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Cell adhesion and the adhesion of vesicles to the membranes of cells
or organelles are pivotal for immune responses, tissue formation,
and cell signaling. The adhesion processes depend sensitively on the
binding constant of the membrane-anchored receptor and ligand
proteins that mediate adhesion, but this constant is difficult to
measure in experiments. We have investigated the binding of
membrane-anchored receptor and ligand proteins with molecular
dynamics simulations. We find that the binding constant of the
anchored proteins strongly decreases with the membrane rough-
ness caused by thermally excited membrane shape fluctuations
on nanoscales. We present a theory that explains the roughness
dependence of the binding constant for the anchored proteins from
membrane confinement and that relates this constant to the binding
constant of soluble proteins without membrane anchors. Because
the binding constant of soluble proteins is readily accessible in ex-
periments, our results provide a useful route to compute the binding
constant of membrane-anchored receptor and ligand proteins.

protein binding | membrane adhesion | adhesion molecules |
binding equilibrium and kinetics

Acentral problem in cell adhesion is to quantify the binding
affinity of the membrane-anchored receptor and ligand
proteins that cause adhesion (1-4). The distinction of “self” and
“foreign” in cell-mediated immune responses, for example, depends
on subtle affinity differences between receptor and ligand proteins
anchored on the surfaces of apposing cells (5). The binding affinity
of anchored receptor and ligand proteins, which are restricted to the
two-dimensional (2D) membrane environment, is typically de-
scribed by the binding equilibrium constant K>, of the proteins.
Because K;p, is difficult to measure in experiments, it is often es-
timated from the binding constant K3p of soluble variants of the
receptors and ligands that lack the membrane anchors and are free
to diffuse in three dimensions (3D). Standard approaches are based
on the relation Kop = K3p /I, suggested by Bell et al. (6), where /. is
a characteristic length that reflects the different units of area and
volume for K,p and Kj3p, respectively. However, different methods
to measure the binding equilibrium constant of membrane-
anchored proteins have led to values of K, and associated values
of [ that differ by several orders of magnitude (7). In contrast to the
standard approaches, the simulation data and theory presented
here indicate that the relation between K, and Ksp involves three
different length scales, and that the most important of these length
scales is the membrane roughness resulting from shape fluctuations
on nanoscales. Because the membrane roughness depends on
the concentration of the receptor-ligand bonds that constrain
the shape fluctuations, our results help to understand differences
in K, values from different experiments.

In this article, we report simulations of biomembrane adhesion
with a molecular model of lipids and proteins (Fig. 14). We
systematically vary the size of the membranes and the numbers
of receptors and ligands and determine the binding constant K,
and the on- and off-rate constants k., and kg of the membrane-
anchored receptors and ligands for these different systems with
high precision from thousands of binding and unbinding events
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observed in our molecular dynamics simulations. Our largest ap-
posing membranes are composed of 9,838 lipid molecules each and
include 15 membrane-anchored receptors and ligands, respectively
(Fig. 1C), whereas the smallest membranes contain 296 lipids and
single receptor and ligand molecules. In addition, we determine the
binding constant K3p and the on- and off-rate constants of soluble
variants of our receptors and ligands without membrane anchors.

We find that K5, is not a constant, but depends strongly on
the relative roughness £, of the apposing membranes. The rel-
ative membrane roughness is the local standard deviation (SD)
of the membranes from their average separation due to thermally
excited shape fluctuations. The relative roughness varies with the
concentration of the bound receptor-ligand complexes because
the complexes constrain membrane shape fluctuations. At the op-
timal average membrane separation for receptor-ligand binding,
the binding constant K;p, is inversely proportional to the mem-
brane roughness for roughnesses larger than about 0.5 nm and,
thus, even for roughnesses that are significantly smaller than the
membrane thickness.

To understand the roughness dependence of K,p and the re-
lation of K,p to the binding equilibrium constant K3p of soluble
receptors and ligands without membrane anchors, we have de-
veloped a general theory in which the binding free energy of the
receptor-ligand complexes is decomposed into enthalpic and en-
tropic terms. We find that the roughness dependence of K,p
can be fully understood from the entropy loss of the membranes
upon receptor-ligand binding. The theory is in good quantitative
agreement with our simulation results and provides a unique route
to calculate K,p from experimental values for K3p. In addition to
the membrane roughness, our theory includes two characteristic
lengths of the receptor-ligand complexes, which reflect variations
in the overall extension and in the binding site of the complexes.

Results

Binding Constant K,, of Membrane-Anchored Receptors and Ligands.
In our molecular dynamics simulations of biomembrane adhesion,
the membranes are confined within a rectangular simulation box
with periodic boundary conditions of size L, XL, X L.. Whereas
the box extension L, in the direction perpendicular to the mem-
branes has the same value in all simulations, the extensions
L =L, are varied to simulate different membrane sizes (Fig. 1 B
and C). Binding events of the receptor and ligand proteins in our
simulations can be clearly identified from the distance between
the binding sites of the proteins (Fig. 2). The binding equilibrium
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Fig. 1. (A) Coarse-grained structures of a lipid molecule and of a membrane-
anchored receptor or ligand. The hydrophilic head group of a lipid molecule
consists of three beads (dark gray), and the two hydrophobic chains are com-
posed of four beads each (light gray) (8). The membrane-anchored receptors
and ligands consist of 84 beads arranged in a cylindrical shape and have hy-
drophobic anchors that are embedded in the lipid bilayer and mimic the trans-
membrane segments of membrane proteins. The transmembrane anchor of a
receptor or ligand molecule is composed of four layers of hydrophobic lipid-
chain-like beads (yellow) in between two layers of lipid-head-like beads (blue).
The interaction domain of the receptor and ligand molecules 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). (B) Simulation snap-
shot of two apposing membranes bound together by a single anchored re-
ceptor and ligand molecule. For clarity, the interaction domain of the receptor
is shown in red and the interaction domain of the ligand in green. Each
membrane here has an area of 30 x 30 nm?. (C) Simulation snapshot of
two apposing membranes of area 80 x 80 nm? interacting via 15 anchored
receptor and 15 ligand molecules. The water beads are not displayed in
these snapshots.

constant Kpp of the anchored receptor and ligand proteins can
then be calculated from the total dwell times in the bound and
unbound states of the proteins observed in our simulations (Model
and Methods).

The binding equilibrium constant and binding kinetics of
membrane-anchored receptors and ligands depend on the distance
between the two apposing membranes because receptor—ligand
complexes cannot form if the two membranes are too far apart or
too close. In Fig. 3, the binding constant K,p, of a single anchored
receptor and a single anchored ligand molecule is shown as a
function of the average membrane separation /, which is kept
constant in our simulations. In these simulations, the number of
lipids is adjusted such that the membrane tension vanishes (8).
For both membrane sizes L, x L, =14 x 14 nm? and 30 x 30 nm2,
the binding constant K, is maximal at an average membrane
separation close to the length of the receptor-ligand complexes.
In the following, we will focus on the average membrane separation
I =1y at which K,p is maximal because maxima in K,p correspond
to minima of the free-energy difference between the bound and
unbound state of the membranes (Eq. 5). In a situation in which
the membrane separation is not constrained, which is the typical
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situation in experiments, the membranes thus will “choose” the
“optimal” average membrane separation /. Within numerical
accuracy, the optimal average membrane separation obtained
from our simulations does not depend on the membrane size.
In Fig. 3, the binding constants for the larger membrane area
L,xL,=30x30 nm? are significantly smaller than the binding
constants for the membrane area L, xL,=14x14 nm?. These
differences in the binding constants for different membrane sizes
can be understood from the shape fluctuations of the membranes.
A characteristic measure for the strength of the fluctuations is
the relative roughness of the two membranes, which is the SD

& =/ —7)2> of the local separation /; of the membranes from

the average separation /= (/;) where (...) denotes the thermo-
dynamic average. To calculate the roughness &,, we divide the
x-y plane of our simulation box, which is on average parallel to
the membranes, into patches i of size 2 x 2 nm?, and determine
the local separation /; of two apposing patches from the separation
of the membrane midplanes. In Fig. 4, the binding constants Kp,
from different membrane systems are shown as a function of the
membrane roughness &, at the optimal average membrane sep-
aration /y. The binding constant K, of the membrane-anchored
receptors and ligands clearly decreases with the relative roughness
£, of the membranes. The data shown in Fig. 4 are from sim-
ulations of membrane systems that differ in membrane area,
number of receptors and ligands, membrane tension, or mem-
brane potential. The dark blue data points in Fig. 4 are from
simulations with tensionless membranes and a single receptor
and ligand. The different values for K,p and &, in these simu-
lations result from different membrane sizes. The arrows in Fig.
4 indicate the two points that correspond to the two maxima of
Fig. 3 for the membrane sizes 14 x 14 nm* and 30 x 30 nm”. The
roughness for the membrane area 30 x 30 nm? is about a factor 2
larger than the roughness for the membrane area 14 x 14 nm?,
whereas the K5, value at the optimal separation is about a factor
2 smaller for the membrane area 30 x 30 nm”. The membrane
roughness in our simulations depends on the size of the mem-
branes because the periodic boundaries of the simulation box
suppress membrane shape fluctuations with wavelength larger
than L, /2z, where L, = L, is the linear membrane size. The purple
data points in Fig. 4 are from simulations with eight receptors
and eight ligands and a membrane area of L, X L, =40x40 nm?,
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Fig. 2. Distance r between the binding sites of a single membrane-anchored
receptor and ligand for a short time interval of a simulation with two apposing
membranes of area 30 x 30 nm? as in Fig. 1B. Bound states of the receptor
and ligand can be clearly identified from time segments in which the distance
r between the centers of the binding sites exhibits small fluctuations around
the value r=1 nm at which the minimum of the binding potential is located.
In this example, the receptor and ligand bind twice and unbind twice.
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Fig. 3. Binding constant K5p as a function of the average membrane sep-
aration [ from simulations with membrane area A=14x 14 nm? (upper) and
30 x 30 nm? (lower) and a single membrane-anchored receptor and ligand
pair. The dashed lines are guides for the eye.

and the brown data points from simulations with 15 receptors and
15 ligands and membrane area 80 x 80 nm? The different values
for K>p and &, in these simulations with tensionless membranes
are for states with different numbers n of receptor-ligand bonds.
These states exhibit different membrane roughnesses, as the
receptor-ligand bonds constrain the membrane fluctuations (see
Model and Methods for details). The three light blue data points
are from simulations with positive (left point) or negative (two
right points) membrane tension for the area 14 x 14 nm?”. Positive
tension stretches the membranes and decreases the roughness,
whereas negative tension compresses the membranes and in-
creases the roughness. To extend the roughness range to smaller
values, we have also performed simulations in which the mem-
brane fluctuations are confined by membrane potentials (red
points; see SI Text for details). In experiments, such a situation
occurs for membranes bound to apposing surfaces as, for example,
in the surface force apparatus (9, 10).

The fact that all data points of Fig. 4 collapse onto a single
curve indicates that the relative membrane roughness £, deter-
mines Ko, irrespective of whether the size of £, is controlled by
the membrane area, the concentration of the receptor-ligand
complexes, the membrane tension, or confining membrane poten-
tials. For roughnesses larger than about 0.5 nm, this curve can be
well fitted by the inverse proportionality relation

KZD/K3D=(2.710.1)/§J_ [1]

between the binding constant K, of the anchored receptors and
ligands and the relative membrane roughness &, (see dashed line
in Fig. 4). Here, Kjp is the binding constant of our soluble recep-
tors and ligands without membrane anchors, which we have de-
termined from simulations in water (see SI Text for details). The
inverse proportionality between K;p and the relative membrane
roughness &, for sufficiently large roughnesses and the deviations
from this proportionality for smaller roughness can be understood
from a general theory for K;p and K5p derived in the next section.

A General Relation Between K,p and K3p. We first focus on Kzp and
consider a single soluble receptor and a single soluble ligand in a
volume V. The two molecules are bound with equilibrium proba-
bility P, and unbound with probability P,,. Detailed balance implies
Pk, =Pyk_, where ky =kon/V and k_ =k are the transition
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rates between the bound and unbound state of the molecules.
Because of Ksp =kon/kott, We have

Kip=V 2t yesGuiit, [2]
Py

where AG3p is the binding free energy—that is, the free-energy
difference between the bound and unbound state. We now con-
sider the receptor and ligand as rigid rods with translational and
rotational degrees of freedom. Following a standard approach in
which the binding free energy is expanded around its minimum
(11, 12), we obtain (see SI Text for details)

AG3D ~ AU - TAStrans - TASml

Vb @y (31

with the binding enthalpy AU and the loss ASgans and AS; in
translational and rotational entropy upon binding. Here, V}, is
the translational phase space volume of the bound receptor rel-
ative to the ligand in the complex, and w), is the rotational phase
space volume of the bound receptor relative to the ligand. In the

\L LI N N B I D B S B N B N B N B B N N B N N B B B

1400; ‘\‘ ® 1R + 1L, zero tension, different areas E
o ‘\ ® 1R+ 1L, nonzero tension, 14 x14 nm? 4
1200 N \ ® 1R+ 1L, confining potentials ]
L ¥ ® 8R + 8L, zero tension, 40x40 nm?
— 1000 ® 15R + 15 L, zero tension, 80x80 nm?
Ef \J ]
-—g 800 1
x i ]
600 C ]
400 C b
200 : F N TN N N N TN TN [N T N T N T O YN TN O N T T T Y Y Y A A o

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

membrane roughness &, [nm]

Fig. 4. Binding constant Kyp at the optimal membrane separation for re-
ceptor-ligand binding as a function of the relative roughness &, of the two
apposing membranes caused by thermally excited membrane shape fluctu-
ations. The dark blue data points are from simulations with single mem-
brane-anchored receptor and ligand molecules and tensionless membranes
of area A = 14 x 14, 18 x 18, 22 x 22, 26 x 26, and 30 x 30 nm? (from left
to right). The arrows indicate the two points that correspond to the maxima
of Fig. 3 for the area 14 x 14 nm? (left arrow) and 30 x 30 nm? (right arrow).
The light blue data points are from simulations with area 14 x 14 nm? and
membrane tension 1.68 + 0.01, —1.02 + 0.02, and —1.50 + 0.01 kgT/nm? (from
left to right). The red data points are from simulations with membrane area
14 x 14 nm? and confining potentials for head beads of the two distal
monolayers of the membranes (see S/ Text for details). The five purple data
points are from simulations with eight receptor and eight ligand molecules
and area 40 x 40 nm? of the two membranes, for the five binding reactions
n=1=2=3=4=5=6 (from right to left), where n is the number of formed
receptor-ligand complexes. The six brown data points result from simulations
with 15 receptors and 15 ligands and membrane area 80 x 80 nm? (Fig. 1C),
for the six binding reactionsn=2=3=4=5=6=7 =8 (from right to left).
The dashed and full lines represent two fits to the data using the value
K3p ~ 157 nm?3 for the binding constant of soluble receptors and ligands
obtained from separate simulations. The dashed line is obtained from a
least-square fit of the data points with roughness values larger than 0.5 nm
to the functional form Kyp /K3p = C/£,, which leads to C=2.7+0.1 as in Eq. 1.
The full line is obtained from a least-square fit of all data points to the
functional form Kap/Ksp =C'/(£3,+£)"? given by Eq. 9. This fit leads to
C'=2.8+0.1and & =0.2+0.1 nm.
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unbound state, the rod-like receptor and ligand rotate freely
with rotational phase space volume 4z. Egs. 2 and 3 lead to the
general result

Kip = V20 ¢=8U/kaT [4]
4r

for the binding constant of soluble receptor and ligand molecules.
In analogy to the soluble molecules, we now consider a single
pair of membrane-anchored receptor and ligand molecules in
two apposing membranes of area A. The transition rates between
the bound and unbound state of the molecules are k; =ko,/4 and
k_=kotr (Model and Methods). The detailed balance condition
P,k,=Ppk_ and the definition Kyp =kon/kott then lead to

P
Kop=A Fb =Ae~ 20w /ksT 5]

u

with the free-energy difference AG,p between the bound and
unbound state. The free-energy difference can be decomposed
as (see SI Text for details)

AGZD ~ AU - TAStrans - TASrot - TASmem

~ AU- kBTln{A} —kgT In {%}
A WROL [6]
2
+k—ln 1+§—
2 §RL

with the translational and rotational entropy loss ASrans and ASyq
of the receptor and ligand, and the entropy loss ASmem of the
membranes upon bond formation. Here, A4, is the translational
phase space area of the bound receptor relative to the ligand in
the two directions parallel to the membranes, wg and wy, are the
rotational phase space volumes of the unbound membrane-
anchored receptor and ligand molecules relative to the membranes,
and wgy is the rotational phase space volume of a bound receptor
or bound ligand relative to the membranes. The entropy loss
ASmem Of the membranes is obtained from exact results for a
local harmonic constraint that restricts membrane shape fluctua-
tions (13). This entropy loss depends on the relative roughness
£, of the membranes and on a characteristic length gy that reflects
intrinsic variations in the extension of the receptor-ligand complex
in the direction perpendicular to the membranes, which result
mainly from variations in the binding distance and anchoring angles
of the molecules. Egs. 5 and 6 lead to the general result

Kop ~ AbM {:l _AU/kBT 7
WROL §RL
o A, PO AU o s gy (8]
wroL &

for the binding constant of the membrane-anchored receptors
and ligands.

Finally, from a combination of Egs. 4, 7, and 8, we obtain
the general relation

@ 47szL f RL
Kip = wror &

(§RL+§J_)_% [9]

_4zore ErL
wroL &p¢)

for &, > & [10]

between the binding equilibrium constant of the membrane-
anchored molecules and the binding constant of their soluble
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counterparts without membrane anchors. We have assumed here
that the binding interface of the membrane-anchored receptors
and ligands is identical with the binding interface of their soluble
counterparts (4), which implies that the binding enthalpy AU and
the rational phase space volume w,, of the bound receptor relative
to the ligand are the same for both types of receptors and ligands.
According to Egs. 9 and 10, the ratio K,p/Ksp of the binding
constants depends (i) on the membrane roughness £, (ii) on
two characteristic lengths &, and &gy, of the receptor-ligand com-
plexes, and (iii) on the rotational phase space volumes wgy, @R,
and wr, of the bound and unbound membrane-anchored recep-
tors and ligands. The characteristic length &, of the receptor—
ligand complexes is defined as & =1},/A; and can be calculated
from the SD of the distance between the binding sites in the
direction parallel to the receptor-ligand complex, as V}, is the
translational phase space volume of the bound complex and A4,
the translational phase space area in the two directions perpen-
dicular to the complex, and parallel to the membranes (see SI Text
for details). We obtain the value &, ~ 0.78 nm for our receptor—
ligand complexes. The characteristic length £g;_ can be determined
from a comparison with our simulation results for K, at the
optimal membrane separation, which leads to the estimate gy =
0.2+0.1 nm (see full line in Fig. 4). The rotational phase space
volumes wg, w1, and wgrr, can be calculated from the angular
distributions of the receptors and ligands relative to the mem-
branes. We obtain the values wr =wy, ~ 0.75 for our unbound
receptors and ligands, and wgy, ~ 0.33 for bound receptors or
bound ligands. From these values and the values for the charac-
teristic lengths &, and &gy of the receptor-ligand complexes given
above, we obtain the estimate (4rwgry/wrwr)(Ere /&) =1.9+1.0
for the numerical prefactor in Egs. 9 and 10, which is consistent
with the values obtained from fits to our simulation results for
Kp at the optimal membrane separation (see Eq. 1 and caption
of Fig. 4).

On- and Off-Rate Constants. Because K>p can be expressed as the
ratio of on- and off-rate constants k,, and k¢ of the membrane-
anchored receptors and ligands, an interesting question is whether
the decrease of K,p results from a decrease of k,,, or an increase
of kg with the roughness, or both. We find that both &, and kqy
contribute to the roughness-dependence of K;p, at least for the
range of roughnesses accessible in our simulations (Fig. 5).

For the soluble receptors and ligands without membrane anchors,
we obtain the off-rate ko= (4.0+0.1)-10° /s, which is about
three to seven times larger than the off-rates obtained for the
membrane-anchored receptor-ligand complexes. This finding is
in agreement with experimental results for the binding of T-cell
receptors to MHC-peptide ligands. The off-rates of soluble var-
iants of these receptors and ligands without membrane anchors
have been found to be slightly larger than the off-rates of the
membrane-anchored receptors and ligands if the cytoskeleton of
the cells is disrupted (14). In these experiments, the fluctuations
of the cell membranes are governed by the membrane elasticity,
as in our simulations. In experiments with intact cytoskeleton, the
off-rates of membrane-anchored T-cell receptors and MHC-peptide
ligands are larger than the off-rates of their soluble counterparts,
presumably due to ATP-driven cytoskeletal forces acting on the
membranes and receptor-ligand complexes (14-16).

Discussion and Conclusions

We have determined both the apparent binding constant K,
of membrane-anchored receptors and ligands and the binding
constant K3p of soluble receptors and ligands with coarse-grained
molecular dynamics simulations. In addition, we have developed
a general theory for these binding constants that is in quantitative
agreement with our simulation results. We find that K, is not a
constant, but depends strongly on the membrane roughness &;
from nanoscale shape fluctuations. In our general theory, the
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Fig. 5. (A) On-rate constants k,, and (B) off-rates k.s of membrane-

anchored receptors and ligands as a function of the relative membrane
roughness £, from the same simulations as in Fig. 4.

roughness dependence of K;p is traced back to the entropy loss
of the membranes upon the formation of a receptor-ligand com-
plex. Our general relations between K;p, K3p, and the relative
membrane roughness &, hold for any membrane system in which
the anchored proteins are rather rigid and do not oligomerize or
aggregate. The optimal membrane separation of about 15 nm for
our receptor-ligand complexes is close to the length of com-
plexes of, for example, the T-cell receptor or the protein CD2 (1,
17). The concentrations of our anchored receptors and ligands
between 2,000 and 5,000 molecules per pm?” are somewhat larger
than typical concentrations of these proteins (1, 14, 17). In our
simulations, we also used relatively large on- and off-rates to
ensure an efficient sampling of binding and unbinding events.
Therefore, the kinetics of these events is strongly enhanced com-
pared with protein binding events in experiments. It is important to
note, however, that our main results for the ratio K,p/Ksp of the
binding constants are independent of the numerical values of the
rate constants. These main results are (i) that Kop /K3p is inversely
proportional to the membrane roughness &, for roughnesses large
compared with the characteristic length gy of the anchored re-
ceptor-ligand complexes (Eqs. 1 and 10) and (i) that the prefactor
(4rowrL/wroL)(Ery/&,) of this inverse proportionality depends
only on the molecular geometry of the receptor-ligand complex
(Eq. 10). To illustrate that K>p/Ksp does not depend on the rate
constants, we have performed additional simulations in which
the binding energy of our receptors and ligands is increased by
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25%. This increase in the binding energy increases both K,p and
Ksp by a factor 3.4 due to decreased off-rates, but does not
change the ratio Kop/Ksp (see SI Text for details).

The roughness-dependence of K, leads to unusual laws of
mass action for the binding of membrane-anchored receptor and
ligand molecules. Membrane adhesion zones are typically large
compared with the average distance of about 1/,/|RL] between
neighboring receptor-ligand bonds. Because the bonds constrain
the membrane shape fluctuations, the average bond distance is
proportional to the relative roughness &, of the membranes,
which leads to the relation (18)

¢rocl/V/[RL]

between the roughness &, and the concentration [RL] of receptor—
ligand bonds. From Eq. 11 and the inverse proportionality of
the binding constant K>p = [RL]/[R][L] and the relative roughness
£, (Eq. 1), we obtain the quadratic relation

[11]

[RL) o< [R[L]* [12]
between the bond concentration [RL] and the concentrations [R]
and [L] of the unbound receptors and ligands, which corroborates
previous results from an elasticity model of biomembrane adhesion
(19). This quadratic law of mass action indicates a cooperative
binding of membrane-anchored receptors and ligands.

Model and Methods

Simulations. Coarse-grained molecular dynamics simulations have been widely
used to investigate the self-assembly (8, 20-22) and fusion (23-26) of mem-
branes as well as the diffusion (27, 28) and aggregation (29) of membrane
proteins. We have performed simulations with dissipative particle dynamics
(30-32), a coarse-grained molecular dynamics technique that explicitly
includes water. Our simulations of biomembrane adhesion include water
beads, lipid molecules, and membrane receptors and ligands (Fig. 1). The
lipid molecules consist of three hydrophilic head beads and two hydrophobic
chains with four beads each, which are held together by harmonic potentials
between adjacent beads and stiffened by bending potentials between three
consecutive beads (8, 25, 26, 33). The membrane-anchored receptor and li-
gand molecules are composed of 84 beads that are arranged in a cylindrical
shape of 12 hydrophobic or hydrophilic layers of seven beads each (Fig. 1A4).
Harmonic potentials between nearest and next-nearest neighbor beads lead
to a rather stiff shape of the receptors and ligands. The specific binding of
receptors and ligands is modeled via a distance- and angle-dependent
attraction between two interaction beads that are located in the center of
the top layers of beads (Fig. 1A). All other pairs of beads of the receptors,
ligands, lipids, and water softly repel each other with a strength that depends
on the bead types (see S/ Text for details). In addition, we simulate the binding
of soluble receptors and ligands in water. These soluble receptors and ligands
lack the hydrophobic transmembrane anchor, but are otherwise identical with
the membrane-anchored receptors and ligands.

Analysis of Binding Kinetics. Binding and unbinding events of receptor and
ligand molecules in our simulations can be identified from the distance
between the binding sites of these molecules (Fig. 2). To distinguish binding
and unbinding events from distance fluctuations in the bound and unbound
state, we use two distance thresholds to define these events. A binding
event is defined to occur when the distance r between the binding sites of
a receptor and ligand falls below the binding threshold ri =1 nm. An un-
binding event is defined to occur when the binding-site distance of a bound
receptor-ligand pair exceeds the unbinding threshold r, =4 nm, which is
well beyond the range of fluctuations in the bound state. The values for
Ksp and Ksp and the relative values of the on- and off-rate constants of
the receptors and ligands obtained from our analysis do not depend on the
precise values of these thresholds.

The binding and unbinding events divide our simulation trajectories into
different states with different numbers of bound receptor-ligand complexes.
In our simulations with a single receptor and ligand molecule, we have two
states: the unbound state of the molecules and the bound state with a single
receptor-ligand complex. In our simulations with Nk receptors and N, ligands,
we have N + 1 states where N =min(Ng,N, ) is the maximum number of bound
complexes. Our simulation trajectories thus can be mapped to a Markov model:
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with transition rates k&") and k™ between the states that are related to the
binding and unbinding rate constants kf,"n) and ké'})f of the receptors and
ligands. The binding rate of an individual unbound receptor in state n is
proportional to the concentration (N, —n)/A of unbound ligands and pro-
portional to the rate constant kf)’:.) for the formation of a bond in state n,
where A is the area of the membranes. Because we have Nz —n unbound
receptors, the rate for a transition from state n to state n + 1 is:

k" = (1/A) (N = n)(Ng — n)kY [14]
for n < N. The rate for a transition from state nton — 1 is:
)
k™ =nk&) [15]

for n > 0 because there are n bonds that may each break with rate kf)'}i
The binding constant is defined as:

) k=Y
Koo = P [16]
f

o

The on- and off-rate constants can be determined from the observed
numbers of transitions between the states and from the overall dwell times
in the states. The binding and unbinding events divide the simulation tra-
jectories into time windows j of length t; in state n;, which are followed by a
transition into state n; + s;, where s; is either 1 or —1. The probability for
staying for a dwell time t; in state n; is Py, (t;) =exp[- (k! + k™)t] with
k© =™ =0 (S Text). The probability of time window i with its observed
transition then is p; o(P,,,.(t,-)ki"”) fors;=1and p; x Py, (t;)k") for s;= — 1. The
likelihood function is the probability for the whole trajectory—that is:
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(7")} N ef[kﬂr"’Jrk(,"‘]Tn’ [1 7]

where N} 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.

Maximizing L with respect to the binding and unbinding rate constants
kg’:,) and kg’g of Egs. 14 and 15 leads to the maximum likelihood estimators
for the rate constants:

NFA N>
k=" and k=" 18
N = (Np—n) (N —n)T, "% Xoft TpT, (8l
Our estimator for the binding constant defined in Eq. 16 then is:
Ko nAT, [19]

DT (Ng—n+ V(N —n+1)Tpq

because the transition numbers N!_, and N; are identical in equilibrium.
For our simulations with a single receptor and a single ligand, the maximum-
likelihood estimators for the on- and off-rate constants thus are kf,on) =
N§{A/To and kgf)sz;/Th and the estimator for the binding constant is

Kgg =AT,/To. For large numbers Ng and N, of receptors and ligands and
states with n ~ n receptor-ligand bonds where n is the average number of
bonds, Eq. 19 is equivalent to Kyp =[RL]/[R][L] with [RL]=n/A, [R]=(Ng —n)/A,
and [L]= (N, —n)/A as we then have T, ~ T,_; and Ng—n+1~ Ng—n.
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Model and Simulations
Simulation Method. We have performed dissipative particle dynamics
(DPD) simulations (1-3). DPD is a coarse-grained molecular
dynamics technique that explicitly includes water (3). The DPD
particles, or “beads,” represent either a number of identical
molecules or several molecular groups, rather than single atoms.
The internal degrees of freedom of these molecules or molecular
groups are reflected by dissipative forces and random forces, and
the chemical nature of the molecules and molecular groups—for
example, their hydrophobicity and hydrophilicity—is taken into
account by conservative forces. Because all forces conserve
momentum, DPD reproduces the correct hydrodynamics (3).
The DPD force that a bead j exerts on a bead i is the sum
of three pairwise-additive forces: (i) the conservative force Fg,
which results from bonded and nonbonded interactions of the
beads; (ii) the dissipative or viscous friction force F?; and (iii)
the random force Fy. The dissipative force Fi]j) is related to the
relative velocity v; =v; —v; of the beads via

F}f:{_Vij(l_’ij/’ﬂ)z(f'ij"’ij)f‘ih T3 <Io [S1]
0, 1 =719

with a friction coefficient y; =y; that depends on the bead type.
Here, r;j=|r; —rj|denotes the distance between the beads, I =
(r; —xj)/ry is the unit vector pointing from bead to bead i, and ry
is the diameter of the beads. The random force F}} representing
thermal noise has the form:

FR_{ ,/ZyijkBT(l—r,-j/ro)C,-ji'ij, rij <rop [SZ]
5710 :

) rierO

Here, kp is Boltzmann’s constant, T is the temperature, and the
Gaussian white-noise ¢ satisfies the stochastic properties ({;(¢)) =0
and (£ ()8 (t')) = (6w & + 65 )8(t —t') as well as the symmetry
property ;(t) = ;i (t).

Bonded Interactions. Our coarse-grained model includes water, lipid
molecules, and receptor and ligand molecules. Water molecules
(W) are represented by single beads. A lipid molecule consists
of three hydrophilic head beads (H) and two hydrophobic chains
(C) with four beads each (4-7) (Fig. 14). Adjacent beads are
connected via harmonic potentials

1
Voona(r) = ik,(r—lo)z, [S3]

with bond strength k, =128 kgT/r3 and preferred bond length
lo=0.5ry (5). Here, r is the distance between the two beads. The
two hydrophobic chains of the lipid molecules are stiffened by
the bending potential (4)

Voena(¢) =ky[1 = cos( — ¢o)] [S4]

that acts between two consecutive bonds along each chain. The
bending constant is ky =15 kgT, and the bond angle ¢ attains
the preferred value ¢, =0 for collinear bonds (6, 7).

The anchored receptor and ligand molecules consist of a trans-
membrane segment and an interaction segment (Fig. 14). The
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transmembrane segment is composed of four layers of lipid-chain—
like beads (Tc), which are shown in yellow in Fig. 14, in between
two layers of lipid-head-like beads (Ty) shown in blue. The
interaction segment consists of six layers of a hydrophilic bead
type 1. Each pair of nearest neighboring beads of a receptor or
ligand is connected by a harmonic potential with bond strength
k=128 kBT/rg and bond length /) =0.875 ry. This bond length
corresponds to the average distance of neighboring water beads
in our simulations with bead density p =3 r5>. Each pair of next-
nearest neighboring beads in two adjacent layers of a receptor or
ligand is connected by a harmonic potential with bond strength
k=128 kBT/r(Z) and bond length /) = V2 x0.875 ro.

Nonbonded Interactions. In addition to the forces resulting from
the bonded interactions specified above, all pairs of DPD beads—
except for the interaction beads of a receptor and a ligand—
exhibit the soft repulsive forces

C_ aij(l—rij/r())f'ij rj <rp
Fij - { 0, Tij 21y [S5]

with a repulsion strength a; that depends on the types of the two
beads i and j (Table S1). The different repulsion strengths reflect
the chemical nature of the beads—that is, their hydrophobicity or
hydrophilicity. To avoid a clustering of receptors and ligands, the
repulsion strength between the beads of two different receptors
or two different ligands adopts the value a;; =75 kgT /ry, which is
larger than the repulsion strength a;; =25 kT /ry between two
beads of the same receptor, same ligand, or a receptor and a ligand.
The friction coefficient y;; of the dissipative forces given by Eq. S1
between two beads is affected by their repulsion strength as (5):

4.57 a; < 35
Vi= 9.07 35 Sazj <75. [S6]
200, a;>75

The friction coefficient is given here in units of |/mokgT /rg, where
my is the bead mass.

The specific binding of a receptor and a ligand molecule is
modeled via the binding potential

Vina (7, 0) =Vbind (r)e_k“w_e”)z, [S7]

which depends both on the distance r between the interaction
beads of the receptors and ligands and on the angle 6 between
the two molecules. The interaction beads are located in the center
of the top layer of the receptors’ and ligands’ interaction regions
and are indicated in black in Fig. 14. The angle € between a re-
ceptor and a ligand molecule 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 layers. The distance-
dependent term vyinq(r) of the specific interaction is

ro(an(1 —r/r)? —Fu), r<n

Foro((1=r/rg)? =1), ro <r<23r
()= T o((L=r/ro)"=3) 0 370 [S8]
- mr0(2—r/r0)2, %ro <r<2r
0, r>2r
10f9


www.pnas.org/cgi/content/short/1305766110

L T

/

1\

=y

with the DPD repulsion strength ay =25 kgT'/ry and the attrac-
tion strength F,, =16 kgT /ry (Fig. S14). Differentiating vying(r)
with respect to r leads to the radial force component

an(l—r/ro), r<ry
2F, (1-r/ry), n<r<in
Foina(r) = . (891
2Fm(r/r0—2)7 ir()Sr<2r0
0, r>2ry

which includes a soft repulsion for r <ry and an attraction for
ro <r<2 ry (Fig. S1B). The parameter ky in the binding potential
S7 determines the width of the binding angle distribution and is
chosen to be ky=10 rad™* here. The angle € between the two
molecules adopts the preferred value 0y =0 if the two molecules
are facing each other. The binding potential attains its minimum
value of —%Fm ro= —8 kgT at r=r( and 6 =6,. For this interme-
diate binding energy of the receptors and ligands, both stable
bonds and a large number of binding and unbinding events can
be observed in our simulations.

DPD Simulations. In each simulation, the number density of DPD
beads in the rectangular simulation box of size V' =L, XL, X L, is
set to p=3r5>. The total number of beads in each simulation
system thus is pV. The Newton’s equations of motion are nu-

merically integrated with a time step to =0.03/mor? /kgT using
the velocity-Verlet algorithm as in ref. 3. For this time step, the
average temperature of the beads deviates from the expected
value by at most 2%. Our optimized DPD code is parallelized to
achieve a speedup of about a factor 6 by using eight central
processing unit (CPU) cores, which enables us to simulate up to
tens of thousands of binding and unbinding events to determine
the binding constants with high accuracy. A relaxation run of
2 —5-10° ¢, is performed for thermal equilibration in each system
before statistical sampling.

Physical length and time scales for the bead diameter r, and
for the step width ¢, of our simulations can be obtained from a
comparison with experimental data for dimyristoyl-phosphati-
dylcholine (DMPC) bilayers (6, 7). Our model lipids correspond
to the phospholipid DMPC as each C bead of the lipid tails can
be seen to represent 3.5 CH, groups (4, 6), which leads to a total
tail length of 14 CH, groups as for DMPC. To obtain a physical
length scale for the bead diameter ry, we compare experimental
data for the thickness of fluid DMPC bilayers or, more precisely,
for the vertical distance dyy between the head groups of the two
monolayers. From the experimental value dyy ~ 3.53 nm (8) and
our simulation result dyy ~ 3.64 ry, we obtain the physical length
scale rp ~ 1.0 nm. From a comparison of the experimentally
measured lateral diffusion coefficient D ~ 5 ym?/s of DMPC (9)
to our simulation result D ~ 5.7-107%2 /to, we obtain the physical
time scale ¢y ~ 0.114 ns.

Simulations with Confining Potentials. In our simulations with con-
fining membrane potentials, we impose additional harmonic
potentials

1
Vconf(z) =*kconf(z_20)2 [SlO]

2

on one of the three head beads of each lipid in the two distal
monolayers of the apposing membranes—that is, in the two
monolayers that do not face the other membrane. The potential
is imposed on the head bead that is connected to the left side
chain of the lipid molecule shown in Fig. 14. The z-direction of
our simulation box is on average perpendicular to the membranes.
The three red data points in Fig. 4 are from simulations with the
rather weak confining strengths kqone = 1, 2 and 4 kzT/nm?> (from
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right to left). The membrane tensions in these simulations are
0.13 + 0.02, —0.15 + 0.03, and —0.49 + 0.01 kzT/nm? for the
confining strengths 1, 2, and 4 kzT/nm?, respectively.

Analysis of Binding Kinetics

Maximum-Likelihood Estimation of Rate Constants. We complement
here the analysis of the binding kinetics described in the main
text by (i) a derivation of the time-dependent probability P, (¢) of
a state with n receptor-ligand bonds and (i) an estimation of the
errors for the rate constants obtained by this analysis.

In Fig. S24, the number of bonds # is displayed as a function of
time for a short segment of a simulation trajectory of our largest
membrane system with 15 receptors and 15 ligands. A central
quantity for extracting the binding kinetics from our simulation
trajectories is the probability P,(t) of staying for a dwell time ¢ in
state n. For a Markov process, we have

P, (t+At) =P, (t)P, (¢t + At|t), [S11]
where P, (t + At|t) is the conditional probability of remaining in
state n from time ¢ to r + At. For small time windows At, this
probability is

Pu(t+ Al =1~ [k@ +k@] At [S12]

where k(f) is the transition rate from state » to state n + 1, and
k™ is the transition rate from state n to state n — 1. The prob-
abilities of transitions from state n to statesn + 2, n + 3, ... are
negligible for small A¢z. From Eqgs. S11 and S12, we obtain

P, (t+ A1) —P,(t) () | )
e e X0 [k+ +kC } [S13]
which leads to
dP,(1) _ () 1)
"= —P(0) [k+ kU ] [S14]

for At — 0. The solution of Eq. S14 is the exponential dwell-time
distribution

P () = e [ [S15]

Fig. S2B illustrates that the histogram of dwell times in state n = 5
obtained from our DPD simulations with 15 anchored receptors
and ligands fits well to an exponential distribution.

The variances 6%k of the maximum likelihood estimators can be

estimated by the Cramer—Rao lower bound 6% = (—d* In L /dk?)™!
(10). For the likelihood function L given in Eq. 17 and k =k

or kf,';f) given in Eq. 18, we obtain as errors of our rate constant
estimates

ok g’;l) ~

[S16]

and

(n)
n .k
51‘0'& ~ ol

Binding of Soluble Receptors and Ligands. In addition to the mem-
brane systems described in the main text, we have determined
the binding kinetics of soluble receptor and ligand molecules
that lack the transmembrane anchor. We have considered a
single soluble receptor and a single soluble ligand randomly
placed in water contained in simulation boxes with the four
different sizes Ly =L, =L, =20 nm, 24 nm, 28 nm, and 32 nm.
Within the statistical errors, the 3D on- and off-rate constants

[S17]
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kon and kg and the binding equilibrium constant K;p are
independent of the box size (Fig. S3). We obtain the es-
timates kon = (6.2+0.2)-10'nm3 /s, kogr = (4.0+0.1)-10°/s, and
K3D=(157¢6)nm3.

Receptors and Ligands with Increased Binding Energy. To illustrate
that our general results for the ratio of K;p and K3p do not
depend on the values of the on- and off-rate constants or binding
constants, we have performed additional simulations in which
the binding strength F,,, of the receptors and ligands is increased
from our standard value 16 kT /ry (Eq. S8) to the value 20 kT /ry.
For the larger binding strength 20 kT /ry, we obtain the binding
constant Ksp=(537+23)nm* and the rate constants ko, =
(6.6 +£0.2)-10'nm?> /s and kg = (1.23 +0.04)-10° /s of our soluble
receptors and ligands. The increase in the binding strength and
binding energy by 25% thus increases the binding constant K3p
by a factor 3.4 + 0.2, mainly due to a decrease in the off-rate k.
From simulations with tensionless membranes of area 14 X
14 nm? at the optimal membrane separation, we obtain the value
Kop = (2820 + 60)nm? for the binding strength 20 kzT'/ry, which
is a factor 3.4 + 0.1 larger than the value Kop = (829 + 12)nm?

for this membrane system from simulations with our standard
binding strength 16 kT /ry (see dark blue data point indicated by
the left arrow in Fig. 4). The relative membrane roughness &,
is determined by the membrane area in this system and, thus,
independent of the binding strength within numerical accuracy.
Because the increase in the binding strength increases both K>p
and K3p by the same factor, the ratio Kyp/Ksp of the binding
constants does not change. For the increased binding strength
20 kT /ry, the rate constants of the membrane-anchored re-
ceptors and ligands are k0n=(7.610.1)-107nm2/s and kog =
(2.69+0.04)-10% /s in this membrane system. For our standard
binding strength 16 kgT/ry, these rate constants are ko=
(7.3+0.1)-10’"nm? /s and kogr = (8.8 £0.1)-10%/s.

Calculation of Binding Free Energies

Binding Free Energy of Soluble Receptors and Ligands. The binding
equilibrium constant K3p, of a single soluble receptor and a single
soluble ligand molecule in a volume V is related to the binding
free energy AG3p of the molecules via Eq. 2. The binding free
energy can be written as

AGsp=—kgT(In Z,—In Z,,), [S18]
where Z, and Z, are the configurational integrals in the bound
and unbound state of the molecules. For rod-like receptors and
ligands, the configurational integral in the unbound state is

Zy ~ ZﬂV/ sin 6d6 =4zl [S19]

in the dilute limit 1 — oo, where 6 is the angle between the two
molecules. The configurational integral in the unbound state is
the product of the translational phase space volume V" and the
rotational phase space volume 4z of the unbound receptor rel-
ative to the ligand.

To calculate the configurational integral Z,, in the bound state
of the molecules, we follow a standard approach that is based on
a harmonic expansion of the potential of mean force U (ry, 1,7, 0)
between the interaction beads of the two bound molecules around
its minimum Uy (11, 12):

k'
~ Uy + Z I'qo 2 092

2 [S20]
q=xy.z

U(rx:ry>r27

Here, (r,1,,1;)is the distance vector between the beads. For
definiteness, we assume that the z-direction is parallel to the
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ligand, and thus, on average parallel to the receptor-ligand com-
plex, which attains its potential minimum for 6 =0—that is, for
a collinear orientation of the receptor and ligand. With Eq. S20,
the configurational integral in the bound state can be approxi-
mated as

Zb =~ e_Un/kBTZtransZroty [821]

with the translational integral

(o]

1 2
Zome~ T1 [ eMalomo)/oTay — 0npPeee  [s22]

q=x.y.z
and the rotational integral

K

Zrot ~ 21 / e Ko [ksT i 0d0 ~ 2m6?  for k'g > ksT. [S23]
0

Here, &, = (kBT/kq)l/2 and o) = (kBT/k’g)]/z are the SDs of the
Gaussian distributions for the coordinates g =x,y,z of the binding
vector and the binding angle 0, which result from the harmonic
approximation of the potential of mean force in Eq. S20. The
integrals Zns and Z, involve three translational and two rota-
tional degrees of freedom. Based on these integrals, the binding
free energy AGsp defined in Eq. S18 can be written as
AG3p ~ U+ AGians + AGirot, [S24]
with the change AGins = —kpT In(Zyans/V) in translational free
energy and the change AGyo = —kgT In(Z,o/47) in rotational
free energy during binding.
We now decompose the translational free-energy change AG ans
into (f) an entropic contribution

aAGtmm

Vi
~TASuuns =T~ = —kpT In {7”] [S25]
with the bound-state translational phase space volume
V=6 Zians = (2me)*E,8,E, [S26]

and (ii) an enthalplc contribution AUjrans = AGirans + T ASrans =
3kpT. The factor e ¥2 in Eq. S26 results from the temperature
dependence of the SDs &, &, and &.. Similarly, we decompose
the rotational free-energy change AG;, into (i) an entropic
contribution

~TAS;o = TOAG 1 /0T = — kgT Infwy /4] [S27]
with the bound-state rotational phase space volume
wp =eZo =210}, [S28]

and (if) an enthalpic contribution AUyt = AGrot + TAS ot =kpT.
The binding free energy AG;p then can be written as the sum
of enthalpic and entropic contributions as in Eq. 3 with the
binding enthalpy

5
AU=U0+AUtmnS+AUmt=UO +§kBT [529]

Binding Free Energy of Membrane-Anchored Receptors and Ligands.
Analogous to the case of soluble molecules, we now consider a
single receptor and a single ligand that are anchored in two ap-
posing membranes of area 4. Our aim is to decompose the
binding free energy AG,p, which is related to the apparent
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binding constant K,p of the molecules via Eq. 5, into the sum
of an enthalpic contribution AU and entropic contributions. We
assume that the binding interface of the membrane-anchored
molecules is identical with the binding interface of the soluble
counterparts of the molecules, which lack the membrane anchors
(13). This assumption is supported by the distributions of binding
distances and angles for our soluble and membrane-anchored
receptor-ligand complexes (Fig. S4). The binding enthalpy AU
of the membrane-anchored receptor and ligand molecules is then
identical to the binding enthalpy of the soluble molecules.

Because the anchored molecules diffuse along the membranes,
the free-energy contribution from the translational entropy change
during binding is

1 [S30]

—TASyrans ~ —kgT In {ﬂ] ,
where A, is the translational area of the bound receptor-ligand
complex in analogy to Eq. S25. The two membranes are on aver-
age perpendicular to the receptor-ligand complex. In analogy to
Eq. S26, the bound-state translational area of the complex is then:

Ap =2re&, &, [S31]
where &, and ¢, are the SDs of the binding vector coordinates in
the two directions perpendicular to the complex and parallel to
the membranes. In our simulations, the distributions of the binding
vector coordinates x and y perpendicular to the complex are iden-
tical for the soluble and anchored molecules (Fig. S44).

In analogy to Eqs. S27 and S28, the free-energy contribution
from rotational entropy changes of the anchored molecules can
be calculated as

@@ﬂ [S32]

—TASiot =—kpT In [
WRW1,

where wr = 2reck and wy, =2zes? are the rotational phase space
volumes of the unbound receptor and unbound ligand relative to
the membrane, and wgry = 2;760%{L is the rotational phase space
volume for the bound receptor or bound ligand relative to the
membrane. Here, o, o1, and ory are the SDs of the anchoring
angle distributions for the unbound and bound receptor and ligand
molecules shown in Fig. S5. Eq. S32 implies that the binding angle
distribution is significantly narrower than the anchoring angle dis-
tribution of the bound receptors and ligands. The binding angle
distribution then is not affected by the anchoring and is practically
identical for the soluble and anchored molecules (Fig. S4). Be-
cause the rotational degrees of freedom for the binding angle thus
are independent from the anchor rotations, the overall rotational
phase space volume for the receptor-ligand complex is the prod-
uct of the volume wg. for the rotation of the receptor (or ligand)
relative to the membrane and the volume w; of the ligand (or
receptor) relative to its binding partner. Because our receptor
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and ligand molecules have identical anchors, the rotational phase
space volume wgy, is identical for the ligand or receptor. How-
ever, Eq. S32 should also hold for different anchoring of recep-
tors and ligands if the binding angle distribution is sufficiently
narrow. The receptor-ligand complex is then rather stiff, and the
anchoring angles for the receptor and ligand are rather similar
because the membranes are on average parallel.

In addition to the translational and rotational entropy loss
ASirans and AS;oc of the molecules, the binding of anchored re-
ceptor and anchored ligand molecules also leads to an entropy
loss ASmem Of the membranes, as the bound receptor-ligand com-
plex constrains the membrane shape fluctuations. Here, we ap-
proximate the receptor-ligand complex as a harmonic constraint
(b/2) of the local membrane separation /; with strength b. For
such a harmonic constraint, the purely entropic free-energy change
of the membrane has been calculated exactly as (14)

2
@Tmb+%ﬁ ksT

51
—TASmesz ﬁ =Tln 1+2— s [S33]

RL

where &gp =+/kT /b is the SD for fluctuations of the local sep-
aration /; within the harmonic constraint. With Eqs. S30, S32,
and S33, we obtain the decomposition of the binding free energy
AGyp of the anchored receptors and ligands given in Eq. 6.

Results for Our Model. In our harmonic approximation, the changes
in rotational and translational entropy during binding of receptors
and ligands depend on the SDs of the binding vector coordinates,
binding angles, and anchoring angles. For our receptors and
ligands, these SDs can be calculated from the distributions shown
in Figs. S4 and S5. For the soluble receptors and ligands, we obtain
the SDs &, =¢, ~ 0.52 nm for the binding vector coordinates r,
and 1, in the two directions perpendicular to the receptor-ligand
complex from Fig. S44 and the SD &, ~ 0.19 nm for the co-
ordinate r, parallel to the complex from Fig. S4B. These SDs
lead to the estimate V}, ~ 3.6 nm? for the translational phase
space volume of the bound receptor relative to the ligand (Eq.
$26). From the binding angle distribution shown in Fig. S4C, we
obtain the SD 6, ~ 0.084, which leads to the estimate @, ~ 0.12
for the rotational phase space volume of the bound receptor
relative to the ligand.

The distributions of the binding vector coordinates r, and r,
and the binding angle @ are practically identical for the sol-
uble and anchored receptors and ligands. From the values & =
&, =~ 0.52 nm for the SDs of r, and r,, we obtain the estimate
Ap ~ 4.6 nm? for the translational phase space area of the an-
chored receptor-ligand complex (Eq. S31) and the estimate &, =
Vi /Ap ~ 0.78 nm. From the SDs 6g =61 ~ 0.21 and oL ~ 0.14
of the anchoring angle distributions for the unbound and bound
receptor and ligand molecules shown in Fig. S5, we obtain the
estimates wr =wr, ~ 0.75 and wgr, ~ 0.33 for the rotational phase
space volumes of the molecules.
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Fig. S1. (A) The distance-dependent term vy,inq(r) of the binding potential between the interaction beads of receptor and ligand molecules (Eq. S8). The
minimum of the binding potential is —8 kzT. (B) The radial force component corresponding to Vying(r) (EQ. S9).
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Fig. S2. (A) Number of receptor-ligand bonds n as a function of time t for a short time interval of a simulation with 15 anchored receptors and 15 ligands. (B)
Dwell-time probabilities in state n="5 obtained from our simulations with 15 anchored receptors and ligands. The dashed line results from an exponential fit.
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Fig. S3. (A) 3D on- and off-rate constants ko, and ko and (B) binding equilibrium constant Ksp = kon /Kot Obtained from DPD simulations with a single soluble
receptor and a single soluble ligand in cubic simulation boxes of different volume V.
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Fig. S4.

(A) Probability distributions of the binding vector coordinates r, and r, in the two directions perpendicular to the receptor-ligand complex of our

soluble and anchored molecules. (B) Distributions of the binding vector coordinate r, in the direction parallel to the complex. (C) Distributions of the binding
angle 0 of our soluble and anchored receptor-ligand complexes.
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Probability distributions of the anchoring angle 6, between the unbound and bound receptors and ligands and the membrane normal.
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Table S1. DPD repulsion strength a;; in units of kg7 /ro

Bead type w H C Th Tc |
w 25 30 75 30 75 25

H 30 30 35 30 35 30

C 75 35 10 35 10 35

Th 30 30 35 25(75) 25(75) 25(75)
Tc 75 35 10 25(75) 25(75) 25(75)
| 25 30 35 25(75) 25(75) 25(75)

Numbers in parentheses indicate the repulsion strength between the
beads of two different receptors or two different ligands.
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