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The tyrosine kinase Pyk2 plays a unique role in intracellular signal transduction by linking Ca 2� influx to tyrosine phosphorylation, but
the molecular mechanism of Pyk2 activation is unknown. We report that Pyk2 oligomerization by antibodies in vitro or overexpression
of PSD-95 in PC6-3 cells induces trans-autophosphorylation of Tyr402, the first step in Pyk2 activation. In neurons, Ca 2� influx through
NMDA-type glutamate receptors causes postsynaptic clustering and autophosphorylation of endogenous Pyk2 via Ca 2�- and
calmodulin-stimulated binding to PSD-95. Accordingly, Ca 2� influx promotes oligomerization and thereby autoactivation of Pyk2 by
stimulating its interaction with PSD-95. We show that this mechanism of Pyk2 activation is critical for long-term potentiation in the
hippocampus CA1 region, which is thought to underlie learning and memory.

Introduction
Pyk2 consists of a FERM (band 4.1/ezrin/radixin/moesin homol-
ogy), kinase, proline-rich, and focal adhesion targeting (FAT)
domain (targets the homologous focal adhesion kinase FAK to
focal adhesions) (see Fig. 1A) (Avraham et al., 1995; Lev et al.,
1995; Sasaki et al., 1995; Yu et al., 1996). Tyr402 between the
FERM and kinase domain becomes autophosphorylated during
Pyk2 activation (Dikic et al., 1996; Salter and Kalia, 2004). Pyk2 is
stimulated by depolarization-induced Ca 2� influx (Earp et al.,
1995; Lev et al., 1995; Della Rocca et al., 1997; Girault et al., 1999)
or PKC (Lev et al., 1995; Dikic et al., 1996; Girault et al., 1999;
Huang et al., 2001; Salter and Kalia, 2004). However, it is unclear
how Ca 2� or PKC activates Pyk2.

Phosphorylated Tyr402 stimulates Src by binding its Src ho-
mology 2 domain. Src in turn phosphorylates Tyr579 and Tyr580
in the activation loop of Pyk2 to enhance its catalytic activity (Lev
et al., 1995; Dikic et al., 1996; Barsacchi et al., 1999; Avraham et
al., 2000). Pyk2-activated Src also phosphorylates NR2 subunits
to increase NMDA receptor (NMDAR) peak currents, which is
important for induction of long-term potentiation (LTP) (Wang
and Salter, 1994; Chen and Leonard, 1996; Köhr and Seeburg,

1996; Lu et al., 1998; Xiong et al., 1999; Huang et al., 2001; Salter
and Kalia, 2004).

The FERM domain of FAK binds to its kinase domain causing
autoinhibition (Lietha et al., 2007). An additional interaction of
the FERM domain with the region containing Tyr397, which is
homologous to Tyr402 in Pyk2, fosters the autoinhibited FAK
conformation. How these structural features relate to Pyk2 acti-
vation is unclear, but the FERM domain of Pyk2 does play a role
in regulating catalytic activity and localization to focal adhesions
(Dunty and Schaller, 2002). Ca 2�/calmodulin from cell extracts
can directly or indirectly induce Pyk2 activation (Kohno et al.,
2008). This activation was inhibited by mutations in the FERM
domain, which might mediate Ca2�/calmodulin binding (Kohno et
al., 2008). However, the homologous site is primarily buried in
the FAK structure (Lietha et al., 2007) and unlikely to bind cal-
modulin. The above findings do not explain how FAK and Pyk2
are generally activated or specifically by Ca 2� influx or PKC. In
contrast to FAK Tyr397 autophosphorylation, which depends on
Src, autophosphorylation of Tyr402 as the initial step in Pyk2
activation occurs often independent of Src (Park et al., 2004;
Corvol et al., 2005; Wu et al., 2006) (but see Discussion and
Sorokin et al., 2001; Cheng et al., 2002). Also, deletion of the
FERM domains leads to autophosphorylation of FAK on Tyr397
but not of Pyk2 on Tyr 402 (Wu et al., 2006).

PSD-95 links Pyk2 to NMDARs (Seabold et al., 2003). PSD-95
binds with its Src homology 3 (SH3) domain to the proline-rich
region of Pyk2 (see Fig. 1A) (Seabold et al., 2003) and via PDZ
domains to NMDAR C termini (Kornau et al., 1995; Kim et al.,
1996). We found that NMDAR-mediated Ca 2� influx induces
postsynaptic clustering and trans-autophosphorylation of Pyk2
on Tyr402 by PSD-95 binding. This event is stimulated by Ca 2�/
calmodulin and critical for LTP.

Materials and Methods
Ethical approval. All animal procedures had been approved by the Uni-
versity of Iowa and followed National Institutes of Health guidelines or
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were performed in agreement with the guidelines of the policies on the
Use of Animals at the University of Toronto.

Antibodies and other reagents. Rabbit polyclonal antibodies against the
N- and C-terminal portions of Pyk2 (residues 1-80 and 680-860, respec-
tively) were provided by Drs. L. M. Graves and H. S. Earp (University of
North Carolina at Chapel Hill, Chapel Hill, NC). These antibodies have
been characterized and used extensively for immunofluorescence and
immunoprecipitation (Yu et al., 1996; Li et al., 1999; Seabold et al., 2003).
The mouse monoclonal anti-Pyk2 antibody, recognizing residues 833-
899, was purchased from BD Transduction Laboratories. Rabbit poly-
clonal phosphospecific antibody against Pyk2 pY402 was purchased
from Biosource International. Rabbit polyclonal anti-PSD-95 antibody
was produced against residues 494-510 and purified as described previ-
ously (Sans et al., 2000). The mouse monoclonal antibodies anti-PSD-95,
anti-MAP2B, and anti-green fluorescent protein (GFP) were obtained
from Affinity Bioreagents, BD Transduction Laboratories, and Covance
Research Products, respectively. Rabbit polyclonal anti-glutathione
S-transferase (GST) antibody was as described previously (Leonard et al.,
1998). Rabbit polyclonal anti-synapsin antibody was provided by Dr. P.
De Camilli (Yale University, New Haven, CT) (De Camilli et al., 1983).
Chromatographically purified nonspecific rabbit and mouse IgG anti-
bodies were purchased from Zymed. Horseradish peroxidase (HRP)-
conjugated goat anti-mouse and goat anti-rabbit secondary antibodies
were purchased from Bio-Rad, and protein A HRP was purchased from
GE Healthcare. Alexa Fluor-conjugated secondary antibodies, including
goat anti-rabbit 568, goat anti-mouse 488, and goat anti-mouse 660, were
obtained from Invitrogen. Purified recombinant calmodulin was provided
by Dr. M. A. Shea (University of Iowa, Iowa City, IA) (Akyol et al., 2004).
MK801 [(�)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-
imine maleate], EGTA, HEPES, glutamate, NMDA, ionomycin, phorbol
12-myristate 13-acetate (PMA), trifluoperazine (TFP), and W7 [N-(6-
aminohexyl)-5-chloro-1-naphthalenesulfonamide] were purchased from
Sigma, calmidazolium and calphostin C from Calbiochem, and bisindolyl-
maleimide and chelerythrine chloride from LC Laboratory. Pervanadate was
prepared from 1 M sodium orthovanadate (Sigma) dissolved in H2O, pH 10
(the solution was heated at 60°C until the solution became clear), by addition
of H2O2 at a 1:1 ratio no more than 15 min before use.

Expression constructs. Bacterial expression vectors for GST fused to the
N terminus of full-length PSD-95 and the SH3 domain of PSD-95 (resi-
dues 431-500) were provided by Dr. C. C. Garner (Stanford University,
Palo Alto, CA) and Dr. B. Kay (University of Illinois at Chicago, Chicago,
IL), respectively. GST was expressed using the pGEX4T-1 vector (Pfizer).
His-tagged Pyk2(1-1009) was produced by ligating the Pyk2 cDNA en-
coding residues 1-1009 into the BamHI and EcoRI sites of pET28a.
N-terminally GST-tagged Pyk2(671-875) was constructed using PCR
amplification of the fragment and subsequent ligation into the BamHI
and EcoRI sites of pGEX4T-1. PCR primers were the 5� primer 5�-CAT
CAT GGA TCC CGC TTT ACG GAG CTT GTG TGC AGT CTC-3� and
3� primer 5�-CAC GAG GAA TTC TCA CCT GTC CAA GTT GGC TGT
AGG CTG GAT-3�. For expression in mammalian cell lines, PSD-95
pCMV vector was provided by Dr. C. C. Garner. GFP expression was
achieved with pEGFP–C3 (Clontech). For production of enhanced GFP
(EGFP) constructs, the pEGFP–C3 multiple cloning site was modified by
annealing and ligating corresponding primers into the XhoI and XbaI
sites of pEGFP–C3. The 5� primer was 5�-phos-TCG AGG GCG GCC
GCG GAT CCG ATA TCA AGC TTG CTA GCG AAT TCG TCG ACT-
3�, and the 3� primer was 5�-phos-CTA GAG TCG ACG AAT TCG CTA
GCA AGC TTG ATA TCG GAT CCG CGG CCG CCC-3�. The new
vector (pEGFP–C3G) was used to transfer constructs directly from
pGEX4T-1 vectors. Pyk2(1-1009)–GFP was constructed by BamHI/
EcoRI-mediated excision of the fragment and subsequent ligation into
the pEGFP–C3G vector. PSD-95 SH3–GFP (residues 431-500) was con-
structed by cutting the SH3 domain from PSD-95 SH3–GST with EcoRI.
It was then ligated into the pEGFP–C3G vector. All sequences were ver-
ified before use of the construct.

Lentiviral constructs. The University of Iowa Center for Gene Therapy
for Cystic Fibrosis provided the feline immunodeficiency virus (FIV)
parent vector (pVETL) and produced the final viral vectors (Johnston et
al., 1999; Stein and Davidson, 2002). PSD-95 SH3–GFP pVETL (residues

431-500) was constructed using AgeI and SalI to excise PSD-95 SH3–
GFP from the pEGFP–C3G construct, followed by Klenow-mediated
filling of the overhangs and blunt-end ligation into the EcoRV site of
pVETL. The sequences were verified before submitting them to the Uni-
versity of Iowa Center for Gene Therapy for Cystic Fibrosis for produc-
tion of the virus. The viral titers varied between 1 � 10 6 and 1 � 10 8.

Expression of fusion proteins. GST- and poly-His-tagged fusion con-
structs were transformed into Escherichia coli by electroporation. Cells
were grown in Lauria broth and induced at an optical density of 0.6 – 0.8
with 0.2 mM isopropyl �-D-thiogalactoside (IPTG). Cells were then col-
lected by centrifugation and frozen for storage. For purification, cell pellets
were thawed, resuspended, and incubated for 30 min in ice-cold TBS (150
mM NaCl and 15 mM Tris-Cl, pH 7.4) containing 100 �g/ml lysozyme and a
low concentration of protease inhibitors [200 �M phenylmethylsulpho-
nylfluoride (PMSF), 1 �g/ml pepstatin A, 2 �g/ml aprotinin, and 1 �g/ml
leupeptin]. Sarkosyl (1.5%) and �-mercaptoethanol (10 mM) were then
added for 15 min on ice. Once the incubation was complete, lysates were
centrifuged for 45 min at 250,000 � g. The supernatants were removed and
neutralized with 2% Triton X-100.

Transient transfection of PC6-3 cells. PC6-3 cells (supplied by Dr. S.
Strack, University of Iowa, Iowa City, IA) were seeded at 2.5 � 10 6 cells
per 100 mm dish in RPMI medium (RPMI 1640 supplemented with 5%
horse serum, 5% fetal bovine serum, 5% calf serum, 0.5% penicillin/
streptomycin, 1% glutamine, and 1 mM sodium pyruvate). Cells were
transfected with Lipofectamine 2000 when 80 –90% confluent. Briefly, 30
�g of DNA was added to serum-free Opti-MEM. An 8% Lipofectamine
2000 solution was made simultaneously in serum-free Opti-MEM. After
5 min at room temperature, the DNA mix was added to the Lipo-
fectamine mix, followed by a 20 min incubation at room temperature.
The medium on the cells was then replaced with Opti-MEM, followed by
addition of the DNA/Lipofectamine solution. The dishes were gently
mixed and incubated for 6 h. The medium was then replaced with RPMI-
containing serum. The cells were harvested 48 h after transfection using a
cell scraper and Triton X-100 homogenization buffer (1% Triton X-100,
150 mM NaCl, 10 mM Tris-Cl, 20 mM EDTA, and 10 mM EGTA, pH 7.4)
containing protease inhibitors (here 200 �M PMSF, 1 �g/ml pepstatin A,
20 �g/ml aprotinin, 10 �g/ml leupeptin, and 8 �g/ml calpain inhibitor
I/II) and phosphatase inhibitors (1 mM pervanadate, 25 �M NaF, and 25
mM NaPPi). The cells were then homogenized with a dounce homoge-
nizer, followed by centrifugation at 250,000 � g for 15 min. Supernatant
was removed, and the total protein was quantified with a BCA assay. An
equal amount of protein (25 �g) was extracted with SDS sample buffer
and loaded for SDS-PAGE and subsequent immunoblotting with phos-
phospecific pY402 Pyk2 antibody. The immunoblots were then stripped
and reprobed for total Pyk2 using the monoclonal anti-Pyk2 antibody.

Primary hippocampal culture production and maintenance. Primary
hippocampal cultures were prepared as described previously (Lim et al.,
2003; Chen et al., 2008). Briefly, hippocampi from embryonic day 18
Harlan Sprague Dawley rats were removed and incubated in HBSS (In-
vitrogen) with trypsin (0.03%) for 15 min at 37°C. The cells were then
washed three times with HBSS, followed by trituration to dissociate cells.
Dissociated cells were counted and plated for immunofluorescence on
glass coverslips (60,000 cells per 35 mm dish) for microscopic analysis or
in 100 mm culture dishes (800,000 cells per 100 mm dish) for biochem-
ical analysis. The cells were incubated in Neurobasal medium (Invitro-
gen) containing custom-made NS21 supplement (Chen et al., 2008), 0.6
mM glutamine, and 5% fetal bovine serum (Brewer et al., 1993). After 3– 4
h, the incubation medium was replaced with serum-free medium, and
cells were maintained at 37°C in humidified air composed of 95% air and
5% CO2. One-third of the medium was exchanged weekly.

Transient transfection of primary hippocampal cultures. Primary hip-
pocampal cultures [15 d in vitro (DIV)] were transfected using an
adapted calcium phosphate protocol. The medium was replaced with
freshly prepared Neurobasal medium containing NS21 30 min before
transfection. The removed conditioned medium was then retained for
use later in the procedure. DNA (5 �g) was added to CaCl2 (200 mM). An
equal volume of 2� BBS (final concentrations in mM: 140 NaCl, 0.75
Na2HPO4, and 25 N, N-bishydroxyethyl-2-aminoethane-sufonic acid,
pH 7.1) was added dropwise, followed by immediate vortexing. The
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DNA/BBS mixture was then added dropwise to the neurons, followed by
gentle mixing. After a 3.5 h incubation, the medium was removed and the
cultures were washed once with HBSS (in mM: 135 NaCl, 4 KCl, 1
Na2HPO4, 2 CaCl2, 1 MgCl2, 10 glucose, and 20 HEPES, pH 7.35). Im-
mediately after the wash, the conditioned medium was added. The
cultures were allowed to express protein for 72 h at 37°C in humidi-
fied air composed of 95% air and 5% CO2, followed by use for
immunofluorescence.

Infection of primary hippocampal cultures. Primary hippocampal cul-
tures (15 DIV) were infected using FIV carrying GFP-tagged PSD-95
SH3. Cultures (100 mm dishes) received virus at a multiplicity of infec-
tion of 10:1. The virus was added, followed by gentle mixing. After 24 h,
half of the medium was replaced with fresh Neurobasal medium supple-
mented with NS21. Immunofluorescence and biochemical studies were
initiated 72 h after infection.

Stimulation of hippocampal cultures for biochemical analysis and use of
various agonists and antagonists. Cultures (18 DIV, 100 mm plates) were
pretreated with calmodulin inhibitors (W7, TFP, and calmidazolium)
for 30 min, with tetrodotoxin (TTX) for 15 min, and with pervanadate
for 5 min if indicated before stimulation with vehicle, NMDA, ionomy-
cin, or PMA for 15 min. The three different calmodulin inhibitors block
Ca 2�-dependent binding of calmodulin to substrates and were used to
evaluate the role of calmodulin in the interaction between Pyk2 and
PSD-95, as well as Pyk2 activation, at the following concentrations: W7 at
10 �M, TFP at 20 �M, and calmidazolium at 30 �M (Schweitzer, 1987;
Wakamori et al., 1993; Della Rocca et al., 1997; Liu et al., 1999; Heidinger
et al., 2002). W7 is a member of the naphthalene-sulfonamide class of
drugs, which also appears to block NADPH oxidase activation by ara-
chidonate (Sakata et al., 1987). TFP, a member of the phenothiazine
family, is the best characterized calmodulin antagonist because crystal
structures have been solved illustrating its interaction with calmodulin
(Cook et al., 1994; Vandonselaar et al., 1994). However, similar to W7,
TFP can inhibit NADPH oxidase activation. Calmidazolium can inhibit
adenylyl cyclase activity at concentrations ranging between 20 and 50 �M

(Haunsø et al., 2003). However, using each of the three inhibitors indi-
vidually ensures that the observed inhibition of Pyk2 binding to PSD-95
and the ensuing Pyk2 activation is attributable to their common inhibi-
tion of calmodulin instead of idiosyncratic side effects. Bath application
of the specific NMDAR agonist NMDA in the presence of TTX is an
established method for analyzing signaling pathways involving the
NMDAR (Hell et al., 1996; Siciliano et al., 1996; Leonard et al., 1999;
Ahmed et al., 2006). Of specific relevance to our studies, Src signaling
downstream of NMDAR activation and the ensuing NMDAR potentia-
tion have been monitored in intact neurons with NMDA treatments
lasting 15 min (Lu et al., 1999; Crossthwaite et al., 2004). Similarly, the
Ca 2� ionophore ionomycin is commonly used in studies on activation of
Pyk2 by Ca 2� influx at 1 �M for 10 –30 min (Sabri et al., 1998; Byron and
Lucchesi, 2002; Cheng et al., 2002). PMA is a PKC activator that is often
used to activate Pyk2 or test the role of PKC in Pyk2 signaling at 100 nM

over 10 –15 min and longer (Siciliano et al., 1996; Sabri et al., 1998; Lu et
al., 1999, 2000; Huang et al., 2001; Frank et al., 2002).

Neurons were harvested immediately after treatments in 1 ml of ice-
cold deoxycholate homogenization buffer (1% deoxycholate, 137 mM

NaCl, 50 mM Tris-Cl, 10 mM EDTA, and 10 mM EGTA, pH 8.5)
containing protease and phosphatase inhibitors as before, followed by
homogenization with a dounce homogenizer and high-speed centrif-
ugation (250,000 � g for 15 min). Supernatant was then collected for
either immunoprecipitation or direct immunoblotting.

Preparation and treatment of acute cortical slices. Transverse cortical
slices (350 �m) were prepared from 21-d-old male Harlan Sprague Daw-
ley rats (Hell et al., 1995; Leonard et al., 1999; Lim et al., 2003; Lu et al.,
2007). Slices were sectioned in artificial CSF (ACSF) (127 mM NaCl, 26
mM NaHCO3, 1.9 mM KCl, 1.2 mM KH2PO4, 1 mM CaCl2, 2 mM MgSO4,
and 10 mM dextrose, 290 –300 mOsm/kg, equilibrated in 95%O2/
5%CO2). Each slice was then incubated in ACSF for 30 min at 34°C,
followed by 30 min at 22°C with continuous aeration in a submersion
chamber. Slices were then transferred to modified ACSF containing 2.2
mM CaCl2 and 1 mM MgSO4 for 15 min before pretreatment with cal-
modulin inhibitors (W7, TFP, and calmidazolium; 30 min) and TTX (15

min) if indicated and subsequent incubation with vehicle, NMDA, iono-
mycin, or PMA for 15 min. Slices were immediately homogenized with a
dounce homogenizer in 1 ml of deoxycholate homogenization buffer
(1% deoxycholate, 137 mM NaCl, 50 mM Tris-Cl, 10 mM EDTA, and
10 mM EGTA, pH 8.5) containing protease and phosphatase inhibi-
tors as before. Lysates were then centrifuged (250,000 � g for 15 min),
and supernatants were collected for immunoprecipitation or direct
immunoblotting.

Preparation of cytosolic brain extracts. Male Harlan Sprague Dawley
rats (8 weeks old) were anesthetized with halothane and decapitated.
Brains were immediately placed in ice-cold sucrose buffer (in mM: 300
sucrose, 10 EDTA, 10 EGTA, 10 Tris-Cl, and 1 pervanadate, pH7.4)
containing protease inhibitors as before, homogenized in a dounce ho-
mogenizer, and centrifuged at low speed (5,000 � g) to clear larger cell
fragments and then at high speed (200,000 � g) to remove the crude
membrane fraction. Supernatant was collected for use in experiments
requiring the brain cytosol. Triton X-100 (1%) was added to the isolated
cytosol before use to reduce nonspecific interactions.

Immunoprecipitation. Triton X-100 extracts from hippocampal cul-
ture (one 100 mm dish), cortical slices (one slice), or brain (cytosol; 3 mg
of total protein unless otherwise noted) were added to protein A Sepha-
rose (rabbit antibodies) or protein L Sepharose (mouse antibodies) along
with 1 �g of the desired antibody. Samples were incubated for 3 h at 4°C,
followed by washes with 0.1% Triton X-100/TBS. Experiments involving
hippocampal culture or cortical slice lysates, when material was limited,
used sequential immunoprecipitation with proper nonspecific and then
specific antibody. Resins were washed with 0.1% Triton X-100/TBS be-
fore SDS-PAGE and immunoblotting.

Pyk2 autophosphorylation. Autophosphorylation in cytosolic extract,
or after immunoprecipitation using 3 mg of total protein as starting
material (unless otherwise noted), was initiated with the addition of 2.5
mM ATP and 25 mM MgCl2 or TBS as indicated. Incubation buffers also
contained 50 �M EGTA to remove free Ca 2� contaminations for nomi-
nally Ca 2�-free conditions. For incubations in the presence of free Ca 2�,
10 mM CaCl2 was added to this buffer. After 1 h at 4°C, the reaction was
terminated by addition of 50 mM EDTA or SDS sample buffer.

Pulldown assays. For pulldown of calmodulin by the bacterially ex-
pressed His-tagged SH3–GK module of PSD-95, this polypeptide was
immobilized on Ni 2� chelate agarose (GE Healthcare), washed with
0.1% Triton X-100/TBS, and incubated with calmodulin in 0.1% Triton
X-100/TBS containing 50 �M EGTA. If indicated, 10 mM CaCl2 was
added to the incubation buffer. Resins were washed again with the same
buffer used for incubation except calmodulin was omitted. For pulldown
of PSD-95–GST by bacterially expressed Pyk2, Pyk2 was immunopre-
cipitated with the �N Pyk2 antibody before incubation with GST or
PSD-95–GST and washing analogous to the pulldown experiments with
His-tagged SH3–GK.

Immunoblotting. Samples were extracted with SDS sample buffer (3%
SDS, 10% sucrose, 90 mM Tris-Cl, 20 mM DTT, and 60 �M bromophenol
blue) at 90°C for 10 min, resolved by SDS-PAGE, and transferred to
polyvinylidene fluoride membranes. Membranes were blocked with 7%
milk/TBS for 2 h, incubated with primary antibody for 2 h at room
temperature or overnight at 4°C, washed, incubated with HRP-
conjugated secondary antibodies for 1 h at room temperature, washed
extensively, and developed with ECL detection kit (GE Healthcare).
When indicated, membranes were stripped (2% SDS, 20 mM DTT, and
62.5 mM Tris-Cl, pH 6.7), washed with water, and reprobed (Hell et al.,
1993). Immunosignals were in the linear range and digitalized and quan-
tified with Photoshop (Adobe Systems) as detailed previously (Davare
and Hell, 2003; Merrill et al., 2007).

Immunofluorescence microscopy. Primary hippocampal neurons (18
DIV) were cultured on coverslips in 35 mm dishes, preincubated with
W7 (10 �M), EGTA (2 mM), or MK801 [10 �M (Lu et al., 1998; Fong et al.,
2002; Gardoni et al., 2002)] for 30 min and with TTX for 15 min, and
treated with vehicle, glutamate, NMDA, ionomycin, or PMA for indi-
cated time periods at 37°C. Coverslips were rapidly washed with PBS (in
mM: 137 NaCl, 3 KCl, 10 Na2HPO4, and 1 KH2PO4, pH 7.4), fixed in 4%
paraformaldehyde/4% sucrose/PBS for 15 min, washed (three times for 5
min in PBS), permeabilized with 0.5% Triton X-100/PBS for 20 min,
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washed (two times for 5 min in PBS), and incubated with blocking buffer
(2% glycerol, 5% FBS, 2% goat serum, and 50 mM NH4Cl in PBS) for 2 h
at room temperature and then with primary antibody in blocking buffer
overnight at 4°C. Antibodies included the N-terminal anti-Pyk2 anti-
body (1:500), anti-PSD-95 (1:500), anti-bassoon (1:1,000), anti-MAP2B
(1:1,000), and anti-synapsin (1:1,000). Coverslips were washed (three
times for 5 min in PBS) and incubated with blocking buffer for 30 min
and with secondary antibody (1:500) in blocking buffer for 1 h at 4°C.
Coverslips were washed with PBS (four times for 5 min) and water (three
times for 5 min), mounted on slides using Prolong Antifade Gold Re-
agent (Invitrogen), and incubated for 24 h at 4°C. Images were collected
using an epifluorescence Olympus microscope with a 100� objective.
Bandpass filter sets were 490 nm/528 nm, 555 nm/617 nm, and 635
nm/685 nm. Negative controls included omission of primary antibody to
exclude nonspecific signals from secondary antibodies and bleed through
from other channels. Coverslips were coded and randomized for image
collection by an individual, who was blind to the treatments. Identical
exposure time and contrast settings were used for each field in a given
experiment. The dendritic length and total number of puncta in each
image were also determined in a blind manner. Dendritic length was
calculated using NIH ImageJ, whereas puncta were quantified using a
customized MATLAB package (MathWorks). The MATLAB package re-
moved smoothly distributed staining like that found in dendritic shafts
and the soma with the top-hat transform. A threshold value was deter-
mined and held constant for all images such that pixels with intensities
below that level were disregarded. It then counted the remaining puncta,
defined as a series of 5 or more contiguous pixels above threshold. Colo-
calization of Pyk2 and PSD-95 puncta was determined by designating the
10 pixels in each punctum with the highest intensity as the region of
interest (ROI). Overlap of four pixels in two ROIs was required for colo-
calization. This provided two variables for comparison between various
treatment groups. The first is the total number of puncta under different
stimulation conditions, and the second is the colocalization of Pyk2
puncta with a synaptic marker such as PSD-95.

Cell isolation and whole-cell recording. CA1 neurons were isolated from
hippocampal slices of postnatal day 14 –21 Wistar rats as described pre-
viously (Wang and MacDonald, 1995). Whole-cell patch recordings were
performed under perfusion at room temperature. The extracellular so-
lution was composed of 140 mM NaCl, 1.3 mM CaCl2, 25 mM HEPES, 33
mM glucose, 5.4 mM KCl, 0.5 �M tetrodotoxin, and 0.5 �M glycine, pH
7.3–7.4, with osmolarity ranging from 320 to 330 mOsm. No Mg 2� was
added to record NMDA-evoked currents. The intracellular solution con-
sisted of the following (in mM): 11 EGTA, 10 HEPES, 2 MgCl2, 2 tetra-
ethylammonium chloride, 1 CaCl2, 140 CsF, and 4 K2ATP. NMDA
currents were evoked by rapid application of NMDA (50 �M) delivered
from a multi-barreled fast perfusion system. NMDA was applied once
every 60 s for a period of 3 s. Glycine at 1 �M was present throughout the
recordings in the bath. The membrane potential was held at �60 mV. A
voltage step of 10 mV was applied before NMDA application to monitor
series resistance.

Whole-cell patch recordings from hippocampal slices. Transverse hip-
pocampal slices were prepared from 4- to 6-week-old male Sprague Daw-
ley rats and placed in a holding chamber for at least 1 h before recording.
A single slice was transferred to the recording chamber and superfused
with ACSF (2 ml/min) composed of the following (in mM):124 NaCl, 3
KCl, 1.25 NaH2PO4, 1.3 MgCl2, 2.6 CaCl2, 26 NaHCO3, 10 glucose, and
0.01 bicuculline methiodide (saturated with 95% O2–5%CO2 at 28 –
30°C). Synaptic responses were evoked with a bipolar tungsten electrode
located �50 �m from the cell body layer in CA1. Test stimuli were
evoked at 0.05 Hz with the stimulus intensity set to 25% of maximal
synaptic response. Tetanic stimulations consisted of two trains of 100 Hz
stimuli lasting 500 ms at an intertrain interval of 10 s and were performed
under current clamp. The average of EPSC amplitudes from the 5 min
period immediately before tetanus was defined as baseline. For voltage-
clamp recordings, the patch pipette (4 – 6 M�) solution contained the
following (in mM):132.5 K-gluconate, 17.5 KCl, 10 HEPES, 0.2 EGTA, 2
Mg-ATP, 0.3 GTP, and 5 QX-314 [2(triethylamino)-N-(2,6-dimethylphe-
nyl) acetamine], pH 7.25 (290 mOsm). The intracellular solution was sup-
plemented with GST, GST–SH3, or GST–Pyk2(671-875) polypeptides.

The peptides were numbered, and the individual performing the re-
cordings was unaware of which was applied in experiments. Patch re-
cordings in slice were performed using the “blind” patch method. Cells
were voltage clamped at �65 mV. Data were used only after the access
resistance had stabilized. Signals were amplified using an Axopatch 1-D,
sampled at 5 kHz, and analyzed with pClamp6 software (Molecular De-
vices). Series resistance ranged from 10 to 20 M�, as estimated from
series resistance compensation of current responses to voltage steps of 5
mV, and cells were discarded if the resistance changed by �15%.

To test whether the GST polypeptides affected basal synaptic NMDAR
activity, NMDAR-mediated EPSCs were recorded in the presence of
CNQX (10 �M) to block AMPA-type glutamate receptors (AMPARs). To
increase the amplitude of these currents, the holding potential of the
neurons was transiently raised from �65 to �40 mV for 2.5 s whenever
a test stimulus was applied.

Statistical analysis. Statistical analysis was performed in Prism (Graph-
Pad Software). Statistical significance was determined using a paired
two-tailed t test with a 95% confidence interval. Three independent ex-
periments were performed separately on different days for all quantifica-
tions. For each immunofluorescence experiment, 5–10 images were
taken from any single coverslip, and values were averaged before statis-
tical analysis for the means from the three independent experiments.

Results
Pyk2 dimerization induces its autophosphorylation
As the unique central intermediary between Ca 2� influx and
tyrosine phosphorylation, Pyk2 has been the subject of numerous
studies. We attempted to stimulate Pyk2 after immunoprecipita-
tion from brain lysate by addition of Ca 2� and calmodulin. Sur-
prisingly, addition of Mg-ATP alone to Pyk2 immunocomplexes
was sufficient to induce strong Tyr402 phosphorylation (Fig. 1B,
compare lanes 2, 4), an established and reliable readout for Pyk2
activation (Dikic et al., 1996; Park et al., 2004). Neither Ca 2�

alone nor Ca 2�/calmodulin enhanced this autophosphorylation.
In agreement with previous findings (Lev et al., 1995), these data
indicate that Ca 2� and calmodulin alone are not sufficient to
stimulate autoactivation of Pyk2. Furthermore, autophosphory-
lation was unaffected by inclusion of a mixture of three structur-
ally and functionally different PKC inhibitors (Fig. 1B, compare
lanes 10, 11). We also evaluated whether Ca 2�/calmodulin or
calcium/calmodulin-dependent kinase II (CaMKII) were present
in Pyk2 immunoprecipitates from rat brain with negative results
(data not shown), yet Pyk2 effectively autophosphorylated in
such immunocomplexes (Fig. 1 B). Accordingly, antibody-
induced autophosphorylation bypasses the Ca 2� and PKC de-
pendence of Pyk2 activation.

The effective autophosphorylation of Pyk2 in the immuno-
complexes, which was not observed if Pyk2 is in solution (Fig. 1C,
lanes 1, 8), suggests that dimerization of Pyk2 itself can induce the
phosphorylation reaction. Such a mechanism would be analo-
gous to trans-autophosphorylate by several receptor-type ty-
rosine kinases during ligand-induced dimerization (Ullrich and
Schlessinger, 1990; Hubbard and Miller, 2007), which induces
structural changes in their activation loops to disinhibit their
catalytic domains (Zhang et al., 2006). In fact, overexpression of
Pyk2 leads to its activation via trans-autophosphorylation of
Tyr402 (Park et al., 2004). Although stable Pyk2 oligomers were
not observed in this study, an attractive explanation is that high
enough concentrations of Pyk2 foster transient or semi-stable
formation of protein complexes that aligns two Pyk2 polypep-
tides for trans-autophosphorylation.

To determine whether dimerization is sufficient to induce
autophosphorylation of Pyk2 in brain cytosol, three different
Pyk2 antibodies targeting various regions of Pyk2 were used: a
polyclonal antibody directed against the N-terminal 80 residues
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of Pyk2 (�N), a polyclonal antibody recognizing residues 680-
860 of Pyk2 (�C), and a monoclonal antibody targeting residues
833-899 of Pyk2 (mono). The recognition sites for each of the
antibodies selected for these experiments are distant from the
catalytic domain and from Tyr402 to allow the structural flexibil-
ity that might be necessary for trans-autophosphorylation. Each
of the three antibodies induced Pyk2 autophosphorylation in
brain cytosol in the presence of Mg-ATP (Fig. 1C, lanes 3, 5, 7).
Nonspecific antibodies did not lead to substantial autophosphor-
ylation (lanes 1, 8).

To further scrutinize this point, Pyk2 was immunoprecipi-
tated with increasing amounts of �N immobilized on protein A
Sepharose before addition of aliquots of brain cytosolic extracts.
Each aliquot contained 500 �g of protein (Bradford protein as-

say). After washing, samples were incu-
bated with Mg-ATP and analyzed by
immunoblotting (Fig. 1 D). Probing for
total Pyk2 shows that the amount of
immunoprecipitated Pyk2 saturated at
�0.25 �g of �N (middle panel), which
completely removed Pyk2 from the cy-
tosol samples (data not shown). Probing
for the antibody light chain in the immu-
noprecipitates illustrates the increase in
antibody (bottom panel). Probing for
Tyr402 phosphorylation indicates that the
total amount of phosphorylated Tyr402
initially increased in parallel with the
amount of Pyk2 protein. However, beyond
an optimal concentration at which Pyk2 im-
munoprecipitation was saturated (�0.25
�g of �N), Tyr402 phosphorylation rapidly
decreased. This decrease must be attribut-
able to a change in the Pyk2:antibody stoi-
chiometry, being closest to the optimal 2:1
ratio at �0.25 �g of �N and reaching nearly
1:1 during additional increases of �N be-
cause an excess of �N increasingly pro-
moted binding of one rather than two Pyk2
molecules per antibody complex. Accord-
ingly, trans-autophosphorylation occurred
at intermediate antibody concentrations
when the amount of IgG-dimerized Pyk2
was highest. cis-autophosphorylation was
not detectable as illustrated by the lack of
autophosphorylation at higher �N concen-
trations when individual Pyk2 molecules
were on separate antibody complexes too
far apart for trans-autophosphorylation. Fi-
nally, monoclonal anti-Pyk2 was treated
with papain to produce Fab fragments,
which are no longer linked together via the
heavy chain disulfide bridge but rather con-
stitute monomeric epitope binding sites.
The Fab fragments were no longer capable
of inducing Tyr402 phosphorylation in cy-
tosolic solution when the same amount of
untreated monoclonal antibody effectively
induced Tyr402 phosphorylation as origi-
nally seen in Figure 1C (data not illustrated).

It is theoretically possible that another
kinase is stoichiometrically associated with
Pyk2 in such a steric arrangement that en-

ables such a hypothetical kinase to phosphorylate a second Pyk2
complex in trans but not the Pyk2 directly bound to it. However,
silver staining for total protein in the Pyk2 immunoprecipitates
only identified one main single band of the expected size of Pyk2
itself near the top of this relatively high-percentage gel (Fig. 1E)
except for the heavy chain of the immunoprecipitating antibody.
This band was absent in control immunoprecipitates, confirming
its identity as being Pyk2. No other band was detectable, indicat-
ing that there is no other major protein precipitating with Pyk2
with a near stoichiometric relationship under basal conditions.

Ectopic PSD-95 expression leads to Pyk2 activation
Pyk2 binds to PSD-95 (Seabold et al., 2003), which is one of
the most prominent scaffolding proteins at postsynaptic sites.

Figure 1. Pyk2 dimerization by antibodies or by PSD-95 induces autophosphorylation. A, Schematic of Pyk2 depicting the
FERM, tyrosine kinase, and FAT domains. Proline-rich segments are orange. Src phosphorylation sites are denoted as orange circles,
and the autophosphorylation site (Tyr402) is red. The magenta bar on top represents the PSD-95 binding region (residues 671-
875). B, Pyk2 was immunoprecipitated (�N Pyk2 antibody) from rat brain cytosol and incubated for 1 h at 4°C in the absence or
presence of Mg-ATP, Ca 2� (10 mM), calmodulin (10 �M), or a mixture of PKC inhibitors (200 nM bisindolylmaleimide, 5 �M

chelerythrine chloride, and 1 �M calphostin C) before immunoblotting with anti-phospho-Tyr402 (pY402), followed by reprobing
with the monoclonal Pyk2 antibody. Autophosphorylation occurred independent of Ca 2�/calmodulin (compare lanes 3, 4, 7, 8) or
PKC activity (lanes 10, 11). C, Rat brain cytosol was incubated with �N, �C, monoclonal Pyk2 antibodies, or nonspecific rabbit or
mouse IgG in the absence or presence of Mg-ATP as indicated and directly analyzed by immunoblotting with anti-phospho-Tyr402
and subsequently the monoclonal Pyk2 antibody. D, Increasing amounts of �N Pyk2 antibody were immobilized on protein A
Sepharose, washed, incubated with identical amounts of rat brain cytosol, washed, incubated with Mg 2�-ATP for 1 h at 4°C, and
processed for immunoblotting with anti-phospho-Tyr402 and subsequently monoclonal Pyk2 antibody and an antibody against
the light chain of the immunoprecipitating antibody. E, Immunoprecipitation from brain lysate with antibodies against Pyk2 (�N)
or control rabbit IgG was followed by SDS-PAGE and silver staining. The thin band near the top of the blot corresponding to the
molecular size of Pyk2 is labeled with an arrow and absent in control precipitates. The bands at 55 kDa are the heavy chains of the
antibodies used in the immunoprecipitations. F, PC6-3 cells were transfected with PSD-95 24 h before immunoblotting. Immu-
nosignals were quantified by film densitometry and phospho-Tyr402 values (top of inset) per total Pyk2 signal (bottom of inset)
normalized to the no-transfection control. Shown are averages � SEM of n 	 3. *p 
 0.05, statistically different from GFP-
transfected cells by t test. G, E. coli was transformed with pET28a carrying His-tagged Pyk2 and expression induced with IPTG before
extraction and immunoblotting with anti-phospho-Tyr402, followed by probing for total Pyk2. The lower band in the phospho-
probing is likely a slightly truncated degradation product and was not visible in the reprobing for total Pyk2 because the reprobing
was less sensitive than the original phospho-probing. A–G, All blots are representative of three independent experiments. IB,
Immunoblots; IP, immunoprecipitation.
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PSD-95 can oligomerize via two mecha-
nisms. One involves palmitoylation of the
cysteine residues in position 3 and 5 near
the N terminus of PSD-95 (Craven et al.,
1999; El-Husseini Ael et al., 2002), although
precisely how palmitoylation leads to
PSD-95 oligomerize is unclear. The other is
mediated by binding of the SH3 domain of
one PSD-95 molecule to the GK domain of
another PSD-95 molecule (Masuko et al.,
1999; McGee and Bredt, 1999; Shin et al.,
2000; McGee et al., 2001). We hypothesized
that ectopic expression of PSD-95 fosters
Pyk2 dimerization and thereby trans-auto-
phosphorylation. We used PC6-3 cells, a
subclone of PC12 cells (Pittman et al., 1993).
PC12 cells are widely used for studying Pyk2
because of their high levels of endogenous
Pyk2 and their similarity to neurons after
treatment with nerve growth factor (Lev et
al., 1995; Barsacchi et al., 1999; Ivankovic-
Dikic et al., 2000; Park et al., 2000; Haglund
et al., 2004; Park et al., 2004; Banno et al.,
2005). However, PC6-3 cells do not possess
detectable levels of endogenous PSD-95
(data not shown). PC6-3 cells were trans-
fected with either GFP or GFP and PSD-95.
After 48 h, immunoblotting of cell extracts
showed that ectopic expression of PSD-95,
but not GFP alone, induced Pyk2 Tyr402
phosphorylation without altering total Pyk2
levels (Fig. 1F). The most obvious explana-
tion for this effect is that increased PSD-95
levels shift the equilibrium from free to
PSD-95-bound Pyk2 under basal activity
levels of the PC6-3 cells. In neurons, Pyk2
binding to PSD-95 and thereby Pyk2 auto-
activation is triggered by influx of Ca2�,
which acts in conjunction with calmodulin,
as detailed below. However, PSD-95 overex-
pression in PC6-3 cells can lead to Pyk2 au-
toactivation without Ca2� influx because
Pyk2 binds even without Ca2�/calmodulin
to PSD-95, although this interaction is
much weaker than if Ca2�/calmodulin are
present (see Fig. 3B, lanes 3–6). These find-
ings thus indicate that Pyk2 binding to
PSD-95 induces Pyk2 trans-autophospho-
rylation and thereby activation.

Notably, we also observed massive
Tyr402 phosphorylation when Pyk2 was
expressed in E. coli (Fig. 1G). Such an in-
duction of tyrosine phosphorylation by
ectopic expression of a tyrosine kinase in
E. coli appears unusual. It is once more
best explained by our model of trans-
autophosphorylation of Pyk2 at elevated
Pyk2 concentrations, which can lead to
trans-autophosphorylation during Pyk2
overexpression in PC12 cells attributable
to weak or transient direct or indirect in-
teractions between individual Pyk2 mole-
cules (Park et al., 2004).

Figure 2. Stimulation of Pyk2 binding to PSD-95 and Pyk2 autophosphorylation in intact neurons. A, B, Acute cortical slices (A)
or primary hippocampal cultures (B; 18 DIV) were incubated with TTX (1 �M) plus vehicle (Control), NMDA (50 �M), ionomycin (1
�M), or PMA (100 nM) for 15 min and extracted (1% deoxycholate) before immunoprecipitation (IP) with control IgG and then
anti-PSD-95. Immunoblots (IB) were probed with anti-PSD-95 and reprobed with monoclonal Pyk2 antibody (top). Immunosig-
nals were quantified by film densitometry (bottom). Although the variability in PSD-95 precipitation was low, Pyk2 signals were
corrected by dividing each Pyk2 signal by the corresponding PSD-95 signal. The Pyk2/PSD-95 ratio was normalized to control
equaling 1. Immunoblotting of lysates illustrates that the same amounts of Pyk2 were present in all samples (middle). Stimulation
with NMDA, ionomycin, or PMA induced a several fold increase in Pyk2 coimmunoprecipitation with PSD-95 in slices and cultures.
C, Acute cortical slices were preincubated with calmodulin inhibitors (10 �M W7, 20 �M TFP, and 30 �M calmidazolium) for 15 min
before incubation with TTX plus vehicle or NMDA, processing, and analysis as in A. Control IgG precipitations (middle column) were
from the same blots and exposures as PSD-95 precipitations (left column). All three calmodulin inhibitors prevented the NMDA-
induced increase in coprecipitation of Pyk2 with PSD-95 (bottom row) without changing total Pyk2 in lysates (right column).
D, Primary hippocampal cultures (18 DIV) were pretreated with calmodulin inhibitors before incubation with TTX plus vehicle or
NMDA. Immunoblotting was performed on lysates with the phosphospecific antibody against Pyk2 Tyr402 (pY402) and, after
stripping, monoclonal Pyk2 antibody. Signals were quantified by densitometry. The pY402/total Pyk2 ratio was normalized to
control equaling 1. NMDA induced a several fold increase in Pyk2 Tyr402 phosphorylation, which was blocked by all three
calmodulin antagonists. A–D, Asterisks indicate statistical significance compared with control (*) or NMDA (**) treatment
(t test, p 
 0.05; n 	 4 � SEM for all experiments).
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Ca 2� influx and stimulation of PKC induce Pyk2 binding
to PSD-95
Based on the above results (Fig. 1), we hypothesized that treat-
ment with pharmacological agents known to activate Pyk2 would
do so by inducing its clustering. In neurons, such clustering could
be accomplished by binding to PSD-95. After a 5 min pretreat-
ment with the Na� channel blocker TTX to prevent action po-
tentials and thereby overexcitation (Hell et al., 1996; Leonard et
al., 1999), acute cortical slices and primary hippocampal cultures
were incubated with vehicle, the NMDAR agonist NMDA (to
selectively induce Ca 2� influx through NMDARs), the Ca 2�

ionophore ionomycin, or the PKC activator PMA (for more de-
tails and discussion of the use of these drugs see, Materials and
Methods). Slices and cultures were then extracted with 1% de-
oxycholate before sequential immunoprecipitation with nonspe-
cific control IgG and anti-PSD-95 and immunoblotting with
anti-Pyk2 and subsequently anti-PSD-95. NMDA, ionomycin,
and PMA increased coimmunoprecipitation of Pyk2 with
PSD-95 several fold in both systems compared with vehicle con-
trol (Fig. 2A,B). None of the treatments affected the total amount
of Pyk2 present in tissue or culture lysates (Fig. 2A,B). Immuno-
precipitation with nonspecific IgG resulted in no signal, ensuring
that immunoprecipitation of PSD-95 and the associated Pyk2
was specific.

NMDA-induced Pyk2 association with PSD-95 and Pyk2
autophosphorylation requires calmodulin
There is good evidence that Ca 2�/calmodulin mediates activa-
tion of Pyk2 in vitro (Kohno et al., 2008). Furthermore, calmod-
ulin has been implicated previously in Pyk2 signaling. For
instance, �1b and �2a adrenergic receptor-triggered ERK1/2
phosphorylation was antagonized by dominant-negative Pyk2
and Src and by three different calmodulin inhibitors (Della Rocca

et al., 1997). Similarly, upregulation of
NMDAR currents and the correlated ty-
rosine phosphorylation of the NMDAR,
Pyk2, and Src required Ca 2�/calmodulin
when induced by stimulation of the
metabotropic glutamate receptor mGluR1
(Heidinger et al., 2002). Interestingly, PKC
inhibitors had no effect in these studies,
pointing toward release of Ca2� from intra-
cellular stores as the main signaling mecha-
nism in these two cases. We hypothesized
that inhibition of calmodulin would reduce
NMDAR-mediated Pyk2 binding to PSD-
95. Acute cortical slices were pretreated with
three different calmodulin inhibitors (W7,
TFP, or calmidazolium) for 15 min before
TTX was added for an additional 15 min
and ultimately NMDA or vehicle for the fi-
nal 15 min treatment. All three calmodulin
inhibitors antagonized the NMDA-induced
Pyk2 coimmunoprecipitation with PSD-95
(Fig. 2C) without affecting the cellular levels
of Pyk2 (for more details on the calmodulin
inhibitors, see Materials and Methods).

Pyk2 activation was monitored by
measuring phosphorylation of Tyr402.
This phosphorylation is induced by Ca 2�

influx through NMDARs in response to
ischemia (Huang et al., 2001; Guo et al.,
2004). Primary hippocampal cultures (18

DIV) were pretreated with vehicle or calmodulin antagonists be-
fore incubation with vehicle or NMDA. NMDA induced a sixfold
increase in Tyr402 autophosphorylation (Fig. 2 D). All three
calmodulin antagonists blocked this increase in Pyk2 autophos-
phorylation (Fig. 2D) similar to their blockade of NMDA-
stimulated Pyk2 coprecipitation with PSD-95 (Fig. 2C).

Ca 2�/calmodulin increases binding between Pyk2 and
PSD-95 in vitro
The SH3 domain of PSD-95 binds to Pyk2 residues 671-875,
which include two proline-rich regions (Seabold et al., 2003).
Calmodulin interacts in a Ca 2�-dependent manner with the
HOOK region of PSD-95 and its homologues SAP97 and SAP102
immediately adjacent to the SH3 domain (Masuko et al., 1999;
Paarmann et al., 2002; Fukunaga et al., 2005). Ca 2�/calmodulin
induces binding of the SH3 domain of SAP102 with the GK do-
main of PSD-95 (Masuko et al., 1999), possibly by loosening the
intramolecular interaction between the SH3 and GK domains of
these two proteins (McGee and Bredt, 1999; McGee et al., 2001).
We found that Ca 2�/calmodulin but not calmodulin alone asso-
ciates with the SH3–GK region of PSD-95 (Fig. 3A). We then
tested whether Ca 2�/calmodulin can stimulate the interaction
between PSD-95 and Pyk2. For this purpose, His-tagged full-
length Pyk2(1-1009) was expressed in E. coli. After immunopre-
cipitation from the bacterial extracts with the �N Pyk2 antibody
or nonspecific IgG as negative control, the resin samples with the
Pyk2 immunocomplexes were incubated with bacterially ex-
pressed GST–PSD-95 or GST alone in the presence or absence of
Ca 2� and calmodulin. GST–PSD-95 bound specifically to Pyk2
after its immunoprecipitation with �N (Fig. 3B, lanes 3– 6). No
binding was observed between GST–PSD-95 and control IgG
precipitates (lane 8) or between �N precipitates and GST (lanes
1,2), indicating the specificity of the GST–PSD-95 binding to

Figure 3. Ca 2�/calmodulin stimulates PSD-95 binding to Pyk2. A, Ni 2�-agarose was incubated with or without the bacterially
expressed His-tagged SH3–GK module of PSD-95 and subsequently with calmodulin (10 �M) in the presence and absence of Ca 2�

(10 mM) before immunoblotting (IB). Ponceau S staining indicates immobilization of SH3–GK (lanes 1, 2). Probing with anti-
calmodulin antibodies shows specific calmodulin binding to the SH3–GK domain when Ca 2� is present. B, Bacterially expressed
Pyk2 was immunoprecipitated (IP) using �N Pyk2 (lanes 1– 6) or, as negative control, nonspecific rabbit IgG (lanes 7, 8) before
incubation with GST or full-length PSD-95–GST with and without Ca 2� (10 mM) and calmodulin (10 �M) as indicated. Samples
were washed with and without Ca 2� corresponding to the binding incubation conditions. Samples underwent immunoblotting
with monoclonal Pyk2 and subsequently GST antibodies. GST–PSD-95 (lanes 3– 6) but not GST alone (lanes 1, 2) bound to Pyk2.
This interaction was increased in the presence of Ca 2� and calmodulin (lane 6). Lanes 9 and 10 show immunoblots with anti-GST
of input material. GST–PSD-95 was partially degraded at the C terminus (GST resided at the N terminus). The lack of binding of the
truncated polypeptide in the middle region but not the top one-third of the gel (compare lane 10 with lane 6) is consistent with
proteolytic removal of SH3 in the more extensively truncated form of GST–PSD-95.

Bartos et al. • PSD-95 Clusters and Activates Pyk2 J. Neurosci., January 13, 2010 • 30(2):449 – 463 • 455



immunoisolated Pyk2. Ca 2�/calmodulin in combination, but
not individually, strongly increased PSD-95 binding to Pyk2
(compare lane 6 with lanes 3–5). Importantly, both calmodulin
binding to PSD-95 and the calmodulin-induced stimulation of
Pyk2 binding to PSD-95 was Ca 2� dependent.

Ca 2� influx through the NMDAR induces Pyk2 clustering
at synapses
Biochemical data described above raise the possibility that an
increase in intracellular Ca 2� will induce Pyk2 translocation to
postsynaptic sites in which PSD-95 is concentrated (Hunt et al.,
1996; Rao et al., 1998; Valtschanoff and Weinberg, 2001; Sans et
al., 2005). Mature (18 DIV) primary hippocampal cultures were
pretreated with TTX, followed by stimulation for 15 min with
vehicle or glutamate or for 5 min with NMDA. In subsequent
studies, cultures received 30 min pretreatment with vehicle,
EGTA to chelate extracellular Ca 2�, MK801 to block NMDARs,
or W7 followed by treatment with vehicle, glutamate, NMDA,
PMA, or ionomycin as described above. Cultures were fixed im-
mediately after stimulation and double labeled with �N Pyk2

antibody and one of the following: anti-PSD-95, anti-bassoon, or
anti-MAP2B antibodies (Fig. 4).

Under control conditions, Pyk2 was predominantly smoothly
distributed throughout the somata and dendrites (Fig. 4A, top
left panel). Glutamate and NMDA induced a dramatic redistri-
bution of Pyk2 to a mainly punctate appearance as expected if
synaptically targeted. Quantification of Pyk2 puncta per den-
dritic length indicates a near sevenfold increase in Pyk2 cluster
density during glutamate and NMDA application (per 10 �m
dendritic length from 0.4 � 0.11 in control to 2.8 � 0.37 and
3.1 � 0.37 in glutamate- and NMDA-treated neurons, respec-
tively) (Fig. 4B). These puncta were chiefly colocalized with
PSD-95 (Fig. 4A,C) and bassoon (Fig. 4A) particularly after glu-
tamate and NMDA application. Bassoon is a well established spe-
cific marker for presynaptic active zones at mature synapses
(Friedman et al., 2000; Zhai et al., 2001; Altrock et al., 2003;
Shapira et al., 2003). Staining of parallel cultures for the
microtubule-associated protein MAP2B, a dendritic marker
(Hirokawa et al., 1988; Goedert et al., 1991), shows that the in-
tegrity of the dendrites was not affected by glutamate (Fig. 4A,

Figure 4. Stimulation-induced synaptic clustering of Pyk2 in hippocampal neurons. A, Primary hippocampal cultures (18 DIV) were treated with TTX (100 nM) plus vehicle or glutamate (100 �M)
for 15 min or NMDA (50 �M) for 5 min, fixed, and stained with �N Pyk2 (red in overlay at higher magnification at bottom) plus PSD-95, bassoon, or MAP2B antibodies (green). Scale bars at bottom
right represent 10 �m for the corresponding magnifications. Arrows indicate Pyk2 puncta that colocalize with PSD-95 or bassoon puncta after stimulation. B, Density of Pyk2 and PSD-95
immunoreactive puncta during treatment with TTX plus vehicle, glutamate (100 �M), PMA (100 nM), ionomycin (1 �M), NMDA (50 �M), glutamate plus EGTA (2 mM), glutamate plus MK801 (10 �M),
or glutamate plus W7 (10 �M) for 15 min (5 min for NMDA). C, Colocalization of Pyk2 puncta with PSD-95 puncta indicates that NMDA and glutamate stimulated Pyk2 clustering preferentially at
synaptic PSD-95 clusters. A–C, For each experiment, three independent repetitions were performed except for the costaining of Pyk2 with bassoon and with MAP2B after glutamate treatment,
which were only performed twice (but see Fig. 5). For quantifications shown in B and C, 5–12 different fields were analyzed for each experiment, and values were averaged before statistical analysis
for the means from the three independent experiments (4 experiments for control, glutamate, and NMDA treatments). Asterisks indicate significant differences compared with control (*) or
glutamate (**) treatment (t test, p 
 0.05; error bars indicate SEM). Both scale bars are 10 �m.
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right panels) or NMDA (Fig. 5, middle) application. GFP-
transfected neurons also showed no change in dendritic mor-
phology when stimulated with NMDA (Fig. 6A).

Chelating extracellular Ca 2� with EGTA, blocking NMDAR
pores with MK801, or inhibiting calmodulin with W7 blocked
Pyk2 clustering without affecting PSD-95 distribution (supple-
mental Fig. 1, available at www.jneurosci.org as supplemental
material) (Fig. 4B). Ionomycin induced clustering similar to glu-
tamate and NMDA (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material) (Fig. 4B). These results
indicate that increasing intracellular Ca 2�, either with a general
Ca 2� ionophore, which presumably acts along the whole den-
dritic shaft, or specifically via NMDARs, is necessary and suffi-
cient for stimulating Pyk2 clustering at synapses. The PKC
activating PMA also induced Pyk2 clustering (supplemental Fig.
1, available at www.jneurosci.org as supplemental material) (Fig.
4B), in agreement with the above finding that PMA, like NMDA
and ionomycin, stimulates Pyk2 binding to PSD-95. However,
PMA-induced Pyk2 clustering and binding to PSD-95 might de-
pend on a mechanism different from that underlying Ca 2�

influx-induced Pyk2 clustering and PSD-95 binding and is there-
fore not within the scope of this work.

NMDA induces postsynaptic Pyk2 clustering
Pyk2 is present not only in dendrites but also in axons (Seabold et
al., 2003). GFP-tagged Pyk2 was expressed in 15 DIV hippocam-
pal cultures by low-efficiency calcium phosphate transfection so
that only a few widely dispersed neurons expressed Pyk2–GFP.

Cultures were at low density, with the av-
erage distance between neighboring so-
mata being 200 �m. After 3 d, neurons
were pretreated with TTX, treated with
vehicle or NMDA, fixed, and stained with
anti-synapsin and either anti-MAP2B or
anti-PSD-95 antibodies. Synapsin is a syn-
aptic vesicle-associated protein that is con-
centrated presynaptically and serves, like
bassoon, as a synaptic marker (De Camilli et
al., 1983; Chin et al., 1995). Under control
conditions, Pyk2–GFP was smoothly dis-
tributed throughout dendritic areas of
transfected neurons as identified by MAP2B
labeling (Fig. 5, left column). Stimulation
with NMDA induced clustering of Pyk2–
GFP similar to that observed with endoge-
nous Pyk2. This clustering was within the
dendritic areas of transfected neurons that
were identified as a result of Pyk2–GFP sig-
nals in somata from which the dendrites
originated (Fig. 5). NMDA-induced Pyk2–
GFP clusters primarily colocalized with syn-
apsin and PSD-95. Because in all analyzed
samples no other neurons close enough to
form axonal contacts with one of the Pyk2–
GFP-positive neurons were transfected with
Pyk2–GFP, this clustering is attributable to
Pyk2–GFP accumulation at postsynaptic
sites. Transfected GFP alone did not cluster
when stimulated with NMDA (Fig. 6A).

Mutating Lys457 to Ala in GFP–Pyk2
creates a kinase-dead isoform. Like wild
type, GFP–Pyk2(K457A) also clustered at
postsynaptic sites (Fig. 5). Accordingly,

postsynaptic Pyk2 clustering is independent of its activity, con-
sistent with our hypothesis that clustering precedes its activation.

NMDA-induced Pyk2 clustering depends on the SH3 domain
of PSD-95
To address the role of PSD-95 in Pyk2 clustering, the GFP-tagged
SH3 domain of PSD-95 was ectopically expressed in primary
hippocampal cultures. Because Pyk2 interacts with the PSD-95
SH3 domain (Seabold et al., 2003), overexpression of the SH3
domain was hypothesized to disrupt the stimulation-dependent
interaction between Pyk2 and synaptically localized PSD-95. In
fact, NMDA stimulation was unable to initiate clustering of en-
dogenous Pyk2 in the presence of SH3–GFP, whereas Pyk2 clus-
tered readily in GFP-expressing neurons (Fig. 6A). The Pyk2
puncta density was threefold higher in GFP than in GFP–SH3-
transfected neurons when treated with NMDA (2.7 � 0.26 com-
pared with 0.9 � 0.20) (Fig. 6B). The Pyk2 puncta density of
GFP-transfected neurons stimulated with NMDA was compara-
ble with that of untransfected NMDA-stimulated neurons (Fig.
4A,B). Endogenous PSD-95 was unaffected by expression of GFP
or SH3 domain (Fig. 6A).

NMDA-induced Pyk2 autophosphorylation depends on the
SH3 domain of PSD-95
Induction of Pyk2 autoactivation and binding to PSD-95 in intact
neurons show the same pharmacological profiles. We investi-
gated whether Pyk2 binding to PSD-95 is required for NMDA-
induced Pyk2 activation with the hypothesis that inhibition of the

Figure 5. NMDA-induced Pyk2–GFP clustering occurs postsynaptically and independently of Pyk2 kinase activity. Primary
hippocampal cultures (15 DIV) were transfected with Pyk2–GFP or GFP-tagged kinase-dead Pyk2 (KD-GFP) (72 h; red in all overlays
at higher magnification at bottom), treated with TTX plus either vehicle or NMDA (50 �M, 5 min), fixed, and stained with antibodies
against synapsin (green in all dual overlays at the very bottom labeled “1 � 3”) and either MAP2B or PSD-95 (green in the
respective overlays in the row labeled “1 � 2”). Scale bars, 10 �m for the corresponding magnifications. Pyk2–GFP underwent a
dramatic relocation from a fairly smooth distribution under control conditions in dendritic shafts that was primarily colocalized
with MAP2B to a pronounced punctate synaptic distribution away from MAP2B staining in dendritic shafts. Arrows illustrate
examples of colocalization of Pyk2 and PSD-95 puncta that are juxtaposed to synapsin puncta. Kinase-dead Pyk2 also clusters
during NMDA stimulation (right column). All pictures are representatives from three independent experiments.
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Pyk2–PSD-95 interaction would elimi-
nate Pyk2 activation by NMDA. Primary
hippocampal cultures (15 DIV) were in-
fected with the GFP-tagged PSD-95 SH3
domain similar to that used above, except
a lentiviral vector based on a minimal FIV
was used. This vector provided �90% in-
fection efficiency in hippocampal cultures
without detectably affecting the health of
the neurons. Control infections were per-
formed with GFP alone expressed from an
analogous FIV vector. At 18 DIV, the neu-
rons were stimulated with NMDA in the
presence of TTX and pervanadate. Lysates
were analyzed by immunoblotting with
phospho-Tyr402, monoclonal Pyk2, and
GFP antibodies as before. The results clearly
show that GFP–SH3 but not GFP alone sup-
presses the NMDA-induced upregulation
of Pyk2 autophosphorylation (Fig. 6C,D).

Binding of Pyk2 to PSD-95 is necessary
for LTP
We showed previously that the sequential
activation of Pyk2 and Src plays a critical
role in the induction of LTP at CA3–CA1
synapses (Lu et al., 1998; Xiong et al.,
1999; Huang et al., 2001; Salter and Kalia,
2004). To test the relevance of the interac-
tion between Pyk2 and PSD-95 in LTP in-
duction, whole-cell patch recordings were
obtained from pyramidal neurons in the
hippocampal CA1 region. Recording elec-
trodes contained GST alone as control, the
GST-tagged SH3 domain of PSD-95, or the
GST-tagged Pyk2 residues 671-875, which
mediate Pyk2 binding to the SH3 domain of
PSD-95 (Seabold et al., 2003). None of the
polypeptides affected basal NMDAR
EPSCs, as measured with CNQX to
block AMPARs (Fig. 7A,B), or NMDA-
evoked whole-cell currents (Fig. 7C) under
basal conditions over a time course of 25–30
min. This is consistent with our recent find-
ing that, contrasting cultured neurons, in
acute slices Src-mediated upregulation of
NMDAR activity is constitutively sup-
pressed under basal conditions by the C-
terminal Src kinase CSK (Xu et al., 2008). However, the induction of
LTP was entirely blocked by including either the SH3 domain of
PSD-95 or the SH3 binding site on Pyk2 in the pipette, whereas GST
by itself failed to block LTP (Fig. 7D–F). Currents were averaged 5
min before and 30 min after tetani. Potentiation under control con-
ditions (GST) was 161 � 12% ( p 
 0.001 vs baseline) compared
with 92 � 0.06% for GST–SH3 ( p 
 0.001 vs control LTP) and
104 � 0.05% for GST–Pyk2(671-875) ( p 	 0.004 vs control LTP).

Discussion
Role of PSD-95 in postsynaptic clustering and activation
of Pyk2
Under basal conditions, PSD-95 is concentrated at postsynaptic
sites, whereas Pyk2 is diffuse throughout dendrites. We hypoth-
esize that the interaction between the SH3 and GK domain in the

basal state of PSD-95 is responsible for inhibiting Pyk2 binding.
Ca 2� induces calmodulin binding to the HOOK regions of
PSD-95 and its homologs SAP97 and SAP102, which connect
their SH3 and GK domains (Masuko et al., 1999; Paarmann et al.,
2002; Fukunaga et al., 2005). Ca 2�/calmodulin binding results in
a rearrangement, which likely includes displacement of the GK
domain from the SH3 domain promoting Pyk2 binding to the
SH3 domain. Pyk2 could consequently accumulate at postsynap-
tic sites, in which binding to PSD-95 clusters would mediate its
oligomerization. This model is supported by the finding that
PSD-95 and its homologs form homomultimers and heteromul-
timers (Tomita et al., 2001; Christopherson et al., 2003; Kim and
Sheng, 2004). The proximity of Pyk2 molecules could promote
trans-autophosphorylation, thereby leading to Pyk2 activation.
SAP97, SAP102, and the related CHAPSYN110/PSD-93 are

Figure 6. Overexpression of the PSD–95 SH3 domain inhibits NMDA-induced Pyk2 clustering and Pyk2 autophosphorylation.
A, Primary hippocampal cultures (15 DIV) were transfected with the GFP-tagged SH3 domain of PSD-95 (SH3-GFP) or GFP alone (72
h; blue in overlay at higher magnification at bottom), treated with TTX plus vehicle or NMDA (50 �M, 5 min), fixed, and stained with
antibodies against endogenous Pyk2 (�N; red in overlay) and PSD-95 (green in overlay). Scale bars, 10 �m for the corresponding
magnifications. B, Density of Pyk2 immunoreactive puncta. SH3–GFP blocked NMDA-induced Pyk2 clustering seen in the presence
of GFP alone. Five to 10 different fields were analyzed for each experiment, and values were averaged before statistical analysis for
the means from the three independent experiments. The asterisk indicates statistical significance in Pyk2 clustering in neurons
expressing GFP alone versus SH3–GFP (t test, p 
 0.05; error bars indicate SEM). C, Primary hippocampal cultures (15 DIV) were
infected with packaged FIV pVETL vectors encoding PSD-95 SH3–GFP or GFP alone (72 h) and treated with TTX plus pervanadate (1
mM) plus vehicle or NMDA (50 �M, 15 min) before immunoblotting (IB) with anti-phospho-Tyr402, monoclonal Pyk2, and GFP
antibodies. D, Immunosignals were quantified by film densitometry. The pY402/Pyk2 ratios were normalization to control equal-
ing 1. Asterisks denote statistical significance compared with control (*) or NMDA plus GFP (**) (t test, p 
 0.05; n 	 3 � SEM).
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present at postsynaptic sites and might also contribute to Pyk2
clustering and activation. However, PSD-95 is the functionally
prevailing postsynaptic representative of this protein family in
hippocampal neurons (Schlüter et al., 2006).

Precise localization of kinases is important for effective and
specific phosphorylation of targets (Pawson and Scott, 1997;
Wong and Scott, 2004). CaMKII translocates to postsynaptic sites
during Ca 2� influx through NMDAR binding (Leonard et al.,
1999; Shen and Meyer, 1999; Bayer et al., 2001; Merrill et al.,
2005) for postsynaptic signaling (Barria and Malinow, 2005). We
now demonstrate the postsynaptic translocation of Pyk2 during
NMDAR-mediated Ca 2� influx (Figs. 4, 5). Ectopic expression of
PSD-95 SH3–GFP prevented postsynaptic Pyk2 clustering, indi-
cating that this clustering is via Pyk2 binding to PSD-95 or
homologs (Fig. 6).

Dimerization by antibodies in vitro and overexpression of
PSD-95 in PC6-3 cells induce trans-autophosphorylation of
Pyk2, indicating that PSD-95 binding promotes Pyk2 activation
by oligomerization (Fig. 1). Ca2� influx through NMDAR stimu-
lates coimmunoprecipitation of Pyk2 with PSD-95 and concomitant
Pyk2 Tyr402 autophosphorylation (Figs. 2, 3, 6). GFP–SH3 com-
pletely blocked activity-induced Pyk2 autophosphorylation, indicat-
ing that the autoactivation depends on access to the SH3 domain of
PSD-95 (Fig. 6).

Role of Ca 2�/calmodulin and PKC
Ca 2�/calmodulin stimulates Pyk2 binding to PSD-95 (Figs. 2C,
3) and Pyk2 trans-autophosphorylation (Fig. 2D), consistent
with the finding that calmodulin only interacts with PSD-95 and

SAP102 when Ca 2� is present (Masuko et al., 1999; Paarmann et
al., 2002; Fukunaga et al., 2005). Ca 2�/calmodulin is also critical
for postsynaptic Pyk2 clustering during Ca 2� influx through the
NMDAR (Fig. 4B). PKC inhibitors did not inhibit glutamate- or
NMDA-induced Pyk2 clustering (data not shown), suggesting
that PKC is not necessary for postsynaptic Pyk2 clustering and
activation induced by Ca 2� influx.

However, stimulation of PKC also led to PSD-95 binding (Fig.
2) and postsynaptic Pyk2 clustering (Fig. 4). PSD-95 binding
might thus be a general mechanism for Pyk2 activation in neu-
rons. One isoform of PKC (PKC�) binds PSD-95 (Lim et al.,
2002). NMDAR-mediated Ca 2� influx can activate the Ca 2�-
sensitive phospholipase C� (Rebecchi and Pentyala, 2000) for pro-
duction of PKC-activating diacylglycerol compounds in neurons
(Codazzi et al., 2006). Nevertheless, additional characterization of
this PKC-mediated mechanism is beyond the scope of this article.

We do not know at this point with certainty how Ca 2�/cal-
modulin induces Pyk2/PSD-95 association. Because Ca 2�/cal-
modulin can regulate the SH3–GK domain interaction, we
hypothesize that Ca 2�/calmodulin is promoting Pyk2 binding to
PSD-95 by relaxing the intramolecular interaction between SH3
and GK of PSD-95 (Masuko et al., 1999; McGee and Bredt, 1999;
McGee et al., 2001). Once bound to PSD-95, which forms dimers
(Craven et al., 1999; Masuko et al., 1999; Shin et al., 2000; McGee
et al., 2001; El-Husseini Ael et al., 2002) and perhaps oligomers at
postsynaptic sites, Pyk2 proteins within a complex could trans-
autophosphorylate, thereby conferring activation (Fig. 1F).

Ca 2�/calmodulin might also directly bind to Pyk2 for its ac-
tivation (Kohno et al., 2008). However, the involvement of inter-

Figure 7. Interfering with the PSD-95–Pyk2 interaction prevents induction of LTP. A, B, Peak currents of NMDAR-mediated EPSCs in CA1 isolated with CNQX are not affected during infusion of
GST (n 	 5; CTL; black circles), GST–SH3 (n 	 3; green circles), or GST–Pyk2(671-875) (n 	 5; red squares). C, NMDA-induced whole-cell patch peak currents in acutely isolated CA1 neurons are not
affected during infusion of GST (n 	 7; CTL; black circles), GST–SH3 (n 	 7; green circles), or GST–Pyk2(671-875) (n 	 6; red squares). D–F, LTP induced by two tetani of 100 Hz/500 ms, 10 s apart,
was blocked by infusion of GST–SH3 (n 	 6; green circles) and GST–Pyk2(671-875) (n 	 6; red squares) but not GST alone (n 	 7; CLT; black circles). Shown are sample traces (D) before (a) and
30 min after (b) tetani, exemplary time courses for each condition (E), and averaged EPSCs that were normalized to baseline for each experiment from all time courses for each condition �SEM (F ).
Arrows indicate time of tetani.
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mediary proteins, possibly PSD-95 homologs that are present in
non-neuronal cells such as SAP97, has not been excluded in this
work. Based on point mutations, the authors propose that Ca 2�/
calmodulin binds to a segment in the middle of the FERM do-
main. However, this segment is essentially buried in the crystal
structure of FAK (Lietha et al., 2007) and likely not accessible to
Ca 2�/calmodulin (Schaller, 2008).

Ca 2�/calmodulin is also important for CaMKII binding to the
NMDAR NR2B subunit (Bayer et al., 2001; Leonard et al., 2002).
This Ca2�/calmodulin-induced binding promotes autophosphory-
lation between subunits of the dodecameric CaMKII holoenzyme
(Bayer et al., 2001; Merrill et al., 2005) (see also Sun et al., 2004).
Calmodulin thus emerges as a key mediator of recruiting and regu-
lating postsynaptic signaling elements at activated postsynaptic sites.
KN93 (2-[N-(2-hydroxyethyl)]-N-(4-methoxybenzenesulfo-
nyl)amino-N-(4-chlorocinnamyl)-N-methylbenzylamine), which
inhibits Ca2�/calmodulin-dependent kinases including CaMKII,
failed to affect glutamate-induced Pyk2 clustering, indicating that
the effects of Ca2�/calmodulin were independent of CaMKII (data
not shown).

Role of Src in Pyk2 signaling
Pyk2 stimulates the NMDAR activity through Src, which acts
downstream of Pyk2 at postsynaptic sites (Yu et al., 1997; Lu et al.,
1998; Huang et al., 2001; Salter and Kalia, 2004) (see also Corvol
et al., 2005). However, in some non-neuronal cells, the initial
Ca 2�-dependent Pyk2 activation through Tyr402 autophos-
phorylation is inhibited, although not fully blocked, by Src an-
tagonists (Sorokin et al., 2001; Cheng et al., 2002). These results
suggest that interdependence between Pyk2 and Src activation
can exist. Autophosphorylation of Pyk2 on Tyr402 recruits and
activates Src for additional phosphorylation and additional acti-
vation of Pyk2 (see Introduction). It is obvious that Src binding
to phosphorylated Tyr402 would protect Tyr402 from dephos-
phorylation, although this possibility is untested because the rel-
evant phosphatase is unknown. Furthermore, the Src-mediated
increase in Pyk2 activity would allow more effective rephospho-
rylation of Tyr402 should a Tyr402 residue in an oligomeric com-
plex become dephosphorylated. These properties provide a
positive feedback loop that prolongs the activity of Pyk2/Src
complexes. Such complexes thus might constitute a molecular
memory, which might be important for the establishment of LTP.

Physiological relevance of Pyk2 clustering in LTP
PKC increases NMDAR currents by stimulating Pyk2. Pyk2 then
activates Src, which then phosphorylates NMDARs (Yu et al.,
1997; Lu et al., 1998; Huang et al., 2001; Salter and Kalia, 2004).
The PKC effect is blocked by injection of kinase-dead Pyk2 and
various Src inhibitors. Src inhibitors but not PKC inhibitors block
upregulation of NMDAR currents after injection of active Pyk2. In-
hibition of PKC or Pyk2 activity does not affect upregulation of
NMDAR activity by Src activators, placing Pyk2 downstream of
PKC and upstream of Src. The PKC–Pyk2–Src signaling cascade is
required for LTP in the hippocampal CA1 region (Yu et al., 1997; Lu
et al., 1998; Huang et al., 2001; Salter and Kalia, 2004). We find that
two different constructs that interfere with Pyk2 binding to PSD-95,
GST–SH3 and Pyk2 residues 671-875, blocked LTP without directly
affecting NMDAR function (Fig. 7). Because an increasing body of
evidence indicates that LTP is the physiological correlate of learning
and memory (Martin et al., 2000; Bredt and Nicoll, 2003; Col-
lingridge et al., 2004; Malenka and Bear, 2004; Pastalkova et al., 2006;
Whitlock et al., 2006), Pyk2 anchoring by PSD-95 is likely important
for these higher brain functions.

The concomitant postsynaptic recruitment and activation of
Pyk2 during NMDAR-mediated Ca 2� influx is an economical
and effective mechanism to elevate Pyk2 activity, specifically at
those synapses experiencing LTP. This targeting mechanism will
ensure that Pyk2 is mainly active at those synapses undergoing
potentiation. By providing for accumulation of Pyk2 specifically
at activated postsynaptic sites, this mechanism likely contributes
to the critical synapse specificity of LTP, which is crucial for pre-
venting saturation of neuronal input.

LTP at mossy fiber synapses in the hippocampal CA3 area is
NMDAR independent and attributable to increased presynaptic
glutamate release. However, postsynaptic NMDARs at CA2
mossy fiber synapses can undergo LTP themselves independent
of increased glutamate release (Kwon and Castillo, 2008; Rebola
et al., 2008). This NMDAR LTP requires coactivation of NMDAR
and mGluR5 and the ensuing stimulation of PKC and Src, sug-
gesting a PKC–Pyk2–Src–NMDAR cascade analogous to that es-
tablished for CA1 synapses.

Clinical aspects of Pyk2 clustering in ischemia
Ischemia causes reversal of glutamate transporters and over-
stimulation of NMDAR-mediated Ca 2� influx triggering neuro-
nal damage (Rothman and Olney, 1987; Lee et al., 1999). Pyk2
translocates to postsynaptic densities after ischemia, in which it
interacts with NMDARs via PSD-95 (Liu et al., 2001; Cheung et
al., 2003; Seabold et al., 2003; Hou et al., 2005). NMDAR antag-
onists inhibit ischemia-induced stimulation of Pyk2, Src, and
tyrosine phosphorylation of NR2A and NR2B (Liu et al., 2001;
Guo et al., 2004). Hence, ischemia likely activates Pyk2 through
PSD-95, which could contribute to consequent neuropathologies.

In summary, Pyk2 oligomerization in general and specifically
by Ca 2�/calmodulin-induced PSD-95 binding in neurons in-
duces its activation by trans-autophosphorylation. The concom-
itant postsynaptic Pyk2 accumulation at synapses undergoing
potentiation allows for synapse-selective targeting and activation
Pyk2, which contributes to the synapse-selective upregulation of
NMDAR activity and thereby induction of LTP.
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Schlüter OM, Xu W, Malenka RC (2006) Alternative N-terminal domains
of PSD-95 and SAP97 govern activity-dependent regulation of synaptic
AMPA receptor function. Neuron 51:99 –111.

Schweitzer E (1987) Coordinated release of ATP and ACh from cholinergic
synaptosomes and its inhibition by calmodulin antagonists. J Neurosci
7:2948 –2956.

Seabold GK, Burette A, Lim IA, Weinberg RJ, Hell JW (2003) Interaction of
the tyrosine kinase Pyk2 with the N-methyl-D-aspartate receptor complex
via the src homology 3 domains of PSD-95 and SAP102. J Biol Chem
278:15040 –15048.

Shapira M, Zhai RG, Dresbach T, Bresler T, Torres VI, Gundelfinger ED, Ziv
NE, Garner CC (2003) Unitary assembly of presynaptic active zones
from Piccolo-Bassoon transport vesicles. Neuron 38:237–252.

Shen K, Meyer T (1999) Dynamic control of CaMKII Translocation in hip-
pocampal neurons by NMDA receptor stimulation. Science 284:162–166.

Shin H, Hsueh YP, Yang FC, Kim E, Sheng M (2000) An intramolecular
interaction between Src homology 3 domain and guanylate kinase-like
domain required for channel clustering by postsynaptic density-95/
SAP90. J Neurosci 20:3580 –3587.

Siciliano JC, Toutant M, Derkinderen P, Sasaki T, Girault JA (1996) Differ-
ential regulation of proline-rich tyrosine kinase 2/cell adhesion kinase
beta (PYK2/CAKbeta) and pp125(FAK) by glutamate and depolarization
in rat hippocampus. J Biol Chem 271:28942–28946.

Sorokin A, Kozlowski P, Graves L, Philip A (2001) Protein-tyrosine kinase
Pyk2 mediates endothelin-induced p38 MAPK activation in glomerular
mesangial cells. J Biol Chem 276:21521–21528.

Stein CS, Davidson BL (2002) Gene transfer to the brain using feline immu-
nodeficiency virus-based lentivirus vectors. Methods Enzymol 346:433–
454.

Sun XX, Hodge JJ, Zhou Y, Nguyen M, Griffith LC (2004) The eag potassium
channel binds and locally activates calcium/calmodulin-dependent protein
kinase II. J Biol Chem 279:10206–10214.

Tomita S, Nicoll RA, Bredt DS (2001) PDZ protein interactions regulating
glutamate receptor function and plasticity. J Cell Biol 153:F19 –F24.

Ullrich A, Schlessinger J (1990) Signal transduction by receptors with ty-
rosine kinase activity. Cell 61:203–212.

Valtschanoff JG, Weinberg RJ (2001) Laminar organization of the NMDA re-
ceptor complex within the postsynaptic density. J Neurosci 21:1211–1217.

Vandonselaar M, Hickie RA, Quail JW, Delbaere LT (1994) Trifluoperazine-

induced conformational change in Ca 2�-calmodulin. Nat Struct Biol
1:795–801.

Wakamori M, Hidaka H, Akaike N (1993) Hyperpolarizing muscarinic re-
sponses of freshly dissociated rat hippocampal CA1 neurones. J Physiol
463:585– 604.

Wang LY, MacDonald JF (1995) Modulation by magnesium of the affinity
of NMDA receptors for glycine in murine hippocampal neurones.
J Physiol 486:83–95.

Wang YT, Salter MW (1994) Regulation of NMDA receptors by tyrosine
kinases and phosphatases. Nature 369:233–235.

Whitlock JR, Heynen AJ, Shuler MG, Bear MF (2006) Learning induces
long-term potentiation in the hippocampus. Science 313:1093–1097.

Wong W, Scott JD (2004) AKAP signalling complexes: focal points in space
and time. Nat Rev Mol Cell Biol 5:959 –970.
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