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Gephyrin is a central scaffold protein that mediates develop-
ment, function, and plasticity of mammalian inhibitory synapses
by interacting with various inhibitory synaptic proteins. Here, we
show that IQSEC3, a guanine nucleotide exchange factor for ARF6,
directly interacts with gephyrin, an interaction that is critical for
the inhibitory synapse localization of IQSEC3. Overexpression of
IQSEC3 increases inhibitory, but not excitatory, synapse density in
a guanine nucleotide exchange factor activity-dependent manner.
Conversely, knockdown of IQSEC3 decreases size of gephyrin clus-
ter without altering gephyrin puncta density. Collectively, these
data reveal that IQSEC3 acts together with gephyrin to regulate
inhibitory synapse development.

Postsynaptic scaffolding proteins organize functional syn-
apses and promote reliable synaptic transmission by ensuring
the accurate accumulation of postsynaptic receptors in precise
apposition to presynaptic release sites. They also provide plat-
forms for postsynaptic receptors and regulate downstream sig-
naling cascades to adjust the molecular composition of the
postsynaptic machineries that enable postsynaptic plasticity (1,
2). The most extensively studied proteins at inhibitory synapses
are arguably gephyrin and its notable binding protein, collybis-
tin (3, 4). However, although significant progress has been
made, integrated principles that would allow a comprehensive

understanding of inhibitory synapse organization and develop-
ment, particularly at molecular levels, remain to be established
(5, 6).

Gephyrin forms a hexagonal lattice beneath the postsynaptic
membrane at inhibitory synapses and anchors GABAA (�-amino-
butyric acid) and glycine receptors (4, 6 – 8). Gephyrin interacts
with numerous other proteins whose functions at inhibitory
synapses, with the exception of collybistin and neuroligin
(NL)3-2, are largely undefined (6, 9). Collybistin is required for
gephyrin clustering, and their absence in mice compromises
GABAergic synaptic transmission and spatial learning (10, 11).
NL-2 is an established inhibitory synaptic-adhesion molecule
essential for inhibitory synaptic transmission that trans-synap-
tically interacts with presynaptic neurexins and intracellularly
binds to gephyrin (12). Through its tripartite interactions with
gephyrin and collybistin, NL-2 nucleates the postsynaptic
apparatus, locally inducing gephyrin clustering and promoting
its submembrane targeting (9).

IQSEC3 (also known as BRAG3 or SynArfGEF), together
with IQSEC1 and IQSEC2, constitutes a family of brefeldin
A-resistant ARF guanine nucleotide exchange factors (GEFs)
(13). IQSEC family members exhibit distinct synaptic localiza-
tion in mouse retina (14). IQSEC2/BRAG1 and IQSEC1/
BRAG2 directly interact with PSD-95 and are involved
in �-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA)-type glutamate receptor trafficking and long term
synaptic depression at excitatory synapses (15, 16). IQSEC1 is
involved in signaling pathways that induce breast cancer inva-
sion (17), and IQSEC2 mutations are associated with non-syn-
dromic X-linked intellectual disability (18, 19). By contrast,
IQSEC3 is exclusively localized to inhibitory synapses (13, 14).
However, it remains to be determined whether IQSEC3 is func-
tionally important at inhibitory synapses and, if so, how it
orchestrates inhibitory synapse development and function.
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Here, we show that IQSEC3 directly binds to gephyrin to
promote inhibitory synapse formation in an Arf-GEF activity-
dependent manner in cultured hippocampal neurons. Gephy-
rin is required for inhibitory synapse localization of IQSEC3,
which is critical for clustering of gephyrin in cultured hip-
pocampal neurons. Moreover, IQSEC3 is important for main-
tenance of gephyrin cluster size. Our results suggest a novel
molecular mechanism of inhibitory synapse formation that
may link ARF activity to the IQSEC3-gephyrin complex and
further imply that IQSEC3 is critical for mediating neuronal
inhibition, possibly hinting at its crucial roles in organizing
inhibitory neural circuit properties.

Experimental Procedures

Yeast Two-hybrid Screens

Yeast two-hybrid screening was performed as described pre-
viously (20) using the PBN204 yeast strain harboring URA3,
ADE2, and �-gal as reporter genes. Full-length gephyrin (aa
2–736) was subcloned into pGBKT (Gal4 fusion vector; Clon-
tech) and used to screen �1.0 � 106 clones from a human brain
cDNA library (Clontech) constructed in pACT2 (Gal4 activa-
tion domain vector; Clontech). All of the prey clones were ver-
ified by nucleotide sequencing.

Construction of Expression Vectors

IQSEC3—Expression plasmids for fragments of rat IQSEC3
(GenBankTM accession number, NM_207617) were prepared
by amplifying the corresponding region of the gene by PCR and
subcloning into the pCAGGS-FLAG vector at EcoRI/EcoRV
sites. Fragments corresponding to the following amino acid (aa)
regions were prepared: 1–350; 1–315; 336 – 655; 1–995; 336 –
995; 336 –1194; 636 –1194; 1–100; 101–200; 996 –1194; 996 –
1095; and 1–1190. cDNA encoding full-length rat IQSEC3 (aa
1–1194) was PCR-amplified and subcloned into the pcDNA3.1
Myc vector (Invitrogen) at EcoRI/EcoRV sites. The Arf-GEF-
inactive mutant E749A was generated by QuikChange site-di-
rected mutagenesis (Stratagene) using pcDNA3.1 Myc-
IQSEC3 as a template. The shRNA lentiviral expression vector
against Iqsec3 was constructed by annealing, phosphorylating,
and cloning oligonucleotides targeting rat Iqsec3 (5�-GAG CTG
GTG GTA GGC TCT ATG AAA-3�) into the XhoI and XbaI
sites of a single KD vector (L-309; see Ref. 21 for a schematic
diagram of L-309) immediately downstream of the human H1
promoter. For the IQSEC3 rescue vector, three nucleotides
(underlined) in the GAGCTAGTGGTCGGCTCTACGAAA
sequence of pcDNA3.1 Myc-IQSEC3 or pCAGGS-FLAG-
IQSEC3 were mutated to render them shRNA-resistant (see
Fig. 9H). IQSEC3 cDNA fragments corresponding to amino
acids 1–185 and 311– 645 were cloned into the BamHI and
EcoRI sites of the pGEX4T-1 vector (GE Healthcare).

Gephyrin—Expression plasmids for fragments of rat gephy-
rin (GenBankTM accession number, NM_022865) were pre-
pared by PCR-amplifying and subcloning the corresponding
region of the gene into the pcDNA3.1 Myc vector (Invitrogen)
at HindIII/XhoI sites. Fragments corresponding to the follow-
ing aa regions were prepared: 1–185 (gephyrin-G); aa 166 –322
(gephyrin-C); and aa 303–736 (gephyrin-E). The shRNA lenti-
viral expression vector against gephyrin was constructed by

annealing, phosphorylating, and cloning oligonucleotides tar-
geting rat gephyrin (5�-ACA TCA GAC CCA TCG GCC ACG
ACA TTA-3�) into the XhoI and XbaI sites of the L-309 vector.
A cDNA fragment of gephyrin (corresponding to aa 1–185) was
cloned into the BamHI and EcoRI sites of the pRSETA vector
(Thermo Fisher Scientific).

Previously Published Reagents—The following constructs
were as described previously: Myc-gephyrin (22); pCAGGS-
FLAG-IQSEC1, pCAGGS-FLAG-IQSEC2, and pCAGGS-
FLAG-IQSEC3 (a gift from Hiroyuki Sakagami) (13).

Antibodies

Fusion proteins of glutathione S-transferase (GST) and rat
IQSEC3 (aa 1–185) were produced in BL21 Escherichia coli and
purified on a glutathione-Sepharose column (GE Healthcare).
Following immunization of rabbits with this immunogen, the
IQSEC3-specific antibody JK079 was affinity-purified using a
Sulfolink column (Pierce) on which the same GST-fused
IQSEC3 protein was immobilized. The following commercially
available antibodies were used: mouse monoclonal anti-HA
(clone HA-7; Covance); mouse monoclonal anti-FLAG (clone
M1; Sigma); mouse monoclonal anti-Myc (clone 9E10; Santa
Cruz Biotechnology); goat polyclonal anti-EGFP (Rockland);
mouse monoclonal anti-NL-1 (clone N97A/31; NeuroMab);
rabbit polyclonal anti-NL-2 (Synaptic Systems); guinea pig
polyclonal anti-VGLUT1 (Millipore); mouse monoclonal anti-
GAD67 (clone 1G10.2; Millipore); mouse monoclonal anti-
PSD-95 (clone K28/43; Thermo Scientific); mouse monoclonal
anti-�-tubulin (clone DM1A; Sigma); mouse monoclonal anti-
gephyrin (clone 3B11; Synaptic Systems); mouse monoclonal
anti-gephyrin (clone mAb7a; Synaptic Systems); rabbit poly-
clonal anti-collybistin (Synaptic Systems); and mouse mono-
clonal anti-GABAR�2 (clone 331A12; Synaptic Systems). The
following antibodies were previously described: anti-S-SCAM
(1146) (23) and anti-IgSF9b (1913) (24).

Co-immunoprecipitation Assays

Rat brain homogenates from P42 rats were incubated with
anti-IQSEC3 antibody (JK079) overnight at 4 °C, after which 30
�l of a 1:1 suspension of protein A-Sepharose (Incospharm
Corp.) was added, and the mixture was incubated for 2 h at 4 °C
with gentle rotation. In detail, rat brains (2 g) were homoge-
nized in 10 ml of ice-cold homogenization buffer consisting of
320 mM sucrose, 5 mM HEPES-NaOH (pH 7.5), 1 mM EDTA, 0.2
mM PMSF, 1 �g/ml aprotinin, 1 �g/ml leupeptin, 1 �g/ml pep-
statin, and 1 mM Na3VO4. The homogenized tissue was centri-
fuged at 2000 � g for 15 min, and then the supernatant was
centrifuged at 100,000 � g for 1 h. The pellets were homoge-
nized in buffer consisting of 20 mM HEPES-NaOH (pH 7.5),
0.15 M NaCl, 2 mM CaCl2, 2 mM MgCl2, 0.2 mM PMSF, 1 �g/ml
aprotinin, 1 �g/ml leupeptin, 1 �g/ml pepstatin, and 1 mM

Na3VO4. Triton X-100 was added to a final concentration of 1%
(w/v) and dissolved with constant stirring at 4 °C for 1 h. Super-
natants obtained after centrifugation at 100,000 � g for 1 h were
used for co-immunoprecipitation assays. The beads were pel-
leted and washed three times with lysis buffer (20 mM HEPES-
NaOH (pH 7.5), 0.15 M NaCl, 2 mM CaCl2, 2 mM MgCl2, 1%
Triton X-100, 0.2 mM PMSF, 1 �g/ml aprotinin, 1 �g/ml leu-
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peptin, 1 �g/ml pepstatin, and 1 mM Na3VO4). Immune com-
plexes were then resolved by SDS-PAGE and immunoblotted
with anti-gephyrin, anti-NL-1, anti-NL-2, anti-S-SCAM, anti-
collybistin, or anti-IQSEC3 antibodies. For Figs. 2A and 3, B and
D, human embryonic kidney 293T (HEK293T) cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 10% fetal bovine serum (FBS) and 100 units/ml penicil-
lin/streptomycin. HEK293T cells were then transfected with
the indicated combination of plasmids. After 48 h, the trans-
fected HEK293T cells were rinsed with ice-cold phosphate-
buffered saline (PBS) and solubilized in lysis buffer (20 mM Tris
(pH 7.4), 1.0% Triton X-100, 0.1% SDS, 150 mM NaCl, 10%
glycerol, 0.2 mM PMSF, 1 �g/ml aprotinin, 1 �g/ml leupeptin, 1
�g/ml pepstatin, and 1 mM Na3VO4). After centrifugation at
20,000 � g, the supernatants were incubated with 1 �g of the
appropriate antibody overnight at 4 °C. Thereafter, 30 �l of a
1:1 suspension of protein A-Sepharose (Incospharm Corp.) was
added, and the mixture was incubated for 2 h at 4 °C with gentle
rotation. Immune complexes were then resolved by SDS-PAGE
and immunoblotted with the indicated antibodies. Co-immu-

noprecipitation experiments were repeated at least three times,
and quantified results are expressed as the amount of protein
co-precipitated relative to input amount. Representative
immunoblot images are presented in the indicated figures.

Quantitative Reverse Transcription PCR

Cultured rat cortical neurons were infected with recombi-
nant lentiviruses at DIV3 and harvested at DIV10 for quan-
titative real time PCR using SYBR Green quantitative PCR
master mix (Takara). Total RNA was extracted from rat cor-
tical neurons using the TRIzol reagent (Invitrogen) accord-
ing to the manufacturer’s protocol. Briefly, one well of a
12-well plate of cultured neurons was harvested and incu-
bated with 500 �l of TRIzol reagent at room temperature for
5 min. After phenol/chloroform separation, RNA in the
upper aqueous phase was precipitated. cDNA was synthe-
sized from 500 ng of RNA by reverse transcription using a
ReverTra Ace-�-kit (Toyobo). Quantitative PCR was per-
formed with 1 �l of cDNA using CFX96 Touch real time PCR
(Bio-Rad). The ubiquitously expressed glyceraldehyde-3-

FIGURE 1. Yeast two-hybrid screen identifies IQSEC3 as a gephyrin-binding protein. A, overview of the yeast two-hybrid screen of a human brain cDNA library
using gephyrin full-length cDNA (aa 2–753) cloned into the pGBKT vector. SD-LWU, selective medium lacking leucine, tryptophan, and uracil; SD-LWA, selective
medium lacking leucine, tryptophan, and alanine; SD-LW, selective medium lacking leucine and tryptophan. B, human brain cDNA clones isolated from the yeast
two-hybrid screen (A) are shown aligned below a schematic of IQSEC2 and IQSEC3 protein (drawn to scale). The prey clones are labeled AD. CC1, coiled-coil motif 1; IQ,
calcium/calmodulin-binding IQ motif; SEC, Sec7 domain; PH, pleckstrin homology domain; CC2, coiled-coil motif 2; PBM, PDZ-binding motif.
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phosphate dehydrogenase (GAPDH) was used as an endoge-
nous control. The sequences of the primer pairs used are as
follows: IQSEC1, 5�-TGC CAT CAT CCT CCT CAA-3� (for-
ward) and 5�-CGA TGA GCT TCT CAA CCT TCT-3�
(reverse); IQSEC2, 5�-TGC CAT CAT CCT CCT CAA-3� (for-
ward) and 5�-CAC CAT TGT CAA CTC CTC TC-3� (reverse);
and IQSEC3, 5�-GGA GCA GAT TCG GAT AGA ATG G-3�
(forward) and 5�-GGG TGA TCC TTG CTT TGA CT-3�
(reverse).

Neuron Culture, Transfections, Imaging, and Quantitation

Cultured hippocampal neurons were prepared from E18 rat
brains, as described previously (25), cultured on coverslips

coated with poly-L-lysine, and grown in Neurobasal medium
supplemented with B-27 (Invitrogen), 0.5% fetal bovine serum,
0.5 mM Glutamax (Invitrogen), and sodium pyruvate (Invitro-
gen). For overexpression of IQSEC3 in cultured neurons,
hippocampal neurons were transfected with pCAGG-FLAG-
IQSEC3 or its various derivatives, as indicated in the individual
figures, or with EGFP (Control) using a CalPhos kit (Clontech)
at DIV10 and immunostained at DIV14. For KD of IQSEC3 in
cultured neurons, hippocampal neurons were transfected with
L-309 alone (control), L-309 sh-IQSEC3 (B3; IQSEC3-KD), or
co-transfected with IQSEC3-KD and shRNA-resistant Myc-
IQSEC3 using a CalPhos kit (Clontech) at DIV8 and immuno-
stained at DIV14. For immunocytochemistry, cultured neurons

FIGURE 2. Interaction of IQSEC3 with gephyrin in HEK293T cells, formation of an IQSEC3-gephyrin complex in rat brains, and characterization of IQSEC3
antibodies. A, co-immunoprecipitation (IP) experiment demonstrating that IQSEC2 and IQSEC3, but not IQSEC1, interact with gephyrin. HEK293T cells were trans-
fected with FLAG-tagged IQSEC1 (FLAG-IQSEC1), FLAG-tagged IQSEC2 (FLAG-IQSEC2), or FLAG-tagged IQSEC3 (FLAG-IQSEC3) alone or together with Myc-tagged
gephyrin (Myc-Gephyrin), and co-immunoprecipitation of IQSECs with gephyrin was assayed. A representative immunoblot visualized by ECL (left) and quantitative bar
graphs (right) analyzing co-immunoprecipitation efficiency are shown. Note that maximum co-immunoprecipitation efficiency could not be achieved. Input, 5%. n.d.,
not determined. B, co-immunoprecipitation experiment in rat brains demonstrating that IQSEC3 forms complexes with gephyrin, NL-2, and S-SCAM but not with NL-1
or collybistin. Crude synaptosomal fractions of adult mouse brains were immunoprecipitated with anti-IQSEC3 antibody (JK079) and immunoblotted with the
indicated antibodies. Equal amounts of rabbit IgG (IgG) were used as a negative control. Input, 5%. C, biochemical characterization of the anti-IQSEC3 antibody used
in this study. Immunoblot analyses of the anti-IQSEC3 antibody, JK079, using rat brain crude synaptosomes (P2) and lysates from HEK293T cells transfected with a
FLAG-tagged IQSEC3 expression vector (Trans.). The expression of FLAG-tagged IQSEC3 was confirmed by immunoblotting with an anti-FLAG antibody. Br., brain; P2,
crude synaptosomes; Unt., untransfected HEK293T cell lysates. D, co-localization of IQSEC3 puncta with gephyrin puncta in rat cultured hippocampal neurons.
Cultured neurons at DIV14 were immunostained with anti-IQSEC3 (JK079; red) and anti-gephyrin antibodies (green) and detected with Cy3- or FITC-conjugated
secondary antibodies. Scale bar, 10 �m (applies to all images). E, validation of the in-house IQSEC3 antibody (JK079; red) by immunocytochemistry using DIV14 rat
primary hippocampal cultured neurons. JK079-immunoreactive puncta co-localize with those obtained using previously published antibodies (old). Scale bar, 10 �m
(applies to all images). F and G, cross-reactivity of the anti-IQSEC3 antibody. HEK293T cells, untransfected or transfected with the indicated IQSEC expression vectors,
were immunoblotted or immunostained with anti-IQSEC3 (JK079) and anti-FLAG antibodies. JK079 is specific for IQSEC3. An anti-�-tubulin antibody was used for
normalization. Scale bar, 10 �m (applies to all images).
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were fixed with 4% paraformaldehyde, 4% sucrose, permeabi-
lized with 0.2% Triton X-100 in PBS, immunostained with
primary antibodies as indicated, and detected with Cy3-conju-
gated and fluorescein isothiocyanate (FITC)-conjugated sec-
ondary antibodies (Jackson ImmunoResearch). Images were
acquired using a confocal microscope (LSM710, Carl Zeiss)
with a �63 objective lens; all image setting were kept constant.
Z-stacked images were converted to maximal projection and
analyzed to obtain the size, intensity, and density of puncta
immunoreactivities derived from marker proteins. Quantifica-
tion was performed in a blind manner using MetaMorph soft-
ware (Molecular Devices).

Statistics

All data are expressed as means � S.E. All experiments were
repeated using at least three independent cultures, and data
were statistically evaluated using Student’s t test or ANOVA
with Tukey’s test.

FIGURE 3. Determination of minimal binding regions of gephyrin and IQSEC3. A, schematic diagrams of a series of gephyrin deletion constructs. G,
G-domain; C, C-domain; E, E-domain. B, co-immunoprecipitation (IP) experiment showing that the G-domain of gephyrin is sufficient for interaction with
IQSEC3. HEK293T cells were transfected with Myc-tagged gephyrin (MYC-Gephyrin) alone or together with FLAG-tagged IQSEC3 (FLAG-IQSEC3), and
co-immunoprecipitation of IQSEC3 with gephyrin constructs was assayed. Input, 5%. C, schematic diagrams of a series of IQSEC3 deletion constructs.
CC1, coiled-coil motif 1; IQ, calcium/calmodulin-binding IQ motif; SEC, Sec7 domain; PH, pleckstrin homology domain; CC2, coiled-coil motif 2; and PBM,
PDZ-binding motif. D, co-immunoprecipitation experiment showing that two regions (aa 101–200 and 636 –1195) of IQSEC3 are required for interaction
with gephyrin. HEK293T cells were transfected with Myc-gephyrin alone or together with FLAG-IQSEC3 constructs, and co-immunoprecipitation of
IQSEC3 deletion variants with gephyrin construct was assayed and quantified as the percentage of co-immunoprecipitation efficiency (red). Input, 5%.

FIGURE 4. Direct interaction of gephyrin with IQSEC3. A, purified
recombinant His-tagged gephyrin or GST-tagged IQSEC3 proteins pro-
duced in E. coli are analyzed by SDS-PAGE and Coomassie Brilliant Blue
(CBB) staining. An asterisk indicates the position of purified GST-IQSEC3 aa
1–185. B, direct interaction of IQSEC3 with gephyrin in vitro. GST-IQSEC3
(aa 1–185 or aa 331– 645) or GST alone was incubated with His6-gephyrin.
The precipitates were analyzed by immunoblotting (IB) with GST antibod-
ies. Asterisks denote the position of purified GST-IQSEC3 (aa 1–185) bands.
Input, 5%.
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Results

Identification of IQSEC3 as a Novel Gephyrin-interacting
Protein—To identify additional gephyrin-binding proteins, we
screened a human brain DNA library by yeast two-hybrid assay
using full-length gephyrin (aa 2–735) as bait. Of �1 � 106 yeast
colonies, 60 positive clones were selected using three indepen-
dent reporters, 27 of which were found to be genuine positives
(Fig. 1A). Among these clones were eight encoded previously
known gephyrin-binding proteins (six for collybistins and two
for RAFT-1) (Fig. 1A). Intriguingly, nine encoded a partial
cDNA for IQSEC2/BRAG1, and three encoded a cDNA frag-
ment for IQSEC3/BRAG3 covering an N-terminal region
between a CC1 (coiled-coil 1) domain and an IQ motif (Fig. 1B).

Co-immunoprecipitation assays in HEK293T cells express-
ing FLAG-tagged IQSEC1, IQSEC2, or IQSEC3 and Myc-
tagged gephyrin confirmed these results, showing that IQSEC2
and IQSEC3, but not IQSEC1, co-immunoprecipitated with
gephyrin (Fig. 2A). Quantitative analyses revealed that gephyrin
more strongly interacted (�4.3-fold) with IQSEC3 than with
IQSEC2 (Fig. 2A). Thus, despite structural similarities among
IQSEC family proteins, only IQSEC2 and IQSEC3 were found
to bind gephyrin. For this study, we focused on IQSEC3 because
it is exclusively localized to inhibitory postsynaptic specializa-
tions in brains (13, 14). Next, we found that IQSEC3 immuno-
precipitated from crude synaptosome lysates of adult rat brains
with IQSEC3 antibodies (JK079; see below) co-immunoprecipi-
tated significant amounts of gephyrin as well as NL-2 and
S-SCAM, but not NL-1 or collybistin (Fig. 2B). Immunocyto-
chemistry analyses performed using an IQSEC3-specific anti-
body (JK079) generated in our laboratory (Fig. 2, C–F) revealed
strong co-localization of IQSEC3 and gephyrin in mature hip-
pocampal neurons (63 � 4% of gephyrin puncta were positive
for IQSEC3) (Fig. 2, D and E). This antibody specifically recog-
nized a single band in HEK293T cells expressing IQSEC3 and
two distinct bands of �150 –170 kDa in brain crude synapto-
somes (Fig. 2C). Taken together, these results indicate that
IQSEC3 shares similar biochemical and expression properties
and forms specific complexes with gephyrin in rat brains, in
accordance with the previous reports of strong co-localization
of IQSEC3 with gephyrin in brains and cultured neurons
(13, 14).

Minimal Binding Domains of Gephyrin-IQSEC3 Inter-
action—To determine the minimal regions responsible for the
interaction, we generated a series of gephyrin and IQSEC3 dele-
tion variants and performed co-immunoprecipitation assays in
HEK293T cells. We found that the G-domain, but not other

domains, of gephyrin interacted with IQSEC3 (Fig. 3, A and B).
Intriguingly, the minimal gephyrin-binding region in IQSEC3
was mapped to two parts as follows: an N-terminal region (aa
101–200) and a C-terminal region (aa 636 –1194). Both bound
to gephyrin, although their individual binding strengths were

FIGURE 6. Gephyrin is required for inhibitory synaptic localization of
IQSEC3 in cultured neurons. A, representative images of cultured hip-
pocampal neurons transfected at DIV8 with lentiviral constructs expressing
EGFP alone (Control) or co-expressing EGFP with shRNAs against gephyrin
(Gephyrin KD). Neurons were analyzed by triple immunofluorescence labeling
for IQSEC3 (red), GAD67 (green), and EGFP (blue) at DIV14. Scale bar, 10 �m
(applies to all images). B, summary graphs of the effects of gephyrin KD in
neurons on density (left), size (middle), and intensity (right) of IQSEC3 puncta.
At least five to eight dendrites per transfected neuron were analyzed and
group-averaged. Data are presented as means � S.E. (3*, p � 0.001; Student’s
t test). C, same as B, except that density (left), size (middle), and intensity (right)
of GAD67 puncta were quantified. Data are presented as means � S.E. (2*, p �
0.01; Student’s t test). AU, arbitrary units.

FIGURE 5. IQSEC3 promotes inhibitory synapse formation in cultured hippocampal neurons. A, representative images of cultured hippocampal neurons
transfected at DIV10 with EGFP alone (Control) or together with IQSEC3 constructs (IQSEC1, IQSEC2, or IQSEC3). Neurons were analyzed by double immunoflu-
orescence labeling for VGLUT1 (red) and EGFP (blue; pseudo-colored) at DIV14. Scale bar, 10 �m (applies to all images). B, summary graphs of the effects of IQSEC
overexpression in neurons on excitatory synapse density (left), excitatory synapse size (middle), and excitatory synapse strength (right), as measured using
VGLUT1 as an excitatory presynaptic marker. At least five to eight dendrites per transfected neuron were analyzed and group-averaged. Data are presented as
means � S.E. C, same as A, except that the transfected neurons were analyzed by double immunofluorescence labeling for GAD67 (red) and EGFP (blue) at
DIV14. Scale bar, 10 �m (applies to all images). D, summary graphs of the effects of IQSEC overexpression in neurons on GAD67-positive inhibitory presynapse
density (left), inhibitory presynapse size (middle), and inhibitory presynapse strength (right). Data are presented as means � S.E. (*, p � 0.05; ANOVA with
Tukey’s test). E, same as A, except that dendrites and soma of transfected neurons were analyzed by double immunofluorescence labeling for gephyrin (red)
and EGFP (blue) at DIV14. Scale bar, 10 �m (applies to all images). F, summary graphs of the effects of IQSEC overexpression in neurons on gephyrin-positive
inhibitory postsynapse density (left), inhibitory postsynapse size (middle), and inhibitory postsynapse strength (right). At least five to eight dendrites or one
soma per transfected neuron was analyzed and group-averaged. Data are presented as means � S.E. (*, p � 0.05; 3*, p � 0.001; ANOVA with Tukey’s test). More
than 800 gephyrin puncta were quantified in an individual image. AU, arbitrary units.
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weaker than that of full-length IQSEC3 (aa 1–1194) (Fig. 3, C
and D). In addition, His-gephyrin G-domain brought down
GST-fused IQSEC3 aa 1–185, but not GST-IQSEC3 aa 311–
645, suggesting that the G-domain of gephyrin directly binds to
IQSEC3 (Fig. 4). Quantitative analyses showed that the N-ter-
minal binding site had a stronger binding affinity for gephyrin
than the C-terminal binding site (Fig. 3, C and D). These results
suggest that two parts of the IQSEC3 molecule interact with the
G-domain of gephyrin.

Overexpression of IQSEC3 Promotes Inhibitory Synapse
Formation through Its Arf-GEF Activity—Next, to determine
whether IQSEC3 affects inhibitory synapse development, we
co-transfected cultured hippocampal neurons at DIV10 with
expression vectors encoding EGFP alone (control) or EGFP
with FLAG-tagged IQSEC1, IQSEC2, or IQSEC3 and immuno-
stained transfected neurons for the excitatory synaptic marker
VGLUT1 (vesicular glutamate transporter 1), the inhibitory
presynaptic marker GAD67 (glutamic acid decarboxylase 67
kDa), or the inhibitory postsynaptic marker gephyrin at DIV14.
Because certain inhibitory synaptic proteins preferentially act
in specific subcellular domains of specific neuron types (9, 26),
we analyzed GAD67- and gephyrin-positive puncta in both

dendrites and soma. Overexpression of IQSEC3 did not alter
excitatory synapse density, labeled as VGLUT1-positive puncta
(Fig. 5, A and B). However, overexpression of IQSEC3, but not
IQSEC1 or IQSEC2, caused an increase in GAD67-positive or
gephyrin-positive puncta density in both dendritic and periso-
matic regions (Fig. 5, C–F, data not shown), suggesting that
IQSEC3 specifically fosters inhibitory synapse formation in
both subcellular compartments. Consistent with this, overex-
pression of IQSEC3 led to an increase in the number of
GABAA�2 puncta in dendrites or soma of the transfected neu-
rons (data not shown).

To determine whether inhibitory synaptic localization of
IQSEC3 depends on the presence of gephyrin in cultured neurons,
we knocked down endogenous gephyrin proteins at DIV8 and
examined whether localization or stability of endogenous IQSEC3
protein was altered at DIV14 (Fig. 6). Notably, gephyrin KD with
short hairpin RNA (shRNA) significantly decreased the number of
endogenous IQSEC3 puncta, but not GAD67 puncta, suggesting
that the maintenance of IQSEC3 at inhibitory synapses is depen-
dent on gephyrin and that this interaction contributes to IQSEC3-
dependent inhibitory synapse formation (Fig. 6; see Fig. 9, F and G
for gephyrin KD characterization).

FIGURE 7. Gephyrin-IQSEC3 interaction is required for IQSEC3-mediated promotion of inhibitory synapse formation. A, representative images of
cultured hippocampal neurons transfected at DIV10 with EGFP alone (Control) or together with the indicated IQSEC3 deletion constructs. Neurons were
analyzed by double immunofluorescence labeling for gephyrin (red) and EGFP (blue) at DIV14. Scale bar, 10 �m (applies to all images). For detailed information
regarding IQSEC3 deletion constructs, please see Fig. 3. B, summary graphs showing the effects of overexpressing IQSEC3 deletion constructs in neurons on
gephyrin puncta density (left), gephyrin puncta size (middle), and gephyrin puncta intensity (right), measured using gephyrin as an inhibitory postsynaptic
marker. At least five to eight dendrites per transfected neuron were analyzed and group-averaged. Data are presented as means � S.E. (*, p � 0.05; 2*, p � 0.01;
3*, p � 0.001 versus control group; ANOVA Tukey’s test). More than 500 gephyrin puncta were quantified in an individual image. AU, arbitrary units.
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To corroborate this notion, we overexpressed a series of
IQSEC3 deletion constructs with gephyrin binding activity or
lacking gephyrin binding activity (Fig. 7). We found that over-
expression of IQSEC3 aa 1–995 and IQSEC3 aa 336 –1094
increased the number of gephyrin-positive synaptic puncta,
whereas IQSEC3 aa 1–315 or IQSEC3 aa 336 –995 did not (Fig.
7). To probe the reason for the failure of IQSEC3 aa 1–315 to
increase gephyrin-positive synaptic puncta, we generated an
additional set of IQSEC3 constructs that either lacked the abil-
ity to bind to PDZ-containing proteins (e.g. S-SCAM) or abol-
ished its ARF-GEF activity (IQSEC3 E749A) (Fig. 8). We found
that the IQSEC3 �PDZ C-tail (aa 1–1190), but not the domi-
nant-negative E749A construct (while retaining the ability to
interact with gephyrin; Fig. 8C), still boosted inhibitory synapse
formation (Fig. 8). These results suggest that IQSEC3 promotes
inhibitory synapse development through its Arf-GEF activity,
not through its C-terminal PDZ-domain binding. In addition,
our results support the conclusion that gephyrin-binding activ-
ity alone does not dictate the inhibitory synapse-promoting
property of IQSEC3, because IQSEC3 aa 1–315 was able to bind
well to gephyrin but lacked the SEC7 domain, which is critical
for Arf-GEF activity.

Knockdown of IQSEC3 Decreases Gephyrin Puncta Size in
Cultured Neurons—To address whether IQSEC3 is required for
inhibitory synapse formation and function, we tested the effect

of IQSEC3 KD using shRNAs targeting rat Iqsec3. Preliminary
tests in HEK293T cells showed that, of the four designed
shRNAs (B1–B4), only the B3 construct was effective, suppress-
ing the level of co-expressed FLAG-IQSEC3 by �80% (Fig. 9, A
and B). The efficacy of the B3 construct against endogenous
IQSEC3 was further confirmed in cultured rat cortical neurons
infected with lentiviruses expressing B3 or control vector (con-
trol). Quantitative real time RT-PCR and semi-quantitative
immunoblotting showed that B3 specifically decreased Iqsec3
mRNA levels by �70% (Fig. 9C) and protein levels by �80%,
without affecting gephyrin or PSD-95 protein levels (Fig. 9, D
and E).

Next, to determine whether IQSEC3 KD alters synaptic mor-
phology parameter, we transfected cultured neurons at DIV8
with lentiviral expression vectors for EGFP only (control) or
EGFP together with Iqsec3-shRNA or Iqsec3-shRNA and
shRNA-resistant full-length IQSEC3 expression vector (see Fig.
9H), and we immunostained transfected neurons at DIV14 for
gephyrin. Surprisingly, in contrast to the robust effects of
IQSEC3 gain-of-function (Fig. 5), IQSEC3 KD had no effect on
gephyrin-positive inhibitory synapse numbers in dendrites or
soma (Fig. 10, A and B). However, IQSEC3 KD significantly
reduced gephyrin puncta size in dendrites and soma. Impor-
tantly, co-expression of an shRNA-resistant form of IQSEC3
(�rescue) completely abolished the deficits in gephyrin puncta
size observed with IQSEC3 KD (Fig. 10, A and B), confirming
that the observed phenotypes are not derived from off-target
effects. Note that co-expression of the IQSEC3 rescue vector
leads to IQSEC3 gain-of-function phenotypes (i.e. increased
gephyrin puncta density). These results may appear to indicate
that the expression level of the IQSEC3 rescue vector is too high
to induce an IQSEC3-overexpression effect (data not shown).
However, we rejected this interpretation because parallel
experiments showed no increase in gephyrin puncta size (Fig.
10, A and B). Overall, our data are consistent with the idea that
IQSEC3 is required for gephyrin clustering (Fig. 10, A and B).

Discussion

The presumption that inhibitory postsynaptic specialization
is less elaborate than excitatory PSD has been increasingly chal-
lenged by rapid progress in our understanding of inhibitory
synapse organization. Because inhibitory synapses are funda-
mentally different from excitatory synapses with regard to the
nature of neurotransmitter receptors and associated proteins,
the organizing principles underlying inhibitory synapse devel-
opment are also likely different. Gephyrin is a key scaffolding
molecule at inhibitory synapses, and its interaction with colly-
bistin plays a major role in clustering of gephyrin and modulat-
ing GABAA receptor functions (4). Gephyrin also directly inter-
acts with NL-2, which specifically drives postsynaptic assembly
at perisomatic inhibitory synapses (9). However, in light of the
molecular heterogeneity of inhibitory synapses, efficient inhi-
bition requires that various inhibitory synaptic components,
including gephyrin, are functionally and physically coupled. In
this study, we identified a direct molecular interaction of
gephyrin with IQSEC3, a previously unexplored inhibitory syn-
aptic protein, and investigated its synaptic functions using var-
ious experimental approaches, including biochemistry, cell

FIGURE 8. IQSEC3 promotes inhibitory synapse formation that depends
on its ARF-GEF activity but is independent of its PDZ-binding property. A,
representative images of cultured hippocampal neurons transfected at DIV10
with EGFP alone (Control) or together with the indicated IQSEC3 constructs.
Neurons were analyzed by double immunofluorescence labeling for gephy-
rin (red) and EGFP (blue) at DIV14. Scale bar, 10 �m (applies to all images). B,
summary graphs of the effect of overexpressing IQSEC3 constructs in neu-
rons on gephyrin puncta density (left), gephyrin puncta size (middle), and
gephyrin puncta intensity (right), measured using gephyrin as an inhibitory
postsynaptic marker. At least five to eight dendrites per transfected neuron
were analyzed and group-averaged. More than 500 gephyrin puncta were
quantified in an individual image. Data are presented as means � S.E. (2*, p �
0.01; 3*, p � 0.001 versus control group; Student’s t test). C, co-immunopre-
cipitation experiment demonstrating that IQSEC3-E749A interacts with
gephyrin. HEK293T cells were transfected with Myc-IQSEC3 or its indicated
mutants alone or together with FLAG-gephyrin, and co-immunoprecipitation
of gephyrin with IQSEC3 was assayed. A representative immunoblot visual-
ized by ECL is shown. Input, 5%. AU, arbitrary units.
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biology, and knockdown-and-rescue. We made two principal
findings as follows.

First, IQSEC3 is a new gephyrin-binding protein (Figs. 1, 3,
and 4). The IQSEC family of Arf-GEF proteins is composed of
three members, IQSEC1, IQSEC2, and IQSEC3, and both
IQSEC2 and IQSEC3, but not IQSEC1, interact with gephyrin
in heterologous cells. We mapped the binding sites in IQSEC3
to N- and C-terminal sites and in gephyrin to the G-domain. To
the best of our knowledge, IQSEC3 is the first protein identified
that binds to the G-domain of gephyrin; most other gephyrin-
interacting proteins bind to either C- or E-domains. Therefore,
it is tempting to speculate that IQSEC3 may regulate G-do-
main-mediated trimer formation by gephyrin (27). Indeed,
knockdown of IQSEC3 markedly decreased gephyrin puncta
size, an indicator of reduced clustering. In addition, our obser-
vation that gephyrin binds to two distinct sites in IQSEC3 sug-
gests a possible U-shaped conformation of IQSEC3 when asso-

ciated with gephyrin, a result reminiscent of cytohesin 2
(another Arf-GEF), which exhibits a coiled-coil intramolecular
interaction and shows full Arf-GEF activity only when in the
open conformation (29).

Second, our gain- and loss-of-function experiments in cul-
tured hippocampal neurons clearly establish the significance of
IQSEC3 in inhibitory synapse development (Figs. 5 and 10).
Overexpression of IQSEC3 strikingly increased inhibitory syn-
apse density, whereas KD of IQSEC3 caused a decrease in
gephyrin puncta size with no alternation in gephyrin puncta
density. Intriguingly, we found that IQSEC3-mediated inhibi-
tory synapse promotion is independent of PDZ protein binding,
but instead it relies on its Arf-GEF activity (Fig. 8). It is also
notable that overexpression of IQSEC3-E749A abolished the
inhibitory synapse-promoting activity of IQSEC3, an effect that
was not observed following IQSEC3 KD (Fig. 8). Incomplete KD
of IQSEC3 protein expression cannot wholly account for this

FIGURE 9. Characterization of an Iqsec3 shRNA construct in HEK293T cells and cultured neurons. A, KD efficacies of shRNAs. Levels of IQSEC3 were
measured by Western blotting in HEK293T cells co-transfected with FLAG-IQSEC3 and the indicated shRNA constructs. B, quantification of IQSEC3 levels from
A normalized to control. Data are presented as means � S.E. of three experiments. C, specificity of IQSEC3-KD construct, B3. Levels of mRNA (Iqsec1–3) were
measured by quantitative RT-PCR in cultured cortical neurons infected at DIV3 with lentiviruses expressing Iqsec3 shRNA (B3). mRNA was prepared at DIV10.
Note that Iqsec3 mRNA was specifically reduced. D, cultured cortical neurons were infected with lentiviruses expressing Iqsec3 shRNA (B3) at DIV3 and
subjected to immunoblotting with the indicated antibodies at DIV10. E, quantification of IQSEC3, gephyrin, and PSD-95 levels from D normalized to control.
Data are presented as means � S.E. of three experiments. F, cultured cortical neurons were infected with lentiviruses expressing gephyrin shRNA at DIV3 and
subjected to immunoblotting with the indicated antibodies at DIV10. G, quantification of IQSEC3, gephyrin, and PSD-95 levels from F, normalized to control.
Data are presented as means � S.E. of three experiments. H, validation of the IQSEC3 shRNA-resistant construct. Levels of IQSEC3 were measured by Western
blotting in HEK293T cells transfected with WT IQSEC3 or an IQSEC3 shRNA-resistant mutant construct (Mut.) alone or together with Iqsec3 shRNA (B3). Box at
right indicates the shRNA target sequences in WT Iqsec3 and shRNA-resistant sequences in mutated Iqsec3.
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phenotypic discrepancy because IQSEC3 KD significantly
reduced inhibitory synaptic transmission.4 Instead, these data
support the interpretation that the phenotype derived from
IQSEC3-E749A substitution is a gain-of-function phenotype
because it was not observed with IQSEC3 loss-of-function.
Although further details remain to be determined, it is likely
that residual IQSEC3 proteins remaining after KD are still func-
tionally capable of activating Arf proteins that coordinate
inhibitory synapse development. Regardless of the precise
mechanisms, our data suggest that IQSEC3 employs diverse
molecular mechanisms at inhibitory synapses and that Arf6
may also be involved in inhibitory synapse development. At
excitatory synapses, IQSEC2, together with Arf6 signaling
pathways, regulates synaptic activity-dependent removal of
AMPA receptors (15). Moreover, Arf6 and its Arf-GEF, EFA6A,

coordinate excitatory synapse development (28), implying that
actions of Arf6 signaling pathways operate in both excitatory
and inhibitory synapses. Furthermore, it should be rigorously
determined whether IQSEC3 acts as a GEF for specific Arf pro-
teins and whether Arfs function in inhibitory synapse develop-
ment together with IQSEC3.

In summary, our study illustrates the significance of the
gephyrin-IQSEC3 complex in organizing inhibitory synapse
development and provides compelling evidence to corroborate
the idea that IQSEC3 is a critical factor in governing inhibitory
synapse formation. The immediate goals of future studies
should be to validate the postulated roles of IQSEC3 presented
here using conditional KO and/or knock-in mice lacking
gephyrin interactions to address whether IQSEC3 broadly
mediates inhibition at specific synapse types in specific neuron
types and by extension associated neural circuits.
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