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The adhesion of biological membranes is mediated by the binding of membrane-anchored receptor and ligand
proteins. Central questions are how the binding kinetics of these proteins is affected by the membranes and
by the membrane anchoring of the proteins. In this article, we (i) present detailed data for the binding of
membrane-anchored proteins from coarse-grained molecular dynamics simulations, and (ii) provide a theory
that describes how the binding kinetics depends on the average separation and thermal roughness of the
adhering membranes, and on the anchoring, lengths, and length variations of the proteins. An important
element of our theory is the tilt of bound receptor-ligand complexes and transition-state complexes relative
to the membrane normals. This tilt results from an interplay of the anchoring energy and rotational entropy
of the complexes and facilitates the formation of receptor-ligand bonds at membrane separations smaller
than the preferred separation for binding. In our simulations, we have considered both lipid-anchored and
transmembrane receptor and ligand proteins. We find that the binding equilibrium constant and binding
on-rate constant of lipid-anchored proteins are considerably smaller than the binding constant and on-rate

constant of rigid transmembrane proteins with identical binding domains.

I. INTRODUCTION

Biological processes involve the binding of molecules.
These molecules are either soluble, i.e. free to diffuse
throughout intracellular compartments or extracellular
spaces, or are anchored to membranes that surround cells
or cellular compartments, to extracellular matrices, to
cytoskeletal filaments, or to other subcellular structures?t.
The anchoring to membranes is of particular importance
since a large fraction of the proteins of a cell are mem-
brane proteins2. These membrane proteins are central for
numerous biological processes but much less understood
than soluble proteins since their structure and function
is more difficult to assess in experimentss.

Key biological processes that are mediated by the bind-
ing of membrane-anchored proteins are the adhesion of
cells and the adhesion of vesicles to cells or organelles in
immune responses, tissue formation, cell signaling or in-
tracellular transport. In contrast to soluble proteins, the
binding of membrane-anchored proteins poses fundamen-
tal problems that are only partially understood. These
problems concern both the binding equilibrium?™% and
binding kinetics!t™1% and are complicated by the fact that
the binding of membrane-anchored molecules depends on
the local separation of the membranes™™38, The local
separation of the membranes at the anchoring sites of
apposing molecules is governed both (i) by the average
separation [ of the membranes, which depends on the spa-
tial position and shape of vesicles, organelles, and cells,
and (ii) by the relative membrane roughness &, which
results from thermally excited shape fluctuations of the
membranes® 1019723 - Thege shape fluctuations can be
enhanced by active, ATP-driven processes arising from,

e.g., the coupling of cell membranes to the cytoskeleton?.

In this article, we investigate detailed data for the
binding kinetics and equilibrium of membrane-anchored
proteins from coarse-grained molecular dynamics (MD)
simulations. We have systematically varied the average
separation [ and relative roughness & of the membranes
in these simulations to determine the dependence of the
binding rate constants k,, and kg and the binding equi-
librium constant Ksp on [ and &, . Our investigation in-
cludes previous MD data for receptor and ligand proteins
with transmembrane anchors? and new data for receptor
and ligand proteins with lipid anchors. The transmem-
brane proteins and lipid-anchored proteins of our MD
simulations have identical ectodomains. Differences in
the binding equilibrium constants and binding on-rate
and off-rate constants therefore result from differences in
the anchoring.

In addition, we present a general theory for the binding
kinetics of membrane-anchored proteins that is corrobo-
rated by a comparison to our MD data. This theory is
based on the general theory for the binding equilibrium
constant Kop derived in our accompanying article 2% and
on a general theory for the on-rate constant k,,, developed
in this article. The off-rate constant is then obtained
from the relation kog = kon/Kop between the rate con-
stants ko, and kog and the binding equilibrium constant
Ksp of the membrane-anchored molecules. An impor-
tant element of our theory is the tilt of bound receptor-
ligand complexes and transition-state complexes relative
to the membrane normals. This tilt results from an in-
terplay of the anchoring energy and rotational entropy of
the complexes and facilitates the formation of receptor-
ligand bonds at membrane separations smaller than the
preferred separation for binding.
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Figure 1. (a) Coarse-grained structures of a lipid molecule, a lipid-anchored receptor, and a transmembrane receptor. The
lipid molecules consist of three hydrophilic head beads (dark gray) and two hydrophobic chains with four beads each (light
grey)lm. The lipid-anchored and transmembrane receptors have identical, cylindrical ectodomains that protrude out of the
membranes and consists of six layers of hydrophilic beads (red), with an interaction bead or ‘binding site’ located in the center
of the top layer of beads (black) (see Appendix A for details). The ectodomain of a lipid-anchored receptor is flexibly attached
to the first head bead of a lipid molecule. The ectodomain of a transmembrane receptor is rigidly connected to a cylindrical
anchor composed of four layers of hydrophobic lipid-chain-like beads (yellow) in between two layers of lipid-head-like beads
(blue). (b) Simulation snapshot of two apposing membranes with area 14 x 14 nm? bound together by a single transmembrane
receptor-ligand complex. For clarity, the ectodomain of the ligand is shown in green. Our ligands have the same structure as
the receptors. (c) Simulation snapshot of two apposing membranes of area 120 x 120 nm? with 25 transmembrane receptors

and ligands.

1. MD SIMULATION RESULTS

We have performed simulations of biomembrane ad-
hesion with dissipative particle dynamics2?30 a coarse-
grained MD technique that explicitly includes water and
reproduces the correct hydrodynamics. Coarse-grained
MD simulations have been widely used to investigate
the self-assembly25531H33 and fusion®* 37 of membranes as
well as the diffusion®®3% and aggregation™ of membrane
proteins. In our simulations of biomembrane adhesion,
we have considered two different types of membrane-
anchored molecules: (i) receptors and ligands that are
attached to a lipid molecule, and (ii) receptors and lig-
ands with a transmembrane anchor that mimics the
helix anchor of transmembrane proteins (see Fig. 1).
These anchored receptors and ligands are free to dif-
fuse along the fluid membranes. The specific binding
of the receptors and ligands is modeled via a distance-
and angle-dependent binding potential between two in-
teraction beads located at the tip of the molecules (see
Appendix A). The binding potential is identical for both
types of receptors and ligands and has no barrier to
ensure an efficient sampling of binding and unbinding
events of receptors and ligands in our simulations. The
kinetics of these events is then strongly enhanced com-
pared with protein binding events in experiment
However, this rate enhancement does not affect our main
results, which concern the dependence of the rate con-
stants and equilibrium constant on the membrane sepa-
ration and roughness. The binding rate constants k., and
kog and binding equilibrium constant Ksp can be calcu-
lated from the total numbers of binding and unbinding
events observed on our simulation trajectories and from
the total dwell times in the bound and unbound states
of the molecules (see Appendix C). Binding and unbind-

ing events on our simulation trajectories can be identified
from the distance between the interaction beads of the
molecules. We observe up to 10000 binding and unbind-
ing events to determine the binding rate constants with
high accuracy. In our simulations, the membranes are
confined within a rectangular simulation box with size
L, x Ly, x L, and periodic boundary conditions. Here,
L, is the box extension in the direction perpendicular to
the membranes, and the extensions L, = L, specify the
membrane size 4T

The average separation [ and relative roughness &, of
the membranes can be varied independently in our sim-
ulations. The average membrane separation [ can be ad-
justed by the number of water beads between the mem-
branes because the membranes are practically impene-
trable to water beads on the simulation timescales. The
relative membrane roughness £, in our simulations de-
pends both on the size of the membranes and on the num-
ber of receptor-ligand bonds. The roughness depends on
the size of the membranes because the periodic bound-
aries of the simulation box suppress membrane shape
fluctuations with wavelength larger than L, /27 where
L, = L, is the linear membrane size. In membrane sys-
tems with several anchored receptors and ligands, the
roughness is affected by the number of receptor-ligand
bonds because the bonds constrain the membrane shape
fluctuations. To calculate the relative roughness &, , we
divide the x-y-plane of our simulation box, which is on
average parallel to the membranes, into patches 7 of size
2 x 2 nm?, and determine the local separation I; of two
apposing patches from the separation of the membrane
midsurfaces. The roughness is then obtained as the stan-

dard deviation £, = \/((l; — [)?) of the local separation

l; from the average separation [ = (l;) of the membrane
midsurfaces where (...) denotes the thermodynamic aver-
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Figure 2. Results for lipid-anchored receptors and ligands. (a) to (¢): Binding equilibrium constant Kop, on-rate constant kon,
and off-rate constant kog as functions of the average membrane separation [ from simulations (black filled circles) with a single
receptor and single ligand anchored to tensionless membranes of area 14 x 14 nm? and relative roughness £, = 0.54 + 0.01
nm, which is determined by the membrane area in these simulations. (d) to (f): Kop, kon, and kos as functions of the relative
membrane roughness £, from simulations at the preferred average membrane separation Iy ~ 14.1 nm. The red points result
from simulations with single receptors and ligands and confining membrane potentials of different strength (see Appendix B
for details). The other data points are obtained from simulations with tensionless membranes, different numbers of anchored
receptors and ligands, and different membrane areas. The blue data points result from simulations with membrane area 14 x 14,
18 x 18, 22 x 22, 26 x 26 and 30 x 30 nm? (from left to right) and a single receptor and ligand. The yellow, green, and purple data
points are obtained for states with n = 1 to 6 bound complexes of 12, 16, and 20 receptors and ligands, respectively, anchored
to membranes of area 40 x 40 nm?, 60 x 60 nm?, and 80 x 80 nm?. The full lines in (a), (b), (d), and (e) represent fits to Eqs.
and ([10]) with fit parameters specified in the subfigures for the anchoring strength k, ~ 2.5 kgT of our lipid-anchored receptors
and ligands, which is obtained from the anchoring-angle distribution of unbound receptors and ligands observed in our MD
simulations. The fits in (a) and (b) are obtained for the roughness £, ~ 0.54 nm, and the fits in (d) and (e) for the preferred
average separation | ~ 14.1 nm. The dashed lines in (c) and (f) follow from the full lines of (a), (b), (d), and (e) via Eq. .
The preferred lengths Lo and Lts of the lipid-anchored receptor-ligand and transition-state complexes are determined between
the anchor points of the ectodomains of the receptors and ligands (see text for details). The average membrane separation lis
measured between the membrane midsurfaces.

age. membrane systems with a single receptor and single lig-
and anchored to apposing membranes with various areas
In Fig. 2, we present simulation results for the bind-  hetween 14 x 14 nm2 and 30 x 30 nm2 (see figure cap-

ing equilibrium constant Ksp, on-rate constant ko, and  tjon for details). With increasing membrane area, the
off-rate constant ko of our lipid-anchored receptors and relative roughness of these membrane systems increases
ligands. The data points in Figs. 2(a) to (c) result from  from ¢, ~ 0.54 nm for the area 14 x 14 nm? to £, ~ 1.0
simulations of membrane systems with different average  nm for the area 30 x 30 nm?2. The yellow data points in

separation [ but identical roughness {1 . In these systems,  Figs. 2(d) to (f) are from simulations of a membrane sys-
the average separation [ is varied by varying the number tem with 12 receptors and 12 ligands and membrane area
of water beads between the membranes, while the rough- 40 x 40 nm?2. The different values for Kop and &, in this

ness {1 ~ 0.54 nm is determined by the membrane area  embrane system are for states with different numbers
in these simulations. In Figs. 2(a) to (c), K2p and kon 1 of receptor-ligand bonds (see figure caption). These
are maximal at a preferred average separation Iy around states differ in their relative membrane roughness since
14.1 nm. The data points in Figs. 2(d) to (f) correspond the receptor-ligand bonds constrain the membrane shape
to a variety of membrane systems with an average sep-  fluctuations. The green data points are obtained from
aration [ that is equal to the preferred average separa-  gimulations with 16 receptors and 16 ligands and mem-
tion lp. The relative roughness £, of these membrane brane area 60 x 60 nm?, and the purple data points from
systems varies because the systems differ in membrane  gjmulations of our largest membrane system with 20 re-

area, number of receptors and ligands, or membrane po- ceptors and 20 ligands anchored to apposing membranes
tential. The blue data points are from simulations of
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Figure 3. Results for transmembrane receptors and ligands. (a) to (c): Binding equilibrium constant Kap, on-rate constant
Eon, and off-rate constant kog as functions of the average membrane separation I from simulations (black filled circles) with a
single receptor and single ligand anchored to tensionless membranes of area 14 x 14 nm? and relative roughness £, = 0.5340.02
nm, which is determined by the membrane area in these simulations. (d) to (f): Kap, kon, and ko as functions of the relative
membrane roughness £, from simulations at the preferred average separation Iy ~ 15.1 nm for binding. The data points result
from simulations with tensionless membranes, different numbers of anchored receptors and ligands, and different membrane
areas. The blue data points are from simulations with membrane area 14 x 14, 18 x 18, 22 x 22, 26 x 26 and 30 x 30 nm? (from
left to right) and a single receptor and ligand. The yellow data points are obtained for states with n =1 to 6 bound complexes
of 8 receptors and 8 ligands anchored to membranes of area 40 x 40 nm?. The green data points correspond to states with n = 2
to 8 bound complexes of 15 receptors and 15 ligands anchored to membranes of area 80 x 80 nm?, and the red data points to
states with n = 4 to 9 complexes of 25 receptors and 25 ligands anchored to membranes of area 120 x 120 nm?. The full lines
in (a), (b) and (e) represent fits to Eqs. and with fit parameters specified in the subfigures for the anchoring strength
ko ~ 23 kT of our transmembrane receptors and ligands, which is obtained from the anchoring-angle distribution of unbound
receptors and ligands observed in our MD simulations. The fits in (a) and (b) are obtained for the roughness £, ~ 0.53 nm,
and the fit in (e) for the preferred average separation I ~ 15.1 nm. The full line in (d) represents a fit to Eq. @ for the average
separation [ = lp and K3p ~ 157 nm®. The dashed lines in (c) and (f) follow from the full lines of (a), (b), (d), and (e) via Eq.
(14). The preferred lengths Lo and Lts of the transmembrane receptor-ligand and transition-state complexes are determined
between the centers of mass of the transmembrane anchors of the receptors and ligands located in the membrane midsurfaces

(see text for details).

of area 80 x 80 nm?. Finally, the red data points are from stant kog of membrane-anchored receptors and ligands
simulations with single receptors and ligands in which the strongly depend on the average separation [ and rela-
membrane fluctuations are confined by membrane poten- tive roughness £, of the two apposing membranes. In
tials of different strengths. In experiments, such a situ- addition, these data illustrate that the anchoring of the
ation occurs for membranes bound to apposing surfaces receptors and ligands strongly affects Kop, kon, and kog.
as, e.g., in the surface force apparatus®24s3, Because our lipid-anchored and transmembrane receptor

In analogy to Fig. 2, our results for membrane systems and ligand molecules haye identical ectodomains, differ-
with transmembrane receptors and ligands are summa- ences between the data in Figs. 2 and 3. r'esult 'from the
rized in Fig. 3. The data points in Figs. 3(a) to (c) dlﬁ’erept anchoring of the molecu%es; Striking differences
are: First, the Kop values of our lipid-anchored receptors
and ligands are substantially smaller than the Ksp values
of our transmembrane receptors and ligands at the pre-
ferred average membrane separation [y for binding (see
Figs. 2(d) and 3(d), and maxima in Figs. 2(a) and 3(a)).
These smaller Kop values of the lipid-anchored recep-
tors and ligands result both from smaller k,, values and

larger kog values, compared to the transmembrane recep-

The data in Figs. 2 and 3 indicate that the binding tors and ligands (see Figs. 2(e) and (f) and 3(e) and (f)).
constant Kop, on-rate constant k,, and off-rate con-

result from simulations of membrane systems with con-
stant roughness £, ~ 0.53 nm, which is determined by
the membrane area. The data in Figs. 3(d) to (f) are
obtained from various systems at the preferred average
separation [y for binding, which is about 15.1 nm for our
transmembrane receptors and ligands. These membrane
systems are described in detail in the caption of Fig. 3.



Second, the functions Kop(l) and kon(l) for the lipid-
anchored receptors and ligands shown in Figs. 2(a) and
(b) have lower maximal values, but are broader than the
corresponding functions for the transmembrane receptors
and ligands shown in Figs. 3(a) and (b). Third, the func-
tions Kop(l) and ko, (I) are asymmetric with respect to
their maxima. These asymmetries are more pronounced
for the functions Kop(I) and kon () of our lipid-anchored
receptors and ligands shown in Figs. 2(a) and (b). In the
next section, we introduce a general theory for the bind-
ing kinetics that helps to understand the dependence of
Kop, kon, and kog both on the average separation and rel-
ative roughness of the membranes and on the anchoring
of the receptors and ligands. In this theory, the asymme-
tries of the functions Kop (1) and koy (1) are traced back to
the tilt of the receptor-ligand and transition-state com-

plexes relative to the membrane normals.

1l. THEORY

In this section, we first consider the binding constant
Kop(l) and on-rate constant ko, (1) of receptors and lig-
ands that are anchored to two planar and parallel mem-
branes with fixed separation [. The local separation of
such membranes is constant and identical to the mem-
brane separation [. In contrast, the local separation [
of two apposing, fluctuating membranes varies in space
and time because of thermally excited membrane shape
fluctuations. We obtain the binding constant Kop and
on-rate constant k., of receptors and ligands anchored
to such fluctuating membranes by averaging the func-
tions Kop(l) and ko, (1) over the distribution P(I) of lo-
cal membrane separations [. The mean and standard
deviation of this distribution P(l) are the average sep-
aration [ and relative roughness &, of the membranes.
The off-rate constant of receptors and ligands anchored
to fluctuating membranes then follows from the general
relation ko = kon/Kap between the rate constants ko,
and kog and binding equilibrium constant Kop.

A. Binding constant of receptors and ligands anchored to
planar membranes

As shown in our accompanying article?, the binding
constant of rod-like receptor and ligand molecules that
are anchored to two apposing planar and parallel mem-
branes of separation [ can be written in the general form

N V87 Qri(l)

Kop(l) >~ capK3p £ Onil

Here, Qg, Qr,, and Qg (1) are the rotational phase space
volumes of the unbound receptor R, unbound ligand L,
and bound receptor-ligand complex RL relative to the
membranes, K3p is the binding constant of soluble vari-
ants of the receptors and ligands without membrane an-
chors. The characteristic length &, = V4 /A is the ratio

(1)

of the translational phase space volume Vj, of the solu-
ble RL complex and the translational phase space area
A, of the membrane-anchored complex. In comparison
to Eq. (18) of our accompanying article?d, Eq. con-
tains an additional numerical prefactor cop to quantify
deviations between theory and MD data. The rotational
phase volume of an unbound receptor R or ligand L can
be calculated as?®

/2
Qr =0, = 27r/ e~ 3kab2/kBT gy 0,do, (2)
0

where 6, is the angle between the receptor or ligand and
the membrane normal, and k, is the harmonic anchoring
strength. The rotational phase volume of the bound RL
complex is approximately

/2
Qri(l) ~ 2 / e Hre(L0a)/keT gin g df,  (3)
0
with the effective configurational energy
1
HRL(Z,QG) ~ k:a02 + §kRL(l/COS 0, — L0)2 (4)

for binding angles and binding angle variations of the
receptor and ligand in the complex that are small com-
pared to the anchoring angle variations. The bound re-
ceptor and ligand molecules then have an approximately
collinear orientation in the complex and, thus, identical
anchoring angles 6, in both membranes, with total an-
choring energy k,02. The second term of the effective
configurational energy for the receptor-ligand com-
plexes describes deviations from the preferred length L
of the complexes in harmonic approximation. For paral-
lel membranes with separation [ and approximately iden-
tical anchoring angles 6, of the RL complex in these
membranes, the length of the complex, i.e. the distance
between the two anchoring points in the membranes, is
Lyy, ~1/cosb,.

B. On-rate constant of receptors and ligands anchored to
planar membranes

A receptor and ligand molecule can only bind at appro-
priate relative orientations and separations. In analogy
to the Eq. for the bound receptor-ligand complex, we
postulate the effective configurational energy

1
Hrs(l,04) ~ k.02 + 5k:TS(Z/cos 0, — L1rs)*>  (5)

for the transition-state complex of the binding reaction
with the same anchoring strength k, as in Eq. . The
effective spring constant krg for the length variations of
the transition-state complex can be expected to be sig-
nificantly smaller than the corresponding spring constant
kry, of the RL complex, because the variations in the
binding-site distance and binding angle, which affect the



effective spring constants?%, should be significantly larger
in the transition state. The preferred effective length Lrg
of the transition-state complex, in contrast, can be ex-
pected to be relatively close to the preferred length Lg of
the bound RL complex. In analogy to Eq. with Eq.
, the on-rate constant is then

/2
kon(l) ~ 27rcon/ e Hrs(L02)/kBT i 9, A0, (6)
0

for a given separation [ of the planar and parallel mem-
branes. The integration over the angle 6, in Eq. @ can
be interpreted as an integration over the transition-state
ensemble of the binding reaction.

C. Binding equilibrium constant and on- and off-rate
constants of receptors and ligands anchored to flexible
membranes

In our MD simulations, thermal fluctuations of the two
apposing, flexible membranes lead to variations of the lo-
cal separation [ of the membranes. The binding equilib-
rium constant can then be calculated ag?%

mD=/Kmumm (7)

where Kop(l) is given in Eq. (1)), and P(l) is the prob-
ability distribution of the local membrane separation .
This probability distribution can be well approximated
by the Gaussian function (see Fig. [4)

P(l) ~ exp [~(1 —1)?/263] / (V2. ) (8)

where [ = (I) is the average separation of the membranes
or membrane segments, and £, = /{(l —1)2) is the rel-
ative roughness of the membranes. For a relative mem-
brane roughness £, that is much larger than the width

&ry, of the function Kop(l), Eq. simplifies td%%

D~ K3Dka e
V2rkpTkrr €61

for anchoring strengths k, > kpT, where Iy is
the preferred average separation of the receptor-
ligand complexes for large membrane roughnesses.
The width of the function Ksp(l) is approximately
érL ~ /(kgT/krL) + (kgTLo/2k,)? for large anchor-
ing strengths k, > kT according to Eq. (23) of our
accompanying article?".

In analogy to Eq. @, the on-rate constant of receptors
and ligands anchored to fluctuating membranes can be
calculated as

K, —(lo=0?/26% (9)

Fiom = / Fon (1) Pl (10)

with ko, (1) given in Eq. @ In contrast to Eq. , the
average over local separations in Eq. for the on-rate
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Figure 4. Distributions P(l) of the local membrane separation
l obtained from MD simulations of two apposing membranes
with area 14 x 14 nm? and single transmembrane receptor
and ligand molecules at the average separations | = 13.24,
15.13 and 16.58 nm (from left to right). The standard devi-
ation of the distributions is the relative membrane roughness
&1 =0.53 +£0.02 nm. To calculate the local separation [, we
divide the x-y plane of our simulation box, which is on aver-
age parallel to the membranes, into patches of size 2 X 2 nm?,
and determine the separation of the membrane midsurfaces
for each pair of apposing patches.

constant k., relies on characteristic timescales for mem-
brane fluctuations that are significantly smaller than the
timescales for the diffusion of the anchored molecules on
the relevant length scales. The average in Eq. for the
binding constant Ksp is independent of these timescales
because Ksp is an equilibrium quantity that does not de-
pend on dynamic aspects. The Egs. and imply
spacial and temporal averages because the distribution
P(l) in our theory reflects variations of the local separa-
tion [ both in space and time. For the on-rate constant
kon, a related temporal average at fixed membrane loca-
tions has been previously employed by Bihr et all1d.

For a relative membrane roughness £, that is much
larger than the width of the function kon(l), the distri-
bution P(l) is nearly constant over the range of local
separations [ for which ko, (1) is not negligibly small. In

analogy to Eq. @[), the average over local separations in
Eq. then simplifies to

Ko =~ P(ZTS)/kon(l)dl (11)
Con’lTkBT

kgT T V2 /5g2
~ F (rs=1)7/2¢1 12
Vkarss D(V ko )6 12)

_ conm(kpT)3/?
- koVErséL

where Ipg is the preferred average membrane separa-
tion of the transition-state complex for large membrane
roughnesses, and Fp is the Dawson function. The inte-
gral of the function k., (1) in Eq. can be determined
from Eq. (C3) of our accompanying article?®. In analogy

e~ Urs=D*/260 for k> kpT (13)



to the width &gy, of the function Kop(l) given below Eq.
(©), the width of the function ko, (1) can be estimated as
Erg \/(kBT/kTS) + (kT Lts/2k,)? for large anchor-
ing strengths k, > kgT.

From the Eqgs. (7) and (10)), we obtain

kon [ kon()P()dl
Kop ngD(l)P(l)dl

koff -

(14)

as general result for the off-rate constant of receptors
and ligands anchored to fluctuating membranes. From

the Egs. @D and , we obtain

k -~ \/571'3/2 (kBT)QCon Vv kRL gz
o= k2+/Frs Ksp

in the limit of large membrane roughnesses for a preferred
average membrane separation Irs of the transition-state
complex that is approximately equal to the preferred av-
erage separation [y of the bound receptor-ligand complex.
The limiting value of kog in Eq. is independent both
of the average membrane separation [ and the relative
membrane roughness & .

(15)

IV. COMPARISON OF THEORY AND MD RESULTS

We now compare our general theoretical results for
the binding constant Ksp, on-rate constant ko, and off-
rate constant k.g of receptors and ligands that are an-
chored to fluctuating membranes with our MD data. Two
important aspects for this comparison are: First, the
anchoring strength k, of the lipid-anchored and trans-
membrane receptors and ligands of our MD simulations
can be estimated from the anchoring-angle distributions
of the unbound receptors and ligands shown in Fig.
From these distributions, we obtain the anchoring
strength k, ~ 2.5kgT for our lipid-anchored receptors
and ligands, and the anchoring strength k, ~ 23kgT
for our transmembrane receptors and ligands. Second,
our lipid-anchored receptors and ligands tilt at anchoring
points that are separated by a distance [, from the mem-
brane midsurfaces between which the membrane separa-
tion is measured in our simulations. We therefore sub-
stract a value 2[, from the MD values for the average
membrane separation [ given in Fig. 2 in the compari-
son to our theoretical results. We obtain the estimate
2l, >~ dgu + lp >~ 4.5 nm from the value dgg ~ 3.64 nm
for the vertical distance between the head-group layers of
a membrane (see appendix B) and the value lp = 0.875
nm for the preferred length of the bond that connects the
lipid head to the ectodomain of a lipid-anchored recep-
tor or ligand (see appendix A). We take the anchoring
point of a lipid-anchored receptor or ligand to be at the
center of this bond. Our transmembrane receptors and
ligands are rather rigid and tilt as whole molecules rela-
tive to the membrane. We therefore take the anchoring
points of our transmembrane receptors and ligands to be
located at the membrane midsurfaces, i.e. in the centers

transmembrane
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Figure 5.  Rescaled probability distributions P(6,) of the
anchoring angles 6, of unbound transmembrane and lipid-
anchored receptors and ligands obtained from MD simulations
of two apposing membranes with area 14 x 14 nm? and a con-
fining membrane potential of strength kconr = 64 kBT/nm2
(see Appendix B for details). The lines represent fits P(0q) ~
exp(—1kaq02/ksT) to the MD data points with the values
ko =~ 2.5 kT for the anchoring strength of lipid-anchored re-
ceptors and ligands and k, ~ 23 kpT for transmembrane re-
ceptors and ligands. The rescaled distributions P(6,) are de-
rived from the anchoring-angle distributions P(6,) sin 6, ob-
served in the MD simulations.

of mass of the transmembrane anchors of the receptors
and ligands.

Our general theoretical result for the binding constant
Ksp given in Eq. with Egs. (1] to and includes
the anchoring strength k, of the receptors and ligands,
the preferred length Ly of the receptor-ligand complex,
the effective spring constant kgrp, for length variations
of the complex, the length scale £, and the binding con-
stant K3p of soluble variants of the receptors and ligands
as characteristic parameters of the receptor and ligand
molecules. In addition, this general equation for Ksp
includes the average separation [ and relative roughness
&) in Eq. as characteristic parameters of the mem-
branes, and contains a numerical prefactor cop in Eq.
(1). The full lines in the Figs. 2(a) and (c) represent
fits of Eq. to the MD data for the anchoring strength
ko ~ 2.5 kT of our lipid-anchored receptors and ligands
and the values ¢, ~ 0.19 nm and K3p ~ 157 nm? ob-
tained from MD simulations”. The values of the three
fit parameters cop, Lo, and kgy, are specified in the fig-
ures. Similarly, the full line in Fig. 3(a) results from a
fit of Eq. for the anchoring strength k, ~ 23kpT
of our transmembrane receptors and ligands, £, ~ 0.19
nm, and K3p ~ 157 nm®. The full line in Fig. 3(d)
represents a fit to Eq. (9) for Kop in the limit of large
roughnesses £ for the anchoring strength k, ~ 23 kgT
and average separations [ that are equal to the preferred
average separation Iy of the bound complex. We fit here
to Eq. @ because the relative roughnesses £, of Fig.
3(d) are significantly larger than the width &gy, of the
function Kop(l) of our transmembrane receptors and lig-



ands. Based on Eq. (23) of our accompanying article?®,
the width &gy, of the function Kop(l) can be estimated
as Ry ~ \/(kBT/kRL) + (kgTLy/2ks)? ~ 0.38 nm for
ko, ~ 23kgT and the fit values Ly ~ 15.37 nm and
krr, ~ 28 kgT/ nm? of the transmembrane receptors and
ligands from Fig. 3(a).

Our general theoretical result for the on-rate constant
kon given in Eq. with Egs. , @ and includes
the anchoring strength k, of the receptors and ligands,
the preferred length Lrg of the transition-state complex,
and the effective spring constant kg for length variations
of the transition-state complex as characteristic param-
eters of the receptors and ligands, besides the prefactor
Con in Eq. @ and the average separation [ and relative
roughness £, of the apposing membranes. The full lines
in the Figs. 2(b) and (e) and 3(b) and (e) represent fits
of Eq. to the MD data for the anchoring strengths
ko = 2.5kgT and k, ~ 23 kT of our lipid-anchored and
transmembrane receptors and ligands, respectively. The
values of the three fit parameters co,, L1s, and kpg are
specified in the figures. The dashed lines in the Figs. 2(c)
and (f) and 3(c) and (f) for the off-rate constant are ob-
tained from the full lines of the other subfigures via the
general relation ko = kon/Kap between the rate con-
stants ko, and kog and the binding equilibrium constant
K2D.

The full lines in the Figs. 2 and 3 obtained from
fits of our general theoretical results for Kop and kop
are in good agreement with the MD data. From Fig.
3(a), we obtain the fit value kg, = 28 + 2kpT/nm?
for the effective spring constant for length variations of
the bound complex of our transmembrane receptors and
ligands. This fit value is in agreement with the value
kpT /€2 ~ 28 kT /nm? obtained from Eq. (15) of our ac-
companying article?® for £, ~ 0.19 nm and 0, L% /4 < &,
which holds for the standard deviation o, = 0.084 of the
binding-angle distribution of the bound complex” and the
length L ~ 7.4 nm of the transmembrane receptors and
ligands measured from the membrane midsurfaces. This
agreement indicates that the effective spring constant
kry, for length variations of our transmembrane receptor-
ligand complex is dominated by the standard deviation &,
of the distance between the two binding sites in the direc-
tion of the receptor-ligand complex. From the Figs. 2(a)
and (c), we obtain the fit values kry, = 7.2+0.7 kT /nm?
and kry, = 621 kg7 /nm? for the effective spring constant
of the lipid-anchored receptor-ligand complex, which are
consistent within the numerical accuracy and signifi-
cantly smaller than the value kry, = 28 = 2kpT/ nm? for
the transmembrane receptor-ligand complex. The effec-
tive spring constant kgy, of the lipid-anchored receptor-
ligand complex thus appears to be dominated by spatial
variations of the anchor points, and not by variations in
the binding-site distance. For the effective spring con-
stant krg of the transition-state complex, we obtain fit
values between 1.5kpT/nm? and 2.5kpT/nm? for the
lipid-anchored and transmembrane receptors and ligands
that agree within numerical accuracy (see Figs. 2(b) and

(e) and 3(b) and (e)), which indicates that krg is dom-
inated by the identical ectodomains of the two types of
receptors and ligands. Based on the fit results of data
from the same membrane systems, the preferred length
Ly of the bound receptor-ligand complex appears to be
identical to the preferred length Lrg of the transition-
state complex within the numerical accuracy. However,
the fit values for the preferred lengths Ly and Lyg in Figs.
2(d) and (e) are somewhat smaller than the fit values for
these lengths in Figs. 2(a) and (b).

Compared to Eq. (18) of our accompanying article4®,
Eq. includes the additional numerical factor cyp to
quantify deviations between theory and MD data. The
fit values cop in Figs. 2(a) and (d) and Fig. 3(a) indi-
cate that the general theory derived in our accompanying
article?d overestimates Kop by a factor 1 /cap between 2
and 3 compared to the MD data. In contrast, this the-
ory is in good agreement with the Kop data from MC
simulations?, A difference between the MC simulations
described in our accompanying article?% and our MD sim-
ulations is that the anchor positions of the receptors and
ligands slightly fluctuate relative to the membrane mid-
surfaces in the MD simulations. These slight protrusion
fluctuations of the anchors in the direction perpendicu-
lar to the membranes are absent in our MC simulations,
in which the anchor points of the receptors and ligands
are confined to the discretized membrane surfaces of an
elastic-membrane model?®. However, a general theoreti-
cal investigation of protrusion fluctuations of the anchors
of receptors and ligands relative to the membrane mid-
surfaces is beyond the scope of this article.

An important element of our MD simulations and the-
ory is the tilt of the receptors and ligands relative to the
membrane normals. In our theory, the average tilt angle
of the complexes can be calculated from

G, — / 6. () P(1)dl (16)
and

fofr/2 0,6~ H1.0)/k5T gip §_d,

/% e=H.02)/k5T sin 6,6,

0a(l) = (17)

with H(l,0,) = Hry(l,0,) for the receptor-ligand com-
plexes and H(l,0,) = Hrs(l,0,) for the transition-state
complexes. Fig. [f] illustrates how the average tilt an-
gle 0, of the receptor-ligand complexes (full lines) and
transition-state complexes (dashed lines) depends on the
average membrane separation [ and relative roughness
&, for the membrane systems of Fig. 2 and 3. In Fig.
@(a), the average tilt angle strongly increases for average
separations [ that are smaller than the preferred aver-
age separations Iy ~ 14.1 nm and Iy ~ 15.1 nm of the
lipid-anchored and transmembrane complexes, respec-
tively. These increased tilt angles allow the complexes to
bind at smaller separations and lead to the asymmetry of
the functions Kop(l) and kou (1) relative to the preferred
average separations at which Kop and k,, are maximal



average tilt angle 6, [°]

012 13 14 15 16 17

average membrane separation / [nm]

20F 1

average tilt angle 8, [°]

0 0.5 1 1.5 2

membrane roughness ¢, [nm]

Figure 6. Average tilt angles 0, of the receptor-ligand
complexes (full lines) and transition-state complexes (dashed
lines) of the lipid-anchored and transmembrane receptors and
ligands in the membrane systems of Fig. 2 and 3. The aver-
age tilt angles are calculated based on Egs. and
(a) for the relative membrane roughness £, ~ 0.54 nm and
&1 ~ 0.53 nm of the membrane systems of Figs. 2(a) to (c)
and 3(a) and (c) with lipid-anchored and transmembrane re-
ceptors and ligands, respectively, and (b) for the preferred
average membrane separation ! ~ 14.1 nm and [ ~ 15.1 nm of
the lipid-anchored and transmembrane receptors and ligands,
respectively, as in Figs. 2(d) to (f) and 3(d) to (f). In these
calculations, we have used the fit values specified in Figs. 2
and 3.

(see Figs. 2(a) and (b)). At the preferred average sepa-
rations for binding, the average tilt angles are about 20°
for the lipid-anchored complexes and about 10° for the
transmembrane complexes for small roughnesses £, and
increase with increasing roughness (see Fig. [6[b)). For
small roughnesses £ | , the tilt of the complexes at the pre-
ferred average membrane separations for binding results
from the fact that the density of conformations accessible
to the complexes is proportional to sin f,. The rotational
entropy of the complexes therefore increases with the tilt
angle 6,, and the average tilt angles of the lipid-anchored
and transmembrane complexes follow from the interplay
of this rotational entropy and the energetic penalty k.02
for tilting. For larger roughnesses, the average tilt an-
gles 0, increase because the broader distributions P(1)
than include local membrane separations [ that are sig-

nificantly smaller than the preferred separations and in-
duce a stronger tilt of the complexes. The average tilt
angles of the unbound receptors and ligands are 6, =
f@ae_k"ﬂi/%BTsin 0,40,/ fe_kaei/QkBTsin 0,d0, ~ 41°
for the lipid-anchored receptors and ligands with anchor-
ing strength k, ~ 2.5kpgT, and 8, ~ 15° for the trans-
membrane receptors and ligands with anchoring strength
ko >~ 23kpT.

V. DISCUSSION AND CONCLUSIONS

In this article, we have presented a general theory for
the binding kinetics of membrane-anchored receptors and
ligands, and have corroborated this theory by a compar-
ison to detailed data from MD simulations with lipid-
anchored and transmembrane receptors and ligands. The
theory describes how the binding rate constants k., and
kog and binding equilibrium constant Kop depend (i)
on characteristic parameters of the membrane-anchored
receptor and ligand molecules, and (ii) on the average
membrane separation ! and relative roughness &, of the
membranes. For relative membrane roughnesses £, that
are much larger than the widths &gy, and &g of the func-
tions Kop(l) and kon(l) introduced in Egs. and (),
the binding equilibrium constant Ksp and binding on-
rate constant ko, are inversely proportional to &, at the
preferred average membrane separations lo and lrg of
the receptor-ligand and transition-state complexes (see
Eqgs. @[) and ) For such large roughnesses, the off-
rate constant k.g is independent both of the relative
roughness and average separation of the membranes if
the preferred average membrane separation Itg of the
transition-state complexes is approximately equal to the
preferred average separation Iy of the bound receptor-
ligand complexes, which appears to be the case for our
lipid-anchored and transmembrane receptors and ligands
(see fit parameters in Figs. 2 and 3 and previous sec-
tion). Based on expressions given below Egs. @ and
(13), the widths of the functions Kop(l) and ko (l) can
be estimated as &gy, ~ 2.1 nm and &g ~ 2.2 nm for our
lipid-anchored receptors and ligands, and &gy, ~ 0.38 nm
and &g ~ 0.8 nm for our transmembrane receptors and
ligands

The dependence of the binding constant Kop and rate
constants ko, and kog on the average membrane sepa-
ration [ and relative membrane roughness ¢, leads to
a cooperative binding of membrane-anchored receptors
and ligands. The formation of receptor-ligands bonds fa-
cilitates the binding of additional receptors and ligands
because these bonds (i) ’adjust’ the average separation
of adhering membrane segments to values that are closer
or identical to the preferred average separation for bind-
ing, and (ii) reduce the relative roughness of the mem-
brane segments by constraining membrane shape fluc-
tuations. Membrane adhesion zones are typically large
compared to the average distance of about 1/4/[RL] be-
tween neighboring receptor-ligand bonds. If the adhesion



is dominated by a single species of receptors R and lig-
ands L, the average membrane separation is close to the
preferred average separation for binding of these recep-
tors and ligands. The relative roughness of the adhering
membranes is then proportional to the average distance
between neighboring receptor-ligand bonds2?*26k

£ o< 1/V/[RL] (18)

For roughness values £, larger than the widths &gy, and
&rs of the functions Kap(l) and ko, (1), the binding con-
stant Kop and on-rate constant ko, in turn are inversely
proportional to £, (see paragraph above). With Eq.
, this inverse proportionality leads to the quadratic
relation®?

[RL] = Ksp[R][L] o [R]?[L]? (19)

between the bond concentration [RL] and the concentra-
tions [R] and [L] of the unbound receptors and ligands,
and to an overall reaction rate

Ton = kon[RI[L] o [R]?[L]? (20)

that depends quadratically on the concentrations [R]
and [L] of the unbound receptors and ligands. These
quadratic laws of mass action reflect the cooperative
binding of membrane-anchored receptors and ligands.

Because the binding interactions are identical for our
lipid-anchored and transmembrane receptors and ligands,
the substantially smaller Ksp values of the lipid-anchored
receptors and ligands at average membrane separations
around [y result from the softer anchoring compared to
the transmembrane receptors and ligands. In our theory,
the effect of the anchoring on Koy is reflected in the rota-
tional phase space volumes Qg, Qr,, and Qg (1) of the un-
bound receptors, unbound ligands, and bound receptor-
ligand complexes, which determine the rotational free en-
ergies of the unbound receptors and ligands and bound
complexes. The smaller Kop values of the lipid-anchored
receptors and ligands result from a larger loss in rota-
tional free energy upon binding due to the softer anchor-
ing, compared to the transmembrane receptors and lig-
ands.

An important element in our theory is the tilt of the
receptor-ligand and transition-state complexes relative to
the membrane normals. The tilt of the complexes is
reflected by effective configurational energies Hgy, (I, 60,)
and Hrs(l,0,) of the receptor-ligand and transition-state
complexes in Egs. and that depend both on the
local separation [ of the membranes and on the tilt an-
gle 6, of the complexes. The calculation of the functions
Ksp(l) and kon(l) in Eq. with Eq. and Eq. @
is based on these effective configurational energies and
involves integrations over the tilt angle 8,. Our func-
tions Kop(l) and kon(l) are asymmetric with respect to
the locations [y and Itg of their maxima because the
tilting facilitates the formation of complexes at separa-
tions smaller than [y and ltg, compared to larger sep-
arations. This asymmetry of the functions Kop(l) and
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kon(l) explains the asymmetry in the MD data of Figs.
2(a) and (b). The asymmetry of Ksp(l) for rod-like
and semi-flexible receptors and ligands is also directly
corroborated by Monte Carlo data in our accompanying
article?S. In previous theoriest®1844 the effective config-
urational energies of membrane-anchored receptor-ligand
and transition-state complexes depend only on the mem-
brane separation [. In harmonic approximation, such ef-
fective configurational energies Hgy,(I) = %KRL(Z —1p)?
and Hrs(l) = 1 Krg(l — Irs)? lead to symmetric Gaus-
sian functions Kop(l) ~ exp(—3Kgrr(l — lo)?/kpT) and
kon (1) ~ exp(—3Krs(l — lrs)?/kgT), in contrast to our
theory and simulation data.
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Appendix A: Coarse-grained molecular model of
biomembrane adhesion

lipid
Water

Our coarse-grained model includes water,
molecules, and receptor and ligand molecules.
molecules (W) are represented by single beads.

Lipids—A lipid molecule consists of three hydrophilic
head beads (H) and two hydrophobic chains (C) with
four beads each22M0i637 - Adjacent beads are connected
via harmonic potentials

1
Vbond(r) = 5 kr (7’ - lO)2 (Al)
with bond strength k, = 128 kgT/r2 and preferred bond
length Iy = 0.57¢3%. Here, r is the distance between
the two beads, and rq is the characteristic length of the

beads. The two hydrophobic chains of the lipid molecules
are stiffened by the bending potential?®

Vbend (9) = ko [1 — cos(é — ¢o))]

that acts between two consecutive bonds along each
chain. The bending constant is kg = 15kp7T, and the
bond angle ¢ attains the preferred value ¢9 = 0 for
collinear bonds.

Transmembrane receptors and ligands.—Our trans-
membrane receptor and ligand molecules consist of a
transmembrane domain and an ectodomain. The trans-
membrane domain is composed of four layers of lipid-
chain-like beads (T¢), which are shown in yellow in Fig.
1, in between two layers of lipid-head-like beads (Tq)
shown in blue. The ectodomain consists of six layers of
a hydrophilic bead type I. Each pair of nearest neigh-
boring beads of a receptor or ligand is connected by a
harmonic potential with bond strength k, = 128 kgT'/r3

(A2)



and preferred bond length [y = 0.8757r9. This bond
length corresponds to the average distance of neighbor-
ing water beads in our simulations with bead density
p=3ry 3. Bach pair of next-nearest neighboring beads
in two adjacent layers of a receptor or ligand is con-
nected by a harmonic potential with k. = 128 kgT/r2
and [ = V2 x 0.875 0.

Lipid-anchored receptors and ligands.—The
ectodomain of our lipid-anchored receptor and lig-
and molecules is identical to the ectodomain of our
transmembrane receptors and ligands. This ectodomain
is directly anchored to a lipid molecule. The central
bead in the bottom layer of the ectodomain is connected
by a harmonic potential with k. = 128 kgT/r} and
lop = 0.8757r9 to the first head bead of the lipid. This
head bead is not connected to either chain of the lipid.

Nonbonded interactions—In addition to the forces
arising from the bonded interactions specified above, each
pair of beads—except for the interaction beads of a recep-
tor and a ligand (see below)-exhibit the soft repulsive
forces

_ Jai(T—rij/ro)tij, 155 <o
R AR NS

with a repulsion strength a;; that depends on the types of
the two beads ¢ and j. The different repulsion strengths
shown in Table[[reflect the chemical nature of the beads,
i.e. their hydrophilicity or hydrophobicity. To avoid a
clustering of receptors and ligands, the repulsion strength
between the beads of two different receptors or two dif-
ferent ligands adopts the value a;; = 75 kT /ro, which
is larger than the repulsion strength a;; = 25 kgT/ro be-
tween two beads of the same receptor, of the same ligand,
or of a receptor and a ligand.

Specific binding of receptors and ligands— The bind-
ing of a receptor and a ligand is modeled via the binding
potential®

Viind(r, 0) = vpina (1) e o000 (A4)
which depends both on the distance r between the inter-
action beads of the receptor and ligand and on the angle
0 between the two molecules. The interaction beads are
located in the center of the top layer of the ectodomains
and are indicated in black in Fig. 1. The angle 6 between

Table I. Repulsion strengths a;; in units of kg7T'/ro. Numbers
in parentheses indicate the repulsion strength between the
beads of two different receptors or two different ligands.

Aij W H C Tw Tc 1

W 25 30 75 30 75 25
30 30 35 30 35 30
75 35 10 35 10 35
Tu |30 30 35 25(75) 25(75) 25(
Tc |75 35 10 25(75) 25(75) 25(
I |25 30 35 25(75) 25(75) 25(

Qm

S99
GU Ol Ot
2282
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a receptor and a ligand is defined as the angle between
the two bonds that connect the interaction beads of the
molecules to the central beads of the adjacent bead lay-
ers. The distance-dependent term vpinq(r) of the specific
interaction is

%7‘0 [an(l —7r/ro)? — Fm] , r <Tp

FmT() [(1 —7"/7’0)2 — %] , 7o <r< %7"0

—Fro(2 —1/r0)?, Sro <1 < 2rg

0, r > 2r
(A5)

Ubind (1) =

with repulsion strength ay; = 25kgT'/r¢ and the attrac-
tion strength F,,, = 16 kgT/ry. Differentiating vping(r)
with respect to r leads to the radial force component

arr (1 —r/rg), r<Tg
2F, (1 —r/rg), 1m0 <r< %7‘0
2F(r/ro —2), 3ro <1< 2rg
0, r > 2rg

Fbind(r) = (AG)

which includes a soft repulsion for r < ry and an attrac-
tion for rg < r < 2rg. The parameter ky in Eq.
determines the width of the binding-angle distribution
and is chosen to be ky = 10/rad2. The angle 6 adopts
the preferred value 8y = 0 if the two molecules are facing
each other. The binding potential attains its minimum
value of f%Fmro = —8kpT at r = rp and 6 = 6y. For
this intermediate binding energy of the receptors and lig-
ands, both stable bonds and a large number of binding
and unbinding events can be observed in our simulations.

Appendix B: MD simulations

We have performed simulations with dissipative par-
ticle dynamics (DPD), a coarse-grained MD technique
that explicitly includes water and reproduces the correct
hydrodynamics#222.

Time step and initial relaxation.—In our simulations,
Newton’s equations of motion are numerically integrated
with a time step to = 0.03y/mor3/kgT using the
velocity-Verlet algorithm as in ref?). Here, mg is the
mass of the beads, and kpT is the thermal energy. For
this time step, the average temperature of the beads de-
viates from the expected value by at most 2%. Our op-
timized DPD code is parallelized to achieve a speedup of
about a factor 6 by using 8 CPU cores, which enable us to
simulate up to tens of thousands of binding and unbind-
ing events to determine the binding rate constants with
high accuracy. A relaxation run of 2 — 5 - 10°¢; is per-
formed for thermal equilibration in each system before
statistical sampling.

Length and time scales—Physical length and time
scales for the characteristic bead length 79 and for
the time step ty of our simulations can be obtained
from a comparison to experimental data for dimyristoyl-
phosphatidylcholine (DMPC) fluid bilayers. Our model



lipids correspond to the phospholipid DMPC since each
C bead of the lipid tails can be seen to represent 3.5
CHy groups®**% which leads to a total tail length of 14
CH; groups as for DMPC. From the experimental value
dun ~ 3.53 nm for the vertical distance between the head
groups of two DMPC monolayers in fluid bilayers*® and
our simulation result dyyg ~ 3.64 1y, we obtain the phys-
ical length scale 7o ~ 1.0 nm. From the experimentally
measured lateral diffusion coefficient D ~ 5 pm?/s of
DMPC and our simulation result D ~ 5.7 - 10~% 73 /to,
we obtain the physical time scale tg ~ 114 ns. A char-
acteristic length of our binding potential is the standard
deviation of the interaction beads in the direction parallel
to a bound receptor-ligand complex. From our simula-
tions, we obtain the value 0.19 nm for this characteristic
width of the binding potential?. The standard deviation
of the binding angle 6 of receptor-ligand complexes in our
simulations is 0.084.

Simulation bor.—The lipid membranes in our simu-
lations are confined within a simulation box with size
V =L, x L, x L, and periodic boundary conditions.
The box extension in the direction perpendicular to the
membranes has the same value L, = 40 nm in all our
simulations, while the extensions L, = L, are varied to
simulate different membrane sizes. The number density
of beads in the simulation box is set to p = 37, 3. The
total number of beads thus is pV. In our simulations
without confining membrane potentials, the number of
lipids is adjusted such that the membrane tension van-
ishes. Our smallest membranes have an area of 14 x 14
nm? and contain 296 lipids and single receptor and lig-
and molecules. Our largest membranes have an area of
120 x 120 nm? and are composed of 22,136 lipids and 25
transmembrane receptors and ligands. The average sep-
aration between the membranes is kept constant in our
simulations, while the local separations fluctuate around
the average value with a normal distribution as shown in
Fig. [

Confining membrane potentials—In our simulations
with confining potentials, we impose an additional har-
monic potential

1
= 7kc0nf(z - 20)2 (Bl)

chonf (Z) 9

on one of the three head beads of each lipid in the two
distal monolayers of the apposing membranes, i.e. in the
two monolayers that do not face the other membrane.
The potential is acting on the head bead connected to
the right side chain of the lipid molecule shown in Fig.
1. The z-direction of our simulation box is on average
perpendicular to the membranes. In Figs. 2(d)-2(f), the
red data points are from simulations with the confining
strengths keont = 64, 4, 2 and 1 kgT/nm? (from left
to right). The membrane tensions for these confining
strengths are —0.12+0.03, —0.02£0.01, 0.06 £0.01 and
0.19 4 0.01 kT /nm?, respectively.
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Appendix C: Analysis of binding kinetics

Binding and unbinding events of receptor and lig-
and molecules in our simulations can be identified from
the distance r between the interaction beads of the
molecules?. A binding event is defined to occur when
r falls below the binding threshold r; = 1 nm, at which
the binding potential in Eq. attains its minimum.
An unbinding event is defined to occur when r exceeds
the unbinding threshold ro = 4 nm, which is well beyond
the range of fluctuations in the bound state?. Our values
for the binding equilibrium constant Kop and the rela-
tive values of on-rate constants k,, and off-rate constants
kog do not depend on the choice of these thresholds.

The binding and unbinding events divide our simula-
tion trajectories into different states with different num-
bers of receptor-ligand complexes. In our simulations
with Ng receptors and Ny, ligands, we have N + 1 states
where N = min (Ng, Np) is the maximum number of
complexes. Our simulation trajectories can be mapped
to a Markov model

(0) (€D (2) (~v-1)
k k k k
+ + + +
2 3...N—1e=— (C1)
D @ e V)

with binding rate k") = (1/A)(Ny, — n)(Ng — n)kS for
the transition from state n to n 4+ 1 and unbinding rate
BT = nkc(ff}) for the transition from state n to n—1. Here,

A is the membrane area, k(()ﬁ) and kgg) are the on- and off-

rate constants in state n. By maximizing the likelihood
function for our whole simulation trajectory, we obtain
the maximum likelihood estimators for the rate constants

(Nr —n) (N, — )T, ¢ Foft =

kw = (C2)

nT,,

where NI is the total number of transitions from n to
n+1, N, the total number of transitions from n to n—1,
and T, the total dwell time in state n. Our estimator for
the binding constant then is”

my  kSTY nAT,
k(()?f) (Ne—n+1)(Np —n+ 1)1,

(C3)

because the transition numbers N,  , and N, are
identical in equilibrium.
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