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Abstract

We review molecular and physical aspects of the dynamic lo-

calization of signaling molecules on the plasma membrane

of living cells. At the nanoscale, clusters of receptors and

signaling proteins play an essential role in the processing of

extracellular signals. At the microscale, “soft” and highly dy-

namic signaling domains control the interaction of individual

cells with their environment. At the multicellular scale, in-

dividual polarity patterns control the forces that shape multi-

cellular aggregates and tissues.

Introduction

Living cells process information and respond to environ-

mental changes by exploiting a complex circuitry of inter-

acting signaling molecules. Many of these molecules lo-

calize either at the interface between the cell and its envi-

ronment (the plasma membrane) or on the surface of inner

compartments delimited by lipid membranes (endosomes).

Improvements in molecular imaging and gene manipulation

techniques provide increasing evidence that such membrane-

bound molecules self-organize dynamically in a multitude of

nano- and micro-domains. However, the function and mecha-

nisms of formation of these signaling domains are still poorly

understood.

The cell transfers information across widely separated

space and time scales, and ultimately converts molecular

signals that pertain to the nanoscale into mesoscopic effects,

such as the morphological changes that take place during the

processes of migration and cell division.1,2 At the nanoscale,

lipid-protein clusters process extracellular signals that are af-

terwards transmitted downstream.3 At the microscale, signal-

ing domains that control the interaction of cells with their en-

vironment self-organize on the plasma membrane through a

process of symmetry breaking that can be either spontaneous

or induced by signal anisotropies.4 At the multicellular scale,

chemical polarity patterns on the surface of individual cells

transduce positional information and guide the distribution of
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Figure 1 Chemoreceptor clusters on the surface of E. coli cells

imaged with ultrahigh-resolution light microscopy (photoacti-

vated localization microscopy). Scale bars: 1 µm and 50 nm.

From Ref. 7.

forces that shape multicellular aggregates and tissues.5,6

Signaling domains contribute to cell order by providing

distinct lipid membrane regions with unique functional iden-

tities. Being enriched in specific molecules characterized by

precise (e.g. active vs. inactive) signaling states, they locally

promote alternative transformations, such as growth vs. re-

traction, or adhesion vs. detachment.1,2,5,6

Mechanisms that lead to the formation of signaling do-

mains on the cell lipid membranes can be divided in two main

classes: those driven by contact interactions, and those driven

by a combination of diffusive and autocatalytic processes,

that give rise to effective (non-contact) interactions. Contact

interactions generate “hard” signaling domains: oligomers,

clusters, and other supramolecular aggregates.8 Effective in-

teractions sustained by positive and negative chemical feed-

back loops generate “soft” signaling domains: membrane re-

gions that are significantly enriched in specific, but highly

diluted, molecular factors.9 In both cases, reaction-diffusion

processes on the surface of lipid membranes are accompa-

nied by shuttling processes involving the exchange of signal-

ing molecules with the cytosol. Such shuttling processes in

their turn can have a purely diffusive character,10 or be driven

by directed vesicle traffic.11

1

Page 1 of 12 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



Page 2 of 12Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



Page 3 of 12 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



Page 4 of 12Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



Page 5 of 12 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



Page 6 of 12Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



Such principles have been invoked to explain the forma-

tion of extended signaling domains in eukaryotic chemo-

taxis.119–126 In particular, it has been suggested that a rapidly

diffusing inhibitor could cancel the uniform signal compo-

nent and enhance the detection of the gradient component in

gradient-driven chemotaxis.127 As the corresponding glob-

ally diffusing molecular counterpart has not been clearly

identified, it is likely that pattern stabilization is due to the

depletion of signaling molecules that shuttle between the cy-

tosol and the plasma membrane.105 Experiments also suggest

that a relevant role is played here by local inhibitory mecha-

nisms.128

Turing-type schemes have also been proposed to explain

the formation of signaling domains in budding yeast129 and

in neurological synapses.130

Stochastic effects

Deterministic Turing systems do not account satisfactorily

for some aspects of the formation of signaling domains on

the cell plasma membrane. Indeed, if the formation of these

domains could be triggered by arbitrarily small perturbations

of a uniform plasma membrane state the cell would be perma-

nently polarized and patterns would live indefinitely. On the

contrary, the formation of chemotactic signaling domains is a

rare event at low levels of stimulation131 and spontaneously

formed signaling domains have a stochastic character, con-

sisting in transient appearances with finite lifetime. Stochas-

ticity originates from thermal fluctuations and its role is en-

hanced by the small copy number of signaling molecules.

In order to recover these aspects of domain formation,

non-linear reaction-diffusion systems with noise have been

considered.105–108,132–135 Positive feedbacks in combination

with stochastic effects have been identified as a possible

mechanism for the spontaneous establishment of localized

sites of polarity. Different paradigms of domain formation as

a stimulus-activated process have been proposed, prompted

by the intuition that the above described features of domain

formation may be the signature of an excitable or bistable be-

havior, where some barrier has to be overcome to make the

nucleation of a new signaling domain possible.105–108,132–135

Excitability and bistability

Nonlinearities in signaling pathways, coupled to diffusion on

the inner leaflet of cellular membranes, diffusion in the cy-

tosolic volume, and shuttling between the two compartments,

generate an excitable physico-chemical system that can sup-

port both spontaneous and induced pattern formation. In

zero-dimensional excitable systems, an over-threshold per-

turbation can induce a wide excursion away from a stable

fixed point.136 When local excitability is coupled with diffu-

sion in a spatially distributed system, intermittent, spatially

localized excitations are possible.136 Distributed excitability

has been proposed as a mechanism for the spontaneous po-

larization of eukaryotic cells.137–139

Local bistability in signaling circuits naturally follows

from the ubiquitous presence of two-state molecules, such

as phosphoinositides or small GTPases (Fig. 3) involved in

futile cycles of covalent modifications (Fig. 7). Such cycles

can generate bistable systems when “closed” with reinforcing

feedback loops that sustain a local increase in the concentra-

tion of one of the two forms of the molecule (Fig. 7d). Spa-

tially distributed bistability follows from the coupling of lo-

cally bistable signaling circuits with membrane and cytosolic

diffusivity (Fig. 7e).105–107,140–146 This coupling may induce

spontaneous symmetry breaking, i.e. the separation of the

cell membrane into signaling domains populated by chemi-

cally distinct signaling phases.4,105–107,145–153

Bistability has been shown to satisfactorily account for

the membrane polarization of fertilized Xenopus oocytes.151

In that case, polarization is coupled with a global process

of membrane advection.151 Bistability has been proposed to

explain the formation of the immunological synapse154,155

and of Ras microclusters.149 Distributed bistability appears

also to satisfactorily describe the formation of signaling do-

mains in budding yeast156. Models combining excitable and

bistable components have been proposed for the polarization

of D. discoideum cells.138,157,158

Phase separation

Under simplifying assumptions, the bistable behavior of cell

polarization can be described by a Landau-Ginzburg system

for an appropriate order parameter ϕ(x, t) describing a con-

centration of signaling molecules:

∂tϕ = D∆ϕ +V ′(ϕ)+ξ (x, t) (1)

with D the diffusivity of signaling molecules on the cell

membrane, V (ϕ) an effective potential, and ξ a white noise

term.106–108 If V (ϕ) is a double-well potential, the micro-

scopic counterpart of (1) is the Ising model with Glauber dy-

namics.159 In this kind of system two chemical phases are

separated by an effective energy barrier that has to be over-

come either by a spontaneous large fluctuation, or by a siz-

able external perturbation. This situation is quite different

from the Turing scheme of pattern formation, where the uni-

form state is unstable with respect to arbitrarily small pertur-

bations.

The shuttling of signaling molecules between the cytosol

and the cell membrane M can be described by the global

particle conservation law:

∫
M

ϕ dσ = const (2)

taking into account that, since diffusion in the cytosol is

often much faster than diffusion on membranes, signaling

molecules can unbind from the cell membrane, fast diffuse

in the cytosol, and bind again at a different place.105–108 The

constraint (2) introduces a long range competition for a finite

amount of signaling molecules. The finiteness in the number

of molecules that can be exchanged between the two phases

enforces polarization, i.e., the coexistence of two signaling

phases on complimentary domains.105,106,108,151,159,160

If V (ϕ) is a suitable single-well potential, Eqs. (1,2) can

describe a distributed excitable system, where spatially local-

ized, intermittent excitations are generated by the white-noise

term.
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The interplay between patterning mechanisms based on

diffusion and on active vesicular traffic is still unclear, al-

though it is likely that the different mechanisms are designed

to operate on different time and length scales, and to provide

varying degrees of stability of polarity patterns.

Lastly, it would be highly desirable to attain a universal

theory of domain formation on cell membranes, where the

main properties are independent of molecular details, and

cellular polarization phenomena are classified in universal-

ity classes based on the number of components of suitable

order parameters and local or global conservation laws.
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