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N umerous key biological processes rely on the concept of multivalency, where ligands achieve stable
binding only upon engaging multiple receptors. These processes, like viral entry or immune synapse
formation, occur on the diffusive cellular membrane. One crucial, yet underexplored aspect of
multivalent binding is the mobility of coupled receptors. Here, we discuss the consequences of mobility
in multivalent processes from four perspectives: (I) The facilitation of receptor recruitment by the
multivalent ligand due to their diffusivity prior to binding. (II) The effects of receptor preassembly,
which allows their local accumulation. (I11) The consequences of changes in mobility upon the
formation of receptor/ligand complex. (IV) The changes in the diffusivity of lipid environment
surrounding engaged receptors. We demonstrate how understanding mobility is essential for fully
unravelling the principles of multivalent membrane processes, leading to further development in studies
on receptor interactions, and guide the design of new generations of multivalent ligands.

1. Introduction

The kinetics of membrane components is a central
parameter in receptor/ligand binding. The diffusive lipid
bilayer provides a dynamic platform for embedded proteins
(receptors), whose mobility was shown to play a pivotal role
in various biological processes, including T cell activation!
and the formation of stable focal adhesions.” In particular,
membrane mobility is often relevant for multivalent inter-
actions, where a ligand with multiple binding sites engages
a number of receptors present on the surface,* while
monovalent interactions are too weak to ensure stable
binding (Figure 1a). In such systems, a matching geometry
between the ligand and receptors is required (Figure 1b). This
binding dependency on the spatial distribution forms the basis
of a unique, sharp discrimination between surfaces of differ-
ent densities of receptors. %! Such superselectivity is utilised
to target particular cell populations by highly-specific syn-
thetic ligands, proposed as sensing nanodevices!”! or thera-
peutic platforms.®”) Thus, the spatial tolerance of multivalent
binding—and by connection the mobility of complex-forming
molecules—are highly significant.

In some cases the diffusivity effects are less crucial for
ensuring binding; synthetic ligands, as well as natural multi-
valent constructs (e.g., enveloped viruses!'!'l) frequently
carry an excess of binding sites (Figure 1c) to statistically
ensure matching with the spatial distribution of receptors.'”
However, for many natural systems the ligand design features
a well-defined valency (Figure 1d), as well as a constrained
geometry (Figure 1e):¥ one of the most prominent examples
is the architecture of specific bivalent antibodies, featuring
a limited flexibility of their signature Y-shape.'* In such
cases multivalent binding occurs when the membrane com-
ponents can be organised in a particular spatial arrangement,
matching the geometry of the ligand."*!'"! The mobility of the
membrane thus plays a significant role in fulfilling the spacing
requirements of the embedded receptors, in processes as
crucial as, e.g., the activation of adaptive immune cells, where
receptor clustering was identified as a key regulatory
mechanism."®! Understanding its role will deepen our knowl-
edge of the natural binding processes and guide the design of
novel multivalent ligands, relying not on statistical “brute
force”, but rather a more sophisticated, tailored approach.”
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Considering the surface dynamics of a multivalent system,
three new aspects of binding emerge: (I) changes to spatial
tolerance, as receptor positions are not fixed but could be
adjusted (Figure 1f), (IT) an additional mechanism through
which the cell can control signalling processes (Figure 1g),
and (III) since coupling of mobile receptors will considerably
change their degrees of freedom, additional entropic costs
may determine the favourability of the binding process
(Figure 1h). These costs are critical for the design of multi-
valent therapeutics with respect to their flexibility.

All reactions, including binding, can be described with
respect to the energetic changes they induce. In general, the
reaction is favourable if it results in a decrease of the Gibbs
free energy AG <0. This change is defined as AG=
AH—-TAS, determined by the temperature of the reaction
(7), as well as changes in the enthalpy (AH) and entropy (AS).
Constraint of molecules involved in multivalent binding (e.g.,
coupling of mobile receptors) results in a decrease of entropy
(AS <0). However, we note that other phenomena occurring
during binding might result in an increase of entropy, e.g.,
release of counterions.”™ The larger the entropic decrease is,
the less favourable the binding reaction. Various components
of the analysed system will contribute to these entropic costs,
as they get restricted during the reaction.

This notion is widely discussed with respect to ligand
design,”* particularly in terms of conformational (AS,,,)
and combinatorial (AS,,,,) entropic costs of binding (Fig-
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Figure 1. Multivalent interactions on cell membranes require spatial matching between binding molecules. Since monovalent interactions are too
weak to ensure stable binding (a), multivalent ligands cannot bind to immobile surfaces with mismatched spacing (b). To overcome this
restriction, the synthetic ligands are often modified with an excess of binders to overcome the spatial requirements (c). Often in nature the
valency of interactions is significantly more controlled (d), and so is ligand’s geometry (e). As the ligand becomes more rigid and matching, the
penalties related to conformational AS,; and combinatorial AS,, entropies decrease. In biologically relevant scenario, the receptors are
embedded in a diffusive lipid bilayer. The mobility of receptors allows them to adjust to the ligand’s geometry (f) and provides another control
mechanism for the cell (g). However, the entropy loss related to demixing and restriction of translational movement of the receptors (AS)) is

higher than on less mobile surfaces (h).

ure 1c—e).*?" Similar considerations can be applied to study
the mobility of receptors embedded in a lipid membrane.
Their initial diffusion will dictate the magnitude of an
unfavourable loss of the translational freedom upon multi-
valent binding (Figure 1h). Additionally, their clustering
resulting from recruitment contributes to the loss of the
entropy of demixing. As here we consider solely the impact of
membrane mobility, this entropy loss contributed by the
receptors (AS,) is the only one we will discuss. More broad
analyses of the thermodynamic aspect of multivalent tether-
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ing have previously been reviewed by Martinez-Veracoechea
and Leunissen.*

Here, we discuss the various aspects of cellular membrane
mobility and its effects on multivalent binding, considering
a geometrically constrained ligand. With this work, we want
to emphasise how a deeper understanding of the dynamics
involved in multivalent binding will broaden our insight into
biological processes of highest importance: from viral entry to
immune synapse formation.” In a focused rather than
exhaustive manner, we will present four perspectives on the
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specialist in bridging supramolecular materi-
als with biology, taking an engineering
approach with a focus on biophysical
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molecular biology.
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Figure 2. Four aspects of membrane mobility in multivalent receptor/ligand binding discussed in this work: receptor mobility during (a) and
before (b) binding, as well as binding-dependent changes in the mobility of the receptor/ligand complex (c) and surrounding lipids (d). The
thickness of the “movement” arrows indicates the magnitude of the diffusivity. Here, we do not discuss the flexibility of the ligand and assume
the distance between its binding sites to remain unchanged throughout the binding process.

dynamic multivalency, as schematically summarised in Fig-
ure 2.

Starting with the first aspect of membrane mobility,
diffusion of receptors allows their recruitment by the con-
strained ligand. Receptor diffusion makes coupling possible,
even though their spacing is not initially adjusted to the
geometry of a ligand (Figure 2a). On the other hand, receptor
preassembly may also occur, introducing an additional
control mechanism for signalling processes inside-out. This
may result in a more favourable ligand binding due to smaller
entropic penalty and increased local concentration (Fig-
ure 2b). Thirdly, upon binding the diffusivity and localisation
of the receptors in membrane compartments may change
(Figure 2c¢). Binding processes will also affect lipids within the
bilayer, particularly the ones directly associated with embed-
ded proteins, so-called annular lipids.”” This effect may give
rise to the emergence of lipid—protein compartments of
distinct physical properties (Figure 2d).

The description of dynamic components of receptor
binding is often highly complex. For example, proteins do
not only undergo discrete changes between on/off mobility
states, but develop various diffusion profiles.™”! Here we will
not dissect these intricate mobility changes, but focus on the
universal importance of kinetics in multivalent binding. In this
Minireview we argue a simple, generalised idea behind
dynamic multivalency: finding a balance between well-
defined, energetically favourable interactions, while allowing
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for a certain range of adjustability to reduce its dependency
on the non-significant environmental variations,*! as well as
provide the means for the cell to control vital signalling
processes.!>%¥

2. Receptor Mobility During Binding

In the first scenario discussed here (Figure 2a), the ligand
approaches a surface on which receptor arrangement is
neither highly concentrated nor preassembled to match the
spacing of its binding sites. If the surface is immobile, no
multivalent bonds could be formed, considering a geometri-
cally restricted ligand and weak monovalent interactions. But
what happens if the receptors on the surface can freely
diffuse?

Binding often results in reorganisation of membrane
components® and the presence of a ligand, even a mono-
valent one, can drive a change in receptor spacing. Any
phenomenon modulating receptor/receptor interactions will
change their clustering profile. For example, a clustering of
lipid-anchored zinc-metalloporphyrins was studied in the
presence of zinc-binding ligands varying in chemical struc-
ture.’*®! Even though clustering in the presence of a multi-
valent ligand was much stronger than for monovalent ones,*’
the studies showed that even monovalent binding influences
clustering behaviour of the receptors by modifying their

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. Binding-driven receptor clustering takes place when the pre-binding event is slower than the timescale at which two receptors will
diffuse in relevant proximity to each other. When the diffusion is too slow and the initial receptor spacing does not match the ligand’s, no stable
multivalent binding can be observed (a). However, if the receptors are quickly diffusing (b) or their concentration facilitates binding even on the
immobile surfaces (c), the ligand can couple multiple receptors. Mobility of the membrane and the embedded receptors has been colour-coded
as previously: mobile (pale blue), immobile (black). The parameters mentioned are as follows: k,+—the rate of dissociation of the pre-bound
receptor/ligand complex, D—diffusion coefficient of the receptors, S—surface area which the receptor needs to cover before arriving in proximity

of the pre-bound complex to enable a second stabilising binding event.

chemical and physical properties,** particularly hydropho-
bicity and charge distribution.

With clustering profiles changing upon binding, the
receptors and partially bound ligands can exhibit increased
affinity towards each other. However, such change is not
necessary for receptor recruitment on a mobile surface. If the
mobile receptor will find itself in close proximity to the pre-
formed complex before the monovalent binding dissociates, it
can be recruited by a ligand,?**" forming a bivalently-linked
complex, as illustrated in Figure 3.

Three parameters are of primary importance in this case:
ko [s']—the rate of dissociation of the pre-bound receptor/
ligand complex, D [um?®s '|—diffusion coefficient of the
receptors, S [um*]—surface area which the receptor needs to
cover before arriving in proximity of the pre-bound complex
to enable a second stabilising binding event, strongly corre-
lated with the receptor density. Assuming a diffusion-limited
reaction, the formation of multivalent connection depends on
the interplay of these values, as presented by Equation (1).

kot < g M
Note, that Equation (1) presents a simplified case, intro-
duced to illustrate the coupled importance of diffusivity and
surface coverage of the receptors, and is not a complete
mathematical model of binding. The equation neglects the
influence of linker length and flexibility,*' ™ as well as the
mobility of the complex which would change the statistical
analysis of the problem. Virus entry involves one example of
such mobility, where viruses were shown to diffuse upon the
formation of an initial bond with the cell membrane.>4

The approach described by Equation (1) and schemati-
cally illustrated in Figure 3 allows to conclude that with an
increasing surface coverage of receptors their mobility
becomes less important—even immobile receptors will effi-
ciently bind the rigid ligand at appropriately high concen-
trations. The interplay between diffusion rates and surface
density of receptors was therefore a topic of numerous
research reports, as described below.

The interplay of surface density and mobility in determin-
ing efficiency of multivalent binding was widely studied,
employing various model systems.**~* For example, binding
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efficiency between mobile and immobile surfaces was com-
pared for biotin/streptavidin,® as well as with adamantane
binding with multiple 3-cyclodextrins conjugated to a hyalur-
onan polymer acting as a multivalent scaffold.””! The reports
show that on immobile surfaces the efficiency and stability of
binding was impaired compared to on mobile ones, however
only below a particular (system-specific) density of receptors.
This suggests that the diffusion of receptors might allow for
a spacing adjustment to the matching distance, while on an
immobile, uniformly covered surface the distances between
receptors are too large for a given multivalent ligand to allow
for binding.

Similarly, liposomes functionalised with an inhibitory
peptide bound by heptameric anthrax toxin® are reported
to be more potent antitoxic agents when formed of a fluid-
phased (highly diffusive) lipid membrane. However, the
selectivity of the binding was reported to be higher for
immobile gel-phased bilayers. This also suggests that the
adjustment in receptor distances takes place on fluid bilayers,
enabling more efficient binding in a wider range of surface
coverages. Yet, the mobility effects on selectivity should not
be disregarded, particularly in light of the importance of
superselectivity offered by multivalency.

Analysis of physical aspects of surface binding is most
often performed on model lipid bilayers,*™" yet reported
biological observations have led to similar conclusions. For
example, integrins at focal adhesion points were demonstrat-
ed to cycle between pre-binding diffusive state and immobi-
lisation upon their activation,” with the free diffusion prior to
ligand binding being crucial for their activity.**’!

While experiments on biological systems indicated that
pre-binding diffusivity of receptors is often critical for their
functionality, model membranes and simulations allowed
better control over diffusion coefficient (D) and surface
coverage (coupled with §). Together, this range of studies
suggests that mobility of receptors embedded in the bilayer is
of significance in many signalling cellular pathways involving
multivalent processes, e.g., formation of immune synapses.'®!
Clustering and cross-linking of receptors often requires them
to be mobile in the bilayer and can be strongly correlated with
their activity.F”*>* This mobility, however, plays a bigger
role at low receptor concentrations.***> In sufficiently high
surface coverage the receptors can find themselves in the

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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binding range of a multivalent ligand with minimal transla-
tional movement. Similarly, the effects of receptor density are
also manifested after ligand-induced clustering, where a high-
er local density within the complex favours rebinding, but
results in lower number of receptors available outside the
contact area.’”

Importantly, in physiological conditions high receptor
concentrations are indeed possible to obtain.**! In model
systems this concentration was ensured globally,?**"! yet in
a compartmentalised cell membrane changes in receptor
concentrations can be induced locally. Receptors confined in
less diffusive lipid domains could be tightly spaced to better
match the ligand geometry. Additionally, their dynamic
behaviour upon binding will not change drastically, therefore
the entropic cost of complex formation is effectively lower.
Local increase in the concentration of receptors may also
constitute a triggering mechanism for the cell signalling
pathways, particularly in a view of concentration-dependent
superselectivity.  With this number of advantages, such
a solution was indeed adopted by the cellular membranes in
the form of distinct lipid domains in a compartmentalised
bilayer.

3. Pre-Binding Receptor Assembly

In the previous section we analysed systems where
spontaneous diffusion of membrane-anchored receptors is
crucial for the formation of multivalent receptor/ligand
complexes. However, receptor clustering can also occur pre-
binding and act as a trigger for the complexation process
(Figure 2b), as reported, for example, in T cell receptor
(TCR) nanoclustering,®" illustrated in Figure 4. This mech-
anism is particularly significant when the architecture of the
ligand features a distinct and spatially confined geometry, as
highlighted in this Minireview. Such preassembly results in an
increased local concentration of receptors and higher prox-
imity of subsequent binding sites, therefore increasing asso-
ciation constant k,,” of secondary binding following the
formation of the first (monovalent) connection. Additionally,
an even more significant effect will be observed in the
decrease of the dissociation constant k., as rebinding will
be facilitated with quickly accessible receptors. Furthermore,
the decrease of receptors’ mobility pre-binding reduces the
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entropic cost of coupling. Thus, their local assembly makes
multivalent binding more energetically favourable, and as
such has indeed been observed in various biological process-
es.[19%l One of the most significant mechanisms employed
by the cell to prearrange and spatially couple surface
components is the compartmentalisation of the membrane.

Compartmentalisation can be achieved by different
mechanisms, such as particular protein—protein interactions
(e.g. tetraspanin-enriched microdomains)™’" or the phase
separation of saturated lipids and cholesterol from the
unsaturated lipid bilayers."” The latter is a most well-known
example of membrane domains, termed “rafts”. Here we will
cover all the compartmentalisation mechanisms with an
umbrella term “lipid domains”, which refers to parts of
a membrane with distinct (diffusive) properties. For a recent
analysis of the “raft” concept we direct the reader to the
review by Levental et al.,® which particularly emphasises
that the formation of compartments in a membrane is a result
of an interplay between both proteins and lipids.

Domains in the lipid bilayer are characterised by distinct
properties, especially their diffusive behaviour.”! An impor-
tant role of these compartments is to concentrate membrane
components, which is significant for many multivalent mech-
anisms'™ and is particularly worth studying with the concept
of concentration-dependent superselectivity in mind. It has
been observed that in various signalling processes membrane
receptors aggregate prior to ligand attachment,™%! support-
ing the idea of multivalent binding depending on preassembly
of surface receptors: at locally increased concentrations
recruitment of multiple binders is facilitated and the rebind-
ing of a dissociated ligand is significantly more probable./*”!
We suggest that the pre-binding clustering additionally
increases selectivity towards densely covered membrane
compartments, as the probability of receptor/ligand encoun-
ter is shifted towards more populated regions at non-
uniformly covered surfaces.®”!

Proteins, including receptors, can be sorted into localised
domains via lipidation: posttranslational modifications with
various lipid moieties, guiding their localisation in particular
membrane parts.""! For example, lipidation of TCRs targets
them towards specific lipid domains and it was shown that
when this affinity is lost their signalling activity is compro-
mised."””! Although protein segregation receives a lot of
attention in biological systems,® ! proteins themselves can

pMHC

=

TCR TCR nanocluster

signal initiation

l TCR microcluster

T cell

v

sustained signalling

Figure 4. T cell receptors (TCR) form nanoclusters before binding to an antigenic peptide presented by major histocompatibility complex
molecules (pMHC) on the surface of antigen-presenting cells (APCs). Subsequent microcluster formation is critical to sustain the lifetime of

signalling. The illustration was created after Schamel et al., Immunol. Rev. (2013).
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also induce the segregation of bilayer components. The
mobility and distribution of membrane units, both lipids and
proteins, are strongly coupled and change in a co-dependent
manner.””? For instance, during T cell activation, nanoscale
lipid domains coalesce into larger patches, where associated
proteins have strongly reduced mobility.”®!

Hence, various membrane components cooperate to find
the most energetically stable system for multivalent binding.
In case of prearrangement guided by lipid compartments,
constrain within a low-mobility domain decreases the trans-
lational entropic penalty of the receptors, as the restriction of
their diffusivity is less drastic. Furthermore, their preassembly
leads to an increase in their local concentration, suggesting
the possible action of superselectivity mechanisms. As a result
of such density increase, the association constant k,,” of the
secondary coupling is higher, but more significantly k. is
lower due to facilitated rebinding. This shifts the overall
binding equilibrium towards a lower K= k/k,,. Addition-
ally, the cell benefits from the control over preassembly-
dependent binding, being now determined by the membrane,
not the environment or the ligand. Thus, the metabolism of
the cell can guide the inside-out signalling by changing the
local arrangement of the membrane receptors.

Compartmentalisation of the membrane plays a role not
only in triggering binding, but also after the establishment of
the multivalent interaction. In a broad spectrum of mem-
brane-binding viruses, some receptors are found in low-
mobility lipid domains before ligand encounter, while in some
cases they are only translocated there upon the viral attach-
ment.” This leads to another question considered in this
work: how does the mobility of membrane-anchored struc-
tures change upon multivalent coupling ?

4. Receptor/Ligand Complex Mobility

Mobility is a crucial parameter determining multivalent
binding, but in turn, binding will also affect the dynamic
properties of the engaged molecules. Shortly, upon bond
formation the kinetics of the complex will invariably change
(Figure 2¢).

In a first approximation, the formation of a receptor/
ligand bond changes the molecular volume of the diffusing
entity, both upon monovalent ligand binding to a single
receptor, as well as consecutive increase in valency of
interactions. As the radius of the inclusion increases, its
diffusivity in a membrane will decrease. These changes in the
translational diffusion D, of a membrane-embedded com-
plex—approximated as cylinder of radius R—is described by
two models.

The Saffman-Delbriick (SD) model, valid only for
membrane inclusions that are small compared with the
characteristic length scale (/,), indicates scaling of transla-
tional diffusion with R as D, x In(2[,/R). In the intermediate
and large inclusions, the Hughes-Pailthorpe-White (HPW)
model predicts D, 1/R scaling."**!! Both membrane pro-
teins!®* ! and lipid domains®™*! were shown to follow the SD
model, where an increase in size causes a weak logarithmic
decrease of their diffusion. However, SD model fails at

Angew. Chem. Int. Ed. 2022, 61, 202114167 (7 of 12)
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describing mobility of large constructs, and is therefore
dissuaded from being used in membrane domain analysis.™"!

Note that both models are only valid for free-standing,
rather than supported lipid bilayers. While these models
consider the friction components of the flow surrounding the
embedded structure, on the bilayer close to a solid substrate
another factor will affect the diffusive behaviour: interactions
between the lipids and the surface. This model, named after
Evans and Sackmann (ES), predicts much sharper depend-
ency of the diffusivity on the inclusion’s radius: D, 1/R?
Even though supported lipid membranes are not found in
natural systems, fundamental studies often employ supported
model bilayers, and so the ES model should not be
disregarded. Further details of these hydrodynamic models
can be found in the review by Block.®!

Following the hydrodynamic analysis, we consider a gen-
eral statement that the mobility of a receptor/ligand system is
reduced upon multivalent coupling. This is indeed observed,
for example for a virus binding with increasing copies of
receptors on the host membrane. For the description of
changes in virus dynamics upon surface attachment we direct
the reader to the review by Boulant et al.l*!

The mobility decrease was also reported in the previously
mentioned studies on multivalent binding on model bilayers
using adamantane/B-cyclodextrins complex.’”! Using fluores-
cence recovery after photobleaching (FRAP), a strong re-
duction in adamantane diffusion coefficient, from 0.86 +
0.01 um?s ™! to 0.1540.01 um?s~!, was observed after multi-
valent probe was introduced to the system. Similar observa-
tions were made by studying a biological system of GABA
receptors binding with muscimol ligand on hippocampal
neurons with a fluorescence correlation spectroscopy
(FCS).*" Diffusion coefficient of a freely diffusing muscimol
ligand (approx. 230 um*s ') was found to be two orders of
magnitude higher than for the bound receptor/ligand complex
(approx. 3 um?®s™"). Importantly, in both cases binding pro-
cesses gave rise to the emergence of a population of receptors
with much more strongly reduced diffusivity. This is suggested
to be the result of association with immobile lipid domains,
but could also hint on post-binding clustering or the presence
of immobile fraction of receptor proteins. These findings
imply a more complex biophysical behaviour, perhaps also
guided by biological phenomena, although we highlight that
the cited reports were investigating both cellular, as well as
model membranes.

A significant aspect of complex formation to be unrav-
elled is how the mobilities of individual receptors are coupled
after multivalent ligand binding. Model DNA-based multi-
valent systems were employed to investigate this ques-
tion.®®® In one of the studies, vesicles were used as multi-
valent ligands carrying cholesterol-anchored oligonucleo-
tides, binding to complementary DNA strands tethered to
the surface. The distribution of their diffusion coefficients
studied with total internal reflection fluorescence (TIRF)
presented clearly distinct peaks after eliminating transient
binders. These were attributed to vesicles bound with
a defined number of DNA anchors, as schematically pre-
sented in Figure Sa. This analysis showed that the diffusion
coefficient (D) of multivalently bound ligands on a mobile

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh

Minireviews

An dte

v Internatic Chemie
a b antigen
diffusion n
S Iga/B —
L. B8 28 Sy | L
e ; PP
n=4 n=3 n=2 n=1 Diffusion coefficient B cell lipid domain ¢

signalling

Figure 5. The diffusivity of receptors changes upon multivalent binding. a) The DNA-tethered vesicles (red) used as a model multivalent
system,® showing that diffusion coefficient D is inversely proportional to the valency of anchorage n. The D 1/n dependency suggests
independent mobility of each bound “receptor”. b) In resting B cells, the B-cell receptor (BCR) is excluded from low mobility lipid domains (rafts).
Upon binding, multivalent antigen oligomerises the BCR, increasing its affinity for the domains, where it undergoes phosphorylation which

initiates the signalling cascade. The illustration was sketched after Pierce, Nat. Rev. Immunol. (2002)

surface depends on a valency of anchorage (n) as D x 1/n.
Linear scaling of diffusivity with n shows that despite being
cross-linked by a multivalent ligand, the receptors continue to
move independently, following the free draining model,
rather than as an aggregated ensemble. Independent anchor
mobilities have also been demonstrated by other reports.***!

Complex formation may change receptor affinity towards
particular lipid domains in cellular membranes. Certain
membrane proteins are not associated with less mobile
compartments when unbound, but they move towards them
upon their multivalent coupling.? For example, cross-linking
of B cell receptors results in their increased affinity towards
lipid rafts, where the complex becomes stably incorporated,”!
as illustrated in Figure Sb. Similarly, integrins pre-organise
into nanoclusters which are spatially linked with lipid
domains, yet remaining mobile before binding. Upon ligand
association, larger microclusters of ligand/integrin receptor
complexes are formed.[*”) Binding of a multivalent Fc receptor
(FceRI) to immunoglobulin E (IgE) is another example
where the complex loses its lateral mobility upon multivalent
binding, compared with a monomeric interaction."l

To investigate this in more detail, experiments were
performed on integrins embedded in model bilayers formed
with coexisting domains: cholesterol-deficient liquid disor-
dered (Ld) phases of higher mobility and cholesterol-rich
liquid ordered (Lo) phases of lower mobility.”” Studied
integrins showed affinity for liquid disordered phases in the
absence of a ligand, yet after the addition of binding
vitronectin their preference towards less mobile liquid
ordered domains is more pronounced. This transition was
shown to occur with no changes in integrin conformation,
suggesting that it is guided by a biophysical mechanism.

In summary, not only the mobility impacts binding—the
binding can in turn change the mobility of the membrane
components. The expected decrease in diffusivity following an
increase of size can be accompanied by changes in complex
affinity towards a particular lipid environment. In some cases,
receptors’ transfer towards low-mobility domains upon bind-
ing might be more thermodynamically favourable. Impor-
tantly, it is suggested that the receptors coupled by a multi-
valent ligand exhibit independent movements of each anchor
in the bilayer, although more nuanced studies of this
phenomenon are yet to be performed.
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5. Binding-Dependent Lipid Mobility

So far, we have discussed the effects of lipid bilayer
mobility on multivalent surface binding. Since the cell
membrane relies on reciprocal interactions between its
components, membrane proteins also have a modulating
effect on the lipid environment (Figure 2d), e.g., by inducing
changes of bilayer thickness!” or curvature.””! Thus, mem-
brane-spanning proteins interact and influence lipids sur-
rounding them.

Particularly, the lateral diffusions of membrane-embed-
ded proteins and their annular lipids are correlated. It has
been shown that diffusion of lipids in the proximity of
proteins is noticeably decreased compared to freely diffusing
ones.’® 1% A protein determines the formation of a nano-
metre-scale lipid patch of reduced mobility, revoking the
compartmentalisation of membranes described above. On the
other hand, the mobility of the formed receptor/ligand
complex was shown to depend on the strength of protein—
lipid association,"™ further illustrating the reciprocal action
of proteins and surrounding lipids.

The strong correlation between receptors and their lipid
environment manifests also in the changes in lipid mobility
upon ligand binding. Since a receptor protein is coupled with
the annular lipids, its binding and clustering will influence
membrane organisation. Studies on pentameric cholera toxin
binding of membrane-anchored monosialoganglioside GM1
hint at the importance of the lipid phase in how binding
affects the lipid mobility; only the background lipids (not
participating in the binding process) with the phase-transition
temperature 7, close to the room temperature showed
noticeable reduction of the lateral diffusion rate upon
receptor/ligand association."” These findings suggest that
the changes in lipid mobility determined by the embedded
proteins may be of similar nature to the phase-dependent
membrane compartmentalisation.

For ligands with mobile binding sites, adhesion to (also
mobile) membrane receptors can promote the coalescence of
less diffusive lipid domains.'™!'™ Simulation-based studies
showed that binding occurring within the multiple nano-
domains “clips in” the membrane in scattered positions. This
restrains its spontaneous fluctuations considerably. Upon
domains coalescing into a bigger patch of less mobile lipids,
a large portion of the membrane remains unrestrained,
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making such arrangement energetically favourable, as illus-
trated in Figure 6.

Coalescence upon multivalent binding was indeed ob-
served experimentally, also in the case of geometrically
constrained ligand, e.g., the pentameric cholera toxin, whose
presence in the system resulted in lipid sections clustering into
larger domains."”! We propose that the described phenom-
enon may play a role in the emergence of larger patches of
less mobile lipids upon binding, observed also in other
biological systems.*!"7>1%l Additionally, studies on cholera
toxin showed that the lipids surrounding coupled receptors
rearrange to adapt to their newly forced positions."" This
gives rise to an emergence of a textured lipid pattern, with the
main bilayer reorganisation formed in the vicinity of the
centre of the bound protein. This in turn was correlated with
the biological function of the protein: cholera toxin induces
membrane perturbation in its centre to allow DNA translo-
cation inside the cell. This example illustrates how the
changes observed in the molecule conformation, distribution
and mobility, even if they are forced by laws of physics,
influence and benefit biological processes.
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6. Conclusion

As the actions of lipids and proteins are strongly
reciprocal, multivalent binding on a membrane links physical
properties of the lipid bilayer with the biological coupling of
surface components. Nature often makes use of geometrically
constrained ligands as a highly controllable binder. Conse-
quently, the spatial distribution of targeted receptors becomes
an important parameter determining the binding. We took
a critical look at significant phenomena and variables that
guide the dynamic aspects of multivalent binding. Particu-
larly, we discussed how the spontaneous mobility of mem-
brane structures allows recruitment of multiple receptors by
multivalent ligand, which upon initial monovalent binding
engages further receptors depending on their diffusion and
surface coverage. Alternatively, preassembly of receptors
facilitates binding by increasing their local concentration.
There, intracellular processes can guide bilayer compartmen-
talisation, which provides local variations in concentration
and diffusivity of the interacting molecules, particularly
important for cell-guided superselectivity manifesting below
a specific receptor spacing. Furthermore, upon coupling, the
mobility of the formed receptor/ligand complex is dependent
on the valency of binding and can regulate the complex’s

a more restrained b less restrained
M e —
= m mE = e
—»
high mobility lipid bilayer
Il low mobility B annular lipids =@===@= ligand @ binding site receptor

Figure 6. Schematic illustration of coalescence of ligand-associated mobile lipid nanodomains. Here, lipids surrounding the receptor are spatially
coupled with it, but the whole domain remains diffusive. Initial binding in random positions (a) results in largely restrained fluctuation of the
membrane. Upon establishing the connections, demixing of the annular domains (b) is energetically favoured, as it allows for less restrictions of

the system.
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diffusion rates

(spatially controlled)
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Figure 7. Graphic summary of mobility/multivalency interplay as discussed in this work. The effects of lipids and proteins on their diffusivity are
reciprocal, and similarly binding will influence not only receptor spacing and mobility, but the dynamics of the surrounding lipids as well.
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localisation in a particular lipid environment. Finally, while
the properties of the bilayer strongly determine the binding
processes, membrane-embedded proteins also influence the
dynamics of surrounding (annular) lipids, and their multi-
valent coupling may result in lipid domains coalescing into
larger patches. In short, all aspects of dynamic multivalency
are strongly interdependent, as schematically summarised in
Figure 7.

Multivalent binding is one of the processes that gain a lot
from both biological and physical insights. The mechanical
properties of the bilayer and thermodynamics-driven behav-
iour are strongly coupled with the signalling processes and
chemistry of embedded proteins. An important remaining
challenge is to deconvolute these aspects: provide a general
description of the dynamic systems and assess which phe-
nomena are specific to a particular receptor/ligand pair and
a cellular binding process. In that respect, multivalent
coupling calls for a close interdisciplinary collaboration in
order to fully unravel the foundations of receptor/ligand
binding in the context of dynamic signalling. In the light of
increasing application of superselectivity in synthetic biode-
vices, a closer look at its dependency on membrane mobility
will guide the design of novel biosensors, drug delivery
systems or vaccines. Importantly, it can also give rise to an
innovative generation of therapeutics, targeting not just the
specific biochemical features of the molecular interactions,
but make use of their dynamics and biophysical properties to
control the selectivity of binding.
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