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ABSTRACT Catch bonds are characterized by average lifetimes that initially increase with increasing tensile force. Recently,
they have been implicated in T cell activation, where small numbers of antigenic receptor-ligand bonds at a cell-cell interface can
stimulate a T cell. Here, we use computational methods to investigate small numbers of bonds at the interface between two
membranes. We characterize the time-dependent forces on the bonds in response to changes in the membrane shape and
the organization of other surface molecules. We then determine the distributions of bond lifetimes using recent force-dependent
lifetime data for T cell receptors bound to various ligands. Strong agonists, which exhibit catch bond behavior, are markedly more
likely to remain intact than an antagonist whose average lifetime decreases with increasing force. Thermal fluctuations of the
membrane shape enhance the decay of the average force on a bond, but also lead to fluctuations of the force. These fluctuations
promote bond rupture, but the effect is buffered by catch bonds. When more than one bond is present, the bonds experience
reduced average forces that depend on their relative positions, leading to changes in bond lifetimes. Our results highlight the
importance of force-dependent binding kinetics when bonds experience time-dependent and fluctuating forces, as well as po-
tential consequences of collective bond behavior relevant to T cell activation.
INTRODUCTION
Membrane-associated proteins experience a variety of
forces at the interface between interacting cells. The forces
can arise from sources including membrane undulations,
cell motion, and active cytoskeletal processes (1). In the
context of cell adhesion, there has been significant interest
in protein-protein bonds known as catch bonds, which
have average lifetimes that initially increase with an
increasing tensile force (2,3). This is in contrast to the
more prevalent slip bond, which has an average lifetime
that decreases with increasing force (4). Well-studied exam-
ples of catch bonds include adhesion proteins that mediate
shear-enhanced adhesion, such as selectins in leukocytes
(5) and FimH in Escherichia coli (6–8). Catch bonds are
also involved in maintaining the integrity of multicellular
tissues in cadherin-based adhesions (9,10), and emerging
evidence suggests that T cells use catch bonds in their search
for antigens on the surfaces of other cells (11,12).

T cells orchestrate the adaptive immune response and use
the T cell receptor (TCR) complex to engage membrane-
presented ligands on the surfaces of other cells as they
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scan for antigen. An outstanding question in immunology
is how the T cell reliably distinguishes between self and
foreign ligands while being sensitive to even a single anti-
genic ligand (13–15). A number of recent studies have
shown that TCRs can exhibit catch-bond behavior when
engaged with stimulatory ligands, which raises the
intriguing question of whether the catch-bond behavior con-
tributes to the T cell’s specific and sensitive response
(11,12,16).

The TCR binds to peptide fragments presented by major
histocompatability complex proteins (pMHC) on the sur-
faces of other cells. The binding kinetics between the
TCR and pMHC are thought to largely control T cell activa-
tion (17,18), yet kinetics are difficult to measure in situ
(19–21). Work has begun to elucidate the importance of
forces on the TCR at the T cell interface (22). For example,
insight has been gained from experimental methods
including optical tweezers (12,23), biomembrane force
probes (11,24), atomic force microscopy (25), nanoparticle
tension sensors (26), and traction force microscopy (27,28).
Some of these studies have directly measured TCR-pMHC
binding times as a function of force, showing binding ki-
netics consistent with catch-bond behavior (11,12,24).

In this article, we focus on TCR lifetime data from
Liu et al. (11), who measured the force-dependent average
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lifetime of OT1 TCRs bound to ligands of varying stimula-
tory strength. As shown in Fig. 1, they observed that stimu-
latory ligands (OVA and A2) exhibited catch-bond behavior
whereas other ligands (E1 is shown here) exhibited slip-
bond behavior. The off-rate of a slip bond is commonly
described by the Bell model (4),

kslipoff ðf Þ ¼ k0 e
f =f0 ; (1)

where k0 is the off-rate at zero applied force, f is the applied
force on the receptor-ligand complex, and f0 is the reference
force. A number of simple mathematical models for catch-
bond kinetics exist, with a common description being the
two-pathway model (29),

kcatchoff ðf Þ ¼ kc e
�f =fc þ ks e

f =fs ; (2)

where c denotes catch-phase parameters and s denotes slip-
phase parameters. The average lifetime of a bond is given by
k�1
off . Fig. 1 also includes fits of the data that were obtained
using a nonlinear least-squares fitting procedure (parameters
are tabulated in the Supporting Material).

It is interesting to consider the implications of catch-bond
behavior in the context of antigen discrimination by T cells,
as many factors influence the formation and dissociation of
TCR-pMHC complexes at the T cell interface. For example,
differences between the lengths of the TCR-pMHC complex
and other key surface proteins have led to the kinetic-segre-
gation model for TCR triggering, in which large proteins are
excluded from regions near TCR-pMHC complexes (30,31).
This is due to the relatively short distance between mem-
branes imposed by the TCR-pMHC complex (z13 nm)
that restricts access of longer molecules such as the trans-
membrane phosphatase CD45 (�50 nm) (32). The exclusion
of CD45 is proposed to locally alter the balance of kinase
and phosphatase activity near the intracellular domain of
the TCR complex (30). It is energetically unfavorable to
bend membranes over short length scales, and the coupling
of protein size exclusion to membrane bending mechanics
can lead to deformations of the membrane, a large-scale
FIGURE 1 Force-dependent lifetime data (points) for the OT1 TCR

bound to three different ligands. Data points are from Liu et al. (11).

OVA and A2 exhibit catch-bond behavior. Solid lines are nonlinear least

squares fits to the data using Eq. 1 for E1 and Eq. 2 for OVA and A2. To

see this figure in color, go online.
reorganization of the membrane, and a time-dependent force
on a single TCR-pMHC bond (32–35).

Although experiments have studied the effects of a fixed
force on TCR-pMHC bonds, it is unclear how small
numbers of catch bonds at the cell-cell interface are influ-
enced by dynamic forces resulting from membrane shape
changes, reorganization of long surface molecules, and ther-
mal fluctuations. In this work, we consider a computational
framework that represents small numbers of bonds at the
interface of a T cell and an antigen-presenting cell. We
begin by introducing the framework and computational
methods. We then explore the dynamic response to the for-
mation of one or more fixed bonds, characterizing the result-
ing membrane reorganization, the time-dependent forces
experienced by the bonds, and the resulting distribution of
bond lifetimes. By using the data discussed above, we assess
the influence of catch- versus slip-bond binding kinetics in
the context of TCR binding.
MATERIALS AND METHODS

Membrane dynamics

We consider a framework in which two apposed membranes are connected

by one or more static intermembrane bonds. The membranes are modeled

as continuum surfaces characterized by a bending rigidity that penalizes

membrane deformations. The intermembrane bonds constrain the mem-

branes to reside at a fixed distance apart at the location of the bonds. The

membrane shape and distribution of long surface molecules evolve in

time in response to the presence of bonds.

We consider a square domain and denote the position- and time-depen-

dent distance between the membranes by z(x,y,t). The concentration of

long surface molecules is denoted by CSM(x,y,t) and the total energy of

the system is

E½z;CSM� ¼
ZZ

dx dy
�k
2

�
V2z

�2 þ CSMEp

�
; (3)

where k is the membrane bending rigidity and Ep is the energy associated

with compression of the long surface molecules (32,33,36). The total en-

ergy is composed of two parts: the first is the bending term of the Helfrich

Hamiltonian in the limit of small deformations (37), which penalizes

bending of the membrane. The second part penalizes the presence of

long surface molecules if the local membrane separation differs from their

natural length, zp. The compressional energy takes the form Ep(x,y,t) ¼
kp(zp – z)2/2. Position and time arguments are omitted for clarity.

We adopt a hybrid computational scheme to characterize the dynamics of

the intermembrane distance profile (z) and the concentration profile of long

surface molecules (CSM): CSM is governed by an advection-diffusion equa-

tion and the membrane adapts by mechanically equilibrating in response to

the changing concentration profile. Given a membrane shape, the concen-

tration of long surface molecules changes according to

vCSM

vt
¼ DV2CSM þ D

kBT
V ,

�
CSMVEp

�
; (4)

where D is the diffusion coefficient and kBT is the thermal energy. Thus,

the concentration of long surface molecules evolves in time in response

to the shape of the membrane, which affects Ep. To solve the advection-

diffusion equation, we employ an explicit forward-time difference

method and spatially discretize the system, using central finite difference
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approximations with periodic boundary conditions. After each time step,

we use Metropolis Monte Carlo computer simulations to generate a mem-

brane configuration that is sampled from thermal equilibrium. Allard et al.

(32) adopted a similar framework in which the equilibrated membrane sep-

aration profile was solved using a generalized Euler-Lagrange equation to

minimize the energy. Using Monte Carlo methods allows one to account

for thermal fluctuations in the membrane shape and provides flexibility in

solving systems with various distributions of intermembrane bonds.

We initialize the system by assuming that one or more intermembrane

bonds have formed and that long surface molecules are homogeneously

distributed with concentration CSM,0. Locations with bonds are pinned to

their natural length (13 nm). We first equilibrate the intermembrane height

profile given the presence of bonds and the uniform distribution of long sur-

face molecules. The concentration profile of long surface molecules is prop-

agated forward in time using the advection-diffusion equation, after which

the membrane height profile is equilibrated. This process is then repeated to

determine the time evolution of the system.

Parameters used in the model are summarized in Table 1. The system size

is 510 nm � 510 nm, which is sufficiently large such that finite-size effects

do not influence the results. The spatial discretization size is Dx ¼ 10 nm,

which is commensurate with the footprint of a single TCR complex within

the T cell membrane (38). The time step is chosen to ensure stability of the

numerical solutions of the advection-diffusion equation (Supporting Mate-

rial) (39). To assess the effects of bending rigidity, we consider two values

(k ¼ 12.15 and 40 kBT) that span biologically relevant values (32,40–42).

The compressional stiffness, kp ¼ 0.1 pN/nm, is consistent with previous

estimates (32) and is sufficiently large to drive segregation of long surface

molecules away from TCR-pMHC bonds.
Monte Carlo simulations

Monte Carlo simulations are used to update the spatially discretized distance

profile z(x,y,t). Trial configurations are generated by randomly choosing a lat-

tice site and perturbing the distance by a uniformly sampled random variable

between �0.05 and 0.05 nm. After calculating the resulting energy change

(DE) using Eq. 3, the trial configuration is either accepted or rejected

according to the Metropolis criterion: Energetically favorable (DE< 0) trial

configurations are accepted; otherwise, the trial configuration is accepted

with probability exp(�bDE), where b ¼ 1/kBT. After bonds are placed

between the two membranes, we run the initial equilibration for 105 � 512

attempted configuration updates. After each update to CSM, the membrane

height profile is equilibrated for 5� 103� 512 attempted updates. The num-

ber of steps required for equilibration is significantly smaller because the

changes are more subtle after the initial binding event. For each set of con-

ditions considered below, we run 10 independent trajectories.

In the results, we are interested in the effects of thermal fluctuations. As

such, we also conduct simulations in which we let b/N in the Metropolis

criterion. For these simulations, any trial configuration with DE % 0 is

accepted and any energetically unfavorable trial configuration is rejected.
TABLE 1 Model Variables and Parameters

Variable Definition Value Units

CSM(x,y,t) concentration of long SMs — [mm�2]

z(x,y,t) intermembrane distance — [nm]

CSM,0 initial concentration of SMs 1000 [mm�2]

D diffusion coefficient 0.01 [mm2/s]

k membrane bending rigidity 12.15, 40 [kBT]

kp compressional stiffness of SMs 0.1 [pN/nm]

zp natural length of SMs 50 [nm]

z0 TCR-pMHC complex height 13 [nm]

Dx lattice spacing 10 [nm]

Dt time step 7.5 � 10�4 [s]

SMs, surface molecules.
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Thus, the energy decreases monotonically. In results below, we refer to sim-

ulations ‘‘without thermal fluctuations’’ when b / N.
Bond tension and survival probability

The force experienced by a bond at time t is given by f ðtÞ ¼ vE=vz j x¼x0
,

where x0 denotes the position of the bond (32). We compute the derivative

numerically by perturbing the intermembrane distance upward and down-

ward from its constrained value of z0 (43). Given the time-dependent ten-

sion on the bond, we calculate the distribution of rupture times. For every

time step Dt, the probability that a bond ruptures is

prupðf Þ ¼ 1� e�koff ðf ÞDt; (5)

where koff(f) is the force-dependent dissociation rate. We report the calcu-

lated distributions in terms of the survival probability, S(t), which gives the

probability that a bond has not ruptured by time t,

SðtÞ ¼
Y
i¼ 0

Nt�1

exp
�� koffðf ðtiÞÞDt

�
: (6)

Here Nt ¼ t/Dt denotes the number of time intervals and f(ti) is the force at

time ti.
RESULTS

We begin by examining a system with a single bond. We
characterize the membrane response to bond formation,
the time-dependent bond tension and associated fluctua-
tions, and the probability that the bond remains intact as a
function of time. We then explore the impact of an addi-
tional bond as the distance between bonds is varied.
Bond formation drives membrane reorganization

The formation of an intermembrane bond causes a response
in the membrane shape (z) and in the distribution of long
surface molecules (CSM). Fig. 2 A shows snapshots of
z and CSM from a sample trajectory with a single bond at
the center of the domain. Because the TCR-pMHC bond
is shorter than the surrounding long surface molecules, there
is an energetic penalty for molecules near the bond. This
leads to a rapid expulsion of long surface molecules from
the region near the bond, leading to a ring of high concen-
tration that can be observed at t ¼ 0.05 s. The size of the re-
gion in close apposition increases slightly between the two
time points, and fluctuations in the distance profile are re-
flected in the nonuniform shape of this region and in the het-
erogeneity of z far from the bond.

To more completely characterize the time-dependence of
z and CSM, we consider a one-dimensional strip containing
the bond and plot the time-dependence of z and CSM along
the strip as a kymograph (Fig. 2 B). For CSM, there is a
broadening of the region depleted in long surface molecules
(i.e., the ‘‘depletion zone’’) and an eventual dissipation of
the high-concentration ring due to the diffusion of mole-
cules from the ring into the region far from the bond. For
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FIGURE 2 Characteristic response to the formation of a bond (with thermal fluctuations). (A) Shown are snapshots of the concentration of long surface

molecules (top row) and the intermembrane distance (bottom row) with k¼ 12.15 kBT. Each column corresponds to a different time point. The bond is located

at the center of the domain. (B) Kymographs of CSM and z from a one-dimensional slice containing the bond are shown. To see this figure in color, go online.

FIGURE 3 Time evolution of the effective diameter (d) of the depletion

zone. Data is averaged over 10 independent trajectories for each condi-

tion. Simulations with thermal fluctuations (solid lines) lead to a more

rapid expansion of the depletion zone than simulations without thermal

fluctuations (dashed lines). Increasing the membrane stiffness, k, promotes

the formation of a larger depletion zone. To see this figure in color, go

online.
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z, one can see a slight broadening of the deformed region
and the presence of fluctuations, although the shape of the
deformation remains largely stable. Results for k ¼ 40
kBT are qualitatively similar with a broader depletion
zone, and analogous results from simulations in which ther-
mal fluctuations are neglected are included in the Support-
ing Material. In this case, the membrane shape evolves to
minimize energy at each time point. The results are qualita-
tively similar to Fig. 2, but the lack of thermal fluctuations in
the membrane shape leads to smoother features.

The influence of bending rigidity and thermal fluctuations
on membrane relaxation are more clearly observed in Fig. 3.
Here, we plot the characteristic diameter of the depletion
zone, d(t) ¼ (4Adep(t)/p)

1/2, where Adep is the area of the
membrane with CSM % 0.01 CSM,0. For the two bending ri-
gidities considered, the size of the depletion zone increases
more rapidly for the case with thermal fluctuations, although
the difference is more pronounced at the larger value of k.
Fig. 3 also demonstrates the effect of membrane bending ri-
gidity on the size of the domain surrounding the bond.
Because larger values of k impose higher energetic penalties
for bending, the intermembrane shape with k ¼ 40 kBT
adopts a locally flatter shape near the bond, and a larger
footprint overall. This in turn leads to a larger region in
which it is energetically unfavorable for long surface mole-
cules to reside. Thus, increasing the membrane stiffness, k,
promotes the formation of a larger depletion zone. The size
of the depletion zone is consistent with results from Allard
et al. (32), in which a depletion zone of z80 nm formed
with k ¼ 12.15 kBT.
Bonds experience a time-dependent tension with
fluctuations driven by membrane shape
fluctuations

When a bond forms, changes in membrane shape and sur-
face organization alter the energy profile near the bond,
which leads to a time-dependent force on the bond. As the
Biophysical Journal 113, 120–131, July 11, 2017 123



FIGURE 5 Gaussian fits of the probability densities for the mean-

centered forces obtained from simulations with and without long

surface molecules present. Results are shown for k ¼ 12.15 kBT (blue)

and k ¼ 40 kBT (green). Histograms of mean-centered force data are

included as insets for cases with (solid) and without (dashed) long surface

molecules. Each condition uses data from 10 trajectories, with forces for

t > 0.5 s used when long surface molecules are present. To see this figure

in color, go online.
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system evolves toward more energetically favorable config-
urations, the average tension on the bond decreases. In
Fig. 4, we compare the average tension experienced by a
bond both with and without thermal fluctuations. Increasing
the membrane bending rigidity (k) leads to a larger average
tension on the bond. The presence of thermal fluctuations
leads to a smaller initial average force and a faster decay
of the tension, which is consistent with the faster relaxation
of the membrane discussed above. The difference is more
pronounced at larger k.

Comparing cases with and without thermal fluctuations, it
is evident that membrane fluctuations lead to significant
fluctuations in the force on the bond. To characterize the
force fluctuations, we determine the distribution of forces
for t > 0.5 s, as the depletion zone is almost completely
formed during this time. For k ¼ 12.15 kBT, the bond expe-
riences a force of 7:0756:32 pN (average 5 SD); for k ¼
40 kBT, the bond experiences 13.55 11.6 pN. The distribu-
tion of mean-centered forces is shown in Fig. 5, which dem-
onstrates the broader range of fluctuations at the larger
bending rigidity. By comparison, without fluctuations, the
average force on the bond at t ¼ 1 s is 6.99 pN for k ¼
12.15 kBT and 13.9 pN for k ¼ 40 kBT. The forces at k ¼
12.15 kBT are smaller than those reported by Allard et al.
(32), although they follow the same characteristic decrease
over time and are within the range of forces obtained
when parameters in their model were varied within biolog-
ically relevant regimes.

The concentration of long surface molecules near the
bond is small, suggesting that the fluctuations are a conse-
quence of fluctuations in z near the bond. For comparison,
we also consider a system with a single bond and no surface
molecules. For such a system, there is no driving force for
the membrane to deform. Thus, the average membrane sep-
aration should be 13 nm throughout the domain and the
average force on the bond should be negligible because
the membrane is locally flat on average. In our simulations,
FIGURE 4 Average bond tension as a function of time. The average ten-

sion at each time point is calculated by averaging the tension from 10 inde-

pendent simulation trajectories with k ¼ 12.15 kBT (blue) and k ¼ 40 kBT

(green). The cases without fluctuations are shown in darker shades. To see

this figure in color, go online.
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the mean force on the bond is z0 pN, as expected. We plot
the distribution of forces in Fig. 5 along with the mean-
centered forces from the cases with long surface molecules.
The distributions are strikingly similar, which suggests that
inherent shape fluctuations, independent of the surface mol-
ecules, drive the fluctuations in the force. It also underscores
how a bond, even with zero average tension, can experience
large forces due to shape fluctuations alone.

The physical picture that emerges from these results is
that the evolving average shape of the membrane near the
bond leads to a changing average tension on the bond. Fluc-
tuations in z in the region surrounding the bond give rise to
fluctuations in the bond tension with the characteristic size
of the force fluctuations similar to the characteristic size
at an undeformed interface.
Catch bonds enhance binding times

Given the forces characterized above, we now investigate
their impact on the binding times of different ligands rele-
vant to OT1 T cell activation. Fig. 6 shows the average sur-
vival probability as a function of time for the three ligands
shown in Fig. 1. At zero applied force, the slip bond (E1)
has the longest average lifetime, which is consistent with
its survival probability being higher than the two stimula-
tory catch bonds (Fig. 6 A). When the slip bond experiences
time-dependent forces, the bond ruptures more quickly
(Fig. 6, B and C), with bonds breaking almost immediately
at the higher bending rigidity. At the lower bending rigidity,
the survival probability decays more rapidly with fluctua-
tions. Because the time-dependence of the average force is
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FIGURE 6 Survival probabilities for different ligands. Each survival probability curve is calculated by averaging 10 independent survival curves. Different

ligands (OVA, A2, and E1) are considered with (solid) and without (dashed) thermal fluctuations. (A) For survival probabilities with zero applied force, the

slip bond (E1) exhibits the longest average lifetime. (B) Shown here are survival probabilities with k ¼ 12.15 kBT. (C) Shown here are survival probabilities

with k ¼ 40 kBT. To see this figure in color, go online.
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similar both with and without fluctuations, fluctuations
involving larger forces increase the likelihood of bond
rupture and enhance the decay of S(t).

When forces are taken into account (Fig. 6, B and C), both
catch bonds (OVA and A2) are far more likely to remain
intact than E1. Furthermore, OVA, which is the more potent
agonist, is more likely to remain intact than A2. At k ¼
12.15 kBT, the survival probabilities for catch bonds decay
more quickly when thermal fluctuations are taken into ac-
count. At k ¼ 40 kBT, the survival curves with fluctuations
initially decay more slowly, but eventually fall below the
curves without fluctuations. The initial decay is consistent
with the average force plots (Fig. 4), where the difference
in the average force is most pronounced at short times for
k ¼ 40 kBT. At longer times, when fluctuations are ne-
glected, the average force decays to values close to the
peak of the lifetime curve (Fig. 1). However, for the case
with fluctuations, even though the average force leads to
relatively long lifetimes, the fluctuations enhance the likeli-
hood of bond rupture.

Thus, the physical picture that emerges is that thermal
fluctuations lead to faster relaxation of the membrane and
a more rapid decrease in the average force on a bond.
This can have the effect of enhancing the survival probabil-
ity of a bond at short times, as for the catch bonds with k ¼
40 kBT. However, if the average force on the bond is close to
the force that maximizes the lifetime, the fluctuations lead to
a smaller average lifetime.
The distance between bonds impacts bond
tensions and survival probabilities

When a T cell interacts with another cell, multiple TCRs are
likely to engage pMHC and mutually influence each other’s
behavior. In this section, we investigate cooperative effects
by introducing a second bond that is separated by a fixed
distance (20, 40, 80, and 160 nm). As before, we charac-
terize how the separation distance influences membrane or-
ganization, forces on the bonds, and survival times of the
bonds. In a dynamic intermembrane environment, it is likely
that TCR-pMHCmobility would lead to the bonds changing
their positions to achieve more favorable energy configura-
tions. We focus on fixed separations to carefully assess the
resulting forces without complications of bond motion.
The results give insight into trends related to bond tensions
at different separation distances and are expected to provide
a good approximation of the membrane dynamics at short
timescales. Fig. 7 shows snapshots and kymographs of the
surface molecule concentration and distance profile for
two bonds separated by 160 nm. At this distance, a separate
depletion zone forms around each bond at short times, but
by 1 s, the depletion zones merge with each other. A single
domain develops at shorter times for all cases in which the
bonds are closer.

Fig. 8 shows the characteristic size of the depletion zone
(d) at various distances between the bonds. As for a single
bond, stiffer membranes lead to larger depletion zones.
Additionally, thermal fluctuations expedite the formation
of depletion zones at k ¼ 40 kBT. With separations of 20,
40, and 80 nm, a single depletion zone forms at short times.
It takes longer to form a single domain for the largest sepa-
ration (160 nm), which is reflected by the depletion zone
having a delayed second phase of growth that does not
converge during the simulation. The drive to form a single
domain is a consequence of the larger bending energy asso-
ciated with having two minima in z rather than a single
domain. If the separation between the two bonds is small,
the intermembrane distance profile quickly adopts a single
minimum and long surface molecules rapidly vacate the re-
gion between the bonds. As the distance between bonds in-
creases, there is a smaller driving force to form a single
depletion zone because the energetically unfavorable perim-
eter of the region grows. At sufficiently large bond separa-
tions, the domains would remain approximately
independent. At small k, the driving force to form a single
domain is also smaller, and hence the long surface mole-
cules persist for longer in the region between the bonds.

The distance between the bonds affects the time-depen-
dent tension experienced by each bond in the system.
Fig. 9 compares the average force on a bond given that a sec-
ond bond is 20 or 160 nm away. The force is reduced when
the bonds are close to one another, and the tension is similar
Biophysical Journal 113, 120–131, July 11, 2017 125
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FIGURE 7 Characteristic response to the formation of two bonds separated by 160 nm (with thermal fluctuations). (A) Shown are snapshots of CSM

(top row) and z (bottom row) with k ¼ 12.15 kBT. Each column corresponds to a different time point. (B) Kymographs of CSM and z from a one-dimensional

slice containing both bonds are shown. To see this figure in color, go online.
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to that of a single bond when the bonds are well separated.
Table 2 shows the average force at long times on a bond for
various separation distances. The average force increases as
the separation distance increases. When two bonds are suf-
ficiently close, they share the load associated with deform-
ing the membrane, and each experiences a smaller force
than a single, isolated bond.

For each distance separating the two bonds, we charac-
terize the average survival probability over time for a bond
given that the other bond remains intact. Fig. 10 shows the
fraction of bonds that remain after 1 s (denoted by f) for
each survival probability curve. Thermal fluctuations
reduce f for all cases considered, and the value of f at
the largest separation distance is similar to that of a single,
isolated bond. At k ¼ 12.15 kBT, load sharing between two
catch bonds (at separation distances of 20, 40, and 80 nm)
decreases the fraction bound in the absence of fluctuations
but has minimal influence when fluctuations are present.
This is because the average force when two bonds are
close gives an effective lifetime that is similar to the
zero-force case (shorter lifetime). However, fluctuations
sample a broader distribution of lifetimes, weakening the
dependence on the average force. At k ¼ 40 kBT, load
sharing between two catch bonds enhances the binding
fraction both with and without fluctuations. This is
because the average force at long times is close to the
force that maximizes the lifetime of the bond. For all
cases, the slip bond is significantly less likely to remain
intact at 1 s.
126 Biophysical Journal 113, 120–131, July 11, 2017
DISCUSSION

The results above describe the time-dependent force experi-
enced by bonds tethering two membranes when bond forma-
tion drives changes in membrane shape and organization of
long surface molecules. Given recent experimental data that
measured the average force-dependent lifetime of a TCR
bound to various ligands (11), we characterized resulting
bond-rupture distributions using the dynamically changing
tension on the bond. For all of the cases we considered,
the forces on the bonds lead to a higher survival probability
of catch bonds (OVA and A2) compared with the slip bond
(E1). This is in contrast to their behavior at zero force, when
the slip bond remained intact longer on average. In this sec-
tion, we further discuss features of the force fluctuations, the
role of catch bonds in enhancing lifetimes and buffering
fluctuations, and additional biological features such as col-
lective effects when multiple bonds are present.
Features of force fluctuations

In Fig. 5, we showed that the mean-centered distribution of
forces on a single bond was strikingly similar to the force
distribution with no surface molecules present. This similar-
ity holds despite the different average force experienced by
the bonds in the two cases. Thus, even though the average
shape of the membrane leads to a nonzero force on the
bond when long surface molecules are present, the fluctua-
tions in shape lead to the same distribution of fluctuations
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FIGURE 8 Time evolution of the effective diameter (d) of the depletion

zone for two bonds separated by different distances. Data is averaged over

10 independent trajectories for each condition. Results with (solid) and

without (dashed) thermal fluctuations are shown for (A) k ¼ 12.15 kBT

and (B) k ¼ 40 kBT. To see this figure in color, go online.

TABLE 2 Average Force and SD on a Bond Given that a

Second Bond Is Located a Fixed Distance Away

k ¼ 12.15 kBT k ¼ 40 kBT

Separation (nm) hfi 5 s (pN) hfi 5 s (pN)

20 3.43 5 6.16 7.06 5 11.38

3.63 7.14

40 3.56 5 6.24 7.23 5 11.39

3.79 7.38

80 3.78 5 6.01 7.56 5 11.74

4.25 8.11

160 6.87 5 6.34 9.67 5 11.63

7.16 11.42

Single bond 7.07 5 6.32 13.46 5 11.60

6.99 13.90

The averages and SDs are calculated for t > 0.5 s. Forces reported without

SDs are the average force at the final time point (1 s) of simulations without

thermal fluctuations. hfi, Average force; s, SD.

Catch Bonds at T Cell Interfaces
about the mean. The characteristic size of force fluctuations
is also similar when multiple bonds are present (Table 2).
We have assumed that the concentration of long surface
molecules is governed by a deterministic advection-diffu-
sion equation, which ignores fluctuations in local copy
numbers of the molecules. However, because the long sur-
FIGURE 9 Average force on a bond when a second bond is a fixed dis-

tance away. Results with (solid) and without (dashed) thermal fluctuations

are shown for k ¼ 40 kBT. For each case, data is averaged over 10 indepen-

dent trajectories. The average bond tension increases with increased sepa-

ration. To see this figure in color, go online.
face molecules are almost completely excluded from the re-
gion around the TCR-pMHC bond, fluctuations in the local
concentration are expected to have a negligible influence on
the bond tension.
FIGURE 10 Fraction of bonds that remain at t ¼ 1 (f) as a function of

bond separation distance. Rows correspond to different ligands (OVA,

A2, and E1) and columns correspond to different values of k. Results

with (diamonds) and without (squares) fluctuations are shown. For compar-

ison, the value of f corresponding to a single bond is plotted as a horizontal

line. It is similar to the value of f for a bond when another is 160 nm away.

For every condition tested, the catch bonds have a larger binding fraction

than the slip bond. To see this figure in color, go online.
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It is interesting to view the survival probability curves
in the context of the force fluctuations. Due to large fluc-
tuations, the bonds occasionally experience forces far
exceeding the average force. For large forces, the off-
rate grows exponentially, koff(f) z ks exp(f/fs). Thus, a
concern might be that large forces might effectively sever
the bond due to the large off-rate. We tested the effect of
the sampling time by recalculating the survival probability
curves using the force at every other time point (doubling
the sampling time). This has the effect of making fluctu-
ations longer-lived, yet we find marginal changes in the
survival probability curves. Thus, there is no evidence
that outliers in the rupture probability significantly alter
the survival curves. Additionally, this provides support
for the assumption of mechanical equilibrium of the mem-
brane, as fluctuations that stay correlated over longer
times do not significantly change the survival probability
curves.
TABLE 3 Average Force and SD on Edge Bonds and the

Center Bond in a Configuration with Three Colinear Bonds

Edge Bonds hfi 5 s (pN)

Center Bond

hfi 5 s (pN)

20 nm separation 10.89 5 11.31 �7.64 5 10.81

40 nm separation 10.20 5 11.68 � 4.58 5 11.34

80 nm separation 10.06 5 11.51 �0.46 5 11.40

The separation distance is the distance between each edge bond and the cen-

ter bond. The averages and SDs are calculated for t > 0.5 s. hfi, Average
force; s, SD.
Catch bonds buffer fluctuations

Our results suggest that catch bonds may buffer against
thermal fluctuations when compared with slip bonds. For
example, consider an average bond tension that is close to
the force maximizing the bond lifetime. The slope of the life-
time curve is small (Fig. 1), and thus small fluctuations in the
force donot significantly affect theoff-rate. To further explore
this, consider the effective off-rate given an average force (fA)
on a bond. Assuming a Gaussian distribution of fluctuations,
we can write the ratio of the effective (average) off-rate to the
off-rate evaluated at the average force as�

koffðfAÞ
�
f

koffðfAÞ ¼ 1

koffðfAÞ
ffiffiffiffiffiffiffiffiffiffi
2ps2

p
Z N

�N

df koffðfA þ f Þ

� exp

	
� f 2

2s2



:

(7)

Using Eqs. 1 and 2 for koff(f), we computed this quantity for
the three different ligands using values of s obtained from
simulations. Fig. S3 shows the value of this ratio for a range
of fA. For all values of fA, the ratio is largest for the slip bond.
Thus, fluctuations increase the effective off-rate of the slip
bond by the greatest factor, and the catch bonds suppress
the effects of force fluctuations in comparison.

We can further evaluate the effective off-rate at large
values of the force. In particular, for catch bonds with
fA >> fc, averaging over the fluctuations gives�

koffðfAÞ
�
f

koffðfAÞ ¼ exp

	
s2

2f 2s



: (8)

Thus, the effective off-rate is larger than koff(fA), with
broader distributions (larger s) leading to higher effective
off-rates. Note that the catch bonds have values of fs approx-
128 Biophysical Journal 113, 120–131, July 11, 2017
imately two times larger than the corresponding parameter
(f0) in the slip-bond model. For a given value of s, the larger
value of fs suppresses the ratio for the catch bonds in com-
parison with the slip bond. From Fig. S3, it can be seen
that this approximation is good when f T 15 pN.

To investigate how the parameters in Eq. 2 influence bond
dissociation, we consider the case of OVA and independently
vary two of the four parameters at a time. Fig. S4 summarizes
the survival probability of a single bond for four different
combinations of parameters with k ¼ 12.15 kBT. When the
slip-phase reference force fc ( 5 pN, bonds are likely to
rupture before 1 s. Because the bonds commonly experience
forces exceeding 5 pN, the slip-phase kinetics strongly influ-
ence the overall dissociation rate. For a given value of kc, the
survival fraction of the TCR-pMHC bond at 1 s is largely
independent of the catch-phase reference force (fc) when
fc T 15 pN. Because most forces experienced by the bond
are less than 15 pN, the catch-phase contribution to the off-
rate does not decay significantly from kc. Overall, these re-
sults suggest that the parameters for OVA reside close to a
regime in which the force profile experienced by the bond
significantly enhances the survival probability.
Additional bonds and other biological features

When a T cell interacts with an antigen-presenting cell, mul-
tiple TCRs are likely to interact with a variety of pMHCs,
including many with endogenous peptides that are not stim-
ulatory. In the previous section, we showed that a second
bond reduced the average force on each bond when they
were sufficiently close. To further explore cooperative bind-
ing effects, we added a third bond to the system and focused
on a configuration in which the three bonds are colinear. Ta-
ble 3 contains the average forces on the middle bond and the
two other bonds,whichwe call ‘‘edge bonds’’. It is interesting
to note that when the receptors are close, the bond in the mid-
dle experiences a negative average force. The two edge bonds
lead to an average configuration that, in the absence of the
middle bond, would adopt a minimum intermembrane dis-
tance (z) smaller than the bond length (z0). Including themid-
dle bond forces themembrane to deviate upward,which leads
to a compressive average force on the bond.

The case of three bonds highlights the importance of
characterizing the dissociation kinetics of a bond under a
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compressive force. To our knowledge, there has been no
extended study or discussion of catch bonds under compres-
sive forces. In this work, we assumed that the off-rate was an
even function of force, koff(�f)¼ koff(f). For comparison, we
also considered the cases in which 1) negative forces were
treated as equivalent to the zero-force case and 2) Eqs. 1
and 2 were evaluated without modification at negative
values of the force. Resulting survival probabilities for the
different cases are shown in Fig. S5. For a single bond,
the assumption had relatively small effects, as most forces
sampled were positive. However, for cases in which nega-
tive forces are common, more significant differences
emerge. Because of the ambiguity regarding bonds under
compressive force, we did not present survival curves for
the cases without long surface molecules (hfi ¼ 0) or for
the cases with three bonds (hfi < 0 for the center bond).
Experimental investigations of bonds under compressive
force would be useful given the high likelihood that recep-
tor-ligand bonds at intermembrane junctions experience
both positive and negative forces. Such forces may arise
due to membrane deformations, shape fluctuations, and
active processes such as those mediated by the actin
cytoskeleton.

It is useful to consider additional features of the T cell to
contextualize the results of this article and to highlight po-
tential areas for future theoretical development. The local
bending rigidity of the T cell membrane is influenced by
numerous factors including lipid content, the presence of
the cortical actin cytoskeleton, and membrane structures
such as microvilli (1,44). We considered two values of the
bending rigidity that span a biologically relevant range,
observing that stiffer membranes result in larger forces on
the TCR-pMHC bond. Hence, characterizing the local
bending rigidity of the membrane is important for under-
standing forces on the TCR-pMHC bond. Forces on the
bond can also arise from other sources such as actin-
mediated processes and cell motion. Actin modulates the
binding kinetics of TCR-pMHC bonds in situ and helps to
regulate T cell activation, but many of the underlying
mechanisms connecting actin to T cell activation remain un-
clear (45). At short times, actin and associated myosin mo-
tors may contribute additional forces to the TCR-pMHC
bond in an additive manner by effectively pushing or pulling
on the membrane near the TCR, thus shifting the average
forces described in this work and modulating survival
probabilities. Motion of T cells induced by external fluid
flow also imposes forces on TCR-pMHC bonds. The motion
impacts the entire T cell interface, where multiple TCR-
pMHC bonds and adhesion complexes would likely share
the load.

The results presented above assumed TCR-pMHC bonds
had a fixed length (z0¼ 13 nm). Recent experimental studies
have suggested that the TCR undergoes conformational
transitions leading to large changes in the TCR-pMHC
bond length (12,46). In the Supporting Material, we demon-
strate that a longer TCR-pMHC bond (z0 ¼ 22 nm ) de-
creases the average force on the bond (Fig. S6) and
increases the survival probability of the bond (Fig. S7).
Conformational changes of the TCR could be incorporated
into the simulations by introducing a force-dependent length
transition (from z0 to z0

0) that would lead to a dynamic
change in local membrane shape and a decreased force on
the bond. In our simulations, we also assumed a fixed length
of long surface molecules (zp ¼ 50 nm). Because the T cell
interface contains many types and sizes of surface mole-
cules, we also conducted simulations with zp ¼ 40 nm to
assess the effects of surface molecule length. A decrease
in the length of the long surface molecules leads to a smaller
average force on the bond (Fig. S6) and an increase in the
survival probability (Fig. S7). Multiple types of surface mol-
ecules could be introduced into the model by considering
additional concentration fields associated with different
values of zp.
CONCLUSION

A growing body of work has revealed the importance of
forces in T cell activation. Recent experiments measuring
the force-dependent lifetimes of TCR-pMHC bonds have re-
vealed the surprising finding that TCRs can behave as catch
bonds when bound to stimulatory pMHCs. This is sugges-
tive from a mechanistic standpoint, as force-dependent
regulation of TCR-pMHC binding times provides a physical
mechanism that could help T cells discriminate between self
and foreign peptides.

Our approach provides a way to characterize the impact
of surface molecule reorganization and membrane shape
changes over times relevant to the earliest stage of T cell
activation. We focused on immobile bonds to carefully char-
acterize the time-dependent forces over a 1 s time period. In
reality, TCR-pMHC bonds can diffuse and are influenced by
the actin cytoskeleton, although actin-mediated forces initi-
ated by TCR engagement are likely most relevant at later
times (25). TCR-pMHCmobility is likely to promote the ag-
gregation of bonds that are in close proximity, and both re-
ceptor mobility and actin-mediated forces will be interesting
features to consider in future theoretical settings.

Our results indicate that agonist catch bonds are more
likely to remain intact than an antagonist slip bond when
the bonds experience a time-dependent and fluctuating
force. After initial cell-cell contact, the presence of a single
TCR-pMHC bond that is sufficiently long-lived could pro-
mote the formation of other TCR-pMHC bonds nearby, as
the local intermembrane distance accommodates the bond
formation. This could lead to an effective feedback and clus-
tering mechanism in which the new bonds would reinforce
the contact between the cells by sharing the load of deform-
ing the membrane. Furthermore, the average time a bond re-
mains intact is short enough to enable serial engagement of
TCRs by antigenic pMHCs (47–50), with binding likely to
Biophysical Journal 113, 120–131, July 11, 2017 129
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be promoted by fast in situ binding kinetics (19,20). We
anticipate that continued experimental progress and theoret-
ical developments will lead to a better understanding of the
mechanical modulation of TCR binding kinetics, which will
enhance our understanding of how T cells act as specific and
sensitive detectors of antigen.
SUPPORTING MATERIAL

Supporting Materials and Methods and seven figures are available at http://
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1 Parameterization of TCR lifetime data

Parameters for Eqns. 1 and 2 in the paper were obtained by a nonlinear least squares fit of the lifetime data

from Liu et al. (1):

k0 (s−1) f0 (pN) kc (s−1) fc (pN) ks (s−1) fs (pN)

OVA — — 4.241 3.150 0.374 9.280

A2 — — 3.610 4.466 0.735 10.460

E1 2.514 5.533 — — — —
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2 Methods: Determination of time step and system size

The explicit finite difference method is conditionally stable and relies on the relation between the dimen-

sionality, spatial discretization, and time step of the system. The Courant-Friedrichs-Lewy (CFL) condition

imposes a recurrence relation that relates the spatial discretization of a lattice to the time step for the

general N -dimensional heat equation. However, with the addition of the advection term, it is necessary to

consider additional stability arguments (2). For a general advection-diffusion PDE of the form

∂φ(~x, t)

∂t
=

N∑
i=1

(
Di
∂2φ

∂x2
i

− ui
∂φ

∂xi

)
,

both of the following conditions must be met to maintain numerical stability with a forward-time central-

space scheme

(i)

N∑
i=1

2Di∆t

(∆xi)2
≤ 1 and (ii)

N∑
i=1

u2
i ∆t

2Di
≤ 1.

The first inequality implies the CFL condition and is more restrictive for a diffusion-dominated system. The

second inequality is more restrictive for an advection-dominated system. While these conditions do not map

directly to our system as Ep depends on the changing intermembrane distance profile, they provide a good

baseline to test for a stable time step that can be verified through subsequent simulations. After assuming

an extreme case in which numerical instability is most likely (the initial time point in our simulations), we

calculate the appropriate time step as a function of the compressional stiffness at a given lattice spacing

(Fig. S1).
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Fig. S1: Maximum time step as a function of the compressional stiffness (kp) given a lattice spacing of 10

nm.

In addition to evaluating the time step, it is important to ensure that finite-size effects do not have an

impact on the simulation results. We ran ten individual trajectories at several system sizes and calculated

the effective depletion zone diameters at t = 1 s. There was no significant difference in the depletion zone

diameter for periodic domains larger than 400 nm× 400 nm.
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3 Dynamics with β →∞ (no thermal fluctuations)

t = 0.05 s
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Fig. S2: Characteristic response to the formation of a bond without thermal fluctuations. (A) Snapshots of

CSM (top row) and z (bottom row) with κ = 12.15 kBT . Each column corresponds to a different time point.

The bond is located at the center of the domain. (B) Kymographs of CSM and z from a one-dimensional

slice containing the bond.
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4 Effective off rates

Here, we present results obtained by numerically evaluating Eqn. 7 from the paper. Given an average force

(fA) on a bond, we compute the ratio of the effective off rate (averaged over fluctuations) to the off rate

koff(fA). We compute the quantity for OVA, A2, and E1 assuming that koff(−f) = koff(f) and using the

standard deviations obtained from simulations.
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Fig. S3: Ratio of the effective off rate to koff(fA) for different ligands. Solid lines are obtained by numerically

integrating Eqn. 7 from the paper. Dashed lines are analytical results obtained in the limit f � fc. (A)

κ = 12.15 kBT . (B) κ = 40 kBT .
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5 Variation of catch bond parameters

Survival probabilities in the main text were obtained using parameters from fits of lifetime data for three

different ligands. Here, we take the four parameters associated with the catch bond OVA and independently

vary two of the parameters while holding the other two fixed. This provides a broader view of how the

parameters affect the survival of a bond.

Fig. S4: The fraction of bonds that remain at t = 1 s (φ) as two parameters are varied in the catch-bond

model (Eqn. 2). Other parameters are fixed at values associated with OVA. Black diamonds correspond

to parameters used in the main text for OVA. The survival fraction at each combination of parameters is

calculated by averaging ten independent survival curves with κ = 12.15 kBT .
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6 Survival probabilities with alternative definitions of koff

To our knowledge, there has been no extensive discussion regarding the lifetimes of catch bonds or slip

bonds under compressive forces. Here, we compare the resulting survival probabilities for three different

assumptions about the behavior of Eqns. 1 and 2 under compressive forces. For f ≥ 0, the off rates are

equivalent to those defined in the main text: kcase i
off (f) = koff(f), where i denotes the specific case and koff

on the right-hand side corresponds to either Eqn. 1 (slip) or 2 (catch) in the main text. For compressive

forces (f < 0), the three cases are

kcase 1
off (f) = koff(−f)

kcase 2
off (f) = koff(0)

kcase 3
off (f) = koff(f)

 for f < 0

In the main text, we assume off rates satisfy case 1 and are even functions of the force. Figure S5 shows

differences between the three cases that emerge when evaluating survival probabilities for a single bond (A),

for two bonds separated by 40 nm (B), and for a single bond without surface molecules (C). The prevalence

of negative forces increases from A to C.

The slip bond E1 shows a substantial change between the different off-rate cases only when surface

molecules are absent (〈f〉 = 0) and negative forces are common (Fig. S5, panel C). Comparing case 2 to case

1, the survival probabilities for catch bonds decrease slightly in A and B and decrease more significantly if

long surface molecules are excluded (C). For case 3, there are large deviations for catch bonds in A, B, and

C. This is because the catch bond equations for OVA and A2 lead to a rapid decrease in average lifetime

with increasing compressive force. This case is likely unphysical.
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Fig. S5: Survival probabilities with different treatments of compressive forces (κ = 12.15 kBT with thermal

fluctuations). Each column corresponds to a different ligand and each row to a different physical system:

(A) a single bond; (B) two bonds separated by 40 nm; (C) a single bond in a system with no other surface

molecules (CSM = 0). Compressive forces are treated according to the three cases described above. Case 1

corresponds to results from the main text. Each survival probability curve is calculated by averaging ten

independent survival curves.
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7 Variation of z0 and zp

In this section, we examine effects of either increasing the TCR-pMHC bond length (z0) or decreasing the

length of long surface molecules (zp). Both increasing z0 and decreasing zp lead to smaller average bond

tensions (Fig. S6) and longer bond lifetimes (Fig. S7), although the catch bond lifetimes are minimally

affected at κ = 12.15 kBT . Because of the form of Eqn. 3 in the main text, the difference in lengths,

zp − z0, governs the bond tension. A decrease in surface molecule length is equivalent to an equal increase

in TCR-pMHC bond length, which is consistent with analysis from Allard et al. (3).
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Fig. S6: Average bond tension as a function of time for a single bond without thermal fluctuations. The

average tension at each time point is calculated by averaging the tension from ten independent simulation

trajectories. Dashed lines correspond to conditions presented in the main text (z0 = 13 nm, zp = 50 nm).

Darker shades are associated with a longer TCR-pMHC bond (z0 = 22 nm, zp = 50 nm). Lighter shades

are associated with a decreased length of long surface molecules (z0 = 13 nm, zp = 40 nm). Results with

thermal fluctuations are not shown.
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Fig. S7: Survival probabilities for different ligands at conditions presented in the main text (solid lines), with

z0 = 22 nm (dotted lines), and with zp = 40 nm (dashed lines). Each survival probability curve is calculated

by averaging ten independent survival curves. Conditions studied are: (A) κ = 12.15 kBT with thermal

fluctuations; (B) κ = 40 kBT with thermal fluctuations; (C) κ = 12.15 kBT without thermal fluctuations;

(D) κ = 40 kBT without thermal fluctuations.
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