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(Background: Formation of inhibitory synapses in the CNS is dependent on cluster formation of the scaffold protein
Results: Knockdown of collybistin and inhibition of cyclin-dependent kinases (CDK1,- 2, and -5) abolished the phosphorylation

Conclusion: Gephyrin detected with mAb7a is phosphorylated at Ser-270.
Significance: These data suggest a novel view on kinases involved in gephyrin phosphorylation.
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Gephyrin is a scaffold protein essential for the postsynaptic
clustering of inhibitory glycine and different subtypes of
GABA, receptors. The cellular and molecular mechanisms
involved in gephyrin-mediated receptor clustering are still not
well understood. Here we provide evidence that the gephyrin-
binding protein collybistin is involved in regulating the phos-
phorylation of gephyrin. We demonstrate that the widely used
monoclonal antibody mAb7a is a phospho-specific antibody
that allows the cellular and biochemical analysis of gephyrin
phosphorylation at Ser-270. In addition, another neighbored
epitope determinant was identified at position Thr-276. Analy-
sis of the double mutant gephyrin27645277A revealed signifi-
cant reduction in gephyrin cluster formation and altered oligo-
merization behavior of gephyrin. Moreover, pharmacological
inhibition of cyclin-dependent kinases in hippocampal neurons
reduced postsynaptic gephyrin mAb7a immunoreactivities. In
vitro phosphorylation assays and phosphopeptide competition
experiments revealed a phosphorylation at Ser-270 depending
on enzyme activities of cyclin-dependent kinases CDK1, -2, or
-5. These data indicate that collybistin and cyclin-dependent
kinases are involved in regulating the phosphorylation of gephy-
rin at postsynaptic membrane specializations.

The formation of clusters of inhibitory glycine receptors
(GlyR)? and some subtypes of GABA , receptors at the postsyn-
aptic membrane strictly requires the scaffold protein gephyrin
(1). It is believed that gephyrin-dependent cluster formation is
achieved by anchoring receptors to the microtubular and actin-
based cytoskeleton (2). However, the molecular mechanisms
regulating the precise localization and size of gephyrin and
GIlyR/GABA, receptor clusters within the somatodendritic

1 This article contains supplemental Figs. 1 and 2.
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compartments are not completely understood. Collybistin
(Cb), a gephyrin binding guanidine exchange factor for the
monomeric GTPase Cdc42 (3, 4) may regulate local cluster for-
mation by interaction with the cell adhesion protein neuroligin
II (5). Studies of Cb knock-out mice revealed a reduction of
gephyrin and y2-containing GABA , receptor clusters in hip-
pocampus and cerebellum, whereas GlyR clusters in spinal cord
neurons were unaltered (6). Thus, the functional role(s) of Cb in
different areas of the CNS remains to be established (7, 8).

In rat, four alternative spliced Cb isoforms have been
described (Cb1-4). All variants possess a central tandem dbl-
homology (DH)/pleckstrin homology (PH)-domain; apparently
a functional PH-, but not DH-domain, is required for proper
function (9). Moreover, one isoform (Cb2) exists with and
without an src-homology-3 (SH;)-domain near the N termi-
nus (3, 4).

The domain structure of gephyrin is composed of an N-ter-
minal G-domain and a C-terminal E-domain. Isolated G- and
E-domains form trimers and dimers, respectively, and thus
were proposed to cause the formation of a hexagonal lattice of
gephyrin at the postsynaptic membrane (10). Both domains are
connected by the central C-domain, which harbors binding
sites for several gephyrin interacting proteins (11).

GlyRs and GABA , receptor are pentameric receptor com-
plexes. The homologous subunits contain four transmembrane
domains (TM1-4), and the extended cytoplasmic loop
between the TM3 and TM4 regions (12, 13) of the GlyR B sub-
unit mediates the binding to gephyrin (14, 15), whereas the
homologous region of the GlyR &2 subunit may bind different
kinases and calcineurin (16). Whereas the binding of gephyrin
to the GlyR was evident from GlyR purification studies and was
analyzed in great detail (10, 17, 18), it has only recently been
shown that a similar site on gephyrin also binds directly to
GABA , receptor subunits al, @2, and a3 (19-21).

Phosphorylation of gephyrin was first reported in 1992 (22).
More recently, the binding of gephyrin to the peptidyl-prolyl
cis/trans-isomerase Pinl was analyzed and allowed the identi-
fication of amino acid residues (Ser-188, Ser-194, and Ser-200)
in the C-domain as major determinants of phosphorylation
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dependent Pinl binding and also of gephyrin clustering (23). In
addition, Ser-270 was identified as another phosphorylation
site that was reported to be phosphorylated by GSK38 (24).
Exchange of Ser-270 by alanine in that study increased gephyrin
cluster numbers, suggesting an inhibitory role of phosphoryla-
tion at this site. Moreover, another study demonstrated that the
inhibition of phosphatase 1 decreased gephyrin cluster size in
cultured hippocampal neurons (25).

The precise role of Cb and Cdc42 in receptor clustering is still
not well understood. One current model of Cb function pro-
poses that the N-terminal SH3 domain present in the Cb splice
variants Cb1, Cb2 4,5, and Cb3 inactivates Cb. The binding to
SH3-domain-interacting proteins, like neuroligin II or the cyto-
plasmic loop of the GABA , receptor a2 subunit, may activate
Cb, which consequently would mediate local specific gephyrin
clustering by an unknown molecular mechanism (5, 19). A con-
ditional Cdc42 knock-out mouse revealed no alteration of
gephyrin cluster formation (9). More recently, however,
cotransfection experiments with Cb mutants and constitutively
active Cdc42 suggested an important contribution of Cdc42 to
gephyrin clustering, possibly by forming a ternary complex
with gephyrin and Cb2 g, (26).

To study the functional role of Cb, we performed Cb-shRNA
knockdown experiments in cultured hippocampal neurons.
Interestingly, a decrease of Cb expression resulted in a reduc-
tion of gephyrin phosphorylation. Pharmacological inhibition
of specific kinase pathways showed that cyclin-dependent
kinases (CDKs) are involved in phosphorylation of gephyrin at
Ser-270. Thus, our results are consistent with a model of cluster
formation at inhibitory postsynaptic membrane specializations
in which Cb increases gephyrin phosphorylation at Ser-270, a
process that can be monitored by the phosphospecific antibody
mADb7a (27).

EXPERIMENTAL PROCEDURES

Construction of Expression Plasmids and Knockdown Vectors—
DNA fragments encoding the complete coding sequence of rat
gephyrin (P1 clone) (28) were amplified by PCR, creating Sfrl
flanking restriction sites, and were cloned in the expression
vector pCMVTAG3B (Invitrogen), resulting in N-terminal
fusion constructs with a myc epitope (myc-gephyrin). N-termi-
nally 6 X-histidine-tagged gephyrin-coding PCR products with
flanking Notl and Xhol sites were cloned into vector
pcDNAS5/FRT/TO (Invitrogen). All constructs were verified by
sequence analysis. Sequences coding for a shRNA directed
toward Cb and control shRNA were cloned into pFSGW, a
modified version of the lentiviral vector pFUGW (29) using the
human synapsin promoter to drive EGFP expression as
described in Korber et al. (30) (CB-shRNA-coding sequence
5"-TTTGAATCCGGAGAGACATCCTATAGTGAAGCCA-
CAGATGTATAGGATGTCTCTCCGGATTTTTTT-3’ or an
unrelated control sequence, 5'-TTTGTTGGTCTTGTGGCA-
TTACAGTGAAGCCACAGATGTGTAATGCCACAAGAC-
CAATTTTT-3'.

Site-directed Mutagenesis—Site-directed mutagenesis of
gephyrin-P1 clone, His,-gephyrin, or myc-gephyrin was per-
formed using the QuikChange Lightning mutagenesis kit from
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Stratagene following the supplier’s instructions. Mutants were
verified by sequence analysis.

Lentivirus Preparation—Recombinant lentiviral particles
were produced as described in Korber et al. (30).

Cell Culture—Primary cultures of rat hippocampal neurons
were prepared from E19 embryos plated at a density of 60.000
cells/cm® and transfected as described previously (31). Infec-
tion with lentivirus dilutions and transfection of cells with
expression plasmids was performed 2 days after plating (div2).
Fixation and immunocytochemistry was done either at div9,
div14, or div21.

Immunocytochemistry—Immunocytochemistry was per-
formed as described in Korber et al. (30) with the following
modifications. Cultured neurons were washed once with PBS at
37 °C and fixed with cold methanol (—20 °C) for Ab-175 stain-
ings for 10 min. Cells were incubated with the primary antibody
dilutions as described in Korber et al. (30) and with the follow-
ing modifications: mouse monoclonal anti-gephyrin mAb7a
(27) (1:200), mouse monoclonal anti-gephyrin mAb5 (27)
(1:500); rabbit anti-gephyrin Ab-175 (32) (1:250), and anti-Cb
antibody (1:10, BD Transduction, catalog no. 612076. For colo-
calization studies and quantifications, MetaMorph software
was used. To evaluate the amount of colocalization with each
receptor type or synaptic marker, three dendritic regions with a
length of 30 um were chosen. After setting the same threshold
for these regions in one experiment, the quantification of the
colocalization of gephyrin with the VIAAT immunoreactivity
was determined by the software and by visual inspection. Data
analysis was done using Excel and Prism software.

Transfection of HEK293T Cells for Cb- and Gephyrin Coex-
pression Experiments—HEK293T cells cultured in 6-well plates
were transfected with expression constructs using polyethyl-
eneimine (PEI) (Sigma). A total of 6 ug of plasmid DNA (3 ug of
myc-gephyrin + 3 ug of empty vector or 3 ug of Cb2 g5
expression plasmid (3)) was incubated in Opti-MEM® (Invitro-
gen) medium in the presence of PEI for 30 min (77 pg/ml)
before adding it to 2 ml of DMEM (Invitrogen) + 10% (v/v) FCS
(PAN) medium of the HEK293T cell culture and incubated for
4 h in a humidified incubator at 37 °C and 5% CO,. After
exchanging the medium with DMEM medium supplemented
with 10% (v/v) FCS and 1% (v/v) PenStrep (penicillin/strepto-
mycin) (Invitrogen), cells were incubated for another 24 h
under the same conditions before they were harvested.

Pharmacological Treatment of HEK293T Cells and Prepara-
tion of Protein Extracts—HEK293T cells were cultured in 6-well
plates, transfected with expression constructs of myc-tagged
gephyrin and Cb2 ;5 (3), treated with the indicated concentra-
tions of kinase inhibitors overnight, and homogenized after
about 24 h in ice-cold lysis buffer: 50 mm Tris-HCI, pH 7.5, 150
mwm NaCl, 1% (v/v) nonylphenoxylpolyethoxylethanol (Nonidet
P-40), 0.25% (w/v) sodium dodecyl sulfate (SDS), 2 mm sodium
orthovanadate, and protease inhibitor mixture (complete,
Roche Applied Science). Chromosomal DNA was shortened by
passing the extract through a cannula. After centrifugation for
30 min at4 °Cat 16 000 X g, supernatants were used for immu-
noblot analysis.

Pharmacological Treatment of Cultured Neurons—Hip-
pocampal neurons were cultured for 9 days in vitro in 24-well
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plates. At div2, div5, and div6, cell culture medium was supple-
mented with small volumes of appropriate stock solutions
(0.05% (v/v)) of the inhibitors solubilized in DMSO. In other
experiments hippocampal neurons were cultured for 14 days,
and inhibitor was added 1, 3, 6, or 24 h before fixation. Identical
volumes of DMSO were used as controls. After incubation at
37 °C at 5% CO, in a humidified cell culture incubator, cells
were fixed and stained as described above.

Immunoblot Analysis—Western blotting as described in
Korber et al. (30). Membranes were probed with mouse mono-
clonal mAb7a antibody (1:200), rabbit anti-gephyrin antibody
Ab-175 (1:200) (32), and anti-myc antibody (1:200, Santa Cruz,
catalog no. Sc-789), and anti-Cb antibody (1:100, BD Transduc-
tion Laboratories catalog no. 612076). After suitable exposure
times, films were developed, and signals were scanned and ana-
lyzed using Kodak Digital science 1D or Fiji software.

Peptide Competition Assay—Immunoblots were done with
protein extracts from HEK293T cells coexpressing gephyrin
and Cb2 ;. mAb7a antibody was preincubated with peptides
with concentrations from 2 to 0.25 mg/ml in 50 ul of TBS-
Tween (30) with a 1:20 dilution of mAb7a for 1 h at room tem-
perature. After a centrifugation step (13,200 rpm, 15 min), the
preincubated mAb7a/peptide solution was further diluted
10-fold with blocking solution (30) and applied to immunoblots
using PVDF membrane stripes. The further procedure was as
described above for immunoblots. Experiments were done
3—6-fold (P270) times.

Phosphatase Treatment of Neuronal Protein Extracts—Neu-
rons plated on 6-well plates were scraped at div23 in lysis buffer
without sodium orthovanadate and homogenized as described
above. A-Phosphatase (Sigma, P9614) treatment was done in a
volume of 60 ul at 30 °C for 30 min. 400 units of A-phosphatase
were used in 50 mm Tris-HCI, pH 7.5, 0.1 mMm Na,EDTA, 5 mm
dithiothreitol, 0.01% BRIJ 35, and 2 mm MnCl, with about 40 ug
total neuronal protein extract. Reactions were stopped with gel-
loading buffer, and samples were heated to 95 °C for 5 min.

Protein Extracts for Cb Knockdown Analysis—Neurons were
plated with 4 X 10° cells/well in a 6-well plate and infected at
div2 with an 8-fold higher number of virus particles than in
24-well plate cultures, which were used to monitor infection
rate. Cells were scraped at div23 and homogenized in lysis
buffer as described above.

Gephyrin Purification—HEK293T cells (grown on 20 X
10-cm plates with 10-ml volumes of DMEM (Invitrogen) + 10%
(v/v) ECS (PAN)) were transfected with His,-tagged gephyrin
expression vector. 15 ug of plasmid DNA/plate was used for
transfection as described above. After 2 days of incubation in a
humidified incubator at 37 °C and 5% CO,, cells were homog-
enized with a Dounce Homogenizer Potter-Elvehjem on ice in
10 mm phosphate buffer, pH 7.3, 137 mMm NaCl, 3 mm KCI, 2 mm
sodium orthovanadate (Na;VO,) and protease inhibitor mix-
ture (Roche Applied Science, complete). His,-tagged gephyrin
was purified under native conditions on an Ettan LC purifica-
tion unit from cleared cell supernatant (centrifugation at 4 °C,
20 000 X g, 30 min) with nickel-nitrilotriacetic acid-Sepharose
(Ni—SepharoseTM 6 Fast Flow, GE Healthcare, no. 17-5318-06)
using 100 mM imidazole in phosphate buffer (see above) for
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column washing and 500 mm imidazole in phosphate buffer for
elution of recombinant gephyrin.

In Vitro Phosphorylation Assay—Identical amounts of puri-
fied His,-gephyrin were used for in vitro phosphorylation
assays performed in HEPES buffer (60 mm, pH 7.6 with 1 mm
ATP, 12.5 mm MgCl,, 1 mMm DTT, and 0.1- 0.4 units of CDK1/
cyclinB, CDK2/cyclinA, or CDK5/p35NCT protein complexes
(Biaffin, Kassel, Germany) at 30 °C for 30 min. The reaction was
stopped with SDS-PAGE loading buffer, and proteins were ana-
lyzed by immunoblotting as described above.

In Vitro 3P Phosphorylation Assay—For immunoprecipita-
tion of *’P-labeled gephyrin, the gephyrin-specific antibody
mAb5 (27) was prebound to protein A/G-agarose (Pierce,
Thermoscientific) by adding 40 ul of protein A/G-agarose and
50 ul of mAD5 solution in 150 ul of 20 mm Tris/HCI, pH 7.5, 200
mwm NaCl, 1 mm EDTA, 10% (v/v) glycerol, and 0.1% (v/v) Non-
idet P-40 (immunoprecipitation buffer) and incubated at 4 °C
for 1 h, and bound mAb5 was sedimented with protein A/G-
agarose by centrifugation for 5 min at 4 °C at 13,200 rpm and
2X washed with immunoprecipitation buffer. Identical am-
ounts of purified Hisg-gephyrin were used for in vitro phosphor-
ylation assays performed as described above with 50 uCi of
[y-**P]ATP replacing ATP. The reaction was stopped with 10
ulof EDTA (0.2 M) and added to 170 ul of resuspended protein
A/G-agarose with prebound mAb5. After incubation at 4 °C for
1 h, gephyrin bound to mAb5-protein A/G-agarose was sedi-
mented by centrifugation for 5 min at 14,500 rpm at 4 °C, and
the pellet was washed 3 times with 500 ul of ice-cold immuno-
precipitation buffer. Gephyrin was solubilized from mAb5-pro-
tein A/G-agarose with 20 ul of 4X SDS-PAGE loading buffer at
95 °C for 5 min, and proteins were separated on 4—-12% poly-
acrylamide gradient SDS-gels (NuPAGE Novex Bis-Tris mini
gels, Invitrogen). Gels were stained to control for equal loading
with Coomassie Blue and dried on a vacuum gel dryer and
exposed to x-ray Kodak films.

Co-immunoprecipitation—For immunoprecipitation, 1 mg
of protein lysate (see above, lysis buffer: 20 mm Tris-HCl, pH
7.4,150 mm NaCl, 1 mm EDTA,10% glycerol, 1% Nonidet P-40,
0.1% SDS, 2 mm sodium orthovanadate, and protease inhibitor
mixture (complete, Roche Applied Science)) was incubated
with 2 pg of rabbit polyclonal anti-CDK5 antibody (C-8, Santa
Cruz, catalog no. Sc173) or rabbit anti-VGAT antibody (Synap-
tic Systems, catalog no. 131011) as control at 4 °C overnight
with rotation. 25 ul of protein A/G-agarose prewashed with
lysis buffer was added and rotated at 4 °C for 4 h. After 4X
washing with immunoprecipitation washing buffer (50 mm
Tris/HCI, pH. 8.0, 150 mm NaCl, 1% Nonidet P-40), the immu-
noprecipitated proteins were solubilized in 10 ul of 4X SDS-
PAGE loading buffer at 95 °C for 5 min (with 8 m urea) and
analyzed by immunoblotting.

Statistical Analysis—Experimental data were evaluated with-
out knowledge of the experimental conditions used for at least
three independent experiments. Statistical analysis was per-
formed using the GraphPad-prism IV software with non-para-
metric analysis of variance followed by Tukey’s multiple com-
parison test; other data were analyzed with Student’s ¢ test. Data
are shown the means = S.E. or S.D. Values of p < 0.05 were
considered as significant.
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Ethical Treatment of Animals—This study was carried out in
strict accordance with the European Communities Council
Directive (86/609/EEC) to minimize animal pain or discomfort.
The animal care and use committee gave approval for the study
under number T-81/10.

RESULTS

Cb Knockdown Abolishes the Formation of Gephyrin Clusters
in Hippocampal Neurons—To elucidate the functional role of
Cb in GlyR and GABA , receptor clustering, we performed Cb
knockdown experiments with cultured rat hippocampal neu-
rons. Neurons were infected with Cb-shRNA lentivirus (Cb-
shRNA), a control-shRNA lentivirus, or a combined Cb-knock-
down-Cb2 g, rescue lentivirus 1 day after plating. After 2-3
weeks in vitro differentiation (divli4/div21), formation of
gephyrin clusters was monitored by immunofluorescence
microscopy. Interestingly, we observed a nearly complete loss
of mAb7a gephyrin puncta in most Cb-shRNA-infected cells,
whereas the staining of presynaptic vesicular inhibitory amino
acid transporter (VIAAT) was still preserved (Fig. 14”), an
observation that is in agreement with the results of gephyrin
staining in hippocampal preparations from Cb knock-out mice
(6). Importantly, Cb2 4, rescue virus-infected cells with
shRNA-mediated knockdown of endogenous Cb and simulta-
neously expressing Cb2 ¢;;5, which is shRNA-insensitive,
showed gephyrin clusters stained with mAb7a very similar to
control cells (Fig. 1A"), indicating that the loss of mAb7a
puncta in the Cb-knockdown experiment was due to the specifc
knock-down of Cb. Control staining with an antibody specific
for Cb revealed a strong reduction of Cb-staining in Cb-shRNA
expressing cells (Fig. 1B). Examination of excitatory synapses by
staining with anti-PSD95 antibody showed no significant alter-
ation (data not shown). Thus, reduction of Cb expression in
hippocampal neurons reduced the staining of gephyrin clusters
with mAb7a specifically (for a more detailed functional analysis
of Cb knockdown experiments, see Ref. 30).

Cb Knockdown Results in Alteration of the mAb7a Epitope on
Gephyrin—The strong reduction of mAb7a immunoreactivity
suggested a down-regulation of gephyrin expression as a con-
sequence of Cb knockdown. To get further support for this
conclusion, we performed immunoblot analyses with protein
extracts of cultured hippocampal neurons infected with Cb-
shRNA or control viruses. As already seen with immunofluo-
rescence experiments (Fig. 1, A” and B), there was a robust
reduction of Cb and mAb7a immunoreactivities upon Cb
knockdown (Fig. 1C). In protein extracts from control virus-
infected cells or non-infected cells, mAb7a detected two closely
migrating bands with an apparent molecular mass of around 93
kDa (Fig. 1C"). Surprisingly, the use of another gephyrin-spe-
cific antibody (Ab-175) raised against a peptide of the C-do-
main (32) revealed a clear detection of both gephyrin bands also
in extracts from Cb knockdown cells (Fig. 1C). This observation
can be explained if one assumes that 1) the gephyrin epitope
recognized by mAb7a is sensitive to posttranslational modifi-
cations, and 2) that the alterations of the mAb7a epitope on
gephyrin depend on collybistin expression.

Earlier studies reported that gephyrin in GlyR preparations
from rat spinal cord is phosphorylated (22). Therefore, we used
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phosphatase treatment to remove all phosphates from gephyrin
and compared the binding of mAb7a and Ab-175 antibodies in
immunoblots. As shown in Fig. 1C, removal of phosphate
groups by phosphatase resulted in the complete loss of mAb7a
immunoreactivity (Fig. 1C"). In contrast, gephyrin was clearly
detected by Ab-175 anti-gephyrin antibody. However, there
was a shift of one or both gephyrin bands toward lower molec-
ular masses, indicating that gephyrin might be phosphorylated
at a number of sites.

To further determine whether phosphorylation of gephyrin
was indeed altered in Cb knockdown experiments, we set out to
identify putative phosphorylation sites of gephyrin using site-
directed mutagenesis. Heterologous expression in HEK293T
cells was chosen as experimental system. The analysis of pro-
tein extracts from gephyrin-expressing cells showed that there
was a similar loss of mAb7a immunoreactivity after phospha-
tase treatment (data not shown), suggesting that similar post-
translational modifications at the phosphorylation-sensitive
mAb7a epitope occur in HEK293T cells, although the level of
immunoreactivity with mAb7a in general was lower than that
observed for hippocampal neurons. Moreover, only one single
band was detected upon heterologous expression of gephyrin in
HEK293T cells.

Gephyrin contains more than 100 serine and threonine resi-
dues from which a large number might be regarded as putative
phosphorylation sites. To narrow down candidate regions for
site-directed mutagenesis analysis, we expressed different sub-
domains of gephyrin in an expression vector equipped with an
N-terminal myc epitope tag in HEK293T cells. Immunoblot
analysis of cell extracts showed that a protein consisting of the
C-domain and the E-domain or the C-domain and the G-do-
main was detected by mAb7a. In contrast, the G-domain and
E-domain without fused C-domain were not detected by
mAb7a, indicating that the phosphorylation-sensitive epitope
of mAb7a may be localized within the C-domain (data not
shown).

The C-domain comprises about 170 amino acid residues
with around 40 serine or threonine residues. Residues pre-
dicted to be localized at the protein surface were first chosen to
be mutagenized to alanine in a non-tagged full-length gephyrin
(P1) (28). Mutations were often performed in pairs with neigh-
bored serine or threonine residues. Out of a set of mutants
analyzed first, two gephyrin mutants (gephyrin®2¢84-52704 and
gephyrin 7276452774y revealed a strong reduction of mAb7a
immunoreactivity, whereas immunosignals of Ab-175 were not
reduced (Fig. 2). These results support the idea that mAb7a is a
phospho-specific antibody and that the detection of the mAb7a
epitope depends on phosphorylation within both of these two
regions (Ser-268/Ser-270 and Thr-276/Ser-277). Moreover,
this finding is in agreement with the report that Ser-270 is phos-
phorylated by GSK3p (24).

Mutations in the Gephyrin Central Domain Alter Gephyrin
Cluster Formation and Polymerization in Cultured Hippocam-
pal Neurons—To further test the hypothesis that the loss of
mAb7a epitope and reduced cluster numbers after Cb knock-
down were functionally related to reduced phosphorylation in
the region comprising determinants of the mAb7a epitope, we
expressed myc-tagged wild-type gephyrin (myc-gephyrin)
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FIGURE 1. Collybistin knockdown and phosphatase treatment results in the loss of mAb7a epitopes on gephyrin. A, shown is immunofluorescence
analysis of collybistin knockdown experiments. mAb7a (gephyrin) and VIAAT staining of div14 stages of hippocampal neurons that were infected, indicated by
GFP staining, with control virus (A’), with collybistin shRNA lentivirus (A”), and with Cb2_g,,; rescue virus (A”). Note the strong reduction of mAb7a staining in
A". Scale bar is 30 um. B, shown is immunohistochemical staining of collybistin in a collybistin shRNA-infected hippocampal culture as indicated by GFP
staining. Note the collybistin expression in a non-infected cell, whereas the infected cell reveals no collybistin staining. C, cell lysates from cultured hippocam-
pal neurons from control cultures (lane 1) or cultures infected with collybistin shRNA lentivirus (lane 2) or infected with control virus (lane 3) and protein extracts
from hippocampal cultures, mock-treated (lane 4) or treated with A-phosphatase (lane 5) were analyzed by SDS-PAGE and immunoblot (/B) experiments using
mAb7a (upper panel, C', C") and Ab-175 (lower panel). Below, staining of another membrane with a collybistin-specific antibody demonstrated the reduction of
collybistin in collybistin shRNA lentivirus-infected neuron cultures. Anti-actin staining was used as a loading control.
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FIGURE 2. Mutations at putative phosphorylation sites within the gephy-
rin linker region reduce binding of mAb7a. Recombinant gephyrin (P1)
was expressed in HEK293T cells, and protein extracts were analyzed by immu-
noblotting (/B). Wild-type gephyrin (lane 5) was detected with mAb7a and
with an antibody directed against the gephyrin linker region (Ab-175). Muta-
tions of two serines (Ser-268, Ser-270) (lane 2) or of a pair of threonine and
serine (Thr-276, Ser-277) (lane 3) to alanine residues reduced the binding of
mAb7a to the expressed protein, whereas mutations at positions 260, 262,
291, 294, and 295 did not reduce mAb7a signal intensities.

and myc-tagged gephyrin mutants (gephyrin®2¢8452704 and
gephyrin™276452774) in  cultured hippocampal neurons
stained for gephyrin with mAb7a and anti-myc antibody and
for the y2-subunit of GABA , receptors, and protein expres-
sion was analyzed with fluorescence microscopy. Our data
analysis revealed that myc-gephyrin formed clusters that
were apposed to GABA , receptor clusters at the cell soma
and along branched dendrites indistinguishable compared
with mAb7a puncta (Fig. 34"). Also the double mutant
(gephyrin®2684-52794) formed clusters and colocalized with
y2-containing GABA , receptors, suggesting that postsynaptic
GABA ,-receptors were formed (Fig. 34"). However, the cellu-
lar localization of mutant gephyrin™276452774 was different; 1)
alower number of gephyrin clusters was observed (Fig. 3C), and
2) in contrast to myc-gephyrin, this mutant formed elongated
protein structures in the soma and in the dendritic tree (Fig.
3A™). These elongated structures resembled those that were
reported recently to result from transfection of hippocampal
neurons with Cb mutated in the PH-domain (26). Moreover, a
gephyrin mutant with alanine replacements at all four positions
(gephyrinS268A-S270A T276A.5277A) 3156 revealed long needle-like
structures upon expression in hippocampal neurons (Fig. 3B).

Colocalization of recombinant gephyrin with clustered
endogenous gephyrin could be concluded from expressing
gephyrin®2¢84-52704 followed by the double staining with
mAb7a and myc antibodies, as the mutant is not recognized by
mAb7a. Interestingly, mAb7a staining of endogenous clustered
gephyrin was significantly reduced when expressing mutants
gephyrin™?7645277A "indicating a dominant negative effect of
this mutant on endogenous gephyrin (Fig. 3A"). The needle-
like structures may be formed within the cell soma and within
the neurite compartments because these mutations may affect
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the multimerization of gephyrin, and the needle-like protein
structures may have trapped endogenous gephyrin.

To demonstrate that the loss of mAb7a immunoreactivity in
Cb knockdown experiments was indeed due to the reduction of
gephyrin at postsynaptic sites, we combined the expression of
myc-gephyrin in hippocampal neurons with Cb knockdown
virus infections. Interestingly, upon Cb knockdown in myc-
gephyrin-transfected cells, recombinant myc-gephyrin did not
form regular gephyrin clusters but was localized diffusely and in
afew larger aggregates in dendrites and large protein aggregates
in the cell soma (data not shown). In addition, we performed
staining experiments with the anti-gephyrin antibody mAb5
(28) at div14 stages of Cb-shRNA-infected hippocampal neu-
rons and confirmed a loss of gephyrin clusters (data not shown).
Thus, these experiments also showed that indeed gephyrin
clustering and not only gephyrin phosphorylation is reduced
upon Cb knock-down.

The Phosphorylation of Gephyrin in HEK293T Cells Is
Dependent on GSK33 and CDKs—Next, we analyzed the puta-
tive involvement of different kinases in the phosphorylation of
gephyrin as monitored by mAb7a staining upon gephyrin
expression in HEK293T cells. Interestingly, several phosphor-
ylation sites within the central domain of gephyrin were iden-
tified by mass spectrometry upon screening for protein phos-
phorylation during the cell cycle in a human cell line (33). These
data indicated that cell cycle-specific kinases like CDKs might
be involved in phosphorylation of gephyrin. Indeed several sites
within the linker region of gephyrin are predicted to be phos-
phorylated by either CDK1 (CDC2) or CDK5 (NetPhosK 1.0
Server); therefore, we set out to investigate the contribution of
different kinases to gephyrin phosphorylation using inhibitors
for CDKs and GSK3, which was published to phosphorylate
gephyrin at Ser-270 (24). First, we compared single expression
of gephyrin to coexpression of gephyrin and Cb2 ;. Interest-
ingly, coexpression of Cb2 g, ;5 with gephyrin strongly increased
the signal intensities observed on mAb7a immunoblots of pro-
tein extracts from transfected cells (Fig. 4). Moreover, coex-
pression of Cb2 g, resulted in the appearance of a second
gephyrin band with a higher apparent molecular mass (Fig. 4A).
This observation might be relevant to understand the presence
of two gephyrin bands also in protein extracts from neurons
(see Fig. 1C). Interestingly, the presence of either 10 um GSK33
inhibitor AR-A014418 or 5 um CDK inhibitor aminopurvalanol
A abolished the increase of mAb7a signal intensities in extracts
containing recombinant gephyrin coexpressed with Cb2 g,
and also significantly decreased the low intensities of mAb7a
immunoreactivity seen with gephyrin expression alone (Fig. 4,
A, B,and B').

These results demonstrate that protein kinases affect gephy-
rin in a way that mAb7a binding to gephyrin is increased. More-
over, these data provide evidence that phosphorylation of
gephyrin is dependent on the presence of Cb, CDK, and GSK3f3
enzymatic activities and can be monitored by mAb7a binding.

Characterization of the Phosphorylation-dependent mAb7a
Epitope within the C-domain of Gephyrin—To further corrob-
orate that the alteration of mAb7a epitope recognition of
gephyrin upon coexpression with Cb2 ;5 is dependent on
phosphorylation, we set out to further characterize the mAb7a
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FIGURE 4. Collybistin coexpression increases kinase-dependent mAb7a
immunoreactivity of gephyrin. A, Myc-gephyrin was coexpressed in
HEK293T cells with Cb2_¢,,5, and the cell culture medium was supplemented
with the indicated GSK3p inhibitor (AR-A014418) and CDK inhibitor (amino-
purvalanol A) concentrations for 1 day. Cell protein extracts were separated
with SDS-PAGE, and the immunoblot (/1B) was done with mAb7a, Ab-175 anti-
body, and anti-B actin antibody as the loading control. B, quantification of
mAb7aimmunoblot signal intensities upon inhibition of gephyrin expressed
alone from three independent experiments is shown. G, expression of gephy-
rin; G.I., GSK3p inhibitor; C.I, CDK inhibitor. B’, quantification of inhibition
upon gephyrin and collybistin (Cb2._g,,5) coexpression is shown. Data analysis
was same as in B. G.+Cb., gephyrin and Cb2_g,,; coexpression. B”, quantifica-
tion of the difference in signal intensity comparing gephyrin and gephyrin-
Cb2_,,; coexpression is shown. Data were corrected for identical gephyrin
protein amounts detected with Ab-175 and normalized to mAb7a signal
intensity with gephyrin expression. Error bars show the mean =+ S.D. values.

binding on gephyrin. First, we wanted to directly identify phos-
phorylation sites of gephyrin by mass spectrometry. For this
purpose we purified His,-tagged gephyrin after expression
in HEK293T cells in the presence or absence of collybistin

TABLE 1

Sequence of identified peptides with mascotion score and amino acid
residues that were identified to be phosphorylated

Identification of phosphorylated gephyrin peptides is shown. Lowercase letters
in the sequence indicate phosphorylated residues (s, t) or cysteine modifications
(carbamidomethylation) (c).

Peptide

Mascot ion score Amino acid residue

1 R | DTASLSTtPSESPR |, A 69 Thr-266
2 R | DTASLSTTPsESPR | A 72 Ser-268
3 R| AQATSRLSTAScPTPK || V 52 Ser-280
4 R | LSTAscPTPK | V 45 Ser-283
5 R}, LSTAScPtPK | V 49 Thr-286
6 R | cSSKENILR | A 45 Ser-295

(Cb2 g;45). With this approach we identified in gephyrin
expressed alone the amino acid positions Thr-266, Ser-283,
Thr-286, and Ser-295 in the C-domain to be phosphorylated
(see Table 1 and supplemental Fig. 2). Interestingly, with gephy-
rin prepared upon coexpression with Cb2 g;,5, we identified in
addition the positions Ser-268 and Ser-280 to be phosphory-
lated (see Table 1, supplemental Fig. 2).

In a second approach to verify phosphorylation as a crucial
determinant of mAb7a binding, we applied synthetic peptides
in a competition assay. Peptides harbored the gephyrin se-
quence from position Ala-261 to Ser-283 (ASLSTTPSES-
PRAQATSRLSTAS) without any phosphorylation or with
phosphorylation at either position Ser-268, Ser-270, or Thr-
276. After preincubation of mAb7a with these peptides, we
applied the antibody in immunoblot assays. As shown in Fig.
5A, the peptide phosphorylated at Ser-270 competes with a
significantly higher efficacy than the unphosphorylated pep-
tide, resulting in a strongly reduced signal of mAb7a in immu-
noblots (Fig. 5, A and A’), establishing that mAb7a is a phos-
pho-dependent antibody sensitive to phosphorylation at
position Ser-270. Moreover, peptides that were phosphorylated
either at position Ser-268 or Thr-276 did not significantly
reduce mAb7a signals compared with the non-phosphorylated
peptide. However, upon using higher peptide concentrations
(1-2 mg/ml), the nonphosphorylated peptide also competes
with gephyrin for mAb7a binding (data not shown), suggesting
a low affinity binding. To correlate these data with our
mutagenesis data, we analyzed in addition to the gephyrin dou-
ble mutants (Fig. 2) the single amino acid mutations S268(A/E),
S270(A/E), T276(A/E), and S277(A/E) in immunoblots. As
shown in Fig. 5, Band C, only the single mutants S270(A/E) and
T276(A/E) revealed strong reduction of mAb7a binding. In
addition, the analysis of alanine mutants at positions Thr-266,
Ser-280, Ser-283, Thr-286, and Ser-295 identified in mass spec-
trometry revealed no contribution to mAb7a epitope formation
(data not shown). Other, smaller alterations of mAb7a binding
with mutants at the flanking positions Ser-268 and Ser-277 (see

FIGURE 3. A double mutation at Thr-276/Ser-277 reduces myc-gephyrin clusters in hippocampal neurons. A’, immunofluorescence experiments
revealed a large degree of overlapping immunoreactivity specific for transiently expressed recombinant myc-gephyrin (green), mAb7a puncta (red), and y2
subunits of GABA, receptors (blue), suggesting that the distribution of recombinant gephyrin is very similar to endogenous gephyrin expressed in hippocam-
pal neurons. A”, mutated recombinant gephyrin (5S268A,5270A) is colocalized with GABA , y2 subunits receptor clusters in hippocampal neurons. A”, mutation
of Thr-276 and Ser-277 to alanine reduced the number of gephyrin clusters. In addition, larger elongated gephyrin structures are formed within the cell body
and the dendritic tree, eventually looking like “giant synapse structures.” Tee scale bar is 30 wm. B shows a similar phenotype of gephyrin localization as seen
in Fig. A” for cells expressing the mutant gephyrin®2684:5270AT276A5277A \yith three example cells. The scale bar is 30 um. C, quantification of gephyrin cluster
numbers expressing wild-type gephyrin and gephyrin™7645277A s shown. Cluster number was estimated for three dendritic segments of 30-um length from
12-15 cells derived from three independent cultures. Error bars show mean = S.E. values. The asterisk indicates p < 0.05 in Student’s t test and is regarded as
significant.
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FIGURE 5. mAb7 epitope characterization. A, peptides with phosphates at position Ser-268 (P268), Ser-270 (P270), or Thr-276 (P276) and non-phosphate
peptide (—phosph.) with a concentration of 0.25 mg/ml were preincubated with mAb7a and applied forimmunoblot analysis with membrane-bound gephy-
rin. The same stripes as above were stained with Ab-175. A’, quantification ofimmunoblot signal intensities is shown. Quantification was done from the results
from three to six (P270) independent experiments. Data show the mean = S.D. values. p values of p < 0.05 (*) were regarded as significant. Immunoblot analysis
of gephyrin mutants is shown. B, upper panel, glutamate mutations of Ser-268 or Ser-270 were compared with double mutant gephyrin®28452794 or gephyrin
wild type upon single expression in HEK293T. Lower panel, shown are immunoblots (/B) of the same gephyrin variants as in the upper panel upon coexpression

with Cb2._q5. G, Myc-gephyrin- or a Hiss-gephyrin-mutants (5270A) were coexpressed with Cb2._q,,; in HEK293T cells. After 2 days protein extracts were
prepared and analyzed in immunoblots with mAb7a or Ab-175. Blots show representative results from three to five independent experiments.

Fig. 5C) might be indirect effects onto the amino acid positions and 1 um for 7 days of treatment (Fig. 6A) (see also supplemen-
Ser-270 and Thr-276 or may indicate some minor direct con- tal Fig. 1). To determine the minimal concentration of inhibitor
tribution to the antibody binding, an open question that might necessary to induce a reduction in immunoreactivity, we
be addressed in future studies. Taken together, these experi- applied aminopurvalanol A from 40 nm to 1 um concentrations
ments disclosed that high affinity binding of mAb7a to gephyrin  for 7 days. These experiments showed that the decrease of
is dependent on the amino acid side chain at position Thr-276 number and size of clusters was dose-dependent. As shown in
and on phosphorylation at position Ser-270. Fig. 6B, aminopurvalanol A concentrations =0.4 um already
CDKs Are Involved in Phosphorylation of Gephyrin in Hip- resulted in a significant reduction of mAb7a puncta numbers.
pocampal Neurons—OQOur inhibition experiments (Fig. 4) About 75% reduction was achieved with 1 um aminopurvalanol A
showed that CDKs are involved in phosphorylation of gephyrin  (4.23 = 0.36 puncta/30 wm in DMSO-treated neurons (D) and
in HEK293T cells. As CDKS5 is well established to play an 0.92 * 0.34 puncta/30 um with 1 um amino-purvalanol A;
important role in regulating different aspects of synaptic plas- mean = S.E.). In addition, the size of puncta was reduced from
ticity of excitatory synapses (35), we asked whether CDKs 048 =* 0.14 pm? to 0.17 = 0.06 um? upon treatment with 1 pm
might also be involved in phosphorylation of gephyrin in aminopurvalanol A (mean = S.E.) (Fig. 6C). Comparing the num-
neurons. ber and size of VIAAT clusters with 1 M aminopurvalanol A con-
We applied CDK inhibitor aminopurvalanol A (0.8 or 1 uMm)  centrations and DMSO control, we could show that this treatment
to cultured hippocampal neurons for 3, 4, or 7 days and deter-  had no significant impact on VIAAT immunofluorescence signals
mined the number of mAb7a immunoreactive puncta. As (Fig. 6, D and E).
shown in Fig. 6, this treatment resulted in a significant decrease Next, we investigated which effect the application of amino-
of the number of mAb7a puncta with 1 um for 4 day or for 0.8  purvalanol A might have on later stages of in vitro differentia-
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tion, when synaptic structures are more developed and the
CDK inhibitor is applied for shorter time periods. We applied 5
uM aminopurvalanol A at divl3 and div14 for 24, 6, 3,and 1 h
before fixation of the cells. As shown in Fig. 6F, mAb7a immu-
noreactivity is strongly reduced in cultures with CDK inhibition
for 24 h (Fig. 6F’). Also 6-h (F"), 3-h (F"), and 1-h treatments
revealed significant reduction of mAb?7a staining (Fig. 6G). For
comparison, we stained neurons treated for 24 h with 5 um
aminopurvalanol A for the presynaptic markers VIAAT and the
excitatory synapse marker protein Homer. We did not detect
strong alteration in staining of these proteins (Fig. 6F, # and ##).
Moreover, staining of cultures that were treated for 24 h with 5
uM aminopurvalanol A with the gephyrin-specific antibody
Ab-175 showed that the cluster number and size detected with
Ab-175 was not altered in the same way as mAb7a stainings
(Fig. 6F, * and **), revealing that reduced phosphorylation of
gephyrin at position Ser-270 at established postsynaptic struc-
tures is not correlated with a reduction of the gephyrin scaffold
during the time period of 1-24 h.

We did also stainings at div9 stages with Ab-175 after treat-
ment with 0.8 uM aminopurvalanol A for 4 days. Unexpectedly,
Ab-175 immunoreactivity was not significantly reduced (Fig.
6H), suggesting that alterations of mAb7a immunoreactivity
does not imply changes in the gephyrin scaffold detected by
Ab-175. Thus future experiments have to disclose which func-
tional impact phosphorylation at Ser-270 for cluster formation
might have.

Aminopurvalanol A is known to inhibit different CDKs with
similar affinities, as IC,, values are 33, 28, and 20 nm for CDK1/
cyclinB, CDK2/cyclinE, and CDK5/p35, respectively, for in
vitro kinase activity. To investigate which of these kinases was
involved in the phosphorylation of gephyrin as monitored by
mAb7a immunoreactivity, we chose in vitro phosphorylation
assays with purified gephyrin and purified enzymes.

Purified N-terminal His,-tagged gephyrin was incubated
with CDK1/cyclinB complexes or CDK2/cyclinA or CDK5/
p25NCK in the presence of ATP and analyzed by mAb7a
immunoblots. As shown in Fig. 7, A—D", mAb7a immunoreac-
tivities were clearly increased in the presence of increasing
activity of CDK1, CDK2, or CDK5 and were strictly dependent
on the presence of Mg®" and ATP, indicating that these kinases
could phosphorylate gephyrin at Ser-270, which determines the
phospho-specific mAb7a sensitivity.

To demonstrate more directly the incorporation of phos-
phates into gephyrin, we performed the in vitro phosphoryla-
tion assays also in the presence of [y->’P]JATP. Interestingly,
CDK1, CDK2, and CDKS5 all incorporated **P into gephyrin

(Fig. 7E), and the inhibition of the reaction with aminopurv-
alanol A demonstrated that this phosphorylation was CDK-de-
pendent and not due to a contaminating other kinase activity.
Thus, the incorporation of radioactively labeled phosphate into
gephyrin more directly shows the phosphorylation of gephyrin
by CDKs. Because the putative co-immunoprecipitation of
CDKS5 in the in vitro phosphorylation assay (Fig. 7E) indicates a
binding of CDK5 to gephyrin, we performed immunoprecipi-
tation of CDK5 with protein extracts from cultured neurons. As
shown in Fig. 7F, incubation of protein extracts with a CDK5-
specific antibody, but not with an unrelated control antibody,
allowed the co-precipitation of gephyrin from cultured rat hip-
pocampal and spinal cord neurons, suggesting that these exper-
iments identified CDKS5 as a novel binding protein of gephyrin
in neurons.

DISCUSSION

The data presented in this paper provide novel information
for understanding the gephyrin-dependent formation of GlyR
and GABA , receptor clusters at postsynaptic membrane spe-
cializations. First, we demonstrate for the first time that Cb
affects the phosphorylation of gephyrin. Second, we show that
phosphorylation of gephyrin at position Ser-270 can be
detected using the monoclonal antibody mAb7a. Third, we
identify CDKS5 as novel binding protein of gephyrin and provide
evidence that CDK5 and other related CDKs may be involved in
the phosphorylation of gephyrin at position Ser-270.

We performed shRNA-mediated Cb knockdown experi-
ments that resulted in a robust reduction of mAb7a immuno-
reactivity at postsynaptic sites, suggesting an almost complete
loss of gephyrin clusters in most infected neurons. Immunoblot
analysis revealed that the loss of mAb7a immunoreactivity was
not due to a reduction of total gephyrin protein expression, as
the use of antibody Ab-175 revealed comparable gephyrin lev-
els in control and Cb knockdown cell cultures. Dephosphory-
lation experiments showed that mAb7a immunoreactivity was
dependent on the phosphorylation of gephyrin. This finding is
supported by the fact that mutation of one putative phos-
phorylation site (Ser-270) abolished mAb7a immunoreactivity.
In addition, the inhibition of different kinase pathways in
HEK293T cells expressing gephyrin and Cb resulted in a strong
reduction of mAb7a binding to gephyrin, demonstrating that
mADb7a detects kinase-dependent phosphorylation of gephyrin.
Moreover, the coexpression of gephyrin with Cb2 g, strongly
increased the mAb7a-specific signals in immunoblots, support-
ing our hypothesis that the phosphorylation of gephyrin is
dependent on the presence of Cb. Interestingly, in 2000, Kins et

FIGURE 6. Pharmacological inhibition of kinases in hippocampal neurons reduces mAb7a puncta. A, supplementation of the cell culture medium with
aminopurvalanol A (0.8 and 1 um) for three (3d), four (4d), or 7 days (7d) reduced mAb7a puncta number at day 9. B, dose-dependent reduction of VIAAT
apposed mAb7a clusters at div9 upon incubation of hippocampal neurons for 7 days with aminopurvalanol A concentrations ranging from 0.04 to 1 um.
C, dose-dependent reduction of mAb7a cluster sizes at div9 upon the same treatment as in B. D, shown is quantification of VIAAT cluster numbers upon CDK
inhibition for 7 days. E, quantification of VIAAT cluster sizes upon CDK inhibition for 7 days. Cluster number and cluster sizes were estimated for three dendritic
segments of 30 um in length of 8-10 cells from three independent cultures in blinded analysis. Error bars show the mean = S.E. values. * indicates p < 0.05 in
analysis of variance and was regarded as significant. F, inhibition of CDKs with aminopurvalanol A (5 um) for 24 h (F'), 6 h (F”), 3h (F”), or 1 h (F” ') at div14 is
shown. Cells were stained with mAb7a and anti-VIAAT antibody, with anti-Homer (F, # and ##) or with the gephyrin antibody Ab-175 (F, * and *¥). G, shown is
quantification of reduced mAb7a puncta upon 1-24 h aminopurvalanol A treatment. Error bars show mean = S.E. values from three independent experiments
(n = 15).*, indicates p < 0.05 in one way analysis of variance and was regarded as significant. H, shown is quantification of Ab-175 puncta upon 4 days of 0.8
uM aminopurvalanol A treatment. D, DMSO; C, control; A, aminopurvalanol A. Error bars show mean = S.E. values from three independent experiments (n =
15-30).
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FIGURE 7. In vitro phosphorylation assays revealed phosphorylation of gephyrin by CDKs. Purified Hisg-gephyrin was incubated with purified CDK1/
cyclinB (A), CDK2/cyclinA (B), and CDK5/p25NCK (C) complexes, and proteins were analyzed inimmunoblot experiments with mAb7a (upper panel) and Ab-175
antibody (lower panel). In the presence of CDK1/cyclinB, CDK2/cyclinA and CDK5/p25NCK mAb7a signal intensities were increased. D, quantification of
immunoblot intensities is shown. Shown is a comparison of assays without ATP/Mg?" (C) and with ATP and Mg?* and 0.2 unit of CDK enzymes (CDK). Bars show
the mean = S.D. values. mAb7a mean pixel intensities were corrected for same protein amounts detected with Ab-175 and were normalized to values of
gephyrin without CDKs activity. £, shown is incorporation of radioactively labeled phosphate in gephyrin by CDK1, -2, and -5. Besides the labeling of gephyrin,
lower molecular weight bands revealed *?P incorporation in the absence of gephyrin (CDK5-geph), suggesting that these proteins might be the GST-CDK1/2/5
fusion proteins that are co-immunoprecipitated. Note that the labeled gephyrin is not detected in experiments lacking mAb5 (CDK-mAb5). F, co-immunopre-
cipitation (IP) of CDK5 and gephyrin from neuronal protein extracts is shown. Co-precipitation of gephyrin upon CDK5 immunoprecipitation from protein
extracts from cultured hippocampal (div21) (lane 3) and spinal cord (div21) (lane 4) neurons is shown. Gephyrin was detected with Ab-175. Controls are the
assay without antibody (lane 1) or with an unrelated antibody (lane 2). The input (lane 5) was loaded with 20% of the amount of extract used for immunopre-
cipitation. Note, as the control, PSD-95 is also co-precipitated, confirming published data (34). The figure shows a representative result from three independent
experiments.
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al. (3) showed that coexpression of Cb2 g5 with gephyrin in  experiments have to disclose whether these observations are
HEK293 cells induced the formation of submembranous functionally related.

gephyrin microclusters instead of gephyrin “blobs” which were Besides the strong increase in mAb7a immunoreactivity
observed upon expression of gephyrin alone. Thus, future upon coexpression of gephyrin with Cb2 g5, the migration
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behavior of gephyrin in SDS-PAGE was also altered. One single
band was detected with increasing intensity, whereas a second,
slower migrating band appeared in addition when comparing
the single expression of gephyrin with coexpression of gephyrin
and Cb2_g;,; (see Fig. 4). As the reduction of mAb7a immuno-
reactivity of both bands was observed in neurons upon Cb
knockdown, these results support the view that one functional
role of collybistin is to mediate the phosphorylation of gephyrin
by one or more different kinases and that gephyrin may exist in
at least two different forms resulting from post-translational
modifications.

The use of different kinase inhibitors in HEK293T expres-
sion experiments showed that kinases like GSK3 and CDKs
might be involved in the phosphorylation of gephyrin. Phar-
macological inhibition of CDKs in cultured hippocampal
neurons resulted in the reduction of mAb7a puncta upon
prolonged inhibition at div9, whereas the general staining
pattern of presynaptic markers from inhibitory synapses
(VIAAT) or postsynaptic markers from excitatory synapses
(PSD95, Homer) were not altered. However, the results using
another antibody (Ab-175) specific for gephyrin were differ-
ent. Although the mean values of the number of gephyrin
puncta were reduced, this reduction did not reach signifi-
cance levels. Therefore, it might be possible that the forma-
tion or stability of gephyrin clusters is independent of CDK-
mediated phosphorylation. On the other hand, one might
speculate that the remaining phosphorylation of gephyrin
under our experimental conditions was sufficient to allow
gephyrin cluster formation.

In addition, we demonstrated that shorter incubation (1-6
h) with higher concentrations of inhibitors reduced mAb7a-
specific puncta at div14 stages. Again this reduction of mAb7a
immunoreactivity is not correlated with a similar decrease of
Ab-175 immunoreactivity, suggesting that dephosphoryl-
ation of existing gephyrin clusters may reduce mAb7a
immunoreactivity. Alternatively, it may be possible that
mAb7a clusters have a short half-life and the turn-over of
gephyrin at existing clusters is independent of CDK-medi-
ated phosphorylation. From our inhibition experiments, we
conclude that the reduced phosphorylation of gephyrin at
position Ser-270 in Cb knockdown hippocampal neurons
may not play a major role for the reduction of gephyrin clus-
ters (see also Ref. 30). However, other functional roles like
alteration in gephyrin-receptor interactions, ion channel
behavior, or “cellular signaling” of gephyrin receptor com-
plexes (16) depending on phosphorylation at Ser-270 of
gephyrin might be possible.

The hypothesis that CDKs are involved in the phosphoryla-
tion of gephyrin is further supported by the results of in vitro
phosphorylation assays. Using purified recombinant gephyrin
to perform in vitro assays with recombinant CDK1/cyclinB,
CDK2/cyclin A, or CDK5/p25NCK complexes resulted in an
increase in mAb7a immunoreactivity as detected by immuno-
blot analysis. Moreover, a direct incorporation of radioactively
labeled phosphate was demonstrated. Using phosphorylation
prediction algorithms for the sequence of the C-domain, sev-
eral sites are indicated to be putative phosphorylation sites of
CDK1 or CDK5 (NetPhosK 1.0 Server). Interestingly, the posi-

30964 JOURNAL OF BIOLOGICAL CHEMISTRY

tions Ser-270 as well as Thr-276 and Ser-277 were predicted as
putative CDK sites in gephyrin. Using peptide competition
experiments, we confirmed that mAb7a binding to peptides
phosphorylated at Ser-270 was stronger than binding to the
unphosphorylated peptide, thus indicating that mAb7a puncta
detected in fluorescence microscopy are indeed composed of
gephyrin, which are phosphorylated at position Ser-270. Mass
spectrometry analysis identified position Ser-268 to be phos-
phorylated in addition to five other positions within the C-do-
main of gephyrin. Future experiments expressing respective
gephyrin mutants in neurons with a gephyrin knock-out geno-
type may allow disclosure of the putative function of these
phosphorylation sites.

Studies in other laboratories have shown that inhibition of
phosphatase 1 decreased gephyrin cluster size (25) and that
inhibition of GSK3pB kinase with high Li*" concentrations
increased gephyrin clustering (24), and these findings indicated
that dephosphorylation of gephyrin at Ser-270 supports cluster
formation, suggesting that mature gephyrin clusters might not
be phosphorylated at Ser-270. However, our data indicate that
phosphorylation of gephyrin at position Ser-270 is essential for
gephyrin cluster detection with mAb7a. As it was shown that
the phosphorylation by GSK3 at Ser-270 limits cluster forma-
tion (24) and our study disclosed that mutations at the neigh-
bored position 276/277 induced the formation of giant cluster-
like structures in dendrites, one might speculate that this
gephyrin domain is involved in restricting the polymerization
of gephyrin scaffolds.

Moreover, we cannot exclude that the gephyrin scaffolds at
the postsynaptic membrane are not homogenous in respect of
gephyrin modifications. Instead, the assembly from at least two
different conformations or states of gephyrin seems possible, as
indicated by the presence of two different migrating gephyrin
bands from protein extracts of cultured neurons or upon coex-
pressing gephyrin with Cb2 g, ,; in heterologous cells. Thus, one
might speculate that gephyrin scaffolds in vivo are composed of
a specific mixture of phosphorylated and nonphosphorylated
gephyrin at a given site.

The hypothesis that the long and curving gephyrin structures
upon expressing gephyrinS2684-5270AT276A.8277A  reflect an
unrestricted oligomerization behavior of gephyrin is in agree-
ment with the description of very similar structures in hip-
pocampal neurons expressing a collybistin impaired in the PH
domain (26). Interestingly, the gephyrin phenotype in that
study was rescued by the coexpression of constitutively active
Cdc42. 1t is, therefore, possible that Cdc42 in those experi-
ments might have activated downstream pathways converging
to processes that involve the gephyrin region around Ser-270/
Thr-276/Ser-277. The striking “needle” gephyrin phenotype
might be related to unrestricted oligomerization behavior
dependent on specific gephyrin conformations or interaction
with additional proteins.

Our finding that CDK1 might be a kinase involved in phos-
phorylation of gephyrin was unexpected. In contrast to CDK5
(35), only few data are available concerning the function of
CDK1 in postmitotic neurons. Recently, a study reported the
association of CDK1 with the microtubule network and the
tubulin-binding protein tau in postmitotic neurons (36). Our
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data suggest that either CDK1, CDK2, or CDK5 could phos-
phorylate gephyrin; however, the identification of CDK5 as a
gephyrin-binding protein by co-immunoprecipitation experi-
ments suggests that CDK5 is a major candidate as a kinase
expressed in postmitotic neurons to phosphorylate gephyrin.
Future experiments have to establish which of the identified
sites beside Ser-270 are phosphorylated by CDK5 or the other
CDKs in vivo. In addition, the functional role of Cb for the
phosphorylation of gephyrin and its functional impact in neu-
ronal functions has to be elucidated by further in vitro and in
vivo experiments.
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