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Abstract

IQSEC2 (IQ motif and SEC7 domain-containing protein 2) is a rare X-linked genetic disorder
associated with intellectual disability, epilepsy, and synaptic dysfunction. No targeted
pharmacological treatments are currently available. IQSEC2 functions as a guanine nucleotide
exchange factor (GEF) regulating ADP-ribosylation factors (ARFs), particularly ARF6, a key regulator
of synaptic vesicle trafficking and neuronal signaling. In this study, we performed in silico molecular
docking to evaluate the binding potential of two natural compounds, Polydatin and Amentoflavone,
against ARF isoforms (ARF1-ARF6), IQSEC2, IQSEC1, and Ras-related Rab/Ras GTPases. Polydatin
demonstrated strong binding affinity to ARF6 (-9.1 kcal/mol) and favorable interactions with IQSEC2
(7.6 kcal/mol) and IQSEC1 (-7.6 kcal/mol). Amentoflavone exhibited even stronger binding to
multiple ARFs and IQSEC proteins, with particularly high affinity for ARF3 (-9.7 kcal/mol) and
IQSEC2 (9.5 kcal/mol). Polydatin also showed significant interactions with Rab and Ras family
proteins, including Rab-4A, Rab-5A, Rab-6B, Rab-18, Rab-31, and HRas (-9.6 to -10.5 kcal/mol),
suggesting network-level modulation. These findings indicate that both Polydatin and
Amentoflavone are computationally plausible probes for experimental studies on IQSEC2
dysfunction, with potential to modulate the IQSEC2—-ARF6 axis and associated GTPase signaling.
These results remain predictive and require in vitro and in vivo validation, but they provide a strong
rationale for prioritizing these natural compounds in IQSEC2-related research. Future studies should
include cell-based ARF6/IQSEC2 assays.

Keywords: IQSEC2; rare genetic disease; neurodevelopmental disorders; ARF GTPases; Rab
proteins; Ras superfamily; polydatin; flavonoids; molecular docking; network pharmacology

1. Introduction

Rare neurodevelopmental disorders caused by single-gene mutations often disrupt complex
signaling networks rather than isolated molecular targets. IQSEC2-related encephalopathy is a
paradigmatic example of this challenge [1-5]. IQSEC2 (IQ motif and SEC7 domain-containing protein
2) encodes a guanine nucleotide exchange factor (GEF) that activates ARF small GTPases, controlling
synaptic vesicle trafficking, actin cytoskeleton remodeling, and excitatory synapse development.
Pathogenic variants in IQSEC2 lead to intellectual disability, epilepsy, autistic traits, and disrupted
synaptic plasticity. Despite its clinical importance, there are no mechanism-based therapies targeting
IQSEC2 [1-5] IQSEC2 is an X-linked gene encoding a guanine nucleotide exchange factor (GEF)
containing an IQ motif and a SEC7 catalytic domain, which specifically activates ARF small GTPases.
The name IQSEC2 literally highlights its key functional domains: it has an IQ motif and a Sec”
domain, and it is family member 2 [1-5].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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IQSEC2 is a GEF (guanine nucleotide exchange factor) for ARF GTPases [1-5]. Pathogenic
variants in IQSEC2 lead to severe intellectual disability, epilepsy, autistic features, and impaired
synaptic plasticity [5-7]. IQSEC2 activates ARF GTPases, which then control key neuronal processes.
If IQSEC2 is mutated, this “switching” fails, which can lead to intellectual disability and epilepsy [5-
7] (https://www.uniprot.org/uniprotkb/Q5JU85/entry).

At the cellular level, IQSEC2 regulates excitatory synapse development, actin cytoskeleton
remodeling, and membrane trafficking through ARF activation [8-10]. ARF proteins (ARF1-ARF6)
coordinate vesicular trafficking and interact with the broader Ras superfamily, particularly Rab
GTPases, which regulate cargo transport, membrane identity, and vesicle fusion. Dysregulation of
ARF-Rab-Ras signaling is implicated in neurodevelopmental disorders and other diseases. Natural
compounds, especially polyphenols, represent attractive candidates for probing these pathways due
to their multitarget activity and favorable safety profiles [11-13]. ARF proteins, in turn, function in
close coordination with other members of the Ras superfamily, particularly Rab GTPases, which
orchestrate vesicle transport, endosomal recycling, and synaptic vesicle dynamics. Disruption of this
tightly connected ARF-Rab-Ras network is increasingly recognized as a convergent mechanism
underlying several neurodevelopmental disorders [11-13].

Despite this clear biological relevance, IQSEC2 remains an underexplored pharmacological
target. No small-molecule modulators of IQSEC2 or its downstream signaling cascade are currently
available [1-5].

Natural polyphenols and flavonoids represent attractive candidates for exploratory studies due
to their structural diversity, multitarget behavior, and favorable safety profiles in humans [23].

The aim of this study was therefore to systematically investigate, using molecular docking
[14,15], whether selected natural compounds could interact with IQSEC2 and associated small
GTPases, providing a computational foundation for future experimental research. Polydatin, a
glycosylated derivative of resveratrol, has demonstrated neuroprotective, anti-inflammatory, and
antioxidant properties [23-26]. Here, we integrate new in silico docking results for IQSEC2/ARFs
with previously reported Polydatin-Rab/Ras interactions to identify promising network modulators
of small GTPase signaling.

2. Computational Methods
2.1. Protein Targets

Fourteen natural compounds were selected, including flavonoids (quercetin, baicalein),
glycosylated flavonoids (rutin, hesperidin), stilbenes (resveratrol, polydatin), curcuminoids
(curcumin), anthraquinones (hypericin), and biflavonoids (amentoflavone, bilobetin, ginkgetin).
Ligands were geometry-optimized using the MMFF94 force field prior to docking.

Proteins were prepared by removing water molecules, adding hydrogens, and assigning
Gasteiger charges through Chimera software [15-18].

2.2. Docking Protocol

AutoDock Vina was employed for docking. Exhaustiveness was set to 8, and grid boxes were
centered on the active or binding sites of each protein. Binding energies (kcal/mol) were recorded,
and top poses were analyzed for hydrogen bonds, -7t stacking, and hydrophobic interactions [14—
17]. Docking simulations were performed using a rigid-receptor/flexible-ligand approach. Binding
energies (kcal/mol) were used as comparative indicators of interaction strength. Results were
analyzed comparatively across protein families to identify multitarget interaction patterns [14-17].
Docking was performed with AutoDock Vina [14-17] using rigid receptors and flexible ligands. Grid
boxes were defined according to ligand-binding sites reported in PDB. Binding energies were
evaluated in kcal/mol and analyzed comparatively across protein families.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.3. Protein Structures

Protein structures were obtained from the Protein Data Bank (PDB). The following targets were
included:

e  ARF1 (ADP-ribosylation factor 3) (PDB ID: 1HUR)

e  ARF2 (ADP-ribosylation factor 2) (PDB ID: 1KU1)

e ARF3 (ADP-ribosylation factor 3) (PDB ID: 6116)

e  ARF4 (ADP-ribosylation factor 4) (PDB ID: 1Z6X)

e  ARF5 (ADP-ribosylation factor 5) (PDB IDs: 2B6H,)

e ARF6 (ADP-ribosylation factor 6) (PDB IDs: 2A5D)

e IQSEC2 (PDB ID: 6FAE)

e IQSEC1 (PDB ID: 7VMB)

e ADP-ribosylation factor GTPase-activating protein 1 (PDB IDs: 3DWD)

e  Crystal structure of the Sec7 domain of human ARNO (PDB IDs: 1PBV)

e Rab/Ras proteins: Rab-4A, Rab-5A, Rab-6A/B, Rab-18, Rab-31, HRas, R-Ras, Rap-2A, Rab-3D,
Rab-11B (PDB codes as in Ferrari et al., 2023 preprint) [31]

3. Results
3.1. Docking to ARF GTPases

Docking analysis revealed that several natural compounds bind strongly to ARF ( ADP-
Ribosylation Factors) proteins [19-22]. Biflavonoids such as amentoflavone, bilobetin, and ginkgetin
consistently showed high binding affinities across ARF1-ARF6, with binding energies frequently
below —9.0 kcal/mol. ARF3 and ARF6 appeared particularly susceptible to ligand binding, suggesting
potential hot spots for modulation of trafficking-related signaling [19-22]. All docking results are
presented in Table 4.

Polydatin ( also known as piceid, a natural stilbenoid, a glucosylated form of resveratrol, it
exhibits multiple biological activities [23-26]) and it displayed moderate but consistent binding
across all ARF isoforms, indicating a stable interaction profile rather than isoform-specific selectivity.

3.2. Docking to IQSEC2 and IQSEC1

Docking against IQSEC2 (6FAE) yielded strong interactions for several compounds. Rutin (-9.9
kcal/mol), hesperidin (-9.8 kcal/mol), amentoflavone (-9.5 kcal/mol), and ginkgetin (9.4 kcal/mol)
were among the top binders. Polydatin also showed reproducible affinity toward IQSEC2.

Comparable binding trends were observed for IQSEC1, suggesting a conserved ligand-
recognition pattern within the IQSEC family and supporting the biological relevance of the docking
poses.

3.3. Integration with Rab and Ras GTPase Data

Previously reported docking data (d0i:10.20944/preprints202312.0367.v1) [31] demonstrated that
polydatin strongly binds multiple Rab proteins (Rab-31, Rab-3D, Rab-6A/B, Rab-5A, Rab-4A), as well
as HRas and Rap proteins, with binding energies reaching —10.5 kcal/mol. When integrated with the
present ARF and IQSEC2 results, these data highlight polydatin as a unique molecule capable of
interacting with several interconnected branches of the Ras superfamily ( See below Tables 1-3).

Table 1. Binding energies Scores of Polydatin with ARF and IQSEC2 proteins.

Ligand Target Binding Energy (kcal/mol)
Polydatin ARF1 -7.0
Polydatin ARF2 -7.2
Polydatin ARF3 -8.4
Polydatin ARF4 -6.3

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Polydatin ARF5 -7.5
Polydatin ARF6 -9.1
Polydatin IQSEC2 -7.6
Polydatin IQSEC1 -7.6

The docking results focused on Polydatin shows the strongest interaction with ARF6, which is a
critical downstream effector of IQSEC2. This suggests that Polydatin could modulate the IQSEC2-
ARF6 signaling pathway, making it a biologically plausible candidate for experimental exploration
in IQSEC2-related disorders.

Table 2. Binding energies of Polydatin with Rab/Ras proteins [31].

Protein Binding Energy (kcal/mol)
Rab-4A -9.6

Rab-5A -10.0

HRas -10.4

C3 botulinum toxin substrate 3 -10.1

Rab-6B -9.6

Rab-31 -9.6

Rab-18 -10.5

Table 3. Comparison all Binding Energies of Ras-related protein Rab-proteins [31].

Ras-related protein Rab-proteins Binding Energy (kcal/mol)
Ras-related protein Rab-28 -7.0
Ras-related GTP-binding protein C -9.0
Ras-related protein Rab-9A -8.1
Ras-related protein Rab-18 -10.5
Ras-related protein Rab-31 -9.6
Ras-related protein Rap-2a -8.1
Ras-related protein Rab-11B -9.1
Ras-related protein Rab-5A -10
Ras-related protein Rab-3D -9.2
Ras-related protein Rab-4A -9.6
GTPase HRas -10.4
Ras-related protein R-Ras -9.1
Ras-related protein Rap-2A -8.4
Ras-related protein Rab-1B -8.9
Ras-related C3 botulinum toxin substrate 3 -10.1
Ras-related protein Rab-6B -9.6
Ras-related protein Rab-6A -9.3

Table 4. Comparative docking results (Binding energies in kcal/mol) performed by Autodock Vina with Pyrx
software [14].

Ligand ARF1 ARF2 ARF3 ARF4 ARF5 ARF6 IQSEC2 IQSEC1 él,:l;’ 1 Sec7
(1IHUR) (1KU1) (6II6) (1Z6X) (2B6H) (2A5D) (6FAE) (7VMB) (GDWD) (1PBV)
Amentoflavone-8.0 -7.9 97 -76 -8.2 -9.9 -9.5 9.2 -8.4 -8.4
Baicalein -6.6 -7.2 -83 -6.5 -6.7 -8.2 -7.0 -8.1 -6.9 -6.4
Baicalin -7.0 -7.5 -8.0 -6.6 -7.5 -8.5 -8.3 -8.0 -8.1 -7.4
Bilobetin -7.9 -7.9 95 -81 -8.1 -9.2 9.1 9.2 -8.0 -7.9
Curcumin -6.3 -7.4 -82 -6.0 -6.3 -8.3 -5.9 -7.0 -6.7 -6.1
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https://doi.org/10.20944/preprints202601.0236.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 January 2026

d0i:10.20944/preprints202601.0236.v1

5 of 9
Ginkgetin -7.9 -7.9 95 -74 -8.0 9.1 -9.4 -8.9 -7.8 -7.9
Hesperetin -6.7 -6.8 73  -6.8 -6.9 -75 -7.1 -7.3 -6.8 -6.6
Hesperidin -6.2 -8.4 -83 -55 -7.6 -8.7 -9.8 -8.1 -8.1 -7.7
Hypericin -7.2 -8.5 -96 -53 -59 -9.8 -8.6 -8.7 -8.4 -7.9
Polydatin -7.0 7.2 -84 -63 -75 9.1 -7.6 -7.6 -7.0 -6.6
Quercetin -6.7 -7.2 -81 -6.2 -6.6 -8.0 -7.9 -7.9 -6.7 -6.7
Resveratrol -5.6 -6.3 -6.3 -55 -5.9 -6.6 -7.1 -6.6 -6.5 -6.1
Rutin -7.1 -8.3 -82 -56 74 -7.9 9.9 -8.6 -7.5 -7.5
m s
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Figure 1. displays the docking outcomes of ARF6 (ADP-ribosylation factor 6) (PDB IDs: 2A5D) in conjunction
with Polydatin and Amentoflavone respectively within the Ligand Binding Site, as analyzed by Autodock Vina

through Pyrx software. On the right side, 2D diagrams illustrate the residue interactions between the protein

and Polydatin. Meanwhile, theleft side exhibits the Ligand Binding Site of the protein, highlighting the specific

location of Polydatin and Amentoflavone, respectively. The figure was reproduced by Pymol [32] and Discovery
Studio software [33].
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Figure 2. displays the docking outcomes of IQSEC2 (PDB ID: 6FAE)in conjunction with Polydatin and
Amentoflavone respectively within the Ligand Binding Site, as analyzed by Autodock Vina through Pyrx
software. On the right side, 2D diagrams illustrate the residue interactions between the protein and Polydatin.
Meanwhile, theleft side exhibits the Ligand Binding Site of the protein, highlighting the specific location of
Polydatin and Amentoflavone, respectively. The figure was reproduced by Pymol [32] and Discovery Studio
software [33].

4. Discussion

This study provides a network-oriented interpretation of molecular docking results focused on
IQSEC2-related neurodevelopmental disorders. Rather than identifying a single high-affinity
inhibitor, our findings suggest that modulation of the ARF-Rab-Ras signaling network may
represent a more realistic strategy for conditions driven by synaptic trafficking dysfunction [11-13].
Based on the corrected docking table, All docking results are presented in Table 1) we can now
identify and discuss the best natural compounds in terms of binding affinity across ARFs, IQSEC1/2,
ARF GAP1, and Sec7 domains.

From the docking results ( See Table 4) several compounds consistently show strong binding
affinities (more negative binding energies) across multiple protein targets. The top candidates
include:

-Amentoflavone

Binding energies: Ranged from -7.6 to -9.9 kcal/mol across all ARFs and IQSEC proteins.

-Bilobetin

Binding energies: -7.9 to -9.5 kcal/mol.

-Ginkgetin

Binding energies: -7.4 to -9.5 kcal/mol.

-Rutin

Binding energies: Moderate to strong (-7.1 to -9.9 kcal/mol).

-Hypericin

Binding energies: -5.3 to -9.8 kcal/mol.

From all docking results ( See Table 4), Amentoflavone emerges as a leading natural modulator
of ARF/IQSEC?2 signaling, demonstrating high and consistent binding across ARF3, ARF5, IQSEC2,
and the Sec7 domain. Its biflavonoid structure, rich in hydroxyl groups, enables robust hydrogen
bonding and hydrophobic interactions, suggesting potential to stabilize or inhibit ARF/IQSEC
activity in neuronal contexts. Polydatin, while less potent, offers enhanced solubility and
bioavailability, highlighting its relevance as a complementary in vivo modulator. These findings
position Amentoflavone as a promising candidate for therapeutic exploration in ARF/IQSEC-related
pathways.

Biflavonoids exhibited the strongest binding energies but are limited by poor bioavailability
[27,28] and lack of clinical safety data, particularly in pediatric populations. In contrast, Polydatin
emerged as a biologically and translationally plausible candidate [29,30].

Although its binding energies are slightly lower than those of biflavonoids, Polydatin shows
consistent interactions across IQSEC2, ARF, Rab, and Ras proteins, aligning well with the systems-
level nature of IQSEC2 pathology.

Importantly, polydatin is a glycosylated form of resveratrol with improved stability and a
favorable safety profile, widely used as a nutraceutical. This does not imply therapeutic efficacy, but
it supports its potential role as an experimental probe for studying small GTPase network
modulation.

Another aspect of this computational docking study focused on a critical region of IQSEC2
(residues 740-900) to evaluate the binding potential of two natural compounds, Amentoflavone and
Polydatin, before and after disease-associated point mutations. Four missense mutations —R758Q,
A789V, Q801P, and R863W—were introduced to model clinically relevant variants (
https://www.uniprot.org/uniprotkb/Q5]U85/entry)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In the wild-type IQSEC2 sequence, Amentoflavone and Polydatin displayed strong binding
affinities of -9.5 kcal/mol and -7.6 kcal/mol, respectively. Following the introduction of the
mutations, binding energies decreased markedly, with Amentoflavone at —6.7 kcal/mol and Polydatin
at —5.6 kcal/mol. These results indicate that pathogenic mutations can significantly impair the
interaction of potential natural modulators with IQSEC2, potentially limiting their therapeutic
efficacy.

Comparison of the two ligands indicates that Amentoflavone maintains relatively stronger
binding than Polydatin in both wild-type and mutant contexts, suggesting that biflavonoids may
provide more robust interactions with IQSEC2. Polydatin, while exhibiting weaker binding, remains
a promising candidate for experimental investigation, especially in wild-type or partially functional
protein contexts.

These findings underscore the necessity of mutation-specific analyses in drug discovery for rare
genetic disorders. Screening of natural compounds without consideration of patient-specific
mutations may overestimate potential efficacy. Computational docking provides a valuable
predictive tool to prioritize promising compounds, but experimental validation in vitro and in vivo
is essential to confirm biological relevance.

From a network perspective, Polydatin has previously shown favorable interactions with ARF6
and Ras/Rab GTPases, yet the presence of IQSEC2 mutations may reduce its modulatory capacity.
This observation highlights the importance of precision medicine approaches, where therapeutic
strategies are tailored to the patient’s specific genetic variant.

ARG A O @
A:800 \

Figure 3. displays the docking outcomes of mutated IQSEC2 (AlphaFold,
https://www.uniprot.org/uniprotkb/Q5JU85/entry) in conjunction with Polydatin and Amentoflavone
respectively within the Ligand Binding Site, as analyzed by Autodock Vina through Pyrx software. On the right
side, 2D diagrams illustrate the residue interactions between the protein and Polydatin. Meanwhile, theleft side
exhibits the Ligand Binding Site of the protein, highlighting the specific location of Polydatin and
Amentoflavone, respectively. The figure was reproduced by Pymol [32] and Discovery Studio software [33].

5. Conclusions

This study presents a comprehensive computational evaluation of natural compounds Polydatin
and Amentoflavone as potential modulators of IQSEC2-related signaling pathways. Polydatin
exhibited strong binding to ARF6 (9.1 kcal/mol), IQSEC2 (-7.6 kcal/mol), and IQSEC1 (-7.6
kcal/mol), as well as significant interactions with multiple Ras-related Rab and Ras GTPases,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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highlighting its potential to modulate synaptic vesicle trafficking and GTPase signaling at a network
level. Amentoflavone also demonstrated high binding affinities across ARF isoforms and IQSEC
proteins, further supporting its candidacy as a biologically relevant probe.

These findings suggest that both Polydatin and Amentoflavone are computationally plausible
compounds for experimental studies targeting IQSEC2 dysfunction. By potentially modulating the
IQSEC2-ARF6 axis and associated GTPase networks, they may offer a rational starting point for
therapeutic exploration in rare IQSEC2-related disorders. However, it is important to note that these
results are predictive, and in vitro and in vivo validation is essential to confirm their biological
activity and safety. Overall, this work provides a strong rationale for prioritizing Polydatin and
Amentoflavone in future experimental investigations aimed at ameliorating the molecular defects
underlying IQSEC2 pathology.

Author Contributions: Ivan Vito Ferrari conceived the idea, designed the studies, carried out the research,

interpreted the results, and wrote the manuscript.
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