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Abstract

Actin cytoskeleton dynamics depend on a tight regulation of actin filament formation from an
intracellular pool of monomers, followed by their linkage to each other or to cell membranes,
followed by their depolymerization into a fresh pool of actin monomers. The ubiquitous
requirement for continuous actin remodeling that is necessary for many cellular functions is
orchestrated in large part by actin binding proteins whose affinity for actin is altered by inositol
phospholipids, most prominently PI(4,5)P2 (phosphatidylinositol 4,5bisphosphate). The kinetics
of P1(4,5)P2 synthesis and hydrolysis, its lateral distribution within the lipid bilayer, and
coincident detection of PI(4,5)P2 and another signal, all play a role in determining when and
where a particular PI(4,5)P2-regulated proteins is inactivated or activated to exert its effect on the
actin cytoskeleton. This review summarizes a range of models that have been developed to explain
how PI1(4,5)P2 might function in the complex chemical and structural environment of the cell
based on a combination of experiment and computational studies.
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Background and introduction.

It has been 35 years since the landmark report by Lassing and Lindberg that
phosphatidylinositol 4,5 bisphosphate [P1(4,5)P2], but not other lipids nor I1P3 the isolated
headgroup of P1(4,5)P2, was able to remove actin monomers bound to profilin and promote
their assembly to actin filaments (F-actin) [1, 2]. Since then, hundreds of different proteins,
many of them actin regulators, have been shown to bind PI(4,5)P2 [3-5] with similar affinity
and specificity as profilin, placing the primacy of profilin-actin binding in doubt as the major
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P1(4,5)P2-mediated control of actin assembly (Table 1). Even the mechanism by which
profilin exerts its control over actin is no longer generally considered to be the same as
studied by Lassing and Lindberg. When first discovered, profilin was reported to be a
monomer-sequestering agent that kept actin assembly suppressed, so release of it by
P1(4,5)P2 would lead to rapid actin assembly. Currently profilin is more often considered to
be a shuttle that carries actin to the barbed end of growing filaments, where, release by
P1(4,5)P2 might play an ancillary role, but is not required for the shuttling activity.
Nonetheless, the cellular effect of manipulating P1(4,5)P2 levels in cells is relatively clear:
increasing its production leads to a large increase in cellular Factin [6, 7] and decreasing
P1(4,5)P2 levels or sequestering it by overexpression of P1(4,5)P2 scavengers leads to
decreased actin assembly and detachment of the membrane from the interior cytoskeleton

[8].

P1(4,5)P2 constitutes only on the order of 1% of the total lipid in the plasma membrane, but
it is an important regulator of cytoskeletal and membrane dynamics [9-16]. Relevance of
P1(4,5)P2 to cytoskeletal assembly was first suggested by biochemical studies of its
interaction with actin binding proteins [17]. Subsequently, manipulation of enzymes
involved in P1(4,5)P2 production showed that increasing cellular P1(4,5)P2 levels massively
increased actin assembly [6] and stress fiber formation [7], whereas increasing P1(4,5)P2
degradation destabilized actin assembly [18, 19].

Pathophysiological consequence of altered PIP2-cytoskeleton interactions.

Expression of the phospholipase C beta PLCB3 hypomorphic variant in subjects with
syndromic autosomal recessive spondylometaphyseal dysplasia leads to elevated levels of
P1(4,5)P2 in patient fibroblasts, causing disorganization of the F-actin cytoskeleton [18]. On
the other hand, local decrease of host plasma membrane PI(4,5)P2 acompanied with
dissociation of ezrin and breakdown of the host cell actin cytoskeleton represents an egress
strategy of Plasmodium parasites infecting hepatocytes [20]. The enzymes PTPRN2 and
PLCbetal decrease plasma membrane P1(4,5)P2 concentration in metastatic breast cancer
cells, leading to release of the PI(4,5)P2-binding protein cofilin from its inactive membrane-
associated state into the cytoplasm where it accelerates actin turnover dynamics, thereby
enhancing cellular migration and metastatic capacity [21]. Polyunsaturated fatty acids (n-3
PUFA) decrease the amount of PI1(4,5)P2, in CD4(+) T cells and deplete the plasma
membrane non-raft PI1(4,5)P2 pool, leading to suppressed actin remodeling upon activation
of the cells [22].

In vitro evidence of control of actin assembly by PIP2.

Introduction of lipid vesicles containing P1(4,5)P2 or PI(3,4,5)P3 into a Xenopus egg extract
is sufficient to cause actin assembly at the vesicle that drives its motility through the extract
(Figure 1), whereas vesicles with Pl had no effect [23]. Such studies showed a requirement
for activators of the ARP2/3 complex including Cdc42 [23] and have identified many
proteins involved in actin assembly that are affected by P1(4,5)P2. In vitro studies have not
yet led to a clear understanding of how cellular PI(4,5)P2 distribution is controlled in the
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plasma membrane, or how the proteins it potentially regulates compete for this scarce
phospholipid.

Some cytoskeletal proteins bind P1(4,5)P2 by canonical PPI-binding motifs such as the
FERM domain [24] but very few contain PH domains, the most prominent P1(4,5)P2-
binding motif [25]. Most often, actin regulatory proteins bind P1(4,5)P2 using less structured
motifs that contain clusters of basic and hydrophobic amino acids [26] and are likely to
respond to changes in the local charge density and access to disordered acyl chains in the
bilayers. Such proteins include the Wiskott Aldrich Syndrome protein (WASP) superfamily
that promotes actin assembly by activating the nucleating Arp2/3 complex, gelsolin family
proteins, which sever and cap actin filaments to promote dynamic actin reorganization, and
formin family proteins that promote actin filament nucleation and elongation. Gelsolin lacks
traditional P1(4,5)P2 binding motifs and binds both the charged inositol headgroup and the
hydrophaobic acyl chains of P1(4,5)P2 [27-29]. N-WASP can bind several PI(4,5)P2
molecules via its polybasic domain and responds to small changes in P1(4,5)P2 surface
density [30]. Formins also appear to interact with P1(4,5)P2 and other acidic phospholipids
[31, 32] and PI1(3,5)P2 was found to be essential for targeting of formin to the cell cortex
[33].

A challenge in understanding how PPIs function /in vivo is the knowing the specificities and
contexts in which the large number of phosphoinositide (usually P1(4,5)P2) binding proteins
that have been well-characterized biochemically as high affinity ligands for these lipids
operate to regulate signaling. Measurement of P1(4,5)P2 diffusion shows that most of the
plasma membrane P1(4,5)P2 pool is bound or sequestered to some extent [34].

Specificity in PIP2-protein regulation.

Several different mechanisms have been proposed to explain how different P1(4,5)P2-
binding proteins are differentiated at the membrane interface. Here we briefly summarize
five of these ideas, based, respectively on coincident detection of P1(4,5)P2 plus another
membrane ligand; recruitment to the membrane by association with a lipid kinase; domain
formation in membranes containing P1(4,5)P2; kinetics of the protein-PI(4,5)P2 binding; and
curvature of the membrane containing P1(4,5)P2. A final section summarizes recent results
showing that many of the proteins that are regulated by PI(4,5)P2 are also regulated by
forces, suggesting that domain exposure or occlusion that occurs after binding P1(4,5)P2 can
also occur when biologically relevant forces are applied to the P1(4,5)P2-sensitive protein.

Coincident binding.

Among the best-studied examples of actin regulatory protein activation by multiple ligands
is the release of Wiskott Aldrich syndrome protein (WASP) and its homolog N-WASP from
an auto-inhibited state after binding P1(4,5)P2. Figure 2 shows that in its inactive state
WASP is a cytosolic protein in which multiple domains interact with each other to prevent
the binding of WASP to the ARP2/3 complex, which would activate its actin nucleation
activity. Mutation of a P1(4,5)P2 binding site in N-WASP reduced its actin nucleating
activity in cells [1], and addition of P1(4,5)P2 to an inactive complex of the N- and C-

Biochem Biophys Res Commun. Author manuscript; available in PMC 2019 November 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Janmey et al. Page 4

terminal domains of N-WASP dissociated them and restored the ARP2/3 activating function
of the C- terminal VCA domain [35]. The combination of P1(4,5)P2 and the GTPase Cdc42
produced greater nucleating activity and many subsequent studies have shown that binding
of Cdc42 to a domain of NWASP distinct from its P1(4,5)P2-binding site can itself partly
enhance the nucleating activity of N-WASP/ARP2/3 but the combination of Cdc42 and
P1(4,5)P2 is stronger than the effect of either ligand alone. More recent studies show that
Nck and other Src-homology domain containing proteins can also act in concert with
P1(4,5)P2 by binding to the proline-rich domain of N-WASP or WASP distinct from the site
to which Cdc42 binds [35-38].

Coincidence detection can also involve P1(4,5)P2 and another lipid. Multiple P1(4,5)P2-
regulated cytoskeletal proteins have more than one, usually polycationic, site that can bind
multiple acidic lipids. Figure 3 shows, for example, the structure of the membrane-binding
domain of vinculin, a protein that links actin to transmembrane adhesion complexes. A
combination of numerous structure data and computational modeling revealed that residues
in one folded domain of vinculin interact specifically with P1(4,5)P2, while residues in a
different domain simultaneously bind other acidic lipids, P1(4,5)P2 binding appears to be
required for vinculin activation and dimerization, but not necessarily for binding to focal
adhesions once activated [39-42].

Recruitment to the membrane by association with a lipid kinase.

An interesting variant of coincident activation that is proposed is that P1(4,5)P2 participates
in the localization of the actin-membrane linker talin to the plasma membrane followed by
its activation. Talin, like N-WASP is a multi-domain protein that is held in an inactive
cytosolic state by inhibitory interactions among its various domains. This auto-inhibition can
be relieved by PI1(4,5)P2 [43] to activate binding of talin to both the F-actin and the
transmembrane adhesion protein integrin. Talin also binds phosphatidylinositol 4-phosphate
5-kinase gamma (PIPKI-y2) once that enzyme is phosphorylated by AKT [44]. PIPKIy2
binds to the plasma membrane where it produces P1(4,5)P2 from its precursor PIP, and the
newly synthesized P1(4,5)P2 then binds to adjacent talin (Figure 4).

Domain formation in membranes containing PI(4,5)P2.

A major unresolved question is how PI1(4,5)P2 distributes laterally within the plasma
membrane and whether all P1(4,5)P2 molecules are equally effective at binding their targets.
From the first studies of profilin and gelsolin, it was clear that these proteins bound more
tightly to lipid micelles and bilayer vesicles that contained high mole fractions of P1(4,5)P2,
suggesting that local clustering of P1(4,5)P2 that formed domains enriched in local charge
density were important for the protein-lipid interaction [45]. The finding that IP3, the
headgroup of P1(4,5)P2 neither bound tightly nor displaced PI(4,5)P2 from these proteins
also suggested that unlike binding of pleckstrin homology domains or other PI(4,5)P2
binding motifs, the interaction of several cytoskeletal proteins involved more than just the
headgroup of a single PI(4,5)P2. Three different mechanisms have been shown to lead to
regulate the local concentration of P1(4,5)P2 on one leaflet of the bilayer. These include
sequestration of P1(4,5)P2 in the liquid disordered phase after cholesterol-dependent lipid
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demixing, formation of nanoscale domains highly enriched in P1(4,5)P2 driven by Ca?*[46,
47], and aggregation due to binding of peripheral membrane proteins with large polycationic
domains capable of binding multiple acidic lipids. Local demixing of P1(4,5)P2 can lead to
selective activation of some proteins even without a net increase in P1(4,5)P2 levels, as
shown by the effects of domain formation on the inhibition of gelsolin by P1(4,5)P2. When
P1(4,5)P2 is distributed evenly in mixed lipid vesicles at mole fractions below 10% the
vesicles have very weak ability to inactivate the F-actin severing activity of gelsolin.
However, when the lipids demix into liquid ordered and disordered domains, the inhibitory
activity of P1(4,5)P2 can increase by an order of magnitude (Figure 5). The demixing can
occur either by small changes in the lipid composition of the bilayer, for example by
increasing cholesterol, or by changing temperature to bring vesicles with identical lipid
compositions across the demixing phase transition [48]. A second example of P1(4,5)P2
clustering leading to enhanced activity of PI(4,5)P2 involve the local concentration of
P1(4,5)P2 by the cytoplasmic tail of the transmembrane protein receptor for hyaluronic acid
CDA44 (Figure 6). A combination of spectroscopic and biochemical studies shows that upon
binding PI(4,5)P2, the cytoplasmic tail of CD44 aggregates and brings together multiple
P1(4,5)P2s. As a result, the cytoskeletal protein ezrin, which is activated by P1(4,5)P2, binds
to the CD44/PI1(4,5)P2 aggregates and thereby links the actin cytoskeleton to HAenriched
extracellular matrices through CD44 receptors. An interesting conclusion of this study is that
ezrin and other ezrin related PI(4,5)P2-binding proteins bearing a FERM domain need not
bind CD44 directly to link actin the transmembrane protein. Instead the cluster of PI(4,5)P2
acts as the bridge between these two proteins [49].

Kinetics of the protein-PI(4,5)P2 binding.

A recent analysis of on and off rates of different P1(4,5)P2 regulated proteins showed large
differences in both the kinetics and affinity of proteins for PIP in membranes as well as
different effects of the proteins on PI(4,5)P2 lateral mobility in the membrane [50]. The
actin filament severing protein cofilin, for example, which is inhibited by a PI(4,5)P2 binds
rapidly and with relatively low affinity to a small number of PI(4,5)P2 molecules and does
not restrict the lateral diffusion of the phospholipids in the plasma membrane bilayer (Figure
7). In contrast, ERM proteins, which are activated by PI(4,5)P2 to link the actin network to
the plasma membrane might bind fewer lipids but prevent their lateral diffusion, consistent
with the mechanisms shown in Figures 3 and 4. The formin-class actin nucleator mDia
appears to be intermediate, with fast on rate and moderately higher affinity but with
sufficient dynamics to allow P1(4,5)P2 diffusion and release of formin from the membrane.
Such kinetics differences suggest that the type of P1(4,5)P2 binding protein recruited to the
membrane is influenced by the lateral diffusion of the lipid in the membrane, and that each
protein might create an environment that is either conducive or inhibitory to binding of other
proteins, depending on their binding kinetics and requirements to bind multiple P1(4,5)P2s
or other acidic lipids.

Curvature of the membrane containing PI(4,5)P2.

An intriguing idea based on a series of reports is that the type of actin nucleators recruited to
PIP-enriched areas of the membrane depends on membrane curvatures. Flat membranes,

Biochem Biophys Res Commun. Author manuscript; available in PMC 2019 November 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Janmey et al. Page 6

such as glass-supported lipid bilayers containing P1(4,5)P2 recruit primarily formins and
VASP to initiate formation of straight and bundles actin filaments similar to those in
filopodia as shown in Figure 8 [51]. In contrast, chemically similar vesicles or supported
bilayers attached to glass beads with micron or submicron diameters recruit primarily N-
WASP, Cdc42, and other factors involved in making branched actin networks [51-53] as
seen in the example in Figure 1. An interesting feature in the nucleation from curved
surfaces in Xenopus extracts is that if PI(4,5)P2 is the only inositol lipid in the membrane,
then activation of Cdc42 by transducer of Cdc42 activation-1 (toca-1), for example, is
essential for N-WASp/Arp2.3-mediated nucleation, but if PI(3,4,5)P3 is also present in the
membrane, then Cdc42 activation is no longer required [52]. Effects of P1(3,4,5)P3 on
sorting nexin 9 can also promote its stimulation of actin assembly by activation of N-Wasp/
Arp2.3 [52-54]. The requirement for high curvature suggests that the conformation of
P1(4,5)P2 or another phosphoinositide, which generally have larger headgroups than other
bilayer lipids [55, 56], might be more accessible to the proteins they regulate, as seen in the
large effect of submicron membrane curvature on the enzymatic acidity of P13-kinase [57].
Alternatively high curvature might alter the ionization state of P1(4,5)P2, as predicted from
the effects of lateral packing density on the net charge of PI(4,5)P2 and other inasitol lipids
[58].

Computational Investigations of Membrane Recognition of Actin Binding
and Associating Proteins

As discussed above, many globular domains of peripheral proteins bind to the specific lipid
headgroups presented on cellular membranes, and this binding is often tightly regulated.
Examples include pleckstrin homology (PH) and C2 domains, which are among the largest
domain families. Structural structures, binding studies and analyses of subcellular
localization have provided insight the features they recognize and the molecular mechanisms
they utilize for binding. Structural insights are available for C1, C2, PH, PX, and FYVE
domains, which specifically recognize single tightly regulated membrane components such
as diacylglycerol or phosphoinositides [59, 60]. A more complete description of the
molecular interactions between the protein and the membrane in this context is emerging
from studies reporting molecular dynamics simulations. Computational approaches to
investigate the molecular interactions and dynamics of a lipid recognition modules of the PH
domain on biological membranes have recently been reported. Using multiscale approaches
using combinations of atomistic and coarse-grained models yielded results comparable to
those of actual experiments; the studies revealed specific modes of interactions of PH
domains with membranes, and the observation of PIP clusters around the proteins [61].
Principles underlying regulation of the actin cytoskeleton by phosphoinositides were
addressed in a recent report using a combination of biochemical assays, biophysical
approaches, and molecular dynamics simulations to uncover the molecular principles by
which actin binding proteins interact with phosphoinositide-rich membranes. The study
concluded that despite using different domains for lipid binding, these proteins associate
with membranes through similar multivalent electrostatic interactions, without specific
binding pockets or penetration into the lipid bilayer. But strikingly, the results suggested that
these proteins display enormous differences in the dynamics of membrane interactions and
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in the ranges of phosphoinositide densities that they sense, which implies that control of
lipid composition and heterogeneity through signaling and biophysical mechanisms will
have a big impact on actin assembly. The study concluded that profilin and cofilin display
transient, low-affinity interactions with phosphoinositide-rich membranes, whereas F-actin
assembly factors mDia2 and N-WASP reside on phosphoinositide-rich membranes for
longer time periods and complement the experimental view on which Figure 7 is based [50].

The role of curvature originating from lipid composition and heterogeneity was recently
addressed through simulations of a complex asymmetric plasma membrane model, which
contained seven different lipids species including the glycolipid GM3 in the outer leaflet and
PIP2 in the inner leaflet. In these simulations the most striking feature was the formation of
nano-clusters of GM3 within the outer leaflet. Moreover, the dynamics revealed correlations
between curvature of the bilayer surface and clustering of lipid molecules [62]. Protein-
induced curvature on membranes have also been investigated in several computational
studies as reviewed in [63]. In curvature remodeling proteins (CRPs), while electrostatic
interactions coupled with perturbation of bilayer structure has been shown to induce
curvature, other mechanisms such as molecular crowding [2] as well as manipulation of
membrane undulations can also lead to stable induction of membrane curvature [64].
Multiscale methodologies to model CRPs at the molecular as well as at the mesoscopic and
cellular scales including a free energy perspective of membrane remodeling through the
organization and assembly of CRPs is described in [2]. Since several CRPs can
simultaneously function as localizers of actin binding proteins and sensors of membrane
curvature and tension [65], collectively these theoretical studies compliment the
experimental literature to rationalize the effects of mechanics and curvature on protein-
membrane recognition.

PIP2 and mechanical stress.

Several cytoskeletal regulators shown to be activated by the altered tension that arises when
cells are grown on stiff substrates, or that respond to cortical tension, are also activated by
PPIs in the absence of force. These proteins include talin [66], alpha-actinin [42], and
vinculin [42, 67] which localize to focal adhesions and ezrin, a protein immediately
downstream of CD44 [68]. A variety of cellular functions such as matility, cell division, and
endocytosis are controlled by plasma membrane tension, which is dominated by the
attachment of the actin cortex to the inner leaflet of the plasma membrane. In MDCK 11 cells
a substantial stiffening of cells and an increase in membrane tension was observed upon
microinjection of P1(4,5)P2 micelles, but weakening of linkage between plasma membrane
and actin-cortex was observed by ezrin siRNA and administration of neomycin [69]. The
actin nucleators N-WASP [70] and formins [32, 71] also respond to mechanical stress that
leads to increased actin assembly.

All of these proteins are autoinhibited by interactions between distinctly folded domains in
their tertiary or quaternary structure. A reasonable hypothesis is that autoinhibition can be
relieved either by competitive binding or allosteric effects caused by P1(4,5)P2 that release
the inhibitory interactions, or by forces applied to distal ends of the proteins that would also
destabilize the inhibitory interactions. The distinct effects of force and P1(4,5)P2 could act in
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combination to promote P1(4,5)P2 binding at sites of mechanical stress, or alternatively
reduce the stress required for activation if PI1(4,5)P2 is also bound. The ability of P1(4,5)P2
or other inositol lipids to mimic or reproduce the actin-polymerization and focal adhesion
growth at sites of mechanical stress is consistent with the finding that disruption of
P1(3,4,5)P3 synthesis leads to rapid loss of actin bundles and focal adhesions in cells grown
on soft gels containing both the CD44 ligand hyaluronan, and an integrin ligand, but has
little effect on cells bound to rigid substrates where mechanical stresses alone might be
sufficient to maintain actin and focal adhesion assembly [72]. Whether this partnership of
mechanical stress and phosphoinositide signaling is a significant biological regulator of the
actin cytoskeleton remains to be seen.
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Highlights:

. P1(4,5)P2 synthesis and its lateral distribution within the lipid bilayer play a
role in determining when and where a particular P1(4,5)P2-regulated protein
is inactivated or activated to exert its effect on the actin cytoskeleton
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Figure 1.
Pyrene-actin fluorescence after adding vesicles containing PPIs to Xenopus egg extract, and

labeled actin comet tail at base of PPI-containing vesicle. From [1].
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Figure 2.
Coincident activation of WASP/N-WASP by P1(4,5)P2 and either small GTPases or Nck.

ARP2/3 activators related to Wiskott-Aldrich syndrome protein (WASP) are multiple
domain proteins that in solution are auto-inhibited due to multiple inter-domain interactions
that prevent activation of Arp2/3. The small GTPases Racl or Cdc42 activate the nucleation
activity of Apr2/3 in the presence of specific WASP family members by binding to their
GBD domains. Alternatively, some WASP variants can be activated by the multiple Src
homology domains in the protein NCK binding the proline-rich domain. The extent of
Arp2/3 activation and the resulting rate of actin polymerization are strongly augmented by
the coincident binding of P1(4,5)P2 along with either of the protein activators.
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Figure 3.
Docking of vinculin to the plasma membrane through interactions with a lipid domain

enriched in P1(4,5)P2 and a separate region with other acidic lipids, usually
phosphatidylserine. From [3].
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Figure 4.
The lipid kinase PIPKIyi2, is activated by phosphorylation to bind talin in the cytosol and

then it is recruited to the plasma membrane where it phosphorylates PI1(4)P to P1(4,5)2. Talin
is then activated by newly synthesized P1(4,5)P2 which relieves the intramolecular inhibition
of talin, to enable both its actin binding and binding to the cytoplasmic tail of p-integrins.
From [6].
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Figure 5.
Gelsolin’s severing activity is inhibited better when P1(4,5)P2 partitions into liquid

disordered phase.
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Figure 6.
A schematic diagram showing how binding of CD44 to P1(4,5)P2 leads to cluster formation

and subsequent recruitment and activation of ezrin at the membrane. From [2].
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Figure 7.

A range of kinetic and equilibrium constant characterize the binding of different cytoskeletal

proteins to PIP2, resulting in different dependencies on lipid clustering and different effects
of lipid lateral mobility. From [5].
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Figure 8.
Predominantly long straight F-actin nucleated by formins in a Xenopus extract at a flat

membrane containing PIP2. From [4].
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Table 1.

Actin binding proteins regulated by P1(4,5)P,.

Page 23

Protein P1(4,5)P2 binding domain P1(4,5)P2 effect References
Alpha-actinin TAPYRNVNIQNFHLSWK[73] stimulates gelation of F-actin and decreases its [42, 73-75]
proteolysis
Gelsolin two or more distinct 10-20 amino acid sequences inhibits severing and capping of actin filaments [27-29, 48, 76,
including QRLFQKRGG to prevent disassembly 77
ezrin within N-terminal (1-309) part, amino acids 12-115 targeting to membrane and activation of actin [78-82]
and 233-310. binding
Profilin Short sequence centered on Arg88 release profilin from G-actin would lead to rapid [1, 2, 83]
actin assembly
Cofilin WAPECAPLKSKM inhibits severing activity [21].
Formins basic domain of mDia promotes actin filament nucleation and [31, 32, 84]
elongation
Talin cationic site in FERM domain localization to the plasma membrane followed [43, 85]
by its activation.
Vinculin multiple polycationic sites that can bind different links actin to transmembrane adhesion [42]
acidic lipids complexes.
Filamin FTRWCNEHLKCVSKRIANLQTDL inhibits actin gelation activity [86, 87]
WASP polybasic domain releases N-WASP from an auto-inhibited state to [30]

promote actin assembly by activating the
nucleating Arp2/3 complex;
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