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1 SUPPLEMENTARY DATA

1.1 Videos

Video S1. Simulation of down-scaled scaled O-SOL ABM variant. ABM simulation with monovalent
receptors (blue objects) that are spherically-shaped and move in solution by performing three-dimensional
diffusion. Upon contact between receptors and ligands (red objects) these may bind and form RL-complexes
(green objects) depending on the binding rate kmicro

on = 2.5 × 107 s−1. The system is down-scaled with
factor s = 0.01 (see Supplementary Information) and values of model parameters are provided in Table S1
and Table S2 in Supplementary Material. The video is composed of 15 frames per second and the simulation
time between two consecutive frames is 6.8× 10−8 s.
A high-resolution video is available for download from https://asbdata.hki-jena.de/
LehnertFigge2017_FrontImmun/.

Video S2. Simulation of down-scaled O-MEM ABM variant. ABM simulation with monovalent receptors
(blue objects) that are spherically-shaped and move in the cell-membrane by performing two-dimensional
diffusion. Upon contact between receptors and ligands (red objects) these may bind and form RL-complexes
(green objects) depending on the binding rate kmicro

on = 2.5 × 107 s−1. The system is down-scaled with
factor s = 0.01 (see Supplementary Information) and values of model parameters are provided in Table S1
and Table S2 in Supplementary Material. The video is composed of 15 frames per second and the simulation
time between two consecutive frames is 6.8× 10−8 s.
A high-resolution video is available for download from https://asbdata.hki-jena.de/
LehnertFigge2017_FrontImmun/.

Video S3. Simulation of down-scaled Y-SOL ABM variant. ABM simulation with monovalent receptors
(blue objects) that are Y-shaped and move in solution by performing three-dimensional diffusion. Upon
contact between receptors and ligands (red objects) these may bind and form RL-complexes (green objects)
depending on the binding rate kmicro

on = 2.5× 107 s−1. The system is down-scaled with factor s = 0.01
(see Supplementary Information) and values of model parameters are provided in Table S1 and Supplemen-
tary Information. The video is composed of 15 frames per second and the simulation time between two
consecutive frames is 6.8× 10−8 s.
A high-resolution video is available for download from https://asbdata.hki-jena.de/
LehnertFigge2017_FrontImmun/.
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Video S4. Simulation of down-scaled Y-MEM ABM variant. ABM simulation with monovalent receptors
(blue objects) that are Y-shaped and move in the cell-membrane by performing two-dimensional diffusion.
Upon contact between receptors and ligands (red objects) these may bind and form RL-complexes (green
objects) depending on the binding rate kmicro

on = 2.5 × 107 s−1. The system is down-scaled with factor
s = 0.01 (see Supplementary Information) and values of model parameters are provided in Table S1 and
Table S2 in Supplementary Material. The video is composed of 15 frames per second and the simulation
time between two consecutive frames is 6.8× 10−8 s.
A high-resolution video is available for download from https://asbdata.hki-jena.de/
LehnertFigge2017_FrontImmun/.

Video S5. Simulation of Y-MEM ABM variant. ABM simulation with monovalent receptors (blue
objects) that are Y-shaped and move in the cell-membrane by performing two-dimensional diffusion. Upon
contact between receptors and ligands (red objects) these may bind and form RL-complexes (green objects)
depending on the binding rate kmicro

on = 2.5×107 s−1. The system is down-scaled with factor s = 0.01 (see
Supplementary Information) and values of model parameters are provided in Table S1 in Supplementary
Material. The video is composed of 15 frames per second and the simulation time between two consecutive
frames is 6.8× 10−8 s.
A high-resolution video is available for download from https://asbdata.hki-jena.de/
LehnertFigge2017_FrontImmun/.

2 SUPPLEMENTARY INFORMATION

Molecular diffusion. All molecules in the ABM perform diffusive motion that is characterized by the
diffusion coefficient D. Depending on the dimensionality of motion, e.g. in the case of membrane-anchored
receptors on the surface of the cell membrane or in the three spatial dimensions of solution, the value of
diffusion coefficients do vary. For example, for membrane-anchored molecules the typical range is reported
to be D = 0.01− 0.1µm2s−1 of membrane-anchored molecules (1, 2, 3) and in the simulations we set the
diffusion coefficient of these receptors to the typical value D = 0.05µm2s−1. Diffusion coefficients in
three-dimensional solution can be estimated using the Stokes-Einstein equation (4):

D =
kBT

6πηr
. (S1)

Here, kB denotes the Boltzmann constant, η is the viscosity of the solution and T its temperature, while
r refers to the radius of molecules under consideration. The corresponding diffusion coefficients of
membrane-anchored receptors are listed in Table S1 in Supplementary Material.

Relation between microscopic and macroscopic dissociation rates. The relation between the rate for
microscopic dissociation of complexes and its macroscopic counterpart is described differently in several
studies. On the one hand, some studies assume that macroscopic dissociation of a molecular complex is a
spontaneous process of a single molecule. This process is measured by the inverse mean time needed for
the complex to decay into its compartments, so that kmicro

off equals the experimentally measured
kmacro
off (5, 6, 7, 8, 9). On the other hand, in the theory of Eigen (10), applied by other

studies (11, 12, 13, 14, 15, 16), it is assumed that macroscopic dissociation of molecules is composed of
two consecutive processes. First, the complex breaks into its molecular components, but are still in contact
and form an encounter complex. Second, the molecules of the encounter complex have to diffuse away
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from each other to prevent immediate rebinding. However, it should be noted that the resulting mapping
between the macroscopic dissociation rate and the rates of the consecutive processes is based on the
assumption that the concentration of encounter complexes is in steady state.

For our model system we first checked whether the prerequisite is met that encounter complexes in the
simulations are indeed in steady state. Since we vary the value of kmicro

on in this study, we checked the
time-dependent number of encounter complexes in simulations with
kmicro
on = 105 s−1, 106 s−1 and 2.5× 107s−1 keeping the value of the dissociation rate constant at
kmicro
off = 0.1s−1. In Figure S4 in Supplementary Material it can be seen that the initial increase in the

number of encounter complexes is followed by a decrease whose slope depends on the microscopic
binding rate. These results clearly show that the number of encounter complexes is not constant during the
whole simulation time of 0.1s. This indicates that the steady-state assumption, which is required in the
theory of Eigen (10), is not applicable for the parameters of antibody-antigen binding used in our model.

Furthermore, we investigated the impact of rebinding in our model simulations. As a prerequisite for
rebinding, the number of dissociation events was computed and is depicted in Figure S5 in Supplementary
Material. Here, it can be seen that the accumulated number of dissociation events increases between
simulations with increasing microscopic binding rate kmicro

on , which follows from the higher number of
RL-complexes that can dissociate. After simulation time of 0.1s, even in simulations with relatively high
binding rate kmicro

on = 2.5× 107 s−1, only 10± 2.6 dissociation events were detected out of the total
amount of 906± 1.8 formed RL-complexes. This shows that the resulting dissociation rate of
kmicro
off = 0.11± 0.03 s−1 reproduces the input value (kmicro

off = 0.1s−1) and implies that dissociation is a
very rare process in our model simulations, where only 1% of around 1000 RL-complexes dissociate at
maximum. Consequently, rebinding events do not substantially affect the binding dynamics of our model
system and we therefore set kmicro

off = kmacro
off in this study.

Down-scaling of the model system. To make simulations of the ABM computationally feasible, we
decrease the number of molecules keeping the molecular concentration fixed. This implies that the system
size, i.e. the cell size and the size of the environment, has to be down-scaled appropriately. We down-scale
the number of receptor molecules nR with factor s < 1 to obtain the scaled number of receptors as
nsR = s nR, where the superscript ”s” denotes the scaled quantity. Using the condition of constant
concentrations in the real and the down-scaled systems, it is straightforward to show that the radius rC of
the cell scales as rsC =

√
s rC . Similarly, the number of ligands is down-scaled by the factor s: nsL = s nL.

For the radius of the down-scaled spherical environment, rsE , this implies

rsE = 3

√
s (r3E − r3C) + (

√
srC)3. (S2)

in terms of the original radius rE of the environment. The values of the scaled parameters are listed in
Table S2 in Supplementary Material.
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3 SUPPLEMENTARY TABLES AND FIGURES

3.1 Figures
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Figure S1. Error of least-squares fitting for simulations with the different ABM variants and its dependence
on kmicro

on .
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Figure S2. Mapping of microscopic and macroscopic binding rates for different ABM variants with
interchanged diffusion coefficients between soluble and membrane-anchored receptors.

f r
−

f
O
−

S
O
L

r

f
O
−

S
O
L

r

fs − f O−SOL
s

f O−SOL
s

O-SOL

O-MEM

Y-SOL

Y-MEM

O-SOL DR = 0.05µm2/s

O-MEM DR = 90µm2/s

Y-SOL DR = 0.05µm2/s

Y-MEM DR = 90µm2/s

Figure S3. Quantitative difference in the scaling factors of ABM variants relative to O-SOL.
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Figure S4. Kinetics of bound ligands for Y-MEM and Y-SOL ABM variants with different numbers
of monovalent or bivalent receptors. Time-dependent concentration of bound ligands for ABM variants
Y-MEM and Y-SOL for models either with physiological number (NR

p ) monovalent receptors or bivalent
receptors, or with twice the physiological number (2 × NR

p ) monovalent receptors. All models were
simulated with dissociation rate kmicro

off = 0.1 s−1 and binding rate kmicro
on = 107 s−1. Dark and pale lines

in different colors represent, respectively, mean values and standard deviations of five simulation runs per
ABM variant.

kmicro
on [s−1]

Figure S5. Relative differences between ABM variants Y-MEM and Y-SOL with different numbers of
monovalent or bivalent receptors. Temporal evolution of the relative differences of bound ligands between
ABM variants Y-MEM and Y-SOL for models either with physiological number (NR

p ) monovalent receptors
or bivalent receptors, or with twice the physiological number (2×NR

p ) monovalent receptors. The colors
refer to ABM variants with different binding rates kmicro

on .
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Figure S6. Number of encounter complexes for simulations with O-SOL ABM variant. Mean number of
encounter complexes that are formed within recording time step of ∆trecord = 5× 10−4s . Dots represent
the mean values and bars refer to the standard deviation calculated from ten repeated simulations.

n
u
m
b
er

of
ev
en
ts

time [sec]

kmicro
on = 1× 105 s−1

kmicro
on = 1× 106 s−1

kmicro
on = 2.5× 107 s−1

Figure S7. Number of dissociation events for simulations with O-SOL ABM variant. Mean number of
accumulated dissociation events resulting from ABM simulations with three different binding rates kmicro

on .
Dots represent the mean values and bars refer to the standard deviation calculated from ten repeated
simulations.

Frontiers 7



Frontiers Supplementary Material

3.2 Tables

8



Frontiers Supplementary Material

Table S1. Parameter values of ABM variants. The ABM variants are characterized by different specific
parameters that were either extracted from the literature or calculated for the considered model system.
Characteristic parameters are the radius (r) of spherical objects, the concentration of molecules (c), the
molecule number (n), the radius of the binding sphere (rbind) and the collision sphere (rcoll), as well as the
diffusion coefficient (D). Y-shaped receptors are further characterized by their width (wR) and height (hR)
and are composed of a cylindrical stem bearing two cylindrical arms with corresponding radii (rstem, rarm)
and heights (hstem, harm). Additionally, Y-shaped receptors possess collision spheres located on their arms
with radius rcollarm as well as at the stem with radius rcollstem.

model component parameter value reference comment
environment r = 7.56µm calculated from the condition

that ligand and receptor numbers
are equal

cell r = 6µm (17)
ligand c = 100 molecules/µm3 (18)

n = 90480
rcoll = 5.0nm (19, 20)
rbind = 5.0nm (19, 20)
D = 63.1µm2/s (4) Stokes-Einstein equation with

η = 7 × 10−4Ns/m2 and T =
37◦C (see Supplementary Notes)

receptors c = 200 molecules/µm2 (5)
n = 90480 calculated from concentration c

at given cell surface
O-SOL receptors rbind = 3.5nm calculated to obtain the same

effective binding area as for Y-
shaped receptors

rcoll = 3.5nm
D = 90µm2/s (4) Stokes-Einstein equation with

η = 7 × 10−4Ns/m2 and T =
37◦C (see Supplementary Notes)

Y-SOL receptors rbind = 3.5nm (21, 20, 22, 23)
rcollarm = 3.5nm (20, 24, 22, 21)
rcollstem = 2.0nm (20, 24, 22, 21)
rstem = 2.0nm (20, 24, 22, 21)
rarm = 2.0nm (20, 24, 22, 21)
hstem = 4.5nm (20, 24, 22, 21)
harm = 4.5nm (20, 24, 22, 21)
wR = 13.0nm (24)
hR = 11.0nm (24)
D = 90µm2/s (4) Stokes-Einstein equation with

η = 7 × 10−4Ns/m2 and T =
37◦C (see Supplementary Notes)

O-MEM receptors rbind = 4.9nm calculated to obtain the same
effective binding area as for Y-
shaped receptors

rcoll = 4.9nm
D = 0.05µm2/s (1, 2, 3)

Y-MEM receptors rcollstem = 5.0nm (19)
D = 0.05µm2/s (1, 2, 3)
other parameters equal
those of Y-SOL receptors
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Table S2. Down-scaling of parameter values for simulated ABM. ABM are down-scaled by factor
s = 0.01 to obtain computationally feasible system size, i.e. the number of molecules (n) and the radius (r)
of the cell and the spatial environment were decreased keeping molecule concentrations constant.

model component original value down-scaled value
environment r = 7.56µm r = 1.33µm
cell r = 6µm r = 0.6µm
ligand n = 90480 n = 904
receptors n = 90480 n = 904

Table S3. Steady state values of complex (C) and receptor (R) concentration observed by fitting the
ODE model to dynamics of O-SOL ABM variant.

kmicro
on [µm3/s] C [1/µm3] R [1/µm3]

104 80.442 19.558
5× 104 90.636 9.364

105 93.291 6.709
5× 105 96.839 3.161

106 97.740 2.260
2.5× 106 98.428 1.572

4× 106 98.673 1.327
5× 106 98.779 1.221
6× 106 98.864 1.136

7.5× 106 98.907 1.093
107 98.996 1.004

1.5× 107 99.068 0.932
2.5× 107 99.132 0.868

Table S4. Steady state values of complex (C) and receptor (R) concentration observed by fitting the
ODE model to dynamics of O-MEM ABM variant.

kmicro
on [µm3/s] C [1/µm3] R [1/µm3]

104 72.462 27.538
5× 104 86.067 13.933

105 89.876 10.124
5× 105 94.947 5.053

106 95.991 4.009
2.5× 106 96.949 3.051

4× 106 97.185 2.815
5× 106 97.284 2.716
6× 106 97.363 2.637

7.5× 106 97.414 2.586
107 97.526 2.474

1.5× 107 97.596 2.404
2.5× 107 97.640 2.360
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Table S5. Steady state values of complex (C) and receptor (R) concentration observed by fitting the
ODE model to dynamics of Y-SOL ABM variant.

kmicro
on [µm3/s] C [1/µm3] R [1/µm3]

104 80.378 19.622
5× 104 90.589 9.411

105 93.172 6.828
5× 105 96.888 3.112

106 97.725 2.275
2.5× 106 98.469 1.531

4× 106 98.742 1.258
5× 106 98.841 1.159
6× 106 98.900 1.100

7.5× 106 98.956 1.044
107 99.067 0.933

1.5× 107 99.142 0.858
2.5× 107 99.220 0.780

Table S6. Steady state values of complex (C) and receptor (R) concentration observed by fitting the
ODE model to dynamics of Y-MEM ABM variant.

kmicro
on [µm3/s] C [1/µm3] R [1/µm3]

104 72.279 27.721
5× 104 85.697 14.303

105 89.534 10.466
5× 105 94.814 5.186

106 96.002 3.998
2.5× 106 97.021 2.979

4× 106 97.295 2.705
5× 106 97.392 2.608
6× 106 97.472 2.528

7.5× 106 97.550 2.450
107 97.647 2.353

1.5× 107 97.759 2.241
2.5× 107 97.765 2.235

Table S7. Parameter values a and b in the mapping of microscopic and macroscopic binding rates
for different ABM variants.

model a [µm3s−1] b×106 [s−1]
O-SOL 16.6 8.2
O-MEM 1.8 2.1
Y-SOL 22.3 11.4
Y-MEM 2.1 2.7
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Table S8. Parameter values fs and fr for different ABM variants. The scaling factors fs and fr are
calculated from equations (17) and (18) for parameters specific to the considered ABM variant.

model fs fr
fs − fO−SOL

s

fO−SOL
s

fr − fO−SOL
r

fO−SOL
r

O-SOL 1.02 0.79 0 0
O-MEM 0.23 0.21 -0.77 -0.74
Y-SOL 1.37 0.76 0.35 -0.04
Y-MEM 0.31 0.31 -0.69 -0.61
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