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Abstract

Gaining insights into the intercellular receptor-ligand binding is of great importance for understanding
numerous physiological and pathological processes, and stimulating new strategies in drug design and
discovery. In contrast to the in vitro protein interaction in solution, the anchored receptor and ligand mole-
cules interact with membrane in situ, which affects the intercellular receptor-ligand binding. Here, we
review theoretical, simulation and experimental works regarding the regulatory effects of protein-
membrane interactions on intercellular receptor-ligand binding mainly from the following aspects: mem-
brane fluctuations, membrane curvature, glycocalyx, and lipid raft. In addition, we discuss biomedical sig-
nificances and possible research directions to advance the field and highlight the importance of

understanding of coupling effects of these factors in pharmaceutical development.

© 2022 Elsevier Ltd. All rights reserved.

Introduction

Cells communicate directly with one another via
intercellular interactions of receptors and ligands
anchored on apposing membranes to govern
numerous biological processes, such as signal
transduction, immune responses, tissue formation,
as well as cancer invasion and metastasis.'® The
key properties quantifying the intercellular
receptor-ligand interactions are on- and off-rate
constants k., and K., and binding affinity K, = kon
/ Ko The binding affinity is also related to the den-
sities of free receptors [R], free ligands [L], and
receptor-ligand complexes [RL], i.e., K; = [RL] /
([R]IL]).”? Investigation of intercellular receptor-
ligand binding helps to understand the molecular

0022-2836/© 2022 Elsevier Ltd. All rights reserved.

mechanisms underlying cellular activities and is of
fundamental significance to drug design and
biomedical applications. For example, the binding
kinetics of neuronal adhesion proteins, such as
presynaptic neurexins and postsynaptic neuroli-
gins, are shown to depend strongly on their molec-
ular structures and play an essential role in
transsynaptic adhesion and synapse formation.'®"
7 It has been suggested that amyloid-B (AB) oligo-
mers bind to neuroligin-1 with high affinity, impairing
neurotransmission signaling mediated by neurexin-
neuroligin transsynaptic interaction and leading to
neurotoxicity and synaptic dysfunction. Therefore,
intervention of the binding provides a promising
therapeutic option for Alzheimer’s disease.’® "9 In
addition, the dynamic interactions between CD47
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overexpressed on the surface of many types of can-
cer cells and signal-regulatory protein o (SIRPa)
anchored on the macrophage regulate the phos-
phorylation of immunoreceptor tyrosine-based inhi-
bitory motif (ITIM) in the cytoplasmic tail of SIRPa
and the activation of phosphatases including SHP-
1 and SHP-2, which enable the escape of the can-
cer cells from macrophage-mediated phagocyto-
sis.’?" Anti-cancer therapy targeting the CD47-
SIRPa binding affinity has been demonstrated to
promote the adaptive immune response and
enhance the phagocytosis of tumor cells by macro-
phages.?®?*%* In view of these, studying on the
intercellular receptor-ligand binding kinetics has
been hotspots and frontiers in the field of chemistry,
physics, biology and medicine.

Much of our early understanding of receptor-
ligand binding kinetics comes from the in vitro
three-dimensional (3D) measurement by surface
plasmon resonance (SPR) for soluble variants of
the receptors and ligands that lack the membrane
anchors or transmembrane domains.?* SPR stud-
ies on the interactions of T cell receptor (TCR) with
different types of peptide-major histocompatibility
complex (pPMHC) have revealed that the functional
outcome of T cell correlates closely with the TCR-
PMHC binding kinetics.?>*° Specifically, the aver-
age lifetime (1 / ko) of TCR-pMHC complexes cru-
cially determines the strength of T cell signaling and
responsiveness.”’ “® SPR measurements have
provided valuable information on the kinetics of
receptor-ligand interactions. However, there are
significant limitations in SPR measurements since
the membrane environment that affects the binding
is completely missing. A variety of experimental
techniques have been developed to study in situ
the intercellular receptor-ligand binding that occurs
in two dimensional (2D) membrane environment,
including fluorescence spectroscopy,? > micropip-
ette aspiration,”**>* atomic force microscopy,”” >’
as well as flow chamber.®®° Substantial differ-
ences have been found between 3D and 2D binding
kinetics. For example, 3D SPR experiments show
that the TCR binds to pMHC with relatively slow
off-rate and low binding affinity.”~*? In contrast,
the 2D data measured by micropipette adhesion
frequency and thermal fluctuation assays show that
the TCR-pMHC interactions are of high affinity, and
the 2D off-rates are up to 8,300-fold faster than their
3D counterparts.”*' Moreover, the 2D binding affin-
ity of the same receptors and ligands measured
from fluorescence recovery method and mechani-
cal methods can differ by several orders of magni-
tude.'”*®> The significant discrepancy between
experimental results has motivated further investi-
gations on how protein-membrane interactions
affect the intercellular receptor-ligand binding.

Here, we review representative works regarding
the regulatory role of protein-membrane
interactions in intercellular receptor-ligand binding
mainly from the following aspects: (1) membrane

fluctuations, (2) membrane curvature, (3)
glycocalyx, (4) lipid raft. These studies shed lights
on the biophysical interactions on the membrane
interfaces during cell adhesion, and provided
guidelines and strategies for drug design and
disease treatment. Further, we describe the
biomedical significance of these regulatory factors,
and discuss possible future research directions
especially in the context of neuronal synapse.

Membrane Fluctuations

Under physiological conditions, the fluid
membranes undergo thermal shape fluctuations
stimulated by, e.g., Brownian motion of water.***’
Receptors and ligands that are anchored in appos-
ing membranes can only bind when the local sepa-
ration of the two membranes is within an
appropriate range. Therefore, the receptor-ligand
complexes restrict the local membrane separation
and perturb the fluctuations of the membranes. This
type of protein-membrane interaction leads to cis-
attraction between receptor-ligand complexes and
cooperative binding of cell adhesion molecules,
confirmed by experimental, theoretical, and simula-
tion studies.”***>" The physical picture is that the
formation of receptor-ligand complexes suppresses
the membrane fluctuations, which in turn facilitates
the formation of additional receptor-ligand com-
plexes (Figure 1(a)).

Molecular dynamics (MD) simulations with a
molecular model for lipid membranes and rodlike
transmembrane’ or lipid-anchored® adhesion pro-
teins (Figure 1(b)) demonstrated that the binding
affinity K, depends on the nanoscale thermal rough-
ness &, of the two adhering membranes. For large
roughness, K, «x 1/¢,. The on-rate constant ko,
was found to decrease with the roughness ¢,
whereas the off-raft constant k. increases with
¢,. That is, the membrane undulations make the
binding more difficult and the unbinding easier, con-
sistent with the theoretical prediction by Krobath
et al.*® Both ko, and ko contribute to the roughness
dependence of binding affinity.” Xu et al. performed
Monte Carlo (MC) simulations of membrane adhe-
sion, where the membranes are modeled by dis-
cretized elastic surfaces and the rodlike adhesion
proteins diffuse along the membrane surfaces and
can rotate around the membrane anchor (Figure 1
()).°2 The MC simulations illustrated that the bind-
ing affinity also depends on both the length and
rotational flexibility of the adhesion molecules in
addition to the membrane roughness, since these
two factors dictate the rotational entropy loss of
the receptor-ligand pair upon binding in the mem-
brane interface.>®

All the aforementioned theoretical and simulation
studies have dealt with stiff adhesion
molecules.”**°?7°® For real adhesion proteins, their
molecular conformations will change during bind-
ing. Intuitively, proteins with conformational flexibil-
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Figure 1. Membrane shape fluctuations are constrained by receptor-ligand complexes, leading to
cooperative receptor-ligand binding. (a) The intercellular receptor-ligand binding depends sensitively on the
membrane roughness caused by the thermally-excited shape fluctuations. The thermal membrane roughness
decreases with increasing densities of binding proteins since receptor-ligand complexes suppress the membrane
fluctuations, which in turn facilitates the formation of additional receptor-ligand complexes. (b) Snapshot from
molecular dynamics simulations with a molecular model for lipid membranes and rodlike transmembrane or lipid-
anchored proteins. (c) Snapshot from Monte Carlo simulations of two discretized elastic membranes with diffusing

rodlike proteins that can rotate around the membrane anchor. Subfigures (b) and (c) are adapted from References,

respectively.

ity could adapt their conformations for binding in the
membrane environment without strongly constrain-
ing the local membrane separation. A natural and
important question then arises as to whether the
membrane fluctuations affect the binding of real
adhesion proteins. Steinkihler et al. experimentally
investigated the CD47-SIRP« interaction that medi-
ates the adhesion of cell-derived giant vesicles dec-
orated with CD47 to SIRPa-functionalized substrate
using fluorescent recovery after bleaching
(FRAP).?° They found that the binding affinity
increases with the CD47-SIRPa complex concen-
tration, verifying the membrane fluctuation-
induced cooperative binding. This experiment
undoubtedly demonstrated that membrane thermal
undulations affect the binding of membrane-
anchored receptors and ligands. However, it
remains to be understood how the conformational
flexibility of adhesion proteins is coupled with the
membrane fluctuations and affect the binding kinet-
ics. MD simulations with molecular models for
(semi-)flexible adhesion proteins can provide valu-
able insights.

Now we review the theoretical approach to
account for the binding affinity and rate constants
of adhesion proteins affected by membrane
fluctuations. The binding affinity K, can be
approximated as K, = [ Ka(/)P(/)d,>*° where
Ka(l) is the binding affinity of the binding pairs
anchored to apposing planar membranes with sep-
aration /. The membrane profile P(/) describes the
distribution of local membrane separation / for
membranes with thermally-excited shape fluctua-
tions. This equation K, = [ Ka(/)P(/)d/ indicates

7,52

that one can calculate K, by simply averaging
Ka(I) over the probability distribution P(/) for the
local membrane separation /. K,(/) is determined
by the free energy change of the receptor-ligand
pair upon binding, and depends on properties of
the receptor and ligand molecules such as confor-
mational flexibility, overall length and rotational flex-
ibility around the membrane anchor. In the case of
two fluctuating membranes adhering via the binding
of rodlike receptors and ligands, the membrane pro-
file P(/) follows approximately a Gaussian distribu-

N2 —
tion P(I) = exp [—(/— /) /251 /(V2me,) with |
is the average separation of the membranes, and

N2
¢ = ((I - l) ) is the relative roughness of the

two membranes and measures the strength of ther-
mally excited membrane shape fluctuations.”>*
Assuming a harmonic effective configurational
energy for the receptor-ligand complex

Hri(l) = 1kai(I — Ip)?, one obtains Ka(/) o exp
(—%km(lf Io)z/kBT) with /, being the preferred

length of receptor-ligand complexes.*® So the bind-
ing affinity K, oc 1/¢&, for large roughness &, . As a
length scale that characterizes the amplitude of
the membrane fluctuations, the roughness ¢, is
proportional to the average distance between
neighboring receptor-ligand complexes that con-
strain the local separation of the membranes, i.e.,

¢ x1/4/[RL]. The binding of membrane-
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anchored receptors and ligands then follows the law
of mass action [RL] = K.[R][L] x [R]?[L]%, corre-
sponding to the Hill coefficient of ny > 2 as given
by the slope of binding curves in the Hill plot of
log([RL]/[R]) versus log[L].>°® The equation
Ka = [ Ka(l)P(I)dl can also be applied to calculate
the binding affinity of real adhesion proteins with
molecular flexibility once K, (/) is measured.

The on-rate constant k,, generally depends on
the diffusion of the molecules, the energy barrier
for the formation of the receptor-ligand transition-
state complex, and the dynamics of membrane
shape fluctuations. In analogy to the equation
Ka = [ Ka(l)P(l)dl, the on-rate constant k,, was
approximated as kon = [ kon(/)P(/)dl,>*>> where
kon(1) is the on-rate constant of the binding pairs
anchored to apposing planar membranes with sep-
aration /. This approximation is valid when the
membrane fluctuations are much faster than the dif-
fusion of the adhesion proteins on the relevant
length scale for binding. The prediction of k,, by
equation kon = [ kon(/)P(/)d/ agrees quantitatively
with the measurement from MD simulations for rod-
like adhesion proteins.”*® The on-rate constant was
found to decrease with the thermal roughness of the
two adhering membranes. The off-rate constant is
then kot = Kon/Ka. The theory for rodlike adhesion
protein claims that at large roughness, ko o< 1/¢,
implying that ko, o [R][L].°® In contrast to stiff adhe-
sion proteins, real proteins exhibit conformational
fluctuations in addition to the lateral diffusion and
rotation around the membrane anchor. How confor-
mations of the adhesion proteins affect their binding
kinetics remains to be investigated.

As mentioned in the Introduction section, the
binding affinity measured from fluorescence
recovery experiments and mechanical methods
differs by several orders of magnitude.’”*® In fluo-
rescence recovery experiments, the binding affinity
is measured in the equilibrium contact zone. In con-
trast, mechanical methods probe the binding affinity
during initial contact having a smaller value of con-
tact area. On the one hand, the average membrane
separation in the fluorescence recovery method is
close to the length of receptor-ligand complexes,
thus facilitating the complex formation. The average
separation in the mechanical methods is typically
larger than the length of receptor-ligand complexes,
which inhibits the receptor-ligand binding. On the
other hand, compared to the case of initial contact
in mechanical methods, the area concentration of
receptor-ligand complexes [RL] in the equilibrium
contact zone for the fluorescence recovery method
is larger due to the diffusion of free receptor and
ligand.®* The enhanced complex concentration
reduces the relative membrane roughness and
leads to larger values of binding affinity due to coop-
erative binding. The dependence of binding affinity
on the average membrane separation and relative
membrane roughness regulated by thermal mem-
brane fluctuations helps to understand the orders-

of-magnitude gap between the measured binding
affinity by different methods.

Membrane Curvature

In addition to the thermal fluctuations, the shape
of the membranes can also be perturbed by the
binding proteins that are associated with cell
membranes via transmembrane domains (e.g.
integrins, cadherins) or glycosylphosphatidyl-
inositol anchors (e.g. CD48). This perturbation can
affect the binding of adhesion proteins.
Mathematically, membrane shapes are
characterized by two principal curvatures, ¢; and
¢> (or more commonly by two combinations of the
principal curvatures, total curvature ¢; + ¢ and
Gaussian curvature ¢; - ¢,).°” The membrane cur-
vature can be positive or negative. By convention,
positive curvature refers to cases in which the mem-
brane bulges outward away from the cytoplasm,
whereas membrane bulging in the opposite direc-
tion gives rise to negative curvature (Figure 2
(@)).>”°® In order to create a broad diversity of
shapes corresponding to the specific functions, cel-
lular membrane must undergo dynamic changes in
curvature. The propensity of cellular membrane to
form curved shape is characterized by the non-
deformed, stress-free curvature of the membrane
that is commongy referred to as the spontaneous
curvature ¢,.°"°

The concept of membrane spontaneous
curvature was introduced by pioneering works of
Helfrich to reflect the asymmetry between the two
leaves of the bilayer.®°" In Helfrich’s theory,
inspired by the study of liquid crystals due to the fun-
damental physical similarity existing between lipid
bilayers and nematic liquid crystals,” the shape of
the cellular membrane is controlled by the
curvature-associated bending energy

H= g f |:(C1 + Co — CO)2 + ;C (C1 . 02):| dA.57,60

Here, Kk and K denote the bending rigidity and
Gaussian rigidity, respectively. It indicates that the
work the cell needs to do to generate local curvature
is determined by both k¥ and ¢,, mediated by the
elasticity and structure of the membrane,
respectively.®’

The importance of curvature generation as a
structural feature of biological membranes has
been recognized for many years, and a plethora of
proteins have been identified to be involved in
producing spontaneous curvature of cellular
membrane  utilizing  different mechanisms.
Extensive studies have shown that
transmembrane proteins of wedge shape and
peripheral proteins either inserting asymmetric
amphipathic or hydrophobic structures into the
bilayer or binding to the surface of one membrane
monolayer generate local curvature using
mechanism based on asymmetric transbilayer
stress.”®%%% Crowding of monomeric hydrophilic

2
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Figure 2. Local membrane curvature generated by the adhesion proteins affects the protein binding. (a)
Cartoons for the generation of local membrane curvature by conical transmembrane proteins. By convention,
membrane bulging outward away from the cytoplasm produces positive curvature and bulging inward negative
curvature. (b) Four different combinations of protein-induced curvatures. The local curvature induced by receptors
and ligands affects their binding by changing membrane deformation and inducing protein—protein interaction,

depending on the combinations of the curvatures.

protein domains bound to the membrane surface
has been shown in vitro to drive curvature due to
lateral pressure generated by collisions between
bound proteins.®” Asymmetric adsorption or deple-
tion layers of biomolecules has also been demon-
strated to be an efficient way of inducing local
membrane curvature attributed to depletion effect
arising from the interplay between membrane flexi-
bility and excluded volume.®®®° These mecha-
nisms of membrane curvature generation can
certainly be utilized by the adhesion proteins. More
details on mechanisms underlying the curvature
generatlon are comprehensively summarized in
the reviews.?”¢3%579"7% There has been a flood of
evidence highlighting the emerging roles for the
local spontaneous curvature of membrane in many
crltlcal cellular processes such as organelle shap-
ing,”>"° vesicle trafficking,”®"” cell fusion and divi-
sion,”®"? protein and lipid sorting,>°®* as well as
enzyme activation.”'®* For example, Aimon et al.
utilized FRAP to measure the membrane
curvature-induced protein sorting, and found that
the transmembrane protein KvAP is strongly
enriched in the curved membrane tube pulled from
giant unilamellar vesicles, which is attributed to pro-
tein shape and stiffness. €0'|n contrast, study on the
role of spontaneous curvature in the binding of
membrane-anchored receptors and ligands during
cell adhesion still remains at the preliminary explo-
ration stage.

We have recently developed a mesoscopic model
of membrane adhesion via the specific binding of
curvature-inducing receptor and ligand proteins
with biologically relevant parameters, in which
different  combinations  of  protein-induced
curvatures are considered as shown in Figure 2
(b).2°> MC simulation results show that the local

membrane curvatures induced by the adhesion pro-
teins do affect the receptor-ligand binding, depend-
ing on the signs of the induced curvatures. More
specifically, the binding affinity K increases signifi-
cantly with the protein-induced curvature ¢, for

—cé (2) = Co. While the opposite is true for
—c{ = c§)>fc and ¢ = c? = ¢,. Here, ¢
and cﬁf) represent the local membrane curvature

induced by receptors and ligands, respectively. It
is found that such curvature dependence of
receptor-ligand binding affinity results from the
change of membrane deformations and the pro-
tein—protein crs-lnteractlons due to the protein-
induced curvatures.®

As indicated by the MC simulation results, the
protein-induced curvatures change both local
separation / and relative roughness é , of the two

adhering membranes. For CO) = c0 = +¢p, the
two adhering membranes tend to curve towards or
away from each other due to the presence of
induced curvature (Figure 2(b)). As a result, the

average intermembrane separation [/ deviates
from the receptor-ligand binding range with
increasing protein-induced membrane curvatures,
inhibiting the formation of receptor-ligand complex.
And then an increase in relative membrane
roughness ¢, is required for apposing membrane
patches to locally reach the binding range via

thermal fluctuations. For — (1) CO> = Cy, the two
adhering membranes tend to curve in the same
direction. It is found that the induced curvature
hardly affects the average intermembrane
separation, but suppresses the thermally excited
membrane shape fluctuations, causing a slight
decrease in relative roughness ¢,. Taking into
account the effect of induced curvature on the
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distribution of local membrane separations, the
theoretical results based on the relation
Ka= [Ka(l)P(l)dl well capture the qualitative
dependence of K, on ¢, obtained from MC
simulations. However, there exist obvious
quantitative  difference  between  theoretical
prediction and simulation data especially for larger
Co, thus highlighting the important contribution
made by the curvature induced protein—protein
cis-interaction, which will be discussed in detalil
below.

Because the bending energy of the membranes is
perturbed by the presence of curvature-inducing
proteins, membrane-mediated interactions
between these proteins arise.”> By modeling the
proteins as disks of radius ¢ that enforce a local
spontaneous curvature ¢; on the membrane, theo-
retical analysis revealed that the membrane-
mediated pair interaction of two curvature-inducing
proteins embedded in a tensionless membrane is
a long-range repulsion and decays as
V(r) = 8mtkc3/®/r* with r the distance between
proteins.®® % This repulsive nature of curvature-
induced protein—protein interaction results from
the fact that it will lead to energetically unfavorable
change in the membrane shape if two curvature-
inducing proteins approach each other.®” This
curvature-induced protein—protein  cis-repulsion
can also be visualized from the pair correlation func-
tion g(r) of the receptor-ligand complexes, which
decreases with increasing protein-induced curva-
ture ¢, for smaller values of r.° As a result of
the  curvature-induced  protein—protein  cis-
repulsion, adhesion proteins cannot diffuse freely
along the membranes with projected area of A,
leading to reduced translational areas

A, = A/<1 + anM[a]gq) for receptors, ligands,

as well as receptor-ligand complex. Here, B, , is the
n-th virial coefficient, [al], is the overall concentra-
tion of each species (o = R, L or RL). Additionally
incorporating the contribution of protein—protein
cis-repulsion into the theory by taking into account
the effective area for both unbound proteins and
protein complexes leads to the apparent binding
affinity K = Ko 43 with Ko = [ Ka(/)P(/)dl.** The
binding affinity calculated from the theory, that
simultaneously considers the curvature-induced
membrane deformations and protein—protein inter-
actions, is in good quantitative agreement with MC
simulation results. These results uncover new roles
of protein-induced membrane spontaneous curva-
ture in cellular functions, and indicate that the ability
to induce membrane curvatures represents a
molecular property of the adhesion proteins which
affects their binding kinetics and should be carefully
considered in eerrimentaI characterization of the
binding affinity.>> The contribution of membrane
curvature to the intercellular receptor-ligand binding
remains to be tested by experiments.

Glycocalyx

In addition to the specific binders, the cells are
covered by a carbohydrate-rich meshwork, termed
the ‘glycocalyx’.’® Glycocalyx, also known as
pericellular matrix, is mainly comprised of glycopro-
teins, glycolipids, proteoglycans, glycosaminoglg-
cans, as well as associated plasma proteins.”’ 2
The composition and structure of this gel-like layer,
a heterogeneous mixture of proteins and lipids,
change markedly depending on cell types and cell
states.”*** Notably, the expression level of glyco-
calyx in cancer cells is significantly higher than in
healthy cells.”> Moreover, approximately 95 % of
cancer cells have modified glycocalyx architec-
ture.’* Traditionally, glycocalyx is deemed to act
as a physical buffer and barrier between the cell
and its extracellular space,”® " leading to a
glycocalyx-dependent entry of pathogen and
nanoparticle.?>°*~%? |n general, the binding receptor
proteins are densely embedded in the lower strata
of the cell glycocalyx.”® Over decades, evidence
has accumulated that points toward a vital role of
glycocalyx environment (e.g., electrostatics, macro-
molecular crowding, size difference), where binding
receptors reside and interact, in regulating receptor-
ligand binding to control various fundamental cellu-
lar events such as stem cell differentiation, leuko-
cyte adhesion, viral infections, as well as cancer
development and progression.%:9%190-102

From glycoproteins bearing acidic
oligosaccharides and terminal sialic acids to
proteoglycans along with their associated
glycosaminoglycan side  chains including
chondroitin sulfate, heparan sulfate, dermatan
sulfate, sialic acid, and hyaluronic acid, the
polyanionic nature of glycocalyx constituents
imparts to it a net negative charge.’’®>"%® Acting
as a semi-permeable polyelectrolyte network, the
glycocalyx attracts and traps cations from the sur-
rounding fluid reservoir, which in turn increases
the concentration of ions and reduces the local pH
in the glycocalyx (Figure 3). Theoretical results
derived from Poisson-Boltzmann equation suggest
that the electrostatic potential profile (i.e., local
potential, pH, charge density) within glycocalyx is
closely associated with ionic conditions, bulk pH,
steric exclusion, and charge distribution.'® Nota-
bly, theoretical model shows that even a modest
sialic acid density of 2.5 x 10° / um? within the gly-
cocalyx can lower the cell surface pH by approxi-
mately 1 unit.”>'%* Physical forces, such as
compressive force endured by cells under physio-
logical conditions, can further reduce the pH by den-
sifying anionic structure of glycocalyx.”® Recent pH
measurements based on the use of florescent
probe, conjugated to the pH low insertion peptide,
have confirmed that the pH at the surfaces of can-
cer cell can be fairly acidic.'® Such electrostatic
environment within the glycocalyx has important
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Figure 3. Cartoon of two adhering membranes in the presence of glycocalyx (in deep sky-blue). Top left: The
length mismatch between binding proteins and glycocalyx leads to elastic deformation of the membranes and causes
aggregation of the binding proteins, facilitating the formation of receptor-ligand complexes. Top right: Glycocalyx is
negatively charged due to the polyanionic nature of its constituents. Glycocalyx attracts and traps cations from the
surrounding fluid reservoir to decrease local pH and affect the intercellular receptor-ligand binding. Bottom: The
glycocalyx polymers, behaving as ideal crowding agents, occupy large volumes that exclude small binding proteins (in
purple) to avoid molecular overlaps (Top view). This energetically favors clustering of binding protein on the

membrane to reduce total excluded volume.

implications for cell receptor function. For example,
it is found that the integrin adhesion receptor (a5p1)
binds to its ligand (fibronectin, FA) with a pH-
dependent behavior, which is required for receptor
resensitization and cell migration.'®® Quantitative
analysis indicates that a cell surface pH of ~ 6.1
causes more than 70 % integrins to dissociate from
their ligands. Lowering the pH values to 6.0 and 5.0
from 7.5 leads to 2- and 6-fold increase in off-rate
constant k., respectively.'® Moreover, as deter-
mined by Hill coefficient, integrin-FA binding shows
negative cooperativity with increasing acidity.'*® In
addition, neurexin-neuroligin interactions, essential
for synaptic maturation and differentiation, exhibit
high affinity and show high sensitivity to ionic
strength and pH conditions partially attributed to
the two Ca®*-binding sites at the binding inter-
face.'’'%” Structure-based mutations by disrupting
Ca®* coordination at the binding interface inhibit
neurexin-neuroligin interaction by increasing off-
rate constant and decreasing binding affinity by up
to three orders of magnitude.'®”

Generally, the glycocalyx is densely packed with
biopolymers, such as mucins. At low densities, the
biopolymers are not-interacting and adopt a
compact mushroom-like shape. Upon increasing
the biopolymer density above a threshold, these
biopolymers extend away from the surface to form

brushes with entropic penalty, i.e., mushroom-to-
brush transition, due to steric repulsion. Similar to
the thermodynamic basis of gas pressure, the
entropic penalty arising from molecular crowding
can generate a lateral pressure and exert entropic
forces to cause the bending of anchoring
membrane so that each polymer gains more
conformational freedom, thus enerating
spontaneous membrane curvature.®”2% 1987199 The.
oretical analysis indicates that the entropic pressure
from anchored polymer brush and the ensuing
spontaneous membrane curvature scaled mono-
tonically with polymer coverage.''® Recent experi-
mental studies with mucin biopolymers have
confirmed that the entropic pressure induced by this
glycocalyx constituent is sufficient to generate
membrane curvature, as predicted by the polymer
model of membrane bending.'?® According to our
previous study,®® the induced membrane curvature
by cellular glycocalyx should be involved in the
intercellular receptor-ligand binding.

Another important factor within sterically crowded
glycocalyx environments that should be taken into
account is the ‘excluded volume effect’ originating
from steric exclusion.”® """ In general, the glycocalyx
polymers, behaving as ideal crowding agents,
occupy large volumes that exclude binding proteins
to avoid molecular overlaps.®® This crowded glyco-
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calyx environment energetically favors changes that
result in net reduction of total excluded volume, such
as clustering and oligomerization of small binding
protein on the membrane (Figure 3).°° The induced
close-packing of binding protein due to this simple
physical principle is closely implicated in receptor-
ligand interaction. For the 3D binding, it reveals that
physiological crowding can increase the on-rate 10-
fold upon dimer formation, which is attributed to the
altered activation energy barrier and reaction fre-
quency.”'"? Accumulating evidence implies that
the physiological crowding and induced protein com-
paction might be also a general regulator1y§)rinciple
in the 2D receptor-ligand binding.”* 19113115 For
example, dimerization of P-selectin and PSGL-1
prolongs their bond lifetimes (1 / ko), °° and stabi-
lizes cell rolling and enhances tether strength in
shear flow.''® Dimeric interactions of L-selectin-lg
and PSGL-1 show larger binding affinity as com-
pared to the monomeric interactions with mono-
meric PSGL-1.""® In addition, 2D in situ kinetic
measurements suggest that the association of
TCRs into nanoclusters leads to enhanced binding
kinetics of TCR-pMHC interactions, which enable
T cells to efficiently recognize rare antigens and pro-
mote T cell signaling.”**'"® Recently, Vu et al. uti-
lized fluorescence technique and adhesion
frequency measurements to show that P120 catenin
potentiates constitutive E-cadherin dimerization at
the plasma membrane, which in turn increases the
cadherin 2D trans binding affinity and off-rate
constant.”"*

The thickness of glycocalyx layer, depending on
cell type and cell states, in general ranges from
tens to hundreds of nanometers, thus typically
burying even large binding proteins.?®"'"” This size
difference imposes physical constraints on the
probability of forming successful receptor-ligand
complexes. Consistent with expectations, Lorz
et al. analyzed the adhesion of giant vesicles deco-
rated with sialyl-Lewis* ligands and lipopolymers to
E-selectin functionalized substrate and revealed
that the receptor-ligand bindin% affinity decreases
in the presence lipopolymers.'%* Moreover, Mulivor
and Lipowsky found that removal of the glycocalyx
with heparinase increases receptor-ligand binding
affinity and enhances leukocyte-endothelial cell
adhesion.'®" Perturbations to components such as
sialic acids, HA and mucins that increase the spac-
ing of apposing surface or stiffen the glycocalyx''®~
""" makes it harder for the receptors to reach
ligands and tends to pull apart receptor-ligand com-
plexes when they form, which in turn alters binding
affinities by several orders of magnitude.'#* '’

In addition to acting as steric barrier due to the
mismatch in size, the glycocalyx can also lead to
aggregation of binding proteins on the membrane
(Figure 3). A physical picture is that the size
difference leads to a membrane-mediated
repulsion between the glycocalyx and receptor-

ligand complexes, simply because the lipid
membranes have to be bent to compensate for
the size mismatch, which costs elastic energy.'?
As a consequence of this membrane-mediated
repulsion, the binding proteins and glycocalyx tend
to segregate from one another. This mechanism
based on the mismatch in size has been proposed
to underlie characteristic molecular organization of
the immunological synapse during T cell adhe-
sion.®'?? Using giant unilamellar vesicles decorated
with synthetic binding and non-binding proteins,
Schmid et al. confirmed the size-dependent protein
segregation at membrane interfaces.'?® Further,
the principle of size-induced protein segregation
as an organizing force in the cancer glycocalyx
has also been demonstrated for integrin adhesion
receptors.”®'?° The glycocalyx-mediated integrin
clustering locally increases binding affinity and
kinetic rates by virtue of cooperative binding, which
facilitates focal adhesions and promotes integrin-
dependent cell growth and survival.'?°

Many types of receptor-ligand interactions exhibit
force-dependent kinetics. For example, the lifetime
(1 / ko) of the slip bond (e.g., biotin-streptavidin
bond) decreases when being pulled apart by an
external tensile force.'** In contrast, a catch bond
(e.g., TCR-pMHC bond) shows a force-enhanced
lifetime.'*>'® Due to the mismatch in size, com-
pression of the glycocalyx by short receptor-ligand
bonds gives rise to an equal and opposite tensile
force on the bonds. This applied force acting on
the bonds should reasonably be involved in the reg-
ulation of receptor-ligand interactions. Consistent
with this expectation, Paszek et al. demonstrated
that the bulky glycocalyx physically alters integrin
state by applying tension to the integrin-ligand
bonds to induce conformational changes that would
activate integrins.'?® This altered integrin state,
which determines integrin-ligand binding kinetics,
promote the growth factor signalling pathways to
support cell growth and survival. These results in
this section highlight the multiple roles of glycocalyx
in the receptor-ligand binding, and can provide
more potential targets for the development of novel
drugs and therapeutic interventions.

Lipid Raft

In the aforementioned studies, the biomembrane
is often viewed as a fluid bilayer with homogeneous
distribution of lipids and proteins as proposed by
Singer and Nicolson 50 years ago.'?” The paradigm
of biomembranes has gone through a major
update.’*® Cumulative evidence suggests that the
biomembranes are, instead of structurally homoge-
neous, multicomponent and heterogeneous
supramolecular systems, consisting of fluctuating
nanoscale microdomains enriched in saturated
phospholipids and cholesterol.’?? *® These micro-
domains, termed as lipid rafts, exist as distinct
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liquid-ordered phases that diffuse in the liquid-
disordered matrix of the plasma membrane.'’~ '8
The lipid rafts have larger rigidity and h1ydroPhobic
thickness than the membrane matrix"**'*° and
undergo highly dynamic merging and fission attribu-
ted to, e.g., actin cytoskeleton rearrangement,
protein-lipid and protein—protein interactions.'*'~'**
In addition, lipid rafts often exhibit less fluidity than
the surrounding membranes, due to the compact
packing of the hydrophobic chains of saturated
lipids."™ "% Theses dynamic microdomains are
involved in nearly all aspects of mammalian mem-
brane physiology,'*” and play a central role in many
cellular processes, including signal transduction and
membrane trafficking.'*® Extensive studies have
demonstrated a close correlation between lipid rafts
and neurodegenerative disease, cancer, cardiovas-
cular diseases, prion diseases, autoimmune dis-
eases and viral infection.'*®*'*° This makes these
specific microdomains, which have been receiving
increasing attention, a promising target for pharma-
cological treatment of these diseases.

One of the most intriguing properties of lipid rafts
is that they can selectively recruit and retain specific
proteins to variable extents (i.e., raft affinity),
leading to a heterogeneous distribution of proteins
in the membranes."° The basis for protein partition-
ing into lipid rafts remains a largely unanswered
question in membrane biology.'®" The physical fea-
tures of protein transmembrane domains including
surface area, length, and palmitoylation are identi-
fied as structural determinants of raft affinity to
transmembrane proteins.'*” A wide number of sig-
naling and adhesion proteins, such as TCR and
CD44, have been demonstrated to be closely asso-
ciated with lipid rafts.'®® %2753 Functionally, lipid
rafts are believed to serve as sorting and signaling
platforms that contribute to specific protein—protein
interactions on a single membrane (cis-interaction)
by virtue of spatial proximity and selective recruit-
ment of participating components, thereby facilitat-
ing efficienc1y and sgecificity of signal transduction
cascades.*. 201947155

In addition to the cis-interaction, existing studies
indicate that lipid rafts have an impact on trans
intercellular receptor-ligand interaction as well. In
situ experiments show that lipid rafts help the
binding of TCR to pMHC anchored on antigen
presenting cell membrane and T cell activation
due to the aggregation of raft-associated pMHC
molecules into these microdomains.'*®'°” Disrupt-
ing the lipid rafts in T cell membrane via cholesterol
depletion with methyl-beta-cyclodextrin (MBCD)
directly was found to reduce the TCR-pMHC bind-
ing affinity K, and off-rate ky, highlighting the
importance of signaling protein-raft association for
TCR-pMHC binding kinetics.® Similarly, experi-
ments of mimetic systems composed of giant vesi-
cles decorated with biotin adhering to streptavidin-
functionalized supported bilayers show that desta-
bilizing raft and protein heterogeneities in vesicles

by MBCD adversely affects the biotin-streptavidin
binding and stable adhesion."?*">°

To elucidate the mechanism underlying the raft-
dependent intercellular receptor-ligand binding, we
systematically investigate the role of lipid raft in
the receptor-ligand binding using Monte Carlo
simulations of multicomponent membrane
adhesion model with biologically relevant
parameters.®® 1441941607161 Wjithin the framework
of classical statistical mechanics, it is found that
the binding affinity of membrane-anchored recep-
tors and ligands is enhanced when the adhesion
molecules preferentially partition into lipid rafts, con-
sistent with the experimental observation.® Such
enhancement is shown to be sensitive to raft char-
acteristics including area fraction, size, raft-raft con-
tact energy, as well as raft affinity to proteins.
Especially, a dramatical increase in K, coincides
with the phase transition from homogeneous state
to phase-separated state by regulating raft-raft con-
tact energy, regardless of the specific values of
model parameters. The binding affinity K, therefore
represents a general indicator of the phase transi-
tion in the multicomponent membrane adhesion
system. This enhancement in binding affinity by
the presence of lipid raft can be attributed to the
entropy gain of the membranes resulting from raft-
induced protein aggregation (Figure 4)."** More
specifically, on the one hand, the effective increase
in concentrations of binding proteins due to raft
affinity amplifies the receptor-ligand binding rate,
which in turn elevates the K,. On the other hand,
aggregation of binding proteins in lipid rafts smooth-
ens out the membranes locally, which facilitates the
cooperative binding of receptors and ligands.'®°
Because the proteins preferentially partition into
the lipid raft domains in the membranes, the overall
membranes can take more configurations by having
more complexes within rafts.">* Contrary to the
case of homogeneous membranes where the bind-
ing affinity of membrane-anchored receptor and
ligand is weakened by the thermally excited mem-
brane shape fluctuations,” the membrane rough-
ness resulting from shape fluctuations on
nanoscales makes a positive contribution to the
receptor-ligand binding in collaboration with lipid
rafts. The bending rigidity contrast between lipid
rafts and non-raft region suppresses the local ther-
mal fluctuation within raft domains and facilitates
raft clustering and protein aggregation, which in turn
further increases receptor-ligand binding affinity.

The receptors or ligands may experience cis
interactions due to electrostatics. Recent studies
of cell adhesion on a supported lipid bilayer
functionalized with ligand proteins suggest that the
cis-interaction affects the function of lipid raft in
trans receptor-ligand interaction.”® For the adhe-
sion system with attractive ligand-ligand cis-
interactions, it helps lipid raft and protein molecules
to aggregation, which further increases receptor-
ligand binding affinity K, due to enhanced coopera-
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Figure 4. lllustration of the effect of lipid raft (in orange) on the intercellular receptor-ligand binding. The
lipid rafts tend to coalesce partially due to the hydrophobic mismatch between the rafts and the membrane matrix. By
virtue of the raft affinity to the receptors and ligands, lipid rafts lead to the protein aggregation, which in turn
contributes to the receptor-ligand binding. This enhancement in receptor-ligand binding by the presence of lipid raft
can be attributed to the conformational entropy gain of the fluctuating membranes.

tive binding and more entropy gain of the cell mem-
branes. Conversely, the repulsive ligand-ligand cis-
interactions negatively affect the receptor-ligand
binding by suppressing the protein aggregation
and thermal shape fluctuations of cell membrane.
In contrast to the case of attractive cis-interaction,
coalescence of lipid rafts may function as a negative
regulator for the receptor-ligand binding. This effect
can be explained as follows. Raft-associated recep-
tors tend to aggregate due to lipid rafts coalescence
in cell membrane, which can lead to excessive free
receptors in raft domains by the presence of ligand—
ligand repulsion. In order to bind with the unbound
ligands outside of the region apposing the raft
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domains, the excessive free receptors localized in
raft domains have to overcome the raft affinity.'®’
This energetic penalty gives rise to a decrease in
binding affinity. These studies in this section extend
and deepen our understanding of how the raft-
based membrane heterogeneity functions in
receptor-ligand interactions, and could inspire new
the therapeutic strategies targeting receptor-ligand
interactions in diseases.

Biomedical Significances

the functional
in the

Studies on
membrane interaction

role of protein-
receptor-ligand
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binding have provided routes and strategies for
novel therapies. First, take for example the
glycocalyx, which has received increasing
attention because of its implication in, e.g., cancer
metastasis, inflammatory processes, platelet and
leucocyte adhesion by affecting intercellular
receptor-ligand binding.'®*'%* A new therapeutic
strategy aimed at intervening the intercellular
receptor-ligand binding between natural killer cell
and cancer cell by precision glycocalyx editing with
an antibody-enzyme conjugate potentiates NK cell
killing by antibody-dependent cell-mediated cyto-
toxicity, therefore providing a promising avenue for
cancer immune therapy.'®® Circulating tumor cells
(CTCs), namely tumor cells invade into the blood
vessel and circulate through the vascular system,
contribute to the spread of cancer metastasis and
have emerged as a promising prognostic biomar-
ker. Disrupting and remodeling the glycocalyx by,
e.g., changing shear stress, inflammatory condi-
tions, and matrix metalloproteinase exposure,
increase the receptor number available to interact
with CTC ligands and receptor-ligand binding affin-
ity, thus hindering the vascular transport of CTCs to
distant organs and preventing the onset of metasta-
sis.'®® This approach provides a powerful comple-
ment to the existing CTC therapeutic strategies
involving E-selectin targeting and TRAIL-induced
apoptosis.'®® In addition, a range of cardiovascular
disorders have been demonstrated to be related to
pathological glycocalyx shedding, which gives rise
to endothelial dysfunction and inflammation. Thera-
peutic strategies designed to regulate receptor-
ligand binding affinity and cell adhesion by restoring
the endothelial glycocalyx show promising poten-
tials to avoid cardiovascular disease initiation and
progression.’'® These studies suggest that thera-
peutic interventions aiming at disrupting or restoring
the glycocalyx may be disease specific.

Lipid raft, as a potential therapeutic agent for the
treatment of a broad range of diseases, has also
been widely studied. A considerable body of
evidence indicates that lipid rafts are involved in
migration and invasion of metastatic cancer cells
by regulating receptor-ligand binding.'**'%> More-
over, lipid rafts can affect, e.g., TCR-pMHC binding
to regulate function and response of immune cells
including macrophages and T cells, which are vital
for anti-tumor immunity.'®® These findings have
turned lipid rafts into promising targets in anticancer
therapy. It has become evident that lipid rafts have a
significant impact on the binding and entry of differ-
ent viruses to host cells, including human immunod-
eficiency virus (HIV) and coronaviruses. For the
syndrome coronavirus-2 (SARS-CoV-2), it has
been revealed that lipid rafts provide a functional
platform able to localize angiotensin-converting
enzyme-2 (ACE-2), the main receptor for SARS-
CoV-2, on the host cell membrane, which facilitates
the interaction of ACE-2 with the spike protein on
viral envelope.’®  Disrupting lipid raft by
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cholesterol-depletion with, e.g., MBCD, stains, and
cyclodextrins can lead to reduced coronavirus
adhesion, entry, as well as infectivity by impairing
the ACE-2-spike interaction.'®” These encouraging
results introduce a potential new task and opportu-
nity in the pharmacological therapeutic approach
against coronavirus that currently ravages the
world. In addition, in view of the prominent role of
lipid raft in neuronal cell adhesion mediated by
raft-associated neural cell adhesion molecule
(NCAM), which is implicated in neuronal synapse
formation, maintenance, and function, as well as
astrocyte-neuron interactions,'°®'% targeting lipid
raft and homophilic NCAM interaction may further
motivate fruitful therapeutic approaches for neuro-
logical diseases.

Discussion and Perspective

Cells interact with their immediate neighbors to
sense, respond and adapt to outside world via the
specific binding of receptors and ligands anchored
on the two apposing membranes. Because of its
great potential to stimulate new therapeutic
targets in drug design and promote disease
prevention and treatment, the intercellular
receptor-ligand binding has received considerable
attention. In sharp contrast to the 3D protein
binding, the intercellular receptor-ligand binding
that occurs in 2D is sensitive to the membrane
environment due to the protein-membrane
interactions, requiring more in-depth investigations
to illuminate the underlying mechanisms. In this
review, we summarize the advances regarding the
regulatory effects on the intercellular receptor-
ligand binding mainly from four aspects: (1)
membrane fluctuations, (2) membrane curvature,
(3) dlycocalyx, (4) lipid raft, in which the
fundamental mechanisms based on average
intermembrane separation, relative membrane
roughness, protein—protein cis-interactions, protein
aggregation are elucidated. These studies deepen
our understanding regarding the prominent role of
protein-membrane interaction in the intercellular
receptor-ligand binding and contribute to drug
design and disease treatment by bringing to light
new therapeutic targets.

Recently, the impact of bioelectric
microenvironment (e.g., membrane potential, ion
flux, charged lipid component) on the intercellular
receptor-ligand binding has become a pressing
issue to be solved. Especially for neurons, their
neuronal activities including synapse formation,
function and elimination all depend strongly on the
dynamic action potential.'’®'"® Existing studies
have confirmed the involvement of membrane
potential in the receptor-ligand interactions. Take
for example the G-protein coupled receptors
(GPCRs), the largest family of human membrane
proteins serving as primary targets of
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approximately-one third of currently marketed
drugs.'”* Experimental and simulation results indi-
cate that GPCRs can sense the change in mem-
brane potential and exhibit a voltage-dependent
binding to their soluble ligands."”>~'"® An underlying
mechanism is proposed that the membrane poten-
tial induces conformational alterations inside the
transmembrane domains of GPCRs, thereby influ-
encing their binding affinity for soluble extracellular
ligands.'”® This regulatory strategy based on
voltage-induced conformational change would
potentially be utilized as a general principle to regu-
late the intercellular binding of adhesion GPCRs to
ligands anchored on pre-synaptic membrane and
other tyges of receptors and ligands (e.g.,
NCAM),"'”” which needs to be further verified.

Although the regulatory factors discussed above
are often investigated separately in individual
studies, they are not mutually exclusive but instead
work together in the intercellular receptor-ligand
binding under physiological conditions. Therefore,
to obtain a comprehensive understanding of
intercellular  receptor-ligand binding for the
discovery of safer and more effective drugs, further
studies on coupling effect of these regulatory
factors based on more complicated multiparameter
systems are needed. More in-depth researches will
continue to provide guidelines and strategies for
clinically effective drugs.
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