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Preso, A Novel PSD-95-Interacting FERM and PDZ Domain
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PSD-95 is an abundant postsynaptic density (PSD) protein involved in the formation and regulation of excitatory synapses and dendritic
spines, but the underlying mechanisms are not comprehensively understood. Here we report a novel PSD-95-interacting protein Preso
that regulates spine morphogenesis. Preso is mainly expressed in the brain and contains WW (domain with two conserved Trp residues),
PDZ (PSD-95/Dlg/ZO-1), FERM (4.1, ezrin, radixin, and moesin), and C-terminal PDZ-binding domains. These domains associate with
actin filaments, the Rac1/Cdc42 guanine nucleotide exchange factor �Pix, phosphatidylinositol-4,5-bisphosphate, and the postsynaptic
scaffolding protein PSD-95, respectively. Preso overexpression increases the density of dendritic spines in a manner requiring WW, PDZ,
FERM, and PDZ-binding domains. Conversely, knockdown or dominant-negative inhibition of Preso decreases spine density, excitatory
synaptic transmission, and the spine level of filamentous actin. These results suggest that Preso positively regulates spine density through
its interaction with the synaptic plasma membrane, actin filaments, PSD-95, and the �Pix-based Rac1 signaling pathway.
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Introduction
PSD-95 is an abundant postsynaptic scaffolding protein impli-
cated in the regulation of the formation, maturation, mainte-
nance, and plasticity of excitatory synapses and dendritic spines
(Scannevin and Huganir, 2000; Sheng and Sala, 2001; Kim and
Sheng, 2004; Funke et al., 2005; Craig et al., 2006; Tada and
Sheng, 2006; Sheng and Hoogenraad, 2007). PSD-95 is thought
to regulate the polymerization of filamentous actin (F-actin), the
main cytoskeleton in dendritic spines (Rao and Craig, 2000;
Oertner and Matus, 2005; Tada and Sheng, 2006), and spine mor-
phogenesis through various mechanisms. For instance, PSD-95
directly interacts with actin-regulatory proteins such as Kalirin-7
[a guanine nucleotide exchange factor (GEF) for Rac1], SPAR [a
GTPase-activating protein (GAP) for Rap], and IRSp53 (a Rac1
effector) (Pak et al., 2001; Penzes et al., 2001; Soltau et al., 2004;
Choi et al., 2005). PSD-95 indirectly interacts though the
postsynaptic scaffold Shank with actin-regulatory proteins such
as �Pix (a GEF for Rac1 and Cdc42) and cortactin (an activator of
the Arp2/3 actin nucleating complex) (Hering and Sheng, 2003;
Park et al., 2003; Zhang et al., 2005). However, our current un-

derstanding of the molecular mechanisms underlying PSD-95-
dependent spine regulation may not be comprehensive.

The band 4.1 superfamily of proteins is characterized by the
FERM (4.1, ezrin, radixin, and moesin) domain (also known as
N-ERMAD), a �300-amino-acid-long module that mediates
protein anchoring to the plasma membrane (Bretscher et al.,
2000, 2002; Ramesh, 2004). Members of the band 4.1 superfamily
include ERM proteins (ezrin, radixin, and moesin), merlin, pro-
tein 4.1, talin, focal adhesion kinase, myosin VII, and protein
phosphatases. ERM proteins function as membrane-cytoskeletal
linkers contributing to the assembly and maintenance of special-
ized plasma membrane domains. ERM proteins also regulate sig-
naling pathways and membrane transport (Bretscher et al., 2000,
2002; Ramesh, 2004).

Neuronal functions of FERM domain proteins have been
studied previously. ERM proteins regulate axonal development
(Dickson et al., 2002; Mintz et al., 2003) and growth cone mor-
phology and motility (Paglini et al., 1998). 4.1N, a brain-enriched
protein 4.1 (Walensky et al., 1999), interacts with PIKE, a nuclear
GTPase, and is involved in PIKE-dependent activation of phos-
phatidylinositol 3-kinase (Ye et al., 2000). At neuronal synapses,
4.1N interacts with and regulates surface expression of AMPA
and dopamine receptors (Shen et al., 2000; Binda et al., 2002;
Hayashi et al., 2005). 4.1N also binds to CASK (calcium/
calmodulin-dependent serine kinase), a PDZ (PSD-95/Dlg/
ZO-1) scaffold that interacts with and promotes actin nucleation
on the synaptic adhesion molecule neurexin (Cohen et al., 1998;
Biederer and Sudhof, 2001; Biederer et al., 2002). These results
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indicate that synaptic FERM domain proteins anchor synaptic
receptors and adhesion molecules to actin filaments. However,
little is known about the molecular mechanisms that regulate the
integrated interactions between actin filaments, the synaptic
plasma membrane and embedded membrane proteins, and syn-
aptic scaffolding and signaling proteins.

We here report a novel and brain-specific FERM and PDZ
domain protein Preso (PSD-95-interacting regulator of spine
morphogenesis) that directly interacts with PSD-95. Results from
overexpression, knockdown, and dominant-negative inhibition
suggest that Preso regulates dendritic spine morphogenesis.

Materials and Methods
Yeast two-hybrid. Yeast two-hybrid screens (human brain cDNA library)
and assays were performed as described previously (Lee et al., 2006). For
bait constructs, the Preso C terminus [amino acids 1316 –1322; wild-type
(WT) and point mutants] and the N-terminal region containing the PDZ
domain (amino acids 32– 437) of Preso were subcloned into pBHA (Brit-
ish Biotechnology). Other PDZ domains in pGAD10 have been described
previously (Choi et al., 2005).

Expression and short hairpin RNA constructs. For Flag-tagged Preso
expression constructs, the following regions of human Preso
(KIAA0316) were subcloned into p3xFLAG-CMV7.1 (Sigma): full length
(amino acids 1–1322), �C (1–1318), �WW (68 –1322), �WW�C (68 –

1318), �WW�PDZ (186 –1322), �WW�PDZ�C (186 –1318), WW
(1–71), WW�PDZ (1–168), WW�PDZ�FERM (1– 437), and �FERM
(deletion of 203– 442). The Preso short hairpin RNA (shRNA) knock-
down construct (sh-Preso) was generated by annealing oligonucleotides
containing nucleotides 1811–1829 of rat Preso (GenBank accession
number XM_228906.4; 5�-CCTTGTGTCCCAAAGAGCA-3�) and sub-
cloning it into pSUPER.gfp/neo (Oligoengine). Deletion variants of �Pix
have been described previously (Park et al., 2003).

Antibodies. Preso polyclonal antibodies were generated using glutathi-
one S-transferase (GST) fusion proteins of Preso (human) as immuno-
gen: amino acids 4 –580 for 1495 (guinea pig) antibodies and amino acids
618 –1320 for 1496 (guinea pig) and 1488 (rabbit) antibodies. Specific
antibodies were affinity purified using polyvinylidene difluoride mem-
branes (GE Healthcare). Antibodies for PSD-95, PSD-93, SAP97,
SAP102, enhanced green fluorescent protein (EGFP), and �Pix have
been described previously (Park et al., 2003; Choi et al., 2005). Other
antibodies were purchased: PSD-95 from Affinity BioReagents; and syn-
aptophysin, synapsin I, �-tubulin, MAP2, and Flag from Sigma.

PIP2 binding assay. Phosphatidylinositol-4,5-bisphosphate (PIP2)
binding of the Preso FERM domain was examined as described previ-
ously (Barret et al., 2000). Briefly, large multilamellar liposomes were
prepared from phosphatidylcholine (PC) and PIP2 in buffer comprising
20 mM HEPES, pH 7.4, and 0.2 mM EGTA. Purified GST–FERM (Preso
amino acids 173– 437) preincubated in HEPES buffer was incubated with
liposomes (final concentrations of 25 �g/ml proteins and 0.5 mg/ml

Figure 1. Interaction between PSD-95 and Preso. A, Domain structure of Preso (human) and its C. elegans and Drosophila homologs. PDZB, PDZ domain-binding motif. B, Preso interacts with the
PDZ domains of PSD-95 family proteins in the yeast two-hybrid assay. The Preso C terminus, WT (last 7 residues), and a point mutant lacking the PDZ interaction (V1322A), in pBHA (bait vector) was
tested for binding to PDZ domains in pGAD10 (prey vector). PDZ domains from S-SCAM (synaptic scaffolding molecule) were used as negative controls. HIS3 activity: ���, �60%; ��,
30 – 60%; �, 10 –30%; �, no significant growth. �-Galactosidase activity: ���, �45 min; ��, 45–90 min; �, 90 –240 min; �, no significant activity. C, GST fusion proteins of Preso
(amino acids 1316 –1322) pull-down PSD-95 family proteins expressed in HEK293T cells. D, Preso forms a complex with PSD-95 family proteins in HEK293T cells. Cell lysates double transfected
(Trans) with Flag–Preso and PSD-95 family proteins were immunoprecipitated (IP) with Flag antibodies and immunoblotted (IB) with the indicated antibodies. �C, A mutant that lacks the last four
residues and thus PSD-95 binding. E, Preso forms a complex with PSD-95 and PSD-95 relatives in brain. Detergent lysates of the crude synaptosomal fraction of adult rat brain were immunopre-
cipitated with the Preso antibodies (1488) or rabbit IgG (Rb; control) and immunoblotted with the indicated antibodies. F, PSD-95 overexpression in cultured hippocampal neurons promotes spine
localization of endogenous Preso. Cultured neurons transfected with PSD-95–EGFP or EGFP alone (control; DIV 15–16) were stained for EGFP and Preso. Spine localization of Preso was determined
by comparing the immunofluorescence intensity of Preso at a dendritic spine versus an adjacent dendritic trunk. Scale bar, 5 �m. G, PSD-95 promotes spine localization of Preso through its PDZ
interaction with Preso. Cultured neurons were double transfected with PSD-95–EGFP and Flag–Preso (WT or �C; DIV 15–16) and stained for EGFP (PSD-95) and Flag (Preso). PSD-95 was
cotransfected with Preso to ensure that the amount of endogenous PSD-95 was not a limiting factor for spine localization of exogenously expressed Preso. Spine localization of Preso was determined
by comparing the immunofluorescence intensity of Preso, normalized to that of PSD-95–EGFP (see Materials and Methods), in a PSD-95-positive dendritic spine with that in adjacent dendritic trunk.
Scale bar, 5 �m.
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lipid). Mixtures were subsequently centrifuged for 30 min at 100,000 � g,
4°C, followed by immunoblot analysis. To further determine the speci-
ficity of PIP2 binding, neomycin (Sigma), a high-affinity PIP2 ligand, was
preincubated with liposomes before mixing with proteins.

F-actin cosedimentation assay. F-actin binding assay was performed as
described by the manufacturer (Cytoskeleton). In brief, protein prepara-
tions (GST–WW and �-actinin) were incubated with freshly polymer-
ized actin (F-actin) for 30 min at room temperature. After incubation,
reaction solution was subject to ultracentrifugation (150,000 � g) to
pellet F-actin and proteins bound to F-actin. The pellet and supernatant
were analyzed by Coomasie blue staining.

Pull-down and immunoprecipitation. For GST pull-down, the last
seven residues of Preso were subcloned into pGEX4T-1. For in vitro
coimmunoprecipitation, transfected HEK293T cells were extracted in
PBS containing 1% Triton X-100 and pulled down by Flag-agarose
(Sigma). For in vivo coimmunoprecipitation, deoxycholate extracts of
the crude synaptosomal fraction of adult (6 weeks) rat brain were immu-
noprecipitated with Preso (1488, 10 �g/ml), or rabbit IgG (control),
antibodies, and immunoblotted with the following antibodies; Preso
(1496, 1 �g/ml), PSD-95 (1:1000), PSD-93 (1:1000), SAP97 (1:1000),
and SAP102 (1:1000).

Neuron culture, transfection, and immunohistochemistry. Cultured hip-
pocampal neurons were prepared from embryonic day 18 rat brain. Dis-
sociated neurons on poly-L-lysine-coated (1 mg/ml) coverslips were
placed in Neurobasal medium supplemented with B27 (Invitrogen), 0.5
mM L-glutamine, 12.5 �M glutamate, and penicillin–streptomycin (In-
vitrogen) for 3 h and grown in fresh medium without glutamate. Neu-
rons were transfected by calcium phosphate precipitation (mammalian
transfection kit; Invitrogen). For immunostaining, neurons were perme-
abilized by PBS containing 0.2% Triton X-100 and incubated with pri-
mary antibodies against Preso (1496; 2 �g/ml), PSD-95 (1:500), MAP2
(1:500), EGFP (1:500), synapsin I (1:500), and Flag (1 �g/ml), followed

by cyanine 3-, cyanine 5-, or FITC-conjugated secondary antibodies
(Jackson ImmunoResearch). Rat brain sections (50 �m) permeabilized
by 50% ethanol were immunostained with Preso (1496; 5 �g/ml) anti-
bodies. F-actin in COS-7 cells was visualized using rhodamine–
phalloidin (1:500; Invitrogen).

Image acquisition and quantification. Fluorescent images were ac-
quired using a confocal microscope (LSM510). The same parameter set-
tings were used for all scans. Each experiment was repeated two to three
times, and images were blindly analyzed using MetaMorph (Universal
Imaging). Dendritic spines were defined as protrusions 0.5–3 �m length,
with or without a head. Spine density was measured by counting the
number of spines on 12–24 neurons (�200 �m total dendritic length per
neuron). For spine dimensions, �700 –1300 spines were measured by
manually drawing a vertical line from the base of the neck to the furthest
point on the spine head for length and by drawing a maximal line per-
pendicular to the length for width. The density and dimensions of spines
from single neurons were averaged to obtain a population mean and
SEM. Statistical significance was determined by Student’s t test or
ANOVA Tukey’s test. To measure the spine localization of endogenous
Preso, its immunofluorescence intensity in a PSD-95-positive spine was
compared with that of an adjacent dendritic trunk. For exogenous Preso
cotransfected with PSD-95, Preso signals ( R) at spines and adjacent den-
dritic trunks were normalized to those of PSD-95–EGFP ( G) to obtain
the spine localization index of Preso ([R/G]spine/[R/G]dendrite). The spine
to dendrite ratios of Preso localization were obtained from �30 measure-
ments per neuron in 9 –12 neurons. For colocalization of Preso variants
with F-actin in COS cells, area of Preso overlapping with F-actin were
analyzed using the colocalization module of MetaMorph.

Electrophysiology. Cultured hippocampal neurons were transfected
with Preso overexpression or knockdown constructs [days in vitro (DIV)
10 –17]. EGFP-expressing neurons were whole-cell voltage clamped at
�60 mV using an Axopatch 200B amplifier (Molecular Devices). Min-

Figure 2. Expression patterns of Preso mRNAs and proteins. A–C, Distribution patterns of Preso mRNAs in the brain. Coronal (A), sagittal (B), and horizontal (C) sections of adult mouse brain (6
weeks) were hybridized with a Preso riboprobe. Ctx, Cortex; Hc, hippocampus; MHb, medial habenular nucleus; St, striatum; Ob, olfactory bulb; Cb, cerebellum. Scale bar, 6 mm. D, Three different
Preso antibodies (1495, 1496, and 1488) differentially recognize two Preso bands (upper and lower, indicated by filled and open arrowheads, respectively). Tx, Preso proteins expressed in transfected
HEK293T cells. P2, Crude synaptosomal fraction from adult rat brain. E, Brain-specific expression of Preso proteins, revealed by immunoblot analysis of adult rat tissue homogenates. Sk, Skeletal. F,
Widespread distribution of Preso proteins in adult rat brain regions. R, Other regions of the brain. PSD-95 and �-tubulin were used as controls. G, Gradual increase in Preso expression during
postnatal rat brain development. E, Embryonic day; P, postnatal day; Ad, adult (6 weeks). H, Distribution of Preso in subcellular fractions of rat brain. H, Homogenates; S2, supernatant after P2
precipitation; S3, cytosol; P3, light membranes; LP1, synaptosomal membranes; LS2, synaptosomal cytosol; LP2, synaptic vesicle-enriched fraction. Synaptophysin (SynPhy) was used as control. I,
Enrichment of Preso in PSD fractions. Postsynaptic density fractions extracted with Triton X-100 once (PSD I), twice (PSD II), and Triton X-100 and a strong detergent Sarcosyl (PSD III) were
immunoblotted with Preso and PSD-95 antibodies. Note that the upper, but not the lower, Preso band is selectively enriched.
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iature EPSCs (mEPSCs) were analyzed using the Mini Analysis Program
(Igor).

Results
Identification of Preso as a novel PSD-95-interacting protein
Yeast two-hybrid screens with the PDZ domains of PSD-95
and a human brain cDNA library yielded a novel protein des-
ignated Preso (GenBank accession numbers KIAA0316 and
NP055543; 1322 amino acids). Preso contains protein inter-

action domains, including WW (domain with two conserved
Trp residues), PDZ, and FERM domains in the N-terminal
half and a C-terminal PDZ domain-binding motif, which in-
teracts with the PDZ domains of PSD-95 (Fig. 1 A). Homologs
of Preso were found in Caenorhabditis elegans and Drosophila,
which exhibited higher amino acid sequence identity in WW,
PDZ, and FERM domains (C. elegans, GenBank accession
number T33637, 691 amino acids, 27% identity; Drosophila,

Figure 3. Preso associates with PIP2 and actin filaments. A, Association of the Preso FERM domain with PIP2. GST fusion proteins containing the FERM domain of Preso (GST-Preso-FERM)
cosedimented with liposomes containing PC plus PIP2 but not with those with PC alone (control). Neomycin, a high-affinity PIP2 ligand, was added to confirm the specificity of PIP2 binding to the
Preso FERM domain. B, Schematic diagram of Preso deletion variants. C–G, The WW domain of Preso is sufficient and required for F-actin association. COS-7 cells transfected with Flag–Preso deletion
variants were stained for Flag (for Preso) and F-actin (rhodamine–phalloidin). Cells were visualized within �12 h of transfection to minimize overexpression of the proteins. Scale bar, 10 �m. H,
Quantification of the colocalization of Preso variants with F-actin from the results in C–G. Area of Preso overlapping with F-actin was compared with the total area of Preso to obtain the ratio of
F-actin-positive Preso/total Preso. Mean 	 SEM (n 
 3 cells, respectively; ***p � 0.001, ANOVA Tukey’s test). I, Preso does not coprecipitate with F-actin. GST fusion proteins containing the WW
domain of Preso (GST-WW; amino acids 1–71) or �-actinin (a positive control) were mixed with F-actin, precipitated by ultracentrifugation, and Coomasie blue stained. P, Pellet; S, supernatant.
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GenBank accession number AAF55127,
1363 amino acids, 21% identity) (Fig.
1 A).

In yeast two-hybrid assays, Preso inter-
acted with all known PSD-95 family pro-
teins (PSD-95/SAP90, PSD-93/chapsyn-
110, SAP97, and SAP102) in vitro (Fig.
1B). The Preso C terminus bound with
high affinity to the first two PDZ domains.
Preso binding to PSD-95 family proteins
was further confirmed in pull-down and in
vitro coimmunoprecipitation assays (Fig.
1C,D). In rat brain, Preso formed a com-
plex with all known PSD-95 family pro-
teins (Fig. 1E), consistent with the in vitro
results. Details on the Preso antibodies
used for coimmunoprecipitation experi-
ments are described below (Fig. 2D).

We next tested whether PSD-95 inter-
action promotes synaptic localization of
Preso, which is partly synaptic (see below).
In cultured hippocampal neurons, overex-
pression of PSD-95 markedly increased
spine localization of endogenous Preso, as
determined by the relative distribution of
Preso at a spine versus a nearby dendritic
trunk (EGFP alone, 1.12 	 0.06, n 
 9;
PSD-95–EGFP, 1.91 	 0.08, n 
 10;
***p � 0.001 compared with EGFP alone,
Student’s t test) (Fig. 1F). In addition, in
neurons double transfected with Preso and
PSD-95, WT Preso showed a greater spine
localization than a mutant Preso that lacks
PSD-95-binding C terminus (Preso �C)
(WT Preso, 0.96 	 0.06, n 
 11; Preso �C,
0.59 	 0.03, n 
 9; ***p � 0.001, Student’s
t test) (Fig. 1G). These results suggest that
PSD-95 promotes synaptic localization of
Preso through their PDZ interaction.

PDZ-interacting peptides are often
phosphorylated at the �2 position, and
this phosphorylation inhibits their PDZ
interactions (Hung and Sheng, 2002). The
Preso C- terminal sequence is KIKETTV
(supplemental Fig. S1A, available at www.
jneurosci.org as supplemental material). A
phosphomimetic mutation at the �2 po-
sition of the Preso C terminus (KIKEDTV; T1320D) abolished
the coprecipitation of Preso with PSD-95 in HEK293T cells, sim-
ilar to results with the Preso �C mutant (supplemental Fig. S1B,
available at www.jneurosci.org as supplemental material). In ad-
dition, significantly lower levels of the Preso T1320D mutant are
localized to dendritic spines compared with WT Preso (supple-
mental Fig. S1C,D, available at www.jneurosci.org as supplemen-
tal material). These results suggest that the interaction of Preso
with PSD-95 may be regulated by phosphorylation.

Expression patterns of Preso mRNAs and proteins
Because Preso is a novel protein, we examined expression pat-
terns of Preso mRNAs and proteins. Preso mRNAs were widely
expressed in various mouse brain regions, including cortex, hip-
pocampus, cerebellum, olfactory bulb, and medial habenular nu-
cleus (Fig. 2A–C). For the analysis of protein expression, we gen-

erated polyclonal Preso antibodies (1495, 1496, and 1488) using
immunogens containing two independent regions of Preso.
These antibodies revealed two major Preso bands in the brain
(�170 and 140 kDa, respectively), which were differentially rec-
ognized by the antibodies (Fig. 2D). The upper band had a mo-
lecular weight similar to Preso proteins expressed in heterologous
cells. Immunoblot analysis revealed that Preso proteins are pre-
dominantly expressed in the brain, widespread in various brain
regions, and gradually increased during postnatal rat brain devel-
opment (Fig. 2E–G). Preso proteins were detected in various
subcellular fractions of rat brain, including crude synaptosomes
(P2), cytosol (S3), and light membranes (P3) (Fig. 2H). The up-
per, but not the lower, Preso band was enriched in postsynaptic
density (PSD) fractions including the PSD III fraction (Fig. 2 I),
indicative of a very tight association with the PSD.

When immunofluorescence staining of Preso was performed

Figure 4. Dendritic spine density is regulated by Preso overexpression and dominant-negative inhibition. A, Effects of Preso
overexpression on dendritic spines. Cultured hippocampal neurons were transfected with Flag–Preso (WT or �C) plus EGFP or
EGFP alone (control) (DIV 9 –16) and visualized by immunofluorescence staining for Flag and EGFP. Scale bar, 5 �m. B–D, Preso
overexpression increases spine density (B; number of spines in 100 �m dendrites) but not length (C) or width (D) in a manner
requiring the PSD-95-binding C terminus. Mean 	 SEM (n 
 12 neurons for EGFP, 15 for WT, and 11 for �C, **p � 0.01, ANOVA
Tukey’s test). E, Effects of Preso deletion variants on spine density. Neurons double transfected with Preso deletion variants and
EGFP (DIV 9 –16) were stained for EGFP and Preso (data not shown). Scale bar, 5 �m. F, Quantification of the results from E.
Deletion of the WW domain reverses Preso-dependent spine promotion, similar to the C-terminal deletion. In addition, Preso
�WW�PDZ�C reduces spine density in a dominant-negative manner. Mean 	 SEM (n 
 20 for EGFP, 18 for WT, 24 for �C, 13
for �WW, 12 for �WW�C, 12 for �WW�PDZ, and 16 for �WW�PDZ�C; **p � 0.01, ANOVA Tukey’s test).
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in cultured hippocampal neurons, Preso was detected in MAP2
(dendritic marker)-positive dendrites, with some signals in
MAP2-negative axons (supplemental Fig. S2A, available at www.
jneurosci.org as supplemental material). In dendrites, Preso sig-
nals were detected in discrete clusters, which were localized at
PSD-95-positive synaptic sites (Preso-positive PSD-95, 72%) as
well as PSD-95-negative extrasynaptic sites (supplemental Fig.
S2B, available at www.jneurosci.org as supplemental material),
consistent with its widespread biochemical distribution in rat

brain fractions. In brain slices, Preso sig-
nals were observed in various rat brain re-
gions, including hippocampus, cortex,
and cerebellum (supplemental Fig. S3,
available at www.jneurosci.org as supple-
mental material), similar to the distribu-
tion patterns Preso mRNAs. Preso signals
were detected in dendrites of principal
neurons, including hippocampal CA1 and
CA3 pyramidal cells and cerebellar Pur-
kinje cells.

Preso associates with PIP2 and
actin filaments
Because many FERM domains bind PIP2

(Niggli et al., 1995; Hirao et al., 1996), we
tested whether the FERM domain of Preso
associates with PIP2. GST fusion proteins
fused to the FERM domain of Preso co-
sedimented with PIP2-containing, but not
control, liposomes (Fig. 3A). Preincuba-
tion of PIP2-containing liposomes with
neomycin, a high-affinity PIP2 ligand, in-
hibited the cosedimentation with the
Preso FERM domain, suggesting the Preso
FERM domain specifically associates with
PIP2.

A number of FERM domain-
containing proteins often associate with
actin filaments in addition to PIP2

(Bretscher et al., 2002; Ramesh, 2004),
suggesting that Preso might interact with
F-actin. During expression in COS-7 cells,
Preso colocalized with F-actin-rich struc-
tures, such as lamellipodia and stress fibers
(Fig. 3B,C). Deletion of the WW domain
of Preso (�WW) eliminated the actin co-
localization of Preso, whereas the WW do-
main (WW) alone was sufficient for actin
colocalization (Fig. 3B,D–G). Quantifica-
tion analysis showed significantly reduced
levels of F-actin colocalization with Preso
�WW compared with other Preso variants
with intact WW domains (Fig. 3H). How-
ever, Preso did not coprecipitate with
F-actin in a sedimentation assay, whereas
�-actinin, a positive control, was brought
down by F-actin (Fig. 3I). The results sug-
gest that Preso indirectly associates with
actin filaments through the WW domain.

Preso overexpression leads to an
increase in spine density
Because Preso associates with actin fila-

ments, a main cytoskeleton in dendritic spines (Rao and Craig,
2000; Oertner and Matus, 2005; Tada and Sheng, 2006), we ex-
amined the effects of Preso overexpression on dendritic spines.
Preso overexpression in cultured hippocampal neurons signifi-
cantly increased the linear density of dendritic spines, as defined
by dendritic protrusions 0.5–3.0 �m long (with or without the
head) (Fig. 4A,B). However, the length and width of dendritic
spines were not changed (Fig. 4A,C,D). This suggests that Preso
positively regulates dendritic spine density but not morphology.

Figure 5. Preso knockdown decreases the number of dendritic spines and excitatory synapses. A, Effects of Preso shRNA
knockdown on dendritic spines and excitatory synapses. Cultured neurons were transfected with a Preso knockdown construct
(sh-Preso), empty pSuper vector (sh-vec), or sh-Preso plus rescue Preso expression construct (Rescue; human; DIV 9 –16) and
stained for EGFP (for shRNA transfection), PSD-95 (an excitatory postsynaptic marker), and synapsin I (a presynaptic marker). Scale
bar, 5 �m. B–D, Preso knockdown reduces spine number (B) but not length (C) or width (D). Preso knockdown also reduces the
number of excitatory synapses (E), as defined by synapsin I-positive PSD-95 clusters. Note that the human Preso expression
construct, which differs from rat Preso by 2 nt in the 19 bp shRNA target region, fully rescues the negative effects of Preso
knockdown on spine density and excitatory synapse number. Mean 	 SEM (n 
 22 for sh-vec, 22 for sh-Preso, and 30 for rescue;
***p � 0.001, ANOVA Tukey’s test).
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In contrast, overexpression of Preso mutants (Preso �C and
Preso �WW), which lack the C-terminal PDZ-binding motif and
the WW domain, respectively, did not show spine-promoting
effects (Fig. 4A–F). This suggests that Preso promotes spine den-
sity in a manner requiring its binding to PSD-95 as well as actin
filaments. Moreover, a bigger deletion in Preso (Preso
�WW�PDZ�C) caused a significant reduction in spine density
in a dominant-negative manner (Fig. 4E,F), further supporting
the importance of Preso in spine regulation.

Preso knockdown causes a decrease in spine density
We next observed the effects of Preso knockdown on dendritic
spines, using an shRNA construct that reduces endogenous Preso
expression (sh-Preso) by �80% in cultured neurons (supple-
mental Fig. S4A,B, available at www.jneurosci.org as supplemen-
tal material). Preso knockdown in cultured hippocampal neu-
rons significantly reduced dendritic spine density (Fig. 5A,B).
However, Preso knockdown had no effects on spine length and
width (Fig. 5A,C,D). In addition, Preso knockdown reduced the
number of excitatory synapses, as defined by synapsin I (a pre-
synaptic marker)-positive PSD-95 clusters (Fig. 5A,E). In con-
trast, cotransfection of neurons with sh-Preso and an sh-Preso-
resistant Preso expression construct, which restores Preso
expression levels to 126% (n 
 10 cells) of original levels, fully
reversed the Preso knockdown-induced reductions in spine den-
sity and excitatory synapse number (Fig. 5A–E). These results
suggest that Preso is required for the maintenance of dendritic
spines.

Preso knockdown suppresses excitatory
synaptic transmission
To determine whether Preso-dependent regulation of spine den-
sity and excitatory synapses accompanies a reduction in excita-
tory synaptic transmission, we tested whether Preso overexpres-
sion or knockdown affects excitatory synaptic transmission, as
measured by mEPSCs. Overexpression of Preso in cultured hip-
pocampal neurons did not affect the frequency or amplitude of
mEPSCs compared with control neurons expressing EGFP alone
(sh-vec) (Fig. 6A–C), contrary to the increase in spine density by
Preso overexpression (Fig. 4). This suggests that Preso overex-
pression is not sufficient for the functional maturation of in-
duced spines. Importantly, however, Preso knockdown led to a
significant decrease in the frequency, but not amplitude, of mEP-
SCs (Fig. 6A–C), consistent with the Preso knockdown-induced
decreases in spine density and excitatory synapse number (Fig. 5).
These results suggest that Preso is required for the maintenance
of excitatory synaptic transmission.

Preso interacts with �Pix and requires the PDZ and FERM
domains for spine regulation
To understand the functions of the PDZ domain of Preso, we
attempted another yeast two-hybrid screen using the N-terminal
region of Preso containing the PDZ domain as bait. We isolated
�Pix, a GEF for Rac1 and Cdc42 small GTPases, as a novel bind-
ing partner of the Preso PDZ domain. Preso formed a complex
with �Pix in HEK293T cells (Fig. 7A,B). Deletion of the last four
residues in �Pix (�ETNL) slightly reduced Preso association of
�Pix (Fig. 7A,B). Another �Pix mutant that lacks the leucine
zipper (LZ) domain showed a greater reduction in Preso associ-
ation. Deletion of the region containing LZ and the last four
residues completely abolished Preso association, suggesting that
both the LZ domain and the last four residues of �Pix are in-

volved in the interaction with Preso. Molecular modeling pre-
dicted that the Glu (E) residue at the �3 position in the �Pix C
terminus forms a strong salt bridge with R102 in the Preso PDZ
domain (Fig. 7C). Indeed, a point mutation (R102A) in the PDZ
domain of Preso abolished its �Pix interaction (Fig. 7D). In
brain, Preso antibodies brought down �Pix proteins, and, con-
versely, �Pix coprecipitated with Preso (Fig. 7E), suggesting that
Preso and �Pix form a complex in vivo.

We next determined whether the PDZ domain of Preso is
required for Preso-induced enhancement of spine density. Over-
expression of a Preso variant with a point mutation in the PDZ
domain (PDZ R102A), which lacks �Pix interaction, did not in-
duce a significant increase in spine density in cultured neurons,
contrary to WT Preso (Fig. 7F,G). In addition, the spine density
in neurons expressing PDZ R102A was significantly smaller than
that in neurons expressing WT Preso (Fig. 7F,G). In parallel
experiments, a mutant Preso that lacks the PIP2-binding FERM
domain (�FERM) induced a reduction in spine density in a
dominant-negative manner (Fig. 7F,G). These results suggest
that Preso positively regulates dendritic spine density in a manner
requiring the PDZ and FERM domains.

Figure 6. Preso knockdown decreases excitatory synaptic transmission. A, Effects of Preso
overexpression and knockdown on mEPSCs. Cultured neurons were transfected with WT Preso
expression construct plus sh-vec, sh-vec, or sh-Preso (DIV 10 –17), followed by mEPSC measure-
ments. WT Preso was cotransfected with sh-vec to visualize transfected live neurons, using EGFP
proteins expressed from sh-vec and to compare the effects of Preso overexpression with those of
sh-vec. B, C, Quantification of the results from A. Note that Preso overexpression does not affect
mEPSCs, whereas Preso knockdown decreases the frequency, but not amplitude, of mEPSCs.
Mean 	 SEM (n 
 14 for WT, n 
 16 for sh-vec, and 11 for sh-Preso; **p � 0.01, ANOVA
Tukey’s test).
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Knockdown or inhibition of Preso reduces spine content
of F-actin
Our data indicate that Preso associates with F-actin (Fig. 3) and
directly interacts with �Pix (Fig. 7), a positive regulator of the
actin cytoskeleton in dendritic spines (Zhang et al., 2003). We
thus investigated whether reduced expression or inhibition of
Preso affects F-actin levels in dendritic spines. Interestingly,
Preso knockdown significantly reduced the spine level of F-actin,
whereas that of PSD-95 was unaffected (Fig. 8A,B). In addition,
overexpression of Preso �WW�PDZ�C, which reduces spine
density in a dominant-negative manner (Fig. 4E,F), significantly
reduced the spine level of F-actin but not PSD-95 (Fig. 8A,B).

These results indicate that Preso is important for the mainte-
nance of F-actin stability in dendritic spines.

Discussion
The present study identifies Preso as a novel binding partner of
PSD-95 that contains WW, PDZ, FERM, and C-terminal PDZ-
binding domains. Functionally, Preso positively regulates den-
dritic spine density in a manner requiring the four domains of
Preso. How might these domains contribute to Preso-dependent
spine regulation? First, the WW domain of Preso may contribute
to spine regulation by associating with actin filaments, a principal
cytoskeletal component of dendritic spines (Rao and Craig, 2000;

Figure 7. Preso interacts with �Pix and increases spine density in a manner requiring the PDZ and FERM domains. A, Diagram of deletion variants of EGFP–�Pix used in the coimmunoprecipi-
tation with Flag–Preso. SH3, Src homology 3; DH, Dbl homology; PH, pleckstrin homology; PXXP, proline-rich region; GBD, GIT-binding domain; aa, amino acids. B, �Pix requires the LZ and
C-terminal domains for the interaction with Preso. Lysates of HEK293T cells double transfected with Flag–Preso plus EGFP–�Pix (WT and mutants) were immunoprecipitated (IP) with Flag–agarose
and immunoblotted with Flag and EGFP antibodies. C, Molecular modeling and stereo view of the interaction between the �Pix C terminus, which ends with WDETNL (green), and the Preso PDZ
domain (yellow). The model was built using the structure of the PDZ domain of human RGS-3 (Protein Data Bank identification number 2F5Y), which has a high amino acid sequence identity to the
Preso PDZ domain. Note that residues at 0, �2, and �3 positions are important for the PDZ interaction. Especially, the Glu (E) residue at the �3 position is highly likely to form a salt bridge with
R102 in the Preso PDZ domain. D, R102 residue in the Preso PDZ domain is critical for the interaction with the �Pix C terminus. Lysates of HEK293T cells double transfected with Flag–Preso (point
mutants; F89A or R102A) plus EGFP-�Pix were immunoprecipitated with EGFP antibodies and immunoblotted with EGFP and Flag antibodies. E, Preso forms a complex with �Pix in the brain.
Detergent lysates of the crude synaptosomal fraction of adult (6 weeks) rat brain were immunoprecipitated with Preso antibodies (1488), �Pix antibodies (1254), or rabbit IgG (Rb; control) and
immunoblotted with �Pix (1257) and Preso (1496) antibodies. F, Preso requires the PDZ and FERM domains for the enhancement of spine density. Neurons double transfected with Preso mutants
(PDZ R102A or �FERM that lacks the FERM domain) plus EGFP (DIV 9 –16) were stained for EGFP and Preso. Scale bar, 5 �m. G, Quantification of the results from F. PDZ mutant (PDZ R102A) did not
increase significantly. Mean 	 SEM (n 
 17 for EGFP, 15 for WT, 20 for PDZ R102A, and 14 for �FERM; *p � 0.05, **p � 0.01, ANOVA Tukey’s test).
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Oertner and Matus, 2005; Tada and Sheng, 2006). This is consis-
tent with the reported F-actin association of various spine regu-
latory proteins, including SPAR, cortactin, drebrin, profilin,
neurabin, spinophilin, abp1, �-actinin, and myosins II/VI (Pak et
al., 2001; Ackermann and Matus, 2003; Hering and Sheng, 2003;
Takahashi et al., 2003; Nakagawa et al., 2004; Qualmann et al.,
2004; Zito et al., 2004; Osterweil et al., 2005; Terry-Lorenzo et al.,
2005; Ryu et al., 2006).

Second, the PDZ domain of Preso interacts with �Pix, a GEF
for Rac1 and Cdc42, which are well known for its roles in the
regulation of spine morphogenesis (Yuste and Bonhoeffer, 2004;
Ethell and Pasquale, 2005; Govek et al., 2005; Kennedy et al.,
2005; Newey et al., 2005; Segal, 2005; Calabrese et al., 2006; Tada
and Sheng, 2006; Schubert and Dotti, 2007). In addition, a sig-
naling complex containing CaMKI (calcium/calmodulin-
dependent kinase I), GIT1, Pix, Shank, Rac, and PAK (p21-
activated kinase) has been strongly implicated in the regulation of
F-actin polymerization and dendritic spines (Park et al., 2003;
Penzes et al., 2003; Zhang et al., 2003; Hayashi et al., 2004; Zhang
et al., 2005; Saneyoshi et al., 2008).

Third, the FERM domain of Preso associates with PIP2, a
phospholipid concentrated in the plasma membrane, and regu-
lates various cellular processes, including endocytosis, exocytosis,
and plasma membrane-cytoskeleton interaction (Di Paolo and
De Camilli, 2006). Therefore, the FERM domain of Preso may
mediate the anchoring of Preso to the synaptic plasma mem-
brane. In addition, the PIP2 binding of Preso may promote Preso-
associated actin filaments to be linked to the synaptic plasma
membrane. This is reminiscent of the involvement of ERM pro-
teins in linking the plasma membrane with actin filaments
(Bretscher et al., 2000, 2002; Ramesh, 2004). Last, the C terminus
of Preso interacts with PSD-95, and this interaction promotes
synaptic localization of Preso. Consistently, a subset of Preso
proteins is tightly associated with the PSD. This suggests that
PSD-95 may recruit Preso to the PSD to support its spine regu-
latory effects.

How might these molecular mechanisms be integrated for

Preso-dependent spine regulation? A straightforward possibility
is that Preso, which is capable of interacting with both PIP2 and
actin filaments, might play a role in linking the synaptic plasma
membrane with actin filaments, as mentioned above. In addition,
Preso, which can associate with both actin filaments and PSD-95,
may link actin filaments to the PSD. The PSD is likely to be in
close contact with the growing ends of actin filaments and play a
key role in regulating actin dynamics (Rao and Craig, 2000).
Consistently, knockdown and dominant-negative inhibition of
Preso reduced spine content of F-actin but not PSD-95 (Fig. 8).
This is reminiscent of SPAR, a spine-promoting Rap GAP that
associates with both PSD-95 and F-actin (Pak et al., 2001). A
similar interaction has been observed in other FERM domain
proteins, i.e., protein 4.1 links actin filaments to the PDZ-
containing scaffold CASK/LIN-2 (Cohen et al., 1998; Biederer
and Sudhof, 2001), and ERM proteins couple actin filaments to
the tandem PDZ protein EBP50 (Reczek et al., 1997). Finally,
because Preso associates with �Pix, Preso might bring �Pix-
associated F-actin polymerizing activity to the proximity of
growing actin filaments. These possibilities collectively suggest
that Preso might function as a point in which the synaptic plasma
membrane, actin filaments, PSD-95, and the �Pix-based Rac sig-
naling complex are integrated for spine regulation.

It should be noted that a significant fraction of Preso proteins
are present in the cytosolic fraction (Fig. 2H), despite the fact that
Preso associates with synaptically concentrated actin filaments
and PSD-95, although �Pix has been shown to be present in both
crude synaptosomal as well as extrasynaptosomal rat brain frac-
tions (Park et al., 2003). This suggests that the subcellular local-
ization of extrasynaptic Preso might be regulated. In support of
this possibility, a mutant Preso mimicking the C-terminal phos-
phorylation shows reduced PSD-95 binding and spine localiza-
tion (supplemental Fig. S1, available at www.jneurosci.org as
supplemental material). It has been shown that PIP2 binding to
the FERM domain recruits dormant ERM proteins from the cy-
tosol to the plasma membrane and activates them by unmasking
the F-actin binding site for ERM-dependent cross-linking of ac-

Figure 8. Knockdown or inhibition of Preso reduces F-actin levels in dendritic spines. A, Preso shRNA knockdown or overexpression of a dominant-negative Preso (�WW�PDZ�C) in neurons
reduces spine levels of F-actin but not that of PSD-95. Cultured neurons were transfected with a Preso knockdown construct (sh-Preso), an empty pSuper vector (sh-vec), or a Preso mutant construct
(sh-vec��WW�PDZ�C; DIV 9 –16) and stained for EGFP, F-actin (by rhodamine–phalloidin), and PSD-95. Spine levels represent average fluorescence intensities of F-actin or PSD-95 signals in
a spine. Scale bar, 5 �m. B, Quantification of the results from A. Mean 	 SEM (n 
 29 for sh-vec, 21 for sh-Preso, and 27 for �WW�PDZ�C; ***p � 0.001, ANOVA Tukey’s test).
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tin filaments with the plasma membrane (Bretscher et al., 2000,
2002; Ramesh, 2004). Therefore, the subcellular localization of
Preso proteins in neurons might be regulated by levels of local
PIP2 and protein phosphorylation in an activity-dependent
manner.

In conclusion, our study identifies a novel PSD-95-interacting
FERM and PDZ domain protein Preso. Preso regulates dendritic
spines in a manner requiring its four distinct domains involved in
the association with actin filaments, �PIX, PIP2, and PSD-95.
Future studies will focus on genetic confirmation of Preso func-
tions and exploration of detailed molecular mechanisms under-
lying Preso-dependent spine regulation.
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