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Abstract

Vasodilator-stimulated phosphoprotein (VASP) family proteins play a crucial role in
mediating the actin network architecture in the cytoskeleton. The Ena/VASP homol-
ogy 2 (EVH2) domain in each of the four identical arms of the tetrameric VASP con-
sists of a loading poly-Pro region, a G-actin-binding domain (GAB), and an F-actin-
binding domain (FAB). Together, the poly-Pro, GAB, and FAB domains allow VASP to
bind to sides of actin filaments in a bundle, and recruit profilin-G-actin to proces-
sively elongate the filaments. The atomic resolution structure of the ternary complex,
consisting of the loading poly-Pro region and GAB domain of VASP with profilin—-
actin, has been solved over a decade ago; however, a detailed structure of the FAB-
F-actin complex has not been resolved to date. Experimental insights, based on
homology of the FAB domain with the C region of WASP, have been used to hypoth-
esize that the FAB domain binds to the cleft between subdomains 1 and 3 of F-actin.
Here, in order to develop our understanding of the VASP-actin complex, we first
augment known structural information about the GAB domain binding to actin with
the missing FAB domain-actin structure, which we predict using homology modeling
and docking simulations. In earlier work, we used mutagenesis and kinetic modeling
to study the role of domain-level binding-unbinding kinetics of Ena/VASP on actin
filaments in a bundle, specifically on the side of actin filaments. We further look at
the nature of the side-binding of the FAB domain of VASP at the atomistic level using
our predicted structure, and tabulate effective mutation sites on the FAB domain that
would disrupt the VASP-actin complex. We test the binding affinity of Ena with
mutated FAB domain using total internal reflection fluorescence microscopy experi-
ments. The binding affinity of VASP is affected significantly for the mutant, providing
additional support for our predicted structure.
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1 | INTRODUCTION

Actin filament network remodeling is important for many cellular pro-
cesses, such as migration and environment sensing. Among a number
of proteins that play a key role in mediating the filament network
assembly and growth are the enabled/vasodilator-stimulated phos-
phoprotein (Ena/VASP) family proteins. Ena/VASP acts as actin fila-
ment elongation factor that localizes to regions with diverse networks
undergoing dynamic filament remodeling (Krause et al, 2003).
Ena/VASP competes with capping protein (Chereau et al., 2005) for
barbed ends at the edge of lamellipodia to initiate filopodia and pro-
cessively elongate filaments to form bundles of the same length dur-
ing the maturation of filopodia (Applewhite et al., 2007; Barzik
et al., 2005; Bear et al., 2000, 2002; Faix & Rottner, 2006; Winkelman
et al., 2014). Although significant progress has been made, our under-
standing of the Ena/VASP mechanism is not complete. Understanding
this mechanism requires detailed information about the binding loca-
tions of different domains as well as important protein residues that
affect the binding affinity of the key proteins.

Ena/VASP proteins include Ena/VASP homology domain 1 (1-
113), polyproline region (118-216), Ena/VASP homology domain
2 consisting of G-actin-binding domain (224-238), F-actin-binding
domain (260-278), and coiled-coil region (337-373) (Figure 1).
Ena/VASP proteins consist of four identical arm, which are linked by a
coiled-coil domain. Each arm, in addition to the coiled-coil domain,
consists of the conserved Ena/VASP homology 1 and 2 (EVH1 and
EVH2) domains along with a central poly-proline-rich domain (Linda
J. Ball et al., 2002; L. J. Ball et al., 2000). The EVH1 domain enables
Ena/VASP to bind to numerous proteins, such as vinculin, lamellipo-
din, zyxin, palladin, and formin (Boukhelifa et al., 2004; Brindle
et al., 1996; Krause et al., 2004; Reinhard et al., 1995, 1996), while

the poly-proline-rich region enables binding to profilin along with the

EVH2
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FIGURE 1 Organization of Ena/VASP domains (upper image) and
cartoon showing Ena/VASP bound to a trailing barbed end of actin in
a fascin bundle (lower image). Ena/VASP domains include: Ena/VASP
homology domain 1 (EVH1), polyproline region (PPR), Ena/VASP
homology domain 2 (EVH2) consisting of G-actin-binding domain (G),
F-actin-binding domain (F), coiled-coil region (CC).

SH3 domains of other proteins (Ahern-Djamali et al., 1998; Ferron
et al., 2007; Hansen & Mullins, 2010). The proline-rich region consists
of three distinct poly-Pro sites that are conserved, the regulatory,
recruiting, and loading poly-Pro sites (Ferron et al., 2007). The EVH2
domain consists of the globular actin-binding (GAB) domain and the
filamentous actin-binding (FAB) domain, along with the C-terminal
coiled-coil (CC) domain that mediates tetramerization (Bachmann
et al., 1999; Ferron et al., 2007; Kuhnel et al., 2004; Walders-Harbeck
et al., 2002). The detailed structures of the EVH1 domain alone, the
CC domain alone, and the loading poly-Pro and GAB domains com-
plexed with profilin-actin have been determined (Ferron et al., 2007;
Kuhnel et al., 2004; Prehoda et al., 1999). The linker between the
poly-Pro and GAB domains is believed to be unstructured, and so is
the linker between GAB and FAB domains (Ferron et al., 2007). Fur-
thermore, it has been hypothesized that the FAB domain, due to its
homology with the C region of WASP, binds in the cleft between sub-
domains 1 and 3 of the actin subunit at the barbed end of the elongat-
ing filament (Ferron et al., 2007). However, these speculations have
not been tested due to lack of evidence.

Additionally, our previous work (Harker et al., 2019) highlighted
the roles of each of the GAB and FAB domains in efficiently and selec-
tively growing trailing filaments in a bundle. The poly-Pro and GAB
domains of Ena/VASP help recruit profilin-actin from the solution and
to transfer actin to the barbed end, where it is incorporated into the
filament. Meanwhile, the FAB domain plays a crucial role in localizing
Ena/VASP by facilitating binding to the sides of actin filaments. Our
total internal reflection fluorescence microscopy (TIRFM) experiments
with wild-type and mutant Ena suggested that the wild-type tetra-
meric structure provides an optimum balance between the availability
of Ena/VASP arms for recruiting profilin-actin from the solution and
the time that Ena/VASP remains bound on a trailing filament end. In
particular, we found that side-binding of the FAB domains to neigh-
boring actin filaments in a bundle helps it localize on trailing actin fila-
ments in the bundle. A molecular level understanding of the FAB
domain structure and its interactions with actin filaments would
therefore enable further progress in deciphering the mechanism of
formation of filopodia.

Recent findings on the critical role of Ena/VASP proteins in regu-
lating cytoskeleton network of the cells demonstrate the importance
of having a molecular level understanding of Ena/VASP structure and
its interactions with actin filaments. Abou-Ghali et al. revealed that
Ena/VASP enables polarized actin growth and motility induced by
Arp2/3 complex in the absence of capping proteins via collective
effects of surface recruitment, bundling activity, and elongation
enhancement, and show the importance of different VASP domains
on enabling surface polymerization (Abou-Ghali et al., 2020). Other
recent work showed that membrane protrusion dynamics can be mod-
ulated via interactions of VASP proteins with protein profilinl (Pfn1),
which in turn regulates cell motility (Gau et al., 2019). Furthermore,
Damiano-Guercio et al. investigated VASP-dependent changes in the
formation of protrusions and their effects on cell migration and adhe-
sion, and found that loss of VASP proteins disrupts lamellipodial archi-

tecture and reduces lamellipodial actin assembly (Damiano-Guercio
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et al., 2020). They also showed that loss of VASP proteins results in
impairment of integrin-mediated adhesion and causes changes in focal
adhesion morphologies. In another recent study, Arthur et al. revealed
that filopodia initiation in Dictyostelium cells requires VASP protein
activity in addition to cortical targeting of MyTH-FERM (MF) Myosin.
Their findings demonstrate VASP activities such as actin bundling and
polymerization enable MF Myosin activation and this cooperation
between the two proteins drives filopodia initiation (Arthur
et al., 2021). King et al. investigated the role of Ena/VASP in dorsal
vessel (DV) closure and found that loss of Ena impairs DV cell shape
and alignment by analyzing DV formation in Ena mutants. They con-
cluded that Ena/VASP enables DV closure by modulating actin cyto-
skeleton in late cardiac tube formation (King et al, 2021).
Visweshwaran et al. showed that dendritic cells rely on three distinct
actin nucleation mechanisms to create the actin dynamics that allow
efficient migration, while Ena/VASP is a key point of connection
between these nucleation pathways (Visweshwaran et al., 2022).
Migration of dendritic cells was demonstrated to be substantially hin-
dered in the absence of Ena/VASP proteins. Finally, a recent review
provides a comprehensive overview of the current understanding of
the molecular mechanisms of Ena/VASP-mediated actin filament
assembly, as well as recent findings on the role of Ena/VASP proteins
in the cell biological functions related to cell edge protrusion, migra-
tion, and adhesion (Faix & Rottner, 2022).

In this work, we use a combination of experiment and atomistic
molecular dynamics (MD) simulation in order to study the binding of a
single EVH2 domain at the barbed end of an actin filament with the
goal of testing certain speculations. Due to the limitations of both
the experimental and computational methods for determining binding
affinity of proteins, the MD and experiments here are performed in
conjunction with one another and the computational methods are
used to provide a basis for experimental investigations by predicting
effects of mutations on the binding affinity. We use ab initio homol-
ogy modeling to predict the structure of the linkers that are missing
from the detailed structure of loading poly-Pro and GAB domains of
human VASP complexed with profilin-actin (PDB entry 2PBD)
(Ferron et al., 2007). We further use template-based homology model-
ing and steered-MD simulations to generate the structure of the FAB
domain bound to the actin subunit at the barbed end of the filament.
We performed single-point mutation studies in the FAB domain to
alter actin-FAB interactions, guided by molecular dynamics simula-
tions, and verified using experiments performed using TIRFM, in order
to verify our predicted structure. Our study reveals key residues in
the FAB domain that play an important role in modulating side-
binding of Ena/VASP, thus providing additional insight into the bind-
ing mechanism of this actin-related protein. These findings provide
residue-level insight into the functioning of Ena/VASP and augment
our earlier domain-level understanding of its actin-binding kinetics.
Such detailed insights are essential, for example, for designing drugs
targeting predicted critical domains and residues in malfunctioned
Ena/VASP.

2 | RESULTS

21 | Construction of an initial structure for
Ena/VASP interacting with an Actin filament

The development of Artificial Intelligence-derived (Al-driven) struc-
ture prediction (i.e., AlphaFold [Jumper et al., 2021] and RoseTTAFold
[Baek et al., 2021]) presents a major advance in the ability to generate
protein structures quickly. Nonetheless, computational and experi-
mental efforts are still necessary to fully comprehend the underlying
mechanisms of a protein's functionality. Proteins exist in both stable,
low-energy states and transient, high-energy states. AlphaFold, while
capable of predicting a single structure of a protein, does not provide
any details regarding the state of the protein. Moreover, there are still
some challenges in predicting multi-protein components and binding
of small molecules (Moore et al., 2022). To mitigate these issues, vari-
ous efforts are underway to capture protein interactions, such as
AlphaFold Multimer (Evans et al., 2022).

Although the effectiveness of Al approaches in predicting native
protein structures is well established, our work focuses on a transient
state of proteins, specifically, the transition of an actin monomer from
the GAB domain to the barbed end of the elongating filament. Conse-
quently, we constructed our model, particularly the location of FAB
domain on the actin filament, based on the mechanism and structure
suggested by experimental findings (Ferron et al., 2007).

We built a model of Ena/VASP interacting with an actin filament,
by using a crystal structure of Ena/VASP in complex with G-actin
(PDB ID: 2PBD) as a starting point for the model (Ferron et al., 2007).
The crystal structure is a ternary complex composed of the loading
poly-Pro region and G-actin-binding (GAB) domain of Ena/VASP,
G-actin, and profilin (Figure 2a). Of the entire EVH2 domain, the PDB
structure is missing other poly-Pro regions, the FAB domain, the
coiled-coil domain, and two linkers: one connecting the poly-Pro site
with the GAB domain and another connecting the GAB domain FAB
domain. Of these, we excluded the coiled-coil domain and other poly-
Pro regions from this study on the grounds that they presumably do
not have any direct interactions with actin (Kuhnel et al., 2004). The
fact that linkers are missing in the crystal structure suggests that this
region of the protein should not be highly structured. On the other
hand, the FAB domain is likely structured and is believed to have a
specific binding site on the actin filament. We completed these three
parts of the EVH2 domain as follows:

First, the missing linker connecting the loading poly-Pro site and
GAB domain was generated by using MODELLER (Eswar et al., 2006;
Fiser et al., 2000) based on ab initio homology modeling (Figure 2b).
This new complex was placed at the barbed end of an Oda actin fila-
ment (Oda et al., 2009) composed of five subunits (actin 5-mer), by
superimposing and then substituting the G-actin in the complex with
the barbed end actin subunit (labeled A1 in Figure 2c). Our Oda 5-mer
actin filament was built as described for a 13-mer filament
(Pfaendtner et al., 2010; Saunders & Voth, 2011) by using the actin
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FIGURE 2 Stages of building all-atom structure of Ena/VASP
interacting with Oda actin filament. (a) a ternary complex composed
of the loading poly-Pro region (black) and G-actin-binding (GAB)
domain of Ena/VASP (purple), G-actin (gray) and profilin (cyan).

(b) Addition of a linker (orange) connecting GAB and the loading poly-
Pro. (c) Alignment of the ternary complex with an actin filament
composed of five actin subunits. (d) Modeling of FAB domain (pink)
interacting with the cleft between subdomains 1 (red) and 3 (green) of
the third actin subunit from the barbed end. (e) Structure of poly-Pro
(dark gray), GAB (purple), and FAB (pink) domains and the linkers
(orange) between them. (f) Structure of FAB (pink) interacting with
the cleft between subdomains 1 (red) and 3 (green) of an actin
subunit.

monomer from the Oda structure (PDB:2ZWH) (Oda et al., 2009). The
resulting complex captures the state right after the delivery of a
profilin-actin to the barbed end by the GAB domain of Ena/VASP
(Figure 2c).

We then generated the F-actin-binding (FAB) domain based on
template-based homology modeling by using C region of WASP

protein as a template (PDB ID: 3P8C—Chain D [Chen et al., 2010] via
SWISS-MODEL web server [Arnold et al., 2006; Kiefer et al., 2009]),
and connected the FAB domain to the GAB domain via a linker with a
length of 21 amino acids (residues 239-259, the sequence is
KQEEASGGPTAPKAESGRSGG) (Figure 2d,e). An exact binding site of
the FAB domain on the actin filament has not yet been determined,
whereas (Ferron et al., 2007) hypothesize that the FAB domain may
be interacting with the cleft between subdomain (SD) 1 and SD 3 of
the third actin subunit from the barbed end (actin subunit labeled A3
in Figure 2d) based on the known binding site of C region of WASP
protein on the actin filament as WASP and Ena/VASP are homologous
proteins (Chereau et al., 2005). Based on this hypothesis, we used
steered-MD simulations to dock the FAB domain near the actin fila-
ment. In order to support the validity of the built complex, we per-
formed protein-protein docking on our FAB-actin monomer
(A3) structure using HDOCK server (Yan et al., 2020). Hundreds of
models have been generated and scored. Our structure has been
assigned to the highest docking score as shown in Table S1.

The barbed end of an elongating actin filament is expected to
interact with two different arms of an Ena/VASP protein; therefore,
the second subunit from the barbed end is expected to be occupied
by another FAB domain. In this proposed mechanism, it is reasonable
to assume that the GAB domain bringing an incoming actin monomer
to the barbed end is located on the same side with the FAB domain as
there is a structural constraint due to a short linker between GAB and
FAB domains. Since we model a specific configuration where GAB
delivers a new actin subunit to the barbed end, the FAB domain is
expected to bind the third subunit due to the structural constraints.
On the other hand, the second subunit can be occupied by another
FAB domain from a different arm of Ena/VASP protein, which is not
included in our simulated structure.

The starting structure of Ena/VASP interacting with F-actin pen-
tamer for all-atom molecular dynamics (AA MD) simulations is shown
in Figure 2d. The modeled Ena/VASP structure consists of amino
acids from residue 204 to residue 280. After minimization, heating,
and equilibrium steps (see Materials and Methods for the details), AA
MD simulations were run for 200 ns.

2.2 | Mutations based on predicted structure

The structure predicted by our atomistic simulations consists of the
FAB domain placed between subdomains 1 and 3 of the actin subunit
A3 in the filament. In order to gain confidence in the predicted struc-
ture, we designed single-point mutations in the FAB domain, with the
idea that mutations that are based on important contacts between
FAB domain and actin in the predicted structure should alter the bind-
ing affinity of the FAB domain on actin. To obtain key contacts
between the two, we generated another 200-ns-long AA MD simula-
tion trajectory consisting of only the FAB domain of Ena/VASP inter-
acting with a tetrameric actin filament, with the initial structure
obtained from our AA MD simulations of the Ena/VASP interacting
with the pentameric actin filament. We analyzed the resulting
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FIGURE 3 Contacts between the FAB domain and actin (a) Number of contacts with actin subunit A3 for each residue in the FAB domain.
Brackets on the horizontal axis mark the residues forming the two helices. (b) Number of positively (blue) and negatively (red) charged residues of

actin in contact with each residue in the FAB domain.

TABLE 1 Effect of the mutation on - \
stability of the two helices in the FAB : 3 M’ & \ ¥ w -
domain based on 3.2 ns of MD » / > ® -
simulations. > ’
L é ’ 4 w L
L L( :
WT MET267GLU ASN268ARG ALA269ASP MET270GLU LEU271ASP
o 4 e
L (_1 I.Ag L L L&
ALA272ASP ARG273GLU ARG273ALA ARG275GLU ARG275ALA LYS276GLU

trajectory at the residue level using two approaches. In the first
approach, we calculated the average number of contacts (using a 12 A
cutoff distance, average computed over 25 ns) that each residue of
the FAB domain makes with the actin subunit A3 in these simulations.
The resulting average number of contacts (Figure 3a) clearly shows
that the two helically structured regions of the FAB domain have
higher number of contacts than the unstructured region
between them.

In the second approach, we calculated the average number of
positively and negatively charged residues on actin filaments (assum-
ing physiological pH) that are in contact with each residue of the FAB
domain. The resulting plot (Figure 3b) shows several key residues of
the FAB domain that are surrounded by a large number of charges on
the actin residues. We used these results to choose FAB residues for
mutation, as described in the following section.

Given the large number of charges on actin that surround sev-
eral residues of the FAB domain, we chose a number of residues in
the FAB domain (listed in Table 1) based on specific properties of
the residues (charge, polarity, hydrophobicity), and we then

mutated them to a residue that would result in a change in electro-
static interactions between the FAB domain and actin, using the
Mutator plugin in VMD (Humphrey et al., 1996). For each of these
mutants, we conducted a primary check for the stability of the
overall FAB domain structure. We ran a short 3.2 ns AA MD simula-
tion of the mutant FAB domain in water, in order to check the
effect of the mutation on stability of the two helices in the FAB
domain. If a mutation did not result in disruption of the helices
within 3.2 ns of MD simulations (ribbon structure (Frishman &
Argos, 1995) corresponding to last frame is shown in Table 1), we
continued with further analyzing the mutant. We found that 3.2ns is
long enough to determine whether the mutation results in stable heli-
ces, as some mutations cause an immediate disruption of the protein
structure due to variation in the ability of amino acids to form protein
secondary structures. Of the 11 mutants we considered, six passed
this primary check (visually stable helices, marked with a bold font in
Table 1) and were selected for subsequent analysis, comprised of AA
MD simulations of the mutant FAB domain interacting with an actin

filament.
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FIGURE 4 Root mean square displacement as a function of time
for the wild-type (WT) and mutant FAB domains interacting with an
actin filament.

In order to test the effect of each of the six mutants on binding of
the FAB domain on actin filament, we performed simulations of these
mutant FAB domains interacting with four subunit long actin fila-
ments. The initial structure for these simulations was obtained by
superimposing and replacing the FAB domain in the wild-type struc-
ture predicted by our AA MD simulations with the mutated FAB
domain. Thus, the initial structure for these simulations consisted of
the mutated FAB domain of VASP interacting with actin subunit A3,
similar to the wild type. The initial structure was then subject to mini-
mization, heating, and equilibration as described in the Methods sec-
tion. Production runs were performed to obtain a 200-ns-long
trajectory. After superimposing the C, atoms of all residues in the
actin filament from each frame with the initial structure at O ns as
the reference, the root mean square displacement (RMSD) of the C,
atoms of the FAB domain was calculated. The RMSD characterizes
the deviation, due to the mutation, from the initial structure predicted
by our AA MD simulations. The RMSD is an important metric to com-
pare the stability and functionality of protein structures in computa-
tional studies (Aydin et al., 2018; Baker et al., 2015; Doss et al., 2012).
The resulting RMSD for the wild-type FAB domain and the six
mutants is shown in Figure 4.

The wild-type FAB does not deviate significantly from its initial
structure within 200 ns, as indicated by a nearly flat RMSD close to
about 5 A, Similarly, the mutants ASN268ARG and ARG273ALA show
a minimal deviation from the initial structure. The mutants
LEU271ASP, ALA272ASP, and ARG275GLU show a steep increase in
the RMSD, which may be an indication of a weaker affinity of the
mutant FAB domain at the binding site of the WT FAB domain on
actin filament, although rebinding at alternative sites may still be pos-
sible at a longer timescale. Figure S1 shows the distance of each helix
from F-actin for these mutants. The mutant ARG275ALA shows a
delayed and yet significant increase in the RMSD within 200 ns.
Among these mutants, we select the mutant ARG275GLU for our
in vitro TIRFM experiments with Ena, with the expectation that the

corresponding mutation in Ena (ARG371GLU) would result in a
weaker binding affinity of the mutant Ena with actin filaments relative
to the wild type. Although the effect of mutations on the stability of
proteins has been extensively studied by the experiments, there are
various difficulties when introducing mutations to protein complexes.
For this reason, we selected the potentially most effective mutation,
which also shows a quick initial increase in RMSD but shows a mini-
mal effect on the secondary structure of FAB relative to the WT in
our simulation, for subsequent TIRFM experiments.

Our TIRFM data are shown in Figure 5. Representative TIRFM
images in Figure 5A qualitatively show the different extent to which
Ena coats actin filaments. Quantitative analysis of all TIRFM data
reveals that the mutant Ena binds about 6.5 times less compared to
the wild type (Figure 5B), in agreement with our expectation based on
Figure 4. Representative events showing Ena-mediated elongation of
the filaments also demonstrate the shorter residence time of mutant
Ena on the barbed end. Although fewer binding events with short res-
idence time are obtained with the mutant Ena, we still observe a mea-
surable fraction of events with residence time longer than 3s
(Figure 5D), confirming that the mutant Ena indeed binds with actin
filaments. Our TIRFM analysis clearly shows that the mutant Ena has
a significantly lower binding affinity toward actin compared to the
wild type. This behavior is consistent with our simulations that predict
a weaker interaction between the mutated FAB domain and actin fila-
ments, resulting in a weaker affinity of the mutant Ena for actin. In the
future, it will be important to investigate the activities of other
mutants, like R273A, to further validate our model predictions.

The importance of the side-binding structure in actin filament
interactions cannot be overstated, as it plays a crucial role in regulat-
ing actin dynamics and influencing the architecture of sub-cellular
structures (Pollard, 2016). While various proteins interact with actin
filaments, either at the ends or with the filaments, side-binding pro-
teins exhibit diverse functions, including myosin motors, cross-linkers,
bundlers, and severing proteins (Crevenna et al., 2015). Understanding
the intricacies of these interactions is essential for unraveling the
molecular composition and turnover of structures such as stress fibers
and filopodia within cells.

In our study, we focused on the Ena/VASP protein and its side-
binding FAB domain, utilizing a combination of computational
methods and experimental techniques. Our TIRFM data, presented in
Figure 5, illustrate the distinct binding characteristics of the wild-type
and mutant Ena proteins. Quantitative analysis revealed a significant
reduction in binding affinity for the mutant Ena compared to the wild
type, corroborating our computational predictions based on simula-
tions (Figure 4). The shorter residence time of the mutant Ena on the
barbed end further emphasized the weakened interaction between
the mutated FAB domain and actin filaments.

The broader context of actin filament interactions involves a
myriad of regulatory proteins, each contributing to specific cellular
functions. For instance, Arp2/3 complex, formins, and proteins with
tandem WH-2 domains play pivotal roles in initiating actin filament
polymerization, each regulated by nucleation-promoting factors in
distinct cellular contexts (Paul & Pollard, 2009; Rouiller et al., 2008).
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Mutation ARG371GLU within the FAB domain of Ena significantly reduces the ability of Ena to bind actin filaments.

(a) Representative two color TIRFM images of actin filaments (green) assembled in the presence of WT or mutant Ena (red) (scale bar = 5 um).
The concentration of Ena is 100 nM. (b) Quantification of Ena side-binding along actin filaments. The fraction of Ena colocalizing with actin
filament was determined by tracing actin filaments in the 488 channel and measuring the ratio of mean fluorescence of the trace between the
650 Ena channel and 488 actin channel. (c) Ena barbed end elongation events represented by montage images (scale bar = 2 um). (d) Analysis of
barbed end (BE) binding events. When the total length of filaments in the field of view reached ~40 um, filaments in the field of view were
tracked and BE events were quantified until the end of acquisition. WT had significantly more BE events than ARG371GLU and a majority of the
witnessed events resided for 3 or more seconds indicating the mutation within the FAB domain is altering the proteins actin filament affinity.

Severing proteins, exemplified by cofilin, contribute to filament
dynamics, influencing cellular processes such as motility and cytoki-
nesis (Galkin et al, 2011). Gelsolin family members, acting as
filament-severing and capping proteins, showcase the complexity of
regulatory mechanisms (Nag et al., 2013). Cross-linking proteins,
with their ability to stabilize higher-order structures, and filament-
binding proteins like tropomyosin, add another layer of complexity
to the intricate network of actin filament interactions (von der Ecken
et al., 2015). Understanding the detailed mechanisms of these pro-
teins is critical for unraveling the dynamic regulation of actin fila-
ments in cellular processes.

The FAB domain of Ena/VASP shares similarities with the C
region of WASP, suggesting a connection to the WH2 domain
(Chereau & Dominguez, 2006). Specifically, the GAB-FAB in

Ena/VASP is related to the WH2-C domain in WASP. WH2 domains
are frequently found in tandem repeats, which may suggest that GAB-
FAB and WH2-C could be viewed as special forms of tandem WH2
domains (Ferron et al., 2007). The GAB-FAB and WH2-C can have dif-
ferent functions in regulating actin filament dynamics (e.g. the GAB-
FAB plays role in filament elongation whereas WH2-C is important
for Arp2/3 activation). In contrast, other actin-binding proteins may
have distinct structural motifs and functions, such as cofilin, which
play a role in severing actin filament (Galkin et al., 2011).

In conclusion, this study not only deepens our understanding of
the Ena/VASP FAB domain's side-binding structure but also contextu-
alizes it within the broader landscape of actin-binding proteins. The
intricate interplay between various actin-binding proteins highlights

the complexity of cellular regulation, emphasizing the need for
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comprehensive investigations to understanding the molecular details

governing these interactions.

3 | CONCLUSIONS

In summary, we have used a combination of ab initio homology
modeling, steered-MD, and AA MD simulations in order to complete
the partially known structure of the EVH2 domain of Ena/VASP
bound to an actin filament. The FAB domain, which is responsible for
binding of the Ena/VASP to sides of actin filaments, is placed at its
potential binding site in the cleft between subdomains 1 and 3 of
F-actin.

AA MD simulations were further used to predict potential single-
point mutation in the FAB domain based on the contacts between the
FAB domain and F-actin, and TIRFM experiments were used to test
the effect of mutation on Ena's binding affinity on actin, confirming
the effects predicted from the lead computational predictions. Our
work provides significant evidence for the hypothesized FAB domain
binding site on an actin filament. More detailed future investigations
should include even more comprehensive mutation analysis aug-
mented by structure determination (e.g., cryo-EM if possible) with
additional AA MD simulations.

4 | METHODS

4.1 | AA simulations

The protein complex (Ena/VASP interacting with actin 5-mer) was sol-
vated by leaving enough distance in each direction in the simulation box
to prevent interactions of the protein with itself through periodic bound-
ary conditions during the MD simulations. All the residues of the protein
complex were modeled in their standard states of protonation at a pH
value of 7, and the N-termini of the actin subunits were acetylated.
0.18 M KCI was used to neutralize the systems, and then minimization,
heating, and equilibrium dynamics were run on the systems by using
NAMD (Phillips et al., 2005) with the Charmm27 force field with CMAP
corrections (Mackerell Jr. et al, 2004) to prepare them for production
runs. More specifically, the systems were first energy minimized by gradu-
ally releasing the restraints, and then, the temperature was incrementally
increased to 310 K over 200 ps in the heating phase while still restraining
the backbone atoms, ADP and the Mg2+ ion. Finally, the restraints were
gradually reduced from 10 kcal/mol/A? to 0.1 kcal/mol/A2 during the
equilibration phase spanning 400 ps. The all-atom MD simulation of the
Ena/VASP-actin system with unrestrained dynamics was run for 200 ns.

4.2 | Plasmid construction

The Ena mutant was constructed using a QuikChange site directed

mutagenesis kit from Agilent (no. 210519) to insert a point mutation

at amino acid residue 371 within the FAB domain of MBP-TEV-
SNAP-Ena (delta linker). Wild-type Ena was prepared previously
(Harker et al., 2019).

4.3 | Protein purification

Both the mutant and wild-type Ena were prepared as previously
described (Harker et al., 2019). The Ena constructs were labeled with
SNAP-Surface Alexa Fluor 647 (NEB S9136S). Actin was purified from
chicken skeletal muscle acetone powder made within the Kovar lab
and gel filtered over Sephacryl S300 beads (Sigma no. S300HR). The
gel-filtered monomeric actin was polymerized and labeled with Alexa
488 carboxylic acid succinimidyl ester on surface lysine residues (Life
technologies A20000).

44 | TIRFM

Slides and coverslips (25 x 75mm Fisher no. 12-544-4 &
24 x 30 mm Fisher no. 12-545-B) underwent a cleaning and etching
protocol and were coated with mPEG-silane (Creative PEGWorks
no. PLS-2011). Flow chambers were created using double-sided
tape. TIRF images were collected every 1s using a cellTIRF 4Line
system (Olympus, Center Valley, PA) fitted to an Olympus IX-71
microscope with through-the-objective TIRF illumination and an
iXon EMCCD camera (Andor Technology, Belfast, UK) (Harker
et al., 2019). Experiments were performed by mixing Ca-ATP-actin
(10% Alexa 488-actin) with magnesium exchange buffer (50 uM
MgCl,, 0.2 mM EGTA) and allowing the solution to incubate for
2 min. TIRF polymerization buffer (10 mM imidazole (pH 7.0),
50 mM KCI, 1 mM MgCI2, 1 mM EGTA, 50 mM DTT, 0.2 mM ATP,
50 mM CaCl2, 15 mM glucose, 20 mg/mL catalase, 100 mg/mL glu-
cose oxidase, and 0.5% (400 centipoise) methylcellulose), water, and
Ena constructs (either WT or ARG371GLU) were combined and
transferred to the actin solution after 2 min had expired. The com-
bined solutions were added to a flow chamber at room temperature

for imaging (Zimmermann et al., 2017).

4.5 | Protein binding calculations

Fluorescence intensity was measured by tracing individual Alex
488 actin filaments or filament bundles. Filament density between
movies was kept similar. Filament ROls were made, and the mean
fluorescence of the Alexa 488 actin and SNAP 647 Ena was mea-
sured using ImagelJ. Background fluorescence was subtracted by
creating separate ROls above or below the measured filament.
The ratio of mean fluorescence between the SNAP 647 Ena and
Alexa 488 actin was determined using the background subtracted
values. The average ratios (n = 3) were normalized (WT = 1) and
plotted.
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4.6 | Barbed end binding calculations

The experiments were performed with 1.5 uM 10% Alexa 488 Mg-
ATP actin and 2 nM SNAP-Ena 647 (WT or Mut) in order to see indi-
vidual Ena tetramers in solution. Barbed end binding events were
measured by manually tracking all filament barbed ends in the field of
view when the filament length of the TIRFM movie reached ~40 um.
Events are defined as SNAP-Ena 647 fluorescent dots that appear to
be associated with a filament barbed end. Events were only included
if Ena was present at the barbed end for 2 or more frames. Fluores-
cent dots that did not change position were assumed to be absorbed
to the glass and not included. The number of events for WT and Mut
was totaled and separated by events residing less than 3 s and events

occurring for 3 or more seconds.
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