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ABSTRACT
IQSEC2 gene mutations are associated with epilepsy, autism, and intellectual disability. The primary
function IQSEC2, mediated via its Sec 7 domain, is to act as a guanine nucleotide exchange factor for
ARF6. We sought to develop a molecular model, which may explain the aberrant Sec 7 activity on
ARF6 of different human IQSEC2 mutations. We integrated experimental data of IQSEC2 mutants with
protein structure prediction by the RaptorX server combined with molecular modeling and molecular
dynamics simulations. Normally, apocalmodulin (apoCM) binds to IQSEC2 resulting in its N-terminal
fragment inhibiting access of its Sec 7 domain to ARF6. An increase in Ca2þ concentration destabilizes
the interaction of IQSEC2 with apoCM and removes steric hindrance of Sec 7 binding with ARF6.
Mutations at amino acid residue 350 of IQSEC2 result in loss of steric hindrance of Sec 7 binding with
ARF6 leading to constitutive activation of ARF6 by Sec 7. On the other hand, a mutation at amino
acid residue 359 of IQSEC2 results in constitutive hindrance of Sec 7 binding to ARF6 leading to the
loss of the ability of IQSEC2 to activate ARF6. These studies provide a model for dysregulation of
IQSEC2 Sec 7 activity by mutant IQSEC2 proteins.
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1. Introduction

The IQSEC2 gene encodes a 1,488 amino acid protein (NP_
001104595.1) localized to the post synaptic density of excita-
tory glutamatergic neurons and inhibitory GABAergic inter-
neurons (Sah et al., 2020; Murphy et al., 2006). Numerous
mutations identified in the human X-linked IQSEC2 gene
(NM_001111125.2/ENST00000396435.8) are associated with
severe intellectual disability, autism, and epilepsy, which is
typically drug resistant (Shoubridge et al., 2020; Zerem et al.,
2016; Shoubridge et al., 2019; Mignot et al., 2019; Zipper
et al., 2017; Zhang et al., 2015; Choi et al., 2020). These muta-
tions may be generally classified as nonsense or missense
mutations, the latter of which are often localized to either
the Sec7 or IQ domains of IQSEC2 (Figure 1A). The IQ
domain contains a consensus sequence for binding apocal-
modulin (apoCM) (Bahler & Rhoads, 2002) while the Sec7
domain is known to function as a guanine nucleotide
exchange factor (GEF) for the small GTPase ARF6, whose glo-
bal function of regulating membrane trafficking greatly influ-
ences glutamate receptor expression at the cell surface and
subsequent synapse formation (Sakagami et al., 2008).

Previous experimental work has led to the hypothesis that
Ca2þ influx, mediated by the ligand gating of NMDA recep-
tors, is the mechanism by which IQSEC2 GEF activity is regu-
lated (Myers et al., 2012; Brown et al., 2016). Myers and
colleagues (Myers et al., 2012) proposed that apoCM binds

to the IQ domain of IQSEC2 under basal conditions (steady
state concentration of 50–100 nM Ca2þ) (Brown et al., 2016).
During Ca2þ influx through the NMDA receptor, the Ca2þ
concentration of the cell may rise transiently up to 10 lM, at
which point all of the apoCM is converted to CaCM. Myers
et al. provided experimental evidence that Ca2þ influx
causes apoCM to detach from IQSEC2. Dissociation of apoCM
from IQSEC2 is therefore thought to be necessary for the
subsequent activation of ARF6.

Prior studies showed that the IQSEC2 A350V mutation does
not bind apoCM (Rogers et al., 2019). The fact that this mutant
also shows a constitutively elevated level of ARF6-GTP
(Shoubridge et al., 2019) seems to fit the above model.
However, the IQ domain R359C mutation, which also does not
bind apoCM (Rogers et al., 2019), was not found to have con-
stitutively elevated ARF6-GTP (Shoubridge et al., 2019). Rather,
this mutant is unable to activate ARF6. We surmised that the
reason for this discrepancy may lie in the mechanism of
GDP/GTP nucleotide exchange on ARF6. Based on previous
work studying other GEFs, it is thought that the binding of
IQSEC2 to ARF6 increases the dissociation rate of GDP from
the trimeric ARF6-GDP-IQSEC2 complex (Vetter & Wittinghofer,
2001; Cherfils et al., 1998; Renault et al., 2003; Jackson &
Casanova, 2000; Goldberg, 1998; B�eraud-Dufour et al., 1998;
Gray et al., 2020; Klebe et al., 1995). The IQSEC2 protein inserts
certain amino acids from the Sec7 domain into the nucleotide

CONTACT Andrew P. Levy alevy@technion.ac.il; Michael Shokhen michael.shokhen@biu.ac.il
Supplemental data for this article can be accessed online at https://doi.org/10.1080/07391102.2023.2199085.

� 2023 Informa UK Limited, trading as Taylor & Francis Group

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS
https://doi.org/10.1080/07391102.2023.2199085

http://crossmark.crossref.org/dialog/?doi=10.1080/07391102.2023.2199085&domain=pdf&date_stamp=2023-04-17
https://doi.org/10.1080/07391102.2023.2199085
https://doi.org/10.1080/07391102.2023.2199085
http://www.tandfonline.com


binding domain (NBD) of ARF6. This causes the affinity of ARF6
towards GDP to be reduced. The resulting binary nucleotide-
free ARF6-IQSEC2 complex is stable in the absence of nucleo-
tide. The GDP/GTP nucleotide exchange includes a series of
reactions and is a reversible process (Klebe et al., 1995).
Binding of GTP to the NBD on ARF6 is favored because of its
ten-fold higher concentration in the cell. ARF6-GTP is thought
to be acted on by a GTPase activating protein (GAP) and
hydrolysis ensues. Through molecular modelling of multiple
mutant IQSEC2 proteins we will show in this paper that an
N-terminal fragment of IQSEC2 appears to be critical for deter-
mining whether the Sec7 domain has access to ARF6. This
model will be used to explain the discrepant ARF6 activity of
IQ domain mutants of IQSEC2.

2. Materials and methods

2.1. Experimental assessment of the interaction of
IQSEC2 and its mutants with apoCM

We have previously described an assay to detect the inter-
action of apoCM with the IQ domain of IQSEC2 using FLAG-
tagged apoCM and Renilla luciferase-tagged IQSEC2 in
HEK293T cells (Rogers et al., 2019). The apoCM-IQSEC2 com-
plex present in cell extracts was captured on a 96 well plate
using an anti-FLAG antibody. Luciferase activity was used as
an indication of the strength of the interaction. Specific

mutations were introduced into the luciferase-wild type (WT)
IQSEC2 vector (GenScript) (Figure 1A).

2.2. Generation of mutants

For the A350V (Zipper et al., 2017), A350T (Choi et al., 2020) and
A350D [8] (Zhang et al., 2015) mutations, we changed the codon
for IQSEC2 residue 350 from GCT (alanine) to GTT (valine), ACT
(threonine), or GAT (aspartic acid) respectively. For the R359C
(Shoubridge et al., 2019) mutation we changed the codon for
IQSEC2 residue 359 from CGC (arginine) to TGC (cysteine).

2.3. Experimental assessment of the Sec 7 activity of
human IQSEC2 carrying missense mutations in the
IQ domain

We measured IQSEC2 Sec7 activity in HEK293T cells transi-
ently transfected with IQSEC2 carrying IQ domain mutations
(A350V, A350T, A350D, R359C, or E849K IQSEC2) cloned into
pCAGGS (Rogers et al., 2019). The relative amount of ARF6
bound to GTP as compared to total ARF6 was assessed using
a GGA-3 pulldown assay and western blot as previously
described (Shoubridge et al., 2019). Bands were visualized
using a LiCor Odyssey imaging system and quantified with
Image Studio Lite. Each band was normalized to the
untreated sham-transfected control. The data was statistically

Figure 1. IQSEC2 domains and their activity. A. Schematic of the IQSEC2 gene indicating location of the IQ and Sec 7 domains. The amino acid sequence of the IQ
domain mutants studied in this paper are shown. B. Basal Sec 7 activity of wild type IQSEC2 and IQ domain mutants. A representative Western blot (top) shows
the amount of cellular ARF6-GTP (quantified in the bottom graph) after transfection of HEK293T cells with wild type and mutant IQSEC2 constructs as described in
methods. C. Interaction strength of wild type and mutant IQSEC2 proteins with apocalmodulin, as measured in the Lumier assay (see methods and materials).
Shown are the mean and SD of a minimum of 4 biological replicate wells for each pair of IQSEC2 apocalmodulin interactions. There was a greater than 50-fold dif-
ference in the interaction of wild type and all the IQ domain mutants (p< 0.000001).
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analyzed using one-way ANOVA followed by Tukey’s Multiple
Comparison Test for post-hoc analysis.

2.4. Molecular modeling of apoCM-IQ domain and
CaCM-IQ domain complexes

Molecular modeling of the interactions of apoCM and CaCM
with the IQ domain of IQSEC2 (residues 343–370 of IQSEC2)
were based on the crystal structures of apoCM and CaCM with
the IQ domains present in myosin and the CaV calcium channel
respectively. IQ domains are alpha helical structures. The crystal
structure (2ix7.pdb) of the complex between apoCM and myosin
V was used as a structural template for the generation of the
complex between apoCM and the IQ domain of IQSEC2 (resi-
dues 343–370). For this purpose, the 28 amino acid residues of
the Myosin V IQ domain alpha-helix starting from G791 were
exchanged by in silico mutations via YASARA Structure software
with the IQ domain alpha helical region of IQSEC2 correspond-
ing to the sequence GSFLSRRAARTIQTAFRQYRMNKNFERL. The
initial 3D structure of the complex of CaCM-with the IQ domain
of IQSEC2 was generated by a similar process using the crystal
structure of CaCM complexed with the alpha helical IQ domain
of the CaV calcium ion channel (3bxl.pdb) as a structural tem-
plate. The 17 amino acid residues 1819–1835 of the IQ domain
of CaV were exchanged by in silico mutations with correspond-
ing residues Gly343-Arg359 of the IQ fragment of IQSEC2. The
remaining residues of the IQSEC2 IQ domain (Gln360-Leu370)
were added to this structure maintaining the alpha-helical sec-
ondary structure of the IQ domain via YASARA Structure soft-
ware (Krieger & Vriend, 2014; Krieger & Vriend, 2015).

2.5. Molecular modeling of the IQSEC2 Sec7 domain -
ARF6 complex

The crystal structure of complex of the Sec7 fragment of
IQSEC2 with ARF1 (6FAE.pdb) was used as a prototype for the
generation of the IQSEC2Sec 7-ARF6 complex by molecular
modeling. The Sec7 (amino acid residues 749–1094 of IQSEC2)
fragment was separated from ARF1 and the undefined loops
of Sec 7 corresponding to IQSEC2 amino acid residues 1011–
1016 and 1050–1054 were added to it using YASARA Structure
software (Krieger & Vriend, 2014; Krieger & Vriend, 2015). The
ARF6 3D structure was obtained from the 2A5D.1.A.pdb file.
The superimposition of ARF6 (14–171 residues) on ARF1 in the
previously described Sec7-ARF1 complex demonstrated that
ARF1 and ARF6 have very close 3D structures, RMSD ¼ 0.96Å
(Figure S1). Furthermore, as will be discussed in section 3.4 the
three amino acids that dominate the stability of the ARF6-Sec7
complex are identical in ARF1 and ARF6.

2.6. Molecular dynamics relaxation to equilibrium states
of the apoCM-IQ domain complex, the CaCM-IQ
domain complex, the Sec7 domain and the Sec7
domain-ARF6 complex

We performed conventional molecular dynamics (cMD) simu-
lations using AMBER20 software (Case et al., 2020) to assess
the equilibrium stability of complexes of the IQ domain

fragment of IQSEC2 with apoCM and CaCM, which had previ-
ously been generated by molecular modeling (presented
above in section 2.4). The simulations were conducted using
the ff14SB forcefield (Maier et al., 2015) in a periodic simula-
tion cell with explicit water molecules in a tip3p model with
counter ions. After preparing the input topology and struc-
tural files, the following steps were done before performing
the production molecular dynamic simulations: (1) minimiz-
ing only the water, restraining the protein (20000 cycles); (2)
short simulation to let water move (NPT, 310K), restraining
the protein; (3) total minimization of water and protein
(20000 cycles); (4) molecular dynamics of 1.4 ns to heat the
system, restraining the protein (NVT, from 0 to 310K); (5)
relaxing the system, restraining the protein heavy atoms
(NPT, 310K, 1 ns); and (6) relaxing the system (NPT, 310K,
5 ns). In the equilibration stage, a temperature of 310 K and
stable density were reached. For the actual simulations
assessing complex interactions on the final stage (7) we ran
production molecular dynamic simulations at 310K with a
Langevin thermostat and NPT ensemble using a pressure of
1 atm and a SHAKE constraint of 2 fs. The production MD
run time was varied for each complex depending on its
RMSD convergence.

In order to determine the equilibrium stability of the Arf6-
Sec7 complex, which has high conformational flexibility, we
have used an accelerated molecular dynamic (aMD)
(Hamelberg et al., 2004; Gedeon et al., 2015) simulation
protocol allowing enhanced conformational sampling. The
latter utilizes a bias potential function that raises the valleys’
energy levels and thus accelerates the transition between dif-
ferent potential energy minima. Besides the above men-
tioned algorithmic specificity, the aMD simulation protocol
contains the same seven steps as cMD as described above
controlled by the same thermodynamic parameters and force
field. However, unlike cMD, the simulation periodic cell for
aMD, in addition to explicit water molecules, was filled with
Naþ and Cl- ions in physiological concentrations. We have
applied the aMD protocol for the simulation of the free Sec7
domain in order to keep the same computational approach
as for the Sec7 domain-ARF6 complex.

For all complexes, the production molecular dynamics
simulation was a set of sequential 100 ns steps. Every
molecular dynamics step was restarted from the previous
one, applying a random seeds generator. The estimated val-
ues of the standard deviation (STDEV) of RMSD fluctuations
from the average value on the final equilibrated fragment of
the production MD trajectory were smaller than 0.4 Å for all
simulated structures (Figures S2–S4).

2.7. Conformational cluster analysis

The conformational cluster analysis of MD snapshots col-
lected from the equilibrated fragment of production MD tra-
jectory was conducted by CPPTRAJ software (Roe &
Cheatham, 2013, Shao et al., 2007) implemented in the
AMBER molecular modeling package. We used the DBSCAN
(density based) clustering algorithm. The clustering process
was controlled by the values for the minimum number of
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points to form a cluster (minpoints ¼ 25) and the distance
cutoff for forming clusters (epsilon). The latter parameter was
fitted during repeated running until only one cluster centroid
fraction dominated the snapshots population. Usually, the
epsilon varied between a 1.5 A to 2.5 A interval. The protein
3D structure of the dominating cluster centroid was used for
further structural analysis and graphical presentations.
Utilizing CPPTRAJ (Roe & Cheatham, 2013, Shao et al., 2007)
software implemented in AMBER20 (Case et al., 2020), we
analyzed the RMSD convergence of all production molecular
dynamic trajectories (Figures S2–S4). The conformational
cluster analysis was performed as post processing on the
equilibrated final fragment of the MD production trajectories
to identify 3D structures of all MD simulated here, which
include proteins corresponding to cluster centroids: apoCM-
IQ and CaCM-IQ; Sec7 and the ARF6-Sec7 complex (Figures
S5 and S6, respectively).

2.8. Calculation of binding energies of apoCM-IQwildtype

and CaCM-IQwildtype complexes

Using AMBER20 software, the MMPBSA.py method (Miller
et al., 2012) was applied for the calculation of the binding
free energies of the wild type IQ domain to apoCM and
CaCM in the Poisson-Boltzmann solvation model (Honig &
Nicholls, 1995). The values of the free binding energies of
apoCM and CaCM with the wild type IQ domain were calcu-
lated using the previously generated molecular dynamic tra-
jectories. The molecular dynamic trajectory fragment of 2 ns
containing 200 frames centered around the corresponding
conformational cluster centroid was used in apoCM-IQ and
CaCM-IQ complexes for the calculation of the average IQ free
binding energies with apoCM or CaCM. The entropy calcula-
tion performed by normal mode analysis was ignored as it
was computationally too expensive and is a potential source
of uncertainty and a limitation of the results.

2.9. Generation of molecular models for wild type
IQSEC2 (residues 1–1094) and A350V, A350D,
A350T, R359C IQSEC2 mutants

We used the deep convolutional residual neural networks
(ResNet) method for predicting protein 3D structure imple-
mented in the RaptorX (Xu et al., 2021) server for the gener-
ation of a model of wild type IQSEC2 residues 1–760 (the
server allows for no more than 1000 amino acids) and its IQ
domain mutants. A fragment representing residues 749–1094
residues, containing the Sec7 domain of wild type IQSEC2,
was generated and relaxed by molecular dynamics as
described in sections 2.5 and 2.6. In order to construct a
model for residues 1–1094 for wild type IQSEC2 and A350V,
A350D, A350T and R359C IQSEC2 mutants we combined the
previously generated 1–760 and 749–1094 components into
one molecule. The YASARA Structure (Krieger & Vriend, 2014;
Krieger & Vriend, 2015) software was used to superimpose
these two fragments on residues 753–760 of a common
alpha-helical fragment. Geometries of the generated wild
type IQSEC2 and mutant IQSEC2 proteins (residues 1–1094)

were optimized using the ff14SB force field (Maier et al.,
2015) by YASARA Structure software in periodic simulation
cells filled with explicit water molecules and Naþ and Cl-
ions in physiological concentration. We assessed the quality
of the IQSEC2 models using the ProSA server (Wiederstein &
Sippl, 2007) and Ramachandran plots generated by Stride
server (Frishman & Argos, 1995), Figures S7–S11. These meth-
ods are primarily based on statistical fitting of structural
parameters with experimentally well resolved 3D structures
of globular proteins collected in the Protein Data Bank, so
their application to verification of models of intrinsically dis-
ordered proteins such as IQSEC2 may be not optimal.

2.10. Construction of apoCM-IQ complexes with residues
1–1094 of wild type IQSEC2 and its IQ domain
mutants

The complex of apoCM with the wild type IQ domain frag-
ment was incorporated into residues 1–1094 of IQSEC2 by
the superimposition of amino acid residues 348–360 on both
the IQ domain of the IQSEC2 and the IQ domain of the
molecular by dynamics simulated apoCM-IQ complex (section
2.4). To remove the inter-residual clashes in the formed com-
plex the U torsional angle between glycine residues 342 and
343, serving as a hinge, was changed from 72� in free wild
type IQSEC2 to 177.5� when apoCM was bound to wild type
IQSEC2 (Figure S12). The geometry of the apoCM-IQSEC2
wild type complex was optimized by YASARA Structure
under the AMBER ff14SB force field (Maier et al., 2015) in a
periodic cell filled with explicit water molecules and physio-
logical concentration of Naþ and Cl- ions. Superimposition
of the apoCM-IQ wild type complex (Section 2.4) on the IQ
domain of IQSEC2 mutants (Section 2.9 and Figure 2) led to
unremovable inter-residual clashes, Figures S14–S17. To
resolve this problem, we docked apoCM to the IQ domain of
the IQSEC2 mutants using the protein-protein docking
method implemented in the HADDOCK web server
(Honorato et al., 2021; van Zundert et al., 2016). The docking
was conducted using the default parameters of the server
(the default parameters of the HADDOCK 2.4 server are pro-
vided as a SI file). The input information requested by the
HADDOCK server contains 3D structures of receptor (IQSEC2
mutant) and ligand (apoCM) as well as the sequence num-
bers of the amino acid residues forming binding interactions
on the receptor-ligand interface surface. The latter were
identified by YASARA Structure for the apoCM-IQSEC2 wild
type complex previously generated and optimized by
YASARA Structure, as described above. The geometries of all
apoCM-IQ mutants complexes were optimized by YASARA
Structure under the AMBER ff14SB force field (Maier et al.,
2015) in a periodic cell filled with explicit water molecules
and physiological concentration of Naþ and Cl- ions. Finally,
the apoCM-IQ binding free energies DG were calculated for
all complexes by the FoldX web server (Schymkowitz et al.,
2005). In order to calculate the free energy of binding of a
complex AB, FoldX computes the Gibbs energies of the com-
plex (DGAB) and of the two molecules A and B alone.The
interaction energy is then given by: DGbinding ¼ DGAB - (DGA
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þ DGB). FoldX interaction energies are scaled with the solv-
ent accessibility of the atoms involved in the interaction. In
section 3.3 we will present the structures of wild type
IQSEC2 and its mutants with apoCM bound to the IQ domain
and their binding energies.

3. Results and discussion

3.1. ApoCM binding activity and ARF6-GTP levels in
cells expressing mutations of IQSEC2

As mentioned above, studies in this laboratory have previously
demonstrated that the A350V IQ domain mutation results in a
constitutive rise in IQSEC2 Sec7 activity (Rogers et al., 2019),
whereas the R359C IQ domain mutation results in a loss of
IQSEC2Sec 7 activity (Shoubridge et al., 2019). This analysis has
now been expanded to include two additional human disease-
causing IQ domain mutations at aa residue 350 (A350D and
A350T) (Zhang et al., 2015; Choi et al., 2020). Sec7 activity of
wild type and all IQ mutants was assessed by determining the
relative amount of ARF6-GTP found in HEK293T cells following

transient transfection with IQSEC2, as described in the
Materials and Methods section. We found that all three human
mutations at residue 350 resulted in a significant increase in
ARF6-GTP, compared to the wild type, indicating that the Sec7
domain of these A350 mutants was constitutively activated. On
the other hand, the GEF catalytic activity of the Sec7 domain
for the R359C mutation was not increased relative to that of
the wild type IQSEC2 (Figure 1B). E849K is a mutation in the
Sec7 region of IQSEC2 which destroys the Sec7 activity of
IQSEC2 and therefore serves as a negative control in this
experiment (Shoubridge et al., 2010). None of the IQ domain
mutant proteins was able to interact with apocalmodulin
(Figure 1C).

3.2. Prediction of the 3D structures of IQSEC2 wild type
and its mutants by molecular modeling

There is no experimentally resolved 3D structure of IQSEC2.
The only available detailed information can be obtained
from the X-ray crystal structure of a fragment of IQSEC2 cor-
responding to the Sec7-ARF1 complex (6FAE.pdb) which

Figure 2. Molecular modeling of IQSEC2 domains. The domain structure generated by molecular modeling of fragments (1–1094 residues) of wild type IQSEC2 and
its mutants demonstrates that these are Intrinsically Disordered Proteins (IDP). Colors: Sec 7 domain – red, N-terminal fragment – yellow, IQ domain – magenta,
the rest of the residues are grey. The table summarizes the fraction of various secondary structures in the different proteins.
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were used to model the seperated Sec 7 and ARF6 regions
and the Sec7-ARF6 complex (sections 2.5 and 2.6). In add-
ition, the IQ domain (residues 347–378) was expected to
have an alpha helical secondary structure according to
UniProtKB (Q5JU85). The remaining parts of IQSEC2 appear
to be disordered as illustrated in Figure S13 representing the
functional disorder profile generated for human IQSEC2 by
the D2P2 platform [35] (Oates et al., 2013) (https://d2p2.pro).
This profile shows that a very significant portion of IQSEC2,
e.g. most of the residues in the N-terminal (1–740) and C-ter-
minal fragments (1076–1488), i.e. 77.5% of the protein are
expected to be disordered. Therefore, based on these high
levels of disorder content, and in line with the accepted cat-
egorization for disorder in proteins as highly ordered (PPDR
< 10%), moderately disordered (10%�PPDR < 30%) and
highly disordered (PPDR � 30%) (Rajagopalan et al., 2011),
human IQSEC2 can be classified as a highly disordered pro-
tein. Homology modeling servers failed to generate 3D mod-
els of the full-length IQSEC2, consistent with the
experimental data and the disorder prediction results. Thus,
we used the deep convolutional residual neural networks
(ResNet) method for predicting protein 3D structure imple-
mented in the RaptorX server (Xu et al., 2021) for the gener-
ation of the 1–760 amino acid residue (the server allows for
no more than 1000 amino acids) model of wild type IQSEC2
and its IQ domain mutants. The Sec7 domain of IQSEC2 cor-
responding to IQSEC2 amino acid residues 749–1094, was
generated and relaxed by molecular dynamics as described
in sections 2.5 and 2.6. Finally, in order to construct models
for amino acid residues 1–1094 of wild type IQSEC2 as well
as for A350V, A350D, A350T and R359C IQSEC2 mutants we
have combined on amino acid residues 753–760 of a com-
mon alpha helical fragment the previously generated 1–760
and 749–1094 components into one molecule. The YASARA
Structure (Krieger & Vriend, 2014; Krieger & Vriend, 2015)
software was used to superimpose them on amino acid resi-
dues 753–760 of a common alpha helical fragment as
described insection 2.9. The structures of the generated wild
type and mutant IQSEC2 were analyzed by YASARA Structure
software and classified as Intrinsically Disordered Proteins
(IDP). The highly disordered C-terminal end region of IQSEC2
containing amino acid residues 1095–1488 (Figure S13) is
not included in the molecular models analyzed here.
Geometries of the generated wild type and mutant IQSEC2
proteins (1–1094 residues) were fully optimized using a
ff14SB force field (Maier et al., 2015) by YASARA Structure
software in periodic simulation cells filled with explicit water
molecules and Naþ and Cl- ions in physiological concentra-
tion (section 2.9) and are presented in Figure 2.

3.3. A model for the regulation of IQSEC2 Sec7 activity
by Ca21 via integration of molecular modeling and
experimental data

Previous experimental work has shown that apoCM can bind
to the IQ domain of wild type IQSEC2 and that increasing
the Ca2þ concentration results in an increase in Sec7 activity
(Myers et al., 2012; Brown et al., 2016, Rogers et al., 2019).

This has led to the hypothesis that apoCM is inhibiting the
Sec7 domain. Myers et al. (Myers et al., 2012) first demon-
strated that the binding of Ca2þ to apoCM results in the dis-
sociation of apoCM from the IQ domain of IQSEC2.
Combining molecular modeling with molecular dynamics
simulations (sections 2.4 and 2.6) we have generated com-
plexes formed by CaCM and apoCM with a helical fragment
of the IQ domain (Figure S5). The calculated relative thermo-
dynamic stabilities of apoCM and CaCM complexes by the
MMPBSA.py method (Miller et al., 2012) are presented in
Tables S1 and S2. The Coulomb charges of the IQ domain,
apoCM, and CaCM are þ6, �24, and �16, respectively. The
four Ca2þ chelated by CM dramatically reduce the ability of
CaCM to bind to the IQ domain. The MMPBSA.py method
usually overestimates the absolute values of binding ener-
gies, so only the trend in the relative binding energy values
should serve as the basis for comparison between the calcu-
lated and experimental determined interactions. The calcu-
lated difference in binding energies between CaCM-IQ and
apoCM-IQ complexes is (-36.3 kcal/mol)—(-88.6 kcal/mol) ¼
52.3 kcal/mol, demonstrating that the apoCM-IQ complex is
markedly more stable than the CaCM-IQ complex. Therefore,
the CaCM-IQ complex concentration should be negligible
when intracellular Ca2þ is increased. This conclusion per-
fectly corresponds with experimental observations (Myers
et al., 2012; Brown et al., 2016, Rogers et al., 2019).

How does the Ca2þ-mediated dissociation of CM from
the IQ domain increase Sec7 activity? Complexation of
apoCM with the IQ domain fragment of the model of wild
type IQSEC2 was constructed by the superimposition of
amino acid residues 348–360 of both the IQ domain of
IQSEC2 (section 2.10) and the IQ domain of the modeled
apoCM-IQ domain complex (sections 2.4 and 2.6). As dis-
cussed in Section 2.10 when generating this complex in
order to remove inter-residual clashes between residues the
U torsional angle between glycine residues 342 and 343,
serving as a hinge (Figure S12), was changed leading to a
large-scale conformational movement of the IQSEC2 N-ter-
minal fragment. The principal difference between 3D struc-
tures of free wild type IQSEC2 and its complex with apoCM
bound to its IQ domain may be seen in Figures 2 and 3.
When apoCM is bound to the IQ domain, the N-terminal seg-
ment of wild type IQSEC2 moves to a position that hinders
the access of the Sec7 domain to ARF6 (Figure 3).

Attempts to form a stable complex between apoCM and IQ
domain IQSEC2 mutants constructed by the method used for
the wild type IQ domain was not possible due to multiple non-
removable conformational clashes between the protein back-
bones of apoCM and parts of the mutant IQSEC2 proteins
(section 2.10 and Figures S14–S17). To resolve this problem,
we docked apoCM to the IQ domain of the IQSEC2 mutants
using the protein-protein docking method used in the
HADDOCK web server (Honorato et al., 2021; van Zundert
et al., 2016). The geometry of all apoCM-IQ complexes includ-
ing that for wild type IQSEC2 and the IQ domain mutants (the
latter after the docking) were optimized by YASARA Structure
under the AMBER ff14SB force field (Maier et al., 2015) in a
periodic cell filled with explicit water molecules and
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physiological concentration of Naþ and Cl- ions as described
in section 2.10. Figure 3 presents in two projections the 3D
structures of wild type IQSEC2 and IQ domain mutants with
apoCM bound to the IQ domain. There is a principal structural
difference between the wild type and all of the mutant
apoCM-IQ complexes. In the former case the IQ is squeezed
between ‘Pac-Man’s jaws’ (Pac-Man,2022) of apoCM. In con-
trast, the mutant IQ domain is positioned behind the Pac-
Man’s jaws. Consequently, the apoCM-IQ binding energies, cal-
culated by the FoldX web server (Schymkowitz et al., 2005),
predicted the formation of a thermodynamically stable wild
type IQ complex. In contrast, the apoCM-IQ complex for the IQ
mutants were predicted to have negligible stability or to be
impossible to form (Table in Figure 3). These theoretical predic-
tions are confirmed by our biological experiments (Figure 1C).
Figure 4 shows a schematic representation of the mechanism
regulating the ability of the Sec7 domain of wild type IQSEC2
and IQ domain mutants to bind to ARF6.

3.4. The effect of the 3D structure of the binary GTPase-
GEF complex on the nucleotide exchange process

Numerous experimental studies have led to the conclusion
that nucleotide exchange factors (GEFs) increase the

dissociation rate of GDP from trimeric GTPase-GDP-GEF com-
plexes, forming the resulting stable binary nucleotide-free
GTPase-GEF complex (Vetter & Wittinghofer, 2001; Cherfils
et al., 1998; Renault et al., 2003; Jackson & Casanova, 2000;
Goldberg, 1998; B�eraud-Dufour et al., 1998; Gray et al., 2020;
Klebe et al., 1995). The GTPase-GEF complex formation is a
key stage in the maintenance of the GDP/GTP nucleotide
exchange process. Indeed, the next stage in the cycle is
rebinding of GTP nucleotide to the nucleotide binding
domain, which requires the appropriate geometrical structure
of the GTPase-GEF complex and an increase in its concentra-
tion (dependent on its thermodynamic stability) in the cell. If
at least one of the mentioned factors is not satisfied the cyc-
lic process of nucleotide exchange will be interrupted.

In this section we analyze the 3D structure and stability of
the binary nucleotide-free ARF6-Sec7 (IQSEC2) complex as a
function of the IQ domain sequence and apoCM binding.
Paying attention to the high conformational flexibility of the
ARF6-Sec7 complex (Vetter & Wittinghofer, 2001; Cherfils
et al., 1998; Renault et al., 2003; Jackson & Casanova, 2000;
Goldberg, 1998; B�eraud-Dufour et al., 1998; Gray et al., 2020;
Klebe et al., 1995), we have applied an accelerated molecular
dynamic (aMD) (Hamelberg et al., 2004; Gedeon et al., 2015)
simulation protocol allowing enhanced conformational

Figure 3. 3D structures in two projections of apoCM-IQ complexes for wild type and mutant IQSEC2 proteins demonstrating that the binding of apoCM to wild
type IQSEC2 leads to an interaction of the N terminal domain with the Sec7 domain thereby inhibiting the accessibility to the latter for ARF6. Colors: Sec 7 domain
– red, N-terminal fragment – yellow, IQ domain – magenta, apoCM – green, the rest of the residues are grey. The apoCM-IQ complexes are displayed in molecular
surface style. All other fragments of IQSEC2 are presented in ribbon style. The table summarizes calculated binding energies of apoCM-IQ complexes.

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS 7



sampling (section 2.6). We have demonstrated in sections
3.2 and 3.3 that for wild type IQSEC2 (in the absence of
apoCM) and for the A350 mutant IQSEC2 proteins, the Sec7
domain can freely bind to ARF6 (Figures 2 and 3).
Therefore, the aMD simulated ARF6 (residues 14–171)-Sec7

(residues 749–1094) complex (Figure S6B) may serve as a
unified model for the analysis of its structural features com-
mon for wild type IQSEC2 without apoCM bound and the
A350 IQSEC2 mutants. To construct the complex of ARF6
(residues 14–171) with wild type IQSEC2 (residues 749–
1094) and its A350 mutants we superposed their Sec7
domain by means of YASARA Structure software with the
corresponding Sec7 fragment of the MD equilibrated ARF6-
Sec7 complex (section 2.6). Subsequently, the Sec7 frag-
ment of the ARF6-Sec7 complex was deleted. Finally, the
geometries of the generated ARF6-IQSEC2 complexes were
fully optimized under a ff14SB force field (Maier et al.,
2015) by YASARA Structure software in periodic simulation
cells filled with explicit water molecules and Naþ and Cl-
ions in physiological concentrations.

Analysis by YASARA Structure of intermolecular residue
binding interactions on the interface surface between ARF6
and the Sec7 domain of wild type IQSEC2 without ApoCM
bound (Figure 5A) and the A350D IQSEC2 mutant (Figure
S18) identified three oppositely charged amino acid pairs
that dominate the stability of the complexes. They are
K69(L)-D879(R), R15(L)-D894(R) and K26(L)-E849(R). There is
an additional fourth pair D22(L)-K852(R) responsible for the
greater stabilization of ARF6 complexes with the A350T and
A350V mutants, (Figures S19 and S20, respectively). L and R
refer here to ARF6 (Ligand) and Sec7 (Receptor) respectively.
The K69(L)-D879(R) pair forms a strong ionic hydrogen bond
between positively and negatively charged residues. The
charged functional groups of the remaining pairs are too dis-
tant for hydrogen-bond formation; nevertheless, their elec-
trostatic binding interaction contributes to the complex
stability.

We have also examined the most popular and widely
used method to model protein structure, AlphaFold,(Jumper
et al., 2021) to predict the 3D structure of wild type IQSEC2.
AlphaFold is currently available in the UniProt database,
allowing us to acquire from this source the AlphaFold pre-
dicted 3D structure of wild type full length IQSEC2 (1488
amino acid residues). As we are only modeling in this study
the N-terminal 1094 amino acids of IQSEC2 we deleted the C
terminal end of IQSEC2 obtained by AlphaFold. We then con-
structed, by the protocol described above for IQSEC2 gener-
ated by RaptorX, the complex of ARF6 with AlphaFold
generated IQSEC2 (Figure 5B). There were numerous con-
formational clashes between ARF6 and structural fragments
of IQSEC2 when using the AlphaFold model which could not
be removed by any geometry optimization procedure. As cal-
culated by FoldX there was an enormously high positive
value of the binding free energy DG for the AlphaFold gen-
erated complex clearly indicating that it cannot be formed.
Therefore, the AlphaFold algorithm does not appear to be
relevant for the 3D structure prediction of the intrinsically
disordered protein IQSEC2. This lack of validity of a structure
produced by AlphaFold is in agreement with the previously
described poor ability of AlphaFold to predict the 3D struc-
ture of other intrinsically disordered proteins (Azzaz et al.,
2022; Ruff & Pappu, 2021).

Figure 4. Schematic representation of the regulation of the interaction of the
Sec7 domain with ARF6. A. Wild type IQSEC2. Under low Ca2þ concentration
conditions, apoCM bound to the IQ domain initiates movement of a large-scale
conformational flap of IQSEC2 amino acid residues 1-342 on a hinge formed by
glycine 342 and glycine 343. The movement of this flap causes the N-terminal
fragment of IQSEC2 (residues 1-71) to sterically inhibit access of ARF6 to Sec7
to form a catalytically competent ARF6-Sec7 complex. High Ca2þ concentration
results in the dissociation of apoCM from the IQ domain which causes a change
in the position of the N-terminal helical fragment of IQSEC2 so that it no longer
inhibits access of the Sec7 region to ARF6. B. A350 mutant IQSEC2. Calmodulin
is unable to bind to A350 mutant IQ domains under any Ca2þ concentration
conditions, so access of ARF6 to the Sec7 domain is always permitted. C. R359C
mutant IQSEC2. Calmodulin is unable to bind to the R359C IQ domain mutant
under any Ca2þ concentration. The intrinsic structural feature of this mutant is
that access of ARF6 to the Sec7 domain to form catalytically competent ARF6-
Sec7 complex is blocked by the N-terminal helical fragment of IQSEC2 regard-
less of the Ca2þ concentration.
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It should be noted that the functional role of the Sec7
domain of the GEF in the ARF-GDP-GEF complex is to trigger
sterically and electrostatically the expulsion of the GDP
nucleotide by insertion of Sec7 residues into the nucleotide
binding site of ARF6 (Goldberg et al., 1998). Specifically, it is
the so called ‘glutamic finger’—a specific Glu residue of the
Sec7 domain corresponding to E156 for ARNO (Cherfils et al.,
1998; Renault et al., 2003; B�eraud-Dufour et al., 1998) and
E97 for Gea2 (Goldberg et al., 1998). The analogous role of
the glutamic finger is played by E849 of the Sec7 domain of
IQSEC2 (Gray et al., 2020). In contrast, as demonstrated
above, in the absence of nucleotide, the Sec7 domain of
IQSEC2 stabilizes the nucleotide-free ARF6-Sec7 complex
(binding free energy DG¼�17.4 kcal/mol). The E849 residue
of the Sec7 domain also contributes to the complex stabiliza-
tion by an electrostatic interaction with K26 of ARF6.

Protein-protein docking of previously MD equilibrated
structures of ARF6 to wild type IQSEC2 and the R359C
mutant, where the former was bound to apoCM, was
assessed by the HADDOCK server (Honorato et al., 2021; van
Zundert et al., 2016) using the default parameters of the

server (the default parameters of the HADDOCK 2.4 server
are provided as a SI file). The geometries of the generated
complexes were optimized by YASARA software under the
AMBER ff14SB force field (Maier et al., 2015) in a periodic cell
filled with explicit water molecules and physiological concen-
tration of Naþ and Cl- ions. The N-terminal fragment (1–71
residues) of IQSEC2 interferes with optimal binding of ARF6
to the Sec7 domain for both apoCM bound wild type IQSEC2
as well as for mutant R359C IQSEC2 (sections 1 and 2,
Figures 2 and 3). As a result, both ARF6-Sec7 complexes are
unstable; the corresponding binding free energies DG are
�2.1 kcal/mol and �0.7 kcal/mol respectively. In addition, the
geometries of both ARF6-Sec 7 complexes are distorted.
Indeed, the amino acid residues that were found to stabilize
the interaction between ARF6 and Sec7 when apoCM was
not bound to wild type IQSEC2 (Figure 5A) are extremely dis-
tant from each other (Figures 6A and B) when apoCM is
bound to wild type IQSEC2 or in the R359C IQSEC2 mutant.
As a result, GTP cannot be successfully bound to the cor-
rupted ARF6-Sec7 structure, and the cyclic nucleotide
exchange process is abolished.

Figure 5. 3D structure of ARF6-Sec 7 complexes (see details in Section 3.4) generated by Raptor X or Alpha Fold. Complexes are presented in two projections. Free
energies of binding DG are calculated by the FoldX server. The three amino acid pairs that dominate the stability of the ARF6-IQSEC2 wild type complex are pre-
sented in the right side of figure. Interactions between corresponding functional groups of amino acid pairs are connected by arrows and labeled by distance val-
ues in Å. Color scheme: ARF6 – blue, Sec7– red, the remainder of IQSEC2 is grey. L and R refer to ARF6 (Ligand) and Sec 7 (Receptor) respectively. Residues
dominating stability of the ARF6-Sec7 complexes are element colored. A. 3D structure predicted by the Raptor X server of ARF6 (molecule L) complexed with wild
type IQSEC2 (molecule R). B. 3D structure of ARF6 (molecule L)-IQSEC2 (molecule R) wild type complex where the IQSEC2 3D structure (amino acid residues 1-1094)
was previously predicted by the AlphaFold server. There are numerous conformational clashes between ARF6 and structural fragments of IQSEC2 which do not per-
mit the Sec7 domain to bind with ARF6 when using the structure of IQSEC2 generated by the AlphaFold server.
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4. Limitations of this study

4.1. The hinge region

We have observed clashes between residues of apoCM and
the wild type IQ domain of IQSEC2 after their superimpos-
ition (see section 3.2). To remove the bumps, we chose to
focus on a specific gly-gly region as a crucial hinge due its
close proximity (residues 342–343) to the IQ region (residues
348–378). As discussed above the IQ region serves as the
binding site for the apoCM protein resulting in the allosteric
modulation of Sec7 activity. A hinge located adjacent to this
binding site is a reasonable hypothesis. This may be experi-
mentally tested in future studies by mutating this hinge and
testing whether this would result in the expected loss of the
ability of the IQ region to allosterically regulate the Sec7
activity of IQSEC2.

4.2. The R359C conundrum

We have demonstrated major structural differences in the
orientation of the N-terminal region of IQSEC2 relative to the
IQSEC2 Sec7 domain for IQSEC2 mutations at amino acid

residues 350 and 359 both of which cannot bind apoCM.
These structural differences are consistent with experimen-
tally acquired data. However, we presently do not have an
explanation for these differences. Perhaps this may be due
to differences in proximity to the putative hinge region
(342–343). Future experiments are needed to clarify this
unusual finding, such as mutagenesis studies or possibly
acquiring crystallographic data.

5. Conclusions and implications of this study

Mutations in the IQSEC2 gene are associated with epilepsy,
autism, and intellectual disability. The intention of this work
was to present a model at a molecular level for how muta-
tions in the IQ domain of IQSEC2 may cause disease. The IQ
domain of IQSEC2 is known to bind apoCM and results in
inhibition of its GEF activity. Ca2þ influx relieves this inhib-
ition and leads to activation of ARF6. Moreover, it was found
that mutations in the IQ domain can lead to permanently
elevated GEF activity in A350 mutants, or to its GEF catalytic
incompetence as in the case of the R359C mutant. The struc-
tural basis for this discrepancy had not been described to

Figure 6. 3D structures demonstrating destabilization of the interaction between ARF6 and Sec7 domain when wild type IQSEC2 is bound to apoCM or for R359C
IQSEC2 (see details in Section 3.4). Complexes are presented in two projections. Binding free energies DG were calculated by FoldX server. The amino acid residues
which stabilize the ARF6-Sec7 complex when wild type IQSEC2 is not bound to apoCM (as demonstrated in Figure 5A) in contrast as shown here are very distant
from one another both when wild type IQSEC2 is bound to apoCM and for the R359C IQSEC2 mutant. Interactions between functional groups of Sec7 and ARF6
domains in the demonstrated complexes are connected by arrows and labeled by distance values in Å. Color scheme: ARF6 – blue, Sec7 – red, N-terminal fragment
– yellow, the rest of the fragments of IQSEC2 are grey. A. 3D structure of the ARF6 (mol L)-IQSEC2 (mol R) wild type complex, where the IQ domain (magenta) is
bound to apoCM (green). B. 3D structure of ARF6 (mol L)-IQSEC2 (mol R) R359C mutant complex.
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date. Applying various molecular modeling techniques
including molecular dynamics simulations, we have found
that one explanation for this phenomenon lies in the mech-
anism of GDP/GTP nucleotide exchange stimulated by the
GEF catalytic activity of the Sec7 domain of IQSEC2.
Specifically, an N-terminal fragment of IQSEC2, whose pos-
ition around a hinge region is dependent on whether apoCM
is bound to the IQ domain, is responsible for determining
access of the Sec7 domain to ARF6.

The understanding of the mechanism by which IQSEC2 is
normally regulated may allow for discovery efforts to
improve the lives of children with IQSEC2 mutations as there
are currently no treatments. Specifically, work by Mehta
et al., 2021 has demonstrated that IQSEC2 mediated disease
might be rescued by replacement with a wild type copy of
the IQSEC2 gene (i.e. gene therapy). The Federal Drug
Administration has recently approved gene therapy for sev-
eral single gene defects using adeno-associated virus (AAV).
The problem is that applying AAV mediated therapy to a
specific disease is restricted by the size of the gene that can
be used within the carrying capacity of the AAV virus. The
IQSEC2 gene is too large to fit within the space permitted by
the AAV virus. We are currently working on developing an
IQSEC2 minigene, based in part on the molecular model pre-
sented here, that will preserve regions (functional domains)
important for the biological function of IQSEC2 and delete
regions that appear to only serve a linker function between
these functional domains. We have developed platforms to
test the efficacy of this IQSEC2 minigene in AAV in both
neuronal cultures and in mice with IQSEC2 mutations. The
molecular model described here has provided a starting
point from which we are making IQSEC2 minigenes but the
final minigene will only be able to be validated by experi-
mental data.
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