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Abstract

The dynamics and organization of the actin cytoskeleton are crucial to many cellular events such 
as motility, polarization, cell shaping, and cell division. The intracellular and extracellular 
signaling associated with this cytoskeletal network is communicated through cell membranes. 
Hence the organization of membrane macromolecules and actin filament assembly are highly 
interdependent. Although the actin-membrane linkage is known to happen through many routes, 
the major class of interactions is through the direct interaction of actin-binding proteins with the 
lipid class containing poly-phosphatidylinositols (PPIs). Among the PPIs, phosphatidylinositol 
bisphosphate (PI(4,5)P2) acts as a significant factor controlling actin polymerization in the 
proximity of the membrane by binding to actin-associated proteins. The molecular interactions 
between these actin-binding proteins and the membrane lipids remain elusive. Here, using 
molecular modeling, analytical theory, and experimental methods, we investigate the binding of 
three different actin-binding proteins, mDia2, NWASP, and gelsolin, to membranes containing 
PI(4,5)P2 lipids. We perform molecular dynamics simulations on the protein-bilayer system and 
analyze the membrane binding in the form of hydrogen bonds and salt bridges at various PI(4,5)P2 

and cholesterol concentrations. Our experimental study with PI(4,5)P2-containing large 
unilamellar vesicles mimics the computational experiments. Using the multivalencies of the 
proteins obtained in molecular simulations and the cooperative binding mechanisms of the 
proteins, we also propose a multivalent binding model that predicts the actin filament distributions 
at various PI(4,5)P2 and protein concentrations.
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Introduction

The lipid composition of a membrane can alter the cell’s ability to carry out different 
biological functions.1 Phosphatidylinositol 4,5 bisphosphate (PI(4,5)P2) is a poly-
phosphoinositide (PPI) that constitutes 1% of the phospholipid content in the plasma 
membrane2 and is involved in fundamental signaling pathways that regulate cytoskeletal 
assembly3 and other cellular functions.4,5 Although PI(4,5)P2 is only a small portion of the 
total membrane, this phospholipid plays fundamental roles in cell biology. Numerous 
diseases are associated with defects in the enzymes regulating the metabolism of PI(4,5)P2 

and other PPIs. For example, cell transformation and the acquisition of invasive or metastatic 
phenotypes are often associated with defects in the kinases or phosphatases regulating 
transitions between PI(4,5)P2 and PI(3,4,5)P3.6–10 In contrast, mutations in phosphatases 
that degrade a different isomer, PI(3,4)P2, are associated with Charcot-Marie-Tooth 
neuropathies11 and amyotrophic lateral sclerosis (ALS).12,13 PPIs, mainly PI(4,5)P2,14,15 

regulate cytoskeletal assembly,3,16 which controls cell motility and other cellular functions 
that are abnormal in pathologic phenotypes.

Previous works have contributed to defining the effects of PPIs on protein function,17–23 and 
intracellular signaling related to cytoskeletal assembly3,16,21,24–27 and linked them to 
mechanisms of formation of functional domains of PPIs,1,28–32 with evidence of localized 
spatial enrichment of PPIs.31–34 The extensive use of mouse genetics to study PPI-dependent 
processes over the years has identified several murine genes that play essential roles in 
cytoskeletal dynamics and phosphoinositide metabolism.35–40 Despite this progress, the 
limited effectiveness of therapies targeting PPI-directed enzymes can be attributed to 
insufficient knowledge of the physical chemistry of PPIs and the factors that determine their 
spatial distribution within membranes. This spatial effect has a direct bearing on PI(4,5)P2’s 
ability to regulate the activity of numerous actin-binding proteins that regulate actin filament 
assembly and consequently affect cell integrity, shape, and membrane organization.41,42

PI(4,5)P2 interacts with numerous actin regulating proteins to either inhibit or drive actin 
filament assembly. Even though the average resting level of PI(4,5)P2 in mammalian cell 
membranes is 1%,34,43,44 PI(4,5)P2 is known to be distributed heterogeneously with 
concentrations in sequestered domains of PI(4,5)P2 reaching upwards of 80%.32,42,45 

Therefore, the sensitivity of protein binding to PI(4,5)P2 in the range well above the average 
concentration PI(4,5)P2 could be physiologically relevant, particularly to several processes 
involving cytoskeletal proteins.33,46

PI(4,5)P2/protein binding interfaces range from being highly specific to relatively non-
specific, and the structures of these proteins range in conservation and diversity.2 Some 
commonly known PI(4,5)P2 domains include PH domains found in a few actin-binding 
proteins but that are more prominent in proteins that have other functions. The ability of 
PI(4,5)P2 to regulate actin assembly at the membrane depends not only on PI(4,5)P2 

concentrations, but also its distribution and organization within the bilayer. Cholesterol is 
thought to have effects on PI(4,5)P2 clustering, and bilayer orientation could thereby 
indirectly mediate PI(4,5)P2/protein interactions. Experimental data have shown that 
cholesterol depletion leads to various effects such as decreased lateral mobility of membrane 
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proteins,47 decreased PI(4,5)P2/protein binding,48 delocalization of PI(4,5)P2,49 and 
disruption of PI(4,5)P2 hydrolysis.50 These findings are likely relevant to understanding the 
mechanism of diseases such as Alzheimer’s disease, Huntington’s disease, or Parkinson’s 
disease in which cholesterol is essential for neuronal physiology. Atomic-level detail of 
PI(4,5)P2 distribution and cholesterol-mediated PI(4,5)P2 intracellular regulation will 
provide insight linking molecular-level specificity to cytoskeletal assembly and dynamics.

Crystallographic studies have focused on structural characterizations of modular domains in 
signaling and trafficking proteins that recognize specific membrane phospholipids,44,51–56 

which have been significant contributors to current understanding of several membrane 
association domains such as PH domains,44,57 and to how these domains can play effector 
roles by altering phospholipid distribution and membrane morphology.43,58

In previous experiments,42 we have shown both computationally and experimentally that 
lipid composition, specifically PI(4,5)P2 concentration and cholesterol presence regulates 
the ability of PI(4,5)P2 to interact with two actin nucleation promoting proteins: the formin 
family member mammalian diaphanous-related 2 (mDia2) and neural Wiskott-Aldrich 
syndrome protein (NWASP).59 In this current study, we show how cholesterol and PI(4,5)P2 

distribution alter PI(4,5)P2/protein interactions with structurally unrelated proteins that 
regulate actin assembly. We chose to investigate three systems, namely, peptides derived 
from mDia2, NWASP, and gelsolin. PI(4,5)P2 activates mDia2 and NWASP to nucleate 
straight and branched actin filaments, respectively, but inhibits gelsolin’s ability to cap the 
fast-growing barbed end of F-actin or to sever the actin filament. mDia2, gelsolin, and 
NWASP each vary in PI(4,5)P2 binding motifs but contain basic residues that, therefore, can 
associate with the negatively charged head groups of PI(4,5)P2. Structurally, the PI(4,5)P2-
binding peptide of gelsolin contains the most hydrophobic residues, and NWASP contains 
the most positively charged residues.

Given the shortage of experimentally determined structures for peripherally bound 
membrane-associated proteins interacting with PI(4,5)P2, we have constructed molecular 
models of the proteins mentioned above and performed all-atom simulations studies to 
model how proteins bind to PI(4,5)P2 in membranes and how PI(4,5)P2 distribution alters its 
binding to these proteins. Since cholesterol is a likely critical factor in PI(4,5)P2 regulation, 
we undertook computational studies to investigate how changing the concentration of 
cholesterol in bilayers affects PI(4,5)P2 interactions with proteins. We performed modeling 
and experiments to study the effect of PI(4,5)P2 concentration on peptide binding. These 
simulations and experimental results provide us a better understanding of the effects of 
PI(4,5)P2 and cholesterol as regulators of actin dynamics.

Computational methods

A. The accession of gelsolin structure

A crystal structure that contains a PI(4,5)P2 and F-actin-binding site of gelsolin (residues 
150–169 with the sequence KHVVPNEVVVQRLFQVKGRR) was obtained from the 
protein data bank, PDB ID: 1SOL.
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B. Construction and validation of mDia2 and NWASP models

A basic amino acid region in mDia1, amino acids (AA 12–22), was revealed by previous co-
sedimentation assays to bind PI(4,5)P2.60 This basic amino acid cluster in mDia1 shares 
90% homology with the basic amino acid cluster in mDia2 (AA 25–40 with sequence 
RGCRESKMPRRKGPQH). The mDia2 (AA 25–40) sequence was employed in the Blast 
server in order to find a template crystal structure to construct a homology model. Human 
Cdc37 N-terminal domain, sharing 66% identity with the sequence of human mDia2 (AA 
25–40), was selected and aligned using the Clustal Omega Program. The sequences of 
human Cdc37 N-terminal and human mDia2 were obtained from Uniprot (accessions codes 
Q16543 and Q9NSV4, respectively).

Similarly, in NWASP, co-sedimentation assays studies showed that NWASP residues 186–
200 (sequence KEKKKGKAKKKRLTK) were sufficient to bind PI(4,5)P2

48 and there is 
currently no experimental structure of the PI(4,5)P2 binding region of NWASP. The Blast 
program was used to identify template crystal structure candidates to model NWASP. In 
order to obtain optimal sequence coverage of NWASP (AA 186–200), three proteins, PBD 
ID: 1JJ2, 1S72, 3DTP were selected as templates. These template proteins were aligned to 
NWASP (AA 186–200) and shared 75%, 75%, 82% with NWASP (AA 186–200), 
respectively.

Molecular models of NWASP (AA 186–200) and mDia2 (AA 25–40) were constructed 
using both homology modeling and ab initio methods. In order to create homology models, 
the alignments mentioned above, generated by Clustal Omega of mDia2 and NWASP were 
input into Modeller,61 and ten homology models of each peptide were constructed. To build 
ab initio models, NWASP and mDia2 peptide sequences were input to the web server 
Robetta.62 The discrete optimized protein energy score was used to select the top homology 
and ab initio models. The models are summarized in Fig. 1.

C. Preparation of peptides for bilayer binding

The top models of mDia2 and NWASP and the crystal structure of gelsolin were relaxed 
using all-atom molecular dynamics simulations using the GROMACS package and the 
CHARMM force field. PROCHECK and SWISS-MODEL SERVER were then employed to 
assess the quality of the resulting models. The top-scoring models were used for simulations 
of the peptide binding to the bilayers, and the models were visualized using PYMOL and 
Visual Molecular Dynamics (VMD).63

D. Molecular dynamics of gelsolin, mDia2, and NWASP with asymmetric bilayers 

containing varying amounts of PI(4,5)P2 and cholesterol

Molecular dynamics (MD) simulations have been a powerful tool in elucidating atomistic 
principles governing peripheral protein-membrane binding. We hypothesize that the 
structural and functional characteristics of each peptide and lipid composition moderate 
PI(4,5)P2 membrane interactions. We also hypothesize that cholesterol’s presence in bilayers 
can alter lipid organization that results in altered PI(4,5)P2 clustering and perturbed 
PI(4,5)P2 peptide interactions. To test these hypotheses, we have performed two replicate 
simulations for each protein at four separate conditions (24 total simulations), including 
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bilayers with 10%, 20%, or 30% PI(4,5)P2 interspersed with 20% cholesterol and the fourth 
condition with 20% PI(4,5)P2 and no cholesterol. The bilayer composition of each 
simulation is listed in Table 1. The outer leaflet in each bilayer contained 1-palmitoyl 2-
oleoyl phosphatidylcholine (POPC) and cholesterol (CHL). The inner leaflet of the bilayers 
contained PI(4,5)P2, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-
sn-glycero-3-phospho-L-serine (DOPS), and CHL. In order to account for the area change in 
varying PI(4,5)P2 and CHL concentrations, DOPE concentrations were adjusted to maintain 
the area, yielding a simulation box of ~62 nm2 for all the bilayers. By maintaining the total 
surface area in this way, we control for the expected effect of charge on the peptide binding 
affinity and thereby isolate the effect of cholesterol. Regarding PI(4,5)P2, we note that we 
use a charge of −4 with protonation at the 5-phosphate position, in line with the different 
pKa of the two phosphomonoesters.64 The precise characterization of the protonation state 
depends on both electrostatics and surface pressure, and these have a complex relationship.
28,65–67 The model for PI(4,5)P2 consists of 18:0/18:4 acyl chains.

All of the peptide/bilayer molecular simulations were performed using GROMACS version 
5.1.2 and the charmm36 force field for all standard protein and lipid parameters.68–70 Long-
ranged interactions were considered through the particle-mesh-Ewald method. Each peptide 
was placed on a pre-equilibrated 252 lipid bilayer within a 3 angstrom distance to a 
PI(4,5)P2 molecule. The bilayers were solvated with ~4946 water molecules and neutralized 
using 239 Na+ and 71 Cl− ions. All bond lengths were constrained using the linear constraint 
solver (LINCS). A time step of 2 fs was used in all simulations. Each system was simulated 
in the semi-isotropic NPT ensemble, with constant particle number N, normal pressure of 1 
atm, and constant temperature of 300 K. The resultant system was energy-minimized, and 
then the simulations were run for 150 ns. Each run of a simulation typically required 432 
hours of computing time on a 16-core CPU. Analysis of all simulations was performed using 
VMD and in-house analysis codes based on software shared online at http://
biophyscode.github.io. Snapshots of the central simulation cell are depicted in Fig. 2. We 
note that when PI(4,5)P2 is included, the peptides adhere and do not fall off the membrane 
for the period simulated. The time-frame of the simulation was not sufficient to compute 
residence times for this reason, but was sufficient for convergence of root-mean-squared 
deviation and hydrogen bond occupancies.

E. Multisite binding model and numerical simulations

To estimate the PI(4,5)P2 bound protein concentration we follow the proposed two-step 
reaction mechanism of formin in our previous work where the protein first binds to any 
membrane site (M) and then the bound protein can get activated depending on the PI(4,5)P2 

concentration in a Hill reaction.42 We use the notations F for mDia2, P for PI(4,5)P2, N for 
NWASP, and G for gelsolin. We can write the reactions for mDia2 as F + M ⇌ FM and 

FM+n1P FMPn1
 where Kfm =

[FM]

[F][M]
 and Kfp =

FMPn1

[FM][P]
n1

 are the association constants for 

the first and second reaction respectively. Similarly for NWASP: N + M ⇌ NM and 

NM+n2P NMPn2
 where Knm =

[NM]

[N][M]
 and Knp =

NMPn2

[NM][P]
n2

 are the association constants for 

the first and second reaction respectively and gelsolin: G + M ⇌ GM and 
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GM+n3P GMPn3
 where Kgm =

[GM]

[G][M]
 and Kgp =

GMPn3

[GM][P]
n3

 are the association constants for 

the first and second reaction respectively. For any association constant Kab with α = f, n or 

g, and β = m or p, Kαβ
d  represents corresponding dissociation constants in units of 

concentration. At equilibrium, the protein concentrations obey the following equations:

Kfm F tot − FM − FMPn1
M tot − FM − FMPn1

− NM − NMPn2
− GM − GMPn3

− FM = 0

Kfp FM P tot − n1 FMPn1
− n2 NMPn2

− n3 GMPn3

n1
− FMPn1

= 0

Knm N tot − NM − NMPn2
M tot − FM − FMPn1

− NM − NMPn2
− GM − GMPn3

− NM

= 0

Knp NM P tot  − n1 FMPn1
− n2 NMPn2

− n3 GMPn3

n2
− NMPn2

= 0

Kgm G tot − GM − GMPn3
M tot − FM − FMPn1

− NM − NMPn2
− GM − GMPn3

− GM

= 0

Kgp GM P tot  − n1 FMPn1
− n2 NMPn2

− n3 GMPn3

n3
− GMPn3

= 0,

where the subscript ‘tot’ represents the total concentration of proteins in the solution. 
Solving these equations numerically, we obtain the equilibrium concentrations of PI(4,5)P2 

bound proteins. The Hill coefficients n1 = 4, n2 = 5, and n3 = 4 are the multivalencies 
obtained from molecular simulations. The parameters for the binding constants for mDia2 
were obtained from our previous work,42 while those for NWASP were determined from the 
work of ref. 48. The data for gelsolin were not directly available. We note that the 
association with the membrane occurs through multiple sub-domains and in 3D, while the 
association with PI(4,5)P2 was considered only through the binding domain included in our 
molecular model and occurs on the 2D membrane surface. In general, the mapping of the 3D 
to the 2D binding will require a factor of volume to area ratio. However, in this work, all 
parameters are reported as the 3D equivalent; i.e., concentrations are always reported based 
on the total volume. These considerations help to rationalize why the membrane association 
constants have a larger apparent affinity compared to the association with PI(4,5)P2. The 
details of the numerical simulations are given in the ESI.†

†Electronic supplementary information (ESI) available: ESI methods. See DOI: 10.1039/d0sm00267d
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Experimental materials and methods

NWASP residues AA 186–200 (sequence KEKKKGKAKKKRLTK), mDia2 residues AA 
25–40 (sequence RGCRESKMPRRKGPQH) and gelsolin residues AA 150–169 (sequence 
KHVVPNEVVVQRLFQVKGRR) were purchased from the Lipopharm.pl, Gdańsk, Poland. 
We prepared PI(4,5)P2-containing large unilamellar vesicles (LUVs) that mimic 
computational experiments in order to test the PI(4,5)P2 concentration effect on the 
peptides’ interaction with LUV surfaces. LUV bilayers containing PI(4,5)P2 were prepared 
based on a known phase diagram for a ternary lipid mixture containing DOPC/DPPC/
dCHOL,71 as described in.59 The appropriate lipids were mixed in organic solution, the 
solvent was evaporated under a stream of N2, and the sample was kept under vacuum to 
remove solvent traces. LUVs were prepared from the solution containing lipids by 
subjecting them to 5 freeze/thaw cycles and then extruded using 100 nm pore size filters. 
The composition of the vesicles used in the experiments are (in mol%):

CHL:PI(4, 5)P2:DOPE:DOPS:POPC (0:20:55:25:0)

CHL:PI(4, 5)P2:DOPE:DOPS:POPC (20:10:47:23:0)

CHL:PI(4, 5)P2:DOPE:DOPS:POPC (20:20:40:20:0)

CHL:PI(4, 5)P2:DOPE:DOPS:POPC (20:30:33:17:0)

The hydrodynamic diameters of the LUVs, before and after adding different concentrations 
of peptides, were determined by dynamic light scattering using a DynaPro99 instrument 
(Wyatt, formerly Protein Solutions).72

Computational and experimental results

A. Molecular dynamics results

PI(4,5)P2 concentration affects protein interaction with the bilayer.—In order to 
decipher the atomistic details by which PI(4,5)P2 associates with actin-binding proteins of 
varying functional and structural properties we studied the truncated PI(4,5)P2 domains of 
gelsolin, mDia2, and NWASP on bilayer systems through all-atom molecular dynamics 
simulations. Bilayer systems contained 20% CHOL in both leaflets, POPC on the outer 
leaflet, and 10, 20, or 30% PI(4,5)P2 on the inner leaflet along with a PE and PS mixture 
adjusted to control the surface charge density across conditions. In order to measure the 
effect of cholesterol (CHOL), systems containing 0% CHOL with 20% PI(4,5)P2 were 
constructed as well. Fig. 2 illustrates a typical peptide adhered to a bilayer system containing 
20% PI(4,5)P2. We carried out 150 ns MD simulations for each system in replicates of two 
and measured the number of bonds between the protein and lipid with respect to time, see 
Fig. 3. We note that Fig. 3 establishes that our distributions are at steady-state and explicitly 
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show data in both replicates. This result motivates us to combine the data and look at the 
consolidated distributions. To further analyze the interactions, we constructed histograms of 
the salt bridges and hydrogen bonds formed between each type of lipid and the protein by 
combining the replicates in Fig. 4. The charts shown in Fig. 4 display the number of bonds 
observed between the protein and the lipids on the bilayer with respect to the percentage of 
the occurrence, labeled by each bilayer system condition; the results reveal that PI(4,5)P2 

concentration plays a significant role in the number of bonds formed between the protein 
and lipids in the bilayer for all three proteins.

Analysis of the gelsolin peptide (which contains 5 basic residues in its PI(4,5)P2 binding 
site) simulated on a bilayer containing 10% PI(4,5)P2 showed that 0–3 bonds were observed 
between gelsolin and PI(4,5)P2, in comparison to 1–6 and 0–10 bonds between and DOPS 
and DOPE, respectively. When the concentration of PI(4,5)P2 is increased to 20%, the 
number of observed bonds between gelsolin and PI(4,5)P2 increases to 1–6 bonds, 
preferentially 6 bonds. When PI(4,5)P2 concentration is further increased to 30%, gelsolin 
always makes 2–6 bonds with PI(4,5)P2, preferentially 4 bonds with less variation, and does 
not interact with DOPE for most of the duration of the simulation. Analysis of mDia2 on 
bilayers containing 10%, 20%, and 30% PI(4,5)P2 displayed an overall increase in the 
amount of bonds formed between mDia2 and PI(4,5)P2, 0–4, 2–6 and 2–6 bonds 
respectively. The number of bonds between mDia2 and PI(4,5)P2 did not show much of an 
increase from a 20% to a 30% PI(4,5)P2 contain bilayer, indicating that 20% PI(4,5)P2 

achieved saturation in binding.

Fig. 4 highlights two trends which are common to all three proteins, namely that the number 
of bound PI(4,5)P2 increases with concentration while the number of bound DOPE and 
DOPS decreases. For example, we find that the gelsolin peptide co-incubated with 10% 
PI(4,5)P2 has between zero and two bonds with that lipid, compared to a higher range of 1–6 
at the 20% condition. At the highest concentration of 30%, the peptide has a higher average 
number of bonds and a much tighter range of 3–5 lipids, suggesting more specific and 
persistent bonding. We see a corresponding dramatic decline in DOPS and DOPE binding at 
the highest condition, where there is a ceiling of 2 bound DOPS and 3 bound DOPE 
compared to a maximum of 9 bound DOPE observed at the 10% condition.

While each protein exhibits these trends, four factors distinguish them, including both the 
floor and ceiling in the number of bound PI(4,5)P2, the variability in the number of bonds, 
and the overlap between lipid types. For example, we see that even at the 10% PI(4,5)P2 

condition, the NWASP peptide always forms at least one bond with that lipid, while mDia2 
and gelsolin often have zero. NWASP is also capable of a higher degree of overlap. We see 
simultaneous bonding with many PI(4,5)P2 and DOPE at the 20% condition, however the 
DOPE bonds notably almost at the higher 30% condition in favor of PI(4,5)P2.

To summarize the relevant features of the distributions presented in Fig. 4, we have plotted 
the mean and standard deviation of the number of bonds for each condition and lipid type in 
Fig. 5. The top row pertains to the hypothesis that peptide binding varies with PI(4,5)P2 

concentration. We find an apparent concentration-dependent increase in PI(4,5)P2 binding 
with a commensurate decline in the preference for DOPE and DOPS. These plots show both 
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the floor, ceiling, and saturation point for each protein. We see that NWASP has a high floor 
and appears to monotonically increase its PI(4,5)P2 binding, while mDia2 and gelsolin 
saturate at 20% and a slightly lower average number of bonds.

In order to inspect the precise binding interfaces quantified by the histograms in Fig. 4, we 
have collected a series of representative snapshots of the simulations depicted in Fig. 6. 
These snapshots were taken from simulation frames containing the most common number of 
hydrogen bonds and salt bridges (the mode) from each replicate. They, therefore, represent 
the most typical lipid neighborhood that facilitates the bonds. We can glean some of the 
same common trends from these snapshots, namely that the presence of PI(4,5)P2 increases 
with concentration. The features which distinguish the peptides are also present, including 
the diverse set of lipids bound to NWASP at the 20% condition explained above. These 
images also highlight the dynamics in the structure of the peptide, which may generate the 
variability in the number and composition of lipid bonds.

The membrane cholesterol affects interactions of PI(4,5)P2-binding peptides 

with the bilayer.—The bond distributions and snapshots described in the previous section 
also include a comparison to the cholesterol-free condition at 20% PI(4,5)P2. Since we have 
controlled for the surface charge, this comparison isolates the effect of cholesterol on the 
binding. A comparison of the first and third columns in Fig. 4 indicates that simulations 
containing cholesterol include more peptide bonds with PI(4,5)P2 as well as less competing 
bonding to the other lipids. The most-representative snapshots in Fig. 6 likewise show a 
more-dense cluster of bound lipids when cholesterol is present. The summary statistics 
presented in the bottom row of Fig. 6 confirm this observation by showing that cholesterol-
free simulations have no lipid preference, while those with cholesterol show a clear 
preference for PI(4,5)P2 over DOPE and DOPS. These results also indicate that when 
compared to the other two proteins, NWASP is less sensitive to cholesterol. When 
cholesterol is present, NWASP is less selective for PI(4,5)P2 because it readily binds the 
other lipids as well.

We note that in this study, we have not explicitly quantified the clustering of PI(4,5)P2 

induced by the peptide binding due to small system sizes relevant to cluster formation. 
However, related studies reported recently have given insight into the mechanisms of 
nanocluster formation in PI(4,5)P2 containing bilayers using both theoretical and 
experimental approaches.73,74 The mechanism by which cholesterol influences and enhances 
the multivalency of peptide binding to PI(4,5)P2 is an open question. A direct effect of 
cholesterol is to induce phase separation into lipid-ordered (LO)/lipid-disordered (LD) 
phases. Under the current experimental conditions, we expect such a phase separation to 
occur.75 The phase separation has the effect of doubling the PI(4,5)P2 concentration as it 
distributes primarily in the LD phase. However, another effect of cholesterol also manifests 
by altering the PI(4,5)P2 distribution within the LD phase. In an earlier study focused on 
mDia2, we had ruled out specific interactions such as hydrogen bonding and had alluded to 
packing interactions (as quantified through the calculations of radial distribution functions) 
as the main driver;42 however, as future work, it would be insightful to pursue a more 
detailed study of the cholesterol mediated mechanisms of PI(4,5)P2 clustering.
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B. Experimental results

As shown in Fig. 7 interaction of the peptides from gelsolin (residue 150–169 with the 
sequence KHVVPNEVVVQRLFQVKGRR; panel A/B), mDia2 (AA 25–40 with sequence 
RGCRESKMPRRKGPQH; panel C/D) and NWASP residues 186–200 (sequence 
KEKKKGKAKKKRLTK E/F) with phospholipids organized in bilayer membranes caused 
changes in vesicle size. In this system peptide-LUV interaction involves association of 
variably amphipathic positively charged peptides with negatively charged membrane 
phospholipids that might result in a conformational change of the peptides, changes in 
membrane fluidity and membrane penetration followed by membrane aggregation or fusion. 
LUV aggregation is a fast process and usually 10–15 minutes is enough to reach its 
maximum. The three tested peptides caused LUV aggregation to different extents. Of the 
three peptides, the one from gelsolin has the strongest dependence on cholesterol, with 
vesicle aggregation strongly suppressed when the vesicles have 20% PI(4,5)P2 but no CHL 
(Fig. 7A). Vesicle aggregation also depends on the mole fraction of PI(4,5)P2 in the vesicle, 
but not monotonically, with 30% PI(4,5)P2 vesicles relatively resistant to aggregation, 
perhaps because the packing density is too high to permit the much larger gelsolin to fully 
bind all the lipids and neutralize the negative charge density. Alternatively, the high affinity 
of the peptides for PI(4,5)P2, and the tendency of PI(4,5)P2 to make micelles rather than 
bilayers at high mole fractions could lead to extraction of PI(4,5)P2 out of the LUVs by the 
peptides, rather than the peptides aggregating the LUVs as they do at lower PI(4,5)P2 mole 
fractions. mDia has somewhat higher apparent affinity to PI(4,5)P2 containing vesicles, and 
a similar dependence on cholesterol (Fig. 7B). NWASP has the highest apparent affinity for 
the vesicles, but little dependence on either cholesterol or PI(4,5)P2 mole fraction. The 
vesicle size assay cannot provide accurate binding constants, since multiple mechanisms 
determine vesicle aggregate size, but the qualitative differences of these three PI(4,5)P2 

binding sites on cholesterol clearly show that NWASP is less dependent on cholesterol than 
either gelsolin or mDia2.

Discussion and conclusions

Unravelling the cytoskeleton-membrane interaction is critical to understanding various 
cellular pathways, biochemical mechanisms, and disease progressions. In this study, we 
combine the methods of molecular modeling, analytical theory, and experimental techniques 
to decipher the biochemical mechanisms that alter the binding of cytoskeletal associated 
proteins with the membrane. Specifically, we focus on the interaction between three 
proteins-mDia2, NWASP, and gelsolin with cholesterol-containing membranes at various 
PI(4,5)P2 concentrations. We first constructed the molecular models for the proteins: for 
NWASP and mDia2, the models are constructed from both homology and ab initio methods, 
while for gelsolin, we obtained the crystal structure from the protein data bank. To simulate 
the binding of protein with the membrane, we relax the structures using all-atom molecular 
dynamics simulations. The resulting protein configurations are used to study the adhesion 
interaction of mDia2, NWASP, and gelsolin with asymmetric bilayers containing various 
amounts of PI(4,5)P2 and cholesterol using molecular dynamics. Our analysis of binding 
interactions in the form of hydrogen bonds and salt bridges between the proteins and the 
membrane lipids shows that PI(4,5)P2 concentration plays a significant role in the number of 
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bonds established between these proteins and the bilayer membrane. The simulation study 
by varying cholesterol concentration shows a significant increase in bond formation between 
the proteins and the PI(4,5)P2 in the presence of cholesterol, with NWASP being the least 
sensitive to changes in PI(4,5)P2 concentration.

The experimental study of binding interaction using vesicle size assay provides quantitative 
differences in binding of the three proteins with PI(4,5)P2 and in general agreement with 
simulation results. This study also suggests a lower dependence of NWASP-PI(4,5)P2 

binding on cholesterol concentration compared to the other two proteins, in agreement with 
the molecular dynamics simulations. A direct comparison of the modeling and experiments 
is possible with measurements of actin polymerization rate versus PI(4,5)P2 concentration as 
was reported for mDia2 in our previous study.42 Since these data are not available for the 
other two systems (NWASP and gelsolin), we utilize our theoretical model for multisite 
binding to describe how our results may translate across the three systems, as we describe 
below.

The multivalency of the actin-related proteins to the bilayer membrane in the presence of 
PI(4,5)P2 obtained from the molecular dynamics simulations and experiments allows us to 
propose a multivalent binding model that predicts actin distribution at given PI(4,5)P2 and 
protein concentration. The multivalent binding model utilizes reaction mechanisms based on 
the cooperative binding of actin-associated proteins proposed in our previous study and the 
binding information (multivalency of proteins) obtained from the current molecular 
dynamics study.42 Given the role of mDia2, NWASP, and gelsolin in actin filament 
assembly, this minimum model predicts the length distribution and branching of filaments at 
the membrane interface at various PI(4,5)P2 and protein concentration.

Knowing the concentration of PI(4,5)P2 bound proteins allows us to investigate the required 
concentration of each protein for various actin filament distributions through the formulation 
of a multisite binding model.76 Upon binding to PI(4,5)P2, mDia2 promotes linear actin 
polymerization, and NWASP promotes the branching of filaments. The free gelsolin in the 
solution (not bound to PI(4,5)P2) binds to the actin filament side or barbed end and promotes 
capping or severing of actin filaments. Hence an increase in PI(4,5)P2 bound gelsolin 
indicates an increase in linear filament formation. Here we examine four different filament 
configurations that are dependent on these PI(4,5)P2-protein interactions.

Long linear actin filaments

Fig. 8A shows the concentration of PI(4,5)P2 bound gelsolin and mDia2 in the first and 
second columns, respectively. These observations are made in the absence of NWASP. As 
the formation of long linear filaments requires a high concentration of PI(4,5)P2 bound 
mDia2 and gelsolin, and less free gelsolin, we use the product [mDia2]bound × 
[Gelsolin]bound, shown in the third column, as a measure of the presence of linear filaments. 
A higher value of this product indicates a higher probability of forming long filaments.

Long branched filaments

Fig. 8B shows the concentration of PI(4,5)P2 bound gelsolin and NWASP in the first and 
second columns, respectively. These observations are made in the absence of mDia2. As 
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long branched filaments require a high concentration of bound NWASP and gelsolin, and 
less free gelsolin, we compute the product [NWASP]bound × [Gelsolin]bound in the third 
column. A higher value of this product indicates a higher probability of forming long, 
branched filaments.

Short linear actin filaments

Fig. 8C shows the concentration of free gelsolin in the solution and PI(4,5)P2-bound mDia2 
in the first and second columns, respectively. These observations are made in the absence of 
NWASP. As short linear filaments require a high concentration of bound mDia2 and high 
free gelsolin in the solution, we compute the product [mDia2]bound × [Gelsolin]free in the 
third column. A higher value of this product indicates a higher probability of forming short 
linear actin filaments.

Short branched actin filaments

Fig. 8D shows the concentration of free gelsolin and PI(4,5)P2-bound mDia2 in the first and 
second columns, respectively. These observations are made in the absence of mDia2. As 
short branched filaments require a high concentration of bound mDia2 and free gelsolin, we 
compute the product [mDia2]bound × [Gelsolin]free in the third column. A higher value of 
this product indicates a higher probability of short branched filaments.

These results suggest a new understanding of the underlying mechanisms of peptide binding 
to the membrane and subsequent mechanisms of actin nucleation in a physiologically 
composed bilayer environment mediated by PI(4,5)P2 and cholesterol. A recent study 
reported that despite using different domains for lipid binding, cytoskeletal proteins 
associate with membranes through similar multivalent electrostatic interactions, but display 
enormous differences in the dynamics of membrane interactions and in the ranges of 
PI(4,5)P2 densities that they sense.77 Some proteins display transient, low-affinity 
interactions with PI(4,5)P2-rich membranes, whereas others reside on PI(4,5)P2-rich 
membranes for longer periods to perform their functions. Our multiscale model provides a 
quantitative framework to rationalize how the molecular interactions lead to PI(4,5)P2 

sensitivity and control of cytoskeletal assembly. In particular, the validation of the mapping 
of different modes of actin assembly described by our model is a good candidate for future 
experimental investigations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
The PI(4,5)P2 binding sites of gelsolin, mDia2, NWASP, require critical basic residues for 
PI(4,5)P2 association elucidated in Pymol v2.1 software. The basic residues are highlighted 
in the ball and stick representation. (A1) Schematic representation of gelsolin domain 
architecture. Black boxes represent the six gelsolin domains, abbreviated as G1-G6. 
PI(4,5)P2 binding sites are in blue; (A2), the crystal structure of the PI(4,5)P2 binding region 
of the gelsolin peptide: the basic residues are shown in the stick representation. (B) 
Schematic representation structure of NWASP domain architecture. Black boxes represent 
the 5 NWASP domains. The following abbreviations are introduced. EVH1: enabled-VASP 
homology domain 1, basic region: BD (blue), Pro: proline-rich sequence, V: verprolin a 
polybasic motif homology domain, connecting region, and A: acidic region. (B2), molecular 
model of the PI(4,5)P2 binding region of the NWASP peptide; the basic residues are shown 
in the stick representation. (C1) Schematic representation of the mDia2 domain architecture. 
Black boxes represent the eight mDia2 domains. The following abbreviations are introduced. 
GBD: GTPase-binding domain, DID: diaphanous-inhibitory domain, DD: dimerization 
domain, CC: coiled-coil region, FH: formin homology, DAD: diaphanous-auto-regulatory 
domain, and BD: N-terminal basic region (blue). (C2) Molecular model of the PI(4,5)P2 

binding region of the mDia2 peptide; the basic residues are shown in the stick 
representation.
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Fig. 2. 
Snapshots of a bilayer containing 20% PI(4,5)P2. Side and front views of the simulation cell. 
Lipids are rendered in a solid color, where POPC is gray, DOPS is green, DOPE is blue, 
PI(4,5)P2 is purple, and cholesterol is orange. The peptide structure is given in black along 
with an atomistic structure colored by atom type, in which nitrogen is red, oxygen is blue, 
carbon is cyan, and sulfur is yellow. We omit displaying the solvent (water) molecules.
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Fig. 3. 
Time series for the number of bound lipids from simulations containing cholesterol. The 
number of bonds includes both hydrogen bonds and salt bridges. Lipid types are denoted by 
color, PI(4,5)P2 in red, DOPS in blue, and DOPE in gray, with the total number marked with 
a black line. The rows include two replicates per condition, while the columns are organized 
by the peptide.
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Fig. 4. 
Stacked histograms of the number of hydrogen bonds and salt bridges between the peptides 
and each lipid type. The vertical axis shows the proportion of simulation frames that contain 
the number of bonds indicated on the horizontal axis. We count the union of both bond types 
so that each bond can be either a hydrogen bond or a salt bridge or both. The red bars 
indicate bonds formed with PI(4,5)P2, while grey represents those formed with DOPE, and 
blue represents those formed with DOPS. The histograms are stacked for clarity. We have 
included the “zero” category to express the proportion of simulation frames in which no 
lipids of a particular type are bound to the peptides. Therefore, each bar color sums to one. 
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The first and third columns identify the effect of cholesterol at 20% PI(4,5)P2, while 
columns 1–4 describe the effect of concentration of PIP2.
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Fig. 5. 
Multivalency summary statistics show the mean and standard deviation of bonds (the union 
of salt bridges and hydrogen bonds) depicted in Fig. 4. The top row shows the effect of 
concentration, while the bottom row depicts the effect of cholesterol at the 20% PI(4,5)P2 

condition. Lipids are separated by color, with PI(4,5)P2 in red, DOPS in blue, and DOPE in 
grey. We find that the total number of bonds and the selectivity for PI(4,5)P2 is sensitive to 
the concentration and presence of cholesterol. The error bars represent one standard 
deviation from the statistics collected over 200 ns of MD simulations across two replicates.
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Fig. 6. 
Snapshots of the most representative lipid configurations. These snapshots show all lipids 
within 5 Å of the protein. We select one representative frame from each replicate such that 
the frame includes the most common (mode) of the bonds tabulated in Fig. 4. Lipids are 
colored by type, with PI(4,5)P2 shown in purple, DOPS in green, and DOPE in blue (with 
one orange cholesterol molecule shown for NWASP). We see a larger number of bound 
PI(4,5)P2 (purple) with increasing concentration and fewer bonds with PI(4,5)P2 when 
cholesterol is absent.
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Fig. 7. 
Interaction of peptides from gelsolin (GSN), (panels A and B); mDia2 (panels C and D), and 
NWASP (panels E and F) with artificial bilayers of LUV membranes containing 20% 
PI(4,5)P2 and 20% PI(4,5)P2 with presence of cholesterol (left panels) or increasing 
concentration of PI(4,5)P2 (10–30%) with cholesterol (right panels). Error bars represent 
standard deviations (n = 3).
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Fig. 8. 
(A) Concentration of bound gelsolin and mDia2 as a function of PI(4,5)P2 and gelsolin in 

the absence of NWASP when [mDia2] = 2 μM, Kgm
d

= 100 μM, Kgp
d

= 5 μM, Kfm
d

= 0.017 μM, 

Kfp
d

= 10 μM and Mtot = 10. (B) Concentration of bound gelsolin and NWASP as a function 

of PI(4,5)P2 and gelsolin in the absence of mDia2 when [NWASP] = 2 μM, Kgm
d

= 100 μM, 

Kgp
d

= 5 μM, Knm
d

= 0.017 μM, Knp
d

= 3.07 μM and Mtot = 10. (C) Concentration of free 

gelsolin and bound mDia2 as a function of PI(4,5)P2 and gelsolin in the absence of NWASP 

when [mDia2] = 2 μM, Kgm
d

= 100 μM, Kgp
d

= 5 μM, Kfm
d

= 0.017 μM, Kfp
d

= 10 μM and Mtot = 
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10. (D) Concentration of free gelsolin and bound NWASP as a function of PI(4,5)P2 and 

gelsolin in the absence of mDia2 when [NWASP] = 2 μM, Kgm
d

= 100 μM, Kgp
d

= 5 μM, 

Knm
d

= 0.017 μM, Knp
d

= 3.07 μM and Mtot = 10. Detailed figure is given in ESI,† Fig. S3.
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Table 1

Summary of systems and simulation runs

Bilayer construction

Bilayer PIP2% CHL% DOPE% DOPS%

1 20 0 55 25

2 30 20 30 20

3 20 20 40 20

4 10 20 50 20

MD simulation run GROMACS-CHARMM36 force field

Run length Ns per day ff of atoms # water molecules #CPUS

150 ns 10 ns 65 699 3845 16–32
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