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ABSTRACT: The WAVE regulatory complex (WRC) is a s~ - 101es ACR/WRC
heteropentamer necessary for the regulation of actin cytoskeleton. o | eanons

Genetic variants in components of the WRC have been associated ¢ : <os ssse0ss 5662044

with increased risk for neurodevelopmental disorders (NDDs), mﬁé X wo & e
including autism spectrum disorder (ASD). Some of the missense B i; ) gos ‘
variants associated with NDDs have been reported to cause W ) g

aberrant detachment of the WRC domain active C-terminal region LA £

(ACR). Using molecular dynamics simulations, we show that these o

e
[Y)

variants cause a similar increase in disorder in a specific helix of S WT RETC AdssP - Qr2sR

ACR as well as a decrease in ACR/WRC interactions, irrespective (O NDD-linked mutational sites Similarly destabilize ACR

of their position and chemical nature. These might assist ACR

detachment. We further demonstrate their impact on the large-scale motions of the complex. Taken together, these results do
suggest that different modifications associated with the NDD-associated variants converge on similar changes to the structural
dynamics of the WRC.

1. INTRODUCTION “inactive” conformation of WRC to the “active” one (in
which ACR is detached) has been show to occur without
binding events when CYFIP2 carries missense mutations
associated with NDDs (e.g., A455P, R87C, 1664M, E66SK,
D724H, and Q72SR) (Figure 1 and Table S1). [Other 12
variants in CYFIP2 (Tab S1) are associated with NDDs.”® The
Y108H variant aberrantly enhances the binding of Racl,"”
while the effect of the others is not known.]'” This aberrant
activation of the WRC may disrupt spine morphology,

Neurodevelopmental disorders (NDDs) make up a group of
conditions typically emerging during childhood and resulting
from alterations in brain development. Autism spectrum
disorder (ASD) is a clinically heterogeneous NDD charac-
terized by deficits in social communication and interaction, as
well as repetitive behavior/restricted interests.”> ASD affects
about 1% of individuals worldwide® and often requires lifelong

4 . . .
support.” NDDs, including ASD, have a strong genetic ) oy e 1850
component.5_7 Hundreds of risk genes for ASD have been excitatory/inhibitory balance, and/or neuronal excitability,

: . 9,21
identified by large-scale sequencing studies.” Among them are ultlmatebz leading  to ASD ar}d. othgr NDDs. The
genes encoding for regulators of the cytoskeleton,® ! pathological nature of mutations is investigated by sequence-

. . 22 23
including CYFIP2 (cytoplasmic FMRI-Interacting protein 2) gast;d methodls, H}Chtimg PtMtpT andt}l;/[ utP1.'ed(2 t;erver.s.
and NCKAPI (non-Catalytic region of tyrosine kinase oth servers classify the mutations as pathogenic (pathogenic

associated protein 1). These two genes encode core scores >0.5; Table 52).

Cryo-EM and X-ray studies have provided key insights into
comp onents of the WAVE regul.a tory complex (WRC), a the two conformations of the WCR.">'® In the inactive WCR,
highly conserved heteropentameric complex that regulates

actin remodelling. The WRC comprises an elongated the ACR has a well-defined secondary structure (four extended

. : 12,18 :
pseudosymmetric dimer formed by CYFIP1/2 and NCKAP1 ?Ail{cgs t}c}onj;lécl;ed by ltOOP;.S’ sethlgurte pth In lt he acdtl.\;e
and then a trimer consisting of ABI1/2/3, HSPC300, and » Hhe separates from the rest of Tie compiex and 1ts

WAVEL/2/3.12'3 WRC activation triggers actin remo delingH helices unfold to an intrinsically disordered region (Figure 1
(Figure 1 and Table S1), and this process is essential for brain

development and function, including synapse formation and Received: May 21, 2025
maturation.'>'® The activation requires the detachment of the Revised:  June 30, 2025
active C-terminal region (ACR) from the rest of WRC (Figure Accepted: July 2, 2025

1)."” In physiological processes, this is caused by the binding of Published: July 9, 2025

cellular partners (such as the GTPase Racl'®) to the complex
(Figure S1)."” Notably, the conversion from the initial,
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Figure 1. Schematic of WRC inactive form. The WRC consists of CYFIP2 (green), NCKAP1 (cyan), WAVEI (magenta), HSPC300 (yellow), and
ABI2 (peach). Subunits are displayed as surface representations, except for ACR (cartoon). The latter involves the aS and a6 helices, the functional
region (A loop and V and C helices), and loop links. The mutation sites discussed in the text are labeled. The model shown is a representative MD
structure, which is based on Alphafold3*® and an X-ray study."
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Figure 2. Alterations associated with the R87C (A,D), A4SSP (B,E), and Q72SR (C,F) mutations in the chemical environment at the mutated
sites. The models shown are representative MD structures (see Supporting Information (SI)). The color scheme is the same as in Figure 1.
Residues involved in the mutation and their interacting groups are represented in sticks. H-bonds and van der Waals interactions are described as
black and red dashed lines, respectively. Only the shortest van der Waals contacts are shown.

8

and Figure S1), whose structural determinants are not known. dynamic changes through the complex via allosteric path-

Some of the motifs in the ACR, including the A-loop, V- and ways'”*® and/or by modifying directly structural determi-
C-helices (VCA), can then bind and activate the Arp2/3 nants.'?
complex, leading to actin remodelling.”* The hallmark of this To gain insights into WRC aberrant activation, we perform

process is the formation of lamellipodia."®

How the six CYFIP2 NDD-linked missense variants affect
both states is not fully known. One of them (A4S5P) is located
internally to the protein, while the other five are located at the
ACR/CYFIP2 interface.’® Our earlier docking-based study
suggests that such variants alter the interactions at the

molecular dynamics (MD) simulations on three CYFIP2
mutants of the inactive form (A455P, R87C, and Q725R,
Figure 1 and Table S1) and compare them with MD
simulations of the wild-type (WT) complex. Specifically, for

each system we perform three independent 2-ys all-atom

interfaces relative to the complex.26 Several crucial questions replicas (Table S3—S5) and assess the impact on local
remain yet unanswered for all of these mutations, including chemical environments, the stability of subunit—subunit
how they produce a similar effect, i.e,, altering the functional interfaces, large-scale motions, and structural dynamics of the

state and activity of WRC by propagation of structural and ACR.
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Figure 3. The effect of R87C, A4S5P, and Q72SR mutations on the interactions between ACR and the rest of WRC. (A) ACR/WRC interfacial
areas. (B) Number of heavy-atom contacts within 5 A (Nc). (C—E) ANDF, values for the ACR residues. They range from —0.4 (blue) to +0.4
(red). The ACR is represented as a cartoon, the rest as a green surface. Data for the entire complex are shown in Figure S7.
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Figure 4. The effect of mutations on the motion correlation. (A) The motion correlation matrix for WT WRC and (B,D) the differences in motion
correlation matrices between variants (R87C, A455P, and Q725R) and the WT.
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2. RESULTS AND DISCUSSION

For each system, 4.5-us-long equilibrated trajectories are
pooled from the three 2-us-long replicas to perform analysis
(Figures S2—S4). No subunit dissociation or significant
unfolding is observed in all systems (Figure S5).

Positions Undergoing Mutations. In the WT WRC
(Figure 2A), (i) R87(CYFIP2) establishes an H-bond with
Y1S1(ACR) with a high occupancy (84%; Table S6). (ii)
A455(CYFIP2) (Figure 2B and Table S6) forms van der Waals
interactions with Y687 and Y690 (both CYFIP2). (iii)
Q725(CYFIP2) forms, at times (46%), an H-bond with
WI161(ACR) (Figure 2C and Table S6), as well as van der
Waals interactions with V531 and L535 (both ACR) (Figure
2C and Table S6). The mutated residues form van der Waals
interactions similar to those in the WT complex. However,
these mutations mostly disrupt the intersubunits H-bonds
(Figures 2D—F, Table S6) [However, R72S does form
intrasubunit H-bonds with E66S (CYFIP2) (Figure 2F).].
These conclusions are qualitatively similar to those obtained by
docking*

ACR/WRC Interface Contacts. The mutants show a
significant decrease (—17% to —12%) of the ACR/WRC
contact areas when compared with the WT WRC (Figure 3A).
The number of contacts (Nc) between non-hydrogen atoms in
the ACR/WRC interface decreases consistently (Figure 3B),
with ANc ranging from —19% to —13%. In contrast, all of the
other subunit/subunit interfaces show no specific trend
(changes from —7% to +4% and ANc spanning from —4%
to +3%, Figure S6). Thus, despite being in different parts of
the complex (Figure 1), the three mutations selectively weaken
ACR interactions with the rest of the complex without
significantly affecting the other contacts. This may facilitate
ACR detachment (Figures 1 and S1) even in the absence of
Racl."”

ARC Destabilization. The normalized distance fluctua-
tions score for residue i°”** (NDF,) provides information on
the correlation of the residue’s motion with the rest of the
protein. Positive scores of the difference between variants and
WT (ANDF;; variant minus WT) are associated with increased
disorder for the residue i.””~** The opposite holds true for
negative values. Most ACR residues in the ACR loops and the
C-helix exhibit small values of IANDF, (0.1 or less, Figure
3C—E), while the ANDF, of part of the V-helix (residues 514—
525, Figure 1) ranges between 0.11 and 0.27 for the three
mutants, suggesting that this segment may unfold more
efficiently than the WT upon mutations.”” > Some parts of
the a6 helix in the R87C and A4SSP variants are prone to
unfolding or stiffening, respectively. Similarly, the a5 helix
tends to unfold in R87C. The loop regions show variant-
dependent complex changes (Figure 3C—E). In summary, the
mutations appear to predominantly destabilize the V-helix,
while most parts of ACR, as well as the rest of the WRC, are
not primarily affected (Figure S7).

Large-Scale Motions. An analysis of the dynamic cross-
correlation matrix suggests a domain-dependent motion in the
WT complex (Figure 4A). ACR anticorrelates with the N-
terminal halves and correlates with the C-terminal halves of
other subunits, respectively (Figure 4A). The mutations alter
the motion correlation in a highly intricate (albeit rather
similar) manner (Figure 4B—D; Tables S7—S8): pairwise
comparisons of the variant-induced different motion correla-
tion matrices yield both cosine similarity and a Spearman

7402

correlation of approximately 0.5. The three largest eigenvectors
of the WT and variants, obtained by principal component
analysis, account for about 50% of the total motion (Figure
S8). Interestingly, they involve ACR in the WT, and more
extensively in the variants (20%, 33%, 22%, and 48%, for WT,
R87C, A455P, and Q725R WRC, respectively) [Also, a small
loop of NCKAPI in Figure S8 shows large-scale motions. Its
total contribution is 5% or less. The time scale investigated (6
us) affects the convergence of this result. Thus, we discuss
these findings only qualitatively]. Such larger-scale motions
may facilitate ACR detachment.

ASD-linked missense mutations can alter protein—protein
interactions (PPIs) up to 25%.**® Table S9 reports mutations
known to affect structure or affinity among PPIs in vitro. All of
them affect the binding of cellular partners via mechanisms
that remain to be fully elucidated.>*~** Our study provides a
new role of ASD-linked mutations, namely, to affect the
binding of two subunits, CYFIP2 and WAVE]I, within the same
complex.

3. CONCLUSION

We investigated the impact of three NDD-linked variants
(A455P, R87C, and Q725R) on the structural dynamics of the
WRC inactive form by biomolecular simulations. We focused
on the ACR, which undergoes conformational rearrangements
during aberrant activation of the variants.

The first mutation is internal, while the others are at the
ACR/CYFIP2 interface (Figure 1). All of them weaken the
interactions between the ACR and the rest of the WRC
(Figure 3A,B). This result could be expected by visual
inspection for the R87C and Q725R WRC as the mutations
directly affect the ACR/CYFIP2 interface (Figure 1),
consistent with cornputationszs’43 and GST pull-down experi-
ments.”' Indeed, they disrupt interfacial H-bonds with ACR at
the mutant sites while maintaining their van der Waals
interactions (Figure 2 and Table S6). However, it is intriguing
that subunit—subunit interactions are similarly affected by the
A455P mutation: here, the changes in interactions lead to an
allosteric change at the ACR/WRC surface, particularly the
ACR/CYFIP2 interface (Table S10).

Strikingly, all mutations increase the propensity for
unfolding in the V-helix of ACR (Figure 3C—E), besides
affecting helices aS, a6, and C to different extents. The
mutations also alter large-scale motions of the entire complex
by involving ACR more than WT WRC (Figure S8). Such
motions could play a role in ACR detachment from the rest of
the complex. The similarity of effects across the mutations
leads us to suggest that the way A455P can affect aberrant
WRC activation is similar to that of the other two variants."’

Our findings suggest that the R87C, Q725R, and A455P
mutations facilitate the detachment of ACR, even if interactors
such as Racl do not bind to the WRC. We suggest here that
the detachment occurs via an allosteric mechanism in the case
of A4SSP (Figures 1 and 3), and via destabilization of ACR/
CYFIP2 interactions in the case of R87C and Q72SR (Figures
2 and 3). The resulting aberrant activation of the WRC may
lead to deregulated downstream actin remodeling.'” Ulti-
mately, this process leads to synaptic and spine morphological
abnormalities,* resulting in NDDs, including ASD. 044

Based on these findings, we propose that ligands stabilizing
the ACR/CYFIP2 interface or the V-helix might assist the
restoration of normal WRC regulation for the mutants studied
here.
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