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A GTPase-induced switch in phospholipid affinity of collybistin
contributes to synaptic gephyrin clustering
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ABSTRACT
Synaptic transmission between neurons relies on the exact spatial
organization of postsynaptic transmitter receptors, which are
recruited and positioned by dedicated scaffolding and regulatory
proteins. At GABAergic synapses, the regulatory protein collybistin
(Cb, also known as ARHGEF9) interacts with small GTPases, cell
adhesion proteins and phosphoinositides to recruit the scaffolding
protein gephyrin and GABAA receptors to nascent synapses. We
dissected the interaction of Cb with the small Rho-like GTPase TC10
(also known as RhoQ) and phospholipids. Our data define a protein–
lipid interaction network that controls the clustering of gephyrin at
synapses. Within this network, TC10 and monophosphorylated
phosphoinositides, particulary phosphatidylinositol 3-phosphate
(PI3P), provide a coincidence detection platform that allows the
accumulation and activation of Cb in endomembranes. Upon
activation, TC10 induces a phospholipid affinity switch in Cb, which
allows Cb to specifically interact with phosphoinositide species
present at the plasma membrane. We propose that this GTPase-
based regulatory switch mechanism represents an important step in
the process of tethering of Cb-dependent scaffolds and receptors at
nascent postsynapses.
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INTRODUCTION
Fast chemical synaptic transmission between neurons requires the
tight clustering of ionotropic neurotransmitter receptors in the
postsynaptic plasma membrane. Apart from the cognate GABAA

receptors (GABAARs) (Luscher et al., 2011), core components of
many inhibitory GABAergic postsynapses are the cell adhesion
proteins neuroligin 2 (NL2, also known as NLGN2) and neuroligin
4 (NL4, also known as NLGN4) (Hoon et al., 2011; Poulopoulos
et al., 2009), the scaffolding protein gephyrin (Feng et al., 1998),
and the guanine nucleotide exchange factor (GEF) collybistin (Cb,
also known as ARHGEF9) (Kins et al., 2000), which together
control GABAAR recruitment to synapses. Correspondingly, loss of

Cb leads to a massive reduction of gephyrin and GABAAR clusters
in several regions of the forebrain (Papadopoulos et al., 2008, 2007).
This indicates that Cb there has an essential role in the initial
assembly and maintenance of GABAergic postsynapses.

All known mRNAs generated from the single Cb gene in rodents
encode tandem Dbl-homology (DH) and pleckstrin-homology (PH)
domains, and the vast majority encode an additional N-terminal Src-
homology 3 (SH3) domain (Harvey et al., 2004). Furthermore,
rodents express three Cb splice variants (CbI, CbII and CbIII) that
differ in their C-terminus (Harvey et al., 2004). Of these, only CbII
and CbIII are expressed in adult neurons (Harvey et al., 2004). A
previous report indicates that CbI and CbII differentially regulate
GABAergic synapse formation during development, and that the
functional specialization of these Cb isoforms arises from their
differential protein half-life, which is controlled through ubiquitin
conjugation at the unique CbI C-terminus (de Groot et al., 2017).
Instead, CbII and CbIII do not differ with regard to postsynaptic
targeting and their ability to induce gephyrin clustering upon
overexpression in neurons (Chiou et al., 2011). The human
Cb ortholog [also known as human homolog of posterior end
mark-2 (PEM2), as well as ARHGEF9] is equivalent to rodent
CbIII and also has SH3-containing and SH3-lacking variants
(Harvey et al., 2004).

A striking feature of the most abundant Cb variants (i.e. the ones
containing SH3 domains) is that their activity is auto-inhibited by
interactions of their N-terminal SH3 domain with the DH and PH
domains (Soykan et al., 2014). Accordingly, a Cb variant lacking
the SH3 domain (ΔSH3-CbII) has an intrinsic gephyrin-clustering
activity at the plasma membrane of non-neuronal cells (Kins et al.,
2000) and enhances postsynaptic clustering of gephyrin in neurons
(Chiou et al., 2011). Instead, Cb variants that carry the SH3 domain
[e.g. SH3(+) CbI, SH3(+)CbII or SH3(+)CbIII] are not targeted to
the plasma membrane but remain colocalized with intracellular
gephyrin deposits (Harvey et al., 2004; Kins et al., 2000). For proper
activity, they require additional factors, such as NL2, NL4 (Hoon
et al., 2011; Poulopoulos et al., 2009) or the α2-subunit of
GABAARs (Saiepour et al., 2010), which interact with the Cb SH3
domain and promote an open and active conformation. What is
currently still largely unknown is how exactly the various Cb splice
variants are differentially employed and regulated during brain
development in vivo.

The DH domain of Cb calalyses the GDP-GTP exchange on
small Rho-like GTPases. Based on biochemical assays with the
three best characterized Rho-like GTPases, Cdc42, Rac1 and RhoA,
mouse Cb and its human ortholog were initially described as Cdc42-
specific GEFs (Reid et al., 1999). However, gephyrin and GABAAR
clustering is not affected by forebrain-specific deletion of Cdc42 in
mice, indicating that Cb may also activate other Rho-like GTPases
in the brain (Reddy-Alla et al., 2010). A likely candidate in this
context is TC10 (also known as RhoQ) because it is closely relatedReceived 4 April 2019; Accepted 19 December 2019
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to Cdc42 (Hemsath et al., 2005; Neudauer et al., 1998) and, unlike
Cdc42, is fairly specifically expressed in the hippocampus
(Tanabe et al., 2000), where the most prominent reduction in
gephyrin and GABAAR clustering occurs upon Cb knockout
(Papadopoulos et al., 2007). Indeed, we have previously shown
that Cb activates TC10 (Mayer et al., 2013). Moreover, active
GTP-TC10 maintains an interaction with the PH domain of Cb
as a GTPase-effector complex. This interaction appears to activate
Cb as it triggers synaptic gephyrin clustering and enhances
GABAergic neurotransmission in cultured hippocampal neurons
(Mayer et al., 2013).
While the SH3 domain of Cb controls autoinhibition and

activation, the PH domain of Cb is functionally essential. Indeed,
deletion of the whole PH domain or PH domain point mutations that
abrogate phosphoinosotide binding (Reddy-Alla et al., 2010)
abolish Cb-mediated gephyrin clustering in functional assays
(Harvey et al., 2004; Reddy-Alla et al., 2010), indicating that
phosphoinositide-dependent membrane recruitment is a key step in
Cb function. However, information on the postsynaptic roles of
phosphoinositides is currently very scarce, which is surprising in
view of the well-established roles of phosphoinositides as signalling
molecules [e.g. in membrane trafficking, cell compartmentalization
(Balla, 2013; Raiborg et al., 2013; Roth, 2004) and presynaptic
vesicle recycling and function (Wenk and De Camilli, 2004)].
Phosphatidylinositol 3-phosphate (PI3P) is currently the best

validated phosphoinositide ligand of Cb – and the preferred one in
multiple experimental contexts (Chiou et al., 2019; Kalscheuer
et al., 2009; Papadopoulos et al., 2017, 2015). Recently, for
instance, a series of missense mutations in the human Cb gene
(R290H, R338W and R356Q) that are linked to epilepsy and
intellectual disability were shown to disrupt PI3P binding of Cb and
to result in defective gephyrin clustering in neurons (Chiou et al.,
2019; Long et al., 2015; Papadopoulos et al., 2015). Moreover, a
PI3P pool associated with early/sorting endosomes regulates the
postsynaptic clustering of gephyrin and GABAARs, and hence the
strength of inhibitory synapses in cultured neurons (Papadopoulos
et al., 2017). While these data nicely illustrate the fact that the PH
domain of Cb is employed as a phospholipid-binding domain to
regulate synapse maturation, the apparent preference of Cb for PI3P
represents a conceptual problem – PI3P is mainly present in early/
sorting endosomes (Vicinanza et al., 2008) – which leads to the
question as to how Cb can exert its actions at the postsynaptic
plasma membrane, where phosphoinositides such as PI(3,4)P2,
PI(4,5)P2, and PI(3,4,5)P3 are abundant (Vicinanza et al., 2008).
In the present study, we addressed this problem, focusing on the

TC10–Cb interaction (Mayer et al., 2013). We show that a polybasic
stretch in the C-terminus of TC10 is required for binding of TC10 to
monophosphorylated phosphoinositides, and that the interaction of
TC10 with phospholipids via this polybasic stretch is essential for
the TC10-triggered induction of Cb-mediated clustering of
gephyrin. Most importantly, we provide evidence that TC10
binding switches the phospholipid preference of Cb, allowing it to
specifically interact with phosphoinositides enriched at the plasma
membrane in order to trigger postsynaptic gephyrin clustering.

RESULTS
Apolybasic stretch in theC-terminus of TC10 is important for
Cb-dependent gephyrin microcluster formation
Our previously published work (Mayer et al., 2013), showed that
TC10 stimulates Cb-dependent gephyrin clustering by binding, in
its active, GTP-bound state, to the PH domain of Cb. These previous
data indicated that GTP-TC10 activates Cb by relieving

autoinhibition. However, the molecular mechanisms through
which TC10 achieves this, as well as in which subcellular
compartments the interaction between GTP-TC10 and Cb takes
place remain unclear.

Small GTPases have unique functions at specific compartments
and hence their subcellular localization is an important regulatory
mechanism (Liu et al., 2012). A key determinant of the intracellular
distribution of GTPases is their C-terminal hypervariable region,
which can contain diverse types of subcellular localization signals.
Similar to what is seen in most Rho family GTPases, the C-terminus
of TC10 terminates in a CaaX motif (CLIT; Fig. 1A) and C210 of
TC10 is a target of farnesylation (boxed in Fig. 1A; Roberts et al.,
2008). Furthermore, there are two additional cysteine residues
(underlined) in the C-terminus of TC10 that can be palmitoylated.
Palmytoylation is thought to prevent the solubilization of
membrane-bound TC10 by RhoGDI and to assure the localization
in a lipid microdomain (Michaelson et al., 2001; Murphy et al.,
2001;Watson et al., 2003). In addition, TC10 has a polybasic stretch
(residues coloured red in Fig. 1A) in its C-terminus.

In order to dissect the role of the TC10 C-terminus in
Cb-dependent gephyrin clustering, we employed a previously
described cell-based assay (Mayer et al., 2013; Papadopoulos et al.,
2015). Briefly, COS-7 cells coexpressing TC10 together with GFP–
gephyrin and the autoinhibited splice variant of Cb, which contains
an N-terminal SH3 domain [SH3(+)CbII], have a singificantly
increased percentage of GFP–gephyrin that is redistributed into
submembranous microclusters, as compared to cells expressing
GFP–gephyrin and SH3(+)CbII in the absence of TC10 (Fig. 1B;
Fig. S1). The increased GFP–gephyrin microcluster formation in the
presence of TC10 is due to an interaction of the PH domain of Cb
with the GTP-loaded GTPase, which relieves the autoinhibition of
Cb (Mayer et al., 2013; Soykan et al., 2014). We first analysed the
ability of chimeric constructs to induce Cb-mediated formation of
GFP–gephyrin microclusters, in which the C-terminus of TC10 was
exchanged for the one from H-Ras or K-Ras, respectively, as was
previously described (Watson et al., 2001). The C-termini of all
three GTPases contain a CaaX box (Fig. 1A). Both, TC10 and
H-Ras have a dual palmitoylation site, while TC10 and K-Ras share
a polybasic stretch (Fig. 1A). In our cell-based assay, only 34.9
±5.8% of cells coexpressing HA–TC10 H-Ras and 21.6±4.3%
(mean±s.e.m.) of cells coexpressing HA–TC10 K-Ras, together
with GFP–gephyrin and SH3(+)CbII, showed microclusters, as
compared to control cells coexpressing wild-type HA–TC10
(HA–TC10 WT). This indicates that the C-terminus of TC10 is
important for mediating Cb-dependent formation of submembranous
GFP–gephyrin microclusters. Neither a similar pattern of
palmitoylation, as found in H-Ras, nor an alternative polybasic
stretch, as that of K-Ras, was sufficient to induce GFP–gephyrin
microcluster formation to a similar degree to that observed for cells
coexpressing TC10 WT (Fig. 1B; Fig. S1).

We therefore performed a more-detailed analysis of the different
functional elements of the TC10 C-terminus to unravel the
contributions of prenylation, palmitoylation and the polybasic
residues to Cb-dependent gephyrin microcluster formation. In order
to study the importance of membrane anchoring of TC10 by
prenylation, we mutated the cysteine residue of the CaaX motif
(C210S; boxed in Fig. 1A). This mutation leads to a cytosolic
distribution of the protein (Watson et al., 2003). The C210S
mutation significantly impaired the ability of TC10 to induce
Cb-mediated formation of GFP–gephyrin microclusters, indicating the
importance of the prenylation for the proper function of the GTPase,
as noted previously (Winter-Vann and Casey, 2005). A second,
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reversible mode of membrane attachment is the palmitoylation of
TC10 at two cystein residues (C206 and C209; underlined in
Fig. 1A; Michaelson et al., 2001; Roberts et al., 2008). However,
mutating one (C206S or C209S) or both (CC206/9SS) of the
palmitoylated cysteine residues did not affect TC10-triggered
Cb-dependent gephyrin clustering, as compared to controls
(Fig. 1B; Fig. S1).
Having excluded a major role of palmytoylation of TC10 in

triggering Cb-mediated distribution of GFP–gephyrin into
submembraneous microclusters, we investigated the role of
C-terminal polybasic stretch of TC10, which that can potentially
interact with negatively charged amino acids or membrane lipids. In
order to determine the contribution of the basic residues to TC10
function in gephyrin clustering, we initially replaced all lysine (K)

and arginine (R) residues (highlighted in red in Fig. 1A) by alanine
(A) residues (denoted as TC10 KR/AA in Fig. 1B; Fig. S1).
The TC10 KR/AA mutant could not trigger the formation of
Cb-dependent GFP–gephyrin microclusters in COS-7 cells. Only
48.8±7.1% of cells displayed GFP–gephyrin microclusters, as
compared to controls coexpressing TC10 WT (Fig. 1B). This result
is not significantly different from that obtainedwith cells coexpressing
GFP–gephyrin and SH3(+)CbII in the absence of TC10 (first column
in Fig. 1B; 40.79±6.03%). In addition, the basic K and R C-terminal
residues of TC10 were replaced by glycine (G) and serine (S) residues
(Fig. 1C). Based on the observation that in the C-terminus of H-Ras
(which in contrast to K-Ras lacks a polybasic stretch), glycine and
serine residues are frequent, the alternative KR/GS mutations in the
C-terminus of TC10 (Fig. 1C) are considered as closer to naturally

Fig. 1. The C-terminal basic residues of TC10 are
important for Cb-dependent formation of gephyrin
microclusters. (A) Alignment of the last 22 amino acids
of the Rho family GTPase TC10 and the Ras family
GTPases H-Ras and K-Ras. Basic residues are
highlighted in red, palmitoylated cysteine residues are
underlined and prenylated cysteine residues are boxed.
(B) Quantification of the percentage of COS7 cells co-
transfected with GFP–gephyrin and Myc–SH3(+)CbII in
the presence or absence of HA–TC10mutants classified
as having GFP–gephyrin microclusters. Values were
normalized to the level of GFP–gephyrin microclusters in
cells transfected with GFP–gephyrin, Myc–SH3(+)CbII
and HA–TC10 WT. Results are means±s.e.m. of N=3
independent transfections and n=348-630 cells per
transfection condition. ***P<0.001 compared to cells
transfected with GFP–gephyrin, Myc–SH3(+)CbII and
HA–TC10 WT (set at 100%, second bar) [one-way
ANOVA, F (8,18)=31.66, P<0.0001, followed by a Tukey
multiple comparison test]. (C) Alignment of the last 22
C-terminal amino acids of TC10 WT and the TC10
KR/GS mutant. Mutated residues are highlighted in
green. (D–G) COS7 cells transfected as indicated
showing GFP–gephyrin microclusters or aggregates.
Scale bars: 10 µm. (H) The percentage of transfected
cells as indicated that are classified as displaying GFP–
gephyrin microclusters. Data represent means±s.e.m. of
N=3 independent experiments and n=300 cells.
***P<0.001 compared to cells transfected only with
GFP–gephyrin and Myc–SH3(+)CbII (second bar) [one-
way ANOVA, F (3,8)=176.8, P<0.0001, followed by a
Tukey multiple comparison test].
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occurring substitutions within the family of small Rho-like
GTPases. Again, we coexpressed Myc-tagged CbII splice variants
with or without an N-terminal SH3 domain [SH3(+)CbII and
ΔSH3-CbII, respectively; Fig. 1D,E] together with GFP–gephyrin
in COS-7 cells. As described previously (Harvey et al., 2004; Kins
et al., 2000), in the majority of double-transfected cells, the
constitutively active splice-variant ΔSH3-CbII, but not the
autoinhibited splice-variant SH3(+)CbII, induced the formation of
GFP–gephyrin microclusters (>50 GFP–gephyrin-positive puncta
per cell; Fig. 1D,E). Hence, the percentage of transfected cells
displaying microclusters was strongly reduced in cells expressing
SH3(+)CbII, as compared to those expressing the constitutively
active ΔSH3-CbII isoform (17.67±1.76% versus 81.67±1.45%,
respectively; mean±s.e.m.; Fig. 1H). As shown previously (Mayer
et al., 2013), HA–TC10 WT relieves autoinhibition of SH3(+)CbII
and enhances SH3(+)CbII-mediated gephyrin clustering (Fig. 1F).
The fraction of cells displaying GFP–gephyrin microclusters was
significantly higher in the presence of TC10WT (55.33±3.84%), as
compared to cells expressing only GFP–gephyrin and SH3(+)CbII
(Fig. 1H). In contrast, the HA–TC10 KR/GSmutant failed to trigger
the formation of gephyrin microclusters (Fig. 1G). Accordingly, the
fraction of cells displaying GFP–gephyrin microclusters was not
significantly different to those coexpressing only GFP–gephyrin
and SH3(+)CbII (14.33±1.85%; Fig. 1H). These results are in line
with the results obtained with the corresponding TC10 KR/AA
mutant (Fig. 1B) and indicate an important role for the C-terminus
of TC10 in the mechanism regulating Cb-mediated gephyrin
microcluster formation.

The TC10 KR/GS mutant fails to stimulate perisomatic
clustering of gephyrin in cultured hippocampal neurons
Our previous study indicated that TC10 overexpression enhances
the clustering of endogenous gephyrin in dissociated rat
hippocampal neurons, particularly at perisomatic sites (Mayer
et al., 2013). In order to analyse whether this function of TC10 is
retained in the TC10 KR/GS mutant, we transfected cultured
hippocampal neurons at days in vitro (DIV) 4 with HA–TC10 WT
or the HA–TC10 KR/GS mutant, or left them untransfected
(Fig. 2A–C). In order to analyse clustering of gephyrin at nascent
synapses, cells were fixed at DIV 9 and stained with antibodies
against gephyrin, vesicular inhibitory amino acid transporter
(VIAAT, also known as SLC32A1) and the HA tag (Fig. 2A–C).
In agreement with our previous study (Mayer et al., 2013),
overexpression of TC10 WT led to an increase in the density and
size of perisomatic gephyrin clusters (Fig. 2D,E). In contrast, no
statistical differences between groups were obtained for dendritic
immunoreactivities (Fig. 2G–I), as compared to untransfected cells.
The TC10 KR/GS mutant lacked this stimulatory activity at
perisomatic synapses, as compared to control cells (Fig. 2D,E).
Quantifications of the densities of VIAAT immunoreactive puncta
on the perisomatic and dendritic regions of the analysed neurons
revealed no significant differences between groups (Fig. 2F,I),
indicating that the numbers of inhibitory nerve terminals were not
changed upon TC10 overexpression. These results indicate that the
basic amino acids in the C-terminus of TC10 are essential for the
ability of this GTPase to induce enhanced clustering of neuronal
gephyrin at perisomatic synapses.

The KR/GS mutation does not affect the binding of active
TC10 to Cb
The interaction sites involved in the interaction between active,
GTP-loaded TC10 and the DH-PH tandem domain of Cb

(Mayer et al., 2013) have not yet been characterized in detail. This
prompted us to test whether the KR/GSmutation affects the properties
of Cb binding by GTP-loaded TC10. To this end, we performed
in vitro binding assays, using purified GTPγS-loaded TC10 (WTor the
KR/GS mutant) and purified glutathione-S-transferase (GST)-tagged
ΔSH3-CbII (GST–ΔSH3-CbII), as described previously (Mayer
et al., 2013; Papadopoulos et al., 2015). Notably, GTPγS-TC10 KR/
GS also bound to Cb (Fig. S2A) and exhibited WT-like binding
efficacy (Fig. S2B). Control incubations with GST alone instead
of GST–ΔSH3-CbII confirmed the specificity of the binding
(Fig. S2A). These results indicate that the KR/GS mutation does
not affect the interaction of active TC10with the non-catalytic site in
the DH/PH-tandem domain of Cb.

The KR/GS mutation impairs binding of TC10 to
monophosphorylated phosphoinositides
Protein surfaces that interact with phosphoinositides consist of
clusters of basic residues (for a review, see Di Paolo and De Camilli,
2006). Most Rho GTPases contain a cluster of positively charged
residues directly preceding their geranylgeranyl moiety. This
suggests that interactions of small GTPases with membrane-
bound phosphoinositides might contribute to their positioning at
the appropriate cellular membrane sites for signal propagation.
Thus, we aimed to investigate whether TC10 binds to
phosphoinositides through its C-terminal polybasic sequence. To
this end, we used immobilized phosphoinositides (Fig. 3A) and
tested the ability of recombinant TC10 or the respective TC10 KR/
GS mutant that were preloaded with either GDP or GTPγS to
interact with the indicated phosphoinositides in a protein-lipid
overlay assay as described previously (Papadopoulos et al., 2015).
The results indicated that both GDP- and GTPγS-loaded TC10
associate mainly with monophosphorylated phosphoinositides
(PI3P, PI4P and PI5P; Fig. 3A). In contrast, the binding of GDP-
loaded TC10 KR/GS and GTPγS-loaded TC10 KR/GS to
monosphosphorylated phosphoinositides was strongly reduced as
compared to what was seen for the corresponding WT proteins
(Fig. 3A). These data provide the first evidence that the basic amino
acids in the C-terminus of TC10 are essential for the ability of this
GTPase to preferentially interact with certain phosphoinositides.

Since the nucleotide-bound state of TC10 did not affect the
binding of this GTPase to monosphosphorylated phosphoinositides,
we used the GTPγS-loaded state of the GTPase in all subsequent
experiments. This was motivated by our previous finding that Cb
interacts preferentially with active, GTP-loaded, TC10 (Mayer et al.,
2013). Furthermore, previous studies have shown that the SH3
domain-containing Cb isoform does not bind to phosphoinositides
due to its more closed conformation, as compared to the isoform
lacking the SH3 domain (Soykan et al., 2014), which interacts
preferentially with monophosphorylated phosphoinositides (Fig. S2
and Soykan et al., 2014). In agreement with our previous studies
(Soykan et al., 2014) our protein-lipid overlay assays disclosed that
GST–SH3(+)CbII alone is not capable of interacting with
phosphoinositides (Fig. 3B). In the presence of both GST–
SH3(+)CbII and GTPγS-loaded TC10, the interaction of TC10
WT, but not that of the TC10 KR/GS mutant with
monophosphorylated phosphoinositides was stronger, as
compared to the immunoreactive signal obtained with membranes
that had been incubated with GTPγS-TC10 alone (Fig. 3B).
Subsequently, we incubated the same membranes with a GST-
specific antibody, which allowed us to visualize the binding of
GST–SH3(+)CbII to certain phosphoinositides (Fig. 3B). A
prominent interaction of GST–SH3(+)CbII with PI(4,5)P2, and to
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a lesser extent with PI(3,4,5)P3, in the presence of GTPγS-TC10
(WT or KR/GS) was also observed with membranes that have been
exclusively incubated with a GST-specific antibody (Fig. S3).
These data indicate that the interaction of Cb with the small GTPase
TC10 enhances the affinity of the Cb–TC10 complex for certain
phosphoinositides.

The KR/GS mutation affects the localization of TC10 or
Cb–TC10 complexes on early/sorting endosomes
TC10 is localized both at the plasma membrane and in
endomembrane compartments (Watson et al., 2003). The
preferential interaction of TC10 with monophosphorylated
phosphoinositides, particularly PI3P, and the impairment of this
interaction in the KR/GS mutant prompted us to investigate further
whether TC10 is localized on PI3P-containing endosomes. To
address this, we co-transfected NIH-3T3 cells with mCherry-tagged

Rab5 together with either HA–TC10 WT or the HA–TC10 KR/GS
mutant in the absence (Fig. 4A–L) or in the presence (Fig. S4) of
Myc–SH3(+)-CbII. Rab5 (herein referring to the Rab5a form) is the
most extensively analysed Rab of the early endocytic pathway and is
considered a specific marker of the PI3P-rich early/sorting
endosomes (Christoforidis et al., 1999; Murray et al., 2002;
Schwartz et al., 2007). In the absence of highly specific
antibodies for confocal microscopy of endogenous Rab5, low
expression of a recombinant GTPase, as performed in this study (see
Materials andMethods) has been widely used and contributed to the
characterization of its subcellular localization (Schwartz et al.,
2007). In cells expressing HA–TC10 WT (Fig. 4A–F; Fig. S4),
enriched HA immunoreactivity was observed in mCherry–Rab5-
positive endosomes (see exemplary closed circles in Fig. 4D–F), as
compared to the immunoreactive signal in extraendosomal areas
(exemplary dashed circles in Fig. 4D–F and Fig. S4). In contrast, in

Fig. 2. The C-terminal basic residues of TC10 are
important for the perisomatic clustering of gephyrin
in cultured hippocampal neurons. (A–C) Cultured rat
hippocampal neurons were transfected at DIV 4 as
indicated. Untransfected neurons (A) served as a
control. At DIV 9, neuronswere fixed and immunostained
for gephyrin (green), HA (red) and VIAAT (blue).
Particular neurons (indicated by dotted lines) were
identified by either increasing the brightness of the
VIAAT staining in images of untransfected cells (A; right
panel) or tracing the HA staining of transfected neurons
(B,C; right panels). Scale bars: 10 µm. (D–F) Bar graphs
of perisomatic gephyrin (D) or VIAAT (F) cluster densities
per 100 µm2 surface area and perisomatic gephyrin
cluster sizes (L), as indicated. Bars correspond to counts
on perisomatic surface areas of 20 individual neurons
per condition (D,F) and 156–432 individual clusters (E)
from three independent transfection experiments.
(G–I) Bar graphs of gephyrin (G) or VIAAT (I) cluster
densities and gephyrin cluster sizes (H) in 40 µm
second-order dendrites, as indicated. Bars correspond
to counts on dendrites of 20 individual neurons (G,I) and
129–190 individual clusters (H) from three independent
transfection experiments. Data represent mean±s.e.m.
*P<0.05, **P<0.01, ***P<0.001 [one-way ANOVA, D, F
(2, 57)=6.646, P=0.0025; E, F(2, 57)=12.06, P<0.0001;
F, F(2, 57)=1.396, P=0.2558; G, F (2, 57)=2.932,
P=0.0614; H, F(2, 57)=0.2293, P=0.7958; I, F(2,
57)=2.443, P=0.0960. Multiple comparison was
performed using the Tukey test].
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cells expressing the HA–TC10 KR/GS mutant alone (Fig. 4G–L)
the HA immunoreactive signal was not higher in mCherry–Rab5-
labelled endosomes as compared to extraendosomal areas.
Furthermore, the endosomal localizations of both HA–TC10 KR/
GS and Myc–SH3(+)-CbII were significantly reduced as compared
to what was found for control cells coexpressing Myc–SH3(+)-CbII
together with HA–TC10 WT (Fig. S4). In addition, fluorescence
intensity plot analysis (Fig. 4M,N; Fig. S4) indicated enhanced
accumulation of HA–TC10 WT (Fig. 4M and Fig. S4) as compared
to the HA–TC10 KR/GS (Fig. 4N and Fig. S4) immunoreactivity in
mCherry–Rab5-positive endosomes. Quantitative analysis of the
ratios of the mean grey values in endosomal areas (see exemplary
closed circles in Fig. 4D,E,J,K and Fig. S4) to the mean grey values
in adjacent and equivalent extraendosomal areas (see exemplary
dashed circles in Fig. 4D,E,J,K and Fig. S4) indicated significantly
increased values in cells expressing HA–TC10 WT, as compared to
those expressing the HA–TC10 KR/GS mutant (Fig. 4O; in the
absence of Cb, WT ratio of 1.34±0.038 versus KR/GS ratio of 1.09
±0.015; Fig. S4, in the presence of Cb,WT ratio of 1.92±0.09 versus
a KR/GS ratio of 1.59±0.07; mean±s.e.m.). Similarly, the
endosomal localization of Myc–SH3(+)-CbII in the presence of
HA–TC10 WT (Fig. S4; ratio 3.14±0.32) was significantly
increased, as compared to that in the presence of the HA–TC10
KR/GSmutant (Fig. S4; ratio 2.37±0.19). These results indicate that
the KR/GSmutation significantly affects the localization of TC10 or
TC10–Cb complexes on PI3P-containing early/sorting endosomes.

TC10 induces a phosphoinositide affinity switch on Cb
In our protein-lipid overlay assays, the phosphoinositides were not
embedded in a lipid membrane. The resulting different presentation
of the phosphorylated headgroup positions may affect binding

specificities. To quantitatively compare binding affinities of
GTPγS-TC10 (WT or KR/GS) to phosphoinositide-containing
lipid membranes in the absence or presence of GST–SH3(+)CbII we
used a surface plasmon resonance (SPR) approach, a system that
reflects the situation in live cells more closely. To this aim, we
injected different concentrations of the proteins (see Materials and
Methods and legend to Fig. 5) over the surface of an SPR sensor
chip coated with vesicles containing the indicated
phosphoinositides (Fig. 5), and determined the equilibrium
binding constants for interactions measured between different
phosphoinositides and GTPγS-TC10 (WT or KR/GS), GST–
SH3(+)CbII or the respective stoichiometric mixtures of GTPase
and Cb (Fig. 5). The affinity binding constants (Table 1) for
interactions measured between indicated proteins and
phosphoinositides were determined as described in the Materials
and Methods. Comparison of the affinity binding constants
indicated that the KR/GS mutation significantly decreased the
ability of TC10 to bind to all phosphoinositides tested (Table 1).
Since SH3(+)CbII forms a closed and autoinhibited conformation
where the SH3 domain interacts with the DH-PH tandem domain
(Soykan et al., 2014) we further analysed the binding of GST–
SH3(+)CbII to vesicles containing the indicated phosphoinositides.
In agreement with previous studies (Ludolphs et al., 2016; Soykan
et al., 2014), the obtained affinity binding constants (Table 1)
indicate that only a minor fraction of GST–SH3(+)CbII is capable of
binding to phosphoinositide-containing lipid membranes. In
contrast, when stoichiometric mixtures of GST–SH3(+)CbII with
GTPγS-TC10 WT or GTPγS-TC10 KR/GS were injected, a
significant increase in the binding affinities of the protein
complexes was observed for PI3P, PI(4,5)P2 and PI(3,4,5)P3
(Table 1, Fig. 5). As both the TC10 WT and the KR/GS mutant

Fig. 3. The C-terminal basic residues of
TC10 are important for TC10 binding to
monophosphorylated phosphoinositides.
(A) Protein-lipid overlay assays using 0.5 µg/ml (total
amount 2.5 µg) of proteins as indicated on the top of
the membranes. Phosphoinositides (Echelon, PInPs-
diC16) were spotted onto the Hybond-C-extra
membranes (GE Healthcare), as indicated. GST–
PLCδ1-PH was used to confirm the specificity of the
assay. Right panel, relative phosphoinositide-binding
capacities of TC10 WT and the KR/GS-mutant, as
indicated, determined by measuring the intensity of
the chemiluminescence. The data represent means
±s.e.m. of n=3 measurements. (B) Protein-lipid
overlay assays using GTPγS-TC10 WT, GTPγS-
TC10 KR/GS or GST–SH3(+)CbII, either alone or in
a 1:1 ratio, as indicated. Top, interactions with the
different phosphoinositides were detected by
incubating the membranes with a TC10-specific
antibody. Bottom, subsequently, the same
membranes were extensively washed and incubated
with a goat anti-GST–HRP conjugate antibody
for detecting GST–SH3(+)CbII-specific
immunoreactivities. Right panels, relative
phosphoinositide-binding capacities of proteins, as
indicated, determined by measuring the intensity of
the chemiluminescence. The data represent means
±s.e.m. of n=3 measurements. Left panels in A, B
show representative immunoreactive signals of n=3
independent experiments.
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induced an increase in the binding affinities of the Cb–TC10
complexes for PI3P, PI(4,5)P2 and PI(3,4,5)P3, we propose that the
binding of TC10 to Cb induces a conformational switch that allows
for selective interaction of the Cb–TC10 complex with those three
phosphoinositides (Table 1, Fig. 5). In line with this interpretation,
injecting stoichiometric mixtures of GST–SH3(+)CbII with
GTPγS-TC10 WT does not significantly increase the binding
affinity of the Cb–TC10 complex to PI5P, as compared to the
affinity obtained with GTPγS-TC10 WT alone (Table 1, Fig. 5).
Furthermore, the low binding affinity for PI5P obtained by injecting
stoichiometric mixtures of GST–SH3(+)CbII with GTPγS-TC10
KR/GS (Table 1, Fig. 5) indicates that binding of TC10 to Cb does
not just lead to an unspecific increase in the binding affinities of the
Cb–TC10 complex for all phosphoinositides. Thus, in line with our
results obtained with the protein-lipid overlay assays, our SPR
measurements indicate a specific switching in the affinity of the Cb–
TC10 complex towards certain phosphoinositides, such as PI3P,
PI(4,5)P2 and PI(3,4,5)P3.

PI(4,5)P2 at the plasma membrane is important for Cb-
mediated gephyrin clustering
Recently, we identified a pool of PI3P associated with early/sorting
endosomes to be a critical regulator of postsynaptic gephyrin and
GABAAR clustering (Papadopoulos et al., 2017). However, one
critical issue arising from previous studies was that PI3P, the best-
characterized Cb ligand so far (Chiou et al., 2019; Kalscheuer et al.,
2009; Papadopoulos et al., 2015; Reddy-Alla et al., 2010), is mainly

concentrated in membranes of early/sorting endosomes (for a
review, see Vicinanza et al., 2008). Thus, it was difficult to
understand how this phosphoinositide contributes to the clustering
of gephyrin at the plasma membrane. Our results obtained with the
protein-lipid overlay assays and our SPR analyses of Cb–TC10-
complexes reveal the relevance of additional phosphoinositides,
such as PI(4,5)P2 and PI(3,4,5)P3, in TC10-induced Cb-mediated
clustering of gephyrin at the plasma membrane. To more precisely
define the importance of these phosphoinositides for gephyrin
clustering at the plasma membrane, the following approach
was used.

We used a stable HEK 293 cell line (Flp-In-T-Rex-EGFP-
gephyrin HEK 293), which inducibly expresses EGFP–gephyrin
upon addition of tetracycline (TET) to the culture medium
(Papadopoulos et al., 2017). TET induction for ∼4 h leads to the
formation of large intracellular EGFP–gephyrin aggregates,
whereas coexpression of the constitutively active Cb isoform
ΔSH3-CbII redistributes these aggregates into submembraneous
microclusters owing to the ability of ΔSH3-CbII to simultaneously
bind gephyrin and membrane lipids (Papadopoulos et al., 2017;
Soykan et al., 2014). In order to study the importance of PI3P,
PI(4,5)P2 or PI(3,4,5)P3 for Cb-mediated plasma membrane
recruitment of newly synthesized EGFP–gephyrin, we used the
Flp-In-T-Rex-EGFP-gephyrin HEK 293 cell line in combination
with a previously published rapidly reversible chemical dimerizer
(rCD1) system (Feng et al., 2014). The rCD1-based system (see
schematic representation in Fig. S5 and Fig. 6A) allows the targeting

Fig. 4. The KR/GSmutation affects the localization of TC10 at mCherry–Rab5-labelled endosomes. (A–L) NIH-3T3 cells coexpressing HA–TC10WT (A–F)
or the HA–TC10 KR/GS mutant (G–L) together with mCherry–Rab5, as indicated. (D–F,J–L). Magnifications of the boxed areas in A–C and G–I, respectively.
Scale bars: 10 µm. (M,N) Fluorescence intensity scans over the yellow lines in F (M, HA–TC10 WT, green; N, HA–TC10 KR/GS, green) and L (M,N: mCherry–
Rab5, red), respectively. (O) For statistical comparison, the following the value for mean grey values of endosomal HA–TC10/mean grey values of
extraendosomal HA–TC10 [WT (red) or the KR/GSmutant (green)] was calculated. Endosomal (closed circles) and extraendosomal (dashed circles) areas were
preselected as exemplary indicated by the closed and dashed circles in E and K, respectively. For each cell, the mean grey values of at least ten endosomal and
ten extraendosomal areas were calculated. The data represent means±s.e.m. ***P<0.001 (unpaired two-tailed Student’s t-test) of N=3 independent experiments
and n=20 cells per condition.
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of a given active enzyme to a defined subcellular compartment by
adding rCD1, which leads to rapid dimerization based on two
standard protein fusions, the FK506-binding protein (FKBP) and
SNAP tag (Feng et al., 2014). In a second step, the translocated
enzyme is rapidly removed by addition of a commercially available
competing ligand [FK506; (Feng et al., 2014); also see the
schematic representation in Fig. 6A]. In our approach (Fig. 6A
and Fig. S5), the system permitted the rCD1-mediated accumulation
of defined phosphoinositide-phosphatases as mRFP–FKBP fusion
proteins [Myotubularin 1 (MTM1) for PI3P; PI5-Ptase for PI(4,5)P2
and PTEN for PI(3,4,5)P3] to the plasma membrane through

dimerization with the plasma-membrane-associated ECFP–Lck–
SNAP (Feng et al., 2014). Before the application of rCD1, while
ECFP–Lck–SNAP resided at the plasma membrane, mRFP–FKBP
alone (control) and the mRFP–FKBP-fused phosphoinositide
phosphatases MTM1, PI5-Ptase and PTEN were evenly
distributed in the cytoplasm and nucleus (Fig. S5, left). As
described previously (Feng et al., 2014), addition of 1 µM rCD1
induced translocation of the mRFP–FKBP fusion proteins to the
plasma membrane (Fig. S5, right). In Flp-In-T-Rex-EGFP-gephyrin
HEK 293 cells co-transfected with Myc–ΔSH3-CbII (unstained),
ECFP–Lck–SNAP (blue) and the different mRFP–FKBP fusion

Fig. 5. TC10 acts as a specificity regulator
of Cb-binding to certain phosphoinositides.
(A–E) Equilibrium binding isotherms for interactions
between the indicated phosphoinositides and TC10 WT,
TC10 KR/GS, GST–SH3(+)CbII or the respective
stoichiometric mixtures of TC10 WT or TC10 KR/GS with
GST–SH3(+)CbII, as indicated. TC10 and TC10 KR/GS
were initially loaded with GTPγS. Proteins were serially
diluted and injected over the surface of an SPR sensor
chip coated with vesicles containing the
phosphoinositides, as described in the Materials and
Methods. The obtained response was normalized and
plotted against the concentration (c in M, displayed in a
logarithmic scale). RIU, refractive index units. The data
represent means±s.e.m. of at least three independent
experiments.

Table 1. Affinity binding constants obtained for interactions measured between indicated proteins and phosphoinositides

TC10 WT TC10 KR/GS GST–SH3(+)CbII TC10 WT+GST–SH3(+)CbII TC10 KR/GS+GST–SH3(+)CbII

PI3P 11.80±2.38 103.51±8.14 49.20±7.90 0.81±0.26 0.90±0.27
PI4P 124.45±25.47 330.37±34.73 79.98±10.70 7.93±2.08 128.82±15.48
PI5P 3.12±0.93 181.55±36.58 7.83±1.36 2.86±0.70 176.60±27.24
PI(4,5)P2 7.69±2.26 212.81±30.12 22.08±4.82 3.03±0.77 3.50±0.73
PI(3,4,5)P3 – – 2275.10±119.33 1.74±0.39 41.40±4.70

Affinity binding constants as KD (µM). The data represent means±s.e.m. of at least three independent experiments. −: no detectable binding.
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proteins (red), as indicated (Fig. 6A), a TET-induced induction of
EGFP–gephyrin (green, Fig. 6A; for images of single EGFP–
gephyrin channels, see also Fig. S6) for 4 h allowed for the
identification of cells with EGFP–gephyrin submembraneous
microclusters induced by ΔSH3-CbII, as shown previously
[Papadopoulos et al., 2017; Fig. 6A and Fig. S6, images before
rCD1 addition (time point 0 min)]. Time-lapse fluorescence
imaging after the addition of 1 µM rCD1 (Fig. 6A; Fig. S6) and
quantifications of the EGFP–gephyrin fluorescence at the plasma
membrane relative to the corresponding intensities at time point 0
(Fig. 6B) were performed, as shown. This indicated an ∼40%,
∼35% and ∼36% increase in the fluorescence intensities of EGFP–
gephyrin between time point 0 min (before rCD1 addition) and time
point 120 min after rCD1 addition for mRFP–FKBP, mRFP–
FKBP–MTM1 and mRFP–FKBP–PTEN coexpressing cells,
respectively (Fig. 6B). This increase in EGFP–gephyrin
fluorescence intensity is mostly due to the plasma membrane
enrichment of newly expressed EGFP–gephyrin during the time-
lapse imaging experiment. In contrast, in cells coexpressing mRFP–
FKBP–PI5-Ptase, only a 15% increase in EGFP–gephyrin
fluorescence intensity at the plasma membrane between time
points 0 min and 120 min after rCD1 addition was observed
(Fig. 6B). This result indicates that the translocation of newly
synthesized EGFP–gephyrin to the plasma membrane is retarded
upon compartment-specific depletion of PI(4,5)P2 by its cognate
phosphatase PI5-Ptase. In order to determine whether the
translocation of mRFP–FKBP–PI5-Ptase to the plasma membrane
leads to PI(4,5)P2 depletion, we coexpressed the PH domain of
PLCδ1, a specific probe for PI(4,5)P2, fused to EGFP (EGFP–
PHPLCδ1) together with ECFP–Lck–SNAP and mRFP–FKBP–PI5-
Ptase in HEK 293 cells (Fig. S7). In the absence of rCD1 (Fig. S7,

left), EGFP–PHPLCδ1 mostly localized at the plasma membrane
(indicated by arrows in Fig. S7) due to the accumulation of PI(4,5)P2
at that compartment. Application of 1 µM rCD1 for 2 h led to the
depletion of the EGFP–PHPLCδ1 signal from the plasma membrane
and to its even redistribution in the cytoplasm and nucleus (Fig. S7,
right). This indicates that the rCD1-dependent redistribution of
mRFP–FKBP–PI5-Ptase to the plasma membrane leads to
compartment-specific degradation of PI(4,5)P2.

It has been previously shown that upon addition of the competing
ligand FK506, rapid release of the mRFP–FKBP fusion proteins
from the plasma membrane could be achieved (Feng et al., 2014). In
our applications, this permitted us to study not only the effects of
depleting a specific phosphoinositide, but also the effects of its
subsequent compartment-specific de novo biosynthesis in single
cells by fluorescence microscopy. Again, release of mRFP–FKBP,
mRFP–FKBP–MTM1 or mRFP-FKBP-PTEN from the plasma
membrane by addition of 1 µM FK506 to the imaging medium had
no apparent effect on the fluorescence intensity of EGFP–gephyrin
at the plasma membrane (Fig. 6A,B; Fig. S6). The ratios of the
EGFP–gephyrin fluorescence intensity at time point 30 min after
FK506 addition to those of EGFP–gephyrin fluorescence
intensity at time point 120 min after rCD1 addition (Fig. 6B) were
similar between cells expressingmRFP–FKBP–MTM1 andmRFP–
FKBP–PTEN (ratios mRFP–FKBP–MTM1, 1.067±0.142; mRFP–
FKBP–PTEN, 0.91±0.076; mean±s.e.m.) and not significantly
different from that of cells expressing the control construct mRFP–
FKBP (ratio 1.055±0.028). In contrast, the corresponding ratio in
cells expressing mRFP–FKBP–PI5-Ptase (ratio 1.491±0.139) was
significantly increased, as compared to those expressing mRFP–
FKBP (Fig. 6B). This result indicates that the translocation of newly
synthesized EGFP–gephyrin to the plasma membrane is facilitated

Fig. 6. Plasma membrane PI(4,5)P2 is required for
Cb-dependent formation of gephyrin microclusters.
(A) Schematic representation of the rCD1-based
dimerization system, and representative time-lapse
images of Flp-In T-Rex-EGFP-gephyrin HEK 293 cells.
Cells were co-transfected in their non-induced state, as
indicated. At 16 h post transfection, EGFP–gephyrin
expression was induced by addition of tetracycline
(4 µg/ml) for 4 h. Prior to confocal microscopy, the
medium was replaced by imaging medium. At the time
point indicated, rCD1 (1 µM) was added to induce
translocation of the different mRFP–FKBP constructs to
the plasma membrane, and each position was imaged
every 15 min (for simplicity, only selected time points
are shown). FK506 (1 µM) was added at the time point
indicated to achieve rapid release of the mRFP-FKBP
constructs, as previously shown (Feng et al., 2014).
Scale bars: 10 µm. (B) Quantifications of the of
EGFP–gephyrin intensity seen at the plasma
membrane as a percentage relative to the
corresponding intensities at time point 0, as indicated).
The corrected total cell fluorescence was calculated as
described in the Materials and Methods. The following
ratios were calculated: percentage of EGFP–gephyrin
fluorescence intensity at time point 30 min after FK506-
addition/percentage of EGFP–gephyrin fluorescence
intensity at time point 120 min after rCD1 addition (ratios
are mRFP–FKBP, 1.055±0.028; mRFP–FKBP–MTM1,
1.067±0.142; mRFP–FKBP–PI5-Ptase, 1.491±0.139;
and mRFP–FKBP–PTEN, 0.91±0.076). Data represent
means±s.e.m. of n=5 cells per condition.
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upon the FK506-mediated release of PI5-Ptase and the subsequent
de novo biosynthesis of PI(4,5)P2.

DISCUSSION
In the present study, we provide evidence for a regulatory molecular
principle in the formation of GABAergic synapses, where the
phosphoinositide preference of Cb is regulated by an interaction
with its cognate substrate TC10. This interaction can switch
phospholipid ligands from endosome-based to plasma-membrane-
based phosphoinositides, thereby promoting the recruitment of
gephyrin and GABAARs to nascent synapses. Our findings explain
the hitherto enigmatic facts that native Cb is present in both
endosomal and plasma membrane compartments and that Cb can
operate at postsynaptic membranes to recruit gephyrin despite its
intrinsic preference for endosome-based phosphoinositides (Fig. 7).

Regulation of TC10 by prenylation and lipid binding
Our analysis of TC10 function in Cb-dependent gephyrin clustering
was focused on the hypervariable C-terminal region of TC10. To

this end, we generated a series of mutations in TC10 that perturb
diverse types of subcellular localization signals. The functionality
and characteristics of these TC10 variants were then tested in a well-
established cell-based assay that reliably reads out gephyrin
redistribution into submembraneous microclusters upon activation
of SH3-domain-containing Cb variants by TC10 (Mayer et al.,
2013; Papadopoulos et al., 2015; Soykan et al., 2014).

Based on analyses of specific mutants, we found that membrane
attachment of TC10 mediated by its prenylation and its C-terminal
polybasic stretch is essential for TC10-triggered Cb-dependent
clustering of gephyrin at the plasma membrane (Fig. 1B). In
contrast, palmitoylation of TC10 is dispensable for this process. In
agreement with this result, previous studies showed that the treatment
of diverse GFP–TC10-expressing cell types with the palmitoylation
inhibitor 2-bromopalmitate (Veit et al., 2001) did not affect the
localization of TC10 at the plasmamembrane and at endomembranes,
indicating that loss of palmitoylation does not cause mislocalization
of TC10 (Roberts et al., 2008; Valero et al., 2010).

The importance of phosphoinositides in targeting proteins with
polybasic clusters to membranes has been stressed previously (Di
Paolo and De Camilli, 2006; Heo et al., 2006). To dissect the role of
the polybasic stretch in the TC10 C-terminus, we examined
interactions with seven major phosphoinositides using bacterially
expressed and purified WT TC10 and a TC10 KR/GS mutant, in
which the polybasic stretch is eliminated. Protein-lipid overlay
assays indicated specific interactions of TC10 with
monophosphorylated phosphoinositides, particularly PI3P and
PI5P. Furthermore, SPR analyses indicated enhanced binding of
TC10 to PI3P, PI5P and PI(4,5)P2. All of these interactions were
strongly impaired in the TC10 KR/GS mutant. PI3P is the defining
phosphoinositide at early/sorting endosomes (Di Paolo and De
Camilli, 2006). Accordingly, colocalization analyses using NIH-
3T3 cells expressing mCherry–Rab5 together with HA–TC10 WT
or the HA–TC10 KR/GS mutant indicated an enrichment of WT
TC10 in Rab5-positive endosomes, which was significantly
reduced in the case of the HA–TC10 KR/GS mutant. Together,
these results show that PI3P binding to the polybasic stretch in the
TC10 C-terminus is required for the localization of TC10 on early/
sorting endosomes.

This endosomal localization of TC10 may have important
implications regarding the mechanisms by which TC10–Cb
binding accelerates membrane anchoring of the PH domain of Cb
and subsequent clustering of gephyrin at newly formed postsynapses.
In line with the notion of a role of TC10 in tuning Cb-dependent
inhibitory synapse formation, overexpression of TC10 in cultured
hippocampal neurons increases the density and size of gephyrin
clusters, particularly at perisomatic synapses (Mayer et al., 2013).
Indeed, we found that at nascent perisomatic synapses of DIV 9
neurons that HA–TC10 WT induces a similar stimulatory effect on
gephyrin clustering to that we observed previously (Mayer et al.,
2013; Fig. 2). In contrast, the HA–TC10 KR/GS mutant showed no
such effect, indicating that phosphoinositide-dependent membrane
anchoring of TC10 – in addition to its prenylation – is essential for the
PH domain of Cb to stabilize a conformation and/or orientation that
allows efficient membrane anchoring of Cb and, subsequently,
enhances gephyrin clustering at perisomatic synapses. The reason
why TC10 overexpression exclusively enhances gephyrin clustering
at perisomatic sites is currently unknown, but might reflect the
involvement of additional postsynaptic proteins in the Cb-dependent
formation of inhibitory synapses. In line with this interpretation,
previous studies have indicated that genetic deletion of NL2 in mice
leads to a selective loss of gephyrin and GABAARs only at

Fig. 7. Tentative model for the role of TC10 in Cb-dependent assembly of
the gephyrin scaffold at the plasma membrane. For details, see text in
Discussion. There is an initial low affinity interaction between TC10 and PI3P
(A), which act cooperatively to recruit Cb at early/sorting endosomes (B).
Activation of Cb occurs due prolonged interaction of TC10 with Cb on early/
sorting endosomes (C). Active Cb interacts with phosphoinositides enriched
at the plasma membrane and recruits gephyrin to nascent inhibitory
postsynapses (D).
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perisomatic GABAergic synapses, leaving dendritic GABAergic
synapses unaffected (Poulopoulos et al., 2009; Soykan et al., 2014).
The results described above support a model (Fig. 7) according to

which the weak interaction of TC10 with PI3P on early/sorting
endosomes (Fig. 7A) provides a secondmembrane anchor for Cb, in
addition to the weak Cb–PI3P interaction. The PI3P–TC10
interaction with gephyrin-bound Cb then allows the local
enrichment of TC10–Cb–gephyrin complexes at endomembranes
(Fig. 7B). In line with this notion, the interaction of TC10–Cb
complexes with PI3P in protein-lipid overlay and SPR assays was
stronger than the corresponding PI3P interactions of the individual
proteins (Fig. 3B, Table 1). Thus, PI3P and TC10 at early/sorting
endosomes might act cooperatively to recruit Cb, thereby enriching
TC10–Cb–gephyrin complexes on PI3P-rich early/sorting endosomes.
This scenario would represent a process of coincidence detection, as
previously suggested (Di Paolo and De Camilli, 2006), where
coincident signals are amplified by a cooperative action of two
different ligands at two different binding sites (Prehoda et al.,
2000). In support of this idea, gephyrin can be detected at PI3P-
rich endomembranes (Papadopoulos et al., 2017), and a pool of
PI3P that is generated by the class III phosphoinositide 3-kinase on
early/sorting endosomes plays an important role in clustering
gephyrin and GABAARs at nascent inhibitory postsynapses
(Papadopoulos et al., 2017).

A TC10-induced switch in the phosphoinositide
preference of Cb
We proposed previously (Mayer et al., 2013) that the prolonged
interaction of TC10 with Cb induces a stronger activation of Cb
(Fig. 7C) due to the elimination of intramolecular interactions
between the SH3 domain and the DH-PH domain tandem. In
analogy to this notion, a recent study indicated that the membrane
remodelling activity of sorting nexin 9 (SNX9) is controlled by an
allosteric structural switch involving coincidence detection of the
clathrin adaptor AP2 and PI(3,4)P2 (Lo et al., 2017). The functional
implications of the flexibility in the orientation of the PH domain
relative to the DH domain of Cb have been extensively studied
previously (Papadopoulos et al., 2015; Soykan et al., 2014). The
corresponding studies showed that single mutations affecting either
intramolecular interactions between the SH3 domain and the DH-
PH tandem domain (Ludolphs et al., 2016; Soykan et al., 2014) or
the strength of interactions between the DH and PH domains (Long
et al., 2015; Papadopoulos et al., 2015) lead to significant changes
in phosphoinositide binding specificity. In essence, these data
provided the first indications that conformational changes in Cb can
affect its phospholipid preference.
In agreement with this notion, the present study shows that

binding of TC10 also affects the phospholipid specificity of Cb.
This is indicated by our protein-lipid overlay and SPR assays
(Figs 3 and 5 and Table 1). Here, TC10 induces a phospholipid
affinity switch on Cb, which allows the protein to specifically
interact with additional phosphoinositides that are enriched at the
plasma membrane, such as PI(4,5)P2 and PI(3,4,5)P3 (Fig. 7D).
Taking into consideration that the TC10 KR/GS mutant is defective
in phosphoinositide binding, the strong increase in the interactions
of the TC10 KR/GS+GST–SH3(+)CbII mixture with PI3P,
PI(4,5)P2 and to a lesser extent with PI(3,4,5)P3, as compared to
those in the absence of TC10 KR/GS (Table 1) can be only
explained by a conformational switch on the PH domain of Cb.
However, whether TC10 remains bound to plasma-membrane-
anchored Cb, or dissociates upon the conformational change of the
PH domain – which allows stronger interactions with PI(4,5)P2 and

PI(3,4,5)P3 – remains to be further investigated. Our model is further
supported by our cell biological data obtained with a reversible
chemical dimerizer (rCD1; Feng et al., 2014) and time-lapse confocal
imaging. These experiments show that elimination of PI(4,5)P2, but not
of PI3P or PI(3,4,5)P3, from the plasma membrane of Flp-In T-Rex-
EGFP-gephyrin HEK293 cells overexpressing the constitutively active
ΔSH3-CbII isoform attenuates the recruitment of newly synthesized
EGFP–gephyrin. In contrast, de novo biosynthesis of PI(4,5)P2, due to
the release of PI5-Ptase from the plasma membrane upon addition
FK506 to the medium, rapidly and significantly increased the EGFP–
gephyrin signal in the same compartment. However, we cannot rule out
an additional involvement of PI(3,4,5)P3 in the clustering of gephyrin,
since phosphoinositide interconversion through PTEN, the 3-
phosphatase with the highest preference for PI(3,4,5)P3 (Balla, 2013)
used in this study, also increases the level of PI(4,5)P2 at the plasma
membrane. Here, additional work will be required to clarify whether
both PI(4,5)P2 and PI(3,4,5)P3 are equally involved in the clustering of
gephyrin at the plasma membrane.

Conclusion
Based on our data, we propose that TC10 contributes to the
formation of inhibitory synapses by regulating at least two
consecutive steps during the development of inhibitory
postsynapses. First, by enhancing the recruitment of Cb or Cb–
gephyrin complexes to PI3P-rich early/sorting endosomes, and
second, by inducing a phosphoinositide affinity switch in Cb, which
allows stronger interactions with phosphoinositides located at the
plasma membrane, thereby leading to efficient translocation of
gephyrin to nascent postsynapses. In neurons, the stabilization and
maintenance of the postsynaptic scaffold may be further supported
by the direct interaction of gephyrin with NL2, NL4 and GABAARs
(Krueger-Burg et al., 2017).

MATERIALS AND METHODS
cDNA constructs
The pEGFP-C2-gephyrin plasmid (Fuhrmann et al., 2002), the Myc-tagged
ΔSH3-CbII and SH3(+)CbII (Harvey et al., 2004; Poulopoulos et al., 2009),
the GST-tagged ΔSH3-CbII and SH3(+)CbII (Papadopoulos et al., 2015)
constructs have been described previously. The N-terminally HA-tagged
TC10 WT, TC10 H-Ras and TC10 K-Ras constructs were a generous gift
from Jeffrey E. Pessin (Albert Einstein College of Medicine, Bronx, NY).
The GST–TC10 construct was generated by cloning TC10 cDNA into the
BamHI/EcoRI sites of the pGEX-4T-1 vector (GE Healthcare). The HA-
tagged TC10 C210S, C206S, C209S, CC206/9SS, KR/AA, KR/GS and the
GST–TC10 KR/GS constructs were generated by oligonucleotide-directed
mutagenesis using the QuikChange mutagenesis kit (Stratagene) according
to the manufacturer’s instructions. The sequences of all mutagenized
cDNAs were confirmed by automated DNA sequencing. The mCherry-
tagged Rab5 (Rab5a) construct was a generous gift from Jens Rettig
(Department of Cellular Neurophysiology, Saarland University, Homburg,
Germany). The ECFP–Lck–SNAP, mRFP–FKBP and mRFP–FKBP–PI5-
Ptase constructs were a generous gift from Carsten Schultz (Department of
Physiology and Pharmacology, Oregon Health and Science University,
Portland, OR). The mRFP–FKBP–MTM1 and mRFP–FKBP–PTEN
constructs were a generous gift from Volker Haucke (FMP and Freie
Universität Berlin, Germany). The EGFP–PHPLCδ1 construct was a
generous gift from Mikael Simons (German Center for Neurodegenerative
diseases, Munich, Germany).

Antibodies
The following primary antibodies were used for immunocytochemistry:
monoclonal mouse anti-gephyrin (mAb7a, cat. no. 147011, Synaptic
Systems, 1:1000), polyclonal guinea pig anti-vesicular inhibitory amino
acid transporter (VIAAT) (cat. no. 131004, Synaptic Systems, 1:2000),
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polyclonal anti-hemagglutinin (HA) (cat. no. NB600-363, Novus
Biologicals, 1:2000) and monoclonal mouse anti-c-Myc clone 9E10 (cat.
no. M5546, Sigma-Aldrich, 1:1000). The following secondary antibodies
were used for immunocytochemistry: Alexa Fluor 488, 555 or 633-
conjugated goat anti-mouse, goat anti-rabbit or goat anti-guinea pig IgGs
(Invitrogen, 1:2000). The following antibodies were used for
immunoblotting and protein-lipid overlay assays: polyclonal rabbit anti-
TC10 (cat. no. ab107573, Abcam, 1:1000) and anti-GST–HRP conjugate
(cat. no. RPN1236V, GE Healthcare, 1:10,000). The following secondary
antibody was used for immunoblotting and protein-lipid overlay assays:
peroxidase-conjugated AffiniPure goat anti-rabbit IgG (Jackson
ImmunoResearch Laboratories, 1:10,000).

Purification of TC10- and GST-tagged Cb
GST–SH3(+)CbII and GST–ΔSH3-CbII were bacterially expressed and
purified, as described previously (Mayer et al., 2013). GST–TC10 was
expressed from pGEX-4T-1 plasmid in the Rosetta2 E. coli strain. On the
day of protein induction, a 1 l lysogeny broth (LB)-ampicillin culture was
inoculated with a 50 ml culture grown over night. Bacteria were cultured at
37°C and 250 rpm to an optical density at 600 nm (OD600) of 0.8. The
culture was cooled down to 16°C and protein expression was induced with
0.5 mM IPTG overnight at 16°C. Cells were harvested by centrifugation
(4550 g, 20 min, 4°C) and resuspended in ice-cold PBS-containing
lysozyme (2 mg/ml), DNase I (50–100 µg/ml), 1 mM MgCl2, protease
inhibitors (1 µM leupeptin, 1 µg/ml aprotinin and 100 µM PMSF) and
10 mM EDTA. Cells were incubated at 4°C for 10 min and lysed by
sonication (VS-70, Sonoplus, Bandelin, two times for 1 min at 100%
intensity, 40% cycle). The lysate was cleared by centrifugation at 10,000 g
for 30 min at 4°C. The supernatant was collected and cleared by
ultracentrifugation (148,000 g, 30 min, 4°C; Beckmann L-70
ultracentrifuge, rotor type: 50.2 Ti). During this time, glutathione–
Sepharose 4B beads (600 µl) were washed three times with 2 ml ice-cold
PBS, added to the supernatant upon ultracentrifugation and incubated by
rotating for 4 h at 4°C. After washing the beads three times with 20 mM
Tris-HCl pH 7.5, 400 mM NaCl, 0.5% (v/v) Triton-X-100, and two times
with 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 mM EDTA, 1 mM DTT,
10% glycerol (v/v), the beads were resuspended in 900 µl 20 mM Tris-HCl
pH 7.5, 150 mMNaCl, 2 mMEDTA, 1 mMDTT, 10% (v/v) glycerol. In order
to remove the GST tag from the purified protein, 4 µl thrombin enzyme
(Novagen, Thrombin, restriction grade 69671-3) and 100 µl thrombin/cleavage/
capture buffer (Novagen-kit 69671-3) were added to the suspension and the
beads were incubated at 4°C for 16 h under permanent rotation. Upon
centrifugation at 2500 g for 2 min, the supernatant was collected and an
additional centrifugation step at 12,300 g for 2 min was performed. Finally,
50 µl aliquots of the supernatant were shock-frozen in liquid nitrogen and stored
at −80°C. The purity of the untagged TC10 and the successful removal of the
GST-tag were confirmed by SDS-PAGE and western blotting using both
TC10- and GST-specific antibodies.

In vitro binding assays
For in vitro binding assays, TC10 WT or the KR/GS mutant were loaded
with GTPγS (Millipore) at 120 µM in 50 mM Tris-HCl (pH 7.5), 1 mM
DTT, 5 mM EDTA and protease inhibitors for 20 min at 30°C as described
previously (Mayer et al., 2013). The in vitro binding assays were performed
as described previously (Papadopoulos et al., 2015).

Protein-lipid overlay assays
For protein-lipid overlay assays, TC10 WT or the KR/GS mutant were
loaded with GDP or GTPγS (Millipore) at 120 µM in 20 mM Tris-HCl (pH
7.5), 1 mMDTT, 5 mMEDTA and protease inhibitors for 20 min at 30°C as
described previously (Mayer et al., 2013). To test relative phosphoinositide-
binding affinities of the GTPγS-TC10 KR/GS mutant as compared with
GTPγS-TC10 WT in the absence or presence of GST–SH3(+)CbII, or that
of GST–ΔSH3-CbII or GST–SH3(+)CbII in the absence or presence of
GTPγS-TC10 (WT or the KR/GS mutant) the experiments were carried out
as follows. First, custom-made phosphoinositide strips were prepared by
spotting 200 pmol of PI3P-, PI4P-, PI5P-, PI(3,4)P2-, PI(3,5)P2-, PI(4,5)P2-
and PI(3,4,5)P3-diC16 (Echelon Biosciences) onto Hybond-C-extra

membranes (GE Healthcare). Membranes were then blocked with 3% (w/v)
fatty acid-free bovine serum albumin (BSA; A7030, Sigma-Aldrich) in
Tris-buffered saline (TBS) pH 7.5. TC10 WT or the KR/GS mutant were
preincubated in GTPγS-loading buffer (120 µMGTPγS in 20 mM Tris-HCl
pH 7.5, 1 mM DTT and 5 mM EDTA), as described above, and the loading
reaction was stopped by adding 10 mM MgCl2. Aliquots of purified GST–
ΔSH3-CbII or GST–SH3(+)CbII in 20 mM Tris-HCl, pH, 7.5, 150 mM
NaCl, 2 mM EDTA, 1 mM DTT, 10% (v/v) glycerol were diluted 1:1 with
either GTPγS-loading buffer (see above) containing 10 mMMgCl2 or with
preloaded TC10 (WT or the KR/GS mutant) in GTPγS-loading buffer
with 10 mMMgCl2. Subsequently, the Hybond-C-extra membranes spotted
with the different phosphoinositides were incubated with 0.5 µg/ml of each
protein in TBST [0.1% (v/v) Tween 20 in TBS] with 3% (w/v) BSA for 2 h
at room temperature. After four washes with TBST and two washes with
TBS, bound proteins were detected with standard dot-blot techniques using
a polyclonal rabbit anti-TC10 (ab107573, Abcam, 1:1000) or an anti-GST–
HRP conjugate (RPN1236V, GE Healthcare, 1:10,000).

Liposome preparation and SPR analysis of lipid–protein
interactions
l-α-phosphatidylcholine (PC) and l-α-phosphatidylethanolamine (PE) were
purchased from Avanti Polar Lipids Inc. Phosphoinositides [PI3P; PI4P;
PI5P; PI(4,5)P2 and PI(3,4,5)P3] were purchased from Echelon Biosciences.
Lipids were dissolved in either chloroform to a final concentration of
25 mg/ml (PC and PE) or in a mixture of chloroform, methanol and water
(phosphoinositides). Liposomes were prepared as described previously
(Tarasenko et al., 2017), by mixing PC and PE in a 70:30 ratio (control
liposomes), or PC, PE and the indicated phosphoinositide in a 60:30:10
ratio. Lipid suspensions were dried under continuous nitrogen flow and
subsequently desiccated for at least 3 h (to remove water traces). To ensure
an appropriate rate of phosphoinositide incorporation into the lipid bilayer,
suspensions were supplemented with 2 µl of 1 M HCl. Dried lipids were
hydrated in SPR running buffer (20 mM HEPES pH 7.4, 120 mM NaCl,
5 mM KCl) with a final concentration of 5 mg/ml. Large unilammellar
vesicles (LUVs) were obtained by repeated freeze-thaw cycles followed by
extrusion through a 200 nm diameter membrane (Whatman). The obtained
vesicle suspension was diluted (1:100) and further used for SPR interaction
experiments.

All lipid-protein interaction experiments were carried out on a Reichert
SPR S7500 biosensor. An SPR sensorchip coated with a methyldextran
layer containing hydrophobic anchoring molecules was mounted and
washed with SPR running buffer (20 mM HEPES pH 7.4, 120 mM NaCl,
5 mM KCl) until a stable baseline was measured. The surface was rinsed of
contaminations by injecting 0.1% Triton X-100 solution, followed by
several washing steps with SPR running buffer. Subsequently the surface
was conditioned with HEPES-buffered saline containing 0.05% SDS.
Liposomes containing the indicated phosphoinositides were immobilized
on the ligand channel (left) and control liposomes were immobilized on the
reference channel (right). Injecting similar concentrations of liposome
dilutions yielded comparable responses on either ligand, as well as in the
reference channel. For all interaction experiments, a serial dilution of TC10
WT, TC10KR/GS, GST–SH3(+)CbII, and respectivemixtures of TC10WT
with GST–SH3(+)CbII and TC10 KR/GS with GST–SH3(+)CbII [TC10
WT and TC10 KR/GS: 500 nM, 250 nM, 125 nM, 62.5 nM, 31.3 nM,
15.7 nM, 7.9 nM and 4 nM; GST–SH3(+)CbII and mixtures: 125 nM,
62.5 nM, 31.3 nM, 15.7 nM, 7.9 nM, 4 nM, 2 nM and 1 nM], all previously
incubated with GTPγS-loading buffer for 10 min at 30°C, followed by
addition of 10 mMMgCl2, as described in the ‘Protein-lipid overlay assays’
section, were injected over the surface and association was followed for
4.5 min, dissociation was then followed for 7 min. The surface was rinsed
after each analyte injection by two subsequent injections of 50 mM NaOH,
followed by several buffer injections. For each analyte injection, two buffer
reference injections were performed.

Transfections and immunostainings
COS7 (CRL-1651) and NIH-3T3 (CRL-1658) cells were purchased from
ATCC (LGC Standards GmbH, Germany). Flp-In-T-Rex HEK 293 cells
(cat. no. R780-07) were purchased from Invitrogen (Thermo Fisher

12

RESEARCH ARTICLE Journal of Cell Science (2020) 133, jcs232835. doi:10.1242/jcs.232835

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



Scientific, Germany). All cell lines were tested independently and certified
to be free of mycoplasma. Transfections and immunostainings of COS7 cells
and NIH-3T3 cells were performed as described previously (Mayer et al., 2013;
Papadopoulos et al., 2015). The transfection parameters were optimized in
order to achieve low and comparable expression levels of all recombinant
proteins analysed. COS7 and NIH-3T3 cells were plated in 24-well plates on
12-mm coverslips and 100 ng of each cDNA were used per well. The empty
pcDNA 3.1 vector was used to equalize the total amount of DNA per
transfection to 400 ng. Cells were transfected with Lipofectamine 2000
(Invitrogen) following the manufacturer’s protocol, fixed 10 h after transfection
and stained, as described previously (Mayer et al., 2013). Transfections,
treatment and immunostainings of cultured rat hippocampal neurons and Flp-
In-T-Rex-EGFP-gephyrin HEK 293 cells were performed as described
previously (Papadopoulos et al., 2015, 2017). All animal experiments were
performed according to approved guidelines. Images were collected with an
inverse Leica DMIRE2 microscope equipped with a 63× oil-immersion
objective and connected to a Leica TCS SP2 AOBS confocal laser scanning
setup (Leica Microsystems) or with an Axio-Imager Z1 equipped with a Zeiss
apochromat 63× objective and an Apotome module (Zeiss).

ImageJ (https://imagej.nih.gov/ij/) was used to analyse immunostainings
from images processed under standardized intensity thresholding. For
quantifying EGFP–gephyrin fluorescence intensities at the plasma
membrane of Flp-In-T-Rex-EGFP-gephyrin HEK 293 cells upon rCD1 or
FK506 treatments as a percentage relative to the corresponding intensities at
time point 0, the corrected total cell fluorescence (CTCF) was determined.
CTCF at the plasma membrane area was calculated by using the ImageJ
software package [CTCF=Integrated Density – (Area of selected cell×Mean
fluorescence of background readings)].

Time-lapse imaging
For time-lapse imaging, Flp-In-T-Rex-EGFP-gephyrin HEK 293 cells were
grown onto poly-L-lysine-coated 15 µ-slide four-well dishes with a glass
bottom (cat. no. 80427, Ibidi). EGFP–gephyrin expression was induced 16 h
after transfection by adding 4 µg/ml tetracycline (Sigma-Aldrich) to the
medium. After 4 h, the cells werewashed once and replaced with 250 µl pre-
warmed imaging medium (phenol-free DMEM, cat. no. 21063-029, Gibco,
Life Technologies). Time-lapse confocal imaging was performed at 37°C
and 5% CO2 using a Nikon Eclipse Ti microscope, equipped with a 40x air
objective (0.95NA) and a YokogawaW1 spinning disk. An Andor iXon 888
camera was used to sequentially acquire multi-channel (mRFP, EGFP and
ECFP) z-stacks at 5 fields of view per well within the optically compatible
four-well Ibidi dishes. The channels were acquired according to the
following excitation/emission scenario: (1) 561 nm excitation; 600/52 nm
emission (mRFP), (2) 488 nm excitation; 525/50 nm emission (EGFP) and
(3) 445 nm excitation; 480/40 nm emission (ECFP). Each position was
successively imaged 12 times every 15 min, once before the addition of
rCD1, eight times after the addition of rCD1 (1 µM) and three times after the
addition of 1 µM FK506 (1 µM). The synthesis and characterization of the
reversible chemical dimerizer, rCD1, was described previously (Feng et al.,
2014). FK506 was purchased from Tocris Bioscience.

Statistics
Experimental data were evaluated by investigators blind to experimental
conditions. Statistical significance was tested by either using the unpaired
two-tailed Student’s t-test or the one-way ANOVAvariance test followed by
a Tukey multiple comparison test, always applying a 95% confidence
interval. The sample sizes (n) were estimated based on previous experiences
with similar experiments (Mayer et al., 2013; Papadopoulos et al., 2015).
Values represent means±s.e.m. Asterisks indicate significant differences
(*P<0.05; **P<0.01; ***P<0.001); n.s. indicates no significant difference.
The statistics were evaluated using the GraphPad Prism software.
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Pérez-Sala, D. (2010). Structural determinants allowing endolysosomal sorting
and degradation of endosomal GTPases. Traffic 11, 1221-1233. doi:10.1111/j.
1600-0854.2010.01091.x

Veit, M., Laage, R., Dietrich, L., Wang, L. and Ungermann, C. (2001). Vac8p
release from the SNARE complex and its palmitoylation are coupled and essential
for vacuole fusion. EMBO J. 20, 3145-3155. doi:10.1093/emboj/20.12.3145

Vicinanza, M., D’Angelo, G., Di Campli, A. and DeMatteis, M. A. (2008). Function
and dysfunction of the PI system in membrane trafficking. EMBO J. 27,
2457-2470. doi:10.1038/emboj.2008.169

Watson, R. T., Shigematsu, S., Chiang, S.-H., Mora, S., Kanzaki, M., Macara,
I. G., Saltiel, A. R. and Pessin, J. E. (2001). Lipid raft microdomain
compartmentalization of TC10 is required for insulin signaling and GLUT4
translocation. J. Cell Biol. 154, 829-840. doi:10.1083/jcb.200102078

Watson, R. T., Furukawa, M., Chiang, S.-H., Boeglin, D., Kanzaki, M., Saltiel,
A. R. and Pessin, J. E. (2003). The exocytotic trafficking of TC10 occurs through
both classical and nonclassical secretory transport pathways in 3T3L1
adipocytes. Mol. Cell. Biol. 23, 961-974. doi:10.1128/MCB.23.3.961-974.2003

Wenk, M. R. and De Camilli, P. (2004). Protein-lipid interactions and
phosphoinositide metabolism in membrane traffic: insights from vesicle
recycling in nerve terminals. Proc. Natl. Acad. Sci. USA 101, 8262-8269. doi:10.
1073/pnas.0401874101

Winter-Vann, A. M. and Casey, P. J. (2005). Post-prenylation-processing enzymes
as new targets in oncogenesis. Nat. Rev. Cancer 5, 405-412. doi:10.1038/
nrc1612

14

RESEARCH ARTICLE Journal of Cell Science (2020) 133, jcs232835. doi:10.1242/jcs.232835

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

https://doi.org/10.1016/j.conb.2017.04.003
https://doi.org/10.1016/j.conb.2017.04.003
https://doi.org/10.1016/j.conb.2017.04.003
https://doi.org/10.1016/j.tcb.2012.04.004
https://doi.org/10.1016/j.tcb.2012.04.004
https://doi.org/10.1016/j.tcb.2012.04.004
https://doi.org/10.1016/j.devcel.2017.10.019
https://doi.org/10.1016/j.devcel.2017.10.019
https://doi.org/10.1016/j.devcel.2017.10.019
https://doi.org/10.1016/j.devcel.2017.10.019
https://doi.org/10.1016/j.devcel.2017.10.019
https://doi.org/10.3389/fnmol.2015.00083
https://doi.org/10.3389/fnmol.2015.00083
https://doi.org/10.3389/fnmol.2015.00083
https://doi.org/10.3389/fnmol.2015.00083
https://doi.org/10.3389/fnmol.2015.00083
https://doi.org/10.1074/jbc.M115.673400
https://doi.org/10.1074/jbc.M115.673400
https://doi.org/10.1074/jbc.M115.673400
https://doi.org/10.1074/jbc.M115.673400
https://doi.org/10.1016/j.neuron.2011.03.024
https://doi.org/10.1016/j.neuron.2011.03.024
https://doi.org/10.1016/j.neuron.2011.03.024
https://doi.org/10.1016/j.neuron.2011.03.024
https://doi.org/10.1073/pnas.1309078110
https://doi.org/10.1073/pnas.1309078110
https://doi.org/10.1073/pnas.1309078110
https://doi.org/10.1073/pnas.1309078110
https://doi.org/10.1073/pnas.1309078110
https://doi.org/10.1083/jcb.152.1.111
https://doi.org/10.1083/jcb.152.1.111
https://doi.org/10.1083/jcb.152.1.111
https://doi.org/10.1083/jcb.152.1.111
https://doi.org/10.1034/j.1600-0854.2002.30605.x
https://doi.org/10.1034/j.1600-0854.2002.30605.x
https://doi.org/10.1034/j.1600-0854.2002.30605.x
https://doi.org/10.1016/S0960-9822(07)00486-1
https://doi.org/10.1016/S0960-9822(07)00486-1
https://doi.org/10.1016/S0960-9822(07)00486-1
https://doi.org/10.1038/sj.emboj.7601819
https://doi.org/10.1038/sj.emboj.7601819
https://doi.org/10.1038/sj.emboj.7601819
https://doi.org/10.1038/sj.emboj.7601819
https://doi.org/10.1038/sj.emboj.7601819
https://doi.org/10.1016/j.mcn.2008.06.006
https://doi.org/10.1016/j.mcn.2008.06.006
https://doi.org/10.1016/j.mcn.2008.06.006
https://doi.org/10.1016/j.mcn.2008.06.006
https://doi.org/10.1074/jbc.M114.633024
https://doi.org/10.1074/jbc.M114.633024
https://doi.org/10.1074/jbc.M114.633024
https://doi.org/10.1074/jbc.M114.633024
https://doi.org/10.1074/jbc.M116.771592
https://doi.org/10.1074/jbc.M116.771592
https://doi.org/10.1074/jbc.M116.771592
https://doi.org/10.1074/jbc.M116.771592
https://doi.org/10.1074/jbc.M116.771592
https://doi.org/10.1016/j.neuron.2009.08.023
https://doi.org/10.1016/j.neuron.2009.08.023
https://doi.org/10.1016/j.neuron.2009.08.023
https://doi.org/10.1016/j.neuron.2009.08.023
https://doi.org/10.1126/science.290.5492.801
https://doi.org/10.1126/science.290.5492.801
https://doi.org/10.1126/science.290.5492.801
https://doi.org/10.1111/febs.12116
https://doi.org/10.1111/febs.12116
https://doi.org/10.1111/febs.12116
https://doi.org/10.1111/j.1460-9568.2010.07149.x
https://doi.org/10.1111/j.1460-9568.2010.07149.x
https://doi.org/10.1111/j.1460-9568.2010.07149.x
https://doi.org/10.1111/j.1460-9568.2010.07149.x
https://doi.org/10.1111/j.1460-9568.2010.07149.x
https://doi.org/10.1074/jbc.274.47.33587
https://doi.org/10.1074/jbc.274.47.33587
https://doi.org/10.1074/jbc.274.47.33587
https://doi.org/10.1074/jbc.M800882200
https://doi.org/10.1074/jbc.M800882200
https://doi.org/10.1074/jbc.M800882200
https://doi.org/10.1074/jbc.M800882200
https://doi.org/10.1152/physrev.00033.2003
https://doi.org/10.1152/physrev.00033.2003
https://doi.org/10.1074/jbc.M110.121368
https://doi.org/10.1074/jbc.M110.121368
https://doi.org/10.1074/jbc.M110.121368
https://doi.org/10.1074/jbc.M110.121368
https://doi.org/10.1242/jcs.015909
https://doi.org/10.1242/jcs.015909
https://doi.org/10.15252/embj.201488143
https://doi.org/10.15252/embj.201488143
https://doi.org/10.15252/embj.201488143
https://doi.org/10.15252/embj.201488143
https://doi.org/10.1523/JNEUROSCI.20-11-04138.2000
https://doi.org/10.1523/JNEUROSCI.20-11-04138.2000
https://doi.org/10.1523/JNEUROSCI.20-11-04138.2000
https://doi.org/10.1523/JNEUROSCI.20-11-04138.2000
https://doi.org/10.1523/JNEUROSCI.20-11-04138.2000
https://doi.org/10.1083/jcb.201609046
https://doi.org/10.1083/jcb.201609046
https://doi.org/10.1083/jcb.201609046
https://doi.org/10.1083/jcb.201609046
https://doi.org/10.1111/j.1600-0854.2010.01091.x
https://doi.org/10.1111/j.1600-0854.2010.01091.x
https://doi.org/10.1111/j.1600-0854.2010.01091.x
https://doi.org/10.1111/j.1600-0854.2010.01091.x
https://doi.org/10.1093/emboj/20.12.3145
https://doi.org/10.1093/emboj/20.12.3145
https://doi.org/10.1093/emboj/20.12.3145
https://doi.org/10.1038/emboj.2008.169
https://doi.org/10.1038/emboj.2008.169
https://doi.org/10.1038/emboj.2008.169
https://doi.org/10.1083/jcb.200102078
https://doi.org/10.1083/jcb.200102078
https://doi.org/10.1083/jcb.200102078
https://doi.org/10.1083/jcb.200102078
https://doi.org/10.1128/MCB.23.3.961-974.2003
https://doi.org/10.1128/MCB.23.3.961-974.2003
https://doi.org/10.1128/MCB.23.3.961-974.2003
https://doi.org/10.1128/MCB.23.3.961-974.2003
https://doi.org/10.1073/pnas.0401874101
https://doi.org/10.1073/pnas.0401874101
https://doi.org/10.1073/pnas.0401874101
https://doi.org/10.1073/pnas.0401874101
https://doi.org/10.1038/nrc1612
https://doi.org/10.1038/nrc1612
https://doi.org/10.1038/nrc1612

