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is inactivated within neurons.

molecular mechanisms underlying synaptic plasticity.
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(Background: Proline-rich tyrosine kinase 2 (Pyk2) is implicated in synaptic plasticity; however, it remains unclear how Pyk2

Results: Striatal-enriched protein-tyrosine phosphatase (STEP) directly binds to and dephosphorylates Pyk2 at Tyr
Conclusion: STEP inactivates Pyk2 and its downstream signaling pathways.
Significance: These results identify an important regulatory mechanism for Pyk2 signaling that is critical for understanding the
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Proline-rich tyrosine kinase 2 (Pyk2) is a member of the focal
adhesion kinase family and is highly expressed in brain and
hematopoietic cells. Pyk2 plays diverse functions in cells,
including the regulation of cell adhesion, migration, and cyto-
skeletal reorganization. In the brain, it is involved in the induc-
tion of long term potentiation through regulation of N-methyl-
D-aspartate receptor trafficking. This occurs through the
phosphorylation and activation of Src family tyrosine kinase
members, such as Fyn, that phosphorylate GluN2B at Tyr'*72.
Phosphorylation at this site leads to exocytosis of GluN1-
GluN2B receptors to synaptic membranes. Pyk2 activity is mod-
ulated by phosphorylation at several critical tyrosine sites,
including Tyr*°2. In this study, we report that Pyk2 is a substrate
of striatal-enriched protein-tyrosine phosphatase (STEP). STEP
binds to and dephosphorylates Pyk2 at Tyr*°%, STEP KO mice
showed enhanced phosphorylation of Pyk2 at Tyr*°? and of the
Pyk2 substrates paxillin and ASAP1. Functional studies indi-
cated that STEP opposes Pyk2 activation after KCI depolar-
ization of cortical slices and blocks Pyk2 translocation to
postsynaptic densities, a key step required for Pyk2 activation
and function. This is the first study to identify Pyk2 as a sub-
strate for STEP.

Proline-rich tyrosine kinase 2 (Pyk2),* also known as cell
adhesion kinase 3, is a member of the focal adhesion kinase
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family and is highly expressed in the central nervous system
(CNS) (1-3). Pyk2 is activated in response to increases in intra-
cellular calcium levels (1, 4, 5), neuronal membrane depolariza-
tion (6, 7), hyperosmolarity (7), and activation of protein kinase
C(1,8,9).

Upon stimulation, Pyk2 undergoes rapid autophosphoryla-
tion at Tyr*®?, creating a docking site for the SH2 domain of Src
family kinase members Src and Fyn. Pyk2 phosphorylates and
activates Src and Fyn (10-12), either one of which then phos-
phorylates Pyk2 at Tyr>”®/>%° within its activation loop (13, 14).
Pyk2 activation results in postsynaptic translocation and asso-
ciation of Pyk2 with the SH3 domain of postsynaptic density
(PSD)-95 (15), which is essential for Pyk2 activation and the
induction of long term potentiation (LTP) (15). Src also phos-
phorylates Pyk2 at Tyr®®', leading to recruitment of the Grb2-
SOS complex and subsequent activation of mitogen-activated
protein kinase (MAPK) (1, 16). Thus, Pyk2 activates the Src
family kinase and MAPK signaling pathways, both of which are
required for the induction and maintenance of LTP (17, 18).
Overexpression of a catalytically inactive mutant of Pyk2
(K457A) or disruption of Pyk2/PSD-95 interactions disrupts
LTP, underscoring the importance of Pyk2 in regulating synap-
tic plasticity (15, 17).

Considerably more is known about the kinases that activate
Pyk2 within the CNS compared with the tyrosine phosphatases
that inactivate it. Several protein-tyrosine phosphatases (PTPs)
have been reported to associate with Pyk2 outside of the CNS
and regulate its activity (19-21). SHP1 dephosphorylates the
autophosphorylation site Tyr*®* of Pyk2 and down-regulates
integrin-mediated immune cell adhesion and inflammation
(19). PTP-PEST also targets Tyr**? as well as Tyr°”?’**° in the
activation loop of Pyk2 and regulates cell motility (20, 22).
However, a physiologically relevant PTP in the brain has not yet
been reported.

interacting motif; aCSF, artificial cerebrospinal fluid; CsA, cyclosporin A; C/S,
C300S; FP, fluorescence polarization; SOS, Son-of-sevenless; PEST, proline (P),
glutamic acid (E), serine (S) and threonine (T); SYF cells, mouse embryo fibro-
blast cells deficient for Src, Yes and Fyn; SEM, standard error of the mean;
ANOVA, analysis of variance.

VOLUME 287 +NUMBER 25+JUNE 15, 2012

020z ‘7 Jequerdas uo 1sanb Ag /Bioaq [ -mmmy/:dny woly papeojumoq


http://www.jbc.org/cgi/content/full/M112.368654/DC1
http://www.jbc.org/

TABLE 1
Primary and secondary antibodies used in this study
CaMKII, Ca**/calmodulin-dependent protein kinase II.

STEP,, Regulates Pyk2 Signaling

Antibody Format Immunogen Host Dilution Source
Anti-Tyr(P)*? Pyk2 Whole IgG, unconjugated Human synthetic phosphopeptide Rabbit 1:1,000 Invitrogen
Anti-Pyk2 N terminus Whole IgG, unconjugated N terminus of rat sequence Rabbit 1:500 As described (15)
Anti-Pyk2 (H-102) Whole IgG, unconjugated N terminus of human Pyk2 Rabbit 1:1,000 Santa Cruz Biotechnology
Anti-STEP IgG,, unconjugated Rat synthetic peptide Mouse 1:1,000 As described (68)
Anti-Fyn Whole IgG, unconjugated Human synthetic peptide Rabbit 1:600 Millipore
Anti-Tyr(P)**”> NR2B Whole IgG, unconjugated Synthetic phosphopeptide Rabbit 1:1,000 Phosphosolutions, Denver, CO
Anti-NR2B Whole IgG, unconjugated C terminus of mouse NR2B Rabbit 1:1,000 Millipore
Anti-Tyr(P)"'® paxillin Whole IgG, unconjugated Human synthetic phosphopeptide Rabbit 1:1,000 Cell Signaling Technology,

Danvers, MA

Anti-paxillin Whole IgG, unconjugated Human synthetic peptide Rabbit 1:1,000 Cell Signaling Technology
Anti-Tyr(P)”8? ASAP1 Whole IgG, unconjugated Mouse synthetic phosphopeptide Rabbit 1:1,000 Rockland, Gilbertsville, PA
Anti-ASAP1 Whole IgG, unconjugated Mouse synthetic peptide Mouse 1:100 Rockland
Anti-Tyr(P)?** ERK1/2 Whole IgG, unconjugated Human synthetic phosphopeptide Mouse 1:1,000 Santa Cruz Biotechnology
Anti-ERK2 Whole IgG, unconjugated C terminus of rat sequence Rabbit 1:5,000 Santa Cruz Biotechnology
Anti-PSD-95, clone K28/43 IgG2ak, unconjugated Fragment of human PSD-95 protein ~ Mouse 1:10,000  Millipore
Anti-B-actin Whole IgG, unconjugated Human synthetic peptide Rabbit 1:1,000 Sigma-Aldrich
Anti-GAPDH, clone 6¢5 IgG,, unconjugated Purified protein from rabbit muscle ~ Mouse 1:20,000  Millipore
Anti-tubulin IgG,, unconjugated Purified chick brain tubulin Mouse 1:500 Sigma-Aldrich
Anti-synaptophysin Unpurified mouse IgG1, unconjugated ~ Rat retina synaptophysin Mouse 1:2,000 Millipore
Anti-CaMKII Whole IgG, unconjugated Mouse synthetic peptide Rabbit 1:2,000 Santa Cruz Biotechnology
Anti-histone H1 1gG,,, unconjugated Human synthetic peptide Mouse 1:2,000 Santa Cruz Biotechnology
Anti-rabbit Whole IgG peroxidase-conjugated Rabbit Fc Donkey  1:10,000  Amersham Biosciences
Anti-mouse Whole IgG peroxidase-conjugated Mouse Fc Sheep 1:10,000  Amersham Biosciences
Anti-rabbit Whole IgG Alexa Fluor 594-conjugated ~ Rabbit Fc Goat 1:600 Molecular Probes
Anti-mouse Whole IgG Alexa Fluor 488-conjugated ~ Mouse Fc Goat 1:600 Molecular Probes

Here we focus on the brain-enriched striatal-enriched pro-
tein-tyrosine phosphatase (STEP) as a possible regulator of
Pyk2 in neurons. Previous studies have established that STEP
normally opposes the development of synaptic strengthening
by dephosphorylating and inactivating ERK1/2 (23, 24) and Fyn
(25). STEP also regulates glutamate receptor internalization.
Dephosphorylation of the GluN2B subunit of the N-methyl-p-
aspartate receptor (formerly NR2B) and the GluA2 subunit of
the AMPA receptor (formerly GluR2) results in internalization
of GluN1-GIuN2B (26) and GluA1-GluA2 receptors, respec-
tively (27). STEP is a critical regulator of synaptic function, and
the identification of additional substrates will clarify its normal
function. Here we identify Pyk2 as a novel substrate for STEP
using biochemical, molecular, and immunocytochemical tech-
niques in wild type (WT) and STEP knock-out (KO) mice.

EXPERIMENTAL PROCEDURES

Antibodies and Other Reagents—All antibodies used in this
study are listed in Table 1. NMDA and ionomycin were pur-
chased from Sigma-Aldrich, and M-PER mammalian lysis
buffer was from Pierce.

Constructs and Purification of Fusion Proteins—PCR-ampli-
fied open reading frames of STEP, or STEP,, were subcloned
into pcDNA3-His/V5 (Invitrogen) or pGEX4T1 vector (GE
Healthcare). Trans-activator of transcription (TAT)-STEP,,
was subcloned into the pTrcHis2-TOPO construct (Invitro-
gen) as described (27, 28). Point mutations were introduced
using site-directed mutagenesis (kit from Stratagene, Santa
Clara, CA), and all constructs were sequenced prior to use.
Deletion constructs of STEP (polyproline-rich 1 and 2 (PR1 and
PR2) and the kinase-interacting motif (KIM) domains) and
pCMV-hFyn constructs were described previously (25). GST-
tagged Pyk2 constructs (15) were PCR-amplified and subcloned
into pcDNA3-His/V5 or pTrcHis2 construct (Invitrogen). See
Fig. 1, which was made with the assistance of DOG software as
described (29), for schematic domain structures of constructs
used in this study.
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Fusion constructs were expressed in Escherichia coli
BL21(DE3) and purified on glutathione-Sepharose (GE Health-
care) or TALON metal affinity resin beads (Clontech) following
the manufacturers’ instructions. GST fusion proteins were
eluted with 10 mm reduced glutathione in phosphate-buffered
saline (PBS), pH 8. His-tagged proteins were eluted in PBS, pH
7.4, 150 mm imidazole. All proteins were concentrated using
Amicon Ultra-4 filter units with 30- or 50-kDa cutoffs (Milli-
pore, Billerica, MA). For some assays, STEP,, fusion proteins,
which lack the N-terminal 172 amino acids of STEP;, were
used, because of technical difficulty in purification of large
amounts of the insoluble protein STEP;.

Brain Slices and Treatments—The Yale University Institu-
tional Animal Care and Use Committee approved all animal
procedures used in the present study. Coronal corticostriatal
slices (300 wm) were prepared from male WT or STEP KO mice
(8—10 weeks on a C57B6 background as described (30)). Slices
were sectioned in ice-cold oxygenated artificial cerebrospinal
fluid (aCSF) (124 mm NaCl, 4 mm KCl, 26 mm NaHCO,, 1.5 mm
CaCl,, 1.25 mm KH,PO,, 1.5 mm MgSO,, 10 mm D-glucose).
After recovery in aCSF for 60 min, slices were treated with 40
mM KCI for 2 min. Some slices were preincubated with 2 um
TAT-STEP,, or TAT-STEP, C/S (27, 2) followed by KCl stim-
ulation. Slices were placed on dry ice immediately after stimu-
lations and homogenized.

Preparations of Brain Lysates and PSD Fractions—Slices
were homogenized in TEVP buffer (10 mm Tris, pH 7.4, 5 mm
NaF, 1 mm Na;VO,, 1 mm EDTA, 1 mm EGTA, protease inhib-
itor mixture (Roche Applied Science)), and P2 fractions were
obtained as described previously (28). P2 fractions were
extracted in detergent (0.5% Triton X-100)-containing buffers
as described (31). The insoluble fractions (PSD) were lysed in
radioimmune precipitation assay buffer with 1% SDS buffer fol-
lowed by brief sonication.

Preparation of Synaptoneurosomal Fractions—Synaptoneu-
rosomes from WT or STEP KO mice whole brains were
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FIGURE 1. Schematic domain structures used in this study. FERM, band 4.1/ezrin/radixin/moesin homology domain; FAT, focal adhesion-targeting domain;
TM1 and TM2, putative transmembrane domains; PTP, protein-tyrosine phosphatase domain; asterisk, cysteine residue in the catalytic core; UN, unique
N-terminal domain. Regulatory phosphorylation sites are shown. Numbering refers to amino acid residues within the proteins.

obtained as described previously (27). Briefly, tissues were
homogenized in homogenization buffer (20 mm HEPES/
NaOH, pH 7.4, 124 mm NaCl, 1.06 mm KH,PO,, 26 mwm
NaHCO,, 1.3 mm MgCl,, 2.5 mm CaCl,, 10 mm glucose, Com-
plete protease inhibitor tablets (Roche Applied Science)).
Homogenates were centrifuged at 2000 X g for 1 min. The
supernatant was passed through two 100-um nylon mesh filters
(Sefar America, Richfield, MN) followed by a 5-um nitrocellu-
lose filter (Millipore) and centrifuged at 1000 X gat 4 °C for 10
min. Pellets were washed, resuspended in homogenization
buffer, and dispensed into 100-ul aliquots. All aliquots were
preincubated at 37 °C for 10 min before stimulation with 40 mm
KCI for various times as indicated. Some aliquots were pre-
treated with cyclosporin A (CsA; 100 nm) for 20 min before the
addition of KCI. Thirty microliters of each aliquot were mixed
with 6 X SDS sample buffer and subjected to Western blotting.

Cell Culture and Transfection—HEK293 cells or SYF cells (a
generous gift from A. M. Bennett, Yale University School of
Medicine) were grown in DMEM supplemented with 10% heat-
inactivated fetal bovine serum (FBS) and antibiotics. HEK293
or SYF cells were seeded at 1 X 10° cells/35-mm dish 24 h
before transfection. The next day, pcDNA3-STEP WT,
mutants, or truncation constructs were co-transfected with
pcDNA3-Pyk2 or pPCMV-Fyn using Lipofectamine 2000 (Invit-
rogen) following the manufacturer’s protocol. After 6 h of incu-
bation at 37 °C, the medium was replaced, and cells were incu-
bated for another 36-48 h. Cells were lysed in M-PER
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mammalian extraction reagent (Pierce) and subjected to
immunoprecipitation or Western blotting.

Immunoprecipitation and Pulldown Assays—Mouse brain
homogenates or cell lysates were subjected to immunoprecipi-
tation with anti-STEP or anti-Pyk2 antibodies in M-PER
reagents overnight at 4 °C. The 2nd day, Protein A/G PLUS-
Agarose beads (Santa Cruz Biotechnology) were added and
incubated for another 4 h. Beads were collected by centrifuga-
tion and washed three times with lysis buffer. Immunoprecipi-
tates were resuspended in SDS sample buffer after the final
wash and analyzed by immunoblotting with anti-STEP, anti-
Pyk2, or anti-Fyn antibody.

For pulldown assays, GST fusion proteins were adsorbed to
glutathione-Sepharose beads for 2 h at 4 °C and then incubated
with WT or STEP KO mouse brain homogenates (100 ug) in
radioimmune precipitation assay buffer overnight at 4 °C. In
some experiments, the catalytically inactive GST-STEP,
C472S protein was mixed with 1 ug of His-Pyk2 and increasing
amounts of His-Fyn. Beads were washed and subjected to SDS-
PAGE followed by immunoblotting.

In Vitro Binding—GST-tagged Pyk2 constructs (either full-
length Pyk2 (amino acids 1-1009) or with amino acid deletions
to give amino acids 1-710, 671-1009, 671- 875, 728 —849, or
876 -1009) or GST alone was immobilized on glutathione-Sep-
harose beads. After washes, His-tagged STEP,, (500 nm) was
added for 2 hat4 °C. The samples were washed and subjected to
SDS-PAGE. Prior to immunoblotting with anti-STEP antibody,
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TABLE 2
Sequences of peptides used in fluorescence polarization and pulldown assay
Name Sequence Modification
STEP_PR2 HLLKAPPEPPAPLPPEDRRQ N terminus, FITC; C terminus, amide
STEP_KIM TVKSMGLQERRGSNVSLTLDM N terminus, FITC; C terminus, amide

Pyk2_671-694
Pyk2_689-712
Pyk2_707-723
Pyk2_850-866
TAT-Myc

PTAFQEPPPKPSRPKYK
TEFTGPPQKPPRLGAQS

RFTELVCSLSDIYQMERDIAIEQE
IAIEQERNARYRPPKILEPTAFQE

YGRKKRRQRRREQKLISEEDL

N terminus, FITC; C terminus, amide
N terminus, FITC; C terminus, amide
N terminus, FITC; C terminus, amide
N terminus, FITC; C terminus, amide
None

the membranes were stained with Ponceau S stain to visualize
GST fusion proteins.

Fluorescence Polarization (FP) and Competitive Binding
Assays—FP-based binding assays were performed in a Synergy
2 plate reader (BioTek, Winooski, VT) with Gen5 software
using 96-well black polystyrene plates (Corning, Corning, NY).
Fluorescein isothiocyanate (FITC)-labeled peptides were
obtained from CHI Scientific (Maynard, MA). The sequences
are shown in Table 2. Increasing concentrations of recombi-
nant proteins (either GST-STEP,, GST-STEP,,, or GST-
Pyk2(671-875)) were incubated with FITC-labeled peptide at a
final concentration of 1 um in FP buffer (50 mm HEPES, pH 7.4,
100 mm KCI, 1 mm MgCl,, 0.05 mm EGTA, 5 mM nitrilotriacetic
acid). Parallel and perpendicular intensities were determined
with 485/20A excitation and 528/20A emission filters, and FP
was calculated as described by Lim et al. (32) For each graph,
signals were normalized by setting the lowest value as zero and
the highest value as 100%.

Competitive binding by peptides was also examined in GST
pulldown assays. GST-STEPy; or GST-Pyk2(671-875) was
bound to glutathione-Sepharose beads. Mouse brain lysates
were preincubated with increasing concentrations of peptides
for 2 h at 4 °C and then mixed with protein-Sepharose com-
plexes overnight at 4 °C. Precipitates were washed extensively
and resuspended in SDS sample buffer.

Dephosphorylation of Pyk2 by STEP in Vitro—Mouse brain
lysates were incubated at 65 °C for 20 min to inactivate endog-
enous kinases and phosphatases. The same amount of lysates
(100 pg) was incubated with GST-STEP,, (active) or GST-
STEP,, C/S (inactive) fusion proteins in dephosphorylation
buffer (25 mm HEPES, pH 7.3, 5 mMm EDTA, 5 mm DTT) for 30
min at 30 °C.

Dephosphorylation of Pyk2 by STEP was also carried out
with Pyk2 immunoprecipitated from mouse brain lysates using
anti-Pyk2 antibody and protein A/G-agarose. The precipitates
were allowed to undergo autophosphorylation in the presence
or absence of ATP and/or pervanadate. In some assays, active
STEP (10 um) was added in the presence or absence of pervana-
date (1 mm). Phosphorylation of Pyk2 at Tyr*®* was accessed
with a phosphospecific antibody. The Tyr(P)** signal was nor-
malized to total Pyk2 levels.

Immunoblotting—Samples were resolved by SDS-PAGE and
transferred to nitrocellulose membranes (Bio-Rad) as described
previously (28). Membranes were blocked in TBS-Tween 20 +
5% bovine serum albumin (BSA) and incubated with primary
antibodies overnight at 4 °C. The next day membranes were
washed and incubated in peroxidase-conjugated secondary
antibodies (Amersham Biosciences) for 2 h at RT. Blots were
developed using a chemiluminescent substrate kit (Pierce), and
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immunoreactivity was captured by a G:BOX with the image
program GeneSnap (Syngene, Cambridge, UK). All densito-
metric quantifications were performed using the Genetools
program (Syngene).

Immunofluorescence—Primary hippocampal neurons were
isolated from rat E18 embryos as described previously (28).
Neurons were plated on poly-D-lysine-coated slides (2.5 X 10*
cells/cm? Thermo Scientific) in Neurobasal medium supple-
mented with 2% B27 (Invitrogen) and grown for 14-21 days.
Cells were fixed in 4% paraformaldehyde with 4% sucrose and
permeabilized with 0.2% Triton X-100 in PBS as described pre-
viously (28). After blocking with 10% normal goat serum and 1%
BSA for 1 h, cells were stained with anti-Pyk2 and anti-STEP
antibodies overnight at 4 °C. Goat anti-rabbit Alexa Fluor 594-
or goat anti-mouse Alexa Flour 488-conjugated secondary anti-
bodies (Molecular Probes, Eugene, OR) were used to detect the
primary antibodies. To exclude the possibility of nonspecific
antibody staining, immunodepleted antibodies were also used
as controls. Anti-STEP or anti-Pyk2 antibody was subjected to
four sequential immunodepletion rounds with GST-STEP; or
GST-Pyk2, which was preadsorbed to glutathione-Sepharose
beads. Secondary antibodies alone were also included as con-
trols. To visualize Pyk2 translocation to PSD fractions upon
KCl stimulations, anti-Pyk2 and anti-PSD-95 antibodies were
used to indicate colocalization. Microscopy was performed
with a Zeiss Axiovert 2000 microscope with an apotome
(Applied Scientific Instruments, Eugene, OR) using a 100X
objective lens. A punctum was defined as a continuous group of
pixels corresponding to 0.5-3.0 wm. Colocalization analysis
was performed on randomly selected images (n = 17) using
NIH Image J software with the colocalization analysis plug-in at
default settings (ratio, 50%; threshold for each channel, 50).

Statistical Analysis—All experiments were repeated at least
three times. Data were expressed as means * S.E. For some
experiments, statistical significance was determined by Stu-
dent’s ¢ test, whereas in others, data were analyzed with one-
way ANOVA with post hoc Tukey test. p values <0.05 were
considered significant.

RESULTS

Inhibition of Tyrosine Phosphatases Leads to Activation of
Pyk2—Our previous study showed that resin-bound anti-Pyk2
antibody facilitated Pyk2 dimerization and activation (15). We
used this technique to activate Pyk2 in rat brain homogenates.
We assessed autophosphorylation of Pyk2 in solution (Fig. 24,
No Resin) or bound to beads (Fig. 24, Resin Bound) in the
absence or presence of the general tyrosine phosphatase inhib-
itor pervanadate (1 mm). Similar to previous findings (15), Pyk2
antibody induced autophosphorylation of Pyk2 in lysate and on
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FIGURE 2. Phosphorylation of Pyk2 at Tyr*°? is increased in presence of
protein-tyrosine phosphatase inhibitor. A, rat brain extracts were incu-
bated with 1 g of aN-Pyk2 antibody in the absence of protein A-agarose.
Mg-ATP was then added in the presence or absence of pervanadate (Perv) (1
mm) (top, No Resin). In another set of experiments, Pyk2 was firstimmunopre-
cipitated (/P) with aN-Pyk2 antibody and protein A-Sepharose and washed
before the addition of Mg-ATP in the presence or absence of pervanadate (1
mm) (Resin Bound). After 1 h at 4 °C, EDTA (50 mm) was added to chelate the
Mg?* and halt further phosphorylation. Tyr(P)*°? Pyk2 levels were examined
by immunoblotting with phosphospecific antibody. B, primary hippocampal
cultures were treated with NMDA (50 um) or ionomycin (1 um) for 15 min.
Pervanadate (1 mm) was added 5 min prior to (T = —5) or at the time of
stimulation with the absence of pervanadate serving as a control.

resins presumably by promoting dimerization of Pyk2. No
autophosphorylation of Pyk2 was detected in lysate when per-
vanadate was absent. However, immunoprecipitated Pyk2
underwent limited autophosphorylation at Tyr*°* in the
absence of pervanadate. This phosphorylation could result
from dissociation of a tyrosine phosphatase from a subpopula-
tion of Pyk2 during washing procedures. Addition of pervana-
date led to a significant increase in the tyrosine phosphoryla-
tion of Pyk2, suggesting that an unknown PTP antagonized the
antibody-induced autophosphorylation of the subpopulation of
Pyk2 that retained a PTP.

We used NMDA or ionomycin to activate Pyk2 in primary
hippocampal neurons. Pretreatment of cultures with pervana-
date for 5 min (T'= —5) followed by stimulation with NMDA or
ionomycin for 15 min led to a significant increase in the phos-
phorylation of Pyk2 at Tyr**2, In contrast, NMDA or ionomy-
cin failed to induce Pyk2 phosphorylation in the absence of
pervanadate, indicating that activation of Pyk2 was blocked
by PTPs or that PTPs rapidly dephosphorylated Pyk2 at
Tyr**? (Fig. 2B). Taken together, these results suggest that
activation of Pyk2 was counteracted by an unknown PTP in
the brain.

STEP Binds to Pyk2—To evaluate whether STEP interacted
with Pyk2, STEP was immunoprecipitated from mouse brain
lysates. STEP KO lysates were used as a negative control. Pyk2
co-immunoprecipitated with STEP from WT mouse brains but
not with mouse IgG control or from STEP KO mouse brains
(Fig. 3A, upper panel). Fyn also co-immunoprecipitated with
STEP, consistent with previous findings (25). We confirmed the
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FIGURE 3. Pyk2 is associated with STEP in vivo. A, total brain homogenates
from WT or STEP KO mice were immunoprecipitated (/P) with anti-STEP anti-
body (upper panel) or anti-Pyk2 antibody (lower panel). Immunoprecipitates
were resolved by SDS-PAGE and immunoblotted with anti-Pyk2 or anti-Fyn
antibody. Blots were reprobed with anti-STEP antibody. B, primary hippocam-
pal neurons were labeled with anti-STEP (green) and anti-Pyk2 (red) antibod-
ies, and nuclei were stained (DAPI; blue). Some cultures were stained with
immunodepleted anti-STEP (ID 4) or anti-Pyk2 (/D 4) or secondary antibodies
only. The specificity of immunodepleted antibodies was assessed using hip-
pocampal neuronal lysates with each fraction. GAPDH was probed as the
loading control.

interaction of STEP and Pyk2 by immunoprecipitating Pyk2
and probing with anti-STEP antibody (Fig. 3A, lower panel).
We confirmed that Pyk2 interacts with Fyn (33). We also
observed that Pyk2 associated with Fyn in the STEP KO
lysates (Fig. 3A4).
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FIGURE 4. STEP dephosphorylates Pyk2 at Tyr*°2, A, Pyk2 was immunoprecipitated from mouse brain lysates using anti-Pyk2 antibody and protein A/G-
agarose in the presence of pervanadate (Perv) (1 mm). Mg-ATP, STEP (10 um), and pervanadate (1 mm) were added as indicated. The Tyr(P)*°? signal was
normalized to total Pyk2 levels. Error bars indicate the standard error of the mean (SEM) of at least three independent experiments (in this and subsequent
panels). Asterisks indicate statistical significance as compared with control (**, p < 0.01; one-way ANOVA with post hoc Tukey test; n = 4). B, total brain lysates
were heated at 65 °C for 20 min to inactive endogenous kinases and phosphatases. Treated lysates (50 g) were incubated with purified GST-STEP ., WT (active)
or GST-STEP, C/S (inactive) at the indicated concentrations and blotted with Tyr(P)*°2 Pyk2 or Tyr(P)'#” NR2B. Quantitative analyses for each were normalized
to GAPDH (¥, p < 0.05; **, p < 0.01; one-way ANOVA with post hoc Tukey test; n = 3). G, full-length pcDNA3-Pyk2 (1 g) construct was co-transfected with
pcDNA3-STEP,, WT (active) or pcDNA3-STEP,, C472S (inactive) construct into HEK293 cells. Thirty-six hours post-transfection, cells were lysed in radioimmune
precipitation assay buffer and blotted with antibodies as indicated in the figure.

STEPs1

To corroborate the association of Pyk2 and STEP, the cellular
distribution of these proteins was determined by immunofluo-
rescence microscopy in primary hippocampal neurons. Neu-
rons were stained simultaneously with anti-Pyk2 (H102) and
anti-STEP antibodies followed by Alexa Fluor-488-coupled
anti-mouse and Alexa Fluor-594-coupled anti-rabbit second-
ary antibodies. Pyk2 and STEP colocalized throughout the
soma as well as along neurites as indicated in the merged image
(Fig. 3B). To establish that the staining was specific, immunode-
pleted anti-STEP and anti-Pyk2 or secondary antibodies alone
were also examined (Fig. 3B). Collectively, the above results
demonstrated that STEP, Pyk2, and Fyn associate with each
other in vivo, although this does not indicate that they are all
present in the same complexes, an issue addressed further
below.

STEP Dephosphorylates Pyk2—Phosphorylation at Tyr** is
essential for Pyk2 activation. To determine whether STEP
dephosphorylates Pyk2 at Tyr*°, we performed in vitro auto-
phosphorylation assays with immunoprecipitated Pyk2 from
mouse brain lysates. Pyk2 was incubated with Mg-ATP in the
presence or absence of pervanadate. Due to pervanadate inhi-
bition of endogenous PTPs, including STEP, during lysis and
immunoprecipitation procedures, no difference was seen in
autophosphorylation of Pyk2 (Fig. 44, lane 2 versus lane 4).

JUNE 15,2012 +VOLUME 287 +NUMBER 25

Addition of active STEP readily led to dephosphorylation of
Pyk2 (Fig. 44, lane 5), which was prevented by the presence of
pervanadate (lane 6). These results indicated that autophos-
phorylation of Pyk2 at Tyr*°? was reversed by active STEP. Inhi-
bition of STEP activity by pervanadate restored Pyk2 autophos-
phorylation. These results suggest that STEP is capable of
dephosphorylating Pyk2 at Tyr**? in vitro.

We confirmed STEP dephosphorylation of Pyk2 by mixing
increasing amounts of active STEP (GST-STEP,,) or enzymat-
ically inactive STEP (GST-STEP,4 C/S) with equal amounts of
heat-inactivated brain lysates. Active STEP caused a significant
reduction in Pyk2 phosphorylation, whereas inactive STEP did
not (Fig. 4B, 1000 nv; 74.8 = 2.5% of no STEP control; p < 0.01).
Tyr(P)'*”> GIuN2B is a known substrate of STEP, and there was
a significant decrease in Tyr(P)'*”> GIuN2B levels in the pres-
ence of active, but not inactive, STEP (Fig. 4B, 1000 nm; 68.8 =
4.6% of no STEP control; p < 0.01). These results confirmed
that Pyk2 is dephosphorylated at Tyr*** by STEP.

To test whether STEP was able to dephosphorylate Pyk2 in
intact cells, HEK293 cells were transfected with Pyk2 along with
either active WT STEP,, or a catalytically inactive STEP,
C472S construct. Phosphorylation of Pyk2 at Tyr*®> was
reduced when HEK293 cells were co-transfected with WT
STEPq, but not the inactive STEP; protein (Fig. 4C).
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FIGURE 5. Interacting regions in STEP and Pyk2. A, HEK293 cells were trans-
fected with full-length Pyk2 along with various STEP mutants (Fig. 1). STEP
was immunoprecipitated, and Pyk2 levels were assessed with anti-Pyk2 anti-
body. B, SYF cells were co-transfected with the same STEP and Pyk2 con-
structs used in A. Association of Pyk2 with STEP was visualized by immuno-
precipitation (IP) of STEP and probing for Pyk2. C, in vitro binding of STEP and
Pyk2. GST-tagged Pyk2 fragments (Fig. 1) or GST alone was immobilized on
glutathione-Sepharose. After washes, STEP (500 nm) was added for 2 h at 4 °C.
Binding of STEP to various fragments was visualized with anti-STEP antibody
(upper panel), and Pyk2 proteins were visualized by Ponceau S staining (lower
panel). 1B, immunoblotting.

STEP Interacts Directly with Pyk2—To map the binding
regions involved in STEP/Pyk2 interaction, several STEP,;
deletion mutants were co-transfected with full-length Pyk2 into
HEK293 cells. These proteins were immunoprecipitated with
anti-STEP antibody, and Pyk2 levels were examined with anti-
Pyk2 (H102) antibody (Fig. 5A4). The full-length substrate-trap-
ping mutant of STEP4, (25) showed high affinity for Pyk2,
whereas deletion of either the PR2 or KIM domain decreased
the amount of Pyk2 pulled down. The substrate-trapping
STEP,, mutant that lacks the N-terminal region also interacted

20948 JOURNAL OF BIOLOGICAL CHEMISTRY

but pulled down less Pyk2 (Fig. 5A4). These results suggest that
the PR2 and KIM domains are involved in the interaction of
STEP with Pyk2. We confirmed the involvement of the KIM
domain in STEP/Pyk2 interactions by GST pulldown assays
(supplemental Fig. S1).

Previous studies have shown that Fyn interacts with Pyk2
(34) and STEP (25). We wanted to test whether the association
of STEP and Pyk2 required Fyn to be present. STEP and Pyk2
constructs were transfected into SYF cells, which are deficient
for Src, Yes, and Fyn (34, 35). STEP,; was still able to pull down
Pyk2, whereas deletion of PR2 or KIM domain impaired STEP/
Pyk2 association (Fig. 5B). These results indicate that STEP is
able to interact with Pyk2 in the absence of Fyn.

We next examined the domains within Pyk2 necessary for
the association of Pyk2 with STEP. His-tagged STEP,, C/S was
incubated with different fragments of GST-tagged Pyk2 cou-
pled to glutathione-Sepharose beads. Full-length Pyk2 (amino
acids 1-1009) was effective in binding to STEP as was an ~200-
amino acid sequence of Pyk2 (amino acids 671-875; Figs. 5C
and 1). This region also binds PSD-95 (15) (see below).

To determine whether residues 671— 875 of Pyk2 or the KIM
and PR2 domains of STEP are required for binding, we utilized
FP assays. Binding affinities of the FITC-conjugated peptides
KIM and PR2 of STEP and residues 671—694, 689-712, 707—
723, and 850-866 of Pyk2 were determined for GST-
Pyk2(671-875) and for GST-STEP, and -STEP,¢, respectively
(Fig. 6A). Pyk2(671-694) but none of the other peptides bound
STEP in a saturating and hence specific manner. It showed
higher affinity for STEP; (K, = 2.63 um) than STEP,¢ (K, =
11.83 um), suggesting involvement of the unique N terminus of
STEPq, in these interactions, which is consistent with our find-
ings in Fig. 5 and supplemental Fig. S1. The PR2 domain of
STEPg, was also able to bind to Pyk2 directly (Fig. 6A) albeit
with low affinity as often observed for peptides derived from
proline-rich segments.

The KIM peptide showed poor solubility and strong adsorp-
tion to the polystyrene plates used in the FP assay, preventing its
use in this assay. Therefore, we examined the effect of this and
the other peptides in GST pulldown assays (Fig. 6B). The results
confirmed that both PR2 and KIM domains of STEP and resi-
dues 671694 of Pyk2 are involved in the STEP/Pyk2 interac-
tion. In contrast, the STEP/ERK2 interaction was not affected
by the PR2 domain, although it was inhibited by the KIM pep-
tide in agreement with earlier work indicating that KIM medi-
ates STEP binding to ERK (24, 36). As a control, Myc peptide
did not have any impact on binding. Furthermore, the pulldown
data confirm that Pyk2(671-694) interacts with STEP (Fig. 6C).
The data further indicate that STEP and PSD-95 bind to differ-
ent motifs within the Pyk2(671-875) region (15) with PSD-95
interacting with Pyk2(707-723) but not Pyk2(671-694).

Fyn and Pyk2 Compete for STEP Binding—Because the N
terminus and the KIM domain of STEP are needed for binding
to both Fyn and Pyk2, we next examined whether we could
competitively disrupt the interaction of one by increasing the
concentration of the other in transfection experiments. We co-
transfected STEPg;, and full-length Pyk2 constructs with
increasing amounts of Fyn. There was a decrease in the associ-
ation of Pyk2 with STEP as Fyn levels were increased (Fig. 74).
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FIGURE 6. PR2 and KIM domains of STEP,, and residues 671-694 of Pyk2 mediate STEP/Pyk2 interaction. A, FITC-conjugated Pyk2-derived peptides
671-694, 689-712,707-723, and 850-866 were titrated with GST-STEP; (left) and -STEP ., (middle), and STEP-derived PR2 peptide with GST-Pyk2(671-875)
(right). Binding was monitored by FP. For each graph, the signals were normalized, setting as zero the lowest value and as 100% the highest value measured,
and fitted to saturation curves. Calculated binding affinities of 671-694 for GST-STEP,, and -STEP,, and of PR2 for GST-Pyk2 671-875 are indicated. AU,
absorbance units. Error bars indicate the SEM of at least three independent experiments (in this and subsequent panels). Band C, competition of PR2, KIM, and
Myc (control) peptide with GST-STEP, for Pyk2 and ERK2 (B) and of the Pyk2-derived peptides with GST-Pyk2(671-875) for STEP, and PSD-95 (C) by increasing
concentrations of peptides (as indicated) in pulldown assays with GST-STEPg, (B) and GST-Pyk2(671-875) (C) using brain lysates as the source of native
proteins. Pyk2 and ERK2 (B) and STEP, and PSD-95 (C) were determined by immunoblotting (*, p < 0.05; **, p < 0.01; one-way ANOVA with post hoc Tukey test;

n=4).

Similarly, there was a decrease in the association of Fyn with
STEP as Pyk?2 levels were increased (Fig. 7B). These results sug-
gest that Pyk2 and Fyn compete for binding with STEP;.

In vitro competitive binding was also assessed with purified
proteins. GST-tagged STEP,,; C472S was incubated with His-
tagged Pyk2 and increasing concentrations of His-tagged Fyn.
Fyn competed in a concentration-dependent manner with Pyk2
for binding to STEP (Fig. 7C).

Increased Phosphorylation of Pyk2 in STEP KO Mice—Based
on the findings that STEP binds to and dephosphorylates Pyk2
at Tyr*%?, we predicted that STEP KO mice would have elevated
Pyk2 phosphorylation. We first determined the basal levels of
Tyr phosphorylation of Pyk2 in synaptosomal (P2) fractions
from STEP KO versus WT mice. There was a significant
increase of Tyr(P)*** levels in STEP KO mice (Tyr(P)*°?
130.2 £ 7.5% of WT; p < 0.01), whereas total Pyk2 levels
remained unchanged (p > 0.05) (Fig. 84). We also looked at
additional tyrosine phosphorylation sites of Pyk2 and showed
increases of Tyr(P)®®' but not Tyr(P)*”® or Tyr(P)>*® levels in
STEP KO mouse brains (supplemental Fig. S2), suggesting that

JUNE 15,2012 +VOLUME 287 +NUMBER 25

STEP might also directly dephosphorylate Tyr®! or block the
phosphorylation by kinases (such as Src and Fyn) at this site.
Such blockage could be due to shifting Tyr*®* toward the
dephosphorylated state, which then would lead to less binding
of Src family kinases to Pyk2 and thereby less phosphorylation
of the other sites on Pyk2.

To further confirm that dephosphorylation of Pyk2 by STEP
had a functional consequence on Pyk2 signaling, we probed for
the tyrosine phosphorylation levels of paxillin, a well known
substrate for Pyk2 and focal adhesion kinase (11, 37), and
ASAP1, a recently identified Pyk2 substrate that is not phos-
phorylated by focal adhesion kinase (38, 39). Phosphorylation
of paxillin at Tyr''® and of ASAP1 at Tyr’®* was enhanced in
STEP KO mouse brain lysates by 138.4 = 5.1 and 149.5 * 5.7%
versus W'T, respectively (Fig. 8B; p < 0.01).

Phosphorylation and activation of Pyk2 lead to its transloca-
tion to PSD fractions (15). We next examined whether translo-
cation of Pyk2 was increased in STEP KO mice in which Pyk2
Tyr phosphorylation was increased. We measured phosphory-
lated and total Pyk2 levels in PSD fractions from WT and STEP
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FIGURE 7. Fyn and Pyk2 compete for STEP binding. A, constant amounts (1
g of cDNA) of full-length STEP and Pyk2 constructs were co-transfected with
increasing amounts of Fyn construct into HEK293 cells. Thirty-six hours after
transfection, cells were lysed before immunoprecipitation (/P) with anti-STEP
antibody and immunoblotting (/B) with anti-Pyk2 antibody. Immunoblotting
of lysates indicates increasing amounts of Fyn with increasing amounts of Fyn
¢DNA but unchanged amounts of Pyk2. Immunoblotting of STEP immuno-
precipitates indicates unaltered amounts of STEP in all samples. B, constant
amounts (1 g of cDNA) of STEP and Fyn were co-transfected with increasing
amounts of Pyk2. Co-immunoprecipitation of Fyn with STEP was measured by
immunoblotting with anti-Fyn antibody. C, competitive binding was tested in
vitro with all purified proteins. GST-tagged STEP was adsorbed to glutathione
beads and incubated with a constant amount of Pyk2 (500 ng) and increasing
amounts of Fyn as indicated.

1000

KO mouse brains (Fig. 8C). Total Pyk2 levels were greater in the
PSD from STEP KO mice (146.4 = 9.4% of WT; p < 0.01). No
change in Tyr(P)*°? levels was seen when normalized to total
Pyk2 levels. These data suggest that only Tyr**>-phosphory-
lated Pyk2 associates with the PSD complex in a manner that is
stable enough to endure purification of PSDs. However, cata-
lytic activity of Pyk2 is not required for the translocation to
postsynaptic sites in hippocampal cultures upon Ca®* influx
(15). Phospho-ERK1/2 levels were also increased in PSD from
STEP KO mice (153.1 = 4.0% of WT; p < 0.01; Fig. 8C). There
was no change in ERK2 or PSD-95 (Fig. 8C) levels in PSD frac-
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FIGURE 8. Basal phosphotyrosine levels of Pyk2 and Pyk2 substrates are
elevated in STEP KO mouse brains. A, synaptosomal (P2) fractions from WT
and STEP KO littermates were used to determine levels of tyrosine phosphor-
ylation of Pyk2 at Tyr(P)*°2 and total Pyk2 levels. Error bars indicate the SEM of
at least three independent experiments (in this and subsequent panels).
Quantitative analyses for each were normalized to GAPDH (¥, p < 0.05; **,p <
0.01; Student’s t test; n = 4). B, phosphorylation of paxillin (Tyr(P)''®) and
ASAP1 (Tyr(P)”8%) were determined in P2 fractions with phosphospecific anti-
bodies. Quantitations were normalized to total protein levels, respectively,
andthen to GAPDH. C, PSD fractions from WT and STEP KO mice were purified.
Tyrosine phosphorylation of Pyk2 and ERK1/2 was compared between WT
and STEP KO mice (**, p < 0.01; Student’s t test; n = 4).

tions. These data indicate that Pyk2 associates more stably with
PSD fractions in STEP KO versus WT mice.

STEP Blocks KCl-induced Activation and Translocation of
Pyk2 to PSD Fraction—Treatment of rat brain slices with KCI
activates Pyk2 (40). We therefore examined the inhibition of
Pyk2 by STEP in a KCl-treated brain slice model. We took
advantage of efficient transduction of fusion proteins mediated
by the human immunodeficiency virus, type 1 TAT domain,
which is widely used to deliver exogenous proteins into various
cell types (28, 41). Slices from WT or STEP KO mice were
pretreated with WT TAT-STEP, inactive TAT-STEP C/S, or
active STEP without TAT for 30 min followed by KCI stimula-
tion and isolation of PSD fractions. KCl stimulation led to a
significant increase in translocation of Pyk2 to the PSD fraction
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FIGURE 9. Active TAT-STEP protein blocks phosphorylation and translo-
cation of Pyk2 to PSD upon KCI depolarization. A, WT or STEP KO mouse
brain slices were pretreated with TAT-STEP WT (active), TAT-STEP C/S (inac-
tive), or active STEP without TAT for 30 min; stimulated with 40 mm KCl for 2
min; and frozen on dry ice before isolation of PSD fractions. Phosphorylation
levels were probed with phosphospecific antibodies (Tyr(P)*°> Pyk2 or
Tyr(P)*** ERK1/2) and normalized to total Pyk2 and ERK1/2 levels, respec-
tively, and then to B-actin as a loading control. Error bars indicate the SEM of
at least three independent experiments (in this and subsequent panels). All
values were compared with those in WT aCSF samples (**, p < 0.01; one-way
ANOVA with post hoc Tukey test; n = 4). B, primary hippocampal neurons
were pretreated with active TAT-STEP WT or inactive TAT-STEP C/S followed
by KCI (40 mm; 2 min) stimulations. Colocalization of Pyk2 and PSD-95 was
visualized using immunostaining with anti-Pyk2 (red) and anti-PSD-95 (green)
antibodies. Arrowheads in the merged images indicate colocalized puncta.
The number of Pyk2/PSD-95-colocalized puncta was counted per 10 um of
dendrites; 17 neurons were used for quantification per treatment. All values
were compared with control (**, p < 0.01; one-way ANOVA with post hoc
Tukey test; n = 17). pERK1/2, phospho-ERK1/2, pPyk2, phospho-Pyk2.

(Fig. 9A4) (146.8 == 2.5% of control; p < 0.01). Preincubation with
TAT-STEP,, WT antagonized the Pyk2 translocation to PSDs
(99.8 = 4.9% of control; p > 0.05). The inactive TAT-STEP
C/S or active STEP without TAT did not antagonize the activa-
tion or translocation of Pyk2 (148.7 = 6.6% of control and
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152.1 = 8.8% of control, respectively; p < 0.01). Phospho-Pyk2
levels remained constant in the PSD fractions when normalized
to total Pyk2 levels regardless of treatments, suggesting that
PSD-localized Pyk2 is mostly, if not all, phosphorylated at
TYI"LOZ‘

We repeated these experiments in STEP KO mice. aCSF-
treated STEP KO slices showed higher levels of total Pyk2
(128.8 = 6.1% of WT aCSF; p < 0.01) in the PSD, indicating
elevated basal levels in the STEP KO mice. KCI stimulation
induced further increases in PSD-localized Pyk2 (172.0 = 8.6
versus 128.8 * 6.1%; p < 0.01). Translocation of Pyk2 was
antagonized by the addition of active WT TAT-STEP protein
(111.9 * 6.6 versus 172.0 = 8.6%; p < 0.01) but not by inactive
TAT-STEP C/S protein or active STEP without the TAT tag
(Fig. 9A).

ERK1/2 is a well established STEP substrate that is activated
by KCl depolarization (40) and was examined as a positive con-
trol in these experiments. PSD fractions from STEP KO slices
showed greater basal phosphorylation levels of ERK1/2
(149.8 = 9.4% of WT aCSF), confirming earlier findings (28,
30). KCl stimulations led to an increase of ERK1/2 phosphoryl-
ation in both WT and STEP KO slices (WT, 235.3 * 8.9% of
aCSF control; KO, 355.6 = 23.3% of WT aCSF control) that was
blocked by WT TAT-STEP but not inactive TAT-STEP C/S or
active STEP without TAT.

Blockade of Pyk2 translocation to the PSD fractions by STEP
was also visualized using immunostaining. Primary hippocam-
pal neurons were pretreated with active TAT-STEP WT or
inactive TAT-STEP C/S followed by KCl stimulations, and the
number of Pyk2- and PSD-95-colocalized puncta/10 wm of
dendrites was counted. Consistent with previous findings (15),
KCI stimulation led to increased colocalization of Pyk2 with
PSD-95 (9.06 = 0.46 puncta compared with 2.06 * 0.39 puncta
for control; p < 0.01). TAT-STEP WT blocked translocation of
Pyk2 upon KCl stimulation (1.88 = 0.37 puncta; p > 0.05),
whereas inactive TAT-STEP C/S had no effect (7.65 * 0.48
puncta; p < 0.01) (Fig. 9B).

Activation of STEP Results in Dephosphorylation of Pyk2 in
Synaptoneurosomal Fractions—We examined whether Pyk2
phosphorylation would be stimulated by KCl depolarization in
synaptoneurosomes and whether STEP modulated the dephos-
phorylation and inactivation of Pyk2 in these samples. Synap-
toneurosomes were purified from WT or STEP KO mouse
brain, and the purity of the preparation was examined by local-
ization and expression of several marker proteins (27, 42). Syn-
aptophysin (a presynaptic vesicular protein) and PSD-95 (a
postsynaptic marker) were enriched in synaptoneurosomal
fractions, whereas Ca®*/calmodulin-dependent protein kinase
II (a pansynaptic protein) was detected in both synaptoneuro-
somal and cytosolic fractions. Histone H1 (a nuclear protein)
was absent in synaptoneurosomal or cytosolic fractions,
whereas tubulin (a non-synaptic protein) showed equal distri-
bution in these compartments. We also confirmed the presence
of Pyk2 and STEP;, in synaptoneurosomes (Fig. 10A).

Synaptosomes were stimulated for different times with KCL
Phosphorylation of Pyk2 was rapid (1 min, 156.4 = 6.8% of
control; 2 min, 174.7 = 5.3% of control) and started decreasing
at 5 min (5 min, 147.6 = 5.6% of control; 30 min, 103.6 = 3.0%
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FIGURE 10. Activation of STEP leads to dephosphorylation of Pyk2 in synaptoneurosomes. A, expression of presynaptic and postsynaptic markers
in synaptoneurosome preparation. SYP, synaptophysin; CaMKIl, Ca®*/calmodulin-dependent protein kinase Il. B, synaptoneurosomes from WT (upper
panel) or STEP KO (lower panel) mice were stimulated with 40 mm KCl for the indicated durations. Phosphorylation of Pyk2 was determined with Tyr(P)*°2
Pyk2 antibody. C, CsA-pretreated synaptoneurosomes (100 nm; 10 min) from WT (upper panel) or STEP KO (lower panel) mouse brains were stimulated
with 40 mm KCl as in B. D, quantitation of phospho-Pyk2 from B and C. Phosphorylation levels were first normalized to total protein and then to tubulin
as a loading control. Error bars indicate the SEM of at least three independent experiments. All values were expressed as -fold changes compared with
WT control levels (¥, p < 0.05; **, p < 0.01; one-way ANOVA with post hoc Tukey test; n = 4).

of control) (Fig. 10, B and D), similar to earlier findings in hip-
pocampal slices (39). Synaptoneurosomes from STEP KO
mouse brains had higher levels of phospho-Pyk2 at base line
(135.0 = 6.0% of WT control; p < 0.01). KCI depolarization
further enhanced Pyk2 phosphorylation (1 min, 168.1 + 6.5% of
WT control), and dephosphorylation of Pyk2 was impaired in
STEP KO synaptoneurosomes (2 min, 190.5 = 4.5%; 5 min,
190.3 * 4.8%; 30 min, 178.6 = 6.4%; p > 0.05; Fig. 10, B and D).
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STEP activity is regulated by PKA phosphorylation, which
decreases STEP activity, and by PP2B- and PP1-dependent
dephosphorylation of Ser**! within the KIM domain, which
increases STEP activity (23, 43, 44). Preincubation with a PP2B
inhibitor, CsA, prevented dephosphorylation of Pyk2 at 30 min
in WT slices (5 min, 184.2 = 2.3%; 30 min, 175.2 = 4.0%; p >
0.05; Fig. 10, Cand D). In addition, CsA-pretreated synaptoneu-
rosomes from WT and STEP KO mice showed a pattern similar
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to that of non-pretreated samples from the KO mice upon KCI
stimulation except that CsA per se did not increase Pyk2 phos-
phorylation because PP2B would not be active under non-stim-
ulated conditions (Fig. 10, C and D). Thus, CsA had no further
effect in the absence of STEP. Taken together, these data indi-
cate that STEP is required to dephosphorylate Pyk2 at Tyr*** in
the KCl depolarization paradigm. Similarly, we observed a pro-
longed activation of ERK1/2 in STEP KO synaptoneurosomes
or CsA-pretreated samples (supplemental Fig. S3), indicating
that STEP opposed ERK activation in the KCl depolarization
paradigm.

DISCUSSION

Pyk2 is a member of the non-receptor tyrosine kinase family
and is structurally related to focal adhesion kinase. Within the
CNS, Pyk2 is implicated in the development of synaptic plastic-
ity and LTP through its ability to increase the conductance of
N-methyl-p-aspartate receptor (17, 18) and activate MAPK
pathways (13). In addition, Pyk2 is involved in cytoskeletal reor-
ganization (45, 46) as well as the modulation of cell death path-
ways due to glutamate excitotoxicity (47—49). How Pyk2 is
inactivated within neurons is an important unanswered ques-
tion in the field.

Activation of Pyk2 typically involves membrane depolariza-
tion and calcium influx and is initiated by autophosphorylation
at Tyr* (1, 4-7), although additional kinases, including the
Tyr receptor kinases EGF receptor and HER2/3, have also been
implicated in this process (50, 51). Tyr*> serves as a docking
site for the binding of Src and Fyn through their SH2 domains
(13, 53). Phosphorylation at additional Pyk2 sites (Tyr>”®,
Tyr*®°, and Tyr®®") by Fyn or Src is required for the full activa-
tion of Pyk2 (13, 14). Recent mechanistic studies have demon-
strated that Pyk2 interacts with PSD-95 and that translocation
to PSDs is necessary for the full activation of Pyk2 and the
induction of LTP (15, 17).

STEP is also present within the PSD as demonstrated by elec-
tron microscopy (31, 54) and biochemical analysis (28, 31).
Unlike Pyk2, however, translocation of STEP to the PSD has not
been reported. Thus, STEP might not control the initial trans-
location and activation of Pyk2 but rather may function to ter-
minate Pyk2 signaling at the PSD. We also observed that the
relative phosphorylation of Pyk2 increased in synaptoneuro-
some (Fig. 10D) but not PSD fractions (Figs. 8C and 9A). Based
on our previous work (15), we speculate that Ca®>*/calmodulin-
dependent phosphorylation of Pyk2 at Tyr(P)*°> may stabilize
Pyk2 binding to PSD-95. Other possible binding partners at the
PSD for stable, Tyr*®? phosphorylation-dependent PSD associ-
ation include Src, which binds to Tyr(P)*°* (13) and is anchored
via NADH dehydrogenase subunit 2 to NMDA receptors (55).
The importance of these experiments is that STEP reverses
Pyk2 phosphorylation and thereby suppresses its binding to
PSD, hence the increase in both total Pyk2 and phospho-Pyk2
in STEP KO mice (Fig. 8C) or the decrease by TAT-STEP in the
KCl paradigm (Fig. 9A).

We identified the domains in STEP and in Pyk2 that mediate
their association. The KIM motif is required for the binding of
STEP to all substrates tested to date (24, 25, 28, 35). This finding
was confirmed with Pyk2 as removal of this domain disrupted
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the association of STEP with Pyk2. In addition, the unique N
terminus of STEP,; appeared to facilitate the binding of STEP
to Pyk2 or Fyn. STEP,,, which lacks the N-terminal region,
pulled down less Pyk2 or Fyn in GST pulldown assays (supple-
mental Fig. S1). There are two polyproline-rich domains within
the N-terminal region (PR1 and PR2). In this study, we showed
that the PR2 domain of STEP; is also involved in the interac-
tion of STEP with Pyk2. In contrast, the PR1 domain is required
for the binding of STEP with Fyn, and deletion of the PR2
domain enhanced the binding of STEP to Fyn (25). The pres-
ence of the PR2 domain may facilitate the association of Pyk2
and impair Fyn binding to STEP.

The C-terminal region of Pyk2 that lies between the kinase
domain and focal adhesion-targeting domain and contains two
proline-rich domains is sufficient for the binding of Pyk2 to
STEP. These proline-rich domains are necessary for the inter-
action of Pyk2 with the SH3 domain of PSD-95 and play a crit-
ical role in the translocation and activation of Pyk2 during syn-
aptic plasticity (15). The results of our pulldown assays with
peptides indicate that STEP and PSD-95 bind to different
motifs within the C-terminal region of Pyk2 (residues 671—
875). The relative selectivity of peptide 671— 694 may have fur-
ther implications in modulating STEP/Pyk2 interaction in syn-
aptic plasticity, although the usefulness of a cell-penetrating
form of this peptide (such as a TAT fusion peptide) awaits fur-
ther characterization.

Animportant observation in the present study was that STEP
interacted with Pyk2 in the absence of Fyn, indicating that the
binding of STEP to Pyk2 does not require the presence of Fyn.
Similarly, Pyk2 and Fyn were co-immunoprecipitated from
lysates obtained from STEP KO mice, indicating that they are
able to associate in the absence of STEP. Competitive binding
assays showed that increasing the amount of Fyn or Pyk2
resulted in displacement of Pyk2 or Fyn, respectively. Although
these results suggest that Pyk2 and Fyn cannot simultaneously
bind STEP directly and that distinct dyadic pools exist, our
experiments do not rule out the possibility that these three mol-
ecules also form a tripartite complex perhaps via adaptor
proteins.

The association of both Pyk2 and Fyn with STEP is of interest
as it adds insight into the synergistic regulation of these
enzymes. STEP dephosphorylates and inactivates both Pyk2
(this study) and Fyn (25), which are known to phosphorylate
and activate each other. In this way, STEP inactivates two
kinases involved in the regulation of synaptic plasticity. We also
showed an elevated phosphorylation of Pyk2 at Tyr®®' in STEP
KO samples (supplemental Fig. S2). Because Tyr®®! is involved
in the activation of the MAPK pathway (1), these data suggest
that STEP may regulate MAPK signaling via Pyk2. These find-
ings are consistent with earlier studies that have shown that
STEP normally opposes the development of synaptic plasticity
(56, 57).

Another example of this type of coordinated modulation by
STEP occurs in the internalization of N-methyl-pD-aspartate
receptor from synaptic membranes. Fyn phosphorylates
Tyr'*”? of the GluN2B subunit of the N-methyl-p-aspartate
receptor, resulting in exocytosis of GIuN1-GluN2B receptor
complexes to synaptosomal surface membranes (58, 59).
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Tyr'*”* of GluN2B is dephosphorylated by STEP, leading to
internalization of GIuN1-GIuN2B receptors (26, 60). In addi-
tion, Fyn is dephosphorylated and inactivated by STEP. Thus,
STEP dephosphorylates the Tyr residue on GluN2B targeted by
Fyn and inactivates Fyn itself.

The regulation of STEP itself by dopamine signaling is rele-
vant to this discussion. Dopamine D1 receptor stimulation
leads to activation of PKA and phosphorylation of STEP at a
regulatory serine residue within its KIM domain (42) so that
STEP no longer interacts with its substrates. The Tyr phosphor-
ylation and activity of STEP substrates are thereby increased in
the case of Pyk2, Fyn, and ERK (23, 43), or the STEP substrates
traffic to neuronal membranes in the case of GIuN2B (60, 61).
At the same time, PKA phosphorylates and activates DARPP-
32, leading to the inhibition of PP1 (62— 64). PP1 is the phos-
phatase that dephosphorylates STEP at the same regulatory
serine residue within the KIM domain. In this case, a kinase
(PKA) that phosphorylates and inactivates its substrate (STEP)
is activated, while at the same time, the phosphatase (PP1) that
normally activates STEP is inactivated.

STEP belongs to a subgroup of three highly homologous
PTPs, which are the only proteins identified to date that contain
a KIM domain. These PTPs include HePTP, which is enriched
in hematopoietic cells (65), and STEP-like PTP (PTP-SL),
which is enriched in cerebellum (66). STEP is not found in
either of these tissues (67). As Pyk2 is present in both hemato-
poietic cells and the cerebellum, future studies are needed to
test the prediction that the related PTPs regulate Pyk2 in these
tissues.

In conclusion, the main finding of this study is that Pyk2 is a
novel substrate of STEP. STEP directly binds to and dephos-
phorylates Pyk2 at Tyr*°?, and Pyk2 and two of its downstream
targets are up-regulated in STEP KO mouse brain. The impor-
tance of STEP in the regulation of Pyk2 was further confirmed
in a model for synaptic plasticity (KCl depolarization). The
present study extends earlier findings that suggest that STEP
opposes the development of synaptic strengthening by regulat-
ing signaling pathways that play important roles in normal
physiological functions within the CNS.
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