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SHANK3 mutations are associated with a notable 1% of autism spectrum disorder (ASD). Due to the cost and time
associated with experimental polymorphism studies, in silico investigations are deemed a rational precursor to elucidate the
role of two mutations implicated in ASD, SHANK3 P141A and SHANK3 L270M. ASD is a complex neurological
condition with diverse clinical manifestations, encompassing challenges in social interaction, communication, and repetitive
behaviors. ASD is characterized by genetic heterogeneity, converging on a limited set of molecular pathways.
Synaptopathies are one of the common neuronal processes associated with ASD, involving altered glutamatergic that may
disrupt the excitatory and inhibitory equilibrium. SHANKS3 is pivotal as a scaffold protein connecting glutamate receptors to
the cytoskeleton, crucial for synaptic transmission within the post-synaptic density. We conducted a 200 ns molecular
dynamics simulation to explore SHANK3 P141A and SHANK3 L270M functional and structural consequences on the
SHANK3 protein. The P141A mutation significantly disrupted SHANK3 stabilization and caused a disturbance in
intramolecular connections between SPN and ARR domains. The alteration affected the aCaMKII binding as one of the
pivotal protein partners. On the contrary, the SHANK3 L270M mutation resulted in moderate stability conformation. The
findings underscore the intricate dynamics of SHANK3 mutations and their potential relevance to the ASD.
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Autism spectrum disorder (ASD) is a composite
heterogeneous neurodevelopmental condition
frequently characterized by a broad spectrum of
clinical manifestations, including impairments in social
and communicative interactions alongside restricted,
repetitive behaviors. The current prevalence of ASD
worldwide is estimated at 100/10,000'. A myriad of
genetic loci have been implicated in pathomechanisms
of ASD?; however, they converge to a few molecular
pathways that have been engaged in the neurobiology
of ASD’, Synaptopathies are one of the common
neuronal processes associated with ASD as a result of
genetic variations during early brain construction,
involved altered glutamatergic and GABAergic
neurotransmission that may disrupt the excitatory and
inhibitory equilibrium®. One pivotal protein that
plays a role within the post-synaptic density
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(a microstructure housing the neurotransmitter
reception system of excitatory synapses within the
brain) of glutamatergic neurons is SH3 and multiple
ankyrin repeat domains 3 structure (SHANK3)’; it
binds the cytoskeleton in neuronal cells to glutamate
receptors and  thereby plays crucial role
neurotransmission and integrity®. SHANK3 is present
in the cortex and hippocampus. However, it seems to
be dominantly expressed in the thalamus and
striatum’,located in chromosome 22q13.33. It consists
of five distinct domains involving the Shank/ProSAP
N-terminal domain (SPN), which constitutes one of the
essential domains of SHANK3, the SPN domain
adopts a conformation resembling a ubiquitin-like
(Ubl) domain analogous to Ras association domains;
consequently, previous investigations have
demonstrated that activated Ras and Rap proteins
exhibit heightened affinity for the SPN domain of
SHANK3". Moreover, the SPN region engages in
close intramolecular interactions with the Ankyrin
Repeat Region (ARR) or Ank domain, impeding
accessibility of o-Fodrin and Sharpin as known
interaction partners of the Ank repeat'’. Furthermore,
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the loop structure between SPN and ARR serves as a
specific site for the interaction with Ca*"/calmodulin-
dependent kinase Ila (CaMKIla), which partially
conceals the Ras binding site. CaMKlla, a crucial
element in synaptic plasticity and learning processes,
plays a pivotal role in decoding synaptic Ca®"
oscillations, regulating calcium levels, PSD integration,
and shaping the morphology of dendritic spines'. In
contrast, the SH3 domain connects with AMPARSs are
ionic channels that mediate fast synaptic transmission
across the neuron's cell membrane in response to the
neurotransmitter glutamate and contribute to processes
like learning and memory'”. Ultimately, within the
SHANK3 protein, a proline-rich region is situated
among the C-terminal SAM and PDZ domains",
as exhibited in (Fig. 1). A wide range of
neuropsychological and neurological developmental
conditions, including ASD, have been linked to
SHANK3 mutations'*. Significantly, a notable 1% of
individuals diagnosed with ASD exhibit diverse
mutations in the SHANKS3 gene, thereby classifying it
as a high-risk gene associated with ASD™". Owji
(2020)" discerned 29 deleterious missense variants
within the SHANK3 gene, wherein mutations such as
L47P, G54W, and G250D exhibited pronounced
destabilizing effects. Molecular dynamics simulations
were employed, revealing alterations in intramolecular
interactions and heightened fluctuations in residues 1—
350, particularly affecting the ARR functional domain.
The N-terminal portion of SHANK3 has been impacted
by multiple missense variants observed in ASD
patients'®. The relevance of these mutations concerning
SHANK3 function and the pathogenesis of ASD
remains unclear'”'®. These results underscore the
significance of further research on these mutations
within the context of SHANK3.

A recent investigation unveiled a novel SHANK3
missense mutation (L270M) situated within the ARR
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Fig. 1 — The domain architecture of SHANK3. The positions of
the N-terminal mutations subjected to MD simulation are
highlighted

domain, observed in individuals displaying an
ADHD-like phenotype. Functional analysis elucidated
that this mutation led to the loss of d-catenin binding
and disrupted intramolecular interactions, consequently
influencing neurodevelopmental pathology'”. An
experimental investigation involving two cohorts of
individuals with ASD identified the P141A mutation
and hypothesized that it plays a pivotal function in the
connection of SHANK3 to the membrane-associated
cytoskeleton'®"’. In addition, they have demonstrated
its impact on the colocalization of SHANK3 with
other postsynaptic density (PSD) proteins®and its
association with reduced induction and maturation of
dendritic spines'’. Noteworthy, the experimental
polymorphism research are cost-prohibitive and time-
consuming. In light of this, the computational
approach to analyzing functional mutations has been
thought to be a sensible strategy for comprehending
the structural and functional implications of these
polymorphisms and their impacts on the structure and
stability of the SHANK3 protein. To this end, our study
aims to investigate two mutations that have been found
in ASD patients, namely P141A and L270M mutants,
in comparison to SHANK3 WT using molecular
dynamics (MD) simulations to assess the stability of
SHANK3 WT, SHANK3 L270M and SHANK3
P141A structures by examining protein equilibrium,
flexibility, compactness, and intramolecular
interactions. Consequently, to gain insights into the
potential effects of deleterious mutation on the protein
binding sites implicated in neuronal transaction
associated with ASD pathogenesis.

Materials and Methods

Preparation of initial structures
SHANK3 protein

The SHANK3 structure, PDB ID 5G4X**"**, was
downloaded from the RCSB Protein Data Bank®**
and was utilized for molecular dynamics simulation.
Constructing the missense mutantsSHANK3 L270M and
SHANKS3 P141A

The primary structure of the SHANK3 L270M and
P141Amutants was constructed by altering the 3D
structure of the scaffold protein SHANK3 WT (PDB
ID: 5G4X). The Rotamer tool of the CHIMERA
software® was applied to generate SHANK3 L270M,
where Leucine was substituted with Methionine at
position 270 in the SHANK3. In contrast, SHANK3
P141A was constructed by substituting Proline with
Arginine at position 141 in the ARR domain of
SHANK3.
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Setup for Molecular Dynamics simulations

SHANK3 L270M, P141A, and SHANK3 wild type
(WT) systems were constructed for the MD
simulation utilizing ff99SBildn as a force field
parameter in the Leap module of the AMBER 14
software package”. The commonly used TIP3P water
model”” was applied as a solvent to explicitly stated
SHANK3 WT and SHANK3 L270M, P141A mutant
systems independently utilizing a buffer dimension of
10 A in a periodic cubic box. The charge of the
SHANK3 WT and the two SHANK3 L270M, P141A
mutants structures have been neutralized by the
addition of an adequate number of counter ions and
afterwards, undergoing a reduction of energy to
exclude the London dispersion force.

The molecular dynamics simulation adheres to a
consistent method comprising heating dynamics
followed by density, equilibrium, and production
dynamics. Initial structures were energy-minimized
for further Molecular Dynamics procedures. The
gradual heating of structures from 0 to 300 K
occurred under a constant volume (NVT) situation,
followed by the density approach. Equilibration was
accomplished under NPT conditions (300 K and
1 atm pressure) for one nanosecond. Visualization and
analysis of energy, temperature, and pressure
were undertaken to ensure correct equilibration, as
depicted in (Suppl. Fig. 1A-C) for SHANK3 WT, and
(Suppl. Fig. 2A-C) for SHANK3 L270M mutant, as
well as (Suppl. Fig. 3A-C) for SHANK3 PI141A
mutant. Subsequently, a 200 ns MD production run
for stabilized structures using the PME algorithm®**
with a time step of 2 fs. A threshold of 8 A addressed
nonbonding connections, whereas, electrostatic forces
were managed using the PME technique. The SHAKE
algorithm restricted all bonds*while temperature and
pressure were maintained stationary via the
Berendsen weak coupling algorithm mover the
simulation®®. Snapshots were taken through the
trajectory at intervals of 10 ns for further
investigations of each structure.

The PTRAJ and CPPTRAJ modules of
AmberTools 14 were applied to analyze molecular
dynamics trajectories of both the SHANK3 WT and
the two SHANK3 L270M, P141A mutants™ of
AmberTools 14. To evaluate the convergent behavior
of our structures, the RMSDs for SHANK3 WT and
the two SHANK3 L270M, P141A mutants have been
analyzed, wherein the initial MD system was
employed as the template for analysis.

Besides that, the three structures underwent
radius gyration, hydrophobic interactions, and
intramolecular distance analysis. The analysis of
intra-molecular hydrogen bonds was performed for
SHANK3 WT and the two SHANK3 L270M, P141A
mutants according to the potential donors (HD) and
acceptors (HA) of the protons. UCSF Chimera
software” was utilized to depict the 3D structure of
each system. The xmgrace plotting tools were applied
to generate the plots. The monitoring of pressure,
temperature, kinetic energy, total energy, and
potential energy, was systematically validated
throughout the simulation time for the SHANK3 WT
and the two SHANK3 L270M, P141A SHANK3
mutants systems.

The docking between the three structures,
SHANK3 WT and the two SHANK3 L270M, P141A
SHANK?3 mutants with protein partner aCaMKII, was
conducted using a ClusPro (protein-protein docking)
server’ ™, and the results were analyzed through the
PDBsum server".

Results and Discussion

The root mean square deviation (RMSD)

RMSD analysis of atomic distances was performed
over a 200 ns simulation period encompassing the
SHANK3 WT protein, along with the SHANK3
L270M and P141A mutants. This analysis provided
valuable insights into their = conformational
dynamics®. The RMSD of the SHANK3 WT protein
exhibited a gradual increase, marked by initial
fluctuations, followed by a notable transition around
3.9 A, ultimately stabilizing towards the conclusion of
the simulation (Fig. 2A). Conversely, the SHANK3
L270M mutant displayed a sudden increase in RMSD
with fluctuations, characterized by intense dynamic at
3.7 A, followed by a decrease in RMSD, then later
stabilized to the end of the simulation (Fig. 2C).
Similarly, the SHANK3 P141A mutant exhibited an
abrupt increase in RMSD, followed by fluctuations
and another impulse at 4.2 A, then a gradual increase
beyond 150 ns (Fig. 2E). These results suggest that
the SHANK3 WT and SHANK3 L270M mutant
could be slightly stable compared to the SHANK3
P141A mutant, which might have high structure
flexibility. To discern the domain that contributes to
these conformational changes, RMSD analyses were
conducted for the three domains SPN, ARR, and
Linker separately. Notably, RMSD traces restricted to
the SPN and ARR domains revealed the same pattern
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Fig. 2 — The plot of RMSD for (A) SHANK3 WT protein; (B)Three domains in SHANK3 WT; (C)SHANK3 L270M mutant; (D) Three
domains in SHANK3 L270M mutant; (E) SHANK3 P141A mutant; and (F) Three domains in SHANK3 P141A mutant

noticed for the SHANK3 WT protein (Fig. 2B). The
SHANK3 L270M mutant also revealed no significant
RMSD related to a specific domain (Fig. 2D). In
contrast, the SPN and Linker domains in the
SHANK3 Pl141A mutant revealed distinctively
increased fluctuations, suggesting their potential
involvement in constitutional modifications, as
exhibited in (Fig. 2F).

The root mean square fluctuation (RMSF)

The results of RMSF demonstrated slightly
increased conformational flexibility in the SHANK3
WT compared to the two mutants SHANK3 L270M
and P141A (Fig. 3A, C, and E), respectively.
Noteworthy was the flexibility observed in amino acid

residues corresponding to the SHANK3 SPN and
Linker domains in SHANK3 WT and the two
mutants, as depicted in (Fig. 3B, D, and F). Hence, it
can be inferred that the SPN and Linker domains may
possess functional significance owing to their
elevated RMSF values.

The radius of gyration (Rg) analysis

The radius of gyration (Rg) is a frequently
employed metric for assessing the spatial distribution
of atoms within a specific biological molecule,
measured from the principal center of gravity’®. The
radius of gyration is utilized to monitor changes in
structural compactness and folded over simulation
time. According to the Rg plots, the SHANK3 WT
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Fig. 3 — RMSF plots for the (A) SHANK3 WT protein; (B) Three domains in SHANK3 WT; (C) SHANK3 L270M mutant; (D) Three
domains in SHANK3 L270M mutant; (E) SHANK3 P141A mutant; and (F) Three domains in SHANK3 P141A mutant

protein disclosed lower values over time of the
simulation of 200 ns comparison to the L270M and
SHANKS3 P141A mutants, as exhibited in (Fig. 4A-C,
respectively). Notably, the SHANK3 P141A mutant
has the highest Rg values throughout the simulation;
therefore, theSHANK3 P141A mutant refers to a less
compact and unfolded state. Noteworthy, the
SHANK3 L270M mutation is positioned within the
hydrophobic part of the ARR domain without
displaying significant characteristics of an unfolding
state, as the majority of the interactions within the
SHANK3 N-terminal region remain preserved'”.

Observed reduction in o6-catenin binding which
contributed to the relatively milder ASD phenotype.
Thereby, the plausible interpretation from previous
study and our findings that the SHANK3 L270M
mutation subtly modifies the surface characteristics of
the ARR domain in a manner incompatible with &-
catenin binding. Herein, it is worth noting thatloss-of-
function mutations in the CTNND2 gene that encodes
d-catenin have been linked to an ADHD phenotype®’.
Consequently, further experimental investigations are
required to elucidate the impact of the SHANK3
L270M in ASD.
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Analysis of the distance between center of mass SPN and ARR
domains

The central point of mass distance between the
SPN-ARR domains of SHANK3 WT and the two
mutants SHANK3 L270M and P141A was assessed.
The distance between SPN-ARR in the SHANK3 WT
protein increased initially, followed by a sudden
reduction (Fig. 5A). Conversely, the SHANK3
L270M mutant exhibited an initial increase in
distance, gradually decreasing to a conserved state
between the two domains (Fig. 5B). In contrast, the
SHANK3 P141A mutant showed a continuous
increase in distance, suggesting an impact on domain
interactions and the potential open-up of the SPN-
ARR fold over time (Fig. 5C).
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Fig. 5 — The distance between SPN and ARR domains analysis
(A) SHANK3 WT protein; (B) SHANK3 L270M mutant; and
(C) SHANK3 P141A mutant

Intra-molecular hydrogen bond analysis

Intramolecular hydrogen bonds were quantified to
assess the proximity of all-atom interactions within
the SHANK3 WT protein and its two mutants,
SHANK3 L270M and P141A. These intramolecular
hydrogen bond contacts serve as pivotal metrics for
gauging the structural compactness within the distinct
domains of the SHANK3 WT protein. The results
revealed an increase in intra-molecular interactions in
the SHANK3 WT protein in comparison with the
SHANK3 L270M and SHANK3 P141A mutants, with
the lowest number of hydrogen bonds observed in the
SHANKS3 P141A mutant, as illustrated in (Fig. 6A1,
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B1, and Cl). Similarly, the SPN domain exhibited
higher disparities in the SHANK3 WT protein
compared to the SHANK3 L270M and SHANK3
P141A mutants (Fig. 6A2, B2, and C2). Furthermore,
the ARR domain displayed fewer intramolecular
hydrogen bonds in the SHANK3 P141A mutant than
in the SHANK3 WT protein and SHANK3 L270M
mutant, as depicted in (Fig. 6A4, B4, and C4).
Conversely, the Linker domain showed no significant
differences between the SHANK3 WT protein,
SHANK3 L270M, and SHANK3 P141A mutants, as
illustrated in (Fig. 6A3, B3, and C3).

Our findings indicated that the SHANK3 WT
protein has a heightened level of molecular
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interactions within the SPN and ARR regions, linking
to the overall stability of the protein and maintaining
a closed conformation, as shown previously in
(Fig. 4A). Conversely, the SHANK3 P141A mutant
knocked down the intramolecular connections
between SPN and ARR, consequently significantly
opening up the distance between SPN and ARR
regions, as depicted in (Fig. 5C). Numerous
investigations have been initiated to unravel the
functional importance of the intramolecular
connections between SPN and ARR*® and their
implications in the pathogenesis of ASD.

Recent reports have highlighted the involvement of
the linker domain connecting both regions, along with
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Fig. 6 — The intramolecular hydrogen bonds analysis (A1) SHANK3 WT protein; (A2) WT SPN domain; (A3) WT Linker domain;
(A4) WT ARR domain; (B1) SHANK3 L270M mutant; (B2) L270M SPN domain; (B3) L270M Linker domain; (B4) L270M ARR
domain; (C1) SHANK3 P141A mutant; (C2) P141A SPN domain; (C3) P141A Linker domain; and (C4) P141A ARR domain
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a segment of the SPN, in establishing a binding surface
for aCaMKII. This binding occurs in its inactive state,

non-phosphorylated, and requires a  closed
configuration of the SPN-ARR tandem'"".
Consequently, disrupting  the  intramolecular

interactions between SPN and ARR regions may
induce a conformational change in the Linker domain,
resulting in reduced affinity to aCaMKII. In agreement
with previously reported results'""’ our findings, as
seen from (Suppl. Table 1) and (Suppl. Figs 4A and
5A), indicated that the interaction between the
SHANK3 WT protein and aCaMKII exhibits higher
affinity in comparison to those predicted for
the SHANK3 PI41A mutant with aCaMKII
(see Suppl. Table 2 & Suppl. Figs 4B and 5B). Unlike
that, the SHANK3 L270M mutant has exhibited a
lower affinity, as seen in (Suppl. Figs 4C and 5C) as
well as (Suppl. Table 3). Hence, a plausible conjecture
regarding the SHANK3 L270M mutation arises from
its location within the ARR domain, which does not
constitute a binding site for aCaMKII.

Also, it should be noted that the distinctive
interaction between aCaMKII and SHANK3 plays a

pivotal role in instigating a specialized long-range
signaling pathway from the plasma cell membrane to
the nucleus, and this is true specifically for L-type
calcium channels (LTCCs). This signaling mechanism
is imperative for inducing activity-dependent
alterations in neuronal gene transcription during the
processes of memory and learning™. It was previously
reported in the literature that the disruption of
aCaMKII activity emerges as a prevalent process,
generating modifications to the structure of
glutamatergic and plasticity neuron function,
contributing to the pathogenesis of neurological
disorders™.

Conversely, an earlier research indicates that
intramolecular interaction prevents a-Fodrin to access
its location on the ARR domain in SHANK3 WT
while SHANK3 P141A significantly boosts the
connecting of a-Fodrin to SHANK3"*'. Considering
our findings, which indicate that SHANK3 P141A
disrupts the connections between SPN-ARR domains,
one may indicate a potential scenario in which the
open conformation facilitates o-Fodrin binding,
increases actin linkage and enhances integrin
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activation. Taken together, these mutants might
change the flexible conformation of SHANK3,
leading to an impairment of the capacity to coordinate
cytoskeletal aggregation and signaling dysregulation.
The physiological activity of the SHANKS3-actin
connection influences dendritic protrusion morphology
in neuron cells and ASD-related characteristics
in vivo®. Notably, SHANK3 loss-of-function mutations
have been associated with neurodevelopmental
diseases such as ASD".

Intermolecular hydrogen bonds analysis

The interaction between the SPN and ARR
domains was investigated through hydrogen bonds.
The findings revealed that the SHANK3 WT protein
exhibited more hydrogen bonds than the SHANKS3
L270M mutant and SHANK3 P141A mutant, as
shown in (Fig. 7A-C, respectively), indicating more
stability.

Secondary structure analysis

The Kabsch and Sander algorithm** within the
DSSP program was employed for secondary structure
analysis of the three structures of SHANK3 WT
protein and the two mutants, SHANK3 L270M and
P141A. The plots depicting the results for the
secondary structure analysis for the SHANK3 WT
protein are presented in (Fig. 8A)and the SHANK3
L270M mutant, as shown in (Fig. 9A), as well as for
the SHANK3 P141A mutant (Fig. 10A). In addition
(Suppl. Fig 6A-C) shows the secondary structure
SHANK3 WT protein for three domains and
SHANK3 L270M (Suppl. Fig 7A-C), and secondary
structure SHANK3 P141A for three domains as
illustrated in (Suppl. Fig 8A-C). The graphics
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Fig. 10 — Secondary structure analysis (A) SHANK3 PI141A mutant. Secondary structure probability score of residue index;

and (B) SHANK3 P141A mutant

represent the variability of secondary structure across
each residue as an indication of frame numbers. In
addition, the proportion content of individual
secondary structures in the SHANK3 WT protein,
SHANK3 L270M, and SHANK3 P141A mutants was
determined over their respective average structures
generated in 200 ns MD simulations, which were
carried out by using YASARA software*®*. The
findings indicate that the SHANK3 L270M mutant
and SHANK3 P141A mutant exhibit a higher helical
content than the SHANK3 WT protein do, as seen
from (Suppl. Table 4). We conducted an assessment
of the secondary structure probability assumed by the
SHANK3 WT and two variants, namely SHANK3

L270M and SHANK3 P141A mutants, employing
quantitative measures as a function of residue index,
as delineated in (Fig. 8B) for SHANK3 WT protein
and (Suppl. Fig 6D-F) for three domains (Fig. 9B)
presents the SHANK3 L270M mutant and (Suppl. Fig
7D-F) for three domains, as well as SHANK3 P141A
mutant as shown in (Fig. 10B) and (Suppl. Fig 8D-F).

Conclusion

In conclusion, our study extensively investigated
the role of SHANK3 P141A and SHANK3 L270M
mutants within the SHANK3 gene, particularly in the
N-terminal region. The SHANK3 P141A mutant
exhibited a significant impact, hindering the
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stabilization and folding of SHANK3, as well as
disrupting intramolecular interactions between SPN
and ARR, influencing its binding with aCaMKII,
which will have a significant impact on synaptic
functionality and might play a potential role in ASD.
In contrast, the SHANK3 L270M mutant exhibited a
moderate stability and lesser intramolecular hydrogen
bonding when compared to the SHANK3 WT mutant.
These findings emphasize the intricate dynamics of
SHANK3 mutations and suggest that their potential
contributions to neurodevelopmental disorders
such as ASD, warranting further computational and
experimental investigations to elucidate their precise
role in ASD pathogenesis.
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