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Gephyrin is an essential component of the postsynaptic cortical protein network of inhibitory synapses. Gephyrin-based scaffolds
participate in the assembly as well as the dynamics of receptor clusters by connecting the cytoplasmic domains of glycine and GABAA

receptor polypeptides to two cytoskeletal systems, microtubules and microfilaments. Although there is evidence for a physical linkage
between gephyrin and microtubules, the interaction between gephyrin and microfilaments is not well understood so far. Here, we show
that neuronal gephyrin interacts directly with key regulators of microfilament dynamics, profilin I and neuronal profilin IIa, and with
microfilament adaptors of the mammalian enabled (Mena)/vasodilator stimulated phosphoprotein (VASP) family, including neuronal
Mena. Profilin and Mena/VASP coprecipitate with gephyrin from tissue and cells, and complex formation requires the E-domain of
gephyrin, not the proline-rich central domain. Consequently, gephyrin is not a ligand for the proline-binding motif of profilins, as
suspected previously. Instead, it competes with G-actin and phospholipids for the same binding site on profilin. Gephyrin, profilin, and
Mena/VASP colocalize at synapses of rat spinal cord and cultivated neurons and in gephyrin clusters expressed in transfected cells. Thus,
Mena/VASP and profilin can contribute to the postulated linkage between receptors, gephyrin scaffolds, and the microfilament system
and may regulate the microfilament-dependent receptor packing density and dynamics at inhibitory synapses.
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Introduction
Neurotransmission at excitatory and inhibitory synapses requires
the local concentration of receptor proteins at specialized plasma
membrane domains. Clustering of the inhibitory glycine and
GABAA receptors in the postsynaptic membrane depends on
gephyrin expression (Pfeiffer et al., 1982; Schmitt et al., 1987;
Kirsch and Betz, 1993). Gephyrin forms submembranous scaf-
folds and binds directly or indirectly to cytoplasmic loops of re-
ceptor subunits (Kneussel et al., 1999; Meier et al., 2001). The
polypeptide of mammalian gephyrin comprises three modules:
the N-terminal G-domain, a proline-rich central domain, and the
C-terminal E-domain, respectively. Various isoforms are gener-

ated by RNA splicing (Prior et al., 1992; Ramming et al., 2000),
possibly relating to the fact that gephyrin is a dual-function pro-
tein, contributing to molybdenum cofactor biosynthesis in addi-
tion to receptor clustering (Feng et al., 1998; Stallmeyer et al.,
1999; Ramming et al., 2000).

At the postsynaptic membrane of inhibitory synapses, gephy-
rin scaffolds are thought to interact with the submembranous
cytoskeleton. The packing density of glycine receptors in postsyn-
aptic clusters depends on the integrity of the cytoskeletal ele-
ments (Kirsch and Betz, 1995; Kneussel and Betz, 2000). Al-
though depolymerization of neuronal microtubules reduced
receptor packing density, microfilament breakdown increased it
(Kirsch and Betz, 1995). Because the packing density in turn
modulates receptor–ligand affinities, the cytoskeleton may play a
pivotal role in regulating the efficacy of inhibitory synaptic trans-
mission, and microtubules and microfilaments could act antag-
onistically in this regulatory process.

Several molecular links between gephyrin and the microtubu-
lar cytoskeleton have already been identified. Gephyrin was
found to bind to microtubules and tubulin (Kirsch et al., 1991;
Ramming et al., 2000). Furthermore, complex formation of
gephyrin with the microtubule motor dynein has been demon-
strated (Fuhrmann et al., 2002). In contrast, a direct interaction
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of gephyrin with microfilament components was less well docu-
mented. In one report, an in vitro interaction between gephyrin
and the microfilament protein profilin was demonstrated (Mam-
moto et al., 1998). Profilins are small proteins involved in the
regulation of actin dynamics (Carlsson et al., 1976). In mammals,
several profilin isoforms were identified. Although profilin I is
expressed ubiquitously, the isoform IIa is found primarily in neu-
rons (Honoré et al., 1993; Giesemann et al., 1999; Di Nardo et al.,
2000). Profilins bind to G-actin, to the signaling molecule
phosphatidylinositol-4,5-bisphosphate (PIP2), and to various
polyproline-rich proteins (Schlüter et al., 1997), including pro-
teins of the mammalian enabled (Mena)/vasodilator stimulated
phosphoprotein (VASP) family (Reinhard et al., 1995). These
proteins are microfilament adaptors involved in the recruitment
of profilin/actin complexes to membranes engaged in actin fila-
ment dynamics (Hüttelmaier et al., 1998; Bear et al., 2002) and in
the suprastructural organization of actin filaments (Reinhard et
al., 1992; Gertler et al., 1996; Hüttelmaier et al., 1999). Hence,
profilins and Mena/VASP proteins are both considered essential
for submembranous actin filament generation and organization.

Here, we show that gephyrin, profilins, and Mena/VASP pro-
teins colocalize at synapses and in gephyrin clusters generated in
transfected cells. Complexes containing these components can be
precipitated from brain extracts and cell lysates, and in vitro,
recombinant gephyrin interacts with Mena/VASP and profilins.
We determined the gephyrin module mediating these interac-
tions and show that gephyrin and G-actin compete for the same
binding site on profilin. Thus, we identified components of the
postulated molecular link between gephyrin and microfilaments
that in cooperation with microtubules may regulate the receptor
packing densities at inhibitory postsynaptic membrane
specializations.

Materials and Methods
Plasmids. Full-length gephyrin cDNA (aa 1–736; gene bank accession no.
X66366) was generated by PCR and subcloned into the vectors pQE-30
(Qiagen, Hilden, Germany), pEGFP-C2 (Clontech, Heidelberg, Germa-
ny), pcDNA3 (Invitrogen, Groningen, Netherlands), and pcFlag (Sigma-
Aldrich, Deisenhofen, Germany) and into a modified pcDNA3 (pcBi-
Pro), comprising a DNA sequence coding for an epitope tag recognized
by a monoclonal antibody raised against birch profilin (a-BiPro 4A6)
(Rüdiger et al., 1997) (Fig. 1). Full-length gephyrin, gephyrin G-domain
(aa 1–175), G-domain with central C-domain (aa 1–310), and E-domain
(aa 318 –736) were generated by PCR and cloned into pcDNA3, and,
additionally, full-length gephyrin and the E-domain into pcFlag (Fig. 1).
cDNAs coding for mouse profilin I (mPFN I; accession no. X14425) and
human profilin I (hPFN I; accession no. J03191) were cloned as NcoI–
EcoRI DNA fragments into pET 28a(�) (Novagen, Bad Soden, Ger-
many) (Fig. 1). The prokaryotic expression plasmid pMW172-mPFN IIa
was used for expression of mouse profilin IIa (mPFN IIa; accession no.
AJ272203) (W. Witke, European Molecular Biology Laboratory, Monte-
rotondo, Italy). Additionally, mPFN I and IIa cDNAs were inserted into
pcFlag. Point mutations within the hPFN I cDNA (Y59A and H133S)
were introduced by site-directed mutagenesis (Stratagene, Amsterdam,
The Netherlands) and cloned in pET 28a(�). Recombinant VASP was
expressed using the prokaryotic expression vector pQE30-BiPro-VASP
(Hüttelmaier et al., 1999). The gephyrin binding motif (residues 378 –
426) (Meyer et al., 1995) of the glycine receptor �-subunit (accession no.
AJ310839; nucleotides 1132–1278) was PCR cloned into pTYB2 (New
England Biolabs, Schwalbach, Germany). All constructs were verified by
DNA sequencing (ABI Prism 310 Sequencer, PE Biosystems, Weiter-
stadt, Germany).

Antibodies. For immunofluorescence, immunoprecipitation, or im-
munoblotting, the following antibodies were applied: monoclonal anti-
bodies against rat synaptophysin (Sigma-Aldrich), human VASP (J.
Wehland, German Research Center for Biotechnology (GBF), Braun-

schweig) and murine Mena (J. Wehland, GBF Braunschweig, and BD
Transduction Laboratories, Heidelberg, Germany), a monoclonal anti-
body against rat gephyrin (BD Transduction Laboratories) and rabbit
serum against rat gephyrin (our own), monoclonal antibodies against
monomeric actin (Gonsior et al., 1999), Flag tag (Sigma-Aldrich) and
BiPro tag (Rüdiger et al., 1997), and different antibodies against profilin:
a monoclonal against bovine profilin I that is specific for profilin I and
recognizes many mammalian profilins but not rodent profilins (May-
boroda et al., 1997), and rabbit antisera against human or bovine profilin
recognizing both profilin I and IIa, which also react with the correspond-
ing rodent profilins (Cytoskeleton, Denver, CO; and our own). Cy-3-
conjugated rabbit-anti-(mouse IgG) or sheep anti-(rabbit IgG) (Sigma-
Aldrich), tetramethylrhodamine isothiocyanate (TRITC)-conjugated
rabbit anti-(mouse IgG) (Sigma-Aldrich), Alexa Fluor 488-conju-
gated rabbit-anti-(mouse IgG), and peroxidase-conjugated rabbit an-
ti-(mouse IgG) (Sigma-Aldrich) served as secondary antibodies.

Preparation of tissue and cells for fluorescence analysis. Freshly prepared

Figure 1. Prokaryotic and eukaryotic expression constructs and schematic representation of
the encoded recombinant proteins: rat gephyrin (Gep) and its fragments, human profilin I
(hPFN I), including mutants H133S and Y59A, respectively, murine profilins I (mPFN I) and IIa
(mPFN IIa), VASP, and the �-subunit of the glycine receptor (�49). The diagram of the gephyrin
polypeptide (Gep) organization shows the G-domain (G), the central domain (C) with the
proline-rich sequence, and the E-domain (E) (Prior et al., 1992; Stallmeyer et al., 1999). Num-
bers refer to the amino acid residues. LPSPPPP, The proline-rich sequence within the central
domain. The positions of the fused epitope tags (Flag, BiPro), the His6-tag, and the polypeptides
GFP and intein with chitin binding domain (CBD) are indicated.
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rat spinal cord tissue was frozen in liquid nitrogen and sectioned at 8 �m
in the transverse plane. Unfixed sections, mounted on glass coverslips,
were blocked in 5% (v/v) normal goat serum and processed for immu-
nofluorescence as described (Kirsch and Betz, 1993).

Spinal cord was prepared from rat at embryonic day 14 (E14). After re-
moval of the dura, cells were dissociated by trituration and seeded in Neu-
robasal medium (Invitrogen, Karlsruhe, Germany) supplemented with 2%
(v/v) B27, 2 mM glutamine, 25 mM pyruvate, 50 IU/ml penicillin, and 50
�g/ml streptomycin (Invitrogen) onto poly-L-ornithine-covered glass cov-
erslips as described (Kirsch and Betz, 1993). After 15 d in culture, cells were
fixed with 95% methanol/5% acetic acid (v/v) (5 min at �80°C) and pro-
cessed for immunofluorescence. The cell lines human cervix carcinoma
(HeLa), human embryonic kidney 293 (HEK293), and rat phaechromocy-
toma (PC12) were cultured according to standard protocols. HeLa cells,
grown on glass coverslips, were cotransfected with pEGFP-gep and pc-Flag-
mPFN I or pc-Flag-mPFN IIa by calcium phosphate precipitation. Thirty-
six hours after transfection, cells were fixed after washing.

All cells were fixed either with 2% formaldehyde or with 0.5 mM di-
thiobis (succinimidyl propionate) (DSP; Pierce, Rockford, IL), (Hüttel-
maier et al., 1999). After detergent extraction, primary and secondary
antibodies were applied according to standard protocols. Samples were
examined using a Leica OMRE laser scanning confocal microscope or a
Zeiss Axiophot microscope equipped with epifluorescence, and pictures
were processed using the program Metamorph (Universal Imaging, West
Chester, PA).

Immunoprecipitation and pull-down experiments. Brains from adult
rats (female CD; Charles River Laboratories, Sulzfeld, Gemany) or mice
[ICR (CD-1); Harlan-Winkelmann, Borchen, Germany] were excised,
frozen in liquid nitrogen, and homogenized. Two hundred milligrams of
powder were resuspended in 1 ml extraction buffer (20 mM Tris-HCl, pH
8.0, 100 mM NaCl, 0.5 mM EDTA, protease inhibitors) and triturated by
sonication at 4°C. The extract was cleared by centrifugation (two times
for 45 min each; 30,000 � g; 4°C). For affinity pull-down experiments,
the gephyrin binding sequence of the glycine receptor � subunit (�49)
was expressed as a recombinant fusion protein with intein and a chitin-
binding domain and purified on chitin beads (IMPACT protein expres-
sion system, New England Biolabs). Thirty-five microliters of chitin
beads saturated with this fusion protein were incubated with 1 ml brain
extract (protein concentration 10 mg/ml) overnight. Alternatively, these
beads were incubated with purified profilin I, preincubated with excess
poly-L-proline [molecular weight (MW) �5400 Da; Sigma-Aldrich] or
gephyrin (500 pmol each), or both. Uncoupled beads or beads contain-
ing only the intein/chitin binding domain tag served as a negative con-
trol. Beads were sedimented after washing and processed for SDS-PAGE.
For coimmunoprecipitation of gephyrin with ligands, 6 �l of gephyrin
antiserum was incubated with the brain extracts as described above. Pre-
cipitation was performed with Protein-G-Sepharose (Amersham Bio-
sciences, Freiburg, Germany).

For analysis of protein complexes from cell lysates, HeLa and HEK293
cells were transiently transfected with the appropriate vectors by calcium
phosphate precipitation and lysed, and immunoprecipitates were ob-
tained from clarified supernatants as above. In some experiments, we
treated the cells with the membrane permeant cross-linker DSP before
lysis as described (Hüttelmaier et al., 1998; Giesemann et al., 1999), but
this was not obligatory for complex preservation.

In vitro transcription/translation, protein expression and purification.
[ 35S]-met-labeled gephyrin and deletion fragments were synthesized by
in vitro transcripition/translation using the TNT-coupled reticulocyte
lysate system (Promega, Heidelberg, Germany). Recombinant rat gephy-
rin, gephyrin G-domain, and VASP were obtained from Escherichia coli
(M15, Qiagen), transformed with the vector pQE30-Gep, pQE30-G-
domain (Stallmeyer et al., 1999), or pQE30-BiPro-VASP (Hüttelmaier et
al., 1999; Harbeck et al., 2000), respectively (compare Fig. 1). After in-
duction of expression, proteins were purified as described (Qiagen) using
an imidazole gradient for protein elution. Gephyrin E-domain was ob-
tained from holo-gephyrin by limited proteolysis with trypsin and sub-
sequent purification using anion exchange (MonoQ, Amersham Bio-
sciences) and size exclusion chromatography (Superdex200, Amersham
Biosciences). Rabbit skeletal muscle actin was prepared as described pre-

viously (Giehl et al., 1994). Recombinant human and mouse profilins
were produced in E. coli BL21 (DE3) (Stratagene), which was trans-
formed with the expression vectors described above (Fig. 1). Expression
and purification of these proteins were performed by poly-L-proline af-
finity chromatography, using a two-step urea gradient for elution (Giehl
et al., 1994; Wittenmayer et al., 2000). For the mutant hPFN I-H133S,
much weaker binding to the polyproline affinity column was observed.
The purity of all protein preparations was better than 95%, as judged by
Coomassie Blue-stained SDS-gel profiles. Protein concentration was
quantified by the Bradford assay, using BSA as a standard.

Solid-phase binding and competition assays. Dot overlays were per-
formed as described (Giesemann et al., 1999). Recombinant gephyrin,
mouse profilin I and IIa, and BSA were adsorbed to nitrocellulose mem-
brane and unspecific binding sites were blocked. In vitro translated pro-
teins were diluted in TBST [20 mM Tris, pH 7.6, 140 mM NaCl, 0.1% (v/v)
Tween 20] containing 1% (w/v) BSA and 20 mM �-mercaptoethanol and
incubated with the membrane for 4 hr at room temperature. After wash-
ing, bound proteins were detected by autoradiography. For demonstra-
tion of the ligand-binding capacity of membrane-bound profilins, the
overlay reaction was performed with purified mouse profilin I and actin
in G-buffer (5 mM Tris-HCl, pH 8.3, 1 mM ATP, 0.2 mM CaCl2, 2 mM

dithioerythritol), and bound actin was detected with a G-actin-specific
antibody (Gonsior et al., 1999) and HRP-coupled secondary antibody.
For ELISAs, microtiter plates (Microlon, Greiner, Frickenhausen, Ger-
many) were coated with 25 pmol per well BSA (control), recombinant
gephyrin, the proteolytically obtained E-domain, or the recombinant
G-domain, respectively, in 50 mM NaHCO3, pH 9.6, washed repeatedly
with buffer A [0.05% (v/v) Tween 20 in PBS, pH 7.4] and blocked with
1% (w/v) BSA, before application of the recombinant protein human
profilin I or its mutants Y59A and H133S, respectively, in varying
amounts (0 –100 pmol). For competition assays, per reaction, 25 pmol of
profilin I was preincubated with varying amounts (0 –100 pmol) of actin,
poly-L-proline, and PIP2 (Boehringer, Ingelheim, Germany), respec-
tively, for 30 min at room temperature. PIP2 micelles were prepared as
described (Hüttelmaier et al., 1998). Binding of VASP to microwell-
adsorbed gephyrin was tested with recombinant BiPro-VASP. Bound
profilin or VASP was monitored with the anti-profilins or the BiPro-
antibody, respectively, as specified in the Figure legends. For quantita-
tion, 2,2�-azinobis(3-ethylbenzthiazoline-sulfonic acid) (Sigma-
Aldrich) was used as a substrate, and color development was monitored
in an ELISA reader (Dynatech, Denkendorf, Germany).

Results
Profilin and gephyrin colocalize in inhibitory synapses of
spinal cord and cultured neurons
To characterize the potential interaction between profilins and
gephyrin, we analyzed their localization in tissue sections and
cultured neuronal cells. First, we detected that the synaptic
marker protein synaptophysin (Fig. 2A) colocalizes with profilin
(Fig. 2A�) in bona fide synaptic structures on rat spinal cord
sections. In this case, the merged images reveal a very high degree
of superposition illustrating a general enrichment of both pro-
teins in synapses (Fig. 2A�). The distribution of gephyrin, a
marker for inhibitory synapses, was analyzed in sections of rat
spinal cord enriched in inhibitory synapses. As shown in Figure 2,
B and B�, gephyrin also colocalizes with profilin; however, the
profilin distribution on these sections appeared different. Al-
though only few profilin-positive spots were found that were
negative for synaptophysin, there were numerous profilin-
positive densities lacking gephyrin staining, indicating the addi-
tional presence of noninhibitory synapses on these sections (Fig.
2, compare A, A� with B, B�). Neurons cultured from rat spinal
cord yielded analogous results. All synaptophysin- and gephyrin-
positive densities displayed prominent signals for profilin (Fig.
2C,C�,D,D�), but there were more profilin-positive than
gephyrin-positive densities (Fig. 2D,D�). These results show that
profilin is generally enriched in synapses and illustrate that inhib-
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itory synapses contain a high concentration of both gephyrin and
profilin.

Gephyrin and profilins form complexes in brain tissue,
transfected cells, and in vitro
To investigate whether profilins were able to form complexes
with gephyrin, we performed coprecipitation experiments and
studied the possible direct interaction between the components
(Fig. 3). In pull-down experiments using beads coated with the
gephyrin-binding sequence of the glycine receptor � subunit, rat
(Fig. 3A) and mouse (Fig. 3A�) profilins were coprecipitated from

brain extracts. These results were corrob-
orated by data obtained with purified
components: mouse profilin I was effi-
ciently precipitated together with gephy-
rin by these beads. Some batches of the
beads coated with the gephyrin-binding
sequence of the glycine receptor had a ten-
dency to bind recombinant profilin I in
the absence of gephyrin; however, this
could be greatly reduced by preincubating
profilin I with an excess of poly-L-proline
before the addition of beads (Fig. 3B).
Taken together, these results indicated
that gephyrin mediated the interaction of
profilin with the glycine receptor � sub-
unit and that the polyproline binding site
on profilin was not involved in the com-
plex formation between profilin and
gephyrin.

This complex formation was investi-
gated further by immunoprecipitation
performed with tissue and cell lysates and
in ELISAs with recombinant components.
Figure 4A shows that anti-gephyrin pre-
cipitates gephyrin together with profilin
from rat and mouse brain extracts. For
coprecipitation studies from cells, we used
HeLa cells transiently transfected with a
tagged gephyrin (BiPro-gephyrin) and
HeLa cells double transfected with BiPro-
gephyrin and Flag-tagged mouse profilin I
or Flag-tagged mouse profilin IIa. Figure
4B shows that in precipitates obtained
with the BiPro-antibody, the tagged
gephyrin was precipitated together with
the endogenous HeLa cell (human) profi-
lin but also with the tagged mouse profi-
lins I and IIa. These data imply a physical
interaction between gephyrin and profi-
lins in neuronal and non-neuronal cells.

The binding of gephyrin to both profi-
lin isoforms was further analyzed in
ELISAs. Figure 4C shows that the purified,
recombinant proteins also interact in such
assays: profilins I and IIa bind to
microwell-adsorbed gephyrin.

The E-domain of gephyrin mediates
profilin binding
Next, we identified the gephyrin domain
involved in this interaction. To this end,
we performed solid-phase binding assays

with in vitro translated [ 35S]-methionine-labeled gephyrin, the
G-domain, with or without the central domain, and the
E-domain, respectively (Fig. 1 shows the domain organization of
gephyrin). Synthesis of all products with the expected size was
verified in autoradiographs obtained after SDS-PAGE (Fig. 5A),
and aliquots were added to spotted recombinant gephyrin,
mouse profilin I, or mouse profilin IIa. The ligand-binding ability
of immobilized profilin was verified by overlay reaction with pu-
rified muscle G-actin and anti-actin (Fig. 5A�, left column). The
weak spot seen for gephyrin overlaid with actin was considered
not significant (Fig. 5A�). Binding of [ 35S]-methionine-labeled

Figure 2. Profilin and gephyrin colocalize at rat spinal cord synaptic structures. Profilin was stained with a polyclonal antibody
recognizing rodent profilins I and II. A, A�, Double immunofluorescence revealing synaptophysin, a synapse marker (A, green) with
profilin (A�, red). The merged image (A�) shows that all synapses are enriched for profilin. B, B�, Corresponding double labeling for
gephyrin, the postsynaptic marker of inhibitory neurons, with a monoclonal anti-gephyrin (B, green) and profilin (B�, red). This
section was taken from a region of the spinal cord especially rich in inhibitory synapses. Note that all gephyrin-positive densities are
also enriched in profilin (B, B�, yellow arrowheads), but many profilin-positive speckles (B�, B�, red arrowheads) lack gephyrin
staining. C, C�, A cultured spinal cord neuron displaying numerous synaptophysin-positive dendritic synapses (C, green) that are
also enriched for profilin (C�, red and merged image, C�, yellow, arrowheads). D, D�, Double immunofluorescence of gephyrin (D,
green) and profilin (D�, red) of a cultured rat spinal cord neuron. Gephyrin and profilin show colocalization (D, D�, yellow arrow-
heads), but there are numerous profilin-positive densities not positive for gephyrin (D�, D�, red arrowheads). Scale bars, 10 �m.
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gephyrin and its fragments to membrane-adsorbed gephyrin and
both profilins was detected by autoradiography (Fig. 5A�, right
panels). Both gephyrin and the E-domain reacted strongly with
the profilin isoforms and with gephyrin. Binding of the
G-domain, with or without the central domain, to immobilized
profilin was very weak and considered not significant, whereas
both of these fragments bound to membrane-immobilized
gephyrin, reflecting the well known self association (Fig. 5A�).
Immunoprecipitation studies with transfected cells corroborated
these results. From lysates of HeLa cells transfected with Flag-
tagged gephyrin or Flag-tagged E-domain, endogenous HeLa
profilin was coprecipitated with both proteins by the Flag anti-
body (Fig. 5B). Corresponding data were also obtained in an
ELISA: recombinant human profilin I, added to either gephyrin
or the E-domain adsorbed to microwells, was retained by both
proteins (Fig. 5C). Analogous experiments with the G-domain
showed no binding of profilin to this module (data not shown).

Gephyrin, PIP2 and G-actin compete for the same binding site
on profilins
To identify the ligand binding site on profilins involved in this
interaction, we used competition ELISAs. Recombinant human
profilin I was preincubated with either one of the acknowledged
partners for the three major binding sites of profilin, namely

poly-L-proline, G-actin, or PIP2, and subsequently added to mi-
crowells coated with recombinant gephyrin. Binding of human
profilin I was monitored with the monoclonal anti-profilin. The
molar ratio of gephyrin and potential competitors varied between

Figure 3. Gephyrin and profilins form complexes in cells and interact in vitro. A, A�, Affinity
precipitation of profilin with gephyrin from rat ( A) and mouse (A�) brain extracts, using beads
coated with the gephyrin-binding sequence of the glycine receptor �-subunit (�49). Aliquots
of extracts were incubated with beads, sedimented, and subjected to SDS-PAGE and immuno-
blotting, using polyclonal antibodies against gephyrin and both profilin isoforms. Lysate,
Gephyrin and profilin shown in the total extracts; s:-�49 and p:-�49, supernatant and pellet of
control beads coated only with the intein/chitin binding domain fusion peptide (see Material
and Methods); s:��49 and p:��49, analogous probes obtained with beads coated with the
gephyrin-binding sequence of the glycine receptor (�49). B, Cosedimentation of the �49 beads
and recombinant profilin in the presence (�) or absence (�) of gephyrin. The pull-down assay
was performed with recombinant gephyrin and recombinant profilin I, preincubated with an
excess of poly-L-proline. SDS-PAGE and immunoblotting were as indicated in A and A�.

Figure 4. Profilin and gephyrin interact in brain tissue, cells, and in vitro. A, Immunoprecipi-
tation from rat and mouse brain extracts, performed with the polyclonal anti-gephyrin (a-Gep).
Sediments were subjected to SDS-PAGE and immunoblotting with a polyclonal anti-profilin.
Control, Aliquot without anti-gephyrin. B, Immunoprecipitation of gephyrin and profilin from
cell lysates. HeLa cells were transiently single transfected with BiPro-tagged gephyrin or double
transfected with either Flag-tagged mouse profilin I or IIa, respectively. Immunoprecipitation
was performed with the BiPro antibody, and immunoblots were obtained after SDS-PAGE.
Transfected profilins were detected by Flag antibodies as indicated; endogenous profilin I was
detected with a monoclonal profilin antibody. Note that endogenous human profilin I and both
isoforms of transfected mouse profilins coimmunoprecipitated with transfected gephyrin. Con-
trol, Immunoblot derived from nontransfected HeLa cells. Lysates were treated with the BiPro
antibody and protein G-Sepharose; sediments were subjected to SDS-PAGE and probed for
endogenous profilin I. C, ELISA to show direct interaction between gephyrin and either profilin
I or IIa. Twenty-five picomoles of recombinant gephyrin were adsorbed to ELISA wells and
incubated with increasing amounts of recombinant profilin I (gray bars) and IIa (black bars) and
a polyclonal anti-profilin recognizing both profilin isoforms. Note that both profilins bind to
gephyrin with comparable affinity. Control, BSA (25 pmol) was immobilized and incubated with
100 pmol of mPFN I or mPFN IIa.
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0 and a fourfold molar excess of the competitors. As shown in
Figure 6A, addition of poly-L-proline, even in large excess, had no
significant effect on the binding of profilin to gephyrin, although
in corresponding ELISAs we could demonstrate the successful
masking of the polyproline binding site on profilin by poly-L-
proline incubation (data not shown). These results corroborated
the data obtained with beads coated with the gephyrin-binding
sequence of the glycine receptor (compare Fig. 3B). In contrast,
preincubation with either G-actin or PIP2 resulted in a dose-
dependent decrease of profilin binding to gephyrin (Fig. 6A). At
fourfold molar excess, both of these ligands reduced the profilin–
gephyrin interaction to �20% of the control value. These data
indicated that gephyrin binds to the actin/PIP2-binding site on
profilins but not to the polyproline-binding site.

To corroborate these results, human profilin I mutants were
used in analogous ELISAs. Previously, we had shown that the
hydrophobic amino acid residue in position 59 is crucial for the
interaction of bovine (F59) and human (Y59) profilin I with
actin. Replacing these residues by alanine reduces the affinity for
G-actin by more than a factor of 10, whereas the binding of

polyproline remains essentially unaffected (Schlüter et al., 1998)
(K. Schlüter and B. M. Jockusch, unpublished results). Con-
versely, replacement of a histidine residue within the human pro-
filin I polyproline binding site (H133S) had been shown to reduce
polyproline binding dramatically, whereas it only moderately af-
fects actin-binding (Bjorkegren et al., 1993) (our unpublished
results). As shown in Figure 6B, binding characteristics of wild-
type human profilin I to microwell-adsorbed gephyrin ap-
proached saturation at a molar ratio of profilin to gephyrin of 4:1.

Figure 5. The E-domain of gephyrin interacts with profilins. A, A�, Overlay assays with in
vitro translated, [ 35S]-Met-labeled proteins. Gep, Gephyrin; E, G, E�C, G�C, corresponding
deletion fragments of gephyrin (cf. Fig. 1). A, Translation of polypeptides with the expected size
was controlled by SDS-PAGE and autoradiography. A�, Binding of purified G-actin (left panel)
and in vitro synthesized proteins (right panel, top) to membrane-adsorbed recombinant part-
ners (left). BSA, Bovine serum albumin. Bound proteins were detected with specific antibodies
(G-actin) or by autoradiography (others), respectively. Note that gephyrin interacts with itself
and with both profilin isoforms and that binding is confined to the E-domain. B, Immunoblots
obtained from HeLa cells transfected with Flag-tagged gephyrin or its E-domain. Immunopre-
cipitates were obtained with Flag antibody and probed with monoclonal anti-Flag and anti-
profilin, demonstrating that the E-domain is sufficient to precipitate HeLa cell profilin I. C, ELISA
with microwell-adsorbed recombinant gephyrin (gray bars) or the proteolytically derived
E-domain (black bars; 25 pmol each) and soluble recombinant human profilin I. Binding of
profilin was monitored with the monoclonal anti-profilin. Control was BSA (25 pmol) adsorbed
to ELISA wells and incubated with 100 pmol of profilin. Note that in this assay the proteolytic
fragment comprising the E-domain is as efficient in binding profilin as intact gephyrin.

Figure 6. Gephyrin, PIP2 , and G-actin compete for the same binding site on profilins. A,
ELISAs demonstrating the effects of poly-L-proline, actin, or PIP2 on the interaction of human
profilin I with gephyrin. Constant amounts of profilin I (25 pmol), preincubated with increasing
amounts of poly-L-proline, actin, or PIP2 (picomole ligands), were added to ELISA plates coated
with 25 pmol of gephyrin. Binding of profilin was monitored with the monoclonal anti-profilin.
Note that preincubation of profilin with poly-L-proline had no significant effect on binding to
gephyrin, whereas actin and PIP2 led to a dose-dependent reduction of profilin binding. Be-
cause PIP2 was added in the form of micelles, the effects of actin and PIP2 on profilin binding to
gephyrin cannot be compared in terms of affinities. Error bars indicate SD of three independent
experiments. B, ELISAs showing binding of gephyrin to mutant profilins. Microwell-adsorbed
recombinant gephyrin was incubated with increasing amounts of recombinant wild-type hu-
man profilin I, or profilin with a point mutation in the poly-proline binding site (hPFN I-H133S)
or in the actin binding site (hPFN I-Y59A), respectively. Binding was monitored with the mono-
clonal anti-profilin. Note that binding of hPFN I-H133S (gray bars) was decreased only slightly
compared with hPFN I (black bars), whereas binding of hPFN I-Y59A (white bars) was signifi-
cantly reduced. Control was 25 pmol of microwell-adsorbed BSA incubated with 100 pmol of the
different profilins as indicated. C, Immunoblots of the profilin mutants and the same antibody
used in B to show that the immunoreactivity of all samples used is comparable.

Giesemann et al. • Profilin and Mena link Gephyrin to the Cytoskeleton J. Neurosci., September 10, 2003 • 23(23):8330 – 8339 • 8335



The binding of the mutant hPFN I-H133S was reduced only
slightly, whereas the mutation within the actin binding site,
Y59A, led to a drastic decrease in the affinity for gephyrin. These
results were not caused by differential recognition of the profilin
variants by the monitoring antibody, as shown in immunoblots
(Fig. 6C). Therefore, these findings confirm the data obtained
from the competitive ELISA and support the notion that gephy-
rin interacts directly with the actin/PIP2 binding site on profilin.

Cytoplasmic gephyrin clusters are enriched in profilins,
G-actin, and Mena/VASP
The interaction of gephyrin with microfilament proteins was also
analyzed by light microscopy in HeLa and PC12 cells transfected
with green fluorescent protein (GFP)-gephyrin. The transfected
cells displayed numerous gephyrin clusters (Fig. 7A–D), as de-
scribed previously for HEK293 cells (Kirsch et al., 1995; Fuhr-
mann et al., 2002). As illustrated in Figure 7, A and A�, double-
fluorescence images revealed that Flag-profilin I was enriched in
these structures. Identical results were obtained for endogenous
profilin I and for transfected profilin IIa. Furthermore, in recip-
rocal experiments with BiPro-tagged gephyrin and GFP-profilin,
we obtained the same results (data not shown). To rule out the
possibility that these results were restricted to the two cell lines
used, analogous experiments were performed with HEK293 cells
and yielded identical results (data not shown).

A possible association of gephyrin clusters with additional
microfilament proteins was also tested with transfected cells.
Staining the GFP-gephyrin-transfected cells with TRITC-labeled
phalloidin revealed prominent stress fibers, but no obvious asso-
ciation of actin filaments with gephyrin aggregates and no differ-
ences in stress fiber organization, as compared with nontrans-
fected cells (data not shown); however, the clusters were found
enriched in G-actin. Monomeric actin can be localized in cells
after fixation with the cross-linker DSP, which preserves G-actin
in its native conformation, and an antibody specifically recogniz-
ing this monomer configuration (Gonsior et al., 1999). Using this
fixation and immunostaining protocol, we found that the gephy-
rin clusters are enriched in G-actin (Fig. 7B,B�).

Because we had shown that profilin, a component of the ag-
gregates, cannot simultaneously bind to monomeric actin and
gephyrin (Fig. 6), we probed the possibility of a direct interaction
of gephyrin with G-actin. In gel filtration, ELISAs, and overlay
experiments, we could not obtain convincing evidence for a
gephyrin–G-actin interaction (data not shown) (Fig. 5A�).
Therefore, the enrichment of gephyrin clusters in G-actin sug-
gested the participation of another component. The microfila-
ment and focal adhesion protein VASP seemed a good candidate
because it binds both to the polyproline-binding motif of profi-
lins (Reinhard et al., 1995) and to G-actin (Walders-Harbeck et
al., 2002) and nucleates actin filament assembly (Hüttelmaier et
al., 1999). Indeed, immunofluorescence analysis of transfected
HeLa cells with a VASP antibody revealed an enrichment of
VASP in these clusters and a colocalization with GFP-gephyrin
aggregates (Fig. 7C,C�). Furthermore, in PC12 cells, a paraneu-
ronal cell line derived from phaeochromocytoma, the GFP-
gephyrin clusters were strongly enriched in the neuronal VASP
homolog, Mena (Fig. 7D,D�).

Gephyrin interacts directly with Mena/VASP
A putative direct interaction of Mena/VASP and gephyrin was
studied in ELISAs. Recombinant, microwell-adsorbed gephyrin
was incubated with recombinant BiPro-tagged VASP, and bind-
ing was monitored with the BiPro antibody. As shown in Figure

8A, binding occurred in a saturable manner, suggesting a 1:1
stoichiometry. We also probed for gephyrin–VASP interactions
in a physiological environment. Immunoprecipitation studies
with gephyrin-transfected HeLa cells showed that not only pro-
filin (compare Fig. 5) but also HeLa cell VASP coprecipitated
with Flag-tagged gephyrin or Flag-tagged E-domain (Fig. 8B).
Furthermore, gephyrin and Mena could be coimmunoprecipi-
tated from rat brain extracts. Figure 8C shows that in immuno-
blots obtained with such precipitates, two of the three splice vari-
ants of Mena could be detected. One of these, the 140 kDa large
brain-specific isoform (Gertler et al., 1996) was preferentially
precipitated. Analogous results were obtained in pull-down ex-

Figure 7. Profilin, G-actin, and Mena/VASP are enriched in gephyrin clusters. HeLa (A–C,
A�–C�) and PC12 (D, D�) cells were transiently transfected with pEGFP-gephyrin resulting in the
formation of large cytoplasmic gephyrin clusters (shown by green autofluorescence in A–D). A,
A�, Cells cotransfected with pFlag-mPFN I. Immunofluorescence with the Flag antibody shows
profilin I (A�, red) in the GFP-gephyrin aggregates. B, B�, Immunolabeling with an antibody
specific for monomeric actin (B�, red) demonstrates endogenous nuclear actin as described (cf.
Gonsior et al., 1999) and cytoplasmic G-actin in small cytoplasmic particles or dots and G-actin
enrichment in each of the gephyrin clusters. C, C�, Endogenous VASP was detected with a
monoclonal antibody (C�, red) as an additional component of gephyrin clusters in HeLa cells. D,
D�, Immunofluorescence of GFP-gephyrin-transfected PC12 cells showing that gephyrin clus-
ters in these paraneuronal cells are decorated with an antibody against the neuronal VASP
relative Mena (D�, red). Colocalization is demonstrated by superimposition of the correspond-
ing images (A�–D�). Scale bars, 10 �m.
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periments from rat spinal cord lysates (data not shown). To-
gether with the data presented in Figure 3, these results imply that
gephyrin, profilin, and Mena/VASP can be present in the same
complexes.

The association of gephyrin with Mena was studied further in
cultured rat spinal cord neurons (Fig. 9). Immunofluorescence
showed Mena concentrated in speckles distributed at the periph-
ery of the cell body as well as in dendrites (Fig. 9A,B). Counter-
staining for gephyrin identified these immunoreactive spots as
inhibitory synapses (Fig. 9A�,B�). Merged images revealed a high
degree of colocalization of Mena and gephyrin (Fig. 9A�,B�).

Discussion
In this report, we present cell biological, biochemical, and immu-
nohistochemical evidence for the postulated molecular interac-
tion between gephyrin and the actin-based cytoskeleton. Such
links have been suggested previously from experiments demon-
strating that interference with submembranous microfilament
integrity has severe consequences on receptor clustering that in
turn depends on gephyrin scaffolds (Kirsch and Betz, 1995). We
identified the microfilament-associated proteins profilin, Mena/
VASP, and G-actin as partners for gephyrin in tissue, cells, and in
vitro. Complex formation between gephyrin and profilin I had
been reported before and was thought to be mediated by the
proline-rich central region on gephyrin and the polyproline-
binding motif on profilin (Mammoto et al., 1998). In this case

Figure 8. Gephyrin and Mena/VASP interact in vitro and form complexes in cells. A, ELISA to show
direct interaction between gephyrin and VASP. Microwells were coated with 25 pmol of recombinant
gephyrin and incubated with increasing amounts of recombinant BiPro-VASP as indicated. The BiPro-
antibody was used to monitor binding. Note that binding of VASP to gephyrin reaches saturation level
at a 1:1 molar ratio. Control was 25 pmol of BSA, microwell adsorbed, instead of gephyrin. B, Coim-
munoprecipitation of VASP with gephyrin or the isolated E-domain. Immunoprecipitates obtained
from HeLa cells transiently expressing Flag-tagged gephyrin or the Flag-tagged E-domain were ob-
tained with the Flag antibody and subjected to SDS-PAGE and immunoblotting. Antibodies against
Flag and VASP, respectively, revealed the transfected gephyrin or the E-domain and VASP in the
precipitate, whereas VASP was not sedimented from nontransfected cells. Note that the E-domain of
gephyrin is sufficient for binding to VASP. hc, Heavy chain of the precipitating IgG. C, Coimmunopre-
cipitation of Mena and gephyrin from rat brain extracts, performed with (�a-Gep) or without (�a-
Gep)polyclonalanti-gephyrin.TheimmunoblotsobtainedwithMenaantibodiesfromanti-gephyrin-
induced precipitates reveal that two of the three Mena splice variants (88 and 140 kDa) are detectable
in the sediment. Note that the large 140 kDa brain-specific isoform is preferentially enriched in the
complex.

Figure 9. Colocalization of Mena with synaptic structures in cultured spinal cord neurons.
Double immunofluorescence for Mena (A, B, green) and gephyrin (A�, B�, red). The merged
images (A�, B�) show that most, but not all, synapses contain both proteins. Yellow arrowheads
indicate examples of colocalization; green and red arrowheads indicate spots only positive for
Mena and gephyrin, respectively. Scale bars, 10 �m.
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one would have expected profilin IIa, the neuronal isoform, to
bind with higher affinity to gephyrin than profilin I (cf. Lambre-
chts et al., 1997). Because we did not detect such a difference, this
mode of interaction seemed unlikely. Instead, we identified
gephyrin as a ligand for the actin/PIP2 binding site on profilin and
both profilin isoforms as binding partners for the E-domain of
gephyrin. This large gephyrin module also accommodates a bind-
ing motif for the microfilament adaptor proteins of the Mena/
VASP family. Complexes containing gephyrin, profilin, and
Mena/VASP may thus exist in neuronal tissue and cells. They may
form by various interactions, either by profilin binding gephyrin
and Mena/VASP or by Mena/VASP bridging gephyrin to profilin.
Furthermore, a direct interaction of profilin and Mena/VASP
with discrete binding sites on the E- domain of gephyrin is also
possible. G-actin may join these complexes by binding to the
corresponding motif on Mena/VASP (Walders-Harbeck et al.,
2002) but may also be bound to profilin. In the latter case, a
competition between G-actin and gephyrin for the same binding
site on profilin, as evident from our in vitro data, may add another
variant to the multiple modes of molecular communication and
complex formation. Such variability would be important for the
fine regulation of the amount of polymerization-competent actin
available for de novo generation of actin filaments in a submem-
branous microfilament web. A simultaneous anchoring of gephy-
rin clusters to microfilaments and microtubules, as postulated
previously (Kirsch and Betz, 1995), is also conceivable, because
the tubulin-binding motif and the binding site for the light chains
of the microtubule motor protein dynein are both located in the
central domain of gephyrin (Kirsch et al., 1991; Fuhrmann et al.,
2002), whereas the data presented here define the E-domain as a
molecular link to the microfilament system.

Linkage of gephyrin to a cortical microfilament web resulting
in a high and precise packing density of gephyrin scaffolds might
be of functional significance for both neuronal and non-neuronal
cells. In addition to restricting lateral mobility of the neuronal
receptors as outlined above, an analogous submembranous con-
centration of gephyrin by microfilaments should also be advan-
tageous for molybdenum cofactor synthesis and substrate chan-
neling in all cell types (Schwarz et al., 2001). Furthermore,
profilin and Mena/VASP, the gephyrin ligands identified here,
are considered essential and ubiquitous components of cortical
microfilament webs that in general govern the mobility of many
membrane-associated or transmembrane proteins. Within this
submembranous compartment, profilins are thought to regulate
actin polymerization in a PIP2-dependent manner (cf. Schlüter et
al., 1997), whereas Mena/VASP proteins may increase the effi-
ciency of actin polymerization by recruiting profilin and G-actin
and contribute to the arrangement of cortical microfilaments by
nucleating actin filament formation and bundling (Hüttelmaier
et al., 1999; Lambrechts et al., 2000; Walders-Harbeck et al.,
2002). A role for Mena/VASP in transversal plasma membrane
motility, in particular during the actin-driven protrusion of la-
mellipodia, is well established (Cramer, 2002), but an additional
function in regulating lateral submembranous protein mobility is
also quite likely. Whatever the precise mechanism, there is no
doubt that Mena/VASP proteins are important for neuronal po-
sitioning during embryogenesis (Goh et al., 2002). Mena-
deficient mice that are heterozygous for a profilin I deletion die
before birth, showing defects of neurulation (Lanier et al., 1999).
This demonstrates that both profilin I and Mena play an impor-
tant role in neuronal cells. On the basis of findings reported here,
both proteins, in conjunction with gephyrin, may specifically reg-

ulate the stabilization and activity-dependent adaptation of in-
hibitory synapses.
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