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The dynamics of formation of macromolecular structures in adherent membranes is a key to a number of cellular
processes. However, the interplay between protein reaction kinetics, diffusion and the morphology of the grow-
ing domains, governed by membrane mediated interactions, is still poorly understood. Here we show, experi-
mentally and in simulations, that a rich phase diagram emerges from the competition between binding,
cooperativity, molecular crowding and membrane spreading. In the cellular context, the spontaneously-
occurring organization of adhesion domains in ring-like morphologies is particularly interesting. These are stabi-
lized by the crowding of bulky proteins, and the membrane-transmitted correlations between bonds. Depending
on the density of the receptors, this phase may be circumvented, and instead, the adhesions may grow homoge-
neously in the contact zone between two membranes. If the development of adhesion occurs simultaneously
with membrane spreading, much higher accumulation of binders can be achieved depending on the velocity of
spreading. The mechanisms identified here, in the context of our mimetic model, may shed light on the structur-
ing of adhesions in the contact zones between two living cells. This article is part of a Special Issue entitled:
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1. Introduction

Reorganization of cell surface molecules at the adhesive interface is
recognized as an essential feature of cell adhesion and has been exten-
sively studied in the context of integrins, cadherins, and many other
cell adhesion molecules [1-6]. A particularly intriguing example is the
drastic molecular rearrangement at the interface between a T lympho-
cyte and an antigen presenting cell, leading to the formation of concen-
tric rings, each enriched in certain specific cell surface molecules [1].
Interestingly, T cells interacting with supported lipid bilayers (SLBs) car-
rying mobile ligands reproduce this phenomenon [2], and studies on
such hybrid systems have revealed the detailed structure and dynamics
of formation of these so called SMACs (Supra Molecular Adhesion Struc-
tures) [4,3] and elucidated the connection to receptor mobility [5]. From
a theoretical perspective, several groups have proposed different effects
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as the possible driving mechanism for ring-like SMAC formation. These
include differences in binding affinity and stiffness [7,8], biased diffu-
sion of antigen complexes towards the interior of the synapse [9] and
membrane driven interaction between binding pairs of different lengths
[10-15]. The current consensus in the immunology community, based
on seemingly decisive experiments with size modified binders [16,17],
is that if two types of binders are not of different length the segregation
is disrupted. In this context, theoretical considerations suggest that even
with two binders, ring-like SMACs are unstable [12].

However, recent experiments showed that the T cell receptor is ac-
tually driven by actin, obviating the need to invoke the difference in
length between the receptors to explain segregation [4].

Very recently, a ring like structure was also found during the forma-
tion of tight junctions in spreading epithelial cells [6]. While the late
stage of spreading, which takes place after the ring is formed, is clearly
driven by actin, the mechanism for the initial structuring of cadherin ad-
hesions into a ring like structure is not yet understood [6].

Adhesion experiments with model membranes, where the cell in
hybrid systems described above is replaced by a giant unilamellar vesi-
cle (GUV, for a sketch of the model see Fig. 1), have furthered our under-
standing of membrane adhesion, and have vastly aided theoretical
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Fig. 1. Left: Cartoon of the system involving a vesicle (blue) which adheres to a scaffold (yellow). The specific adhesion domain (dark-blue and zoom-in on right side) forms a ring. For
better visibility, a cut through the vesicle is shown. The inset visualizes a typical microscopic membrane profile. Vertical and lateral dimensions are not to scale. Right: Fluorescence
map of a vesicle showing the accumulated receptors in a color code (units in 10° pum™2). The scale bar is 10 um.

modeling [18-20]. In many cases, especially if the GUV is floppy, a ring
like domain was seen [21]. However, in most of these cases, the ring,
observed in reflection interference contrast microscopy (RICM) images
as a dark domain, is transient [21]. One notable exception was reported
recently where biotin carrying GUVs adhering to neutravidin carrying
SLBs gave rise to SMAC like rings of fluorescent labeled receptors [22].
These rings, formed under conditions of receptor shortage, were report-
ed to be long lived and seemingly stable.

From a theoretical point of view, a thermodynamically stable ring-
like domain should be associated with a global minimum of the free
energy of adhesion. The latter can be calculated for a fixed number of
bonds confined to a particular configuration (see Fig. 2). In this case,
the free energy of an adhesion domain emerges as a sum over all
bonds for the gain in binding enthalpy and the cost for deforming
both the flexible membrane and the adhesion proteins. Additional entro-
pic costs emerge from confining the diffusive binders upon the formation
of the bond [23-25] and for suppressing membrane fluctuations. Such a
free energy possesses a global minimum for a topologically circular
domain where the bond density is not maximal, but is determined by bal-
ance of energetic terms that favor maximal bond density and the entropic
terms that push the bonds apart. However, we find that in addition to the
global minimum, a local minimum exists for a ring-like topology. Since
the free energy difference between the global and the meta-stable ring
configuration is of several kgT per bond (see Fig. 2), it is not clear, even
for model membranes, what leads to the formation of adhesions in a
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Fig. 2. Free energy per bond AF/N for a bond domain with a circular (left) and ring like
(right) shape. The sketches in the top row illustrate the domain area (black) in the contact
zone (gray) accordingly to the axis in the graph. For the circular domain the bond density
decreases from left to right while for the ring-like domain it increases. The number of bonds is
fixed to N, = 200 for all bond densities with ppi, = 1.4 um ™2 All other parameters are
chosen according to Table 1.

ring configuration. In the cellular context, coupling to the actin was
found to play a major role at longer time scales, but the mechanism for
the selective binding at the edge of the contact zone has not been clearly
identified yet.

The aim of our current work is to deepen the understanding of the
physical mechanisms that determine the number of adhesion domains,
their growth patterns and final morphology. The goal is to identify phys-
ical mechanisms that drive the formation of ring-like adhesions, which
were experimentally observed in model systems but also in the cellular
context. In the latter case, this work may shed light on the role of active
processes (not considered here explicitly ), which can be used to control
the dynamics and the emergent structure of adhesions, including the
ring-shaped domains. We achieve this goal by performing an extensive
theoretical analysis of the experimentally observed phenomena. We
show that ring like structures appear spontaneously in vesicular sys-
tems due to the interplay of slow protein diffusion and fast binding ki-
netics, which results in the formation of bonds at the periphery of the
vesicle-substrate contact zone. Furthermore, we find that the necessary
conditions for the formation of stabilized rings are (i) the mobility
of both binding partners, (ii) membrane transmitted correlations,
(iii) bulkiness of binders which allows for crowding and (iv) a signifi-
cant slowing down of bulky receptors upon binding.

Following this introduction, we first present details of the experi-
mental and simulation procedures. We proceed with constructing the
phase diagrams of adhesion for mobile and immobile receptors on the
supported bilayer. We analyze and analytically model the identified re-
gimes of growth, and study the stability of ring-like structures. We com-
pare our theoretical framework to the experimental result, and find
excellent agreement between the two approaches.

2. Experimental methods

Giant unilamellar vesicles (GUVs) containing a specified
amount (0.1 to 5%) of DOPE-cap-biotin (1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine-N-(cap biotinyl)) and 2% DOPE-PEG2000
(1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(methoxy
(polyethyleneglycol)-2000)), dispersed in a matrix of SOPC (1-
stearoyl-2-oleoyl-sn-glycero-3-phosphocholine) (all from Avanti
Polar Lipids, Alabaster), are prepared by electro-swelling [26].
Supported lipid bilayers (SLBs) of equivalent composition are prepared
by the Langmuir-Blodgett/Langmuir-Schafer technique and are func-
tionalized with neutravidin covalently linked to the fluorescent label
Oregon Green or tetra-methylrhodamine (neutravidin-fl, both Invitrogen,
Eugene, OR) and suitable passivated with bovine serum albumin (BSA,
98% purity, Sigma, Saint Louis, MO) (both reconstituted in PBS buffer
and ultracentrifugated to eliminate protein aggregates) [26]. The exper-
imental design ensures that both ligands (biotins) and receptors
(neutravidins) are mobile [26]. The amount of biotinylated lipids in
the GUV and SLB determines the density of ligands and receptors,
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respectively. In a typical experiment, 10 pl of the vesicle solution is
added to the SLB in a total volume of 1 ml PBS buffer.

Vesicles adhering in steady state are identified by imaging with re-
flection interference contrast microscopy (RICM) [27,28]. The corre-
sponding receptor distribution of neutravidin-fl is recorded with
epifluorescence microscopy using a 63 x Antiflex Plan-Neofluar 1.25
oil objective.

The enrichment factor of the receptors, which reflects how much re-
ceptors are accumulated in the contact zone, relative to the bulk density,
is calculated as described earlier [22]. The diameters of GUVs are deter-
mined from phase contrast microscopy in the final state and typically
range from 20 to 30 pm.

3. Simulation method

To simulate the process of domain formation we use our recently
developed Monte Carlo approach [29]. In this scheme, the vesicle
membranes and the SLB membranes are represented by rectangular
superimposed grids (lateral size of 40.96 pm), functionalized with li-
gands and receptors, respectively. To account for different sizes of li-
gands and receptors, the two lattices have different lattice constants
(the lattice constant of the ligand grid is 8 times smaller (4096 x 4096
lattice nodes) than that of the receptor grid).

A circular region is selected on each membrane to represent a
contact zone. Both the vesicle membrane and the SLB are treated as
reservoirs with a constant number of binders. In both cases periodic
boundary conditions for binder diffusion are imposed at the edge of
the system. Diffusion is simulated by a simple random walk (diffusion
constant D) of particles that mutually interact in the plane of the mem-
brane by hard core repulsion.

To simulate creation and disruption of bonds, we use effective bind-
ing and unbinding rates [30], which are sensitive to the local configura-
tion of bonds [31], and integrate the local shape and fluctuations of the
vesicle membrane [29]. Binding attempts take place when a free ligand
and a free receptor find each other at the same lateral position. Motivat-
ed by experimental findings [32,26] which suggest a drastic decline of
the mobility of a ligand-receptor complex compared to the diffusion of
the unbound species, the formation of a bond is associated with the im-
mobilization of the involved ligand and receptor. If a bond breaks, the li-
gand and the receptor regain their initial mobility.

The simulation starts by randomly placing ligands on their lattice
(lattice constant a) such that the desired ligand density pf is obtained.
Furthermore, if the receptors are deemed immobile, they are regularly
spaced on their lattice at separations of 7= 1/,/p?. Alternatively,
when simulating mobile receptors, a randomly distributed starting con-
figuration is generated, with the appropriate density p?. The simulation
is executed until the number of bonds saturates for a significant amount
of time.

To be able to compare with experiments, in the simulation we
choose the membrane bending rigidity to be x = 20 kgT [33], the
strength of the interaction potential v = 6.5 J/cm? [34]. The difference
between the equilibrium position of the unbound vesicle membrane
and the height for specific adhesion to the substrate is set to Ah =
45 nm and the vesicle radius is R = 11.6 pm with a volume fraction
of 97.5% (standard average conditions in the experiments). The binding
enthalpy of the biotin—-neutravidin bond is taken to be ¢, = 10 kgT in ac-
cordance with previous estimates [22] for the enthalpy of membrane
bound biotin-neutravidin bonds, which is considerably weakened be-
cause of the coupling of the ligands and receptors to the membrane.
All parameters are summed up in Table 1.

4. Morphological phase diagram

The analysis of simulation and experimental data shows that there
are, in principle, four regimes of adhesion processes, mainly determined

Table 1
Parameters used in the simulations.
Meaning Value
a Lattice constant 10 nm
kT Thermal energy at 300 K 414-107%' ]
K bending rigidity [33] 20 kgT
Y Curvature of the interac. pot." 6.5 J/cm*
Ah Distance between equilibrium 45 nm
Positions of membr. and bond"
A Stiffness of the bond/receptor” 0.21 mJ/m?
€p Binding enthalpy [22] 9.55 kgT
D Diffusion constant [26] 5.0 um?%/s
R Radius of contact zone' 6.81 um
d Lateral size of simulation box 40.96 um

(size of the vesicle)

T Measured.
* Typical value from literature.

by the initial ligand and receptor density (Fig. 3). The first is the regime
of unstable adhesion at low ligand and receptor densities. Increasing the
density of at least one of the binders enables adhesion. Several morpho-
logically different processes ensue. If the density of ligands is larger than
the receptor density, numerous randomly distributed nucleation seeds
form within the contact zone. The domains grow independently of
each other until they come in direct contact and merge, developing fur-
ther as a large, single domain. We denote this as the regime of multiple
nucleation (first row in Fig. 3C). At higher densities of immobile recep-
tors we find a transient ring regime (second row in Fig. 3C). It occurs be-
cause ligands diffuse from the bulk of the vesicle into the contact zone,
where they bind to the surplus of receptors close to the edge of the con-
tact zone, forming a ring. However, due to the small size of ligands, they
are able to diffuse through a bond domain restoring the ligand den-
sity in the interior of the ring and continue thickening the ring. Further-
more, upon unbinding from the inner edge of the ring, the ligands move
deeper into the contact zone, making the ring morphology only transient.
At low densities of mobile receptors, the ring morphology is stabilized by
the inability of bulky receptors to penetrate the contact zone (stable ring
shown in the third row in Fig. 3C). The large packing density of receptors
stabilizes the morphology on time scales that are significantly longer than
those accessible in an experiment (stable ring regime).

4.1. Unstable adhesion

For very small ligand and receptor densities, only single bonds open-
ing and closing over the whole contact zone could be observed without
ever forming a stable nucleus. We also find that for the current choice of
the binding affinity, temperature and membrane bending stiffness,
enthalpic arguments [30] predict the critical size of the seed to be two
or more bonds. Actually, for immobile receptors, the critical size of the
nucleus diverges if the density of bonds (receptors) or ligands becomes
too low (dashed line in Fig. 3). For mobile ligands, the density of bonds is
self-regulated and typically sufficiently large, such that the adhesion
should never be impeded. Indeed, the unstable regime occurs at signif-
icantly lower densities than for immobile receptors. However, eventual-
ly the domains no longer appear even if receptors are mobile, which
suggests that the nucleation process is diffusion limited at very low
binder densities. Namely, while the ligands and receptors form occa-
sionally one bond, the time necessary for another pair of binders to dif-
fuse and form the second bond is longer than the life time of the first
bond. This, in effect, impedes nucleation.

4.2. Multiple nucleation

This growth regime is reaction limited (initial receptor density p?
smaller than initial ligand density p{) and it occurs because the nucle-
ation rate is large (the full lines indicate the cross-over from diffusion
to reaction limited regimes in Fig. 3A and B). However, the multiple
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Fig. 3. Phase diagrams for immobile (A) and mobile receptors (B), showing the four regimes of growth: (i) unstable adhesion (green) (ii) regime of multiple nucleation (red) characterized

by the formation of small domains all over the contact zone, (iii) transient rings (blue), (iv) stable rings (yellow).

(C) Time evolution of adhesions in the contact zone for the three adhesive

regimes. The particular parameters are marked in (B) with crosses. Growth dynamics of adhesion obtained in simulations is provided in supplementary material in a form of a movie for

each phase.

nucleation regimes are not always accessible in the phase space. For ex-
ample, a smaller binding affinity leads to a coarsening of the adhesion
process, i. e. larger individual adhesion domains and fewer nucleation
seeds, and ultimately to radial growth [35]. While having immobile re-
ceptors, we find this regime to overlap with the reaction limited part of
the phase space, for mobile receptors multiple nucleation occurs at high
binder densities where diffusion into the contact zone plays no role and
the receptors are almost immobile due to crowding. On the other hand,
the surplus of ligands keeps the nucleation rate constant.

This situation is well accounted by the Johnson-Mehl—Avrami-
Kolmogorov-theory (JMAK) [36,37] describing the growth dynamics
of domains that nucleate at constant nucleation rate I and grow with
a radial velocity v, independent of time. Under these conditions the
number of bonds as a function of time is given by [37]

£8)

where Neq denotes the number of bonds in equilibrium and the growth
curve has a cubic time dependence in the exponent.

A comparison of this theory with exemplary simulation data with
mobile (Fig. 4, yellow diamonds) and immobile receptors (red squares
and blue circles) shows reasonable agreement. Small deviations in the
growth law arise because the domains do not grow independently
due to the relatively small area they are confined to. Furthermore, the
vesicle reservoir of ligands becomes depleted over time, affecting both
the nucleation rate and the growth velocity. Ultimately, the simulation
growth curve saturates and the equilibrium state is achieved.

Ny () = Neg (1—exp|— (1)
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Fig. 4. Avrami plot for three exemplary curves of domain growth in the multiple nucleation
regime. The solid black line is a cubic function for comparison with analytical prediction,
Eq. (1). Yellow diamonds originate from mobile receptors whereas red squares and blue
circles belong to immobile receptors. The densities in the legend are in units of pm =2

4.3. Transient ring

The formation of a transient ring morphology (blue shaded regions
in Fig. 3 A and B) is driven by the diffusion of ligands into the contact
zone, where an enthalpy gain is induced upon binding. The formation
of transient rings occurs if the initial density of receptors is larger than
the initial density of ligands, and if the diffusion of receptors plays no
role (immobile receptors or high density of mobile receptors). Because
of the relatively large binding affinity, and the surplus of receptors, the
ligands bind relatively fast after penetrating the contact zone. This pro-
motes nucleation and a faster growth of domains at the periphery of the
contact zone. Eventually, these domains merge and form a ring (identi-
fied as an enhancement in the radially averaged bond density close to
the edge of the contact zone, relative to the density at the center). How-
ever, because of their small size, ligands can move between bonds in the
ring. If not bound in the ring, the ligands may penetrate through the ring
and bind to free receptors in the interior of the contact zone. This leads
to thickening of the ring until it is completely transformed to a disk and
the entire contact zone is filled with bonds (second row in Fig. 3C).

As the limiting time scale of the ring closure is determined by diffu-
sion dynamics, the reaction kinetics, earlier important in the regime of
multiple nucleation, do not need to be considered. Hence, the dynamics
ensuing the establishment of the ring can be modeled by the radially
symmetric diffusion equation for the ligand density p,(r, t) [38-41]
ap,gr, 6 _ (a pr.0) |, 10pi(r, t))

t

or? Tor 2)

T

Here D is the diffusion constant of ligands, the radial distance r is
measured from the center of the contact zone, and the bond density
within the ring will be denoted by p,. This equation is accompanied
with a moving boundary condition for the inner radius R(t) of the ring

ot Py O ge
and the density of ligands at the inner interface
PR(), 1) = pf. 4

Initial conditions intuitively set the density of ligands and the thick-
ness of the ring at t = 0 to be
pi(r,0)=pf, and R(0) =R (5)
Since no full analytic solution is available for this moving boundary
problem, Egs. (2) to (5) are solved numerically for pf = 0 and pj, is ex-
tracted from simulations. The solution is compared with the results of
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the simulation in Fig. 5A. Without any fit parameters, we find excellent
agreement between the two approaches confirming that the closure of
the ring is mainly driven by the diffusion of ligands from the bulk of the
vesicle into the contact zone.

Interestingly, the dynamics of the ring closure is stable with respect
to the shape of the inner interface. This is unusual behavior for diffusion
limited growth processes where typically dendritic or even fractal pat-
terns evolve in time [42,43]. However, this can be understood from
the ligand density profile around a ring domain with shape perturba-
tions at the inner interface (Fig. 5B). Because the flux of ligands from
the outside is larger at trailing parts of the interface than at the leading
parts, the shape instability is suppressed and the inner shape of the ring
is stabilized.

4.4, Stable rings

Formation of the stable ring morphology (yellow shaded regions in
Fig. 3B) is driven by the diffusion of receptors into the contact zone. It
occurs at densities where the receptor mobility is not significantly im-
peded by crowding effects (low receptor densities), but is sufficiently
large for stable nucleation to take place. For this reason, the stable ring
regime strongly relies on the membrane-transmitted cooperative ef-
fects between bonds.

The importance of cooperativity is clearly demonstrated in Fig. 6A,
where we show snapshots from a simulation without (left) and with
(right) the membrane implicitly resolved. In the first case the formation
of bonds does not affect the shape and the fluctuations of the membrane
(no cooperativity), hence, the ligand-receptor reaction rates are con-
stant. In the second case, the reaction rate is coupled to the membrane
as discussed in the method section. Due to this cooperativity, the bonds
organize into domains, and the number of bonds is an order of magnitude
larger compared to the case without the membrane transmitted interac-
tions between bonds. In the latter case, the bonds are randomly distrib-
uted over the contact zone. In fact, without correlations, nucleation is
suppressed, and stable adhesion may not take place. If this occurs, the
formation of the ring is significantly delayed. Yet, in the latter case,
the closing of the ring occurs on significantly shorter time scales than
for stable rings, suggesting a transient ring regime.

The stability of the ring is hence promoted by the cooperative effects
which promote binding in the vicinity of already existing bonds. How-
ever, because of their size, bulky bound receptors become obstacles
for diffusing receptors, which slow down their transport toward the
center of the contact zone, and further promote their binding at the
edge. This induces crowding of receptors and seals the interior of the
contact zone from the outer reservoir of binders. Another consequence
of cooperativity is the significantly diminished unbinding rate. Hence,
even receptors at the inner edge unbind extremely rarely, which sup-
presses further thickening of the ring on experimentally accessible
time scales.

D. Schmidt et al. / Biochimica et Biophysica Acta 1853 (2015) 2984-2991

In very long simulations (Fig. 6B), however, we observe the increase
of the ring thickness of about 50% after extending the simulation to an
order of magnitude longer than time necessary for the formation of
the ring. This suggest, that ultimately, even “stable” ring-like domains
are, in essence, transient even though not on accessible time scales.
However, as the ring growth depends solely on the unbinding and
rebinding of bonds at the inner edge of the ring domain, increasing
the effective binding affinity drastically decreases the growth of the
ring.

Last but not least, the stability of the phase diagram depends on the
system size. For example, decreasing the number of available ligands by
keeping the same concentration but decreasing the size of the vesicles,
at some point induces a shortage of ligands. Hence, the small domains
may not merge to cover the entire contact zone or to close the rings.
On the other hand, quadrupling the area of the vesicle (ligand reservoir
of 8192 x 8192 lattice points for a vesicle of a radius R = 23.1 ym) in-
duced no changes in the phase diagram.

Additional effects arise from the finite size of the contact zone. It
does not affect the regimes of transient ring formation and multiple nu-
cleation. However, for smaller radii of the contact zone, the phase space
for the formation of stable rings shrinks because the ring thickness de-
pends only on the concentrations of binders and not on their absolute
number. The thickness of the ring is related to the length of the mean
free path of a receptor coming from the bulk into the contact zone
before forming a bond. If the contact zone is smaller than this mean
free path, the receptor can explore the surface entirely, and the contact
zone will be filled up with bonds. Conversely, increasing the size of the
contact zone increases the phase space associated with stable rings.

5. Comparison with the experiments
5.1. Steady state morphology and size of adhesions

To study the interplay between protein diffusion, binding kinetics,
and membrane transmitted correlations in an experimental system,
we construct the experimental phase diagram for adhesion of a biotin
decorated vesicle that binds to SLB with mobile neutravidins. We sys-
tematically change the concentration of neutravidin and of biotin and
image the distribution of neutravidin in the steady state in 44 vesicles
(Fig. 7A).

In previous work [28], we showed that within biotin-neutravidin
adhesions the membrane is nearly flat, very close to the SLB, and fluctua-
tions are completely suppressed (< 1 nm). This suggests that the affinity
for biotin-neutravidin binding is very high, and that each neutravidin in
the contact zone is bound to its ligand [25]. This is confirmed by simula-
tions where we find that the number of bonds is at least 95% of the num-
ber of available receptors, even though the binding affinity used in
simulations is smaller than the binding affinity of a biotin-neutravidin

B Shape stability of ring  p,
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A Transient ring
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Fig. 5. A) Dynamics of the ring closure from simulations (solid lines) and the numerical model (dashed lines). B) Ligand density profile around a perturbed inner edge of the ring-like domain
(shaded with squares). Arrows represent the magnitude and the directions of the flux of ligands towards the interior. The unperturbed interior edge is shown with a dotted line.
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Fig. 6. A) Snapshots of the contact zone in steady state. A snapshot of the contact zone for a system without cooperativity (left), is compared to the contact zone from the full simulation
including membrane induced cooperative effects between bonds (right). Both simulations are performed with identical parameters as stated in the simulation method section, except for
the effective binding affinity which was increased to 15 kgT. The binder densities are set to pf = p? = 31 pum~2. B) A very long simulation in the stable ring regime with an effective binding
affinity of 10 kgT shows slow thickening of the ring. Increasing the binding affinity slows down the thickening of the ring (data not shown).

pair within adhesions. The same result can be visualized by comparison of
the bond and receptor distributions (Fig. 7B and C).

Compared to biotin ligands, neutravidin receptors are very large, and
are expected to crowd when penetrating the contact zone, and hence,
induce stable rings. Indeed, as in simulations, at high concentrations of
receptors the contact zone is uniformly filled with bonds, but de-
creasing the receptor concentration results in the appearance of
ring-like adhesions.

If the concentration of receptors is low, increasing the ligand density
for a fixed receptor density, decreases the average area of adhesions
(Fig. 7B, bottom rows) and, moreover, the ring thickness d decreases,
too (Fig. 8A). For example, for vesicles shown in Fig. 7A, increasing the
ligand density by factor of 10 from pf = 1.4 - 10> um™?, induces a de-
crease of the adhesion area from 51% to 35% of the contact zone, and
the ring thickness from 3.6 to 2.4 um (Fig. 8A inset). On the other
hand, increasing the receptor density from p) = 1.4 - 10° to
3.5-10° um~2 for a constant ligand density of pf = 14 - 10> um™2, re-
sults in the increase of the adhesion area from 35% to 76%. This trend is
confirmed in simulations which show that not only the thickness of the
ring is smaller, but also the actual number of bonds becomes smaller at
larger concentrations of ligands. More specifically, the thickness of the
ring drops by a factor about 3 over the entire range of ligand surface
coverage.

The reason for the density dependency lies in the dynamics of ring
formation. For high ligand densities, the ring closes faster than for low
ligand densities. Consequently, the number of receptors diffusing into
the contact zone, before crowding, is smaller for the high ligand densi-
ties than for low ligand densities allowing only for a thin ring and there-
fore a smaller number of bonds.

simulation: bond map C

5.2. Enrichment factor

In simulations, we find that the final number of bonds is almost
equal to the initial receptor density p? (see Fig. 8B), and only at low re-
ceptor concentrations, it is affected by the initial ligand density p{ (see
Fig. 8B inset). Such a trend emerges because the receptor density
shows only little enrichment of the initial receptor density in the contact
zone. This is due to the fact that at large receptor densities, bonds form
over the entire contact zone which prevents further accumulation of
binders. The significantly smaller ligands, in contrast, diffuse through a
bond domain restoring the ligand density in the contact zone at every
stage of domain formation, until the growth process is stopped by the
lack of receptors.

This result agrees well with experimental observations of the enrich-
ment factor at low temperatures (small diffusion constants). However,
at high temperatures (fast diffusion) very high enrichment factors
(see Fig. 9), maximizing the packing of neutravidin in the contact zone
(blue doted line) are observed, even at low initial receptor densities. It
was previously argued [26], that such high enrichments occur because
the accumulation of receptors takes place during the spreading of the
vesicle, and not after the contact zone is formed.

To confirm this hypothesis, we perform a set of simulations where
the vesicle falls onto the substrate with a constant velocity v, i.e. the
contact area changes linearly in time. Moreover, in these simulations
the nucleation time is fast.

In such a scenario, the bonds start to form in a very small contact
zone, and the binders accumulate in the contact zone while it is spread-
ing. As a result, the enrichment factor becomes a function of the velocity
Vs (in units of pm/s). To compare different initial ligand and receptor

simulation: receptor map
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Fig. 7. Comparison of the measured (A) and simulated phase diagrams (B, C). Epifluorescent images of neutravidins in the steady state as a function of ligand and receptor coverage is
shown in A. The increase in bulk concentration of receptors is seen by the change of color outside of the contact zone. The number indicates the fraction of the contact zone occupied
by adhesions. The scale bar shows 10 um and the color code in units of 10> um. (B) Contact zones in the steady state obtained from simulations as a function of ligand and receptor
bulk density. Bonds are marked with blue, and the respective receptors distributions are shown in (C).
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Fig. 8. (A) Ring thickness as a function of the ligand density for the simulation and the ex-
periment (inset). Error bars mark the standard deviation for various receptor densities.
Inset: Snapshots of the bond domain from the experiment (black area) for two different
ligand densities. (B) Accumulated bond density pj in the contact zone as a function of
the initial receptor density p?. The inset shows the normalized bond density py/p? as a
function of the initial ligand density pf.

densities, we show in Fig. 9 (bottom) the bond coverage in steady state.
We find that as the inverse of vs increases the thickness of the ring of
crowded receptors also increases up to full packing above a critical
value.

The actual value of the critical velocity depends sensitively on the
concentration of both, receptors and ligands. At low ligand and high re-
ceptors densities, the reservoir of ligands may be fully depleted before
the spreading is completed which results in densely packed domains
in the center of the contact zone and the edge free of bonds.

6. Discussion and conclusions

In this work, we studied the interplay between the capacity of
binders to diffuse through growing structures in the membrane and
the morphology of these structures. We find that the initial density of
bulky binders plays a major role as a control parameter for the final or-
ganization of adhesions. Furthermore, a rich phase space of growth pat-
terns was identified, showing very similar features in simulations and
experiments.

Particularly interesting are spontaneously forming ring-like struc-
tures, which arise due to the recruitment of binders into the contact
zone of two membranes. If the ring is created as a consequence of accu-
mulation of small binders (ligands), the ring structure is transient. On
the other hand, if it is caused by crowding of bulky binders (receptors),
the ring becomes significantly more stable, due to the inability of the
large proteins to diffuse through the already established structure.
Such a ring naturally creates a coral in the membrane, isolating the
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Fig. 9. (A) Enrichment factor observed experimentally at different temperatures and in
simulations. The experiments presented in this work are performed at T = 21 °C. The en-
richment factors at high temperature (T = 37 °C) was taken from Fenz et al. [26]
(B) Simulated steady state bond coverages for vesicles spreading as the bonds are being
formed. The vesicles sediment to the substrate with constant velocity v, (pf = p?, indicat-
ed in the legend).

interior of the ring from the outside. In the cellular context, our results
suggest that the formation of the ring may be passive, but the transport
through the ring should involve active mechanisms. The latter seems to
be the case for the T cell receptors that are transported, by coupling to
the actin retrograde flow [4].

The formation of rings may be preceded by a formation of numerous
small domains within the entire contact zone. This result is in agree-
ment with recent observations of the formation of cadherin rings in
the contact zone between two epithelial cells [6], where in the initial
stage, multiple nucleation is promoted by homogeneous fluctuations
of the composite cell membrane. However, a ring forms within a min-
ute, at the edge of the contact zone by nucleations of small adhesions,
which grow both by accumulation of cadherin from the bulk, as well
as from cadherins within the emergent coral. The closure of the ring
seems to provide a signal to the actin-myosin apparatus to actively
exert contractile forces on the cadherin junctions, expanding the ring
and increasing the contact zone. This scenario of ring-closure agrees
very well with the simulations presented in this study (Fig. 7), suggest-
ing that the initial stage of the cell-cell recognition process may rely on
cadherin binding, regulated by their density and the physical properties
of the cell envelope. Furthermore, our results suggest that active actin
driven cell spreading couples to the development of adhesion in a highly
regulated fashion, an idea which could be explored beyond the current
manuscript.

Another interesting observation is the increase of the enrichment
factor with the speed of the spreading of the contact zone. While this ef-
fect was demonstrated on a relatively large scale, the mechanism ap-
plies also for small contact areas. This would allow cells to regulate
the density of binders in the forming of adhesions by controlling the
speed of protruding lamellipodia and filopodia from the cell surface.
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In conclusion, we established a Monte Carlo scheme with which we
are able to understand the details of experimental observations, from
the stability of bonds to the organization into macromolecular struc-
tures. Intriguingly, the micro-domain bond structures described here
closely resemble those reported since more than a decade ago for
integrin/TCR mediated adhesion in immune cells [1-3,5], as well as
more recent reports on cadherin mediated adhesion in epithelial carci-
noma cells [6]. The insights gained from the dual simulation and exper-
imental model system can potentially identify regulating mechanisms,
that can then be tested in a cellular system. Receptor crowding, arising
from steric hindrance or lateral interactions, as well as ring closure,
which itself is determined by molecular concentrations, interactions,
and transport, have been identified here as potential important players
in cell adhesion.
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