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ABSTRACT: RhoGTPase-activating proteins (RhoGAPs) play multi-
ple roles in neuronal development; however, details of their substrate
recognition system remain elusive. ArhGAP21 and ArhGAP23 are
RhoGAPs that contain N-terminal PDZ and pleckstrin homology
domains. In the present study, the RhoGAP domain of these ArhGAPs
was computationally modeled by template-based methods and the
AlphaFold2 software program, and their intrinsic RhoGTPase
recognition mechanism was analyzed from the domain structures
using the protein docking programs HADDOCK and HDOCK.
ArhGAP21 was predicted to preferentially catalyze Cdc42, RhoA,
RhoB, RhoC, and RhoG and to downregulate RhoD and Tc10 activities.
Regarding ArhGAP23, RhoA and Cdc42 were deduced to be its
substrates, whereas RhoD downregulation was predicted to be less efficient. The PDZ domains of ArhGAP21/23 possess the
FTLRXXXVY sequence, and similar globular folding consists of antiparalleled β-sheets and two α-helices that are conserved with
PDZ domains of MAST-family proteins. A peptide docking analysis revealed the specific interaction of the ArhGAP23 PDZ domain
with the PTEN C-terminus. The pleckstrin homology domain structure of ArhGAP23 was also predicted, and the functional
selectivity for the interactors regulated by the folding and disordered domains in ArhGAP21 and ArhGAP23 was examined by an in
silico analysis. An interaction analysis of these RhoGAPs revealed the existence of mammalian ArhGAP21/23-specific type I and type
III Arf- and RhoGTPase-regulated signaling. Multiple recognition systems of RhoGTPase substrates and selective Arf-dependent
localization of ArhGAP21/23 may form the basis of the functional core signaling necessary for synaptic homeostasis and axon/
dendritic transport regulated by RhoGAP localization and activities.

■ INTRODUCTION
The regulation of mammalian RhoGTPase functions in
neuronal development is a highly organized process, and the
dysfunction of these elements causes several developmental
disorders. RhoGTPases are regulated by RhoGTPase-activat-
ing proteins (RhoGAPs), Rho guanine dissociation inhibitors
(RhoGDIs), and Rho guanine nucleotide exchange factors
(RhoGEFs), which spatiotemporally regulate GTP-hydrolyzing
activities and GTP/GDP exchange reactions. RhoGAPs
regulate cellular morphology and the synaptic network;
however, the details of the signaling cross talk events involved
in their activation during the developmental process remain
unclear.1

Mutations in RhoGAPs lead to developmental disorders,
such as intellectual disability (ID), and specific inhibitors of
RhoGTPase regulation have recently been developed for the
pharmacological treatment of dysfunctional behavior.2 Oligo-
phrenin-1 is an X-linked gene whose mutation leads to ID with
epileptic phenotypes and morphological phenotypes, including
ventricular enlargement; furthermore, the PH-domain contain-
ing RhoGAP is highly expressed in the hippocampus and
cortex.3 Several other RhoGAPs, such as ArhGAP21, are
enriched in the developmental brain, and exome sequencing of

consanguineous families with neurogenetic developmental
disorders, including brain malformation, has revealed rare
single nucleotide variants in the homozygous ArhGAP21
locus.4 A genome-wide association study of reading disabilities
has shown candidate single nucleotide polymorphisms in the
ArhGAP23 gene to be significantly associated with neuro-
developmental disorders.5

Both ArhGAP21 and ArhGAP23 comprise the N-terminal
PDZ domain and RhoGAP domain connected to the PH
domain, the splicing isoforms with or without the RhoGAP
domain, and the C-terminal disordered domain. Several
biochemical and cellular studies have suggested that
ArhGAP21 and ArhGAP23 are differently regulated by
interactors, and a protein interaction database developed
based on results of high-throughput studies shows distinct sets
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of profiles of their complexes.6 ArhGAP21 specifically binds
GTP-bound forms of Arf1 and Arf6 and regulates actin
organization in the Golgi apparatus.7,8 β-Arrestin 1 attenuates
ArhGAP21-mediated RhoGAP activity through the angioten-
sin II receptor following angiotensin treatment.9 ArhGAP23 is
homologous to ArhGAP21 and interacts with Prickle1 for the
regulation of lateral signaling and Rho activation during cancer
invasion.10 A phenotypic analysis of heterozygous ArhGAP21
knockout mice has revealed various functions of this protein as
a regulator of lineage-specification of stem cell populations.11,12

In contrast, the physiological function of ArhGAP23 remains
unknown.13

The neuronal functions of both ArhGAP21 and ArhGAP23
proteins are suggested to be associated with neuronal scaffold
interactors and modulators of the metabotropic glutamate
receptor (mGluR) function.14,15 A stage-specific analysis of
synaptic development revealed that ArhGAP23 plays an
important role in promoting spinal maturation.16 A proteomic
analysis of serotonin transporter interactors regulated by 5-HT
signaling also indicated the involvement of ArhGAP21 and
ArhGAP23 in the serotonin signaling pathway.17 The
expression of ArhGAP21 and ArhGAP23 in the cortex and
hippocampus tends to change similarly during the prenatal and
postnatal developmental stages, and both have been shown to
be localized with postsynaptic density within excitatory
glutamatergic neurons, suggesting the existence of a common
regulatory pathway, at least partially, for both proteins.18 The
expression of ArhGAP21 and ArhGAP23 is cooperatively
regulated in a tissue-specific manner.19

We therefore examined the substrate specificity of the
mammalian PDZ-containing RhoGAPs and their specific
interactors based on predicted structural aspects as most
RhoGAPs do not show any selectivity toward a particular
RhoGTPase, in contrast to Dbl-family proteins, which show
selective RhoGEF activities toward Rho, Cdc42, and Rac
proteins via specific residues.20 In particular, the difference in
the substrate recognition mechanism of RhoGAP domains
between ArhGAP21 and ArhGAP23 remains unclear, although
both RhoGAP domains possess highly homologous sequences
with each other. The Arf-binding regions, including the PH
domains of ArhGAP21, are postulated to interact with Arf-
subfamily proteins, but no structural information on
ArhGAP23 has been reported.

In the present study, prediction of these domains was
performed by structural homology modeling and the
AlphFold2 software program,21 and computational peptide
interacting mapping was attempted to functionally elucidate
the unexplored PDZ domains of ArhGAP21 and ArhGAP23.
The predicted mode of these ArhGAP-mediated signaling
pathways will be useful for further analyses of their
physiological functions.

■ METHODS
Homology Modeling. Sequences of the RhoGAP and PH

domain with the external C-terminal region of ArhGAP21 and
ArhGAP23 (Table S1) were submitted for the HHpred
detection of secondary structural homology,22 and multiple
alignment-based detection was conducted with a SWISS-
MODEL search, taking into account the target-template
secondary structure similarity.23 A suitable model was sought
with trRosetta and I-Tasser, which rank top in the Critical
Assessment of Techniques for Protein Structure Prediction
(CASP) for checking potential templates.24,25 The RhoGAP

domains of ArhGAP23 and ArhGAP21 with external C-
terminal amino acids were modeled by SWISS-MODEL and
trRosetta, respectively, and the candidate model was selected
by a quality check. The model quality was estimated with
trRosetta, I-Tasser, and QMean, and each structure was
visualized using the Chimera software program.24−26 The
predicted model was evaluated by PROCHECK, ERRAT,27

verify3D,28 and PROSA29 (Tables S2 and S3).
Sequence and Structural Analyses of PDZ Domains.

Sequences from the PDZ domain of human ArhGAP21 and
ArhGAP23, categorized by InterPro,30 were examined by a
PSI-BLAST31 search by restricting RefSeq to Homo sapiens.
The PSI-BLAST search identified multiple members belonging
to the microtubule-associated serine/threonine protein kinase
(MAST) and membrane-associated guanylate kinase (MAGI)
family of proteins with high-ranked matching scores. Their
sequences were aligned using the MAFFT software program,32

and the tertiary structure was analyzed using the PDB website.
Molecular Docking. A modeled ArhGAP21 or ArhGAP23

Rho-GTPase docking analysis was performed by HDOCK in
hybrid-docking or template-free docking mode for selection.33

The HADDOCK program was also conducted based on the
known PDB structure.34 The interatom energies and side
chains of modeled domain structures were optimized by the
EGAD software program.35 The ability of these programs to
reproduce the RhoA-RhoGAP interaction was checked by the
HDOCK or HADDOCK flexible hybrid-docking performing
program for MgcRacGAP (PDB codes: 5c2k and 5c2j) or
modeled complex N-chimerin-RhoGAP (PDB code: 3cxl,
Figure S1) with Rac1 that showed a similar tertiary structure
toward each RhoGTPase .33,34 Interactions of the RhoGAP
domain and Arf binding domain (ArfBD), including the PH
domain, with RhoGTPase family and Arf-family proteins were
modeled using HADDOCK by ab initio docking with the
experimental constraints on the conserved residues in the
interface with analogy to conserved catalytic arginine and the
ArfBD7 (PDB code: 2dhj) based on the selected structural
model, respectively.34 The following conserved residues were
used for the HADDOCK analysis: the catalytic Arg1183 and
Pro1185 residues for the RhoGAP domain of ArhGAP21; the
Arg942 and Pro944 residues for the RhoGAP domain of
ArhGAP23; the conserved Tyr999, Ser1000, Ile1053, and Ile1057

residues for the ArhGAP21 ArfBD; and the Tyr767, Ser768, and
Ile822 residues for the ArhGAP23 ArfBD. HDOCK was also
used to determine the prediction and selectivity of RhoGAP
substrates. Interaction residues of Rho-family proteins that
located in the p-loop, switch I, switch II, and α3-helix are
important for the association with RhoGAP; they were
identified in elements located <6 Å from conformational
aspects. The complex was not selected if the candidate
complex did not meet the constraints described in
HADDOCK. The complexes retrieved from the PDB database
(3msx, 1f7c, 1grn, or 5jcp) were also modeled using the
HDOCK software program (Table S4). Regarding the ArfBDs,
complexes selected using both the Haddock and HDOCK
docking programs were matched well to the crystallographic
model of the ArhGAP21-Arf1 complex.7 Computational
docking with the ligand peptide was performed by template
docking with the MOE system (Chemical Computing Group
ULC, Canada). First, MAST2-PDZ complexed with the C-
terminus of PTEN (PDB code: 2kyl) was used as a template.
After matching its position to the ArhGAP-PDZ structures
modeled by UCSF Chimera, the PTEN moiety was extracted
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from the MAST2-PDZ complex and merged into ArhGAP-
PDZ. The initial structure of ArhGAP-PDZ with PTEN was
then preprocessed with the QuickPrep tool, and the general
docking procedure of MOE was applied to optimize the
complex structure. The predicted model was further evaluated
using the DrugScorePPI software program to search for critical
residues that mediate the protein−protein interfaces by
calculating the predicted charges in the binding free energy
upon alanine mutations in silico.36 The binding affinity of the
predicted complexes was also examined by protein binding
energy prediction using PRODIGY with their tertiary
structures37,38 (Table 1). The structure models predicted by
the AlphaFold2 software program were also used to predict the
complex structures of ArhGAP21 and ArhGAP23s.21 The
RhoGAP domain of ArhGAP21 with external C-terminal

amino acids was also modeled using the AlphaFold2 software
program and analyzed by the HDOCK and Haddock software
programs.
Known ArhGAP21/23 Interaction Analysis and Inter-

actor Prediction. The BioGrid and IntAct databases were
used to compile a list of experimentally analyzed ArhGAP21
and ArhGAP23 interactors as well as those manually curated
from the literature.39,40 The binding proteins were annotated
with the domain signatures and biological processes involved
in physiological aspects by retrieving them from the UniProt
InterPro. Details concerning the interaction were also inferred
from PubMed results based on selected keywords concerning
the neuronal function. The analyzed proteins are indicated by
their UniProt accession code in Table S5. To predict potential
interactors of ArhGAP21 and ArhGAP23, we searched for
putative domains and linear motifs putatively mediating the
interactions involved in Arf-mediated signaling in common
cell-based models or neurodevelopmental processes. We
suspected that a predicted linear motif might be potential
interaction sites for a novel interactor if the known binding
protein was categorized into a class of protein or contained the
motifs known to bind to the corresponding sequences (Table
2).

■ RESULTS AND DISCUSSION
Substrate Specificity of the RhoGAP Domains of ArhGAP

Proteins. ArhGAP21 and ArhGAP23 possess a similar domain
organization, both containing PH and PDZ domains. Although
their functional redundancy and mutual regulation of
expression have been reported in a cell-specific manner, their
substrate specificity has remained to be elusive.8,10,41,42 To
investigate the structural determinants of RhoGAP domains in
the catalytic reaction, the RhoGAP domains of ArhGAP21 and
ArhGAP23 were retrieved from InterPro and modeled based
on the predicted secondary structure from HHPred (Figure
1a). The RhoGAP sequences showed 74.6% homology with
each other, and the prediction using SWISS-MODEL,
trRosetta, and I-Tasser selected ArhGAP2 (PDB code: 3cxl)
for ArhGAP21 and ArhGAP2 (PDB code: 3cxl) and
MgcRacGAP (PDB code: 5c2k) for ArhGAP2323−25,32 (Figure
1b, Table S1, Figure S2a,b). All of the models were evaluated
based on the Ramachandran plot using PROCHECK and
internal nonbonded interactions using ERRAT27 (Tables S2
and S3). The models were also examined by verify3D, which
indicates statistical preference on residues defined by three
factors: the conformational buried residue area inaccessible to
the solvent, the area fraction of the side-chain area covered by
polar atoms, and the local secondary structure. The PROSA
software program was used to evaluate the distance-based pair
potential and structural quality of the model29 (Table S2).
ArhGAP2 was selected for model prediction for ArhGAP21
and ArhGAP23 (Table S2). The QMean score of the predicted
RhoGAP domains was 0.75 for both ArhGAP21 and
ArhGAP23 with high reliability.26 Furthermore, the predicted
RhoGAP structures were superimposed onto the RhoGAP
domain of the ArhGAP2 template, showing a completely
matched helix orientation (Figure S2a,b; Table S1). The
RhoGAP domains of ArhGAP21 and ArhGAP23 had the same
structural folding in the superimposed orientation (RMSD:
0.058 Å) (Figure 1c). The RhoGAP domains of ArhGAP21,
ArhGAP23, and RhoGAP19D retrieved from InterPro were
also modeled (Figure 1d) using the AlphaFold2 software
program, and the two human RhoGAP domains showed

Table 1. Binding Affinity of Interactors to ArhGAP21 and
ArhGAP23 RhoGAPsa

RhoGAP domain ΔG (kcal/mol) theoretical KD (M)

ArhGAP21
Cdc42 −10.1 ± 0.082 8.2e-08 (7.2−9.4e-08)
RhoA −11.3 ± 0.083 1.1e-08 (0.95−1.2e-08)
RhoB −10.8 ± 0.087 2.3e-08 (2.0−2.7e-08)
RhoC −11.5 ± 0.081 7.6e-09 (6.7−8.7e-09)
RhoD −7.9 ± 0.070 2.5e-06 (2.2−2.8e-06)
RhoG −11.3 ± 0.074 1.0e-08 (0.93−1.2e-08)
Tc10 −7.9 ± 0.063 2.7e-06 (2.4−3.0e-06)
ArhGAP23
Cdc42 −10.0 ± 0.084 9.6e-08 (8.4−11e-08)
RhoA −12.0 ± 0.086 3.3e-09 (2.9−3.8e-09)
RhoD −7.8 ± 0.069 3.2e-06 (2.9−3.6e-06)
PDB
5c2j −10.3 ± 0.085 5.5e-08 (4.8−6.3e-08)
1grn −9.3 ± 0.083 2.7e-07 (2.4−3.1e-07)
1tx4 −8.9 ± 0.078 5.4e-07 (4.8−6.2e-07)
PH domain ΔG (kcal/mol) Theoretical KD (M)
ArhGAP21
Arf1 (theoretical value) −10.5 ± 0.062 4.0e-08 (3.6−4.5e-08)
Arf3 −8.4 ± 0.055 1.3e-06 (1.2−1.4e-06)
Arf6 −10.9 ± 0.061 2.2e-08 (2.0−2.5e-08)
ArhGAP23
Arf1 −9.3 ± 0.065 2.8e-07 (2.5−3.1e-07)
Arf3 −7.1 ± 0.057 1.1e-05 (0.96−1.2e-05)
Arf6 −7.1 ± 0.057 1.1e-05 (0.96−1.2e-05)

PDZ domain ΔG (kcal/mol) theoretical KD (M)

ArhGAP23
PTEN −7.3 ± 0.069 6.8e-06 (6.1−7.6e-06)

aSelected models of RhoGAP-RhoGTPase complexes and pleckstrin-
homology domains interacting with Arf1, Arf3, and Arf6 were
analyzed using the PRODIGY software program with contact-based
prediction of binding affinity in protein complexes.37,38 The binding
affinity of the RhoGAP complexes retrieved from the PDB database
(PDB codes: 5c2j, 1grn, or 1tx4) was calculated and is shown in the
column. Regarding the calculation of estimated errors of Gibbs free
energy (ΔG = RT ln KD), the standard deviation of the weights in the
linear equation (ΔGcalc = 0.09459 ICscharged/charged + 0.10007
ICscharged/apolar − 0.19577 ICspolar/polar + 0.22671 ICspolar/apolar −
0.18681%NISapolar − 0.13810%NIScharged + 15.9433, NIS: non-
interacting interface) was considered.38 The theoretical value of
selected models of ArhGAP21 ArfBD interacting with Arf1 by the
HADDOCK software program is also shown as Arf1 (theoretical KD)
in the table.
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Table 2. List of Known and Predicted ArhGAP21 and ArhGAP23 Interactorsa

RhoGAP interactor
domain

architecture signaling pathway
experimental

condition ref. interacting region

ArhGAP21 Arf1 Arf domain dynein and Cdc42 recruitment to
Golgi

crystallization 7 Arf binding domain

ArhGAP21 Arf6 Arf domain regulation of F-actin dynamics, Golgi
complex organization

YTH,b GST pull-
down

8 929−1096aa (PH domain
including C-terminal region)

ArhGAP21,23 SERT transmembrane
protein

serotonin transporter affinity capture MS 17 N.D. (no interaction in SERT
knockout mouse)

ArhGAP21 FAK kinase integrin signaling, neurite outgrowth,
long-term potentiation

immunoprecipitation 83 N.D.

ArhGAP21 YWHAS 14-3-3 cell-cycle arrest MudPIT analysisc 64 Ser671
ArhGAP21 Ank3 ankyrin repeat assembly of axon initial segment proximity biotinylation

analysis
67 N.D.

ArhGAP21 β-arrestin1
(ARRB1)

arrestin domain G-protein-coupled signaling,
cytoskeletal organization

YTH,b peptide
binding

9 1332−1356aa
(IQHHDW∼VQEEST)

ArhGAP21 α-tubulin tubulin cell−cell adhesion epithelial−
mesenchymal transition

immunoprecipitation 82 N.D.

ArhGAP21 Graf1 SH3, RhoRAP
domain

integrin signaling proximity biotinylation
analysis

84 N.D.

ArhGAP21 NPRAP coiled-coil, PDZ synaptic adherens junction immunoprecipitation 72 N.D.
ArhGAP23 YWHAΗ 14-3-3 neuronal PKA signaling affinity purification tag 65 N.D.
ArhGAP23 Prickle1 PET, LIM

domain
lateral signaling for cell migration immunoprecipitation 10 500−600aa (N-terminal region

outside of PH domain)
ArhGAP23 Ankfy1 BTB, ankyrin

repeat
Rab5 effector affinity purification tag 41 N.D.

RhoGAP
predicted
interactor

domain
architecture signaling pathway methods

score
(ELM) predicted interacting region

ArhGAP21 Lyn Tyr kinase,
SH3, SH2

PI3kinase-Akt signaling ELM;LIG_SH3_1,3 1.327e-3 193RNIPEPP199, 806IDEPTSP812,
1093TQSPHSP1099

ArhGAP21 Lck Tyr kinase,
SH3, SH2

integrin signaling ELM:LIG_SH3_1,3 1.327e-3 193RNIPEPP199,
806IDEPTSP812, 1093TQSPHSP1099

ArhGAP21 Sorbs2 Tyr kinase,
SH3, SH2

organization of postsynaptic
complex, dendritic development

ELM:LIG_SH3_1,3 1.327e-3 193RNIPEPP199, 806IDEPTSP812,
1093TQSPHSP1099

ArhGAP21 casein
kinase II

Ser/Thr
kinase

dendritic spine formation, IS
protein clustering

ELM:MOD_CK2,
D2P2

1.457e-2 870QPNSKTE876, 877RSKSYDE883,
920RKDSSSE926

ArhGAP21 RhoB RhoGTPase synaptic plasticity, dendritic spine
formation

docking by HDOCK RhoGAP domain with C-terminal 22aa

ArhGAP21 RhoC RhoGTPase neuronal homeostasis, apoptosis docking by HDOCK RhoGAP domain with C-terminal 22aa
ArhGAP21 RhoG RhoGTPase actin-mediated transport,

migration
docking by HDOCK RhoGAP domain with C-terminal 22aa

ArhGAP21 Tc10 RhoGTPase vesicular transport, neurite
outgrowth

docking by Haddock RhoGAP domain with C-terminal 22aa

ArhGAP23 PTEN tensin
phosphate,
C2 domain

cell growth and apoptosis docking by ACDP
and MOE

PDZ domain (55−64aa)

ArhGAP23 Arf6 Arf domain recruitment of endosomal coat
complexes

docking by Haddock ArfBD-like domain (688−836aa)

ArhGAP21 RhoD RhoGTPase Rab5-dependent endocytosis docking by Haddock RhoGAP domain with C-terminal 22aa
ArhGAP23 docking by HDOCK RhoGAP domain
ArhGAP21 Cdc42 RhoGTPase Golgi organization docking by HDOCK RhoGAP domain
ArhGAP23 cell motility docking by HDOCK RhoGAP domain
ArhGAP21,23 YWHAG 14-3-3 cytoskeletal reorganization ELG:LIG_14-3-3, 14-

3-3 binding motif
4.477e-3 473RSASQGAL480, 877RSKSYD882,

1075RQSLS1079(21),
620RSKSCDDGL628 (23)

ArhGAP21,23 TNK2 Tyr kinase,
SH3

receptor signaling ELM:LIG_SH3_1,3 1.327e-3 193RNIPEPP199, 806IDEPTSP812,
1093TQSPHSP1099 (21),
549IDEPTSP555, 581GTSPSSP587(23)

ArhGAP21,23 Arf3 Arf domain recruitment of Golgi coat
complexes

docking by Haddock ArfBD (21), ArfBD-like domain (23)

ArhGAP21,23 RhoA RhoGTPase growth corn repulsion, regulation
of neurite outgrowth and
synaptic protrusion

docking by HDOCK RhoGAP domain with C-terminal 22aa,
RhoGAP domain (ArhGAP23)

aThe putative domain or linear motifs predicted to mediate ArhGAP21/23 interaction were selected. It is assumed that the molecule is considered
to be a putative interactor if the known binding protein is in the same class of protein family or presents a domain or motif known to interact with a
predicted ArhGAP21/23 linear motif or their substrate including RhoGTPase or Arf-family protein.57−59 bYeast two-hybrid system. cMudPIT:
multidimensional protein identification technology.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c08054
ACS Omega 2023, 8, 19249−19264

19252

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c08054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


similar folding structures (RMSD: 0.452 Å) (Figure 1e).
Homology modeling and AlphaFold2 prediction showed
similar ArhGAP21 and ArhGAP23 catalytic structures with
RMSD values of 1.943 and 2.054 Å, respectively (Figure S3).
Conformational differences in the loop region located between
the 9th and 10th α-helices were detected in both the homology
and AlphaFold-modeled RhoGAPs.

Both of the predicted RhoGAP models were subjected to
molecular docking using the HDOCK software program, one
of the most flexible prediction software programs for protein−
protein interactions, to analyze the substrate availability for
RhoGTPases.33 Experimental PDB structures for the Rho-
GAP/RhoGTPase complex (PDB codes: 5irc, 1ow3, 1tx4,
3msx, 5c2j, 1grn, 2ngr) indicated that the catalytic arginine and
+2 positions in the catalytic loop were close to glycine and
alanine at the p-loop in the RhoGTPase family (Figure S4).
The interaction details for the both the RhoGAPs were further
investigated using the HADDOCK software program by
setting the conditions for the mode of substrate recog-
nition.20,34,43 The predicted docking model was also checked
by PRODIGY, which provides theoretical binding affinity of
the complex37 (Table 1). Several RhoGAPs analyzed for
experimentally validated RhoGTPase affinities were selected as
the modeled complex using HDOCK in template-free/hybrid
mode.44−46 As shown in Table S4, the binding affinities
showed similar levels between the theoretical KD value or
binding free energy calculated by PRODIGY and correspond-
ing parameters by isothermal titration calorimetry experiments
or kinetic measurements, considering the species-specific
diversities and experimental conditions for the substrate
preferences (Table S4).

A computational analysis of alanine scanning mutagenesis by
DrugScorePPI simulation was additionally performed to

analyze their binding interface.36 The property of interface
residues was indicated by the degree of buriedness of each
residue in the binding interface, where a high score is necessary
but not sufficient for hot spot identification (Figure S5). The
template-based model of the ArhGAP21 domain was predicted
to interact well with Cdc42 (Figures 2a, 3a, and 4a), analogous
to the MgcRacGAP-Cdc42 structure (PDB code: 5c2j), in
both the HDOCK and HADDOCK software programs. The
binding analysis by PRODIGY showed the predicted binding
affinity (ΔG) and dissociation constant (KD) to be −10.1 kcal/
mol and 8.2 × 10−8 M (Table 1), respectively. The predicted
interface of the RhoGAP structure in modeled ArhGAP21 was
very similar to that of the MgcRacGAP-cdc42 complex (PDB
code: 5c2j) (Figures S4 and S5a). In contrast, RhoA was not
selected from the predicted ArhGAP21 structure by HDOCK
in template-free mode, although the RhoGAP was deduced to
interact with RhoA, with low affinity according to HADDOCK
and PRODIGY (8.0 × 10−6 M). The ArhGAP23 structures
selected by homology modeling and AlphaFold were also
predicted to specifically interact with cdc42 or RhoA (Figure
3i,j and Figure S6). Cdc42 and RhoA complexes were retrieved
by AlphaFold and homology-modeled structure with RMSD
values of 0.389 and 0.246 Å, respectively, from all the docking
models (Figures 2h,i, 3i,j, 4h,i and Figure S7d). These models
interacting with cdc42 and RhoA showed respective binding
affinities of −10.0 and −12.0 kcal/mol and dissociation
constants of 9.6 × 10−8 and 3.3 × 10−9 M (Table 1). The
binding energy calculation of ArhGAP23 to cdc42 and RhoA
showed interfacial hotspots at the conserved residues near the
catalytic arginine finger and hydrophilic interface (Figure S5a).
Rac1 interaction with the RhoGAPs ArhGAP21 or ArhGAP23
was not detected by HADDOCK or HDOCK using the
prediction method, although the RhoGAP N-chimerin

Figure 1. Modeled structure of the RhoGAP domains of ArhGAP21, ArhGAP23, and DmRhoGAP19D. (a) Schematic representation of
ArhGAP218 and ArhGAP23 (orange box: PDZ domain, blue box: PH domain, green box: RhoGAP domain). UniProt and GenBank IDs are as
follows: ArhGAP21: Q5T5U3-1/NM_20824.4; ArhGAP23: Q9P227-1/NM_001199417.2; and DmRhoGAP19D: Q9VRA6/NM_134552.6. (b)
Modeled structure of the RhoGAP domain by homology modeling. RhoGAP domains are colored from the N-terminus (blue) to the C-terminus
(red). (c) The modeled structure of the ArhGAP21 domain was superimposed over the RhoGAP domain of ArhGAP23. (d) Modeled structure of
the RhoGAP domain generated by AlphaFold2.21 (e) The modeled structure of the ArhGAP21 RhoGAP domain was superimposed over the
RhoGAP domain of ArhGAP23. The modeled structure was evaluated by PROCHECK and ERRAT and visualized by the UCSF Chimera software
program, version 1.15 (http://www.cgl.ucsf.edu/chimera).
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deduced from 3cxl was theoretically selected as a Rac1 binding
protein by HDOCK (Figure S1). The proximity of the catalytic
arginine finger to the corresponding residues in the p-loop of
the modeled 3cxl-Rac1 complex was also detected, as were
RhoA/Cdc42-RhoGAP complexes (Figure S5b). The modeled
ArhGAP21 bound to RhoC was also selected based on the
AlphaFold-based prediction (Figure S7b).

To gain more insight into the substrate recognition
mechanism, the ArhGAP21 domain, including the region
outside of the 22 C-terminal residues, was modeled using
trRosetta and AlphaFold2, and the output models were
evaluated using PROCHECK and ERRAT for homology
modeling. The model3 predicted by trRosetta was evaluated as
the best according to the scores and template ArhGAP2
structure by homology-based prediction (Table S2). The
selected model3 also showed high scores in structural quality
according to the verify3D and PROSA software programs. The
energy minimization process using the MOE system revealed
that both the template-based model and predicted trRosetta
model3 of the ArhGAP21 RhoGAP domain showed overall
quality scores that were better than or the same as the ERRAT
and PROCHECK energy minimized models, respectively. The
predicted model3 showed a better score in Verify3D than the
energy minimized structure model and vice versa for the
template-based model.

After the selected model was applied to the docking
procedures by the HDock and Haddock software programs,
RhoA was fitted well to the RhoGAP domain in all software
programs, indicating that the C-terminal flexible region outside
of the RhoGAP domain determines the RhoA specificity of
ArhGAP21 in the tertiary structure model (Figures 2b, 3b, and
4b; Table 1). The RhoGAP domain with the C-terminal region
was structurally modeled using the AlphaFold software
program. Homology and AlphaFold modeled structures
showed regional differences in the loop region between the
first and second α-helices and the fourth α-helix in the
RhoGAP domains with an RMSD value of 1.33 Å except for
the flexible 21C-terminal amino acids. In case of the AlphaFold
predicted model, Cdc42 but not RhoA was selected as the
substrate using the corresponding region of ArhGAP21,
showing similar affinity to that with the homology-modeled
RhoGAP model (KD: 3.5 × 10−8 M) (Figure S7a). The critical
interface residues of the RhoA complex located in the
conserved interfaces and catalytic regions showed a similar
pattern to the p50RhoGAP-RhoA complex (PDB code: 1tx4)
(Figure 4b). The binding affinity was −11.3 kcal/mol, and the
KD value was 1.1 × 10−8 M (Table 1). When the predicted
homology-modeled ArhGAP21 structures interacting with
RhoA and Cdc42 were superimposed onto each other, both
conformations were found to be different, especially in the
loop region between the 3rd and 4th α-helices and the N-

Figure 2. RhoGTPase recognition model generated by modeled ArhGAP21 and ArhGAP23. RhoGAP domains of homology-modeled ArhGAP21
(a−f) bound to Cdc42 (a), RhoA (b), RhoC (c), RhoD (d), RhoG (e), and Tc10 (f) and ArhGAP23 interacting with RhoA (h) were searched
using the HDOCK and HADDOCK software programs, and the better structural model was selected for each docking model (a: HDOCK,
template-free mode; b, c, e, h: HDOCK, hybrid mode; d, f: HADDOCK). AlphaFold-based modeled ArhGAP21 bound to RhoB (g) and
ArhGAP23 bound to cdc42 (i) and RhoD (j) were also selected using the HDOCK and HADDOCK software program (g, i, j: HDOCK, template-
free mode). Docking models were assessed by the proximity of the conserved region in the interface in RhoGAP to switch II and p-loop of
RhoGTPase proteins. The RhoGAP substrates obtained by both software programs were structurally examined. Cdc42 and RhoA were fitted well
to both ArhGAP21 (a, b) and ArhGAP23 (h, i). Conserved regions consisted of an arginine finger (red dotted circle) and hydrophilic interface
(orange dotted oval) in RhoGAP domains facing to switch II (orange oval) and p-loop (red circle) of RhoGTPases (a−j).
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terminal 10th α-helix in the RhoA-bound form (Figure 3h).
HDOCK docking analysis also selected the AlphaFold-
modeled ArhGAP21 bound to Tc10 (Figure S7c). RhoB,
RhoC, RhoG, and Tc10 displayed a good fit to the RhoGAP
domain of ArhGAP21 with predicted hotspots in their
conserved regions but not to the RhoGAP domain of
ArhGAP23 (Figures 2c,e−g, 3c,e−g, and 4c,e−g; Figure
S5a). RhoD was predicted to interact with the ArhGAP21
and ArhGAP23 domains using the homology modeling and
AlphaFold, respectively (Figures 2d,j, 3d,k, and 4d,j). Predicted
KD values for the interaction with RhoD or Tc10 showed a
lower affinity than that with other RhoGTPases, although their
theoretical substrate recognition modes were fitted to the
experimental KD values obtained by RhoGAP reaction47

(Table 1, Table S4). The interfacial hotspots were located in
the conserved region around the catalytic arginine finger
(Figure S5a). RhoGTPases possess variable residues in the N-
terminal region of the third α-helix, and these residues were
predicted to form the interface with the catalytic loop of the
modeled RhoGAPs (Figure 4a−j). The variable Asp90 residue
in the RhoA and the Asn92 residue in the Cdc42 interfaces
plays a critical role in their interactions with ArhGAP21 or
ArhGAP23, as indicated in the binding free energy calculation
(Figure 4a,b,h,i; Figure S5a). The conserved Asp residue in the
switch II region of RhoGTPases also plays a critical role in the
interactions with both RhoGAPs (Figure 4, Figure S5a).

RhoGAP19D, the Drosophila ortholog of ArhGAP21, was
also predicted by the HHPred search, and potential templates
generated by trRosetta and I-Tasser were also selected for
ArhGAP2 (PDB code: 3cxl) and glucocorticoid receptor DNA
binding factor1 (PDB code: 3fk2) (Figure 1b, Table S1). An

evaluation by PROCHECK and ERRAT selected ArhGAP2 as
the best template for Drosophila RhoGAP19D (Table S2). The
best predicted model was ArhGAP2, with a QMean score of
0.77, and the multiple sequence alignment of its RhoGAP
domain showed 44.6 and 42.1% sequence homology with
human ArhGAP21 and ArhGAP23, respectively (Figure 1b,
Figure S2c). The AlphaFold-based model showed a similar
structure to the homology-modeled structure (Figure 1d).

Substrate selection by the homology modeled and
AlphaFold-based structural prediction based on PRODIGY
analysis deduced the ArhGAP21 or ArhGAP23 preference to
Cdc42, RhoA, RhoB, RhoC, and RhoG (Table 1) or Cdc42
and RhoA, respectively, from the structural aspects. Although
Rac1 was shown to be the RhoGAP substrate in previous
reports,16,42 neither of the modeling methods selected the
RhoGTPase, suggesting that a conformational change in
RhoGAP might be involved in the recognition processes.
RhoA and RhoC activities are modulated by ArhGAP21
silencing and knockout conditions in a cell-type-specific
manner, and our prediction results are consistent with the
previous findings.9,11,48

Type I and III Arf Proteins Are Predicted to Interact with
ArhGAP21 and ArhGAP23. The PH domains are sequentially
conserved among vertebrate ArhGAP21/23 proteins, whereas
RhoGAP19D does not possess its signature (Figure 1a).
ArhGAP21 is known to associate with Arf1 and Arf6 via the
ArfBD, which includes the PH domain and is located at the N-
terminus of the RhoGAP domain.7,49 This association is
mediated by the loop region of β5’-β6’ sheets and the C-
terminal α-helix of ArhGAP21 located between switch I and
the interswitch region of the GTP-bound form of Arf in the

Figure 3. Interface model of ArhGAP21 and ArhGAP23 bound to conserved binding regions in RhoGTPases. The residues of RhoGAP structure
involved in interaction with the p-loop and switch I/II in each RhoGTPase were examined, and the tertiary orientation of the side chains is
indicated in the RhoGAP structure of ArhGAP21 (a−g) or ArhGAP23 (i−k). ArhGAP21-RhoGAP domains bound to RhoA (colored) and Cdc42
(light blue) were superimposed (h).
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complex.7 The ArfBD of ArhGAP21 (PDB code: 2j59) was
examined to determine which Arf proteins could interact using
HDOCK and HADDOCK by setting the constraints according
to the crystallographic structure of the complex. Arf3 (PDB
code: 6ii6) and Arf6 (PDB code: 2j5x) were selected based on
the interaction within the corresponding region by HAD-
DOCK, and the HDOCK results in template-free mode
supported this prediction (Figure 5b,c). The interfacial
hotspots were located in the β5’-β6’ sheets for Arf3 interaction,
and the theoretical binding affinity was −8.4 kcal/mol (KD: 1.3
× 10−6 M) (Figure S5c, Table 1).

The ArfBD of ArhGAP23 showed 47.2% sequence
homology with the corresponding matched region of
ArhGAP21 in MAFFT alignment, and structural modeling of
ArhGAP23 was performed using the HHPred software
program. The modeled ArhGAP23 structure predicted
Tiam1 (PDB: 4k2p) and ArhGAP21 (PDB code: 2j59) as
candidate templates (Table S1, Figure 5a). The best model,
based on the ArhGAP21 template, was selected by evaluating
the structural quality check using PROCHECK and ERRAT
(Figure 5a, Table S2). The QMean score of 0.70 showed a
high reliability for this model (Table S1, Figure S8a). The
modeled domain structure was examined for interactions with
Arf-family proteins using the HADDOCK and HDOCK

software programs. The docking test selected Arf1, Arf3
(PDB code: 6ii6), and Arf6 (PDB code: 2j5x), with RMSD
values of 0.372, 0.498, and 0.729 Å, respectively, as the
structural fitted model (Figure 5d−f). The critical conserved
residues of the Arf-binding region in ArfGAP23 showed
identical patterns to those of ArfGAP21, except for Leu826

corresponding to Ile1057 of ArhGAP21 in the C-terminal α-
helix (Figure S5c). The interfacial hotspots of ArhGAP23 for
Arf3 binding were similarly located in the β5’-β6’ sheets as
with the case of ArhGAP21-Arf3 interaction (Figure S5c).
Type II Arf-family proteins such as Arf4 (PDB code: 1z6x) and
Arf5 (PDB code: 2b6h) were not selected as ArhGAP21 or
ArhGAP23 Arf-binding regions using either HDOCK with
template-free mode or HADDOCK. The ArfBD of ArhGAP23
was also modeled by the AlphaFold2 software program (Figure
S8b), and the docking test selected Arf3 as the complex with
the ArhGAP23 domain using both docking software programs
(Figure S9). Arf1 (2j59), Arf4 (1z6x), and Arf6 (2j5x) were
predicted as the complex of the corresponding ArfGAP23
region by the HADDOCK software program, but none of the
Arf proteins was selected using the HDOCK software program
in template-free mode (data not shown). Although the Tyr767

and Ile822 residues in binding free energy in the homology-
modeled ArhGAP23 bound to Arf3 showed relatively lower

Figure 4. Deduced catalytic residues in ArhGAP21 and ArhGAP23-RhoGTPase complexes. The conserved p-loop−switch I/II region of
RhoGTPases (green) and variable residues located at the interface of RhoGTPase (marked with red letters in dark green ribbon) were predicted to
form the RhoGAP catalytic interface (a−j). Side chains of the arginine finger in the catalytic loop (gold), the conserved positively charged interface
(yellow), and conserved residues in the hydrophilic interface (orange) of RhoGAP are indicated in the modeled catalytic interfaces of ArhGAP21
(a−g) and ArhGAP23 (h−j). The interfacial residues of the RhoGAP domain for selective Rho-, Cdc42-, or Rac-selective interaction are indicated
(green letters). The modeled structure was evaluated by DrugScorePPI, and side chains of the selected catalytic interface were visualized using the
UCSF Chimera software program, version 1.15.
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values than the Arf1 complexes, the conserved residues in the
interface of the predicted complex were preserved in
AlphaFold-based docking models (Figure S9), suggesting
that subtle conformational changes in the interface may be
required for the optimal recognition of Arf3 protein.

Homology modeling predicted RhoGAP and ArfBD
structures accurately because all of the identities between a
target sequence and the template structures were more than
30% (Table S1). The threading method using I-Tasser24 can
be used for the sequences showing an extremely low identity to
templates, and multiple scoring systems for a target sequence
and multiple structural templates from the Protein Data Bank
can help improve the modeling accuracy. Structure prediction
and modeling using trRosetta,25 which applies inter-residue
geometry from multiple sequence alignments with restraints of
distance and orientation, provided more accurate models for
the substrate interaction test than the Robetta program that
utilizes a combination of template-based modeling with
fragment-based and contact-assisted folding. Structural evalua-
tions using PROCHECK, Verify3D, and ERRAT selected the
most appropriate models. In addition, regarding RhoGAP
prediction models, structural prediction using AlphaFold2
selected RhoB and RhoD as the predicted substrates of
ArhGAP21 and ArhGAP23, respectively, agents that were not
chosen by the docking analysis for homology modeling
(Figures 2−4). Regarding the ArhGAP23 PH domain, the
homology modeled structure for Arf interactions was
consistent in the specificity obtained by the HDOCK and
HADDOCK docking software programs, but an HDOCK
analysis using an AlphaFold-based structural model did not
match the experimental results reported previously.8

PDZ Regions of ArhGAP21/23 Possess a Conserved
Globular Structure with Analogy to the MAST-Family PDZ
Domains, and PTEN-ArhGAP23 PDZ Interaction Was
Structurally Modeled. Structural prediction of the PDZ
domain of ArhGAP23 selected MAST2 (PDB code: 2kyl)
and ArhGAP21 (PDB code: 2yuy) as the templates with
QMean scores of 0.49 and 0.82, respectively, using SWISS-
MODEL (Figure 6a). The evaluation of these structural
models by ERRAT and PROCHECK identified the ArhGAP21
PDZ domain as having better scores than the MAST2 PDZ
domain (Figure 6b, Table S2). The corresponding region of
the PDZ domain was also structurally modeled by the
AlphaFold software program (Figure S10a). The predicted
model showed similar folding to the template-based PDZ
domain model, except in the loop region, with an RMSD value
of 2.11 Å in the structurally conserved N- (Asp52-Phe61) and
C-terminal (Val100-Lys154) regions (Figure S10b). To charac-
terize the PDZ sequence in ArhGAP21/23, a PSI-BLAST
search in the GenBank database was performed for both
domains as query sequences, and PDZ domains of MAST
family proteins were selected based on the top-ranked scores
(Figure 6c). The MAST-family PDZ domains contain globular
folding structures similar to the ArhGAP21/23 PDZ domains
(PDB codes, MAST1: 3ps4, MAST2: 2kyl, MAST3: 3khf,
MAST4: 2w7r50), except for the loop region connecting the
conserved regions (Figure 6c−e, Figure S11). The ArhGAP21/
23 PDZ domains contain the FTLRXXXVY sequence
conserved with the MAST2-PDZ domain that mediates
interaction with the PTEN C-terminal region (PDB code:
2kyl). Whereas PTEN has been reported as a regulator of the
β-arrestin1/ArhGAP21 complex in carcinoma, the resultant
model implied the complex PTEN regulation upon Cdc42

Figure 5. Interaction of ArhGAP21/23 with Arf-family proteins. Modeled structure of the Arf binding region of ArhGAP23 containing the
Pleckstrin homology domain (a). Predicted ArhGAP21-Arf3 complex (b) and ArhGAP21-Arf6 (c) complexes calculated from PDB (PDB code:
2j597) are shown as colored ribbons from the N-terminus (blue) to the C-terminus (red). Homology-modeled ArhGAP23-Arf1 (d), ArhGAP23-
Arf3 (e), and ArhGAP23-Arf6 (f) complexes were predicted based on the selected tertiary structure (a). The GTP-bound form of Arf1 (PDB code:
2j59) or Arf3 (PDB code: 6ii6) or GTPγS-bound form of Arf6 (PDB code: 2j5x) was used for docking tests with the HADDOCK and HDOCK
software programs. Each complex is indicated as a ribbon from the N-terminus (blue) to the C-terminus (red). Modeled structures were evaluated
by DrugScorePPI and visualized by the UCSF Chimera software program, version 1.15.
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activation by β-arrestin1 and ArhGAP21.51 Although β-
arrestin1 is known to bind to the RhoGAP C-terminal region,
ArhGAP21 was not included as a stable β-arrestin1 complex in
the proteomic analysis.9,52

To clarify this contradiction, the interaction of PTEN to the
ArhGAP21/23 PDZ domain was predicted by template
docking using the MOE system. ArhGAP-PDZ domains were
examined by template docking using the known structure of
the PTEN 13-mer peptide (PDB code: 2kyl). MAST2-PDZ
has a class I domain-specific motif that recognizes the
consensus sequence Ser/Thr-X-Φ (X: any residue, Φ:
hydrophobic residue).53 The ArhGAP21 PDZ domain was
similarly structured but did not completely correspond to
MAST2-PDZ in several aspects. In contrast, ArhGAP23 was
predicted to possess the same interaction network as the
MAST2-PTEN complex (Figure 6f). The ArhGAP23 PDZ
backbone amides of Phe54, Gly55, and Phe56 that were
hydrogen-bonded to the C-terminus of the PTEN peptide
were partially conserved with the MAST2-PDZ domain,
whereas PTEN Lys(−1) was predicted to interact with the
side chain of its Thr57 in PDZ through hydrophobic association
(Figure 6c,f). Simulation using DrugScorePPI predicted that
hot spots in the ArhGAP23 PDZ domain were localized at
Asp52-Val63 and Ile140-Leu147, including the conserved region
(Asp1-Val12 and Ile89-Leu96 in Figure S5d). The side chain of

Thr(−2) in the PTEN peptide was predicted to form a
hydrophobic interaction with the side chain of the conserved
Ile137 in the α-helix of ArhGAP23 PDZ, analogous to Val77 in
MAST2-PDZ. Ile(−3) is stabilized by hydrophobic contact with
the side chain of Arg22 in the MAST2 β-sheet. Nevertheless,
this mechanism was not predicted to be structurally conserved
in the case of ArhGAP23 PDZ, although Arg59 in ArhGAP23
PDZ is located in the same position as MAST2.53 His(−6) and
Thr(−5) of PTEN were located in close proximity to the
conserved side chains of Val63 and Phe61 in the ArhGAP23
PDZ domain, respectively, in an orientation similar to that of
the MAST2-PTEN complex (Figure 6g). The binding affinity
(ΔG) calculated by a PRODIGY analysis was −7.3 kcal/mol,
and the dissociation constant was estimated to be 6.8 × 10−6

M at 37 °C (Table 1). A majority of Arf6 GEFs or GAPs are
activated in the presence of PIP2.54 PTEN may be involved in
the Arf regulation coupled with RhoGTPase downregulation.
PI3-kinase regulates filopodia formation through actin bundles
with cdc42 activation and dendritic spinogenesis. PTEN-
ArhGAP23 signaling may also be important for the regulation
of F-actin patches.55,56

Neuronal ArhGAP21/23 Interaction Networks. Although
ArhGAP21 and ArhGAP23 are co-expressed in many regions
of the developing brain in humans, their neuron-specific
functions remain poorly unexplored.41 Domain signatures for

Figure 6. Conserved globular structure of ArhGAP21/23 PDZ domain with MAST proteins. (a) Modeled structure of the ArhGAP23 PDZ
domain. Structural models were predicted by homology modeling with SWISS-MODEL. (b) The predicted ArhGAP23 PDZ structure (red: α-
helices: gray; loops) was superimposed over the ArhGAP21PDZ domain (blue, PDB code: 2yuy). (c) Multiple sequence alignment of PDZ
domains of ArhGAP21, ArhGAP23, and MAST-family proteins using the MAFFT software program.32 Each PDZ domain structure of ArhGAP21
(d) or ArhGAP23 (e) modeled using SWISS-MODEL23 was superimposed over the MAST2 PDZ domain, which interacts with the PTEN C-
terminal tail (PDB code: 2kyl). The Phe, Ser, Leu Arg, Val, and Tyr residues of side chains in the PDZ domains of ArhGAP21 and ArhGAP23
conserved among MAST2-PTEN binding interface showed similar orientations (d and e) and are indicated as red circles in the sequence alignment
(c). The N- and C-terminal parts of ArhGAP21 and ArhGAP23 form a globular domain similar to MAST-family proteins (2kyl, 3ps4, 3khf, and
2w7r;50 Figure S11) and indicated as circles with dotted lines. (f) The modeled PDZ structure of ArhGAP23 (gold) was predicted to interact with
the 13-mer PTEN peptide89 (green) that tethers to the groove formed by the conserved region in the PDZ domain according to template docking
using the MOE system. Predicted critical residues for the interaction of the ArhGAP23 PDZ domain (brown) and PTEN peptide (dark green) are
indicated based on analogy with the PTEN-bound MAST2 tertiary structure89 (PDB code: 2kyl). (g) Predicted ArhGAP23-PDZ interaction with
the PTEN C-terminal peptide was determined by template docking using the MOE system. The structure of ArhGAP23 PDZ is colored from the
N-terminus (blue) to the C-terminus (red) by UCSF Chimera (pink: PTEN peptide: PFDEDQHTQITKV). The modeled structure was evaluated
by DrugScorePPI36 and visualized using the UCSF Chimera software program, version 1.15.
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putative interactors regulating neuronal signaling were
analyzed based on deduced ArhGAP21 and ArhGAP23
localization in view of the predicted Arf binding properties
and high-throughput association studies, including BioGrid
and IntAct39,40 (Table S5). Evolutionarily conserved disor-
dered domains, a particular stretch of amino acid patterns, or
conserved regions with predicted linear motifs were also
considered in the prediction for the interactors (Figure
7a).57−59 Because disordered regions can be modified by
phosphorylation or provide an interface to specific binding
partners for signaling, ArhGAP21/23 binding proteins were
additionally examined by curating the relevant literature (Table
2). These findings were used to expand the assembly of the
ArhGAP21 and ArhGAP23 interaction networks considering
their intracellular localization and RhoGAP substrates (Table
2, Figure 7b). A putative interaction motif was selected based
on its location within the disordered domain mapped by
ELM,60 D2P2,

61 and MobiDB,62 and casein kinase (CK)
phosphorylation sites were predicted by the disordered
propensity and phosphosite because CK regulates neuronal
cytoskeletal dynamics and subcellular membrane targeting.
Motif conservation through mammalian ArhGAP21/23
orthologs was also considered to select the functional
interaction sites.

High-throughput proteomic studies of ArhGAP21 and
ArhGAP23 binding proteins include interphase and mitotic
regulators presumably bound to 14-3-3 proteins that function
in nuclear transport or transcription.63 14-3-3η and 14-3-3σ
were selected as ArhGAP21 and ArhGAP23 binding proteins,
respectively, and 14-3-3γ was additionally predicted for
interacting with ArhGAP21 and ArhGAP23 (LIG_14-3-
3)64,65 (Figure 7a, Table 2). Both RhoGAPs contain canonical
Arg-containing phosphoserine motifs adjacent to the PH
domain and an N-terminal disordered domain.66 Interestingly,
both ArhGAP21 and ArhGAP23 activities are also involved in
serotonin transporter-dependent signaling.17 ArhGAPs-14-3-3γ
association was predicted in the SERT interactome (Figure
7b). Functional regulation of 14-3-3γ or suppressed
RhoGTPase signaling in pathfinding may be required for
neuronal migration and wiring during neurodevelopmental
processes.

ArhGAP21 and ArhGAP23 were predicted to mediate the
interaction with Arf1 and Arf6 through the PH domain, and
their multiple effectors were shown to be localized in secretory
and endocytic pathways. Therefore, the analysis of their
interactors was also mainly focused on Arf- and RhoGTPase-
regulated signaling. Neuronal ArhGAP21 and Ank3 were
localized in the axonal initial segment (AIS) region, and Ank3
was selected as the ArhGAP21 complex from the BioGrid

Figure 7. Neuronal ArhGAP21/23 interaction networks. (a) Interaction mapping of putative ArhGAP21 and ArhGAP23 interactors. Both the
ArhGAP21 and ArhGAP23 proteins are represented by a disordered domain (gray), PDZ (purple), PH (red), and RhoGAP (orange) domain with
sequence boundaries of the human RhoGAPs (ArhGAP21: Q5T5U3, ArhGAP23: Q9P227-1). The indicated domains were retrieved from the
InterPro search,30 and the interaction signatures were deduced based on the conserved linear motif.57−59 Canonical LIR motifs required for the
SH3-containing proteins (LIG_SH3_1 and 3) (light blue circle), 14-3-3 binding site (LIG_14-3-3) (brown circle), and CK2 phosphorylation site
(MOD_CK2) (green circle). Alternative ArhGAP21 and ArhGAP23 isoforms are indicated. The ArhGAP21 isoform (UniProt ID: E7ESW5-1,
1130 residues) is missing a C-terminal region (827 residues). The C-terminus of another isoform (UniProt ID: Q5T5U3-2, 1164 residues) was
truncated at residue 1158 and substituted with VGDTSPPDFLKSLIQF. This isoform also lacks 165LQFTKDVTAL174. The short ArhGAP23
isoform (UniProt ID: Q9P227-2) is truncated at residue 1138 with substitution in the region from positions 1139 to 1144 (ADLLEI). (b)
ArhGAP21 and ArhGAP23 interactors identified by low-throughput data (thin line),7−10,17,65,67,72,82−84 selected by structural modeling and the
prediction based on a linear motif (bold line),66,68,69 and predicted by high-throughput interaction data (dotted line).67,78,84 The asterisk in
RhoGTPase shown in panel a indicates RhoGAP substrates selected by HADDOCK but not HDOCK template-free mode. The dot symbol (•)
indicates the predicted interactor based on the structural modeling by AlphaFold21 using the HDOCK software program. Arf proteins or the
primary sorting interactors regulating intracellular transport (shaded oval) and RhoGTPase (bold-line oval) are shown to categorize the
interactions by the intracellular signaling.
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database15,67 (Table 2, Figure 7b). CK2 potentiates the
clustering localization of Nav1.2 to the AIS through
phosphorylation in the ankyrin binding repeat.68 ArhGAP21
contains three potential CK2-mediated phosphorylation sites
(MOD_CK2) in the N-terminus of its PH domain, but no
potential CK2 phosphorylation site was selected in ArhGAP23.
PSI-Pred predicted a coiled structure including the CK2-
phosphorylated region in ArhGAP21 (851−930 residues),
similar to the corresponding sites within the ankyrin-binding
motif of Nav1.2.69 Arf3 was predicted to interact with
ArhGAP21 and was enriched at the AIS. Pathogenic variants
of Arf3 have been reported to cause ID.70,71 Arf3 binding and
CK2 regulation by ArhGAP21 may target and maintain the
RhoGAP activity in AIS during neuronal maturation. Whereas
ARRB1 was identified as an ArhGAP21 binding protein,9 the
same C-terminal region outside the RhoGAP domain
prerequisite to the ArhGAP21 interaction determined the
specificity of its RhoGAP toward RhoA (Table 2; Figures 2b,
3b, 4b, and 7b). As the synaptic scaffold signaling, NPRAP, a
brain-enriched p120 family protein, was identified in the
ArhGAP21 complex.72 The interactome for ArhGAP21-related
signaling from the BioGrid database identified several proteins
in the catenin family with the armadillo-repeats, including δ-
and β-catenins, as a part of the ArhGAP21 complex.41 NPRAP
regulates dendritic and spine morphogenesis, and ArhGAP21
may specifically regulate RhoA signaling with p190RhoGEF.73

Searching for ArhGAP21-interacting protein through its SH3
binding domain (LIG_SH3) in the disordered region led to
the selection of Lck and Lyn (Table 2; Figure 7a,b). Tyrosine
kinase nonreceptor2 (Tnk2) was also identified as an
ArhGAP21 and ArhGAP23 interactor (Table 2). Tnk2 is
enriched in the brain and contains an SH3 domain that binds
to the proline-rich motif.74 Both ArhGAP21 and ArhGAP23
may spatiotemporally regulate the synaptic homeostasis and
cytoskeletal dynamics by interacting with Tnk2 during brain
development.18,75 Sorbs2 was identified as an ArhGAP21-
specific interactor containing the PXXP motif, and their
complex may regulate the core synaptic scaffolding network
because the C-terminal SH3 domain of Sorbs2 mediates the
binding to the postsynaptic protein SAPAPs (Table 2).76

In synaptic homeostasis, ArhGAP21 functions as an FMRP-
targeting gene that is linked to mGluR signaling, as suggested
by MeCP2 knockout mouse models treated with an mGluR5-
negative allosteric modulator.77 Treatment of cultured hippo-
campal neurons with DHPG, an mGluRI agonist, induces
ArhGAP21 phosphorylation as a downstream cascade.14 An in
vivo embryonic brain interactome analysis revealed the
presence of PSD scaffold proteins, such as several RhoGAPs
and FMR interacting protein, which supports the physiological
and pathological involvement of ArhGAP21 in developmental
brain disorders.18

Prickle1 was identified as an ArhGAP23 binding protein for
lateral signaling in migration10 (Table 2, Figure 7b). RhoD is
localized to Rab5-positive early endosomes by negatively
regulating Rab5-mediated homotypic fusion, and ArhGAP21
and ArhGAP23 were predicted to regulate the RhoD activity,
suggesting the role of RhoD in endocytosis in neurons78

(Figure 7b, Table 2). Ankfy1 is a RhoD binding protein
involved in the early endocytic pathway and was selected as
interacting with ArhGAP23 based on the BioGrid database
(Figure 7b), although RhoD recruitment to Ankfy1 depends
on its isoprenylation and not its GTP-loaded status.
ArhGAP21 is known to interact with Arf6, which is involved

in the endosomal membrane recycling,8,18,79,80 and ArhGAP21
and ArhGAP23 might play roles in the endosomal Prickle
function in cooperation with RhoD activity in neurons.10

RhoD is also known to interact with the actin nucleation factor
WHAMM at the Golgi apparatus and regulate cell migration
through actin reorganization.81

Regarding cytoskeletal regulation by ArhGAPs, α-tubulin
regulates ArhGAP21 localization and functions82 (Table 2,
Figure 7b). Focal adhesion kinase (FAK) is an ArhGAP21 and
Graf1 binding protein, and RhoA and Cdc42 may be
cooperatively regulated by these RhoGAPs in dendritic
organization6,20,83,84 (Figure 7b). RhoB-knockout pyramidal
neurons show complex dendritic blanching and immature
spine development.85 RhoB is transiently associated with active
Src in the endosome for transport to the plasma membrane,
and ArhGAP21 may be also involved in the downregulation of
RhoB activity.86 Tc10, which is closely related to cdc42-related
RhoGTPase, as a postulated substrate of ArhGAP21, mediates
exocytosis with its effector Exo70 and is downregulated at the
plasma membrane.87 It is required for the formation of
neuronal polarity, and the exocyst complex is essential for
membrane expansion in growth cones. ArhGAP21 may
regulate neuronal exocytosis through Tc10 during the
developmental neuronal wiring process. RhoG plays a critical
role in actin dynamics, and ArhGAP21 may be involved in this
process by targeting the small GTPases (Figures 2e and 7).
Anillin is listed as a part of the ArhGAP21 complex in BioGrid,
and its neuronal guidance co-effector RhoG was selected as the
ArhGAP21 substrate;88 however, the details of the physio-
logical inhibition mechanism underlying the RhoG activity in
the mammalian neuronal system remain largely unclear.38 The
present study sheds light on functional folding units by
focusing on structurally validated effectors of ArhGAP21/23
RhoGAPs and will aid in the interpretation of the complicated
pathological process of newly discovered ArhGAP21/23 gene
variants.

■ CONCLUSIONS
Human ArhGAP21/23 RhoGAP domains were structurally
modeled by the homology modeling method and the
AlphaFold software program for rationalizing substrate
recognition mechanisms, and the docking studies indicated
the existence of multiple RhoGTPase substrates for each
RhoGAP protein. Tertiary structural modeling of these
RhoGAPs resulted in several intriguing findings: First, the
conserved ArhGAP21 domain was predicted to recognize
Cdc42, whereas the catalytic RhoGAP fold, including the
outside region of the 22 C-terminal residues, was deduced to
specifically catalyze RhoA, RhoB, RhoC, RhoD, RhoG, and
Tc10. As ArhGAP23 substrates, Cdc42, RhoA, and RhoD were
selected. Second, both the modeled ArfBD of ArhGAP23 and
the corresponding region of ArhGAP21 interacted well with
Arf1, Arf3, and Arf6 despite their sequence homology being
lower than that of the other folding domains. Third, the
predicted ArhGAP23 PDZ domain contained globular folding
similar to that of the MAST-family PDZ domains and
possessed the same conserved PTEN interaction network
with the MAST2-PTEN complex. A binding analysis of the
selected PDZ domain with disordered PTEN C-terminal
peptides revealed that the conserved 57TLRHF61 region in the
PDZ domain with MAST-family proteins played a critical role
as the binding interface with the PTEN C-terminus. Fourth,
the interaction analysis predicted the physiological RhoGAP
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functions of the ArhGAP21/23 as specific signaling hubs in
intracellular transport, synaptic homeostasis, and cytoskeletal
dynamics during neuronal development.
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