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Abstract One of the most important triggers of cell activity is adhesion, a process
by which cells and their organelles interact and attach to substrates, internal
scaffolds, external interfaces, or other cells. The physiological and pathological
significance of cell adhesion is hard to exaggerate, and adhesion is ubiquitous in
the living world. Adhesive contacts need to be able to function in widely varying
circumstances and must be established in an extremely noisy environment. For these
reasons, the control mechanisms of adhesion have had to develop so as to be able to
permanently monitor and correct cellular performance. While a lot of effort has
been invested into understanding the biochemical aspect of these processes, the
underlying physical principles of adhesion regulation have obtained significantly
less appreciation. Only in recent years have these two approaches begun to converge
in a unified view. Due to the strong coupling of the biochemical reactions to
the spatial coordination provided by membranes and the cytoskeleton, biological
signaling is subject to a plethora of physical constraints. Indeed, many signaling
pathways, particularly those involving the adhesion, involve protein diffusion and
aggregation guided by membranes. It is these aspects of adhesion that can be
understood in the framework of statistical physics, as we intend to demonstrate in
this short review. Here we summarize the developments in understanding cell and
membrane adhesion from a theoretical point of view and support it with experiments
in model systems as well as with living cells.
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1 Introduction

Biological cells are small-scale machines that permanently process a large amount
of input signals in order to perform their normal activities [1]. One of the most
important triggers of cell activity is adhesion, a process by which cells and their
organelles interact and attach to substrates, internal scaffolds, external interfaces,
or other cells. The physiological and pathological significance of cell adhesion is
hard to exaggerate. Bacteria and viruses need to adhere and attach themselves to
the cell membrane in order to invade it and in turn, dynamic initiation of adhesion
intervenes at various points in the immune response of the body. Cell adhesion is
essential for the integrity of tissues and needs to be dynamically controlled during
embryogenesis. Adhesion is a prerequisite for fusion of, for example, endocytic
vesicles to the cell membrane. It is equally important in phagocytosis and is a first
step for migration to which it is intimately linked. Importantly, cells communicate
in various ways across adhesive junctions, the propagation of nerve signals being a
striking example. While adhesion is important for both prokaryotes and eukaryotes,
the discussion below will be focused on animal cells, with examples taken mostly
from mammalian cells.

Animal cells (Fig. 1) and their organelles are bound by phospholipid membranes
[3]. Naturally therefore, the membrane plays a central role in adhesion. Apart from
having amazing material properties which can be exploited beyond pure biological
aspects, membranes provide a working environment for proteins which are respon-
sible for establishing specific contacts [4]. In the context of adhesion-mediated
cell recognition process, the plasma membrane carries specialized receptors called
cell adhesion molecules (CAMs) that are usually transmembrane proteins with an
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Fig. 1 Fluorescence images of specific ligand-receptor-mediated adhesion in living cells. Left:
Primary cardiac fibroblasts from embryonic (E19) rat heart. Cells are stained for actin (green)
and vinculin (red) and imaged in confocal mode. They clearly show focal adhesions, which
are typically associated with integrin-mediated adhesion on immobilized ECM ligands. Image
courtesy of R. Merkel and B. Hoffman. Middle: MDCK cell monolayer adhering to collagen
I-coated glass. The nuclei (DAPI, blue), the actin cytoskeleton (red), and the focal adhesions
(paxillin, green) are stained and imaged in confocal mode [2]. Right: a single T cell adhering to
glass coated with ligand against the TCR—complex (anti-CD3) imaged in total internal fluorescence
microscopy, with the actin stained and visualized in pseudo-color. No focal adhesions are formed
in these cell types. Image courtesy of P. Dillard and L. Limozin
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extracellular, an intracellular, and a transmembrane domain [3]. The extracellular
domain forms specific bonds with the counter-receptor, often called the ligand.
Typically, the ligand is either embedded into the extracellular matrix (ECM) and
is immobile, or is carried on the surface of another cell in which case it is mobile
in the plane of the cellular membrane. On its outer surface, the membrane carries
long sugars and proteoglycans, called the glycocalyx, one of whose primary role
is to prevent unspecific adhesion and merger of the cells. On the inner surface of
the cell, the membrane is connected to a scaffold called the cortex which is made
up of a network of the semiflexible polymer actin. When a receptor binds to its
ligand, a chain of events are triggered and it is often accompanied by a drastic
reorganization of the membrane at a local or cellular scale. This process is partly a
result of passive thermodynamics of the membrane and is partly actively modulated
by the cell [5-7]. Most receptors are sites of cell signaling: upon binding to a ligand
on the extracellular side, the receptor transmits a biochemical signal towards the
cell interior which then usually leads to a whole cascade of biochemical processes
that culminate in a biological action [3]. The importance of the ensemble of these
proteins is captured in the concept of “adhesome”—a term used to describe the
entirety of proteins and signaling network triggered by a specific adhesion event.

Adhesive contacts need to be able to function in widely varying circumstances
and must be established in an extremely noisy environment. For these reasons, the
control mechanisms of adhesion have had to develop so as to be able to permanently
monitor and correct cellular performance. While a lot of effort has been invested into
understanding the biochemical aspect of these processes, the underlying physical
principles of adhesion regulation have obtained significantly less appreciation. Only
in recent years have these two approaches begun to converge in a unified view.
Due to the strong coupling of the biochemical reactions to the spatial coordination
provided by membranes and the cytoskeleton, biological signaling is subject to
a plethora of physical constraints. Indeed, many signaling pathways, particularly
those involving the adhesion, involve protein diffusion and aggregation guided by
membranes. It is these aspects of adhesion that can be understood in the framework
of statistical physics, as we intend to demonstrate in this short review.

1.1 Establishment of a Minimal System

Many features of cell-to-cell and cell-to-ECM adhesion have been, and continue
to be, studied in vitro using single cells interacting with a functionalized surface.
However, even with such simplified systems, due to the complexity of the cell
and its natural regulation mechanisms, it is often difficult to repeatedly reproduce
exactly the same experimental conditions in adhesion experiments. This was the
main incentive for the development of a variety of model systems in which “ideal
conditions” could be achieved. These ideal conditions comprise a fluid membrane,
discernible ligand—-receptor interactions, and the ability to mimic the control of the
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glycocalyx [5, 7, 8]. At least one of the participants in the specific interaction should
be mobile and the total number of ligand and receptors controlled.

To achieve these goals, giant unilamellar vesicles (GUVs) with about 30 um
diameter are used to mimic the cell [4, 5, 7-9]. GUVs are made of double-chained
phospholipids arranged as a bilayer, with additional cholesterol, glycolipids, and/or
embedded proteins to capture one or more essential property of the plasma
membrane. The second cell can be simulated by another vesicle or a cell as, for
example, in the case of experiments with micropipettes. This technique allows
for a macroscopic view of the adhering vesicles whereas the information about
adhesion events is obtained from the response function of the applied suction
pressure [10, 11].

While the experimental methods for studying adhering membranes in three
dimensions are quite limited, the variety of surface-sensitive optical techniques
and electrical measurements that can be applied to planar systems is vast. Besides
confocal microscopy [12], reflection interference contrast microscopy (RICM) is
the most commonly used technique in studies of adhesion [13—16]. This technique
allows direct measurement of the average membrane shape and fluctuations and
thus provides information on the formation of protein complexes without the use
of fluorescent labels [5]. Over the years, the capabilities of RICM were improved
and enhanced, including the multiwavelength setups [17-19], or dynamic-RICM
[1, 13, 20]. The development of these and other surface-sensitive optical imaging
techniques is the reason that, flat, functionalized glass interfaces are often used as a
cell or ECM mimic, and counterpartner for an adherent GUV (Fig. 2).

Functional surfaces rely on anchoring of active molecules, often to supported
lipid bilayers (SLB). Flat bilayers can be assembled either by Langmuir-Blodgett
lipid deposition or by rupturing of pretensed unilamellar vesicles on hydrophilic
surfaces (see reviews by Sackmann and Tanaka [22] or Groves et al. [23] or Richter
et al. [24] and references therein). When a bilayer is deposited directly on the
surface, a thin film of lubricating water layer (thickness of 1 nm) forms separating
the membrane from the support. This layer usually ensures that the lipids remain
mobile in the plane of the bilayer. However, large transmembrane proteins such as
integrins may become immobile, due to interactions with the surface.

A different strategy for separating the membrane from the substrate involves
the inclusion of intercalating water-swelled polymers. This film can be achieved
by the chemical grafting or physical absorption of water-soluble polymers or
polyelectrolyte multilayers [25-27], the reconstitution of lipopolymers covalently
bound to lipids in the bilayer [28, 29], or by the deposition of multilayers of
amphiphilic molecules such as cellulose with alkyl side chains [30]. Though
somewhat more elaborate for preparation and control, these systems ensure that
a large proportion of proteins remain mobile and fully functional, and are hence
suitable for adhesion assays.

In the context of cells, recently even more sophisticated substrates have been
used that are chemically patterned at the nano-/submicron scale [31-34], or those
that form diffusive barriers [35, 36]. Such approaches offer a wealth of possibilities
for gaining new insights over the adhesion process by meticulously controlling
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Fig. 2 Model systems for studying membrane-mediated adhesion. (a) Ligand-decorated GUV
adhering to a functionalized substrate, which can expose mobile or immobile binders. (b)
Unbinding of a vesicle specifically adhered to a cell, manipulated by the micropipette technique
and observed in a differential interference contrast. Image adapted from Prechtel et al. [10]. (c)
Interference contrast reflection microscopy can be used when the vesicle is brought in contact to a
flat substrate and is more appropriate for detailed studies of the adhesion zone. Due to a very good
height resolution of such setups, fluctuations of the membrane in the contact zone can be recorded
in real time. This allows the determination of the mean-square amplitude of the fluctuations, and
thus the distinction between weakly and strongly adhered (the growing dark patch) parts of the
membrane can be obtained [16, 21]. Image courtesy S. Fenz [8]

the microenvironment in which cells or vesicles adhesion takes place. These
highly advanced systems are particularly useful for the comparison with theoretical
modeling and simulations, which can now be performed in precisely defined
conditions that reproduce the experimental situation [37].

Despite the growing appreciation for mimetic approaches, however, a challenge
remains to combine insight from these soft matter model systems with molecular
specificity and activity found in real cells: The physical mechanisms isolated need
to be translated into the realm of biology, and thus, put into the context of active
processes and signaling. This is a challenging task already on the level of a single
cell, and even more so in vivo. Yet, the prospect of understanding normal and
pathological cell function should outweigh the immense work required to take into
account the complexity of the system and through a multidisciplinary effort lead
ultimately to deep understanding of the cell recognition process.
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2 General Mechanisms of Adhesion

2.1 Protein-Mediated Adhesion in Cells and Tissues

Cell adhesion relies on selective binding of receptors which typically belong to
one of five major families of cell adhesion proteins, namely cadherins, integrins,
selectins, mucines, and immunoglobulins [38]. These proteins either establish
homophilic contact as in case of cadherins, or they interact with specific ligands on
the opposing surface. Their interactions rely on the so-called lock-and-key principle:
the interplay of numerous low-energy interactions is established to produce a
binding that is sufficiently strong to be useful in the recognition and adhesion
process. The weakness of the individual interactions also conveys the ability to
spontaneously dissociate without the need for further control mechanisms to be
developed by the cell. These weak intermolecular contacts can be formed by
different mechanisms. Specifically, electrostatic interactions between two comple-
mentarily charged domains in molecules lead to binding energies of 2—4 kpT.
Hydrogen bonds are somewhat weaker and contribute with energies of 1-2 kpT'.
Furthermore, van der Waals energy can be considerable if the complementarity
of protein shapes is large, yielding a large number of low-energy (0.2-0.5 kgT)
contacts. Finally, as the proteins are exposed to water, domains in molecules with
similar affinity to water will feel attractive forces due to the hydrophobic effect.
Overall binding energy measured in solution, i.e. the three-dimensional binding
affinity, amounts to 5—-10 kg 7', where the lower bounds are typical for selectins and
cadherins, while larger values are associated with integrins. The affinity measured in
solution can be as large as 30 kg7 in the case of the unusually strong, avidin—biotin
recognition.

2.1.1 Focal Adhesion, Integrins, and Mechanotransduction

Receptors of the integrin family are one of the most prevalent adhesion molecules in
animal cells [3]. Cells typically use integrins to bind to the extracellular matrix but
integrins may occasionally also participate in cell-cell adhesion, the integrin LFA1
in T cells being a prime example [39]. On biding to its ligand, the intracellular part
binds to talin which in turn binds to vinculin and other actin-binding proteins. At the
same time, integrins cluster in the plane of the membrane. The resulting complex
eventually links to actin and is capable of transmitting forces. In many cells, notably
fibroblasts, the mature adhesion comprising integrins and the associated proteins
takes the form of focal adhesions, linked to actin bundles called stress fibers [3] (see
Fig. 1). Integrins are particularly intriguing because of their participation in both
inside-out and outside-in signaling [40, 41].

Over the last couple of decades, it was shown that cells sense the mechanics of
their surroundings by application of force, along the actin bundles and through the
talin—integrin complex in focal adhesions. Intriguingly, the size of a focal adhesion
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grows with application of physical force [42-45]. In general, cells tend to reinforce
their adhesive contacts under force, and it is now well known that mechanical
forces direct a host of cellular and tissue processes. It is believed that cell adhesion
complexes may act as force sensors, in concert with the actin cytoskeleton, which
also transmits the forces. Cells were shown to spread more on hard and less on soft
substrates, and in turn, well spread cells are stiffer than less spread cells [46]. All
these considerations link the adhesion state of cells to their mechanics. Today, it is
impossible to discuss cell mechanics and cell adhesion separately from each other.

In addition to the actin-mediated mechanosensing, adhesion molecules are
themselves force sensitive at the molecular level, often becoming weaker under
force [47, 48]. In these “slip” bonds, the bond lifetime is shortened by tensile forces
acting on the bond. More recently, integrins have been shown to form “catch bonds”,
responding in the opposite manner—in a certain force range, their lifetime increases
with tensile force applied to the bond [49, 50]. It is now increasingly clear that
integrins are not unique—the mechanosensitivity at single bond level is seen in
many other adhesion molecules as well.

2.1.2 Cadherins and Tissue Formation

The cadherin superfamily of receptors is another class of cell adhesion molecules
which participate in cell-cell adhesion. They are responsible for the integrity of
tissues and are therefore dynamically reorganized during embryogenesis [51-56].
Because of this key role, they are also implicated in many forms of cancers [57].
Cadherins exist in different subtypes and form type-specific homodimers, which
ensures agglomeration of cells containing only a particular cadherin type [58-60]. In
addition to forming trans-bonds that connect cells, cadherins are also known to form
cis-bonds in the plane of the membrane, which leads to the aggregation of trans-
bonds—a phenomenon with clear biological importance [61-66]. Interestingly,
unlike trans-bonds, cis-interactions have been detected only in membrane-bound
cadherins [64], and the origin of cis-interactions remained elusive until recently.
Based on computational studies, it has been suggested that the origin of cis-
interactions resides in entropic reasons related to mechanics of the monomeric and
dimeric states operating at very short distance range [60, 67]. New work, however,
points to the intriguing possibility that in addition, long range cis-interactions may
in fact be driven purely by membrane entropy related to bending fluctuations [37].

2.1.3 The Immune Synapse and Hybrid Systems

Adhesion of Lymphocytes is an example of a highly dynamic reorganization of the
membrane following adhesion. T lymphocytes (also called T cells) undergo repeated
adhesion and de-adhesion in order to fulfill their physiological role of recognition of
“foreign” peptide fragments displayed on the membrane of specialized cells called
antigen presenting cells (APCs) (see, for example, [68] for a review). T cells carry
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specific receptors called T cell receptors (TCR) on their membrane which bind to
their ligand present on the membrane of the APC. This binding or “recognition”
triggers a cascade of signals, leading to the initiation of actin polymerization as
well as activation of integrins (in this case LFA1 or «y 87), which subsequently
bind to their ligand, ICAMI1, also present on the surface of the APC. Adhesion in T
cells is rapid and is accompanied by dramatic reorganization of the cell membrane
both in terms of molecular distribution and in terms of membrane topography. Upon
binding to their ligands, the TCRs first form nano- to micron-size agglomerations
[69, 70], the so-called micro-clusters, and then are later actively centralized by actin
[36, 70]. Meanwhile, the LFA1 form separate, smaller clusters and ultimately are
excluded from the center, forming a concentric ring with the TCR central cluster.
Thus, though T cells adhere through a molecule of the integrin family, there is no
focal adhesion formation (see Fig. 1).

A particularly successful experimental approach to study T cell activation and
reorganization of the receptors has been to use hybrid systems where the APC
is mimicked by a functionalized supporting lipid bilayer (SLB) exhibiting mobile
ligands [35, 36, 70-72]. Such studies have revealed drastic receptor reorganization
at the interface, leading to the formation of the immunological synapse, itself formed
by coalescence of receptor micro-clusters that are transported along the T cell/APC
interface [70]. Experiments connecting adhesive molecules of the substrate within
micron-size corrals [35] or submicron patches [34], as much as the systematic
comparison between mobile and immobile ligands [72], have emphasized the
importance of receptor reorganization in signaling.

2.2 Nonspecific Adhesion
2.2.1 Generic Potentials and Fluctuations

While specific protein interactions were identified a long ago as the key players in
cell adhesion, a new understanding has emerged during the past two decades that
the cell membrane itself, being a “floppy” sheet, adds another unavoidable, yet not
fully understood, interaction with the opposing surface it binds to. Although this
interaction does not at all depend on any specific proteins, it can have a major impact
on the protein-mediated adhesion and can be viewed as a mechanism that controls
the binding affinity to the cell adhesion molecules [73].

A membrane, like any other interface, has different, omnipresent interaction
types. Prominent examples include intrinsically continuous potentials of Coulomb,
hydration [74], and van der Waals origin [30, 75]. Furthermore, due to their small
bending rigidity of 10-100kg7, membranes experience relatively strong, fluctua-
tions. As first argued by Helfrich, the suppression of these fluctuations by another
interface gives rise to a steric repulsion which quadratically diverges close to a wall
[76]. In cells, these fluctuations [77-82] may be of thermal origin, or may arise
as a result of active processes [83—88]. Overall, the balance between attractive and
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repulsive interactions typically results in an effective potential, which has at least
one minimum separating two membranes by 5-150nm [1, 16, 18,21, 30, 73, 89-91].

The difficulty in measuring and modeling this nonspecific potential is that the
tension in the cell or vesicle membrane renormalizes the fluctuations and thus the
repulsive contribution to the effective potential [92]. In turn, this affects the position
of the minimum of the potential and its strength. Consequently, all these parameters
should be determined self-consistently [89, 91-93], as a function of the membrane
stiffness. However, the coupling between the strength of the repulsion, the tension,
and the fluctuation spectrum is still not fully understood when the system is of a
finite size and away from the unbinding transition [94-97].

A common way to deal with the effective surface interactions of the membrane
is to introduce a harmonic potential, whose strength and position are defined by the
curvature y and the position /¢ of the true minimum [4, 21, 73, 98—100]. In this
case, the energetics of the membrane of bending stiffness « and projected area S,
put under tension o, is given by:

Hop = /dx [’; (v2h(x))2 4 ; (Vh(x)? + y (h(x) — ho)ﬂ . (1)

N

Here, the membrane profile is parameterized in the Monge representation, whereby
the membrane height /(x) is determined for every vector x residing in the plane
of the substrate. The first term in the Hamiltonian in Eq. (1) is the contribution
due to the bending of the membrane. The second term accounts for the surface
tension, while the last term in Eq. (1) is related to the discussed membrane—substrate
interaction potential.

The validity of this model was only recently confirmed [91] in experiments
where the vesicle membrane was pinned to square pattern [18, 90], within which
the membrane—substrate interaction is purely nonspecific (Fig. 3). In this geometry,
the membrane shape and fluctuations could be measured with Dual Wavelength
Reflection Interference Contrast Microscopy [91] or with the Dynamic Optical
Displacement Spectroscopy [88, 101]. Because the size of the patterned square is
much larger than the lateral correlation length of the membrane [21], the membrane
in the central part of the square is flat on average, and fluctuates around the minimum
of the membrane—substrate interaction potential. These measurements showed that
even in this weak interaction limit, the fluctuations are not purely Gaussian (Fig. 3).
A holistic description requires abandoning the harmonic approximation, particularly
for the reconstruction of the membrane average shape. However, the harmonic
approximation for the potential seems sufficient for the description of the power
spectral density [102].
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Fig. 3 Nonspecific potentials and the harmonic approximation. Top left: RICM image of a GUV,
partly adhering via a pattern of ligands stamped on the substrate, as is shown schematically just
below. The nonadhered parts of the GUV are seen in lighter shade of gray here and are seen to
flicker in a dynamic movie. The experimental data can be fitted well with a Mie potential (top
right). Bottom: Theoretically generated shapes with either Mie or harmonic potential—it is seen
that the nonlinear Mie potential fits the experimental shape. Adapted from [91]

2.2.2 Steric Repulsion of the Glycocalyx

In most cells, the plasma membrane is decorated with a layer of long sugars
and proteoglycans, variously called glycocalyx, cell coat, or pericellular matrix
(Fig. 4a). This coat may be several microns thick [105-107] and can essentially
have a repulsive role (see [108] for review). Cells are believed to be able to regulate
their adhesion by modulating the glycocalyx, which needs to be expelled from
the zone of contact. The glycocalyx has been modeled in GUVs with PEG as a
repeller, where variation of the PEG concentration was shown to clearly change the
weak nonspecific potential [109]. The concentration of the PEG layer also directly
impacts specific adhesion (Fig.4b—d), especially when the adhesion is mediated
by very weak specific interactions [104]. Hyaluronan was used as a more realistic
mimic (Fig.5), but in conjunction with strong nonspecific adhesion [13]. In this
case, the system can be switched from nonadhering to weakly or strongly adhering,
depending on the thickness of the polymer layer (top vs bottom panels in Fig.5),
as well as the membrane tension [13, 19]. While in the case of membrane-coupled
PEG [104], the repellers are thought to be expelled from the adhesion zone, both
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Fig. 4 Density and thickness of repelling molecules building the cell glycocalyx affect adhesion.
(a) The glycocalyx, visualized by the exclusion of red blood cells, significantly changes in the
adhesion zone between two cells. Image contributed by J. Curtis. (b) Variation in the surface
coverage (denoted below micrographs) of the glycocalyx reconstituted into the vesicle membrane
affects the E-selectin-mediated adhesion as seen by a decrease of the size of the black patch in
the micrographs. The latter is an adhesion domain built by E-selectin attachments to sLex in
the vesicle. The number of bonds, and the spreading pressure of the vesicle decrease with the
increased density of the glycocalyx, as predicted by (¢) a thermodynamic theory [103] (E, denotes
the enthalpic cost per repeller in the contact zone), and observed experimentally [104]. Notably,
reconstituted glycocalyx which is shorter than the sLex construct did not affect adhesion

in case of surface bound hyaluronan [13, 19] and DNA [110, 111] repellers, they
are crushed and flattened by the strong membrane interactions. Similar effects are
observed in cells on PEG cushions. However, repellers rich in amino acids, which
are often mimicked by BSA or HSA very successfully screen adhesion-inducing
separation distances between membrane of over 100 nm [91, 104].

Modeling efforts showed that the effect of the glycocalyx can be integrated
as a contribution to the nonspecific adhesion [112], with two competing states of
adhesion: initial weak adhesion is followed by slower aggregation of the adhesion
molecules into small, tightly bound clusters that coexist with the regions of weak
adhesion. If on the other hand cluster of bonds grow extensively, the glycocalyx
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Fig. 5 Adhesion on repelling polymer layers of low (top) and high (bottom) density. Nonspecific
adhesion in GUVs (left) and in cells (middle) is stronger on sparse layers. The same effect is also
visible for cells that bind utilizing protein-mediated adhesion. Image adapted from [13, 34]

molecules will be expelled from the zone of contact, with small, nonspecifically
bound islands where the molecules of the glycocalyx remain trapped [113].
Naturally, thermodynamics will also play a role, as expulsion of the glycocalyx
from the zone of contact will act as a pressure on the adhesion domains. Reversely,
after expulsion, competition for space in the nonadherent parts of the vesicle may
lead to increase of binders in the contact zone, and strengthening of adhesion sites
due to finite size effects [82, 103]. Interestingly, these effects were recently found to
play arole in cells [114].

3 Modeling Adhesion

Despite several decades of intensive research [5, 22, 99, 115-119] and the pressing
need to find the underlying principles governing the establishment of intracellu-
lar contacts in various circumstances [71, 120], the growth of macromolecular
structures in membranes is still poorly understood. The complexity emerges from
the coupling of molecular diffusion and formation of bonds (occurring with
characteristic times of 107> — 1072 s) to fast membrane fluctuations (10~° =100 ).
Moreover, several length scales are involved—from angstrom separations necessary
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for molecular recognition, cooperative effects between proteins in membranes
occurring on the length scale of the membrane correlation length [121], to the
micron-sized macromolecular structures that develop over time.

3.1 Nonspecific Adhesion

On the macroscopic scale, adhesion of membranes can be regarded as a wetting
phenomenon [9]. A number of features associated with the process of cell spreading
were identified in experiments [122—124] and could be modeled on this continuous
level [124], where a fluid bilayer vesicle is treated as a finite system with, for
all practical purposes, a fixed true area (i.e. including residual fluctuations), and
enclosed volume [115]. On this scale, it is possible to account for vesicle adhesion
by introducing a single parameter W, the effective adhesion strength, which is
assumed to be known [125]. Minimizing curvature and adhesion energy subject
to the geometrical constraints leads to a two-dimensional phase diagram where
regimes of strong adhesion (spherical cap-like shapes), weak adhesion (smooth
shapes), and no adhesion can be identified [115, 125]. Similar methodology was
used to study the de-adhesion processes induced by an apical force. In this case,
depending on the adhesion strength, continuous unbinding through tethering [126]
and discontinuous detachment of smoothly deformed shapes [127, 128] were
identified and characterized.

In experiments, the emphasis has usually been on screening the nonspecific
interactions in order to study specific binding [129-131]. Nevertheless, in controlled
nonspecific adhesion, salient features could be identified like formation of bubbles
[132] or even motion [133] due to electrostatic interactions [12]. Very strong
adhesion was used for studies of controlled pore opening [134, 135], as well as
the competition between adhesion and hydrodynamic dissipation [19, 136].

3.2 Specific Adhesion: Mechanisms Governing Protein
Binding

Early attempts to theoretically model the formation of macromolecular clusters in
the adhesion process involved analogies with classical theories of growth [137-140].
Furthermore, a number of scaling laws were suggested after the analysis of the
relationship between various stochastic processes involved [141]. However, only
limited experimental confirmation has been obtained to support these arguments
[136, 142-144].

In experiments, actually, the focus from the earliest time was on specific adhesion
in a minimal system. Formation of adhesion plaques was already observed in the
earliest experiments with specific linkers [130, 131]. These plaques are domains
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of closely packed bonds that, in case of strong and numerous bonds eventually,
coalesce and fill the entire zone of adhesion. Such behavior was later observed
with mammalian adhesion proteins like integrins [20, 142, 145, 146], cadherins
[37, 147], and selectins [104]. Interestingly, these plaques can be destroyed by
putting competitive antibodies as antagonists for the receptor into the surrounding
solution [14].

3.2.1 Mobility and Density of Proteins

Another important aspect of adhesion is the transport of proteins from the regions of
a membrane that are not participating in adhesion to regions in contact with another
membrane or a cell. This transport is secured by the fluidity of the membrane as well
as the membrane-anchoring or transmembrane nature of most cell adhesion proteins
that exhibit two-dimensional diffusion. Importantly, the friction coefficient for this
motion is dominated by the hydrodynamic coupling between the protein and the
fluid bilayer [148]. Further effects arise due to the coupling of the protein motion
with the local membrane curvature [149-152]. However, in the context of adhesion
so far, these effects have been considered as small, and it is typically assumed that
proteins perform a random walk with a rescaled diffusion coefficient [151, 153].

While it is intuitively clear that the diffusion of proteins will affect the dynamics
of adhesion, it is perhaps less appreciated that both the equilibrium and steady-state
adhesion depend on the density (Fig.6) and mobility (Fig.7) of binders. Namely,
immobilization prior to adhesion, strong frictional coupling upon the formation of
a bond, and trapping effects induced by preexisting bonds may immobilize newly
formed complexes [102], the consequence of which is an entropic cost for binding.
This entropic cost depends on the density of binders and has a different impact if
one or both binding partners are mobile [20]. The loss of entropy is compensated by
the enthalpic gain associated with the binding affinity of the pair [116]. The balance
between these two contributions to the free energy [116], which naturally depends
on the actual number of proteins available (Figs. 6 and 7e), in turn defines the final
concentration of formed bonds [34, 104, 154, 155], and the spreading pressure of
the cell or the vesicle (Fig. 6b). This highlights the importance of the correct choice
of the thermodynamic ensemble—to explain the experimentally observed behavior,
a cell or a vesicle must be treated as a finite reservoir of binders, while mobile
receptors on the SLB should be coupled to a reservoir of a constant chemical
potential.

As a consequence of the interplay between enthalpy and entropy of binding,
complex thermodynamic response can be recovered, including the passive growth of
adhesion domains subject to retracting force [20]. This increase in adhesion, which
is usually reflected in the increase of the cell or vesicle spreading pressure (Fig. 6b,
top right panel), couples with the deformation of the macroscopic membrane shape
[128, 156]. Furthermore, even in the absence of any signaling or cytoskeleton,
repeated pulling on a vesicle strengthens adhesion by compaction of dilute and
growth dense agglomerates of bonds, which is reminiscent of mechanotransduction.
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Fig. 6 Role of the density of receptors immobilized on the passivated glass support in GUV and
cell adhesion. (a) Vesicle adhesion mediated by the binding of a lipid-anchored sialyl-Lewis*
(sLeX) motive to E-selectin receptors. As the concentration of E-selectin on the surface increases,
the size of the domains grows linearly until saturation, as seen in the graph and in the associated
RICM snapshots above the graph [104]. No adhesion was observed on substrates with less than
800 E-selectins per um?2. Inset: Fraction of bound ligands as a function of receptor density for
increasing binding affinity, as calculated from the entropy—enthalpy balance, shows the same
linear increase and saturation [116]. (b) T-cell adhesion on substrates which are decorated with
pMHC-functionalized nanoparticles with well-defined spacing (top left micrograph). Coupling of
the density to the spreading pressure is evident from the change in the contact area as a function
of spacing between ligand-coated beads (top right). Furthermore, adhesion versus particle density
shown in the graph displays a rapid quasi-linear increase until the density reaches 300 particles
per um?. As suggested by theory, and experiments with vesicles, this regime is followed by the
saturation at higher particle densities. At low densities (spacing greater than 150 nm), most cells
failed to adhere (micrographs in the inset). Image adapted from [154]. Similar dependence on
ligand density is also reported in [34]

Furthermore, if both, the ligand and the receptor, are mobile, a disjointing force
acting on the membranes results in displacement of intact ligand-receptor bonds
between a vesicle and the SLB, without breaking. This mimics similar observations
in T cell adhesion on mobile ligands of T cell receptor complex [72] and explains the
observation that cells have significant difficulties to produce traction on supported
bilayers if both binders are mobile. The role of ligand mobility has also been
emphasized in integrin-mediated adhesion of fibroblasts where the formed adhesion
structures on mobile or immobilized tripeptide Arg-Gly-Asp motive (RGD) spread
on were very different [157].

Another aspect of the interplay between different contributions to the overall free
energy is the accumulation of ligand—receptor pairs in the contact zone between two
adherent membranes (Fig. 7) that leads to reorganization of the membrane molecular
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Fig. 7 Role of ligand/receptor mobility in GUV and cell spreading. Top: GUVs carrying the
tripeptide Arg-Gly-Asp motive (RGD) spread on SLB carrying integrins. (a) When the integrins
are immobile and abundant, the GUVs adhere tightly with a large adhesion zone [137]. (b) At
low concentrations of integrins, the vesicles are not visibly adhered but nevertheless they resist
being pulled off at the points shown with arrows [20, 145]. (¢) On mobile integrins at comparably
low integrin concentrations, dark, compact adhesions (black domains) are formed (black arrows).
(d) If the contact zone is made smaller, compact adhesions grow (red arrow). In addition, dilute
domains (white arrows in (c) and (d)), which densify under force could be identified by mapping
membrane fluctuations [1, 20]. (e) The difference in baseline increased density between mobile
and immobile, as well as the increase of enrichment for decreased contact can be captured by a
thermodynamic theory. [116]. (f)—(h) T cells spreading on SLBs carrying anti-CD3 ligands. Image
adopted from [72]. (f) Similar enrichment is seen between cells binding to immobile and mobile
receptors, reminiscent to observations in vesicle adhesion. (g) Immobilized ligands can sustain
traction-inducing cell spreading. No local increase in ligand/receptor density is observed. (h) When
the ligands are mobile, the substrate is unable to sustain traction forces, and the cells are unable
to spread. As in the case of GUVs, ligand—receptor pairs are pulled towards the cell interior, thus
increasing their local density (see [72] for images of receptor distribution)

components [103, 113, 116, 156]. Combined with steric hindrance from molecules,
this accumulation can lead to both the formation of unexpected patterns [1], and the
self-assembly of adhesion corals, as observed first in vesicles [102, 158] and than
in cells [66]. Recently, it was shown that not only proteins but also associated lipids
phase separates upon adhesion [159].

From the point of view of dynamics, if the time to find a binding partner
exceeds the time to bind, the growth is considered diffusion limited, and in the
opposite case, reaction limited. In the context of radial growth, when there is
no unbinding from immobilized receptors, these two regimes are associated with
universal power laws describing the growth of the adhesion area as a function of
time. The exponents adopt values of one or two for diffusion and reaction limited
aggregation, respectively [137—140]. The transition from the reaction- to diffusion-
dominated regime, induced by the depletion of binders, was demonstrated in
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vesicles [104, 137] and cell spreading experiments [124]. More recently, the change
of regime could be exploited to estimate the reaction rate for RGD—integrin, sLex-
E-selectin, and biotin—neutravidin binding [121]. More complex growth exponents
are, however, expected in the presence of unbinding [160], and when both partners
are mobile [144]. This was demonstrated experimentally when some nonuniversal
growth exponents were measured [136], showing that membrane adhesion is an
ideal playground for studying the rich growth phase space in the presence of weak
to strong fluctuations and short- to long-range interactions.

3.2.2 Stochastic Binding Rates and Explicit Membrane Simulations of
Adhesion

Understanding adhesion requires dealing with local stochastic interactions associ-
ated with ligand-receptor binding. A common way to model these interactions is
to consider the proteins as thermalized springs with stiffness A and rest length /o,
contributing to the energy H p associated with the membrane profile 4 (r) by:

Np
A
Hplh(®)] = 8 — 1) [ NUCEIO 6b:| . )

i=1

Here, N}, is the number of formed bonds, €;, accounts for the bond enthalpy gain for
forming a bond, and §(r) is the Dirac-delta function for a bond at the position r.

If one assumes that the structural fluctuations of free receptors occur on faster
timescales than the membrane dynamics (femtoseconds compared to nanoseconds),
each bond should fulfill a local detailed balance condition for the transitions between
the bound and unbound states, given by the instantaneous rates ko (h(r, ¢)) and
kon (h(r, 1)):

kott (h(r, 1)) A ) 1. [ ha?
kon (h(x,1)) P [(2 RS 6”) N < P ﬂ )

Here, « is the range of the interaction potential of the ligand—-receptor bond.

Condition (3) naturally includes the stretching energy associated with the slow
structural changes of the protein due to binding (first term in the exponent) and the
intrinsic binding affinity (second term) [161]. The last term accounts for the entropic
cost associated with the suppression of structural fluctuations of a protein upon
binding[140, 162]. Following such defined detailed balance, each bond is locally
in thermal equilibrium with the instantaneous membrane shape.

Starting from (3), one can use arguments by Dembo et al. [49] and weigh in the
intrinsic reaction rate ko with the Boltzmann factor that depends on the energy of
protein structural fluctuations allowing ligands and receptors to come in the binding
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range [49, 149, 163]:

on A2 A 2
k°" (h(r, 1)) = ko oy P [—2 {(h(x,1) —lo) — a} } “4)

From this, the local off-rate can be determined readily using Eq. (3):

off )\(XZ
k™" (h(r, 1)) = koexp[—eplexp | A (h(r,1) —lo) o — » | (5)

This off-rate recovers the dependence of the unbinding rate on the force
A (h(r,t) —lp) acting on a bond, which was suggested by the Bell in one of
the first models for protein recognition occurring between membranes [161]. While
it is easy to physically motivate the rates equations (4) and (5) from the physics
perspective, their development from a minimal model is still missing. Nevertheless,
the simplicity of these rates secured their broad usage in modeling the dynamics of
binding, in the framework of adhesion as discussed in the next section, but also in a
much broader context [108, 164].

3.2.3 Simulating Adhesion with High Accuracy

The development of accurate mesoscopic schemes within which the membrane and
the proteins are explicitly treated became possible with the increase in computing
power. An example are kinetic Monte Carlo approaches [165-168]. An alternative
are Langevin simulations [99, 149, 169-171], which have the advantage of coupling
the complexation rates with the instantaneous membrane shape. Specifically, the
membrane described by Egs. (1) and (2) is propagated in time by means of the
Langevin equation in the Fourier space spanned by modes k [99, 140, 149]:

e A(k){ [k + v | (e, 1) = 0 Aho)
ot
Np (1) (6)
+ Y Ah(ri, 1) — lo) exp (—ik - r,-)} + £(K).

i=1

Here, the tension is set to zero, A (k) = (417/()_1 is the Oseen tensor, describing the
hydrodynamic interaction between membrane and surrounding fluid of a viscosity
n, and A is the area of the membrane. The stochastic force £(Kk) is set by the
temperature of the surrounding fluid by the fluctuation—dissipation theorem:

(E@EXK)) = 2kp T A(K)S (k + K'). ©)
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Fig. 8 Phase behavior of the adhered membrane and the relation between membrane roughness
and bond density as obtained from explicit membrane simulations. Top left: Snapshot from a
Langevin simulations of a membrane (blue), adhered to a substrate (gray) by elastic ligand—
receptor bonds (yellow springs and red beads). Bottom left: Instantaneous roughness ¢ (mean-
square deviation from a flat shape in a particular moment of time), as a function of the instantaneous
bond density ¢, is found to be non-monotonous and independent of the bond strength (symbols as
shown in the legend). Right: Mean fluctuation amplitude of a membrane segment Z obtained after
temporal and spatial averaging (left axis, dots) is directly proportional to the fluctuation in bond
concentration A¢ (right axis, crosses). Results are presented as a function of the mean bond density
@. A branch of stable adhesion (red dots and black crosses, high mean bond density) is separated
from a branch of unstable adhesion (blue dots and yellow crosses at low mean density) by a dashed
perpendicular line denoting a first-order-like phase transition. Figure adopted from [171]

This, and similar schemes, allowed for the direct comparison of the simulated
shape of a pinned membrane with the experiment [99]. Furthermore, they were
instrumental for the understanding that the affinity of the protein binding depends
on the membrane fluctuations [149]. Furthermore, these simulations showed that
the instantaneous roughness of the membrane reflects the instantaneous density of
bonds, independently on their strength (bottom left panel in Fig.8) [171]. Since
the roughness is a non-monotonous function of the bond density, nucleation of an
adhesion domain is accompanied by the appearance of a hot spot on the membrane,
a fact first noticed in the context of cells [82], and rationalized by the comparison
of experiments in GUVs and Langevin simulations [172]. Since the bonds are the
main contributor to the roughness, spatially and temporally averaged roughness is
directly proportional to the overall variance in the number of bonds (right panel in
Fig. 8), both for unstable and stable adhesion.

While these insights contribute to deeper understanding of the adhesion process,
only relatively small membrane segments (sizes of a single focal adhesion) can
be explored for relatively short times. Consequently, long-timescale dynamics
associated with the formation of adhesion structures and diffusion-limited processes
remained out of reach with these techniques, which prompted the development of
coarse-grained simulation methods based on mapping of adhesion to a lattice gas or
Ising-like systems of bonds [100, 173—175]. While providing valuable understand-
ing of cooperative dynamics in membranes, these approaches are, however, accurate
only in a limited range of parameters.
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3.2.4 Implicit Membrane Adhesion Dynamics: From Nucleation to
Growth Patterns

A breakthrough in modeling the adhesion process was the realization that there
is a clear separation of timescales between protein binding and diffusion on one
hand, and membrane fluctuations on the other hand [73]. Accordingly, the mean
membrane shape can be regarded as fixed, as long as the configuration of bonds
pulling on the membrane remains unchanged. During this time, the membrane, and
with it, the proteins sample the entire probability distribution of distances between
ligands and receptors by means of membrane fluctuations.

Coarse Graining the Complexation Rates

The separation of timescales permits the integration of the effects of the membrane
into effective rates for the (de)complexation of proteins. Consequently, the explicit
treatment of the membrane can be fully circumvented with a negligible loss of
accuracy. The averaging of the instantaneous rates equations (3)—(5) should be
performed over all possible, and appropriately weighted configurations of the
membrane at the position of the receptor, as height distribution {p}. Naturally, { p} is
sensitive to a configuration of bonds in the neighborhood of the receptor of interest.
Accordingly,

Ao - 2
Ko = / dh? p(hbYkogr(h?) = ko exp [ ) (2 (hb _ 10) +ak <0b> - a> - eb],

2 hro_ 2
Kon = 1 / dh" p(h" Ykon(h") = ko Ve exp| M~ @+ 0]
V2r (141 (67)?) 2(1+ 1 (07)?)

®)

where h” and k" signify the height of the membrane at the position of a bond,
and above a free receptor, respectively. The distribution {p} can be calculated
analytically for an arbitrary configuration of bonds in the surrounding [162], which
permits to obtain effective rates (Eq. (8)) as a function on the average / (local mean
membrane height) and the variance o (local fluctuation amplitude) of the relevant
distribution {p} [73].

The analysis of the dependence of rates on properties of the membrane shows
that typically membrane fluctuations and deformation increase the binding rate.
This is because the probability for the encounter between a ligand and a receptor
increases in average. Since stronger fluctuations can exert stronger stochastic forces,
the unbinding rate is also increased, albeit to a lesser extent than the binding rate
(Fig. 9a). Somewhat surprisingly, the overall effect is the effective stabilization of
bonds by fluctuations.
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Fig. 9 Complexation rates and stability of bonds strongly depend on membrane-mediated,
cooperative effects. (a) Binding (green) and unbinding (red) rates for a ligand receptor pair at
distance x from a preexisting bond, showing appreciable changes up to 400-nm separations. Inset:
Deformation of a bond (blue), and the affinity of a second bond as a function of the separation the
bond inducing the deformation. At short distances (positive affinity), the second bond is stable,
unlike at larger distances when the formation of a bond is associated with a free energy loss
(negative affinity). Graph contributed by J. Vlajcevic. (b) Fluctuations of the membrane destabilize
isolated bonds, thus leading to stabilization of bond clusters as shown in the cartoon. (¢) Snapshots
acquired at identical time from simulations run with cooperative effects switched oft (top) and on
(bottom). (d) Association rate determined from the radial growth of a domain [121]. In the case of
biotin—avidin recognition, increasing the residual fluctuations increases the binding rate for a factor
of two. Similarly, for RGD-integrin binding, decrease in density of the glycocalyx (weakening of
the nonspecific potential) may increase the binding rate for over an order of magnitude. Sketch
contributed by T. Bihr

The validity of the concept of average membrane-dependent rates could be
independently verified by an alternative approach. Specifically, the binding rate K 3n
to form a bond in a neighborhood of an already existing bond can be extracted
by fitting the time evolution of the area of a radially growing domain with a
growth law obtained from a solution of a modified Stefan’s equation [121]. The
associated experiments show clearly that membrane fluctuations can change the
binding rate by an order of magnitude in the case of RGD-integrin, or biotin—avidin
pairing (Fig.9d). Similar stabilization of biotin—neutravidin bonds was observed
in switching from ultra-weak to strong adhesion, which takes place with the
suppression of fluctuations within mature adhesion domains [172].

An important consequence of such a description is the strong sensitivity of the
effective rates (Eq.(6)) to the neighboring distribution of bonds, which is equiv-
alent to cooperative effects that may enhance or prevent further (de)complexation
(Fig.9b—c). This is best demonstrated for a scaffold comprising a domain of
densely packed receptors. Deep within the domain, where each bonded receptor
is surrounded by other bonds, the unbinding rate is nearly zero. The bonds at the
smooth edge of the domain unbind with a probability that is several times larger,
while fully exposed bonds are even more unstable. Likewise, compared to receptors
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far away from the cluster, where the binding probability is very low, free receptors
at the edge of the cluster have a significantly larger probability to form a bond [162].

Binding Affinity

As a consequence of the above argument, the binding affinity E}, is also a function of
the local membrane environment (Fig. 9a). Such a finding is consistent with the sig-
nificant spread in the values measured for binding energies of membrane-embedded
proteins, where the membrane environment could not be strictly controlled in cells
[176-178]. This spread, on the other hand, may be relevant physiologically, since it
implies a subtle means of controlling binding affinity either by thermal or by active
fluctuations, which have already been found to be important in the case of cadherin
junction formation in cells [179] and in model membranes [37].

At a level of an individual bond, membrane fluctuations affect the affinity, which
is, in principle, quadratic [162] and in units of kg T takes the form:

E lk (h 1)2+-11 2m 9)
= r(h — n — €p,
b= Rl T M a2k | T

with the effective elastic stiffness of the bond-membrane construct being:

1 -1
&ﬁz<k+ﬁ> : (10)

Here, the stiffness of the receptor-ligand bond is denoted by A, and the fluctuation
amplitude of the unbound membrane o and €, signifies the (3D) binding affinity
in solution.

The first term on the right-hand side of Eq. (9) is the deformation energy
stored in the bond-membrane construct and is a quadratic function of the average
vertical distance between the ligand and receptor (h — lp). Here, & is the distance
between the two membranes before the bond is formed and [y is the typical size
of the protein assembly. The second term on the right-hand side of Eq. (9) is the
entropic penalty associated with the suppression of the membrane fluctuations and
the structural conformational space of the ligand—receptor pair [162]. It is important
to notice that this 2D affinity is always smaller than its 3D counterpart, but also that
the affinity of an ensemble of several bonds is larger (Fig.9a). This is because a
group of bonds which are separated by less than a couple of membrane correlation
lengths cooperatively share the cost of bending the membrane and suppressing its
fluctuations.

More detailed analysis of the free energy for the bond formation [162] shows
that the affinity depends on the distance between bonds. In principle, there is
a global minimum at zero distance between bonds, which suggests that densely
packed domains should be most commonly observed, and that an effective attractive
force acts between bonds in the membrane. However, depending on the details of
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the system, an additional minimum appears in the free energy at finite distance
between bonds, suggesting that a sparse configuration of bonds may be meta-stable,
as observed experimentally in several experiments [8, 20].

The conclusion which arises from the present discussion is that because of strong
cooperative effects induced by the membrane, the mass action law is inapplicable,
except in some particular limits where cooperative effects play no role. The affinity
(free energy gain per bond) is, in principle, nonadditive with the bond number,
due to the nonadditive effect of fluctuations. The affinity can be evaluated for
fixed distribution of bonds. Affinity is, hence, a property of the steady state, and it
adopts no universal value. Instead, it is a direct function of bond density, membrane
elasticity, glycocalyx thickness, and the mobility of binders.

Nucleation Dynamics

It is natural to expect that the sensitivity of rates to membrane parameters reflects in
the nucleation dynamics of adhesion domains. The process of nucleation is typically
characterized by two parameters—the number of bonds forming the smallest stable
adhesion domain N,, and its characteristic formation time 7 (Fig.10a, b). For
the membrane associated nucleation [73], N, is calculated within the capillary
approximation:

7 4 _—4
(h —lo)'o;

Ne~ 1+
4m b E}

(1)

where £, is the lateral correlation length of the membrane and p;, is the bond density
within the domain. The analysis of Eq.(11) shows that the minimal number of
bonds within a stable adhesion site is typically small. Importantly, N, increases
with the fourth power of the separation between the unbound ligand and receptor,
and decreases with the fourth power of the membrane fluctuation amplitude.

The average nucleation time T is directly related to effective association and
dissociation rates of the first (K3,, K ;) and the second bond (K !; and K2)), even
if N. > 2 [73], giving rise to:

—1 1 2 (N(;—Z)
LV 3 Ko \ Kou Ko

This expression, extracted as an analytic solution to the master equation was
successfully compared to explicit membrane Langevin dynamics in which the bond
formation is governed by instantaneous rates (Egs. (3)—(5)), as well as to implicit
membrane Monte Carlo simulations, where the formation of bonds is driven by
coarse-grained rates (Eq. (6)) [140].

From the functional form of the effective reaction rates [73], one can conclude
that in the regime of moderate fluctuations, the nucleation time is a decreasing



522 K. Sengupta and A.-S. Smith

A 1074 c . _
[ height map fluctuation map
® flexible receptors A N.=5 - o
A stiff receptors : }
2
. N.=4
eI
| : g
Nc‘ 3 \"y
1
|

50 100 150
5 distance between receptors [nm]
T 16
L.
(]
©
212
Q.
€
©
S 8
®
2
o
2 4 A

? 20 60 100 10 20 30 40

30 40 50 60 70
membrane separation Ah [nm]

Fig. 10 Characteristics of the nucleation process in adhering membranes. (a) Dependence of the
characteristic nucleation time 7T and the number of bonds forming a stable seed of the adhesion
domain N, as a function of the distance between receptors. Strong sensitivity is observed with
respect to the flexibility of the receptors, and small changes in receptor density may lead to large
changes in the nucleation time. Results of an analytic approach (solid lines) are shown together
with explicit membrane simulations (symbols). Panel reproduced from [73]. (b) Similar level of
responsiveness is observed in the phase diagram for the nucleation time (colored background)
and the number of bonds forming the seed (symbols), presented as a function of the membrane
fluctuation amplitude and the initial separation between membranes (from [37]). (¢) Dynamics
of nucleation as observed by RICM height micrographs (left column), and Dy-RICM imaging the
fluctuation amplitude of the membrane (right column). As the membrane gradually transitions from
the nonspecific minimum to the bound state, the fluctuations show a non-monotonous behavior.
Specifically, the site of nucleation appears initially as a hot spot in fluctuations as predicted by
explicit membrane simulations presented in Fig. 8. Panel adopted from [172]

exponential function of the square of the fluctuation amplitude. On the other hand, T
is an increasing exponential function of the square of the initial separation between
ligands and receptors. This extreme sensitivity of both, the critical size and the
characteristic nucleation time, is fully consistent with the experimentally observed
variability of the number and size of growing adhesion junctions due to very small
variations in the vesicle membrane fluctuation amplitude as well as in the initial
height separation between the vesicle and the substrate [37].

In the model-membrane systems, the fluctuations are of thermal origin. Cells
may, of course, locally regulate their activity, which is then reflected in the dynamic
roughness of the membrane. Interestingly, locally increased fluctuations have been
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observed in the early stages of the formation of adhesion contacts in vesicles [172]
and in cells [82]. Moreover, a typical source of fluctuations are protrusions and
retractions of filopodia which have been found necessary for the initiation of cell
spreading through integrin-related adhesion, but also for the nucleation of cadherin
junctions [66]. As expected, disruption of actin polymerization prevented adhesion
[180], even though the association of cadherins with actin is not important for initial
cadherin recruitment [179]. However, it is known that E-cadherin accumulation
depends on transient activation of phosphatidylinositol 3-kinase and Rac1, the latter
intensifying membrane fluctuations [179]. Upon the formation of tightly packed
contacts equivalent to a nucleation site, fluctuations are suppressed within the
domain, followed by a drop in the Racl activity. These findings, put in context
of the theory of nucleation, suggest that there is a coupling between membrane
mechanics and the signaling pathways already in the early stages of adhesion, prior
to maturation of adhesion domain and the formation of the complete mechanosome.

Dynamics of Growth

Clearly, effective rates (Eq.(6)) can be also used within a Monte Carlo approach
[140], in which systems of the size of a cell can be simulated for tens of seconds,
because the membrane is no longer resolved explicitly. The simulation relies on
determining the bond configuration around each binder (free or engaged) in each
step. Because the binding rates decay very fast with increasing distance between
the bonds, the current implementation explicitly checks only for first and second
neighbors. Their configuration is used to determine the local mean shape and
fluctuation amplitude for each binder. These rates are then applied in attempting
to associate or dissociate each binder. After updating the bond configuration, all
free proteins perform a diffusion step.

Even though the membrane is no longer explicitly treated, the described MC
simulation operates without loss of accuracy, as shown by comparison to the
10% times more expensive Langevin simulations [171], which themselves were
shown to agree very well with experiments in the context of the nucleation [172]
and the morphology of adhesion domains [149]. As mentioned before, in this
higher-level approach, the membrane deformations and fluctuations are explicitly
simulated through a Langevin equation with the hydrodynamics fully resolved
[140]. Furthermore, the scheme explicitly accounts for the diffusion and the
complexation of binders, the latter modeled directly by Bell-Dembo’s rates (Eq. (4))
[149]. This agreement fully validates the concept of the effective rates and enables
studies of the early stages of the adhesion process in the regimes that are either not
accessible to analytic modeling or are extremely demanding from the computational
point of view. Examples of such regimes are fast nucleation, competitive growth of
multiple seeds, or the diffusion-limited nucleation and growth. Actually, detailed
analysis of the phase space shows a rich phase diagram that emerges from the
competition between diffusivity, binding, cooperativity, and molecular crowding
[37, 102] (Figs. 11 and 12). Furthermore, the spreading velocity of the membrane



524 K. Sengupta and A.-S. Smith

A B C
20—
‘ | ODO® "
' === max density
= | simulation
S 15} |
) experiment: 50
)
= g ® T=37°C © _
© 10F s T=21°C [0}
E \ — o P 30
% . [v] i
= N o] -
c 5l ‘? O 05§ &
) N o A %
AN 0 = 10
® - a.._ %
0 c-—=-==-=--=- -u —————— - (u 1 i
0 0.5 1 R

surface coverage

Fig. 11 Enrichment of mobile receptors in the adhesion zone. Figure adapted from [102]. (a)
Enrichment factor as a function of the diffusion constant. At high temperature (fast diffusion,
black dots), the adhesion zone is fully filled with receptors (blue dashed line), while for low
diffusion constant enrichment factors are smaller in simulations (cyan full line) and in associated
experiments (red squares), due to the buildup of corals at the edge of the adhesion zone. (b) Bond
surface coverage (fraction of the adhesion zone occupied by bonds) as a function of the inverse
of the velocity of spreading vy, at various concentrations (surface coverage) of receptors. At small
spreading velocities, migration of binders into the contact zone can lead to full filling, and the
formation of the corals can be circumvented [8]. (¢) As expected from simulations, at identical
receptor densities, higher initial concentrations of ligands (top panel) lead to higher concentrations
of bonds, compared to the system with small ligand concentration (bottom panel). In both systems,
full filling is achieved due to small spreading velocities and corals are avoided. However, the
enrichment factors differ considerably

and diffusivity was found to strongly affect the extent of binder accumulation
(Fig. 11a), where large enrichment factors are obtained at fast spreading (Fig. 11b,
¢), both in simulations and experiments [102]. While this effect was demonstrated
on relatively large scale, the mechanism applies also for small areas of contact. This
would allow cells to regulate the density of binders in the forming adhesions by
controlling the protruding and retracting speed of lamellipodia and filopodia that
make the first adhesive contact with the environment.

Another interesting problem that this simulation can access is the formation of
corals and patterns in the contact zone of vesicles and cells. Depending on the
density of receptors, the adhesions may develop into peripheral ring-like structures
[6]. The latter were found to be caused by the jamming of bulky proteins at the edge
of the contact zone (Fig. 12a), and stabilized by membrane-transmitted correlations
between bonds [102]. The simulations were able to recover the dependence of the
ring thickness on the density of binders, as measured in experiments performed on
biotinylated GUVs interacting with neutravidin-enriched SLBs, and show that the
properties of the ring depend on the interplay between characteristic length of the
path that protein makes upon entering the contact zone before forming a bond, and
the mean free path of simple diffusion. Consequently, fast proteins reach the center
of the contact zone prior to forming a bond, having a large dimensionless parameter:

t=D/(kopr). 13)
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A) Biotinilated GUV-neutravidin SLB

E-cad-ECD __ Partially fluid (small 7)

E-cad simulations

1

Fig. 12 Formation of ring-shaped coral in vesicles and cells. (a) Left panel shows an experimental
fluorescent image of a ring formed by adhesion of a biotinylated GUV to an SLB decorated
with mobile neutravidin as receptors. The sequence on the right shows the dynamics of the ring
closure as obtained from implicit membrane simulations for the equivalent set of parameters.
Stable ring was found to occur only at relatively small values of the parameters ¢ (Eq. (13)). Image
adopted from [102]. (b) The formation of the ring was found to take place in cells only when the
diffusion of binders is strongly suppressed relative to their characteristic binding time (decreasing
t). Panel reproduced from [66]. (¢) Implicit membrane simulations of cadherin-mediated adhesion
for various parameters ¢. At high ¢ (fast diffusion, slow binding), full filling in a steady state is
obtained an order of magnitude slower than a ring-like morphology at low ¢ (slow diffusion, fast
binding)

The slow proteins (small ¢) get recruited to adhesions at the edge of the contact
zone, gradually building a coral. Similar effects have been observed in cell adhesion
(Fig. 12b), where the fluidity (diffusivity) was found to affect the macroscopic
organization of cadherins in cells [66]. At high cadherin diffusivity (high fluidity),
the adhesions formed uniformly over the entire contact zone. At low diffusivity, a
ring of cadherin junctions appeared spontaneously between two adherent cells [55],
in cells binding to the substrate [66], and in analogous simulations as shown in
Fig. 12c.

Another interesting system where the experiments and simulations showed a
very good agreement is the cadherin-mediated GUV-SLB adhesion [37]. At small
fluctuations and initial large separations between the GUV and the SLB, the
cadherin agglomerate was a single, radially expanding domain with tightly packed
bonds, consistently with strong, membrane-induced cooperative effects, recognized
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Fig. 13 Adhesion of GUV to SLBs via E-cadherin fragments. (a) An exceptionally good com-
parison of experiments and implicit membrane simulations demonstrates a particular sensitivity
of the adhesion process to the fluctuation amplitude of the GUV membrane. Changes of only few
nanometers can drive the system from growth via gas like distribution of bonds (top rows), where
each individual bond is stable, to radial growth dominated by strong cooperative effects (bottom
rows). (b) This sensitivity is captured in the phase diagram of growth patterns. Coarsening of
the adhesion process occurs with the decrease of the effective binding affinity (background), e.g.,
the increase of the initial separation between the membranes and the decrease in the fluctuation
amplitude. Parameters in this plot are identical to the ones used to plot the phase diagram for
nucleation in Fig. 10b. (¢) Topological parameter reflecting the edge roughness of adhesions, as
obtained both in simulations and experiments. Image adopted from [37]

as cis interactions (bottom panels in Fig. 13a). Only 4-nm larger mean fluctuation
amplitude of the GUV membrane resulted in a decrease of the characteristic
nucleation time for three orders of magnitude. As a result, many domains developed
simultaneously, producing a gas-like distribution of bonds (top panels in Fig. 13a).
This is consistent with the finding that the critical number of bonds for stable
nucleation has dropped to unity, even further decreasing the nucleation time
(Fig. 10b), and the appearance of different patterns in the adhesion zone (Fig. 13b).
At the same time, the affinity in the steady state for cadherin trans-binding grew
by about 1-2 kgT's (background in Fig. 13b) with increasing the fluctuations, as
expected from the previous discussion.

These results together strongly challenge the paradigmatic idea that specific
protein molecules embedded in the cell wall (or membrane) are alone responsible for
cell adhesion. Instead, a new realization is emerging that the cell membrane itself,
being a floppy and deformable, adds another unavoidable, but not yet understood
interaction. Although this interaction does not depend on any specific proteins at all,
it can have a major impact on the protein-mediated interactions and the organization
on the membrane, which will have both dynamic and structural consequences.
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3.3 Conclusion

Here, we have presented a framework for understanding GUV adhesion that has
been constructed from experimental data as well as simulation and analytical
modeling. To summarize, for nonspecific adhesion as well as abundant or strong
linkers, the adhesion dynamics is determined by hydrodynamics and the final
state from the competition between elastic deformation and adhesion; for specific
adhesion with weak or sparse linkers, the dynamics can be reaction dominated,
diffusion dominated or may show a transition between the two. The final state is
usually a competition between adhesion enthalpy and entropy of different sort—
positional entropy of the linkers, that of the repellers and the configurational entropy
of the membrane expressed as fluctuations. The fluctuations can subtly control both
the equilibrium state and the dynamics.

The model systems illustrated here are particularly adept at capturing specific
aspects of cell adhesion. For example, the regulation of adhesion by the presence
of polymers was modeled experimentally as well as theoretically, and has been
long observed in cells, including in cancer invasion. Recently, this was quantified,
and a very similar model was proposed for cells. The role of ligand mobility too
was modeled in GUVs and using the theory, and its relevance was demonstrated
later for cells. Crowding-induced pattern formation is another aspect that was first
observed in GUV/SLB system and modeled as such and later also seen in the
cellular context. Regulation of both in-plane bond clustering and out-of-plane bond
formation by membrane fluctuations was demonstrated in model membranes, in
analytical calculations as well as coarse-grained simulations using cadherins as
example. These observations link up very well with recent reports on early stages of
adhesion of cells, where the fluctuations are however active rather than thermal.

We hope to have demonstrated that while model membranes cannot be expected
to simultaneously mimic all facets of cell adhesion, they can indeed capture and
reproduce specific aspects, which can then be studied in detail and in isolation. This
in turn facilitates clean and clear mathematical modeling that in turn can feed back
into our understanding of the biology of cell adhesion.
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