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Membraneless organelles in biological
cells are generally thought to form via
liquid–liquid phase separation. How-
ever, using Monte Carlo simulation, it
is shown that the SALR (short-range at-
traction, long-range repulsion) interac-
tion model provides a better descrip-
tion of the physics of one kind of mem-
braneless organelle, known as WASP
puncta, at a model cell membrane.
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Assembly of the Actin Catalyst WASP by Giant SALR Cluster
Formation

Martin B. Sweatman* and Robert InsallQ2

Some structures in living cells behave like organelles, but lack individual
membranes. The mechanisms that produce such "membraneless organelles"
are not understood, but are commonly thought to involve the formation of
separate phases via liquid–liquid phase separation. Here, an alternative
mechanism is investigated involving short-range attraction, long-range
repulsion (SALR) fluids, applied at model biological membrane–cytoplasm
interfaces. Using Monte Carlo simulations, it is found that giant SALR clusters
can form at the membrane surface even when they are unstable in the bulk,
for suitably chosen model parameters. It is also found that the formation and
location of giant SALR clusters at the interface can be controlled by a third
protein species confined to the membrane surface. This behavior mimics that
of WASP puncta at the cell membrane, thought to involve WASP and Nck
protein aggregates controlled by clathrin. The SALR mechanism is thus a
good model for this system, and for membraneless organelles more generally.

1. Introduction

Cells move by polymerizing actin, which is a small and simple
protein present in high concentrations within the cell. One key
feature of actin polymerization is that it is self-driven—no other
components are needed to drive filament extension. However,
cells require that actin polymerization be focused at particular
sites, which are typically located next to a membrane that needs
to move. This is possible because there is a kinetic barrier to
new filament formation.[1] New filaments are initiated extremely
slowly under physiological conditions, but the process may be
kick-started by proteins that form new actin "nuclei" that catal-
yse polymerization. Control of nucleating proteins is thus funda-
mental for cell movement.
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In a typical cell, the Wiskott Aldrich Syn-
drome protein (WASP) and its relatives
(the WASP family) account for the major-
ity of nucleation, and therefore most of the
actin assembled at any time.[2] However,
their localization near the cell membrane
is not understood. One interesting feature
is their discreteness. WASP itself is nor-
mally found only in small puncta, or dim-
ples, in the cell membrane. Its relative, the
SCAR/WAVE protein, is normally found in
dynamic streaks just inside the protruding
edge of moving cells.[3]

The principal biological role of the actin
polymer produced by WASP puncta in-
volves endocytosis, themechanism through
which cells internalize cell membrane. Dur-
ing this process, small pits in the mem-
brane form, lined by the protein clathrin.
Clathrin-coated pits typically remain on the

membrane for several minutes or tens of minutes, after which
their curvature increases, they bud off, and are taken into the
cell. WASP (or its similar relative, N-WASP) almost univer-
sally appears on the pits, but very briefly, just before they are
endocytozed.[4] Most explanations for this process involve recruit-
ment of theWASP proteins by direct binding toWASP recruiters
on the coated pit. However, the details, including the precise re-
cruiting agents and the mechanisms controlling their activity,
have remained opaque.
All WASP family members include a polyproline domain,

a long stretch containing multiple repeats of sequences such
as XPPPPY, where P denotes a proline sidechain. Their actin-
nucleating activity is regulated by proteins such as Nck, which
contain multiple copies of an SH3 domain that binds efficiently
to single polyproline repeats. Nck itself, for example, contains
three SH3 domains. There is thus a possibility of crosslinking
large complexes of WASP family proteins and Nck.[5] However,
it is not known how these WASP–Nck aggregates form the dis-
crete, size-limited structures on which their function depends.
More specifically, as these aggregates do not exhibit bounding
membranes or any other form of confinement, one might expect
any WASP–Nck domain that nucleates to grow across the entire
cell, limited only by the availability of WASP or Nck. But this is
not observed. Neither the dynamic behavior of WASP, nor its re-
stricted localization within membrane pits, is understood.
In fact, our ignorance of the basic physics of WASP–Nck

domains exposes a more general lack of understanding of the
biophysics of membraneless organelles, that is, self-limited
protein structures within cells.[6] WASP–Nck clusters are just
one example of such structures, but many more are known, each

Adv. Theory Simul. 2019, 1800203 C© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800203 (1 of 6)

http://www.advtheorysimul.com
mailto:martin.sweatman@ed.ac.uk
https://doi.org/10.1002/adts.201800203
Martin
Cross-Out

Martin
Inserted Text
SRC Homology 3 (SH3)



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

www.advancedsciencenews.com www.advtheorysimul.com

with important cellular functions and specific structural and
dynamic properties.
Typically, the physics of such membraneless organelles is

explained in terms of liquid–liquid phase separation,[7] where
the liquid-like protein domains are thought to phase separate
from the cytoplasm (the aqueous solution that fills cells). But
this mechanism, by itself, is inadequate to explain their self-
limiting structure or specific dynamic properties. The reason is
that liquid–liquid phase separation normally produces coexisting
bulk liquid phases rather than self-limiting structures, or clus-
ters. Therefore, other presently unknown mechanisms must be
in play that stabilize or limit aggregation to relatively small clus-
ters of proteins.
Here, we propose that a simple model, the SALR model in-

teraction, is capable of describing the observed physics of WASP
clusters. The SALR (short-range attraction, long-range repulsion)
model is already known to be capable of forming equilibrium,
self-limited liquid-like clusters under specific conditions.[8] Our
aim is to test this idea throughmolecular-scale simulations of the
WASP–Nck system. Detailed atomistic or molecular models of
the interactions betweenWASP andNck proteins are not needed,
that is, chemical accuracy is unimportant for this study of basic
physics. Instead, we will explore the behavior of a simple “coarse-
grained” SALR model, where each SALR particle represents an
entire protein interacting with other proteins in solution.

2. The SALR Model

Interest in the SALR model potential has grown steadily over at
least the last decade through its application to a wide variety of
important fluids, such aqueous dispersions of biological macro-
molecules (including proteins), colloids, and nanoparticles.[9]

Normally, it is used to represent the “effective” interaction be-
tween these types of solute in solution, in theories and simula-
tions where the solvent is notmodeled explicitly. That is, the pres-
ence of the solvent is taken into account, approximately, through
definition of the SALR interaction. In technical language, the sol-
vent is “integrated out”.
Normally, the SALR pair potential is added to a particle core,

which prevents particle overlaps;Q5

ϕ (r ) = ϕcore (r )+ ϕSALR (r ) (1)

where r is the distance between a pair of particles. In this work,
the core is modeled as a hard sphere with diameter d, and a 2-
Yukawa potential is used to model the SALR contribution

βϕ (x)

= βϕHS (x)+ βϕ2Y (x) (2)

=
⎧⎨
⎩

∞ ; x < 1

− Aa exp (−za (x − 1))
x

+ Ar exp (−zr (x − 1))
x

; x ≥ 1

where x = r/d and β = 1/kBT, with kB as Boltzmann’s constant
and T the temperature. The SALR parameters Aa, Ar, za, and zr
(all dimensionless and positive) define the magnitude and range
of interactions beyond the core. In this work, we set za = 2,

zr = 1.0, and eliminate units by comparing energies to kBT and
lengths to d.
The SALR model potential describes solutions where short-

range attractive (SA) interactions compete with long-range
repulsive (LR) interactions. It is this competition, when suitably
balanced, that leads to the self-limited aggregation, or giant equi-
librium clusters, observed. The short-range attractive contribu-
tion models a wide range of common aggregation mechanisms,
from direct van derWaals interactions to depletion and solvopho-
bic effects. In the context of WASP–Nck interactions, the short-
range attraction accounts for a number of specific forces, in-
cluding in particular SH3 domain–polyproline interactions. The
long-range repulsions, on the other hand, normally represent a
screened-coulomb interaction between like-charged solutes in a
charge-neutralizing solution. Therefore, the SALR model is suit-
able for describing many kinds of solute that become charged,
for example, through proton exchange, in solution. Given this
condition applies to many biological macromolecules, including
practically all proteins, then the SALR model should be suitable
for describing the formation and phase behavior of self-limiting
protein aggregates that form in the cytoplasm within biological
cells.
Earlier simulation and theoretical work has revealed these

SALR mesophases possess characteristics that appear to be
widespread in cell biology. For example, Giant SALR clusters oc-
cur at thermodynamic equilibrium when the overall system con-
centration is sufficiently high,[10] above a “critical cluster concen-
tration” (CCC). The giant clusters formed tend to be relatively
monodisperse in size and can appear like tiny liquid-like droplets
undergoing Brownian motion. A first order phase transition is
also apparent for a narrow range of interaction parameters be-
tween dispersed and condensed cluster phases.[11]

Furthermore, it has been shown recently that each giant SALR
cluster acts as a nucleation center for the production of further
clusters in systems where the SALR particle concentration is
slowly increased.[12] New clusters are formed through a kind of
fission, or "cluster reproduction event", that resembles the di-
vision of cells through mitosis. This led to the suggestion that
SALR clusters might be capable of chemical evolution and there-
fore might be important in the origin of life. Moreover, they
might also be capable of reproducing cellular structures like
pseudopods that grow by fission[13] rather than by being repeat-
edly created de novo.
Giant SALR clusters could therefore be a good model of mem-

braneless intracellular structures, in particular, ones involving
WASP family members whose discreteness has not yet been ex-
plained.However, the behavior of giant SALR clusters nearmem-
brane interfaces, which is central to the behavior of WASP–Nck
clusters, has not yet been studied. Therefore, in the next section,
we describe a simulation methodology able to illuminate the ba-
sic physics of giant SALR clusters at membrane surfaces.

3. Monte Carlo Simulation of Giant SALR Cluster
Adsorption at a Membrane Surface

As this work is focused mainly on the equilibrium adsorption
of SALR clusters at an interface, analogous to WASP and Nck
proteins adsorbed on the intracellular surface of a membrane,
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an equilibrium simulation method with a fixed chemical
potential, such as grand canonical Monte Carlo is preferred.
These methods have the advantage that specially-designed
Monte Carlo moves can accelerate sampling. This simulation
protocol is described below.
All simulations consist of a rectangular simulation box of side

length 80 × 40 × 40, with periodic boundaries in each direction,
and a long-ranged cutoff between all particles of 20. Each simula-
tion box contains at most four species of particle. The membrane
ismodeled by a fixed number (1600) of hard spheres (Aa =Ar = 0
in Equation (2)) trapped within a harmonic external potential
(with spring constant k = 10 in reduced units) such that they
form a compact layer across the central plane of the simulation
box. Nck protein is modeled by an SALR particle at a fixed chem-
ical potential. WASP protein, on the other hand, is modeled in
terms of an SALR particle that can take two forms linked via
a reversible reaction. Experiments have established that WASP
family proteins typically exist initially in the cytosol (the aque-
ous phase within cells outside of membraneless organelles) as
“closed,” autoinhibited forms which diffuse relatively freely and
do not affect actin.[14] Following activation, they adopt an “open”
conformation in which components such as the polyproline do-
mains are accessible to protein–protein interactions.
In our model, the “closed” and “open” WASP forms have dif-

ferent sets of SALR interaction parameters. The closed form is as-
signed a chemical potential while the open form can be created or
destroyed via the reactionmechanism,which is controlled by a re-
duced reaction (grand) free energyUr. This is equivalent to a non-
reacting system where both WASP forms have their own chemi-
cal potentials that differ by exp(Ur). Finally, the clathrin protein is
modeled as an SALR particle with a strong cross-interaction with
membrane and open WASP particles. In this way, the clathrin-
coated pits can “tether,” or template, WASP–Nck clusters at spe-
cific positions.
The SALR parameters for both Nck and WASP proteins (both

open and closed conformations) are chosen such that clusters do
not form in the bulk fluid for any set of chemical potentials and
reaction free energies used in these simulations. Trial bulk sim-
ulations initiated with a concentrated “ball” of Nck and WASP
proteins are performed in the absence of anymembrane to check
that any SALR clusters that form initially are unstable, that is,
the systems used are always below their respective bulk critical
cluster concentration (CCC). Neither do any of the proteins form
giant clusters at the interface by themselves under these condi-
tions, that is, the mixture of open-WASP and Nck is required to
form large clusters. For all simulations, Ar = 0.5 except for inter-
actions with the membrane, for which Ar = 0. Table 1 lists all the
corresponding values for Aa.
As our focus is on the chemical physics of thesemixed clusters

at an interface, chemical accuracy is not so important. We there-
fore choose all particles to have the same size. In reality, WASP
proteins typically take on a spherical shape of around 7 nm in
diameter, while Nck proteins are approximately 7 nm × 3 nm
cylinders. Although the relative abundances of WASP proteins is
dominated by the closed form in the bulk cytosol, near a mem-
brane surface, as in our simulations, their relative concentrations
are thought to be quite similar. This difference in thought to
be maintained by the action of other proteins embedded in the
membrane, such as Cdc42. Therefore, for our near-membrane

Table 1. SALR interaction parameter Aa for all simulations.

A a WASP (open) WASP (closed) Nck Clathrin Membrane

WASP (open) 1.5 1.5 2.0 2.0 Varies

WASP (closed) − 1.5 1.5 − Varies

Nck − − 1.5 1.5 Varies

Clathrin − − − 3.0 1.5

Membrane − − − − 0

The core of each particle is identical; a hard sphere of unit diameter. A range of values
are used for the cross interaction between protein and membrane particles.

simulations, we choose initially to set the reaction free energy
between the two forms to be zero, reflecting their balanced pop-
ulations in this region.
The length of a simulation is measured in terms of cycles,

where a cycle consists of an attempt to move each particle plus
an attempt to insert a particle, an attempt to delete a particle, and
an attempt to swap the positions of a pair of nonidentical parti-
cles chosen randomly. Insertion and deletion attempts are only
performed for those particle types with an associated chemical
potential. For simulations involving reaction equilibria between
WASP particle types, one reaction move is also attempted per cy-
cle. Displacement move attempts can be short or long, chosen
randomly, where the displacement move has a maximum length
of 0.35 and 10, respectively. A reaction move attempts to trans-
form aWASP particle chosen at random into the other form. The
usual Metropolis criteria based on the Boltzmann factor are used
to accept or reject all moves.
Three sets of simulations are performed that seek to under-

stand how the equilibrium adsorption behavior of clusters de-
pends on i) the cross-interaction strength between open WASP
and membrane particles, ii) WASP reaction free energy, and iii)
the presence of clathrin in the membrane. For all simulations,
the system is initiated with a high concentration of WASP and
clathrin (if included in the simulation) at themembrane interface
so that any nucleation free energy barrier for cluster formation is
avoided.
Results are reported in terms of final simulation frame snap-

shots and equilibrium density profiles of protein particles within
clusters normal to the plane of the membrane. A protein parti-
cle is considered part of a cluster if it is within 20.5 of any other
protein particle. Adsorption can occur on both sides of the mem-
brane, and therefore density profiles are reported as an average.
Equilibrium averages are calculated from the final 100 000 cycles
of a simulation, after checking the system energy has converged.

4. Results

First, we consider the case when the reaction free energy differ-
ence between open and closed WASP forms is zero. For this sys-
tem, three simulations were performed with different protein–
membrane cross-interaction strengths; Aa = 0.25, 0.375, and 0.5.
Figure 1a shows final snapshots from these simulations, while
Figure 1b shows the corresponding density profiles of clustered
particles.

Adv. Theory Simul. 2019, 1800203 C© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800203 (3 of 6)

http://www.advancedsciencenews.com
http://www.advtheorysimul.com
Martin
Cross-Out

Martin
Inserted Text
3



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

www.advancedsciencenews.com www.advtheorysimul.com

Figure 1. Left: snapshots from the end of simulations for the WASP-membrane system with different protein–membrane interactions strengths Aa;
top = 0.25, middle = 0.375, bottom = 0.5. Red and blue spheres are open and closed WASP proteins, respectively, pink spheres are Nck proteins, and
yellow spheres are membrane particles. The simulation cell has been rotated to provide a good view. Right: corresponding density (ρ) profiles of particles
in clusters. The membrane (not plotted) is located at z = 40, where z measures the distance along the simulation cell normal to the membrane. WO,
WC, and P represent the open and closed WASP forms, and Nck protein, respectively. Statistical errors are generally less than symbol sizes.

Figure 2. As for Figure 1, except the interaction with the membrane is held fixed (at Aa = 0.25) while the reaction free energy, Ur, is varied. Clusters are
observed when the reaction free energy is above 0.04, that is, when it is 0.06 and 0.08 here.

Clearly, when the protein cross-interactionwith themembrane
is weak (Aa = 0.25), giant SALR clusters are unstable. But for
higher interaction strengths, stable clusters form on the mem-
brane surface, even though they are unstable in the bulk. Essen-
tially, adsorption of protein at the membrane surface can drive it
above the cluster critical concentration, at least locally, such that
clusters are stable at the interface. The clusters are formed pri-
marily of the open form of WASP and Nck.
For the next set of simulations, the cross-interaction strength

of all proteins with the membrane is fixed at Aa = 0.25, which,
from the preceding simulations, corresponds to an absence of
clusters at the interface for zero activated-closed WASP reaction
free energy. Therefore, to obtain clustering at the membrane in-
terface, the reaction free energy is increased slightly above zero,
meaning that the activated (open) form of WASP is slightly fa-
vored over the autoinhibited (closed) one, in steps of 0.02.

Figure 2 shows the corresponding simulation snapshots and
density profiles. It is evident that for this specific membrane–
protein cross interaction strength clusters at the membrane in-
terface become stable above a reaction free energy difference of
0.04, that is, when the openWASP form is slightly favored. Once
again, cluster formation occurs when there is a sufficient concen-
tration of protein at themembrane surface, despite clusters being
unstable in the bulk. It is interesting to note that the cluster size
is relatively insensitive to either the interaction strength with the
surface or the reaction free energy difference. This is expected,
as giant SALR cluster size has previously been found to depend
mainly on the SALR pair potential itself (i.e., the interaction be-
tween WASP and Nck rather than either’s interaction with the
membrane).
In the final simulations, clathrin protein is introduced into the

simulation cell and autoinhibited “closed” WASP is absent. To
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Figure 3. a) As for Figure 1, except blue spheres now represent clathrin (and there is no autoinhibited WASP). Clathrin forms a cluster at the membrane
surface which is obscured by the WASP–Nck SALR cluster formed on top of it. In this case, in the absence of clathrin, WASP–Nck clusters are unstable
everywhere. b) As for Figure 3a, except the protein–membrane interaction strength (0.26) is chosen such that WASP–Nck clusters are unstable in the
bulk, but marginally stable at the membrane surface. Left: simulation with clathrin. Right: simulation without clathrin.

maintain open WASP within the simulations, it is now assigned
a chemical potential and does not undergo any chemical reaction
to the autoinhibited form. The clathrin–clathrin pair interaction
is chosen such that it forms clusters within the membrane in-
terface, mimicking the formation of clathrin coated pits during
pinocytosis. In the first such simulation, the interaction strength
of WASP and Nck particles with the membrane is Aa = 0.25 and
the reaction free energy difference is Ur = 0.0 (i.e., open WASP
has the same chemical potential as the closed form previously),
such thatWASP–Nck clusters are unstable both in the bulk and at
the interface. In the second simulation, the interaction strength
of WASP and Nck particles with the membrane is instead set to
0.26, such that WASP–Nck clusters are only marginally stable at
the interface. Comparison is made with an identical simulation
performed in the absence of clathrin.
Figures 3a clearly shows that even when giant SALR clusters

are unstable in the bulk and at the interface, they can be stabilized
by the presence of an attractive site at themembrane surface, that
is, by clathrin. Interestingly, Figure 3b shows that when clusters
are stable at themembrane surface (but not in the bulk), they will
tend to form around a clathrin cluster if one exists. This is not
surprising from a chemical physics perspective—we expect this
adsorption state to occur because it has a lower free energy than
the situation where clathrin and WASP–Nck clusters are sepa-
rated. However, it is potentially very important from a biological
perspective, as discussed next.

5. Discussion

It is typical in biology to discuss structures as being “induced”—
that is to say, under appropriate conditions, the presence of some
upstream information causes the structure to form, and delimits
both where it occurs and at what time. In the case of WASP, the
founding member of the broad WASP family, the structures are

small puncta next to the membrane. In adherent cells, puncta
are typically observed on the base where the cells adhere; it is
unclear whether they are concentrated there, or just easier to
detect.[15] The WASP puncta are usually assembled at the sites of
clathrin-coated pits, which are part of the cell’s endocytosis ma-
chinery. In mammalian cells, essentially all clathrin pits colocal-
ize briefly with puncta of the ubiquitous homologue N-WASP.[4]

The N-WASP assembles just before the clathrin pits move from
the surface toward the interior of the cell. It is thus typical in
the biological literature to state that the clathrin pits "induce"
or "cause" the N-WASP puncta. This implies that clathrin pits
are both necessary (implying that without clathrin, N-WASP is
not recruited) and sufficient (implying that the coated pits, com-
posing clathrin and other proteins, strictly specify both the time
at which N-WASP puncta may form, and the places they arise).
However, these issues are rarely tested experimentally. We know
no work demonstrating that clathrin is essential for N-WASP
puncta, and the pioneering work of Drubin has shown that causa-
tion during coated pit evolution is far more complex than others
have presumed.[16]

Here, we suggest that a different relationship between WASP
and clathrin coated pits might be in play. We propose that WASP
puncta form as SALR clusters together with Nck stochastically
rather than under the control of an upstream “activator.” This
possibility is suggested explicitly by the results in Figure 3. If this
is true, then we suggest clathrin biases the position of SALR clus-
ters,making themmore likely to formnext to clathrin-coated pits.
Nevertheless, they are also able to form in the absence of clathrin-
coated pits.
Overall, the SALR model is very successful at mimicking the

basic physics of WASP–Nck membraneless organelles. It pro-
vides a clear mechanism for the equilibrium formation of pro-
tein aggregates with specific sizes and lifetimes, which agrees
accurately with other groups that have observed physiological ag-
gregation of proteins that interact strongly. The more commonly
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invoked mechanism of liquid–liquid phase separation cannot, by
itself, explain how size-limited protein aggregates formwith such
fine control. As polyvalent motifs and aggregation to form size-
limited clusters are common in biology, we suggest this model
can more generally be used as a way to describe the formation
and control of membraneless organelles.
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