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Abstract: Autism spectrum disorder (ASD) is a complicated neurological condition. The genetic
factors implicated in ASD have included a variety of loci that converge on neurological pathways,
mainly excitatory synapses. SHANKS3, a crucial protein in post-synaptic neuron cells, has been linked
to ASD through mutations in the N-terminal, substantially the SPN domain. Our study aims to evaluate
the influence of the E71S mutation on SHANKS, assessing its dynamics, stability, flexibility, and
compactness compared to the SHANK3 WT. We employed molecular dynamics simulations to
investigate the structural dynamics of both SHANK3 WT and the E71S mutant. Simulation steps
encompassed heating dynamics, density equilibration, and production, followed by trajectory analysis,
including RMSD, RMSF, Rg, B-factor, hydrogen bond interactions, and changes in secondary structure.
The simulations unveiled that the E71S mutation perturbs the stability and folding of SHANKS3, leading
to the disturbance of intramolecular contacts between the SPN and ARR domains, consequently
influencing the binding with aCaMKII and o-Fodrin to its sites on the SHANKS3. These findings
highlight the possible role of an open-up mutation between SPN-ARR tandem on dendritic spine shape
and plasticity of synaptic neurons in neurodevelopmental disorders.

Keywords: autism spectrum disorder; SHANK3 gene; E71S mutation; molecular dynamics
simulation; aCaMKII; a-Fodrin.
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1. Introduction

Autism spectrum disorder (ASD) is a condition of neurological development that
emerges during the first years of early childhood and is characterized by an array of stereotyped
activities, delays in communication, and social interaction disturbances [1]. The current
worldwide incidence of ASD is estimated to be around 100 cases per 10,000 individuals [2]. A
variety of genetic loci have been associated with the pathomechanisms of ASD. However, these
loci ultimately lead to limited neural circuits that are involved in aberrant communication at
excitatory synapses [3]. Consequently, one of the key pathways underpinning the development
of ASD has been postulated to be the alteration of post-synaptic neural excitation [4]. SH3 and
multiple ankyrin repeat domains 3 (SHANKR) constitute a key protein in post-synaptic density
(PSD). SHANK3 was extensively investigated in nerve cells as a scaffolding protein [5].
Abnormal variations and dysregulation in SHANKS3 have been linked to ASD [6-8]. SHANK3
encompasses five distinct domains. The Shank/ProSAP N-terminal (SPN) domain has a
conformation similar to a ubiquitin-like (Ubl) domain, analogous to how Ras association
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domains. Previous research findings have established that activated Ras and Rap proteins
exhibit elevated affinity to the SPN domain [9]. Furthermore, the SPN region bonds in close
intramolecular interactions with the Ankyrin Repeat Region (ARR) or Ank domain, restricting
the accessibility of a-Fodrin and Sharpin as known interaction partners of the Ank repeat [10].
Besides, the SH3 domain allows for interactions with AMPAR through GRIP. AMPARs,
operating as ion channels, enhance fast synaptic communication and impact cognitive
processes, including learning and memory [11]. Moreover, within SHANKS3, a proline-rich
region is situated among the C-terminal SAM and PDZ domains [12]. Point mutations have
been spotlighted as prominent loci in the N-terminus [13]. Two autism-related mutations, R12C
and L68P, in the SPN region impair SHANK3's interaction with Rapl, leading to a blockage
in integrin activation [14, 15]. Experimental findings indicate that the N52R mutation exposes
the ARR region, facilitating subsequent binding to external GFP-SPN. The N52R mutation
also modifies the ASD-like symptoms SHANKS regulates in vivo by either impairing or
enhancing SHANKS's functional role in actin binding [16]. A lack of aCaMKII ligating appears
to be a more common consequence of SHANKS3 point variants, and a recent study proposed
that this could be caused by N52R disruption of the SPN—ARR interface. According to their
hypothesis, SHANK3's negative regulatory actions on the aCaMKII signaling pathway, which
is highly involved in synaptic plasticity, may have a physiological impact on this relationship
[17]. This study aims to generate a point mutation at position 71 in the SPN region and explore
the effects of SHANKS point mutation E71S on synapse plasticity, function, and structure.
Using molecular dynamics (MD) simulations, the complex relationship between genetic
variations and the E71S mutant relative to SHANKS3 wild type (WT) in the context of ASD
pathogenesis was clarified. Based on protein equilibrium, flexibility, and compactness, the
stability of the SHANK3 WT and the SHANK3 E71S mutant structures were evaluated. The
consequences of the deleterious mutation on protein binding sites—that is, those affecting
neuronal transmission and synaptic plasticity—were then assessed.

2. Materials and Methods
2.1. Construction of primary structures.

2.1.1. SHANKS protein.

Molecular dynamics simulation was performed using the SH3 and multiple ankyrin
repeat domains 3 structure, PDB ID 5G4X [15], obtained from the RCSB Protein Data Bank
[18].

2.1.2. Constructing the E71S SHANK3 mutant.

The principal configuration of the E71S mutant was created by manipulating the three-
dimensional configuration of the scaffold protein WT SHANKS3 (PDB ID: 5G4X). The
Rotamer tool of the CHIMERA program [19] was utilized to build E71S SHANKS3, where
Glutamic acid was substituted with Serine at nucleotide 71 in the SPN domain of SHANKS3.

2.2. Setup for molecular dynamics simulations.

SHANK3 E71S mutant and SHANK3 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 [20]. A prominent TIP3P water model [21] was applied as a solvent to
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explicitly stated SHANK3 WT and SHANKS3 E71S mutant systems independently utilizing a
buffer dimension of 10 A in a periodic cubic box. The charge of the SHANK3 WT and the
SHANKS3 E71S mutant structures have been neutralized by the addition of an adequate number
of counter ions and, afterward, undergoing a reduction of energy to eliminate 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 steady volume (NVT) situation, followed by the
density approach. Equilibration was accomplished under NPT conditions (300 K and 1 atm
pressure) for one nanosecond. Visualization of temperature and pressure analysis were
undertaken to ensure correct equilibration. Subsequently, a 200 ns MD production run for
stabilized structures using the PME algorithm [22, 23] with a time phase 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 [23], while temperature and
pressure were maintained stationary via the Berendsen weak coupling algorithm over the
simulation [24]. 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 SHANK3 E71S mutant [23]
of AmberTools 14. To evaluate the concurrent behavior of our structures, the RMSDs for
SHANK3 WT and the SHANK3 E71S mutant have been analyzed, wherein the initial MD
system was employed as the template for analysis.

Besides that, the two structures underwent Radius Gyration, hydrophobic interactions,
and intramolecular distance analysis. The analysis of intra-molecular hydrogen bonds was
performed for SHANK3 WT and the SHANKS3 E71S mutant according to the potential donors
(HD) and acceptors (HA) of the protons. UCSF Chimera software [19] 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
SHANKS E71S mutant systems.

2.3. Docking between the two structures and aCaMKII analysis.

The docking between the two structures, SHANK3 WT and SHANK3 E71S mutant
with protein partners aCaMKII and a-Fodrin, was conducted using a ClusPro (protein-protein
docking) server, and the results were analyzed through the PDBsum server.

3. Results and Discussion

3.1. The root mean square deviation (RMSD).

RMSD analysis was carried out for a 200 ns simulation period comprising the SHANK3
WT protein and the SHANKS3 E71S mutant. This analysis yielded crucial insights into their
structural dynamics. RMSD of the SHANK3 WT protein exhibited a gradual rise with initial
fluctuations, followed by a significant changeover at around 3.9 A, and eventually stabilized
towards the end of the simulation, as depicted in Figure 1a. Conversely, the SHANK3 E71S
mutant demonstrated an abrupt increase in impulse at 4.5 A, followed by a reduction in RMSD
https://biointerfaceresearch.com/ 30f 18
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and further fluctuations until the end of the simulation Figure 1c. The results indicate that the
SHANK3 WT may exhibit greater stability than the SHANK3 E71S mutant, which could have
increased structural flexibility. RMSD analyses were undertaken for the three domains SPN,
ARR, and Linker individually to distinguish the domain that contributes to these
conformational adjustments. RMSD analysis engaged to the SPN and ARR domains showed a
consistent pattern with the SHANK3 WT protein, as exhibited in Figure 1b. In contrast, the
SPN and ARR domains in the SHANK3 E71S mutant demonstrated greater fluctuations,
suggesting their probable participation in constitutional alterations, as exhibited in Figure 1d.
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Figure 1. The MD simulation analysis RMSD plot for (a) SHANK3 WT; (b) Three domains in SHANK3
WT; (c) SHANK3 E71S mutant; (d) Three domains in SHANK3 E71S mutant. The RMSD values exhibited
in Angstrom are shown on the y-axis, while the x-axis exhibits the time.

3.2. The root mean square fluctuation (RMSF).

The findings of RMSF indicated marginally higher conformational flexibility in the
SHANK3 WT compared to the SHANK3 E71S mutant, as shown in Figures 2a and 2c,
respectively. Noteworthy was the flexibility detected in amino acid residue corresponding to
the position of the mutation of SHANK3 E71S mutant aligning with the SHANK3 SPN domain
in the E71S mutant as exhibited in Figure 2d, shown to be higher than in the SHANK3 WT
protein as illustrated in Figure 2b. The SPN domain with high RMSF values might be
functionally important. The influence of the E71S mutant on SHANKS folding has been
studied by assessing the Rg indicator.
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Figure 2. The MD simulation analysis RMSF plot for (a) SHANK3 WT; (b) Three domains in SHANK3
WT,; (c) SHANKS3 E71S mutant; (d) Three domains in SHANK3 E71S mutant. The RMSf values exhibits in
Angstrom are shown on the y-axis, while the x-axis exhibits the residue index.
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Figure 3. The MD simulation analysis B-Factor plot for (a) SHANK3 WT; (b) Three domains in SHANK3
WT; (c) SHANKS3 E71S mutant; (d) Three domains in SHANK3 E71S mutant.
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3.3. The B- Factor analysis.

The B-factor analysis evaluates the vibration of atoms in a molecular system through
the time of the MD simulation, which furnishes perspectives on the spatial fluctuation of atoms
around their equilibrium points. The SHANK3 WT protein demonstrated slightly heightened
atomic flexibility than the SHANK3 E71S mutant, as depicted in Figures 3a and 3c,
respectively. Strikingly, we noted further variations in the Co atoms inside the portion
harmonious to the mutation position in the SPN domain in the SHANK3 E71S mutant, as
illustrated in Figure 3d, that displayed increased atomic motion and flexibility. However, the
SHANK3 WT protein revealed lower values, as shown in Figure 3b, suggesting more stability.

3.4. The radius of gyration (Rg) analysis.

The radius of gyration (Rg) is a regularly adopted metric for evaluating the spatial
distribution of atoms within a specific biological molecule computed from the principal center
of gravity. The radius of gyration is applied to track changes in structural compactness and
folded over simulation time. According to the Rg plots, the SHANK3 WT protein exposed
lower values over time of the simulation of 200 ns, as exhibited in Figure 4a. Notably, the
SHANKS3 E71S mutant has elevated Rg values throughout the simulation, as shown in Figure
4b; therefore, the SHANK3 E71S mutant relates to a less compact and unfolded state. We
apply the distance analysis between SPN and ARR domains to determine the constructional
state between SPN and ARR domains.
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Figure 4. The radius of gyration analysis Rg, (a) SHANK3 WT protein; (b) SHANK3 E71S mutant. The x-
axis depicts the time ns, while the y-axis depicts the Radius gyration.

3.5. Analysis of the distance between SPN and ARR domains.

The central point of mass distance between the SPN-ARR domains of SHANK3 WT
and the SHANK3 E71S mutant was evaluated. Initially, the distance between SPN-ARR in the
SHANK3 WT protein increased, followed by a sudden reduction, and continued with a
stabilization state to the end of the simulation, as exhibited in Figure 5a. Conversely, the
SHANK3 E71Smutant exhibited a significant heightening in distance, then gradually
decreased, followed by remarkable elevated compared to SHANK3 WT to the end of
simulation time, reflecting an impact on domain interactions and the potential open-up of the
SPN-ARR fold over time as shown in Figure 5b.

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. Recent reports have pointed out the involvement of the linker domain in this loop
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as a binding surface for aCaMKII. This binding arises in its inactive state, non-phosphorylated,
and requires a closed configuration of the SPN-ARR tandem [17, 25]. Consequently, disrupting
the connections between SPN and ARR regions may induce a conformational alteration in the
Linker domain, leading to lower affinity to aCaMKII. Our findings corresponded with previous
results and revealed that the interaction between the SHANK3 WT protein and aCaMKII
displayed higher interactions, as indicated in Table S1, Figures S1(A) and S2(A) compared to
the interactions reported in the SHANK3 E71S mutant with aCaMKI], as depicted in Table S2,
Figures S1(B) and S2(B). However, the distinctive interaction between oCaMKII and
SHANKS plays a pivotal role in instigating a specialized long-range signaling pathway from
the plasma cell membrane, specifically L-type calcium channels (LTCCs), to the nucleus. This
signaling mechanism is imperative for inducing activity-dependent alterations in neuronal gene
transcription during memory and learning processes [26]. It was claimed 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, including autism [27]. In addition, CaMKIIa is a crucial element in synaptic
plasticity and learning mechanisms that play an important role in processing synaptic Ca2*
fluctuations, regulating calcium levels, PSD integration, and shaping the morphology of
dendritic spines [25].
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Figure 5. The distance between SPN and ARR domains analysis, (a) SHANK3 WT protein; (b) SHANK3
E71S mutant.

3.6. Intra-molecular hydrogen bond analysis.

Intramolecular hydrogen bonds were assessed to gauge the proximity of all-atom
interactions within the SHANK3 WT protein and SHANK3 E71S mutant. These
intramolecular hydrogen bond contacts are relevant indicators used for measuring the structural
compactness within the distinct domains of the SHANK3 WT protein. Figures 6a and 7a,
respectively, show that the SHANK3 WT protein, as shown in Table S5 had more
intramolecular interactions than the SHANKS3 E71S mutant. Similar differences were seen in
the SPN domain between the SHANK3 WT protein (Figure 6b) and the SHANKS3 E71S mutant
(Figure 7b). Moreover, Figures 6¢ and 6d of the SHANK3 WT protein and Figures 7c and 7d
of the SHANK3 E71S mutant did not exhibit any appreciable variations in the ARR and Linker
domains. According to our findings, the SHANK3 WT protein exhibits high molecular
interactions within the SPN, which are linked to the protein's overall stability and maintenance
of a closed conformation, as previously seen in Figure 3a. On the other hand, as Figure 5b
illustrates, the SHANK3 E71S mutant significantly increased the distance between the SPN
and ARR regions by disrupting the intramolecular connections between SPN and ARR. The
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functional significance of the intramolecular connections between SPN and ARR in SHANK3
[28] and their implications in the pathophysiology of ASD have been the subject of numerous

investigations.
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Previous studies revealed that a-Fodrin cannot reach its position on the ARR domain
in SHANK3 WT due to intramolecular interaction [29]. At the same time, the o-Fodrin
connection to SHANKS3 was greatly enhanced in the SHANK3 P141A mutant due to the
disruption of SPN and ARR domain connections [17]. Our findings showed that the SHANK3
E71S mutant interfered with the interactions between SPN-ARR domains., so the potential
scenario might be that the SHANK3 E71S mutant opens the conformation and facilitates a-
Fodrin binding, which increases actin linkage and enhances integrin activation. Taken together,
this mutant might change the flexible conformation of SHANKS3, impairing 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 [16]. Our findings align with the previous study that
SHANK3 WT showed lower interactions with a-Fodrin Figures S3(A) and S4(A) as well as
Table S3 in comparison with SHANK3 E71S mutant as depicted in Figures S3(B) and S4(B),
as well as Table S4.

3.7. Hydrogen bond analysis.

The interaction between the SPN and ARR domains was studied through hydrogen
bonds. A 200 ns simulation was undertaken for both the SHANK3 WT protein and the
SHANK3 E71S mutant to spotlight the specificity of this interaction, a critical aspect of
molecular recognition. The analysis targeted residues aal-92 for the SPN domain and residues
aall2-346 for the ARR domain. The findings indicated that the SHANK3 WT protein
exhibited more hydrogen bonds than the SHANK3 E71S mutant, as shown in Figures 8a and
8b, indicating more stability.
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Figure 8. Number of hydrogen bonds between SPN and ARR for 200 ns trajectory, (a) SHANK3 WT
protein; (b) SHANK3 E71S mutant.

3.8. Secondary structure analysis.

The secondary structure analysis of the two structures, the SHANK3 WT protein, and
the SHANKS3 E71S mutant were applied. The plots depicting the outcomes for the secondary
structure analysis for the SHANK3 WT protein are presented in Figures 9a-d and the SHANK3
E71S mutant, as shown in Figures 10a-d. The graphics illustrate the variability of secondary
structure across each residue as an indication of frame numbers. We conducted an assessment
of the secondary structure probability assumed by the SHANK3 WT and SHANK3 E71S
mutant, employing quantitative measures as a function of residue index, as delineated in
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Figures 11a-d for SHANK3 WT protein, and for SHANK3 E71S mutant as shown in Figures
12a-d.
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Figure 9. The analysis of secondary structure, (a) SHANK3 WT protein; (b) SPN domain; (c) Linker
domain; (d) and ARR domain.
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Figure 10. The analysis of secondary structure (a) SHANK3 E71S mutant; (b) SPN region; (c) Linker
region; (d) and ARR region.
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Figure 12. The secondary structure probability score of residue index: (a) SHANK3 E71S mutant; (b) SPN
region; (c) Linker region; (d) and ARR region.
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4. Conclusions

In conclusion, we thoroughly examined the consequences of the SHANK3 E71S
mutant, which is found in the SHANKS3 gene's N-terminal region. The study found Important
ramifications, most notably that it hindered the SHANKS protein's folding and stabilization
processes. The disruption of intramolecular interactions between the SPN and ARR domains
by the SHANK3 E71S mutant positively impacted its binding with aCaMKII. It is expected
that this disruption will have a major effect on synaptic functioning and may even play a role
in the pathophysiology of ASD. In contrast, a-Fodrin's binding affinity to its site on the ARR
domain was reduced due to the SHANKS3 E71S mutation. The complex dynamics of SHANK3
mutations, which lead to modified configurations, highlight their possible involvement in
neurodevelopmental conditions like autism spectrum disorders. To clarify the precise
contributions of this type of mutation to the pathophysiology of ASD, more computational and
experimental research is necessary.
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Supplementary materials

(A) (B)
Figure S1. The docking interaction between (A) SHANK3 WT protein and aCaMKII; (B) SHANK3 E71S
mutant and aCaMKII.
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Figure S2. The interactions between (A) SHANK3 WT protein (chain A) with aCaMKII (chain B); (B)
SHANK3 E71S mutant (chain A) with aCaMKII (chain B).
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Figure S3. The docking interaction between (A) SHANK3 WT protein and a-Fodrin; (B) SHANK3 E71S
mutant and a-Fodrin.
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Figure S4. The interactions between (A) SHANK3 WT protein (chain A) with a-Fodrin (chain B); (B)
SHANK3 E71S mutant (chain A) with a-Fodrin (chain B).

Table S1. The interface statistics in SHANK3 WT protein with aCaMKII

Chain No. of interface | Interface | No. of salt No. of No. of No. of non-
residues area (A?%) bridges disulfide hydrogen bonded
bonds bonds contacts
A (SHANK3 WT) 27 1476 4 - 15 202
B (aCaMKII) 30 1448 ‘ ‘ ‘
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Table S2. The interface statistics in the SHANK3 E71S mutant aCaMKII

Chain No. of interface | Interface No. of salt No. No. of No. of non-
residues area (A?) bridges ofdisulfide hydrogen bonded
bonds bonds contacts
A (SHANK3 E71S) | 17 824 3 - 7 96
B (aCaMKII) 15 862 ‘ ‘ }
Table S3. The interface statistics in SHANK3 WT protein with a-Fodrin
Chain No. of interface | Interface No. of salt No. of No. of No. of non-
residues area (A?) bridges disulfide hydrogen | bonded
bonds bonds contacts
A (SHANK3 WT) 15 661 2 - 7 99
B (a-Fodrin) 12 707 ‘
Table S4. The interface statistics in the SHANK3 E71S mutant o-Fodrin
Chain No. of interface | Interface No. of salt No. of No. of ‘ No. of non-
residues area (A?) bridges disulfide hydrogen | bonded
bonds bonds contacts
A (SHANK3 E71S) | 18 800 5 - 8 ‘ 125
B (a-Fodrin) 16 852

Table S5. The different types of interactions between SPN and ARR domains in SHANKS3 wild-type protein.

SPN ARR Distance | Possible interaction forces

PRO:31 GLN:242 | 7.823 induction + dispersion

TRP:33 ASP:177 7.436 anion-r stacking,n-n stacking, hydrogen bond
TRP:33 ARG:179 | 6.52 cation-rn stacking

TRP:33 LYS:212 5.986 cation-rn stacking, hydrophobic

TRP:33 GLN:242 | 5.785 hydrogen bond,n-x stacking,dipole-r stacking
LYS:36 ASP:177 7.726 salt bridge, hydrogen bond

LYS:36 ARG:179 | 4.253 ionic repulsion CAUTION: possible repulsion
GLN:48 ARG:181 | 6.416 electrostatic: ion-dipole, hydrogen bond
ASP:49 HIS:144 5.277 salt bridge, hydrogen bond,anion-r stacking
ASP:49 PHE:178 7.279 anion-r stacking

ASP:49 ARG:179 | 7432 salt bridge, hydrogen bond

ASP:49 THR:180 | 6.604 electrostatic: ion-dipole, hydrogen bond
ASP:49 ARG:181 | 2.981 salt bridge, hydrogen bond

ASP:49 ASP:182 7.432 ionic repulsion CAUTION: possible repulsion
ALA:50 ARG:179 | 5.551 induction + dispersion

LEU:51 HIS:144 7.718 induction + dispersion

LEU:51 ASP:177 4.818 induction + dispersion

LEU:51 PHE:178 5.858 hydrophobic

LEU:51 ARG:179 | 2.888 induction + dispersion

LEU:51 THR:180 | 5.977 induction + dispersion

LEU:51 ARG:181 | 6.286 induction + dispersion

LEU:51 ASP:182 5.979 induction + dispersion

LEU:51 GLY:183 | 4.377 hydrophobic

LEU:51 LEU:184 | 6.477 hydrophobic

LEU:51 THR:185 | 7.465 induction + dispersion

LEU:51 LYS:212 6.116 hydrophobic

LEU:51 ASP:213 5.007 induction + dispersion

LEU:51 SER:214 4.132 induction + dispersion

LEU:51 ARG:215 | 6.378 induction + dispersion

LEU:51 GLY:216 | 7.481 hydrophobic

ASN:52 ASN:142 | 6.821 electrostatic: dipole-dipole, hydrogen bond
ASN:52 PHE:143 7.818 n-7 stacking

ASN:52 HIS:144 3.87 electrostatic: ion-dipole, hydrogen bond,n-r stacking, dipole-r stacking
ASN:52 GLY:149 | 7.909 induction + dispersion

ASN:52 CYS:151 | 7.349 electrostatic: dipole-dipole, hydrogen bond
ASN:52 HIS:175 7.036 electrostatic: ion-dipole, hydrogen bond,n-r stacking, dipole-r stacking
ASN:52 ASP:177 4.419 electrostatic: ion-dipole, hydrogen bond
ASN:52 PHE:178 3.7 n-n stacking

ASN:52 ARG:179 | 2.904 electrostatic: ion-dipole, hydrogen bond
ASN:52 THR:180 | 4.456 electrostatic: dipole-dipole, hydrogen bond
ASN:52 ARG:181 | 5.685 electrostatic: ion-dipole, hydrogen bond
ASN:52 ASP:182 7.298 electrostatic: ion-dipole, hydrogen bond
ASN:52 GLY:183 | 6.476 induction + dispersion

ASN:52 LEU:184 | 6.938 induction + dispersion

https://biointerfaceresearch.com/ 17 of 18


https://doi.org/10.33263/BRIAC145.104
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC145.104

SPN ARR Distance | Possible interaction forces

ASN:52 THR:185 | 7.484 electrostatic: dipole-dipole, hydrogen bond

TYR:53 HIS:175 7.215 cation-z stacking,n-n stacking ,hydrogen bond, dipole =-=x stacking
TYR:53 ASP:177 6.704 anion-z stacking,n-n stacking, electrostatic: ion-dipole, hydrogen bond
TYR:53 PHE:178 7.044 n-n stacking,hydrophobic,dipole-r stacking

TYR:53 ARG:179 | 6.455 cation-n stacking,n-w stacking, hydrogen bond

GLY:54 HIS:175 7.333 induction + dispersion

LEU:55 HIS:175 7.975 induction + dispersion

PHE:56 HIS:175 7.64 cation-r stacking,n-w stacking

LYS:66 HIS:175 7.556 ionic repulsion CAUTION: possible repulsion hydrogen bond

PHE:67 ASP:140 7.975 anion-x stacking

PHE:67 ASN:142 | 7.496 n-n stacking

PHE:67 GLY:173 | 7.537 hydrophobic

PHE:67 HIS:175 3.514 cation-r stacking,n-w stacking

LEU:68 HIS:175 6.348 induction + dispersion

LEU:68 ASP:177 6.973 induction + dispersion

ASP:69 ARG:170 | 7.625 salt bridge, hydrogen bond

ASP:69 HIS:175 7.305 salt bridge, hydrogen bond,anion-x stacking

ASP:69 LEU:176 | 6.593 induction + dispersion

ASP:69 ASP:177 3.959 ionic repulsion CAUTION: possible repulsion

ASP:69 GLY:206 | 6.038 induction + dispersion

ASP:69 ALA:207 | 7.853 induction + dispersion

ASP:69 SER:208 6.331 electrostatic: ion-dipole, hydrogen bond,

ASP:69 TYR:211 | 5.102 anion-r stacking,n-n stacking, electrostatic: ion-dipole, hydrogen bond
GLU:70 HIS:175 7.948 salt bridge, hydrogen bond,anion-r stacking,

GLU:70 ASP:177 4.067 ionic repulsion CAUTION: possible repulsion

GLU:70 PHE:178 | 7.23 anion-x stacking

GLU:70 ARG:179 | 3.874 salt bridge, hydrogen bond

GLU:70 TYR:211 | 7.357 anion-m stacking,n-w stacking, electrostatic: ion-dipole, hydrogen bond
GLU:71 ASP:177 5.423 ionic repulsion CAUTION: possible repulsion

GLU:71 GLY:206 | 5.279 induction + dispersion

GLU:71 ALA:207 | 6.179 induction + dispersion

GLU:71 SER:208 2.702 electrostatic: ion-dipole, hydrogen bond

GLU:71 PRO:209 | 6.494 induction + dispersion

GLU:71 ASP:210 4.192 ionic repulsion CAUTION: possible repulsion

GLU:71 TYR:211 | 3.717 anion-z stacking,n-n stacking, electrostatic:ion-dipole, hydrogen bond
GLU:71 LYS:212 7.295 salt bridge, hydrogen bond

ARG:72 ASP:177 7.995 salt bridge, hydrogen bond

ARG:72 SER:208 7.667 electrostatic: ion-dipole, hydrogen bond,

ARG:91 HIS:175 7.742 ionic repulsion CAUTION: possible repulsion hydrogen bond,cation-z stacking,
TYR:92 ASP:140 5.225 anion-r stacking,n-n stacking, electrostatic, ion-dipole, hydrogen bond
TYR:92 PRO:141 | 7.208 hydrophobic

TYR:92 ASN:142 | 2.9 electrostatic: dipole-dipole, hydrogen bond,n=-rn stacking,dipole-x stacking
TYR:92 PHE:143 4.197 n-n stacking,hydrophobic,dipole-= stacking

TYR:92 HIS:144 3.716 cation-w stacking,n-n stacking,hydrogen bond,dipole=-mstacking
TYR:92 CYS:151 | 7.633 electrostatic: dipole-dipole, hydrogen bond

TYR:92 HIS:175 6.019 cation-r stacking,n-n stacking,hydrogen bond,dipole=-nistacking
TYR:92 PHE:178 3.555 n-nt stacking,hydrophobic,dipole-r stacking

TYR:92 ARG:179 | 6.479 cation-r stacking,n-n stacking, hydrogen bond

TYR:92 ARG:181 | 5.998 cation-r stacking,n-n stacking, hydrogen bond
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