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Abstract

Proteomic analyses have revealed a novel synaptic proline-rich membrane protein: PRR7 (proline rich 7), in the postsynaptic
density (PSD) fraction of rat forebrain. PRR7 is 269 amino acid residues long, and displays a unique architecture, composed of
a very short N-terminal extracellular region, a single membrane spanning domain, and a cytoplasmic domain possessing a
proline-rich sequence and a C-terminal type-1 PDZ binding motif. A fraction of PRR7 accumulates in spines along with synapse
maturation, and colocalizes with PSD-95 in a punctate pattern in rat hippocampal neural cultures. Immunoprecipitation and
GST pull-down assays demonstrated that PRR7 binds to the third PDZ domain of PSD-95. In addition, the NMDA receptor sub-
units, NR1 and NR2B, specifically co-immunoprecipitated with PRR7. These results suggest that PRR7 is involved in modulating
neural activities via interactions with the NMDA receptor and PSD-95, and PSD core formation.
� 2004 Elsevier Inc. All rights reserved.
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The postsynaptic density (PSD) is a thick and dense
structure, observed in the excitatory postsynaptic mem-
brane, which involves various kinds of proteins, such as
ion channel, scaffolding, cytoskeletal, and signaling pro-
teins. Studies of the molecular components of the PSD
over the last two decades have revealed the highly orga-
nized protein networks in the synapse and their role in
synaptic transmission [1,2]. The formation of the
super-molecular complex beneath the postsynaptic
membranes, and the activity-dependent alternations in
its composition, such as the recycling of AMPA recep-
tors and ubiquitin-mediated protein turnover, facilitate
rapid and accurate synaptic transmission and confer
synaptic plasticity [3,4].
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Recent advances in proteomic techniques and their
applications to brain science have revealed novel pro-
teins that participate in specific neural activities. The
PSD is a detergent-resistant and rigid structure, and
thus it can be isolated as a Triton X-100 insoluble frac-
tion by a series of sucrose gradient sedimentations. This
biochemically isolated PSD fraction has been studied by
proteomic analyses, and the involvement of more than
300 proteins in the PSD fraction has been described
[5–8]. Characterization of these novel PSD proteins is
important and is required not only for the elucidation
of their functions in brain activities, but also for the
expansion of our understanding of the postsynaptic
molecular organization responsible for complex neural
transmission and modulation.

We also conducted a proteomic analysis of the
sucrose density gradient-isolated PSD fraction and
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identified more than 300 proteins, among which approx-
imately 30 functionally unknown proteins were in-
cluded, together with most of the known PSD proteins
(unpublished data). The functions of most of the novel
PSD proteins cannot be estimated by using the current
references and sequence information. However, their
localization in the PSD fraction suggests their involve-
ment in synaptic activity. In this present study, we fo-
cused on one novel protein, PRR7 (proline rich 7),
approved by the Mouse Genomic Nomenclature Com-
mittee, on the basis of a root symbol for proline-rich
proteins. This protein shares no clear homology with
any other known proteins. The deduced protein se-
quences of PRR7 in mouse and rat are 269 amino acid
residues long, consisting of a very short N-terminal
extracellular domain, a single membrane spanning
domain, and a cytoplasmic domain containing a pro-
line-rich sequence and a PDZ binding motif. This novel
secondary structure hampers prediction of its function.
To explore its function, we raised an antibody against
PRR7, and studied its localization and interacting part-
ners in hippocampal neurons and in the brain.
Materials and methods

Isolation of the PSD fraction by subcellular fractionation. The PSD
fractions were prepared as previously described [9,10], with slight
modifications. All experimental steps were performed at 4 �C or on ice,
and all of the g values are the average centrifugation forces. The fore-
brains ofWistar six-week-old rats were homogenized in 0.32 M sucrose,
1 mM MgCl2, 0.5 mM CaCl2, and 1 mM NaHCO3, and then were
centrifuged at 710g for 10 min to remove the cell debris and nuclei. The
obtained supernatant (S1: low-speed supernatant) was centrifuged at
12,000g for 15 min, and the resulting supernatant (S2: high-speed
supernatant) was removed. The remaining pellet (P2: crude membrane
fraction) was homogenized in the same buffer, applied to a discontin-
uous sucrose gradient consisting of 1.0 and 1.4 M sucrose in 1 mM
NaHCO3, and centrifuged at 82,500g for 65 min. The synaptosome
fraction was isolated from the interface between the 1.0 and 1.4 M su-
crose layers. The fraction containing myelin and light membrane was
obtained from above the 1.0 M sucrose layer, and the mitochondria
were sedimented in the pellet. The synaptosome fraction was subjected
to osmotic shock by an incubation in 1 mM NaHCO3 for 20 min, sol-
ubilized in 0.5% TX-100, 0.16 M sucrose, and 6 mM Tris–HCl (pH 8.1)
for 15 min, and then centrifuged at 82,800g for 20 min. The obtained
pellet was homogenized in 0.32 M sucrose in 1 mM NaHCO3, applied
to a second sucrose step gradient consisting of 1.0, 1.5, and 2.1 M su-
crose, and centrifuged at 201,800g for 315 min. The fraction between
the 1.5 and 2.1 M sucrose layers was collected, further solubilized in
0.5% Triton X-100 and 75 mM KCl for 15 min, and applied to a final
sucrose step gradient consisting of 1.5 and 2.1 M sucrose, which was
centrifuged at 201,800g for 315 min. The PSD fraction was obtained
from the interface between the 1.5 and 2.1 M sucrose layers, and was
suspended in 5 mM Hepes/KOH (pH 7.4), 20% glycerol.

1D-gel SDS–PAGE, preparation of LC/MS/MS sample, and nano

LC/MS analysis. An aliquot of the PSD fraction, containing 50 lg
protein, was dissolved in SDS sample buffer (62.5 mM Tris–HCl (pH
6.8), 2% SDS, 5 mM EDTA, 10% glycerol, and 20 mM DTT) and
subjected to 1D-gel SDS–9% PAGE, using a gel with 16 cm length and
1.0 mm thickness. The gels were visualized with Coomassie brilliant
blue (CBB) or mass (MS)-compatible silver staining [11].
The entire lane of the PSD fraction was cut equally into 93 gel
slices, regardless of their staining pattern. The obtained gel slices were
subjected to in-gel tryptic digestion, as described previously [11,12].
Digested peptides were extracted twice by incubations with 5% formic
acid in 50% acetonitrile at room temperature for 30 min. The extracted
peptides were dried out completely and reconstituted in 0.1% formic
acid. The samples were stored at �80 �C until LC/MS/MS analysis.

Column injection and chromatographic separation of the peptide
mixture were carried out by the CAPLC system (Waters). The nano
LC column (PepMap C18, 75 lm · 150 mm, LC Packings) was eluted
with a linear gradient of acetonitrile in the presence of 0.1% formic
acid, and the column eluate was directly injected into the nano-elec-
trospray interface. The quadrupole time-of-flight mass spectrometer
(Q-Tof-2, Micromass) was operated in the survey scan mode by the
MassLynx Software. The acquired MS/MS spectra were processed into
text-formatted files, and the database search was conducted using the
Mascot search engine (Matrix Science).

Sequence (informatic) analysis. The homology search was per-
formed with the BLAST servers of the National Center for Biotech-
nology Information. The membrane topology was predicted by
TMHMM ver2.0, on the WWW Prediction servers of the Center for
Biological Sequence Analysis, and by TMPred of the Swiss Institute
for Bioinformatics. The multiple sequence alignment was performed by
ClustalW on the Web server of the European Bioinformatics Institute.

DNA constructs and recombinant proteins. The coding region of
PRR7 was acquired from the mouse brain full-length cDNA library
(Clontech) by using an Advantage GC 2 PCR kit (Stratagene),
according to the supplier�s recommendations. The following primers
were used: forward primer: 5 0-ATGGTGATGTCCCAGGGCACC
TAC-3 0, reverse primer: 5 0-TACGGCTGTAGTCCTCCCGAACAA-
3 0. The acquired gene was 810 bp long and corresponded completely to
the predicted cDNA sequence. The PRR7 cDNA was subcloned into
the pCA-pA mammalian expression vector under the chicken b-actin
promoter [13].

The construction of the GST-fused PDZ1 and PDZ2 domains of
PSD-95 was described previously [14]. The PDZ3 and SH3-GK do-
mains of PSD-95 were subcloned into the pGEX-4T3 vector (Amer-
sham Biosciences) in a similar manner, and all constructs were verified
by DNA sequencing.

Antibodies. The PRR7 antibody was generated by immunizing
rabbits with a synthetic peptide, PRPWSYPRQAESDMSK, corre-
sponding to residues 129–144 in mouse and rat PRR7, and residues
134–149 in the human form, respectively. The obtained antisera were
affinity-purified on agarose columns conjugated with the antigen
peptide.

The following antibodies were used at the indicated concentrations:
for immunoblotting, mouse anti-PSD-95 at 0.1 lg/ml (K28/43, Up-
state Biotechnology), mouse anti-b actin at 1:5000 (Sigma), rabbit anti-
PRR7 at 1 lg/ml, horseradish peroxidase-conjugated anti-rabbit or
anti-mouse at 1:5000 (Qiagen); for immunocytochemistry, mouse anti-
PSD95 at 1:300 (7E3, Affinity BioReagents), rabbit polyclonal anti-
PRR7 at 2 lg/ml, and Alexa 488 or 594-conjugated goat anti-mouse or
anti-rabbit at 1:300 (Molecular Probes).

COS-1 cell culture and transfection. COS-1 cells were cultured in
Dulbecco�s modified Eagle�s medium (Sigma), supplemented with 10%
fetal bovine serum and penicillin/streptomycin, at 37 �C under 5%
CO2. Transfection was performed by lipofection using the Effectene
reagent (Qiagen), according to the supplier�s recommendations. After
48 h of transfection, the cells were collected from a 10 cm dish, sus-
pended in 500 ll ice-cold RIPA Buffer (50 mM Tris–HCl (pH 7.5),
150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, and 0.1% SDS)
containing a protease inhibitor cocktail (Roche), and then incubated
on ice for 30 min. After centrifugation at 10,000g for 10 min, the
supernatants thus obtained were used for further experiments.

Immunoblotting. For immunoblotting analyses, the proteins were
resolved on 7.5% and 12.5% polyacrylamide gels (Daiichi Pure
Chemicals) and transferred to a PVDF membrane (Bio-Rad) using a
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semi-dry transblotter (Nihon Eido). The membrane was incubated in
blocking buffer (5% skim milk, 50 mM Tris–HCl (pH 7.5), 150 mM
NaCl, and 0.1% Tween 20) at room temperature for 1 h, and then
incubated with a primary antibody diluted in blocking buffer at 4 �C
overnight. The membrane was rinsed with TBST (50 mM Tris–HCl
(pH 7.5), 150 mM NaCl, and 0.1% Tween 20), and incubated with an
HRP-conjugated secondary antibody diluted in TBST at room tem-
perature for 1 h. Immunoreactive proteins were detected by using ECL
plus (Amersham Biosciences) and Image Master (Amersham
Biosciences).

Extraction of PRR7 from rat brain crude membrane. The brain
crude membrane fraction (P2 fraction, 5 mg protein) was suspended in
500 ll of extraction buffer, containing the indicated detergent, in
50 mM Tris–HCl (pH 7.5), 150 mM NaCl, and 10 mM EDTA. The
DOC buffer consisted of 2% sodium deoxycholate, 50 mM Tris–HCl
(pH 9.5), and 50 mM sodium fluoride. The suspensions were gently
rotated at 4 �C for 1 h and then were centrifuged at 13,000g for 10 min.
The supernatants were collected, and the remaining pellets were sus-
pended in 500 ll SDS sample buffer. Ten microliters of each sample
was analyzed by immunoblotting.

Immunoprecipitation of the PRR7 complex from rat brain extract.
The brain crude membrane fraction (P2 fraction, 3 mg protein) was
solubilized in 500 ll DOC buffer (2% sodium deoxycholate, 50 mM
Tris–HCl (pH 9.5), 50 mM sodium fluoride, and protease inhibitors) at
4 �C for 1 h and then was centrifuged at 13,000g for 10 min. The
supernatants were mixed with 500 ll cell lysate, prepared from COS-1
cells transfected with or without the PRR7 expression plasmid, as
described above.

The mixtures were incubated with 5 lg of affinity-purified anti-
PRR7 antibody at 4 �C for 3 h, and 15 ll of Protein-G conjugated
magnetic beads (Dynabeads ProteinG, Dynal) was added to each tube.
After a further incubation for 45 min, the beads were washed three
times with ice-cold wash buffer (0.1% TX-100, 50 mM Tris–HCl (pH
7.4), 150 mM NaCl, 10 mM EDTA, and protease inhibitors). The
bound proteins were eluted by boiling with 20 ll SDS sample buffer for
5 min, fractionated by SDS–8% PAGE (8 cm length, 1 mm thickness),
and visualized by MS-compatible silver staining. Proteins of the same
eluates were also analyzed by immunoblotting.

GST pull-down assay. The GST-fused proteins were expressed in
the Escherichia coli BL21 strain. The cells were harvested and lysed in
CelLytic B Bacterial Cell Lysis Reagent (Sigma), containing protease
inhibitors, at room temperature for 10 min. After centrifugation at
13,000g for 10 min, the supernatants were collected and used for the
following experiments.

The bacterial lysates (10 mg protein) and COS-1 cell lysates from
cells expressing PRR7, prepared froma 100 mmdish, weremixed, scaled
up to 1 mlwith ice-coldRIPAbuffer, and then incubatedwith a 20 ll bed
volumeof glutathione–Sepharosebeads (AmershamBiosciences) at 4 �C
for 1 h. The beads were washed with ice-cold RIPA buffer three times,
and then the bound proteins were eluted with RIPA buffer containing
50 mM glutathione and analyzed by immunoblotting.

Hippocampal neural cell cultures. Rat hippocampal neurons were
prepared from embryonic day 18 Wistar rats, as described [15,16]. The
hippocampal neurons were isolated by trypsin treatment and tritur-
ation, and then were plated on poly-LL-lysine-coated coverslips, at a
density of 3000 cells/cm2. The neural cultures were maintained in
Neurobasal medium (Invitrogen) supplemented with 1/50 volume of B-
27 (Invitrogen) and 200 mM glutamate.

Immunostaining of hippocampal neural cultures. The hippocampal
neurons on the coverslips were washed with Hanks� balanced salt
solution (Sigma), containing 1 mM MgCl2 and CaCl2, and fixed with
ice-cold methanol at �20 �C for 20 min. After a rinse with PBS, the
samples were permeabilized by 0.25% Triton X-100 in PBS at 4 �C for
10 min, and blocked by an incubation with PBS containing 5% skim
milk and 5% normal goat serum at 37 �C for 30 min. The primary
antibodies were added to the blocking buffer, and the mixtures were
incubated at room temperature for 1 h. The samples were then washed
with PBS and labeled with Alexa 488 or 594-conjugated secondary
antibodies, diluted in the blocking buffer at room temperature for
30 min. Finally, the coverslips were washed with PBS and mounted on
the slides, using the FluorSave reagent (Calbiochem).

Images were obtained with a Zeiss LSM 510 laser scanning con-
focal microscope system through a 63 · (1.4NA) objective lens. Images
were prepared for printing with the Adobe Photoshop software.
Results and discussions

Preparation of the PSD fraction

The PSD fraction was prepared, based on the classi-
cal procedure described by Cohen and co-workers [9,10],
which involves two rounds of solubilization of synapto-
somal membrane fraction with Triton X-100 and subse-
quent sucrose density gradient centrifugation. Four
milligrams of PSD fraction was obtained from 15 g of
the forebrains of six-week-old rats. The PSD proteins
were resolved by one-dimensional SDS–PAGE (Fig.
1A), and then the single lane was cut into 93 equal gel
slices, as shown on the right side. The proteins contained
in each gel slice were analyzed by LC/MS/MS after in-
gel tryptic digestion.

Identification of PRR7 in the rat brain PSD fraction

Our proteomic analysis revealed that approximately
300 proteins were contained in the PSD fraction, includ-
ing about 30 functionally unknown proteins (unpub-
lished data). Here, we focused on one novel protein
with an unknown function, PRR7. PRR7 was identified
as a 35–40 kDa human hypothetical protein MGC10772
(NCBI Accession No. GI21361937). In the public data-
base, MGC10772 was initially assigned as a full-length
human cDNA sequence by the Mammalian Genome
Collection Project of National Institute of Health
[17,18]. As shown in Fig. 1B, six unique peptides ob-
served by the MS/MS analysis matched the predicted
amino acid sequence of PRR7, and the sequence cover-
age by the six peptides was 21%.

PRR7 shows no clear homology to other known pro-
teins, and the orthologous genes found in the current
database are restricted to human, mouse, and rat. The
coding regions of PRR7 gene are 825 bp long in human
and 810 bp long in mouse and rat. PRR7 was predicted
to consist of two protein-coding exons, and no other
possible splicing products were found by the informatic
analysis. Furthermore, the isolated cDNA of the mouse
PRR7 was identical to the predicted cDNA sequence.

Properties of the PRR7 amino acid sequence

The deduced PRR7 amino acid sequences from the
human (274 amino acids), and mouse and rat (269 ami-
no acids) forms, are shown in Fig. 1C. These orthologs



Fig. 1. Identification of PRR7 from the rat brain PSD fraction. (A) 1D SDS–PAGE gel of the PSD fraction. The rat forebrain PSD fraction (50 lg)
was subjected to one-dimensional 9% SDS–PAGE (16 cm by length, 1.0 mm by thick). The CBB-stained gel was sliced to give 93 equal gel pieces with
a width of 1.7 mm. PRR7 was identified at approximately 35–40 kDa (boxed regions). The molecular weights of the standard proteins are shown on
the left side. Schematic 93 equal gel slices of a single lane are shown on the right side. (B) The peptides used to identify PRR7. Six unique peptides
observed by LC/MC/MS analysis were used to identify PRR7. The starting and ending positions, the amino acid sequence, and the Mascot
identification score of each peptide are shown in the table. The sequence coverage of LC/MC/MS analysis was 21%. (C) Amino acid sequence of
PRR7 from human, mouse, and rat. Identical amino acids are indicated with asterisks, highly similar amino acids are highlighted with colons, and
low similarity amino acids are shown with dots. PRR7 is highly conserved between human, mouse, and rat. The orthologs have 94% or more identical
amino acid sequences to each other. The predicted transmembrane region is boxed with a dashed line, the conserved proline residues are colored gray,
and the PDZ-binding motifs are underlined.
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are highly conserved and share 94% or more amino acid
sequence identity with each other. An informatic analy-
sis of the amino acid sequence of PRR7 predicted one
single-spanning transmembrane domain, located near
the N-terminus, with most of the polypeptides residing
in the cytoplasmic domain.

In the middle of the cytoplasmic domain, proline-rich
sequences are observed. The 36 conserved proline resi-
dues exist in the region of residues 65–240. This unusu-
ally high proline content is an outstanding feature of
PRR7. In addition, the type I PDZ binding motif,
TAV, is present at the carboxyl terminus, suggesting
its interaction with scaffolding proteins.

Evaluation of the affinity-purified antibody for PRR7

The specificity of the rabbit polyclonal anti-PRR7
antibody, raised against a synthetic peptide, was con-
firmed by immunoblotting (Fig. 2A). A single band was
detected around 37 kDa in the COS-1 cell lysate transfec-
ted with the PRR7 cDNA, consistent with theMS-identi-
fication. No other bands were detected in the control cell
lysates. The observed molecular weight of PRR7 in SDS–
PAGE is slightly larger than that calculated from its ami-
no acid composition (30 kDa), probably due to its unique
amino acid composition and/or unrevealedmodifications
such as palmitoylation or phosphorylation.

Immunoblotting of the rat brain homogenate and the
PSD fraction also revealed the existence of the 37 kDa
band, especially in the PSD fraction (Fig. 2B). In the
brain homogenate, the 37 kDa band was very faint, sug-
gesting the low abundance of PRR7. The minor bands
in the brain homogenates appear to be due to back-
ground in the detection.

Subcellular distribution of PRR7 in the brain and its
detergent insolubility

To examine the subcellular distribution of PRR7,
each fraction obtained during the preparation of the



Fig. 2. Characterization of PRR7 using the specific antibody. (A) Lysates of COS-1 cells transfected with the PRR7 cDNA were analyzed by
immunoblotting, using the rabbit polyclonal anti-PRR7 antibody. The lysates of cells untransfected and transfected with the pCA-pA vector without
an insert were also analyzed as a control. (B) Five micrograms of rat brain homogenate and the PSD fraction was analyzed by immunoblotting, using
the anti-PRR7 antibody. The molecular weights of the standard proteins are shown on the left side, and the arrows indicate the band of PRR7. (C)
Subcellular distribution of PRR7 in the rat forebrain. The brain subcellular fraction was prepared as described in the Materials and methods. Five
milligrams of each fraction was analyzed by immunoblotting. Another polyacrylamide gel was stained by CBB to confirm the equal loading of each
fraction (data not shown). PSD-95 is shown as a control of our subcellular fractionation. (D) Solubilization of PRR7 by various detergents. The
brain crude membrane fraction (P2) was solubilized with the extraction buffer containing each detergent, as indicated on the top of the panel, at 4 �C
for 1 h. After centrifugation at 13,000g for 10 min, the obtained supernatant (Sup.) and pellet (Ppt.) fractions were analyzed by immunoblotting.

Fig. 3. Expression pattern of PRR7 in the rat brain. (A) Expression of
PRR7 in different regions of the rat brain. Ten micrograms of the
homogenates, prepared from different regions of six-week-old rat
brains, was analyzed by immunoblotting. The brain stem mentioned
here involves the diencephalons, midbrain, pons, and medulla oblon-
gata. (B) Expression of PRR7 during rat brain development. Ten
micrograms of homogenates of rat cerebral cortex, obtained at
embryonic day 18 (E18), P9, P15, and P42 (6 weeks), was analyzed
by immunoblotting. PSD-95 serves as a representative of postsynaptic
proteins and b-actin was monitored as a loading control.
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PSD fraction was analyzed by immunoblotting. As
shown in Fig. 2C, PRR7 was highly concentrated in
the PSD fraction. As compared to PSD-95, this extent
of enrichment in the PSD fraction is remarkable, sug-
gesting the tight association of PRR7 with the core
PSD components.

In addition, PRR7 is quite detergent-insoluble, as
shown in Fig. 2D. PRR7 was resistant to solubilization
by NP40, TX-100, and OG (n-octyl-b-DD-glucopyrano-
side), which is a typical feature of the core PSD proteins.
The high detergent insolubility of PRR7 also suggests its
involvement in the detergent-resistant complex, via
robust protein–protein or protein–lipid interactions.

PRR7 expression pattern

We examined the regional and temporal expression of
PRR7 in the rat brain. Immunoblotting of protein ex-
tracts from different regions of the rat brain showed that
PRR7 expression was restricted to the cerebral cortex
and especially to the hippocampus (Fig. 3A).

Immunoblot analyses of the cerebral cortex at vari-
ous developmental stages showed that the expression of
PRR7 was undetectable in the prenatal stage and pro-
gressively increased during maturation (Fig. 3B).
Immunoblotting analyses of hippocampal homogenates
also revealed the same expression pattern (data not
shown). These results suggest its potential roles in syn-
apse formation and modification in the maturation
process.



Fig. 4. Localization of PRR7 in cultured hippocampal neurons. Hippocampal neural cells, cultured for 24 days, were doubly stained with anti-PRR7
(green) and anti-PSD95 (red). Colocalization of both proteins is evident by the yellow staining in the merged picture. Magnified images of the boxed
region are shown on the right side. Arrowheads indicate the significantly colocalized signals of PRR7 and PSD-95.

Fig. 5. Immunoprecipitation of the mixture of rat brain extract and COS-1 cells transfected with or without PRR7 cDNA. (A) Immunoprecipitates
from the mixture of rat brain extracts and expressed PRR7. The rat brain extracts were mixed with lysates from COS-1 cells heterogeneously
expressing PRR7 (PRR7) or untransfected cells (control), and then immunoprecipitations using anti-PRR7 antibody were conducted. The eluates
were subjected to SDS–PAGE and visualized by MS-compatible silver staining. Unique bands at approximately 170, 130, and 115 kDa can be seen in
the mixture with the expressed PRR7. The 90 kDa band was enriched in a PRR7 dependent manner. Mass spectrometry analyses identified NR2B at
170 kDa, NR1 at 115 kDa, and PSD-95 at 90 kDa, respectively. The protein at 130 kDa could not be identified in this study. (B) Immunoblot
analysis of each precipitant. The same eluates (immunoprecipitants) were also analyzed by immunoblotting using anti-NR2B, anti-NR1, anti-PSD-
95, and anti-PRR7 antibodies. These results also confirmed that these proteins were enriched in the mixture with the expressed PRR7.
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Localization of PRR7 in a hippocampal primary culture

The cellular distribution of PRR7 was analyzed in a
hippocampal neural culture at 24 days in vitro. Immu-
nostaining revealed the punctate-like expression pattern
of PRR7 (green), which was colocalized with a postsyn-
aptic marker, PSD-95 (red) (Fig. 4). The signals ob-
served in the dendrites and cell body could be
attributed to a fraction of PRR7 localized in the deter-
gent-insoluble membrane domain such as lafts, or back-
grounds of nonspecific interaction by the anti-PRR7
antibody. In the earlier stages, significant signals for
PRR7 were not detected, probably due to its minimal
accumulation and/or lack of clustering.

Immunoprecipitation of brain extracts with anti-PRR7

antibody

To examine the function of PRR7, we purified the
PRR7-associating proteins from rat brain extract by
means of immunoprecipitation. The rat brain extracts
weremixedwith theCOS-1 cell lysates containing heterol-
ogously expressed PRR7, or with the untransfected COS-
1 cell lysates (control), and thenwere immunoprecipitated
with the anti-PRR7 antibody. The immunoprecipitates
were separated by SDS–PAGE and visualized by MS-
compatible silver staining (Fig. 5A). Some of these bands
may be nonspecific binding products, because they also
appeared in the control. Nevertheless, unique proteins
at 170, 130, and 115 kDawere precipitated in a PRR7-de-
pendent manner, and the 90 kDa band shows a stronger
intensity (right lane of Fig. 5A), as compared to the con-
trol sample (left lane of Fig. 5A).
Fig. 6. A GST pull-down assay with different domains of PSD-95 and PRR7.
fusion constructs used for pull-down assays. (B) The results of the GST-pull
lysates expressing each GST-fusion protein were mixed and then incubated wi
the bound proteins were analyzed by immunoblotting.
Further analyses of these bands by mass spectrome-
try, identified NR2B at 170 kDa, NR1 at 115 kDa,
and PSD-95 at 90 kDa, respectively. Proteins contained
in the band at 130 kDa could not be identified in this
experiment. Immunoblot analyses also confirmed the
co-precipitation of these proteins with PRR7 (Fig. 5B).

It is conceivable that PSD-95 binds directly to PRR7
via its PDZ binding motif. As shown in Figs. 2 and 4,
PRR7 is proved to be the core component of postsynap-
tic density, thus NMDA receptor may form a stable pro-
tein complex containing PRR7 and PSD-95 together
with other PSD proteins, which resulted in the coprecip-
itation of NMDA receptor with PRR7. However, it is
likely that PRR7 directly binds to the NMDAR because
the enrichment of NMDAR in the coprecipitates is
much more significant than that of PSD-95, and because
separately solubilized NMDAR from the brain extracts
and PRR7 from the COS-1 cell lysates formed coprecip-
itates. In addition, only a few bands including NR1 and
NR2B were specifically detected in a PRR7-dependent
manner, while PSD-95 interacts with many kinds of
proteins.

The NMDA receptor binds directly to EphB receptor
via the extracellular domain, depending upon its ligand
EphrinB binding [19], and to dopamine D1 receptor [20]
and RasGRF1 [21] via the cytoplasmic domain. These
interactions are critical to regulate the signal transmis-
sion by the NMDA receptor. Although the cellular
and neural function of PRR7 is not clear at this point,
the tight association of PRR7 with NMDA receptor
may play a significant role in the regulation of NMDA
receptor function and its downstream signal
transduction.
(A) A schematic representation of the full-length PSD-95 and the GST-
-down assay. The COS-1 cell lysate expressing PRR7 and the bacterial
th glutathione–Sepharose. The GST-fusion proteins were collected, and
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PRR7 binds to the PDZ3 domain of PSD-95

PSD-95 is the major binding partner of PRR7, as
shown in Fig. 5. The C-terminal amino acid sequence of
PRR7, TAV, is a typical PDZ binding motif (Type-1: S/
T-X-V-COOH), but the identical sequence has not been
shown to bind to PSD-95. Therefore, the binding ability
of PRR7 to PSD-95 was examined by a pull-down assay
using GST-fusion proteins. Fig. 6 demonstrated that
PRR7 binds preferentially to the PDZ3 domain of PSD-
95, and to lesser degree to PDZ2, but not to the PDZ1
and SH3-GK domains under the conditions employed.

Although the number of PSD-95 interacting proteins
exceeds 30 [22], only a few proteins such as Citron [23],
CRIPT [24], and Neuroligin [25] preferentially bind to
the PDZ3 domain. Since the NMDA receptor binds to
the PDZ1 and PDZ2 domains of PSD-95, the binding of
PRR7 to the PDZ3 domain might play compensatory
roles in the formation and regulation of the PSD
structure.
Conclusion

Proteomic analysis allowed identification of PRR7, a
novel proline-rich membrane protein that interacts with
PSD-95 and NMDA receptor. Detection of proteins
with low abundance and uncharacterized sequence, such
as PRR7 is a major advantage of proteomic analysis.
Further biochemical studies revealed that PRR7 was
one of the core components of the postsynaptic density.
The expression pattern in brain suggests its possible
involvement in synaptic formation or maturation espe-
cially in the cerebrum including the hippocampus.

Since PRR7, theNMDAreceptor, andPSD-95 bind to
one another, PRR7 might play a role in forming a stable,
rigid complex, including the PSD-95 and NMDA recep-
tor, in the postsynaptic membrane. Furthermore, the
highly conserved proline-rich sequence in PRR7may play
significant roles in protein–protein interactions. In gen-
eral, proline-rich sequences are ligands for the SH3,
WW, and EVH1 domains, which are present inmany syn-
aptic scaffolding, signaling, and cytoskeletal proteins [26].
Therefore, it is possible that PRR7 binds several other
synaptic proteins and links them to the NMDA receptor,
in order tomodulate synaptic plasticity. The proteins that
interact with PRR7 should be studied further to under-
stand the roles of PSD in synaptic transmission.
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