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The striatal-enriched protein tyrosine phosphatase (STEP) family
is expressed within dopaminoceptive neurons of the CNS and is
particularly enriched within the basal ganglia and related struc-
tures. Alternative splicing produces several isoforms that are
found in a number of subcellular compartments, including
postsynaptic densities of medium spiny neurons. The variants
include STEP61, a membrane-associated protein, and STEP46, a
cytosolic protein. The C terminals of these two isoforms are
identical, whereas the N-terminal domain of STEP61 contains a
novel 172 amino acid sequence that includes several structural
motifs not present in STEP46. Amino acid sequencing revealed a
number of potential phosphorylation sites in both STEP isoforms.
Therefore, we investigated the role of phosphorylation in regu-
lating STEP activity. Both STEP61 and STEP46 are phosphory-
lated on seryl residues by a cAMP-dependent protein kinase
(PKA)-mediated pathway in striatal homogenates. The specific

residues phosphorylated in STEP61 were identified by site-
directed mutagenesis and tryptic phosphopeptide mapping as
Ser160 and Ser221, whereas the major site of phosphorylation in
STEP46 was shown to be Ser49. Ser160 is located within the
unique N terminal of STEP61. Ser221 and Ser49 are equivalent
residues present in STEP61 and STEP46, respectively, and are
located at the center of the kinase-interacting motif that has been
implicated in protein–protein interactions. Phosphorylation at this
site decreases the activity of STEP in vitro by reducing its affinity
for its substrate. In vivo studies using striatal slices demonstrated
that the neurotransmitter dopamine leads to the phosphorylation
of STEP via activation of D1 receptors and PKA.
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Tyrosine phosphorylation plays a critical role in a large number of
fundamental physiological processes (Hunter, 1998; Chernoff,
1999). To regulate these processes, a delicate balance exists be-
tween the level of phosphorylation caused by protein tyrosine
kinases (PTKs) and the opposing actions of protein tyrosine phos-
phatases (PTPs) (Fischer et al., 1991; Walton and Dixon, 1993;
Hunter, 1995; Tonks and Neel, 1996). Many studies have demon-
strated high levels of PTKs and PTPs within the CNS (Cooke and
Perlmutter, 1989; Wagner et al., 1991). Although more information
is available regarding the function and regulation of PTKs in the
CNS (Qu et al., 1990; Winslow et al., 1995; Chen and Leonard,
1996; Kohr and Seeburg, 1996; Desai et al., 1997; Smart, 1997; Lu
et al., 1998), growing evidence suggests that PTPs also regulate key
events in neuronal development and function (Naegele and Lom-
broso, 1994; Dutta and Stoker, 1998; Vactor, 1998). Determining
whether PTPs are regulated by specific neurotransmitter systems in
the brain is an important step in understanding the underlying
signaling pathways.

To address these questions, we have investigated the role of
phosphorylation in regulating the activity of a striatal-enriched
protein tyrosine phosphatase (STEP) that is preferentially ex-
pressed in the basal ganglia and related structures (Lombroso et al.,
1991, 1993; Boulanger et al., 1995). STEP family members are
produced by alternative splicing, and both cytosolic and
membrane-associated variants exist (Bult et al., 1996). In addition,

some STEP members are truncated isoforms that lack the catalytic
phosphatase domain (Sharma et al., 1995). Further diversity among
the STEP isoforms derives from either the absence or presence of
specific amino acid motifs implicated in their subcellular localiza-
tion, substrate specificity, and regulation of catalytic activity (Bult
et al., 1997).

Medium spiny neurons, the predominant cell type in the striatum
in which STEP is most abundant, receive two major sources of
synaptic input: glutamatergic afferents from the cerebral cortex
contact dendritic shafts and spines (Fonnum et al., 1981; Somogyi
et al., 1981), and dopaminergic afferents from the midbrain synapse
close to the glutamatergic contacts (Freund et al., 1984; Kotter,
1994). The proximity of these two synaptic inputs suggests a
functional consequence, namely, the modulation of one neuro-
transmitter pathway by the other (Cepeda et al., 1993; Cepeda and
Levine, 1998). The presence of STEP in the same subcellular
compartment raised the possibility that it may regulate, or be itself
regulated, by one of these neurotransmitter systems (Greengard et
al., 1999).

Our results establish that dopamine stimulation of medium spiny
neurons results in the phosphorylation of STEP via activation of
D1 receptors and cAMP-dependent protein kinase (PKA). Two
major sites on STEP61 and one major site on STEP46 are phos-
phorylated by PKA. Phosphopeptide mapping identified these sites
as Ser160 and Ser221 in STEP61 and Ser49 in STEP46. The phys-
iological relevance of these results has been confirmed in striatal
slice experiments in which STEP is phosphorylated at the identi-
fied sites in response to stimulation by dopamine or D1 agonists via
a PKA-mediated pathway. The affinity of STEP for its substrate
was dramatically decreased after phosphorylation. These findings,
in conjunction with other studies, support a model in which STEP
may play an important role in mediating the effects of dopamine on
striatal medium spiny neurons.
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MATERIALS AND METHODS
Materials. Male Sprague Dawley rats (180–250 gm) were obtained from
Charles River Laboratories (Wilmington, MA). The PKA catalytic sub-
unit, PKA inhibitor (PKI-a), protein kinase C (PKC) inhibitor peptide
(19–36), Ca 21/calmodulin-dependent protein kinase II (CaMKII) inhib-
itor, dopamine, forskolin, and the D1 agonist SKF-81297 were obtained
from Calbiochem (La Jolla, CA). Anti-phosphotyrosine antibody was
obtained from Upstate Biotechnology (Lake Placid, NY). Protein
G-Sepharose and [g- 32P]ATP (specific activity . 5000 Ci/mmol) were
obtained from Pharmacia (Piscataway, NJ). [ 32P]orthophosphate was ob-
tained from DuPont NEN (specific activity, 8500–9120 Ci/mmol; Boston,
MA). The ECL detection kit was obtained from Pierce (Rockford, IL).
Ouabain, phosphotyrosine, phosphoserine, phosphothreonine, Nonidet
P-40 (NP-40), N-tosyl-L-phenylalanine chloromethyl ketone (TPCK)-
trypsin, and all other biochemicals were obtained from Sigma (St. Louis,
MO) unless otherwise indicated.

Tissue preparation for in vitro phosphorylation. Male Sprague Dawley rats
were decapitated, and the forebrains were rapidly removed and placed into
ice-cold HEPES-buffered sucrose (0.32 M sucrose, 4 mM HEPES, 50 mM
NaF, 10 mM sodium pyrophosphate, 1 mM sodium vanadate, and a cocktail
of protease inhibitors, pH 7.4) (Bult et al., 1996, 1997). The striatum was
microdissected out and homogenized in 10 vol of ice-cold HEPES-
buffered sucrose with 10 strokes in a glass Teflon homogenizer rotating at
1200 rpm. The homogenate was centrifuged at 800 3 g for 10 min at 4°C
to remove nonhomogenized material.

In vitro phosphorylation of STEP and tyrosine phosphatase activity assay.
In vitro phosphorylation of striatal homogenates by endogenous kinases
was performed under the following standard conditions: 20 mM Tris-HCl,
2 mM MnCl2, 20 mM MgCl2, 1 mM ouabain, 50 mM NaF, 10 mM sodium
pyrophosphate, 1 mM sodium vanadate, 20 mM [g- 32P]ATP (1000 cpm/
pmol), and 500 mg of protein in a final volume of 200 ml. Reactions were
initiated by addition of [g- 32P]ATP and performed for 10 min at 30°C.
Samples were rapidly frozen in liquid nitrogen to stop the reaction, diluted

with 5 vol of RIPA buffer, and incubated at 4°C for 1 hr with constant
shaking followed by centrifugation at 12,000 3 g for 10 min at 4°C. The
supernatant was further processed for immunoprecipitation followed by
immunoblotting and autoradiography, as described below. Some phosphor-
ylation reactions were performed with the addition of the PKA inhibitor
(50 nM), PKC inhibitor (1 mM), or CamKII inhibitor (0.4 mM) or in the
presence of the PKA catalytic subunit (0.65 mg/ml).

Wild-type and mutant constructs of the GST–STEP61 fusion protein
were phosphorylated by PKA in a final volume of 45 ml containing 20 mM
HEPES, pH 7.4, 10 mM MgCl2, 1 mM DTT, 50 mM [g- 32P]ATP (specific
activity, 100–1000 cpm/pmol), and 0.01–0.1 mg of PKA (depending on
the substrate). Reactions were initiated by the addition of [g- 32P]ATP, and
the mixtures were incubated at 30°C for different amounts of time. The
reactions were stopped by the addition of 5 vol of 20% trichloroacetic acid
followed by the addition of 10 mg of BSA as a carrier protein. The mixtures
were then centrifuged at 12,000 3 g for 10 min. The pellets were washed
twice with 5% trichloroacetic acid and dissolved in 1 ml of 1N NaOH
before quantification of Cerenkov radiation. In some experiments, reac-
tions were terminated by adding SDS sample buffer, and the extent of
phosphorylation was then assessed after SDS-PAGE and autoradiography.
Nonradioactive phosphorylation of STEP46, for subsequent assays of en-
zymatic activity, was performed under identical conditions using nonla-
beled ATP. These reactions were terminated at different time points by the
addition of the PKA inhibitor PKI-a. Enzyme activity assays were per-
formed, using tyrosine-phosphorylated 32P-labeled myelin basic protein
(MBP; PTP assay kit from New England Biolabs, Beverly, MA), according
to the manufacturer’s protocol.

32P labeling of striatal slices. Striatal slices from male Sprague Dawley rats
(8–12 weeks of age) were prepared as described previously (Snyder et al.,
1998). Four hundred micrometer sections of the brain were cut at 4°C on
a vibratome and chilled in oxygenated, phosphate-free Krebs’ bicarbonate
buffer containing 125 mM NaCl, 4 mM KCl, 26 mM NaHCO3, 0.5 mM
EGTA, 2 mM MgSO4, and 10 mM glucose, pH 7.4. Slices of the neostriatum
were dissected and individually incubated at 30°C in tubes saturated with
a 95% O2, 5% CO2 mix. After 15 min the buffer was replaced with fresh
phosphate-free buffer containing 2.0 mCi of [ 32P]orthophosphoric acid and
incubated for 60 min. The labeling buffer was then removed, and the tissue
sections were rinsed twice with fresh buffer. The tissues were then incu-
bated in Krebs’ buffer in the absence or presence of forskolin (50 mM),
dopamine (100 mM), the D1 receptor agonist SKF-81297 (1 mM), or the D2
receptor agonist quinpirole (1 mM) for the indicated time periods. In some
experiments slices were preincubated with the D1 receptor antagonist
SCH-23390 (1 mM), the PKA inhibitor H-89 (1 mM), or the PKC inhibitor
calphostin C (1 mM) before treatment with specific neuromodulators. At
the end of the incubation, the buffer was rapidly aspirated, and the tissue
slices were immediately frozen in liquid nitrogen and stored at 280°C until
assayed.

Immunoprecipitation of [ 32P]phosphate-labeled STEP. [32P]phosphate-
labeled samples were first precleared with protein G-Sepharose and then
incubated overnight at 4°C with 5–10 mg of 23E5, a monoclonal antibody
that recognizes all previously characterized isoforms of STEP (Boulanger
et al., 1995). Immune complexes were then incubated with 50 ml of protein
G-Sepharose for 3 hr at 4°C. Beads were collected by centrifugation at
1000 3 g for 2 min and washed five times with NP-40-containing lysis
buffer, and the protein was eluted with SDS sample buffer (Laemmli,
1970). The recovered proteins were then resolved by SDS-PAGE and
transferred to a polyvinylidene difluoride membrane (PVDF) followed by
autoradiography and immunoblot analysis. For striatal slices, immunopre-
cipitated STEP isoforms were resolved by SDS-PAGE and dried, and
[ 32P]phosphate incorporation was quantified using a PhosphorImager
400B and ImageQuant software from Molecular Dynamics (Sunnyvale,
CA). Values for [ 32P]phosphate content were normalized for the total
[ 32P]phosphate incorporated into TCA-precipitable protein.

Phosphopeptide mapping and phosphoamino acid analysis. After SDS-
PAGE and autoradiography, gel pieces containing 32P-labeled STEP iso-
forms were incubated for 16 hr with 50 mg/ml trypsin in 1 ml of 50 mM
NH4HCO3, and the supernatants containing the soluble phosphopeptides
were recovered after centrifugation. 32P was quantified by Cerenkov
counting of the gel pieces and supernatants before and after digestion
(extraction efficiency was consistently .80%). Two-dimensional phos-
phopeptide mapping and phosphoamino acid analysis were performed as
described previously (Nairn and Greengard, 1987). For phosphopeptide
mapping, electrophoretic separation was at pH 3.5 for 90 min at 400 V, and
ascending chromatography was in pyridine/1-butanol /acetic acid/water
(10:15:3:12). The pattern of tryptic phosphopeptides was detected by
autoradiography or PhosphorImager analysis.

Site-directed mutagenesis and purification of the GST fusion protein. Point
mutations were introduced into the STEP fusion protein cDNAs at serine
residues identified by consensus sequences as potential sites for phosphor-
ylation by PKA. This was accomplished by PCR-based site-directed mu-
tagenesis using PfuTurbo DNA polymerase (Stratagene, La Jolla, CA)
according to the manufacturer’s protocol, and all mutations were verified
by sequencing. Expression vectors (pGEX2T; Pharmacia) containing the
wild-type or mutated cDNAs were transformed into Escherichia coli, BL21
for a high level of expression of the respective fusion protein. They were
then purified according to the manufacturer’s protocol.

Figure 1. Phosphorylation of STEP isoforms in striatal homogenates. A,
Effect of protein kinase inhibitors on the phosphorylation of STEP. Striatal
homogenates from rat brain were phosphorylated with [g-32P]ATP using
endogenous kinases in the absence (lane 3) or presence of the PKA
inhibitor (50 nM; lane 4 ), PKC inhibitor (1 mM; lane 5), or CaMKII
inhibitor (0.4 mM; lane 6 ). STEP isoforms were immunoprecipitated with a
monoclonal antibody against STEP, 23E5, resolved by SDS-PAGE, trans-
ferred to a PVDF membrane, and subjected to autoradiography. The
phosphorylated bands were identified as STEP61 and STEP46 , respectively,
by probing the membrane with 23E5. Controls included protein
G-Sepharose alone (lane 1) and preabsorption of the monoclonal antibody
with 10 mg of the peptide immunogen (lane 2). B, Effect of PKA on the
phosphorylation of STEP. The extent of phosphorylation of STEP isoforms
by PKA (0.65 mg/ml) was assessed in the same way (lanes 3, 4 ). Controls
included protein G alone (lane 1) and no added PKA (lane 2). The
molecular mass standards are indicated in kilodaltons on the lef t. The
numbers on the right indicate the protein bands corresponding to STEP61
and STEP46.
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RESULTS
Endogenous kinases phosphorylate STEP in
striatal homogenates
An initial series of experiments determined that STEP isoforms
could be phosphorylated by endogenous striatal kinases (Fig. 1A,
lane 3). Striatal homogenates were incubated in the presence of
[g- 32P]ATP, and STEP isoforms were immunoprecipitated using
an anti-STEP antibody and separated by SDS-PAGE. Two labeled
proteins of approximate molecular weights of 61 and 46 kDa were
detected by autoradiography. Immunoblot analysis identified them
as STEP61 and STEP46, respectively. The quantity of STEP iso-
forms immunoprecipitated was similar for each lane (Fig. 1A,
bottom row). The same membrane was stripped and reprobed with
an anti-phosphotyrosine antibody (data not shown). The absence
of tyrosine phosphorylation suggested that under these conditions
STEP isoforms are phosphorylated on serine or threonine residues.

PKA phosphorylates STEP isoforms
The three major serine/threonine kinases present in medium spiny
neurons that have been shown to respond to dopaminergic and/or
glutamatergic inputs are PKA, PKC, and multifunctional
CaMKII. To determine whether any of these kinases could phos-
phorylate STEP, striatal homogenates were incubated in the ab-
sence or presence of specific inhibitors of PKA, PKC, or CaMKII.
STEP isoforms were then immunoprecipitated using STEP anti-
body and analyzed by SDS-PAGE and autoradiography. The PKA
inhibitor PKI-a dramatically reduced the phosphorylation of both

STEP61 and STEP46 (Fig. 1A, lane 4). On the other hand, the PKC
inhibitor peptide or CaMKII inhibitor had little or no effect on the
phosphorylation of STEP isoforms under the present experimental
condition (Fig. 1A, lanes 5, 6).

To clarify further the role of PKA in phosphorylating STEP,
striatal homogenates were phosphorylated in the absence or pres-
ence of exogenous PKA. There was a significant increase in the
phosphorylation of STEP61 and STEP46 in the presence of PKA
compared with basal phosphorylation levels (Fig. 1B). Moreover,
there was a concentration-dependent increase in the phosphoryla-
tion of both isoforms (Fig. 1B, lanes 3, 4).

Two-dimensional tryptic phosphopeptide mapping was used to
characterize further the phosphorylation of STEP61 and STEP46
immunoprecipitated from striatal homogenates (Fig. 2). Several
phosphopeptides were detected in STEP61, and the addition of
PKA led to a significant increase in the phosphorylation of some of
these peptides (Fig. 2, compare A, B). Similarly, multiple phos-
phopeptides were detected in STEP46, and PKA significantly in-
creased the phosphorylation of these peptides (Fig. 2, compare C,
D). Phosphoamino acid analysis indicated that both isoforms were
exclusively phosphorylated on seryl residues (Fig. 2, right panels).

A comparison of the phosphopeptide maps from STEP61 and
STEP46 showed that they were partially identical, suggesting the
presence of a common site(s) in both STEP isoforms. However,
three major spots appear in STEP61 that are not detected in
STEP46 (Fig. 2A,B, spots 1, 7, 8). These results suggest that an
additional phosphorylation site(s) is present within the unique
N-terminal domain of STEP61 .

Figure 2. Phosphopeptide mapping and phosphoamino acid analysis. STEP isoforms from striatal homogenates were phosphorylated in the absence or
presence of PKA. Gel pieces containing 32P-labeled STEP61 or STEP46 were digested with TPCK-trypsin. The resultant phosphopeptides were separated
by two-dimensional phosphopeptide mapping and visualized by autoradiography. A, C, Tryptic digest of STEP61 and STEP46 after phosphorylation by
endogenous kinases. B, D, Tryptic digest of STEP61 and STEP46 after the addition of PKA. The origin of the sample is marked O. Peptides are labeled
with numbers. The positions of phosphoserine ( pS), phosphothreonine ( pT ), and phosphotyrosine ( pY ) are shown in the right panel of each peptide map.
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Identification of the PKA phosphorylation sites on
STEP61 and STEP46

A schematic diagram of both STEP61 and STEP46 is shown in
Figure 3A. STEP61 contains a novel 172 amino acid sequence
toward its N terminal that is not present in STEP46 because of
alternative splicing, whereas the C-terminal halves of the two
proteins are identical. The several unique domains present in
STEP61 include two transmembrane domains, two PEST se-
quences, and two polyproline domains. Domains shared by both
isoforms include the kinase-interacting motif (KIM) domain and
the phosphatase domain. Several serine residues within consensus
PKA sequences are found in both STEP variants, and the positions
of these sites are indicated in Figure 3.

To test which of these residues could serve as PKA sites, several
fusion proteins were made with each specific serine converted to
alanine. Wild-type STEP61 and STEP46 fusion proteins as well as
their respective mutants were purified to homogeneity and tested
for their ability to be phosphorylated in vitro. Phosphorylation of
STEP61 caused a retardation in its electrophoretic mobility on
SDS-PAGE, whereas phosphorylation of STEP46 had no effect on
the mobility of the protein band (data not shown). Mutation at
Ser160 in STEP61 abolished the shift in its mobility when phos-
phorylated (Fig. 4A, lane 2). However PKA was still able to
phosphorylate the protein, suggesting the presence of an additional
PKA-sensitive phosphorylation site(s) in STEP61. Mutations at the
other sites in STEP61 had no detectable effect on phosphorylation
level (Fig. 4A, lanes 3–5). In contrast, mutation at Ser49 in STEP46
resulted in an almost total loss of PKA phosphorylation (Fig. 4B,
lane 2).

Tryptic phosphopeptide maps of the wild-type and mutant forms
of STEP61 and STEP46 were generated to characterize further the
sites of phosphorylation by PKA (Fig. 5). The pattern of the
phosphopeptide maps of the wild-type fusion proteins was almost
identical to that of the peptide maps obtained from endogenous

STEP isoforms (compare Figs. 2, 5). Phosphopeptide maps of the
mutant forms of STEP61 revealed that mutation at Ser160 or
Ser221 led to a loss of phosphorylation of specific peptides (Fig.
5B,C). Mutation at Ser49 in STEP46 led to a total loss of phosphor-
ylation of all the major peptides (Fig. 5E). However, mutation of
the other potential phosphorylation sites had no effect on the
pattern of peptide maps in either isoform (data not shown). The
data also indicate that in STEP61 peptides 1, 7, and 8 were derived
by alternative cleavage of multiple tryptic sites flanking Ser160.
Peptides 3, 4, and 9 in STEP61 and STEP46 were generated by
alternative tryptic cleavage of amino acids flanking Ser221 and
Ser49, respectively.

To analyze the time course of phosphorylation, recombinant
STEP61 and STEP46 were incubated with PKA for various time
periods in the presence of [g- 32P]ATP. As measured by 32P incor-
poration, phosphorylation proceeded in a time-dependent manner,
reaching a maximal stoichiometry of 0.5 mol/mol for STEP61 in 60
min (Fig. 6A) and 0.9 mol/mol for STEP46 within 10 min (Fig. 6B,
top). STEP46 has an apparent Km of 3.5 mM and a Vmax of 11.4
mmolzmin21zmg21, suggesting that it is a very good substrate for
PKA in vitro. STEP61 has a Km of 2.9 mM and a Vmax of 0.27
mmolzmin21zmg21. STEP61 has two PKA sites, and higher stoichi-
ometry values were expected. Increasing the time of phosphoryla-
tion, the amount of kinase, or the ATP concentration did not
produce a significant increase in stoichiometry. One possible ex-
planation for these results is that the binding of PKA to one of the
sites sterically restricts the phosphorylation at the other site. We
reasoned that mutation of any one of the PKA sites in STEP61
would lead to the complete phosphorylation at the other site. We
therefore studied the kinetic parameters and stoichiometry of phos-
phorylation of the respective mutants. The results indicate that the
molar ratio of phosphate incorporation for both mutants was still in
the substoichiometric range (S160A mutant, 0.28 mol/mol; S221A
mutant, 0.54 mol/mol).

PKA phosphorylation of STEP inhibits enzyme activity
We next determined the effect of PKA phosphorylation on the
enzymatic activity of STEP. Two parallel reactions were per-
formed. In the first reaction, STEP46 was phosphorylated by PKA
in the presence of [g- 32P]ATP to analyze the time course of
phosphorylation (Fig. 6B, top). In the second reaction, STEP46 was
incubated with PKA for varying times (0, 1, 2, 3, 5, and 10 min)
using unlabeled ATP. At each time point, PKA activity was ter-
minated, and the activity of STEP46 was measured in a second
assay using tyrosine-phosphorylated MBP as substrate (Fig. 6B,
bottom). The time course of phosphorylation of STEP46 by PKA
was similar to that of the inhibition of enzyme activity (Fig. 6B).
There was a 60% decrease in STEP46 activity after phosphoryla-
tion. In the control experiment, ATP was omitted during the initial
phosphorylation, and there was little change measured in STEP46
activity.

Figure 3. Comparison of STEP61 and STEP46. A, A schematic diagram of
STEP61 and STEP46 indicating the positions of the catalytic domain, PEST
sequences, transmembrane domains (TMs), polyproline-rich regions (Pro),
and the kinase-interacting motif (KIM domain). The arrows indicate the
positions of the potential PKA phosphorylation sites in both of the iso-
forms. Also shown are the sequences surrounding the major PKA phos-
phorylation sites in STEP61 (Ser160 and Ser221) and STEP46 (Ser49). The
phosphorylated serine residues are underlined. Note the location of Ser221
in STEP61 and Ser49 in STEP46 within the KIM domain. B, Alignment of
the KIM domains of STEP46 (residues 42–57), STEP61 (residues 214–229),
PTP-SL (residues 224–239), hHePTP (37–52), and PTP-ER (residues
529–544, 603–618, and 672–687). The conserved residues are in bold and
underlined.

Figure 4. Phosphorylation of STEP fusion proteins by PKA. GST fusion
proteins of STEP61 , STEP46 , and their mutants (1 mg of each) were
phosphorylated by PKA using [g-32P]ATP as described in Materials and
Methods. The extent of phosphorylation was assessed after SDS-PAGE and
autoradiography. A, GST–STEP61 and its mutants. B, GST–STEP46 and its
mutant. WT, Wild type.
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Kinetic parameters of enzymatic activity of nonphosphorylated
STEP46 and maximally phosphorylated STEP46 revealed that its
apparent Km increased by ;65% (from 1.7 to 2.8 mM) after phos-
phorylation by PKA, whereas the Vmax was essentially unchanged
(Fig. 7). Thus, inhibition of the enzymatic activity of STEP46 after
phosphorylation by PKA is caused by a reduction in its affinity for
the substrate.

Activators of PKA increase the phosphorylation of
STEP61 and STEP46 in striatal slices
To establish a physiological relevance for these findings, we wanted
to identify the signaling cascade that leads to the phosphorylation
of the STEP isoforms in vivo. Rat striatal slices were labeled with
[32P]orthophosphate in the absence or presence of forskolin, an
activator of PKA, followed by immunoprecipitation with anti-
STEP monoclonal antibody and SDS-PAGE analysis. In untreated
slices a low level of basal phosphorylation was detected in both
STEP61 and STEP46, and incubation with forskolin led to a signif-
icant increase in the phosphorylation of both isoforms (Fig. 8A,
lanes 1, 2). Incubation of striatal slices with 1,9-dideoxy forskolin
(an inactive form of forskolin), under similar conditions, had no
effect on the phosphorylation of STEP isoforms (data not shown).

Two-dimensional peptide maps were generated from STEP iso-
forms obtained from striatal slices treated with forskolin (Fig.
8B,C). The peptide maps suggest that the same sites are phosphor-
ylated in vivo and in vitro. Again, there appear to be two phosphor-
ylation sites in STEP61 and one phosphorylation site in STEP46. On
the basis of these results, we can conclude that in the striatum
activation of PKA leads to a significant increase in the phosphor-
ylation of Ser160 and Ser221 in STEP61 and Ser49 in STEP46.

Dopamine stimulates the phosphorylation of STEP61
and STEP46

Treatment of striatal slices with the neurotransmitter dopamine
also increased the [32P]phosphate content of immunoprecipitated
STEP61 and STEP46 by approximately 2- and 3.5-fold, respectively,
within 2.5 min of stimulation (Fig. 9A, lane 3); these levels began to

decrease by 5 min (Fig. 9A, lane 4) and returned to near basal levels
after 10 min of incubation (data not shown).

We next determined which of the two major subclasses of dopa-
mine receptors, D1 or D2, was responsible for the observed phos-
phorylation pattern. Incubation of striatal slices with the D1-type
dopamine receptor agonist SKF-81297 increased the phosphoryla-
tion of both STEP61 (2.5-fold) and STEP46 (3-fold) significantly
(Fig. 9A, lane 6). In contrast, the D2 receptor agonist quinpirole
has no detectable effect on the phosphorylation state of the STEP
isoforms under the same conditions (Fig. 9A, lane 7). Preincubation
of the striatal slices with the D1 receptor antagonist SCH-23390
blocked both dopamine- and SKF-81297 (D1 receptor agonist)-
mediated increases in the phosphorylation of the STEP isoforms
(Fig. 9B, lanes 3, 6, respectively). These results strongly suggest that
the neurotransmitter dopamine modulates the phosphorylation of
STEP isoforms via the activation of a D1 receptor/cAMP-
dependent protein kinase pathway.

Selective protein kinase inhibitors were used to characterize
further the kinase mediating the phosphorylation of STEP by the
dopamine/D1 receptor pathway. Incubation of striatal slices with
H-89, a cell-permeable inhibitor of PKA, had no effect on the basal
phosphorylation level of the STEP isoforms (Fig. 10, lane 3).
However, preincubation with H-89 abolished the increase in the
phosphorylation of STEP isoforms induced by treatment with the
D1 receptor agonist SKF-81297 (Fig. 10, lane 4). In contrast,
calphostin C, an inhibitor of PKC, had no significant effect on the
SKF-81297-mediated phosphorylation of STEP isoforms (data not
shown).

DISCUSSION
A key finding of the present study is that a neuron-specific PTP,
STEP, is subject to regulation via phosphorylation by the neuro-
transmitter dopamine via a cAMP-dependent protein kinase path-
way. To our knowledge, this is the first demonstration that a PTP
can be regulated by a neurotransmitter. Our initial observations
indicated that both STEP61 and STEP46 could be phosphorylated

Figure 5. Ser160 and Ser221 in STEP61 and Ser49 in STEP46 are major sites of PKA phosphorylation in vitro. GST fusion proteins of STEP61 , STEP46 ,
and certain mutated STEP variants were phosphorylated by PKA and analyzed by two-dimensional phosphopeptide mapping. A, Wild-type STEP61. B,
STEP61 , S160A mutation. C, STEP61 , S221A mutation. D, Wild-type STEP46. E, STEP46 , S49A mutation. For STEP61 , analysis of the peptide maps
suggests that peptides 1, 7, and 8 derive from alternative cleavage of multiple tryptic sites surrounding Ser160. Peptides 3, 4, and 9 derive from alternative
tryptic digestion of amino acids surrounding Ser221 in STEP61 and Ser49 in STEP46.
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by endogenous PKA in striatal homogenates. Phosphorylation was
blocked by a highly specific inhibitor of PKA, PKI-a. Mutational
analysis and phosphopeptide mapping indicated that Ser160 and
Ser221 are the two major PKA phosphorylation sites present in
STEP61. In STEP46, there is a single PKA phosphorylation site at
Ser49 that is equivalent to Ser221 in STEP61. The sequences
surrounding each serine residue are those of consensus PKA phos-
phorylation sites: RRQSVS for Ser160 and RRGSNV for Ser221
and Ser49 (Fig. 3A). Each contains two adjacent basic residues
N-terminal to and separated from the phosphorylated serine by a
single amino acid.

Phosphorylation of STEP46 by PKA led to a significant decrease
in its ability to dephosphorylate MBP in vitro. This inhibition of
STEP46 activity, after phosphorylation, resulted from a decrease in
the apparent affinity of the enzyme for its substrate. This result
suggests that the phosphorylation site may reside in a region of the

Figure 8. Phosphorylation and peptide mapping of STEP isoforms from
striatal slices treated with forskolin. A, Striatal slices prelabeled with
[ 32P]phosphate for 60 min were incubated with control buffer (lane 1) or
forskolin (50 mM; lane 2) followed by immunoprecipitation of STEP iso-
forms, SDS-PAGE analysis, and autoradiography. The autoradiogram
shows incorporation of [ 32P]phosphate into STEP61 and STEP46. B, C, Gel
pieces containing 32P-labeled STEP61 (B) or STEP46 (C) were excised and
subjected to tryptic phosphopeptide mapping and autoradiography as de-
scribed in Materials and Methods.

Figure 6. Phosphorylation and inactivation of STEP46 by PKA. STEP61
(A) and STEP46 (B, top) fusion proteins (6 mM) were phosphorylated with
PKA in the presence of [g-32P]ATP. Aliquots of the reactions were re-
moved at the indicated time points, and the extent of phosphorylation was
estimated by quantification of Cerenkov radiation. B, Bottom, STEP46 was
phosphorylated by PKA (F) using unlabeled ATP. At each time point (0, 1,
2, 3, 5, and 10 min), the reaction was terminated by addition of the PKA
inhibitor PKI-a, and STEP phosphatase activity was assayed by dephos-
phorylation of 32P-labeled myelin basic protein. Control experiments (E)
were performed under identical conditions but without ATP. Results are
plotted as a percent of the enzyme activity at zero time. The data represent
the mean value from three independent experiments.

Figure 7. Lineweaver–Burk analysis of PKA phosphorylated and non-
phosphorylated STEP46. STEP46 was incubated with PKA in the absence or
presence of ATP for 5 min. The reaction was then terminated as described
in Figure 6. Both nonphosphorylated (E) and phosphorylated (F) STEP46
were then incubated with different concentrations of 32P-labeled myelin
basic protein. The results are plotted as the reciprocal of enzyme activity
(units per milligram) versus the reciprocal of substrate concentration (mi-
cromolar). Data presented represent the means from triplicate assays.
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enzyme involved in substrate binding and that the phosphorylated
residue sterically hinders the enzyme–substrate interaction.

A similar assessment of STEP61 activity after phosphorylation
was prevented by several factors. These include the fact that
STEP61 is a membrane-bound protein, is less active than STEP46,
and is substoichiometrically phosphorylated by PKA in vitro. How-
ever, it is reasonable to predict that phosphorylation of Ser221 in
STEP61, which is identical to Ser49 in STEP46, is likely to have a
similar effect on its activity by interfering with its binding affinity
for substrates. On the other hand, the significance of the phosphor-
ylation of Ser160 in the juxtamembrane domain of STEP61 remains
unclear. This site is immediately adjacent to a PEST sequence,
found in STEP61 but absent in STEP46. PEST sequences are found
in a number of proteins and have been shown to be signals for
proteolytic cleavage (Rogers et al., 1986). It has also been proposed
that cleavage at PEST sequences may be stimulated by phosphor-

ylation of a site within or adjacent to the PEST sequence (Rech-
steiner, 1988, 1990). In this regard, we have established recently
that STEP61 is in fact proteolytically cleaved by a calcium-
dependent pathway to release a smaller molecular weight isoform
(STEP33) (Nguyen et al., 1999). The exact position of the cleavage
site must be determined by amino acid sequencing. However, based
on the apparent mobility of the proteolytic fragment, the likely
position lies close to the PEST sequence. Cleavage of STEP61 also
occurs in response to glutamate treatment of striatal neurons in

Figure 11. A working model for the physiological regulation of STEP
phosphorylation via D1 receptor activation. Dopamine/D1 receptor activa-
tion leads to the phosphorylation of STEP46 on Ser49 (or STEP61 on
Ser221), within the KIM domain, via the cAMP/PKA pathway. Phosphor-
ylation results in the inhibition of STEP activity because of the loss in
binding affinity for its substrate(s). In the nonphosphorylated form STEP
can bind to and dephosphorylate its downstream effector proteins, which
possibly include ERK1/2 and NMDA receptors.

Figure 9. Effect of dopamine, the D1 receptor agonist, and the D2 recep-
tor agonist on the phosphorylation of STEP isoforms from striatal slices. A,
Striatal slices prelabeled with [ 32P]phosphate for 60 min were incubated
with control buffer (lane 1), dopamine (100 mM; lanes 2–4 ), the D1 receptor
agonist SKF-81297 (1 mM; lane 6 ), or the D2 receptor agonist quinpirole (1
mM; lane 7 ) for the indicated times, followed by immunoprecipitation of
STEP isoforms, SDS-PAGE analysis, and autoradiography. B, Striatal slices
prelabeled with [ 32P]phosphate were incubated with or without the D1
receptor antagonist SCH-23390 (1 mM) for 15 min followed by incubation
with either dopamine (1 mM; lanes 2, 3) or the D1 receptor agonist
SKF-81297 (1 mM; lanes 5, 6 ) for 5 min. STEP isoforms were then immu-
noprecipitated and analyzed by SDS-PAGE and autoradiography. The
autoradiograms show incorporation of [ 32P]phosphate into STEP61 and
STEP46. Each experiment was repeated at least three times. The molecular
mass standards are indicated in kilodaltons on the lef t. The numbers on the
right indicate the protein bands corresponding to STEP61 and STEP46.

Figure 10. Effect of the PKA inhibitor H-89 on the D1 receptor-induced
phosphorylation of STEP isoforms from striatal slices. Striatal slices were
prelabeled with [ 32P]phosphate. They were then incubated with (lanes 3, 4 )
or without (lanes 1, 2) the PKA inhibitor H-89 (1 mM) for 15 min, followed
by treatment with the D1 agonist SKF-81297 (1 mM; lanes 2, 4 ) for 5 min.
[ 32P]phosphate-labeled STEP isoforms were then analyzed as described in
the legends to Figures 8 and 9. Each experiment was repeated at least three
times.
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primary cell cultures (Nguyen et al., 1999) and in whole animals
after transient hypoxia/ischemia to the brain (Gurd et al., 1999).
Additional studies will be necessary to demonstrate that phosphor-
ylation at Ser160 is in fact required for, or regulates, cleavage of
STEP61.

In vivo experiments on striatal slices further established the
physiological significance of our biochemical findings. These exper-
iments demonstrated that activation of D1 receptors by dopamine
led to PKA-mediated phosphorylation of both STEP61 and STEP46
in striatal slices. Moreover, they confirmed that in vivo there are
two PKA phosphorylation sites in STEP61 (Ser160 and Ser221) and
a single site in STEP46 (Ser49). These observations suggest a
potential role for STEP in mediating the effects of dopamine on the
tyrosine phosphorylation of its target proteins. Although the
present study did not address this question directly, our data
combined with other recent findings indicate that there may be a
relationship between the phosphorylation of STEP in response to
dopamine treatment and the modulation of MAP kinase activity.
In this regard, the 16-amino-acid-long KIM region, present in both
STEP61 and STEP46, is also conserved in several related tyrosine
phosphatases, including PTP-SL, HePTP, and PTP-ER (Fig. 3B)
(Pulido et al., 1998; Karim and Rubin, 1999). This domain is
crucial for the docking of each of these phosphatases with extra-
cellular signal-related kinase1/2 (ERK1/2) (Zuniga et al., 1999).
Binding of ERK1/2 to the KIM region of PTP-SL and HePTP
leads to the dephosphorylation and inactivation of these MAP
kinases and blocks their nuclear translocation. Phosphorylation by
PKA of the conserved serine residue within the KIM domains of
PTP-SL and HePTP abrogates their physical and functional asso-
ciation with ERK1/2 (Blanco-Aparicio et al., 1999; Saxena et al.,
1999). In addition, the tyrosine phosphatase PTP-ER has been
found to inactivate MAP kinases (Karim and Rubin, 1999). Our
results demonstrate that PKA phosphorylates both STEP46 and
STEP61 within the KIM domain, leading to inactivation of enzy-
matic activity. Phosphorylation of the KIM domain by PKA is
therefore also likely to disrupt the interaction of STEP (and other
proteins containing conserved KIM domains) with ERK1/2.

ERK1/2 are highly expressed in the nervous system and are
localized primarily in the neuronal cell bodies and dendrites (Fiore
et al., 1993; Ortiz et al., 1995). Activation of D1 receptors leads to
the phosphorylation and activation of ERK1/2 (Vincent et al.,
1998) in the striatal neurons. Application of D1 agonists also results
in the phosphorylation of CRE-binding protein (CREB) and the
induction of c-fos in these neurons (Das et al., 1997), and these
effects are blocked by the PKA inhibitor H-89. The present results
now raise the possibility that STEP may be one of the components
of the signal transduction pathway(s) involved in mediating the
effects of the dopamine/D1 receptor on striatal neurons. Other
studies suggest that stimulation of the D2 receptor can also lead to
the activation of MAP kinase and CREB phosphorylation in the
brain via intracellular Ca21 elevation and protein kinase C acti-
vation (Yan et al., 1999). Additionally, coactivation of D1 and D2
receptors is known to trigger synergistic responses in the potenti-
ation of immediate early genes in striatal neurons (Gerfen et al.,
1995). Thus, it is likely that multiple routes exist for neuronal
activity-dependent stimulation of ERK1/2 and CREB that would
be expected to result in the activation of different downstream
targets and functional responses.

Recent studies suggest that tyrosine phosphorylation of NR2
subunits in neuronal cells plays a critical role in the modulation of
NMDA channel activity (Wang and Salter, 1994; Rostas et al.,
1996; Oh et al., 1998). Behaviorally, tyrosine phosphorylation of
NR2B subunits has been implicated in various forms of synaptic
plasticity (Rossenblum et al., 1997) and the induction and mainte-
nance of long-term potentiation (Rossenblum et al., 1996; Rostas et
al., 1996). Ablation of the nigrostriatal dopamine system in rats by
6-hydroxydopamine has also been shown to enhance the tyrosine
phosphorylation of striatal NR2B subunits (Menegoz et al., 1995).
However, a functional role of protein tyrosine phosphatases in
regulating NMDA channel activity is yet to be established. Iden-

tification of such protein tyrosine phosphatases may help expand
our understanding of NMDA channel activity-dependent signaling
in neurons. A related study indicates that a protein tyrosine phos-
phatase is associated with the NMDA receptor complex and that its
activation significantly downregulates the channel activity (Wang
et al., 1996). Because STEP is preferentially expressed in striatal
neurons receiving glutamatergic synaptic input (Lombroso et al.,
1993), is colocalized in the immediate vicinity of these receptors
within the striatal postsynaptic densities (Oyama et al., 1995), and
coimmunoprecipitates with NMDA receptors (Askalan et al.,
1997), it has been considered a possible candidate for modulating
NMDA receptor activity either directly or indirectly. Using whole-
cell patch-clamp recordings, Pelkey et al. (1998) demonstrated that
STEP reduced NMDA channel activity. In contrast, intracellular
application of the anti-STEP monoclonal antibody 23E5 enhanced
the NMDA channel activity by ;50%. Because the STEP antibody
had been raised against a peptide sequence that lies within the
KIM domain, it is possible that the antibody interferes with STEP–
substrate interactions by blocking accessibility to the KIM domain.
Thus PKA-mediated phosphorylation of STEP could inhibit de-
phosphorylation of NR2 subunits and influence NMDA receptor-
signaling pathways in medium spiny neurons.

In conclusion, this study provides new insight into the signaling
mechanism(s) underlying D1 receptor-mediated signaling in stria-
tal neurons. A working model (Fig. 11) for this signaling pathway,
which incorporates the results reported here and other established
observations, illustrates that stimulation of D1 receptors leads to
activation of PKA and phosphorylation of STEP isoforms within
their respective KIM domains. Because the KIM domain is nec-
essary for protein–protein interactions between STEP and down-
stream effector proteins, phosphorylation would be predicted to
decrease the affinity of STEP for its substrate(s) in striatal neurons,
which possibly includes ERK1/2 and NMDA receptors.
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