface,
By and L,. For instance, assuming a typical membrane
protein molecule distribution of 10° molecules/cell (12,31),
and using a typical lymphocyte radius of 6 wm (resultant area
~450 wm?), the average molecular density is ~220 mole-
cules/um?. For a contact area of 9 um? this means B, =

TABLE 2 Parameters of the model

Parameter Description

pf)"n“(’é A Maximum BCR/Ag, BCR/Ag, complex formation probability
i Minimum BCR/Ag, BCR/Ag, complex dissociation probability
Pon(L1) Maximum LFA-1/ICAM-1 complex formation probability

pof'f(u) Minimum LFA-1/ICAM-1 complex dissociation probability
By Initial number of free BCR molecules

Ay Initial number of free antigen molecules

Lo Initial number of free LFA-1 molecules

Iy Initial number of free ICAM-1 molecules

KBA Stiffness of BCR/Ag bond

KL1 Stiffness of LFA-1/ICAM-1 bond

Zeq(BA) Equilibrium extracellular length of BCR/Ag complex
Zeq(LI) Equilibrium extracellular length of LFA-1/ICAM-1 complex
Ddiff(B) Probability of diffusion of a free BCR molecule

Ddiff(A) Probability of diffusion of a free antigen molecule

Ddiff(L) Probability of diffusion of a free LFA-1 molecule

Ddift() Probability of diffusion of a free ICAM-1 molecule
Pditisa)  Probability of diffusion of a BCR/Ag, BCR/Ag, complex
Pdiff(L1) Probability of diffusion of a LFA-1/ICAM-1 complex

M Timescale of membrane deformation

y Membrane tension

B Membrane bending rigidity
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Ly = 2000. Because we are assuming a zero flux condition at
the boundaries, the number of free molecules (B, Lo, Ag, 1o)
cannot increase above this initial value. Binding and clus-
tering at the center of the contact zone, however, will result
in a concentration gradient that in real situations would cause
a net flux of molecules into the contact zone. To address this,
we compensate by setting the initial number of free molecule
to a value higher than that given in experiments (6). From our
simulations, we find that the number of complexes formed is
not too large compared to By, Lo, Ao, and I (of the order of
hundreds) and we thus set By = Ly = 3000, which is
sufficient to compensate for diffusion into the contact zone.
A similar approach is used for /; and Ao.

It also is possible to estimate the equilibrium extracellular
domain length of the BCR/Ag complex, even though an exact
number is not available in the literature. In the in vitro
experiments we are basing our model on, the antigen mole-
cules are part of antigen-antibody immune complexes loaded
onto Fc receptors (5-8), which would indicate a minimum
extracellular domain length comparable to that of LFA-1/
ICAM-1 complexes, i.e., ~42 nm. However, it also is pos-
sible that in certain in vivo situations the antigens on the APC
surface are fragments <1 nm in length, which would set the
lower bound on the length of BCR/Ag complexes to the
typical length of an antibody molecule, 22-23 nm (25,26). In
our investigation we thus perform experiments where the
length of the BCR/Ag complexes is set to either 22 or 42 nm.

When these assumptions and simplifications have been
entered into our model, the list of variable parameters
reduces to that shown in Table 4. These are the parameters
for which defined values have not been reported, such as kga
and zeqga), (and which may well vary), or those that are
varied in actual synapse experiments, such as antigen mole-
cule number Ay and BCR affinity Pg‘?ﬁ A) = pg‘n“("B A) / p’or}"f‘}B A
These also are therefore the parameters we focused on as
possible driving factors of B-cell synapse formation.

RESULTS

No membrane deformation

Intrinsic affinity differences between BCR and LFA-1 can
drive synapse formation at low BCR affinity

In nature, BCR affinity for antigen is critical in determining
the strength of the B-cell response (32-36). In our simula-
tions, we found that intrinsic BCR affinity can be a leading
driver of synapse formation. In Fig. 4, the affinity of BCR for
antigen is varied across four orders of magnitude, from K, =
10°-10® M™', whereas the affinity of LFA-1 for ICAM-1 is
fixed at K = 10’ M~'. In Fig. 4 A (Ko = 10° M), the
affinity of BCR is clearly too low for a synapse to form, even
though the traces of one are discernible. In Fig. 4 B (K5 =
10° M_l), however, we can clearly see the difference in
intrinsic affinity between BCR and LFA-1 is sufficient to
produce patterns similar to experimentally observed B-cell

Biophysical Journal 92(12) 4196-4208
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TABLE 3 Experimentally measured parameter values and their probabilistic counterparts

Experimental parameter Measured value

Simulation parameter Mapped value

10°-10"° M~ (6,7)

10*-10° M~ 1571 (6,7)
1-107* 571 (6,7)

33 ;,Lmz/molecules 29)

0.33 /.Lm2 s~ !/molecules (29)
0.1s71 (29

10-1000 molecules./um? (6)
170 molecules/;,bm2 (6)

K5 BCR/Ag

kon BCR/Ag

kot BCR/Ag

K LFA-1/ICAM-1
kon LFA-1/ICAM-1
kotr LFA-1/ICAM-1
Antigen concentration
ICAM-1 concentration

KL1 40 uN/m (12)
Zeq(LD) 42 nm (12)

D free molecules ~0.1 ,umz/s 30)
y 24 uN/m (12)

8 5% 10727 (12)

max 2 6
ng,‘? A 10710
Pon(o) B
Dofr(BA) 107°-10
PR 10’
max
Pon(L1) 0.1 .
Poit(Lr) 10~
Ag 100-10,000 molecules
Iy ~2000 molecules
KLI Same
Zeq(LD) Same
Ddiff(F) 1.0
b% Same
B Same

synapses (6—8). No such pattern is observed when the af-
finities are equal (Fig. 4 C), whereas an inverted pattern
forms when BCR affinity exceeds LFA-1 affinity (Fig. 4 D).
The patterns generated in Fig. 4 are stable over a timescale of
hours, although they do not represent the final equilibrium
state of the system. The time evolution and final equilibrium
behavior of the patterns in Fig. 4 are discussed in the Sup-
plementary Material.

Our explanation for this behavior is as follows: Initially,
the various molecules, all in the free state, are scattered
uniformly over the cell surfaces. Because the region where
binding is possible (defined by p,,, > 0 and p.¢ < 1 in Fig. 2)
is relatively small compared to the overall region of contact,
at the start of our simulations most molecules are located
outside the region of binding. The synapse pattern forms as
free molecules from the periphery randomly drift into the
zone of binding until they eventually find a binding partner
and form a complex. If the complexes have relatively low
diffusivity, as is the case in Fig. 4, a ring-like pattern results
as the complexes tend to stay near where they formed, at the
edge of the region of binding. Over time these complexes
may break up, and some of the newly freed molecules are
equally likely to drift further into the zone of binding. As the
probability of binding is higher and that of dissociation lower
in the interior of the contact zone due to the curvature of the
membrane, the ring-like pattern becomes more cluster-like
over time. In Fig. 4 B, BCR has a lower affinity and higher
kogr than LFA-1, so that it forms a cluster at a faster rate than
LFA-1, thereby producing a synapse. The situation is
reversed in Fig. 4 D, whereas a purely random pattern is

TABLE 4 Unknown or variable parameters

Parameter Type
PE“,%A) Known, variable

N Known, variable

Ao Known, variable

KBa Unknown, may vary

Zeq(BA) May vary between ~22 and 42 nm
M Unknown

Daitf(c) Unknown, may vary
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produced in Fig. 4 C as the two species have the same affinity
and off-rate. These results show that pattern formation is in
large part driven by differences in intrinsic affinity between
the BCR/Ag and LFA-1/ICAM-1 (and in particular k).

BCR/Ag bond stiffness is crucial to synapse formation at
high BCR affinity

It is clear from the above results that differences in intrinsic
affinity between the two species are not sufficient to account
for synapse formation across the entire physiological range
of BCR affinity (Kx = 10°-10"° Mfl). However, given there
are several antibody molecules that serve as B-cell receptors,
and that these receptors encounter a wide variety of antigens,
it is reasonable to assume the stiffness of the BCR/Ag bond
(kga) Will vary in addition to the intrinsic affinity. In our
simulations we have discovered that increasing the stiffness
of the BCR/Ag bond above that of the LFA-1/ICAM-1 bond
can result in synapses forming over the entire physiological
range of BCR affinity. For example, our simulations show
that for BCR affinity Ky = 103 M~ a synapse such as the
one in Fig. 4 B will form with a BCR/Ag bond stiffness value
of kga = 80 uN/m, whereas an inverted synapse pattern
formed when the bond stiffness of the two species was equal
(Fig. 4 D). At higher BCR affinity values, a greater increase
in BCR/Ag bond stiffness is necessary to produce a synapse
(kpa ~ 160 uN/m at Ko = 10'°M™1).

Our explanation for this mechanism of synapse formation
is that increasing bond stiffness narrows the width of the
graphs in Fig. 2 (without lowering their peak heights), thereby
reducing the radius of the zone of binding for BCR and forc-
ing the BCR/Ag complexes into a smaller area. BCR/Ag com-
plexes thus form closer to the center than LFA-1/ICAM-1
complexes, resulting in a concentric pattern with BCR/Ag
complexes on the inside and LFA-1/ICAM-1 complexes on
the outside. If the bond stiffness is sufficiently high for a
particular BCR affinity value, the ring of BCR/Ag complexes
will compress into a cluster, resulting in a synapse. With in-
creasing BCR affinity, it takes increasingly longer for the BCR/
Ag complexes to collect into a cluster (since the dissociation
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FIGURE 4 Effect of varying BCR affinity (P'A(sa)) on synapse formation.
BCR/Ag complexes are shown in green, whereas LFA-1/ICAM-1 complexes
are shown in red. The complexes are plotted in random order so as to
simulate experimental intensity plots as closely as possible. In this set of
figures the affinity of BCR was varied from PR{Ea) = 10 to PAga) = 10*
(Ka ~ 10°=10° M "). In panel A the affinity is too low for synapse formation
but in B we see that the difference in affinity between BCR and LFA-1 is
sufficient to produce a synapse. This is no longer the case in panel C, where
the affinities are equal, whereas an inverted pattern forms in D, where

ABA) > Paiy. These images were taken after 7 = 10° time steps (100 s)
with PRy, = 1000 (K ~ 10" M), A4y = Iy = 2000 molecules, kg =
KL= 40 uN/M, ZeqwA) = Zeqn = 42 0, Paitie) = 1, Paittcy = 0-1, Poncsa) =
P = 0.1, Pt o) = 0.01 — 1077, and P = 1074,

probability decreases), and thus a stiffer bond is needed to
produce a synapse.

Significant membrane deformation

Synapses cannot form due to affinity differences in the
absence of a shift in LFA-1 affinity

No synapses are observed to form by the affinity-dependent
mechanism when significant membrane deformation is al-
lowed to take place. At low BCR affinity (K5 = 10° M),
the pattern formed is barely recognizable as a synapse, as can
be seen in Fig. 5 A. The BCR/Ag are not arranged in a com-
pact cluster and the center of the contact region moreover
contains large gaps filled by LFA-1/ICAM-1 complexes. At
high BCR affinity (K, = 10° M™") the BCR/Ag complexes
are distributed in a ring at the outer edge of the region where
binding is possible, even for relatively high BCR/Ag bond
stiffness (kga = 400 wN/m), as can be seen in Fig. 5 B.
These results indicate that membrane deformation has a
significant and detrimental effect on synapse formation. The
explanation for this can be seen in Fig. 6, where we see that
as a result of receptor-ligand binding, the membrane separa-
tion distance at the zone of binding achieves a uniform value
approximately equal to the equilibrium bond length of BCR/
Ag and LFA-1/ICAM-1 complexes (~42 nm). The effect of
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FIGURE 5 Effect of membrane deformation on synapse formation. In
panels A and B no synapse pattern is observed to form when LFA-1 is in a
high-affinity state from the start, both for (A) low BCR affinity and (B) high
BCR affinity and high BCR/Ag bond stiffness. In panel C, by contrast, we
observe a synapse at low BCR affinity (Ko ~ 10® M~") provided LFA-1 is
initially in a low affinity state and switches to the high-affinity state after 1 ~
30 s (also provided kgo = 160 uN/m). In panel D we see that this
mechanism no longer generates a canonical synapse at high BCR affinity
(Ka = 10°M™1), even when BCR/Ag bond stiffness is 10-fold greater than
that of LFA-1/ICAM-1 (kga = 400 wN/m). These images were taken after
T = 10 time steps (100 s) with PRiy, = 1000 (Kx = 10" M™1), Ag = Iy =
2000 molecules, KL = 40 /.LN/m, Zeq(BA) = Zeq(Ll) = 42 nm, paisr) = 1 and
Paitrey = 0.1, M ~ 1072 m*/Js, y = 24 uN/m, and B = 5 X 1072 J.

membrane curvature, which previously was crucial to syn-
apse formation by allowing the BCR/Ag complexes to
collect into a cluster at a faster rate than LFA-1/ICAM-1
complexes (when BCR affinity was less than LFA-1 affinity)
is now entirely negated. As the membrane separation dis-
tance in the contact region assumes this uniform value rather
rapidly (¢ ~ 2000 time steps; Fig. 6), the initial ring of BCR/
Ag complexes never compresses into a compact central clus-
ter, producing the pattern in Fig. 5 A. The uniform membrane
separation distance in the contact region also negates the
previously crucial effect of BCR/Ag bond stiffness at high
affinity, as it makes differences in bond stiffness irrelevant.
BCR/Ag complexes can thus form at the outer edge of the
zone of binding, generating the image seen in Fig. 5 B.

A shift in LFA-1 affinity can drive synapse formation

It recently has been hypothesized that LFA-1 on the B-cell
surface is initially in a low affinity state before contact with
the APC, and that it changes conformation to a high-affinity
state after outside-in signaling following BCR activation
upon antigen ligation (6,7,9). Our model shows it is possible
for synapses to form when significant membrane deformation
occurs only when the affinity and stiffness-dependent mech-
anism is combined with a shift in the affinity of LFA-1 from

Biophysical Journal 92(12) 4196-4208
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FIGURE 6 Cross-sectional view of the
time evolution of membrane shape as a
result of receptor-ligand binding. Already
by =20, we can see that the membrane
separation distance center of the contact
zone has more or less attained a uniform
value of z ~ 40 nm. This image sequence
was obtained with Poga) = 100 (Kp ~
10° M), Paqyy = 1000 (K = 107
M), Ag = Iy = 2000 molecules, K =

0 1 um 2um 0 1 um 2um 0 1 um 2um

low to high as a result of BCR/Ag binding. To model the
process, we initially set the affinity of LFA-1 to a low value
of Ko ~ 10* M, and switch it to the high-affinity value of
Ka = 10" M~ after 30 s have elapsed. A similar mechanism
of LFA-1 affinity modulation has previously been observed
in experimental systems involving immune cell activation
(37). In Fig. 5 C we see that at low BCR affinity, the coupling
of a shift in LFA-1 affinity with increased BCR/Ag bond
stiffness can result in the formation of synapses where none
formed previously (Fig. 5 A). Setting the time at which the
LFA-1 affinity shift occurs to > 30 s did not produce a
significant change in results, whereas decreasing it below
this threshold essentially negated its effect. At high BCR
affinity (K, = 10® M~ "), however, no synapses are observed
to form under any circumstances, regardless of BCR/Ag
bond stiffness values or LFA-1 affinity shift (Fig. 5 D).

Our explanation for synapse formation due to a shift in
LFA-1 affinity is as follows: When LFA-1 affinity is initially
low, almost all complexes formed are BCR/Ag complexes.
Because fewer complexes are formed, the central portion of
the membrane deforms more slowly than when BCR/Ag and
LFA-1/ICAM-1 complexes form simultaneously. This gives
the initial ring of BCR/Ag complexes enough time to com-
press into a cluster before the membrane separation distance
achieves a uniform value. By the time the affinity of LFA-1
is shifted, allowing rapid LFA-1/ICAM-1 binding, the center
of the contact zone is already occupied by the BCR/Ag
complexes, so that the LFA-1/ICAM-1 complexes cannot
achieve numerical superiority in the center but do so at the
periphery, generating a synapse pattern such as in Fig. 5 C.
As BCR affinity increases above Kx = 107 Mfl, the faster
rate of BCR/Ag complex formation results in faster mem-
brane deformation and hence it becomes increasingly dif-
ficult for synapses to form (Fig. 5 D). This suggests that yet
another mechanism must be responsible for synapse forma-
tion at high BCR affinity when significant membrane defor-
mation occurs.

Importance of molecular size and diffusion on
synapse formation

Though B-cell synapse formation experiments to date mostly
consider antigen loaded onto immune complexes (5-7),
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Kpp =40 uN/m, Zeq @A) = Zeqap = 42 nm,
Paisie) = 1, Paisrcy = 0.1, M ~ 1072 m¥
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which results in BCR/Ag complexes of length comparable to
LFA-1/ICAM-1 complexes, the possibility that the equilib-
rium length of the BCR/Ag complexes can vary in vivo and
can be equal to its minimum theoretical value (zeqma) =
22 nm) cannot be ruled out. In our simulations, we find that
setting zeqa) = 22 nm enhances the affinity and signaling-
mediated synapse formation mechanisms outlined above in
all cases. At the low end of BCR affinity (K, < 10° M) in
particular, the difference in length is sufficient to result in
synapses without a difference in bond stiffness or a shift in
LFA-1 affinity. Synapses formed with z.qpa) = 22 nm are
also larger than with zeqga) = 42 nm, ~1.5 wm in diameter
instead of ~1 um.

Throughout our investigations we also observed that syn-
apses only formed when complex diffusivity was lower than
free molecule diffusivity by at least an order of magnitude
(i.e., Pdiff(c) = 0.1 and Pdiff(F) = 1) This apphed regardless of
the synapse formation mechanism (affinity and stiffness-
dependent or LFA-1 affinity shift-dependent) or membrane
deformation regime. Our explanation is that as the diffusivity
of the molecular complexes increases, they become more
likely to diffuse away from the zone of binding and even-
tually dissociate, resulting in less ordered and stable patterns.
If the molecular complexes are as mobile as free molecules,
the synapse will never form as entropic forces will win over
free energy gain obtained from the ordered synapse pattern.
Thus an order-of-magnitude difference between complex
and free molecule diffusivity is needed for synapses to form
in all cases. This is consistent with recent studies that show
that the mobility of membrane proteins is strongly dependent
on size (38—40), and in our simulations the difference in size
between free monomeric molecules and BCR/Ag, com-
plexes is significant.

Effect of BCR bivalence

Throughout our simulations we have simulated BCR as a
bivalent molecule, and it is of interest to compare these results
with those obtained when BCR is simulated as a monovalent
molecule. The most immediate difference is that fewer BCR/
Ag complexes form with monovalent BCR, as the number of
binding sites for antigen is essentially cut by half. This results
in less dense BCR/Ag clusters and thus a lower probability of
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forming a synapse. For instance, the minimum BCR/Ag bond
stiffness needed for synapse formation with monovalent BCR
is roughly twice that needed with bivalent BCR.

Significantly, it is virtually impossible for synapses to
form with monovalent BCR when membrane deformation is
included in our model, no matter the BCR/Ag bond stiffness
value or whether a shift in LFA-1 affinity occurs. At the low
end of the BCR affinity range it is possible to obtain synapses
only with both very stiff BCR/Ag bond values (at least an
order of magnitude greater than LFA-1/ICAM-1) and a shift
in LFA-1 affinity, whereas at the high end of the BCR affin-
ity range no synapses form under any circumstances. Finally,
an additional difference is that as a monovalent BCR mole-
cule occupies only one node and can bind only a single anti-
gen molecule, it is more mobile than a bivalent BCR molecule
and hence synapse formation requires that pgisc) be at least
two orders of magnitude lower than pgi¢, in all cases.

DISCUSSION

Stochastic simulation of B-cell synapse formation reveals
that an affinity-dependent mechanism appears sufficient to
drive synapse formation in the absence of membrane defor-
mation. When intrinsic BCR affinity is lower than LFA-1
affinity by an order of magnitude, synapses can form solely
due to the difference in affinity. When intrinsic BCR affinity
is higher than LFA-1 affinity, it is necessary for BCR/Ag
bonds to be stiffer than LFA-1/ICAM-1 bonds in order for
synapses to form. While we have not found literature values
for BCR/Ag bond stiffness, our results indicate that the
minimum necessary difference in bond stiffness between the
two species is well within an order of magnitude (fourfold at
most). Given the wide variety of antigens a B cell can
encounter, we hypothesize that the requirement on BCR/Ag
bond stiffness is not particularly severe and is likely to be
met in many cases, particularly when considering that the
intrinsic affinity of BCR for antigen ranges across five orders
of magnitude. With the addition of significant membrane
deformation, differences in affinity and bond stiffness are not
sufficient to drive synapse formation and an additional mech-
anism, in the form of a signaling-driven shift in the affinity of
LFA-1 is necessary. Even with a shift in LFA-1 affinity,
however, synapses only form at the low end of BCR affinity,
with no synapses observed above K, = 10’ M~

Based on our model’s results, we propose the following
scenario as the most probable mechanism of synapse forma-
tion in B cells. As the B cell and APC approach each other,
the LFA-1 is in a low affinity state, so that binding begins
when the two cells are close enough for a BCR molecule to
bind to an antigen molecule. BCR binding to antigen also
initiates a signaling cascade directing LFA-1 to change con-
formation so that it can bind ICAM-1 with high affinity.
BCR molecules from the periphery drift into the zone where
binding is possible, whereupon they either bind to antigen
and form a complex, or eventually drift back out to the peri-
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phery again. Because molecular complexes are considerably
less mobile than free molecules, they tend to stay where they
form, at the edges of the zone of binding, producing a ring-
like pattern. This ring becomes more cluster-like over time as
some complexes break up and their constituent molecules
drift toward the center of the contact zone where they are
more likely to bind another molecule. During this process
the B-cell membrane deforms to accommodate the BCR/Ag
complexes at their equilibrium bond length. After ~30 s
have passed, enough LFA-1 molecules have shifted to the
high-affinity state so that LFA-1/ICAM-1 binding becomes
significant, accelerating membrane deformation and result-
ing in uniform membrane separation distance at the center of
the contact zone. The head start in binding of the BCR,
combined with the potentially higher bond stiffness of the
BCR/Ag bond, results in BCR/Ag complexes being numer-
ically dominant at the center of the contact zone. The more
flexible LFA-1/ICAM-1 bonds are more numerous at the
outer part of the contact zone, producing the canonical im-
munological synapse pattern. At the high end of BCR af-
finity (Ko = 10% M), the rate of membrane deformation
due to BCR/Ag complex formation is so high that the shift in
LFA-1 affinity is not sufficient to produce synapses, leading
us to speculate on the existence of additional synapse for-
mation mechanisms for high BCR affinity and significant
membrane deformation.

Although the B-cell synapse resembles the T-cell synapse
in appearance, our model indicates that the mechanisms of
synapse formation between T cells and B cells differ sub-
stantially. The primary mechanism of synapse formation in
T cells is believed to be the active cytoskeletal drive of the
TCR/MHCp complexes toward the center coupled with the
difference in extracellular domain length between TCR/
MHCp and LFA-1/ICAM-1 (11,12,14,18). Our results show
that this is clearly not the case in B cells, where differences in
extracellular domain length between the species are negli-
gible (6,7,25,26) and synapses can form without cytoskeletal
motion of receptors toward the center.

Comparison of our model’s result with experimental data
shows substantial agreement. With the mechanisms de-
scribed above, our model predicts synapse formation over
the entire range of physiological BCR affinity values (K5 =
10°-10'° M~") (6,7). Furthermore, our model does not
produce synapses below K = 10° M, which is in line with
experimental results (6,7). The minimum number of antigen
molecules needed for a synapse is ~1000 molecules, which
corresponds to a concentration of ~100 molecules/,umz, as-
suming a contact area of ~9 um?. The size of the synapses
predicted by our model is ~1-1.5 wm in diameter, which is
comparable to the 1-2-um diameter of real synapses. The
timescale of synapse formation in our model is of the order of
10° time steps, which is mapped to physical time by match-
ing the diffusion coefficients in our simulation to those
reported in experiments (see Appendix). This yields a 1 ms
per time step mapping, which means our model’s timescale
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of synapse formation corresponds to the experimentally
observed timescale of 1-2 min.

As it stands, our model possesses several attributes that
make it particularly suitable for modeling B-cell synapse
formation. The approach we are using is stochastic and dis-
crete in nature, and hence is suitable for the modeling of
situations of low antigen concentration, such as the onset of
the immune response. Our model incorporates the bivalent
nature of the BCR as well as changes in membrane shape due
to receptor-ligand binding. In addition, we use a Monte Carlo
scheme that is computationally efficient and can thus carry
out an entire set of virtual experiments in a matter of minutes.
Furthermore, we present a novel framework for mapping our
model’s probabilistic parameters into physical quantities and
vice versa (see Appendix). Such a framework is notably
absent from similar Monte Carlo models developed to study
such systems in the past (20) and to the best of our knowl-
edge is the first of its kind. Finally, our model can be easily
modified to model a variety of similar cell-cell systems.

Future work will be aimed at making our model increas-
ingly physiological, especially with regards to the modeling
of signaling-induced processes. Most important is the in-
vestigation of the mechanisms of synapse formation at high
BCR affinity when membrane deformation is significant.
Another extension of our work could involve further ex-
ploration of the precise form of the LFA-1 affinity shift in B
cells, about which little is currently known.

One of the main goals of this study is to make predictions
about the process of B-cell synapse formation that may be
experimentally tested. Accurate measurement of BCR/Ag
bond stiffness, complex diffusivity, membrane deformation,
and LFA-1 activation kinetics during synapse formation
would go a long way toward establishing the validity of our
model’s predictions. It is our belief the combination of com-
putational modeling and experimental investigations part of
an iterative process can lead to a full understanding of the
process of immunological synapse formation in B cells and
further account for the physiological responses observed
during B-cell immune function.

APPENDIX

Because some of the parameters of our model are probabilistic in nature and
therefore dimensionless, it is necessary to map them onto physical quantities
to be able to physically interpret the results. Two such mappings are
necessary: one that maps the probabilistic affinity PY™* to the association
constant K» and one that maps the size of our model’s time step to physical
time by relating pgi¢ to the physical diffusion coefficient D.

We begin this section with the mapping between P, and the association
constant K». To map values of P{™* onto corresponding values of K™, we
make use of the fact that at kinetic equilibrium, the two-dimensional associa-
tion constant, K5 p), can be obtained from the following relation (12,28,31):

Ccomplcx Ncomplcx

Cfree(l) X Cfree(Z) Nfree(l) X Nfree(Z)

- Area

Kpp)

Here C refers to the concentration (molecules/area), Neomplex 1S the number
of complexes formed at equilibrium, whereas Nyee(1) and Ngee() refer to the
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number of free molecules present at equilibrium. To map PY™ to Kxop), we
run our simulation for a particular value of PY™* to obtain Neompiexs Nfree(1)s
and Nfee(2), and calculate Kaop) from Eq. Al.

The results are shown in Fig. 7, where we see a linear relationship
between K op) and PR* of the form:

Kagpy = (2% 107> um’ /molecules) X P7™. (A2)

Because the affinity of BCR in the experimental literature is usually given
in units of three-dimensional Ky, it also is necessary to convert values of
Ka@p) to Ka@apy- This is done by first multiplying by the effective con-
finement length in the manner of Bell (31), for which we use the thickness of
cell membrane (~10 nm). Because Kap, is usually given in units of ML
the second step in the conversion consists of multiplying by the conversion
factor 1L = (0.1 m)* = 10"® um® and multiplying by Avogadro’s number
(1 mol = 6 X 10* molecules). This results in the following relation between
anx and KA(_‘;D)I

K X107’ pmes 50 0 01 o 3 — 1L
== = 0l pm X ———
A(3D) molecules A K 10" um’

6X10"molecules

e = (10'M™") X P},

(A3)

Thus, for example, the reported value of LEA-1 affinity of 3.3 wum*/molecule
(28) approximately maps to PK'E‘EI) = 1000 (using Eq. A2), which in turn
corresponds t0 K3p) = 10’ M ! (using Eq. A3).

Next, we establish the mapping of our model’s timescale to physical time.
There are two ways of doing this: One is to match the number of time steps it
takes to obtain a synapse in our model to the timescale of synapse formation
in experiments, and from there map pgsr, ph>, and pg}if" to their physical
counterparts. Another is to match the pg;¢r for which we obtain a synapse in
our model to the diffusion D reported in physical experiments, and allow the
timescale of our model to emerge naturally from this. Because it appears
more sound, we use the latter approach.

As with affinity, we map the probability of diffusion pg; to the diffusion
coefficient D by means of direct simulation. In these simulations, we note the
location and time of each molecule as it is created. For complexes, this is
simply the time and location at which they form, whereas for free molecules
this is either their initial location on the lattice and ¢ = 0, or if they have been
created as a result of a complex dissociating, the location and time at which

10

10

2
KA@D) (um“molec.)
=)

10-2 [ simulation
! Koy 253,
10" : :
10° 107 10* 10°
PA

FIGURE 7 Mapping between simulated affinity P4 and Kaep). The
relationship is perfectly linear, with order-of-magnitude increases in P
corresponding to order of magnitude increases in Kxp)-
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the complex dissociated. At each time step, the square of the distance the
molecule has traveled from its location of creation is divided by the number
of time steps that molecule has been in existence. This is then averaged over
all the molecules of that particular type to obtain the simulation diffusion
coefficient, Dy, at that particular time step. Thus we have:

N (xcurr - -xo)z + (ycurr - y0)2
=1 (tcurr - to)
N

We then run the simulation for a particular value of pg;s to obtain a time
plot of the value of Dy, in the manner of Fig. 8. From the figure, we see that
a probability of diffusion pgisr = 1 corresponds to a value of Dy, in the range
of 0.1-1 (nodal spacings)*/time step. We then multiply by the appropriate
conversion factor to convert the length in nodes to physical length:

D sim — (A4)

L0 (nodal spacings)’ (0.01 wm)’ 0 pm’
) time step (1nodal spacing)’®  timestep’
(A5)

We now match this value to that of diffusion coefficient in synapse
experiments found in the literature to obtain the physical length of time of
one of our model’s time steps. The literature value of the diffusion
coefficient in synapse experiments of ~0.1 wm?/s indicates that a single time
step in our model corresponds to 0.001 s, i.e., a 1 ms per time step mapping.
The observed time of synapse formation of # = 10° time steps in our simu-
lations thus corresponds to 100 s, which agrees rather well with the experi-
mental time of synapse formation of 1-2 min. With this timescale mapping,
the diffusion coefficient mapping now becomes:

Do = (0.01 wm)? % 10’ time steps % D.
s (1 nodal spacing)’ Is o
2
— 015 X Dy, (AG)
$

Once we have obtained the timescale mapping, it is straightforward to map
PN 0 ko through the relation:

10’ time steps i
kot = s Dot - (A7)
Thus, the reported ko for LFA-1 in the literature of 0.1 st (29)
corresponds to pg‘fif‘zu) = 10~*. Multiplying Eqs. A3 and A7, we obtain
the mapping between pi* and kop:

(nodal spacings2time step)

=Im

D
o

0 2000 4000 6000 8000 10000

Time (No. of time steps)

FIGURE 8 Plot of Dy, resulting from setting pgiir = 1.0.
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kon = (10 M™'s71) X p™,

on

(A3)

From this, we estimate the measured value of ko, = 2 X 10 M~ 's™! for the
HEL line of antigens in Carrasco et al. (6,7) approximately corresponds to a
pUX = 0.1. Because p™™ cannot exceed 1, to simulate values of &y, > 107
M 's™!, the mapping between pg and D would have to be changed by

matching pgier = 1 to a higher D value.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting
BJ Online at http://www.biophysj.org.
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