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Abstract

The correct rearrangement of postsynaptic components in dendritic spines is important for driving changes of spine
structure and synaptic function. SPIN90 plays an essential role in many cellular processes including actin polymerization,
endocytosis, growth cone formation and dendritic spine morphogenesis. Here, we demonstrate that SPIN90, which is
a binding partner of PSD95 and Shank in spines, is targeted to synapses and leads to enhanced synaptic activity in neurons.
We show, using in vitro and in vivo kinase assays, that SPIN90 is tyrosine phosphorylated by Src kinase. SPIN90 that was
tyrosine-phosphorylated by Src was targeted to dendritic spines in cultured hippocampal neurons. Moreover, a SPIN90
phospho-deficient mutant was unable to accumulate at dendritic spines whereas SPIN90 WT and a phospho-mimicking
mutant were localized at spines and bound PSD95 and Shank with increased efficiency. Consistent with these findings,
hippocampal neurons that overexpressed SPIN90 WT or a phospho-mimicking mutant had enlarged spine heads, leading to
enhanced postsynaptic function in terms of both amplitude and frequency. Together, our findings show that SPIN90
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modulates synaptic activity in neurons as a result of its phosphorylation.
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Introduction

Dendritic spines are the postsynaptic components of excitatory
synapses that mediate the transmission of information between
neurons. The examination of evoked changes in dendritic spine
morphology could be an effective means of elucidating the
mechanisms governing synaptic activity. Furthermore, because
spines play a key role in synaptic transmission, investigation of how
they are formed and regulated might provide insight into the
structural basis of learning and memory [1].

Dendritic spine structure and function are regulated by the
correct targeting and maintenance of structural and signaling
molecules [2,3]. For example, PAR-1 (Partitioning-Defective 1)
modulates dendritic spine morphogenesis by phosphorylating the
PSD (Postsynaptic density) scaffolding protein, PSD95 [4]. SAP97
is a scaffolding protein implicated in the synaptic targeting of
NMDA- and AMPA-type glutamate receptors [5]. It modulates
synaptic plasticity by controlling the surface distribution of
glutamate receptors. In contrast, inappropriate targeting of
glutamate receptors reduces synaptic transmission and results in
impaired synaptic function. PSD95 is targeted to synapses by its
palmitoylation [6,7], and results in recruitment of AMPA
receptors to the synapses [8]. However, much still remains to be
elucidated about the molecular mechanisms underlying the
translocation of synaptic proteins to spines.

Dendritic spine morphogenesis is mediated by various actin-
regulating proteins that are involved in modulating the actin
cytoskeleton [9]. GRKS5 (G protein-coupled receptor kinase 5) is
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essential for F-actin bundling through its F-actin-binding domains,
which leads to maturation of dendritic spines [10], while PICK1
regulates spine shrinkage by inhibiting Arp2/3 activity [11]. How
actin-regulating proteins function and interact with actin and/or
other PSD proteins so altering the structural and functional
plasticity of spines is therefore of great interest.

SPIN90 was initially identified as a Nck binding partner [12],
and is now known to regulate actin polymerization through its
interactions with Arp2/3, N-WASP and actin [13]. It participates
in many actin-related cellular processes. In particular, DIP (mDia-
interacting protein), another name for SPIN90, is involved in stress
fiber formation downstream of the Rho-mDia pathway [14].
SPIN90 was found to participate in Rac-induced membrane
ruffling [15], indicating that it is an important actin regulator. It is
strongly expressed in the brain, especially in the cerebellum, cortex
and hippocampus [16]. During development, SPIN90 increases
and accumulates within dendritic spines, where it contributes to
dendritic spine morphology by interacting with PSD95 and Shank.
However, its role in synaptic activity has not previously been
investigated.

In the present study, we show that tyrosine phosphorylation of
SPIN90 is crucial for its synaptic targeting, and that phosphor-
ylated SPIN90 mediates spine enlargement, thereby enhancing
synaptic function. A SPIN90 phospho-mimicking mutant, but not
SPIN90 phospho-deficient mutants, enhanced postsynaptic func-
tion as detected by increased miniature EPSC amplitude and
frequency. This is the first report demonstrating the mechanism of
SPIN90 synaptic targeting and its significance in synaptic function.
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Results

Phosphorylated SPIN90 Locates to Spines

It is known that SPIN90 is located within dendritic spines and
mteracts with PSD proteins [16,17]. To assess the mechanism
underlying its synaptic targeting, we performed immunocyto-
chemical assays on GFP-SPIN90-transfected hippocampal neu-
rons. Anti-SPIN90 antibody clearly stained GFP-SPIN90 spots, as
revealed by an exact match between GFP signals and signals
generated by immunostaining with anti-SPIN90 antibody (Fig. 1A).
Moreover GFP-SPIN90 accumulated at spines in association with
the postsynaptic marker, PSD95, and adjacent to the presynaptic
marker, Vamp2 (Fig. 1B) [16].

It was previously shown that DIP (referred to as SPIN90) could
be phosphorylated by Src kinase [14]. This suggested that SPIN90
might be a substrate of Src kinase in synaptic regions. To test the
association of SPIN90 and Src, we first fractionated synaptosomes.
SPIN90 was found equally in the crude synaptosomal fraction (P2)
and the cytosolic fraction (S2), whereas PSD95 was particularly
enriched in P2, as shown in previous work [18]. Both SPIN90 and
active Src detected by anti-pY416 Src antibody were found in P2
(Fig. 1C). Moreover, treatment of neurons with PP2, an inhibitor
of Src kinase [19], reduced the SPIN90 phosphorylation
significantly (Fig. 1D). Taken together, these data suggested that
SPIN9O0 is a substrate for Src kinase in neurons.

SPIN90 is Tyrosine-phosphorylated by Src Kinase

For i vivo Src kinase assays, GFP-SPIN90 was overexpressed in
SYF cells (Src, Yes, Fyn deficient fibroblasts) and in c-Src recovery
cells from SYF cell lines. As predicted, phosphorylated SPIN90
was detected in the c-Src recovery cells (Fig. 2A). In accord with
this, when GFP-SPIN90 was co-transfected with Src CA (a
constitutively active form of Src; SrcY527F) into COS7 cells, it was
found in a highly tyrosine-phosphorylated form. In contrast,
phosphorylated GFP-SPIN90 was not found in COS7 cells co-
transfected with Src KD (a kinase dead form of Src; Src251)
(Fig. 2B). In witro kinase assays identified three potential tyrosine
phosphorylation sites (Y85, Y161 and Y227) in the N-terminus of
SPIN90 and demonstrated that the triple mutation completely
abolished SPIN90 phosphorylation (Fig. 2C,D).

Phosphorylated SPIN90 Locates in Spines

To further characterize the phosphorylation of SPIN90, we
immunized rabbits with three peptides mimicking the phosphor-
ylated tyrosines in the three tyrosine phosphorylation sites of
SPIN90 (Y85, Y161lor Y227). We were able to produce phospho-
specific antibody (anti-pY161 antibody) against phospho-tyrosine
161 of SPIN90 but not against pY85 and pY227 of SPIN90. To
confirm the specificity of the anti-pY161 antibody, we co-infected
COS7 cells with GFP-SPIN90 WT or phospho-deficient mutants
(tyrosines substituted with phenylalanine at positions Y85, Y161 or
Y227), together with Src CA or Src KD. The corresponding cell
lysates were analyzed by immunoblot assay with anti-SPIN90
antibody to measure the expression of the transfected SPIN90
constructs, and this confirmed that all the proteins were expressed
at similar levels (Fig. 3A). Anti-pY161 antibody detected SPIN90
WT and two of the SPIN90 mutant proteins (Y85F and Y227F)
but not SPIN90 Y161F or the SPIN90 triple-mutated protein
(Y85, 161, 227F) (Fig. 3A), confirming that the anti-pY161
antibody specifically recognized SPIN90 phosphorylated at
tyrosine residue 161. Parallel experiments demonstrated that
anti-pY 161 antibody also detected GFP-SPIN90 co-expressed with
Src CA in membrane ruffles of COS7 cells (Fig. 3B).
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SPIN90 Phosphorylation in Dendritic Spines

Next we tested whether SPIN90 in spines is phosphorylated by
Src kinase. Because anti-pY16lantibody does not detect endog-
enous SPIN90, GFP-SPIN90 WT or YF were overexpressed in
hippocampal neurons. Anti-pY161 detected GFP-SPIN90 W',
but not GFP-SPIN90 YF, in spines (Fig. 3C). In accord with this,
when GFP-SPIN90 was co-transfected with Src CA, but not Src
KD, was detected by anti-pY161 antibody strongly. Taken
together, these data show that SPIN90 in spines is tyrosine
phosphorylated.

When we overexpressed GFP empty vector or GFP-SPIN90
WT, YE or YF in hippocampal neurons, SPIN90 WT and YE
accumulated within dendritic spines, but GFP empty vector and
SPIN90 YF were evenly distributed between spines and shafts
(Fig. 4A,B). In addition, GFP-SPIN90 co-transfected with Src CA,
but not Src KD, readily accumulated in spines (Fig. 4C,D). These
results indicate that phosphorylation of SPIN90 by Src is essential
for its synaptic targeting.

SPIN90 Phosphorylation Modulates its Association with

the PSD Scaffolding Proteins, PSD95 and Shank1b

The finding that SPIN90 phosphorylation affects its synaptic
localization led us to examine whether the interaction of SPIN90
with PSD scaffolding proteins was dependent on its phosphory-
lation. GST pull-down assays with GST-SPIN90 YE and extracts
of mouse P2 fraction revealed interaction between the SPIN90
phospho-mimicking protein and PSD95. On the other hand, when
bacterially expressed SPIN90 WT or YF was incubated with the
P2 extract, the interaction between SPIN90 and PSD95 was found
to be markedly reduced (Fig. 5A). To characterize the effect of
SPIN90 phosphorylation on the interaction with PSD95 i vivo,
HA-PSD95 and the various GFP-SPIN90 mutants were expressed
in HEK293T cells; immunoprecipitation assays demonstrated
a dramatically reduced interaction of SPIN90 YF with PSD95,
compared with SPIN90 WT or YE (Fig. 5B). In addition, using the
BiFC method, SPIN90 WT or YE co-expressed with PSD95 gave
strong venus signals (green) in HEK293T cells and hippocampal
neurons (Fig. 5C), showing that their interaction is highly
dependent on SPIN90 phosphorylation. Interestingly, the in-
teraction between SPIN90 and Shanklb was also dependent on
SPIN90 phosphorylation (Fig. 5D). Since PSD95 and Shank are
crucial components of postsynaptic regions and essential for the
formation and maintenance of dendritic spines, the phosphoryla-
tion-dependent SPIN90 binding to scaffolding proteins indicates
that SPIN90 phosphorylation is important for modulating
dendritic spine morphology.

SPIN90 Phosphorylation Regulates Spine Size and

Synaptic Function

An carlier report that the interaction of SPIN90 with Shank and
PSD95 within dendritic spines promoted an increase of spine size
[17] led us to test whether SPIN90 phosphorylation plays a role in
spine  morphogenesis. Cultured hippocampal neurons were
transfected with GFP empty vector or GFP-SPIN90 WT, YE or
YF at DIV 10-12 and spine head widths and lengths were
analyzed at DIV 19-21. Co-transfection of RDF-actin enabled the
spine morphology to be visualized. Spine head width was
markedly increased in SPIN90 WT and YE-transfected cells, as
compared with SPIN90 YF- and GFP-transfected cells, and spine
length was slightly greater in SPIN90 YE-transfected cells than in
SPIN90 WT- and YF-transfected cells (Fig. 6A,B). This suggests
that SPIN90 phosphorylation contributes to the regulation of
dendritic spine enlargement.
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Figure 1. Phosphorylated SPIN90 is localized to spines in neurons. (A,B) Rat hippocampal neurons transfected with GFP-SPIN90 at DIV 10-12
were fixed at DIV 19-21 and labeled with the indicated antibodies. (C) Mouse brain lysates were fractionated to generate crude synaptosomal (P2)
and cytosolic fractions (S2), and equal amount of protein was examined by immunoblotting. (D) Rat cortical neurons (DIV 18) were incubated with or
without PP2 (10 uM for 30 min), after which SPIN90 phosphorylation was assessed using anti-phosphotyrosine antibody (pY).

doi:10.1371/journal.pone.0054276.g001

It is known that the morphology of dendritic spines is strongly
related to synaptic function [9]. We therefore used the whole-cell
patch clamp technique to investigate the role of SPIN90
phosphorylation at synapses. Hippocampal neurons at DIV 10—
12 were transfected with GFP-SPIN90 WT, YE or YF, or GFP
alone. To assess postsynaptic activity, spontaneous mEPSCs
(holding potential: —70 mV) were recorded (Fig. 6C,D). Over-
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expression of GFP-SPIN90 WT or YE led to significant increases
in mEPSC amplitude and frequency, as compared to neurons
expressing GFP alone. On the other hand, no significant change
was observed in the amplitude and frequency of SPIN90 YF-
transfected neurons. Normalized values of membrane capacitance
(C,y), which is measured in terms of the area of the membrane,
and series resistance (R;) did not show significant change among
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Figure 2. SPIN90 is phosphorylated by Src kinase. (A) Src-catalyzed SPIN90 phosphorylation was tested in SYF (deficient in Src, Yes, Fyn) and c-
Src recovery cells in SYF cell lines. (B) COS7 cells were transfected with empty vector, Src KD, Src WT or Src CA together with GFP-SPIN90 and
immunoprecipitated with anti-GFP antibody. (C) Schematic diagram of SPIN90 showing the positions of tyrosine phosphorylated residues. The
indicated domains are as follows: SH3, Src homology 3; PRD, proline-rich domain. (D) In vitro phosphorylation of GST-SPIN90 proteins. Bacterially
overexpressed GST, GST-SPIN90 domains or mutant proteins were incubated with recombinant Src (5 U) for 10 min at 30°C. Phosphorylated products

were revealed by autoradiography.
doi:10.1371/journal.pone.0054276.9g002

GFP control and GFP-SPIN90-variant transfected neurons
(Fig. 6E). This showed that patched cells in each experimental
group shared similar characteristics including cell size. These
findings suggest that SPIN90 phosphorylation contributes to the
modulation of synaptic activity by regulating spine morphology.

Discussion

It has been suggested that the morphology of dendritic spines is
directly related to synaptic function [20]. Therefore, it is of central
importance to understand the molecular mechanisms that
modulate dendritic spine morphology. In addition, the fact that
a number of neurological disorders, including Down’s syndrome,
autism and Alzheimer’s disease, are closely associated with altered
spine morphology and number highlights the importance of
dendritic spine morphology [21,22,23,24]. Hence understanding
the cellular processes that control dendritic spine morphology may
provide insight into postsynaptic changes of synaptic plasticity.

It is well known that there are many different proteins in PSD
regions and that their selective synaptic targeting is crucial for
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synaptic transmission. For example, the targeting of proteasomes,
which is mediated by interaction with CaMKII, is important for
the activity-dependent degradation of poly-ubiquitinated proteins
in spines [25,26]. Also, selective transport of mRINA is essential for
dendritic spine stabilization [27]. In accord with this, the synaptic
targeting of the RNA-binding protein, TLS, which participates in
mRNA sorting, affects dendritic spine morphology [28]. In
addition, it has been shown that many actin-interacting proteins
such as cortactin, WAVE, drebrin and neurabin regulate actin
structure, leading to changes of dendritic spine morphology
[2,29,30,31]. Therefore, it is essential to characterize the
mechanism of synaptic targeting of PSD proteins and their
functions in spines.

Our earlier studies pointed to an important role for SPIN90 in
the formation and maintenance of dendritic spines. However, the
mechanism of SPIN90 synaptic targeting and the role of SPIN90
in synaptic activity were unclear. Here we demonstrated that
SPIN90 phosphorylation by Src kinase is directly related to its
synaptic targeting. Overexpressed SPIN90 YE accumulated in
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Figure 3. Phosphorylated SPIN90 locates in spines. (A) Cell lysates from COS7 cells transfected with various SPIN90 constructs (GFP-SPIN90
WT, Y85F, Y161F, Y227F and Y85, 161, 227F) together with Src KD or Src CA were analyzed by immunoblot assay using anti-SPIN90 or anti-pY161
SPIN90 phosphospecific antibody. (B,C) COS7 cells and hippocampal neurons at DIV 19 were cotransfected with GFP-SPIN90 WT, Src CA or Src KD
and then immunostained with anti-pY161 antibody. Phalloidin (blue) was used to stain F-actin and reveal dendritic spines.
doi:10.1371/journal.pone.0054276.9g003

spines and enhanced dendritic spine head width, leading to and GKAP [32]. An important observation in the present study
increased synaptic activity. was that the interaction of SPIN90 with PSD95 and Shank1b was

Scaffolding proteins such as PSD95 and Shank determine the enhanced by tyrosine phosphorylation of the PRD regions of
synaptic localization of their binding partners such as cortactin SPIN90, and that the phospho-deficient SPIN90 YF mutant was
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Figure 4. SPIN90 phosphorylation induces its synaptic targeting. (A) Immunofluorescence analysis revealing the distribution of transfected
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doi:10.1371/journal.pone.0054276.9g004
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Figure 5. SPIN90 phosphorylation modulates its association with PSD scaffolding proteins. (A) In vitro binding assays carried out with
GST-SPIN90 WT, YE or YF agarose beads and lysates from crude synaptosomal fraction. The bound proteins were verified using anti-PSD95 and anti-
SPIN90 antibodies. (B) The interaction between SPIN90 and PSD95 was analyzed in HEK293T cells co-transfected with HA-PSD95 plus GFP-SPIN90 WT,
YF or YE. (C) In BiFC assays, HEK293T cells and cultured hippocampal neurons co-expressing VN-PSD95 and VC-SPIN90 WT, VC-SPIN90 YE or VC-
SPIN90 YF were monitored for the venus signal (green). Cells were also immunostained with anti-Flag antibody to detect VN-PSD95, and with anti-HA
antibody to detect VC-SPIN90. Scale bars, 10 um in HEK293T cells and 20 um in neurons. (D) The interaction between SPIN90 and Shank1b was

analyzed in HEK293T cells co-transfected with HA-Shank1b plus GFP-SPIN90 WT, YF or YE.

doi:10.1371/journal.pone.0054276.9005

not accumulated at synapses. This indicated that phosphorylation
of the PRD regions of SPIN90 is essential for synaptic localization.
On the other hand, earlier work suggested that the SPIN90 C-
terminal domain was important for synaptic targeting [16]. The
SPIN90 C-terminus is able to bind F-actin, G-actin and the Arp2/
3 complex, and its interaction with the Arp2/3 complex promotes
Arp2/3-mediated actin polymerization [13]. Thus its C-terminus
may help to target SPIN90 to dendritic spines, which are enriched
in F-actin, while its tyrosine phosphorylation likely facilitates its
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synaptic targeting and promotes its interaction with PSD proteins.
For example, the interaction of the SPIN90 C-terminus with the
Arp2/3 complex may promote actin polymerization within
dendritic spines, leading to the formation of mature spines.
Phosphorylated SPIN90 (WT and YE) increased spine head
width relative to SPIN90 YF. SPAR, a PSD95 binding partner,
also increased spine head width, and deletion of the PSD95
binding domain of SPAR abolished its effect on spine morphology,
suggesting that its binding with PSD9) i1s essential for the control
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Figure 6. SPIN90 dephosphorylation impairs synaptic function. (A) Cultured hippocampal neurons were co-transfected with GFP empty
vector, GFP-SPIN90 WT, YE or YF plus RDF-actin at DIV 10-12, and spine morphology was analyzed at DIV 19-21. RDF-actin was used to visualize
dendritic spines. (B) Spine head width and length in neurons expressing SPIN90 YE or YF were analyzed using Box and whisker plots. (C) mEPSCs
were recorded from neurons transfected with GFP only or with GFP-SPIN90 WT, YF or YE. (D) Shown are averaged mEPSC amplitudes and
frequencies. (E) Membrane capacitance (pF) and series resistance (MQ) were compensated and measured by Axopatch 200 B after whole-cell
membrane penetration during all of the voltage-clamped experiments. Shown are normalized values of membrane capacitance and series resistance

of GFP only or SPIN90 YE, YF, and WT transfected neurons.
doi:10.1371/journal.pone.0054276.9006
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of spine morphology [33,34]. In addition, binding of IRSp53 to
PSD95 is required for its synaptic targeting [35]. Accordingly, it is
likely that the interaction of phosphorylated SPIN90 with PSD95
and Shank is essential for spine head enlargement. It is well known
that morphological changes of dendritic spines lead to changes in
synaptic strength. As predicted, neurons transfected with con-
structs encoding phosphorylated SPIN90 showed increased
synaptic activity. Consequently, these findings suggest that SPIN90
plays a crucial role in the regulation of dendritic spine
morphogenesis and subsequent synaptic plasticity.

In contrast to spine head width, spine length was increased by
SPIN90 YF as well as SPIN90 WT and YE. Earlier studies
demonstrated that the Arp2/3 complex likely regulates both
dendritic spine head enlargement and spine elongation
[2,11,20,36]. In particular, a regulatory effect of Arp2/3 on spine
length has been reported. The interaction of cortactin with Arp2/
3 induces spine elongation [2], and PICKI1 inhibits Arp2/3
activity and so decreases spine length [11]. The increase of spine
length in SPIN90-overexpressing neurons thus may be due to
activation of the Arp2/3 complex through its C-terminus rather
than to tyrosine phosphorylation of the SPIN90 N-terminus. This
question requires further elucidation.

Physiological and morphological modifications occur in con-
junction with long-term synaptic alterations such as LTP and L'TD
[37], and it is generally accepted that long-term synaptic
alterations are accompanied by spine shrinkage and AMPA
receptor endocytosis, although this is controversial [38,39,40].
SPIN90 is known to regulate clathrin-mediated endocytosis in
association with endocytotic proteins such as syndapin and
dynamin I [41,42]. It has been proposed, for example, that
SPIN90 (DIP) deficiency affects LTD induction by modulating
AMPA receptor endocytosis [43]. Previous studies have shown
that chemical LTP causes a redistribution of SPIN90 from
dendritic shaft to spine [16]. Taken together, these findings suggest
SPIN90 participates in the functional modification of synaptic
strength, including LTP and/or LTD. Hence, it will be important
to elucidate the molecular mechanisms by which SPIN90
modulates synaptic plasticity.

In summary, phosphorylated SPIN90 is enriched in dendritic
spines and co-localizes with postsynaptic proteins. Tyrosine
phosphorylation of SPIN90 by Src kinase is crucial for its synaptic
targeting, and increases its affinity for PSD scaffolding proteins.
We conclude that synaptic targeting of phosphorylated SPIN90 is
a key requirement for enhanced synaptic development as well as
basal synaptic activity.

Materials and Methods

Ethics Statement
All animal experiments were approved by the Gwangju Institute

of Science and Technology Animal Care and Use Committee (the
permit number: GIST-2010-14).

Antibodies and Reagents

Polyclonal anti-SPIN90 serum was described previously [44].
Mouse monoclonal antibodies were used against PSD95 (Abcam,
ABR), phosphotyrosine, HA (Millipore), GFP (Invitrogen), o-
tubulin, Flag (Sigma) and Src (Cell Signaling). Rabbit polyclonal
antibodies were used against Vamp2 (ABR) and pY416-Src (Cell
Signaling). Goat polyclonal antibody was used against actin (Santa
Cruz). Horseradish peroxidase-conjugated anti-mouse, anti-rabbit
and anti-goat secondary antibodies were purchased from the
Jackson Laboratory. Alexa Fluor 488-, 535-, 594- and 647-
conjugated donkey anti-rabbit IgG, and donkey anti-mouse IgG
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were from Molecular Probes. PP2 (4-Amino-5-(4-chlorophenyl)-7-
(t-butyl)pyrazolo[3,4-d]pyrimidine), an inhibitor of Src kinase, was
acquired from Tocris.

Plasmids

SPIN90 was inserted into pEGFP vector (BD Clontech) or
pGEX-4T-1 (Amersham Biosciences), after which the site-directed
mutants Y85, 161, 227F and Y85, 161, 227E were generated from
GFP-SPIN90 using a QuikChange TM site-directed mutagenesis
kit (Stratagene). The expression vector pLHCX was purchased
from Clontech. pLHCX-Src was used as template for the Src
Y527F (Src CA) and Src 251 (Src KD) constructs. HA-Shanklb
and HA-PSD95 were kindly provided by Dr. Okabe (Tokyo
Medical and Dental University, Japan).

Cell Culture, Transfection and Imaging

HEK293T, COS7 and SYF were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum. For primary neuronal cultures, hippocampal and cortical
neurons were collected from EI18-19 rats and cultured in
neurobasal medium (Invitrogen) supplemented with B27 (Invitro-
gen) and 2 mM GlutaMAX (Invitrogen). For biochemical
experiments we used cortical neurons because they provide
enough cell lysate to conduct biochemical analyses (e.g., immu-
noprecipitation assays). Hippocampal neurons were used for cell
imaging experiments. Cells were plated on poly-D-lysine-coated
coverslips at a density of 4x10° cells/60 mm dish. Neurons were
transfected at DIV 11-12 using a modified calcium phosphate
precipitation method. To determine the effects of SPIN90
phosphorylation and accumulation within dendritic spines and
excitatory synapses, neurons were visualized at DIV 18-21. Cells
were fixed with 4% paraformaldehyde and sucrose in PBS and
permeabilized with 0.25% Triton X-100. They were then
incubated with the appropriate primary antibodies followed by
Alexa Fluor-conjugated secondary antibodies. F-actin was stained
with Alexa Fluor 555-coupled phalloidin (Invitrogen) for 90 min at
room temperature. Images were then obtained using a Fluoview
FV 1000 confocal laser-scanning microscope equipped with 100x
and 60x oil-immersion objectives and capable of additional 3x to
4x zoom.

Bimolecular Fluorescence Complementation (BiFC)
Assays

To visualize protein interactions, BiFC assays were performed;
these are based on the premise that two non-fluorescent fragments
of a fluorescent protein can form a fluorescent complex, and that
association between the fragments can be facilitated [45]. SPIN90
and its mutants (SPIN90 Y85, 161, 227E and SPIN90 Y85, 161,
227F) were subcloned into pBiFC-VC155, and PSD95 was
subcloned into pBiFC-VN173. After transfection of hippocampal
neurons and HEK293T cell lines with these BiFC constructs, the
cells were fixed and imaged using an FVI1000 confocal
microscope.

Co-immunoprecipitation and Western Blot Analysis

Cells were briefly washed with cold PBS and extracted for 1 h at
4°C in modified radioactive immunoprecipitation assay buffer
(50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1% Nonidet P-40
(NP-40), 0.25% sodium deoxycholate, 10 mM NaF, and 1 mM
Na3;VO,) supplemented with protease inhibitors. The extracts
were then clarified by centrifugation for 10 min at 13,000 rpm,
and the protein concentrations in the supernatants were de-
termined using the Bradford assay (Bio-Rad Laboratories). The
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resultant extracts were incubated with primary antibodies over-
night at 4°C, followed by 4 h incubation with protein A/G
sepharose beads (GE Healthcare). The resultant immunoprecipi-
tates were washed extensively with extraction buffer, separated on
SDS-PAGE and transferred to PVDF membranes. The mem-
branes were blocked with 5% BSA in buffer containing 10 mM
Tris-HCL, pH 7.5, 100 mM NaCl and 0.1% Tween 20. Once
blocked, the membranes were probed with primary antibodies
followed by horseradish peroxidase-conjugated antibody, and the
blots were detected with enhanced chemiluminescence reagent

(Dogen).

Crude Synaptosome Fractionation

Mouse brain extracts were prepared as described [18,46]. In
brief, whole brains were homogenized in buffered sucrose
containing 0.32M sucrose, 4 mM HEPES, pH 7.3, 1 mM MgCl,,
0.5 mM CaCly, 10 mM NaF and 1 mM NazVO, supplemented
with protease inhibitors. All centrifugation procedures were
conducted at 4°C. The homogenate was centrifuged at 1,000 g
for 10 min (yielding pellet P1). The supernatant (SI) was
centrifuged at 12,000 g for 15 min (yielding supernatant S2).
The resulting pellet was resuspended in buffered sucrose and
centrifuged at 13,000 g for 15 min (yielding pellet P2; crude
synaptosomes). For immunoprecipitation assays, the P2 fraction
was extracted in modified RIPA buffer. For GST pull-down
assays, it was extracted in DOC buffer containing 1% sodium
deoxycholate and 50 mM Tris-HCI, pH 9.0.

In vitro kinase Assays

Purified Src kinase (Upstate) was used for i vitro protein kinase
assays with [y-*2P]-ATP and specific protein substrates. 20 mM
PIPES, pH 7.5, 10 mM MnCl,, 10 mM dithiothreitol (DTT) and
5 U of purified Src was used in all assays. Src kinase was incubated
with 2 pg of GST or GST-SPIN90 in 10 pl of 2x kinase buffer
containing 5 pCi/ul [y-"*P]-ATP and 25 uM unlabeled ATP for
10 min at 30°C. Incubations were terminated by addition of
sample buffer, after which the labeled products were resolved by
SDS-PAGE and visualized by autoradiography.

Phosphospecific Antibodies

Phosphospecific rabbit polyclonal antibody directed against
SPIN90 phosphorylated on tyrosine 161 (anti-pY161) was
generated using the phosphorylated synthetic KLH-conjugated
peptide DGGLpYQIPLPC as antigen. The peptide was pur-
chased from Anygen. The specific antibody was purified using
a SulfoLink Immobilization Kit for Peptides (Thermo) and the
immunogenic phosphorylated peptide followed by the correspond-
ing unphosphorylated peptide.

Statistical Analysis

Data were collected from at least three independent experi-
ments carried out using independent neuronal cultures and then
quantified. The statistical significance of differences between
means was assessed using unpaired Student’s t tests. Data are
presented as means * s.e.m. To evaluate the distribution of
proteins between dendritic spines and shafts, spine and shaft
fluorescence intensities were analyzed as ratios of the average
fluorescence intensities in spines and adjacent dendritic shafts.
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