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The neuron-specific tyrosine phosphatase STEP (STriatal Enriched Phosphatase) is emerging as
an important mediator of glutamatergic transmission in the brain. STEP is also thought to be
involved in the etiology of neurodegenerative disorders that are linked to oxidative stress such as
Alzheimer's disease and cerebral ischemia. However the mechanism by which oxidative stress can
modulate STEP activity is still unclear. In the present study we have investigated whether
dimerization may play a role in regulating the activity of STEP. Our findings show that STEP61,
the membrane associated isoform, can undergo homodimerization under basal conditions in
neurons. Dimerization of STEP61 involves intermolecular disulfide bond formation between two
cysteine residues (Cys 65 and Cys 76 respectively) present in the hydrophobic region at the Nterminus specific to STEP61. Oxidative stress-induced by hydrogen peroxide leads to a significant
increase in the formation of dimers and higher order oligomers of STEP61. Using two substrates,
para-nitrophenylphosphate and ERK MAPK we further demonstrate that oligomerization leads to
a significant reduction in its enzymatic activity.
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INTRODUCTION
Tyrosine phosphorylation plays a central role in many different cellular processes and
aberrant alteration in the tyrosine phosphorylation of proteins is thought to be responsible
for numerous diseases (Hunter 2009). Tyrosine phosphorylation is governed by opposing
actions of two families of enzymes, the protein tyrosine kinases (PTKs) and protein tyrosine
phosphatases (PTPs) (Hunter 1995). The PTP family includes more than 100 known
members consisting of both receptor and non-receptor tyrosine phosphatases. Receptor
tyrosine phosphatases are predominantly found at the plasma membrane and comprise a
variable extracellular domain, a transmembrane region and usually two conserved Cterminal phosphatase domain (D1 and D2) of which the membrane-distal D2 domain is
inactive. In contrast most non-receptor tyrosine phosphatases are cytosolic proteins
containing one phosphatase domain with the exception of a few that are attached to different
intracellular membranes (den Hertog 1999; Paul and Lombroso 2003; Stoker 2005b).
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Pharmacological studies and analysis of the expression pattern have established roles of a
number of PTPs in regulation of diverse aspects of neuronal function (Johnson and Van
Vactor 2003).
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The non-receptor tyrosine phosphatase STEP (STriatal Enriched Phosphatase; also known as
Ptpn5) is one such PTP that is predominantly expressed in neurons of the basal ganglia,
hippocampus, cortex and related structures (Boulanger et al. 1995). The STEP-family of
PTPs includes both cytosolic (STEP46) and membrane associated (STEP61) variants that are
formed by alternative splicing of a single gene (Bult et al. 1997). Immunocytochemical,
biochemical and electron microscopic studies have localized STEP61 to the endoplasmic
reticulum (ER) (Bult et al. 1996) and post-synaptic densities (Oyama et al. 1995). Both
STEP61 and STEP46 contain a highly conserved substrate-binding domain termed the kinase
interacting motif or KIM domain (Pulido et al. 1998). Dopamine/D1 receptor mediated
phosphorylation of a critical serine residue in the KIM domain renders STEP inactive in
terms of its ability to bind to its substrate (Paul et al. 2000). In contrast, glutamate-mediated
stimulation of NR2B-containing NMDA receptors leads to dephosphorylation of this
residue, allowing STEP to bind to its substrates. This includes two members of the mitogenactivated protein kinase (MAPK) family, extracellular-regulated kinase (ERK1/2) and
stress-activated kinase p38 MAPK (Paul et al. 2003; Xu et al. 2009; Paul and Connor 2010;
Poddar et al. 2010). Through its regulation of ERK MAPK activity, STEP can interfere with
memory consolidation in a Pavlovian fear-conditioning paradigm, suggesting a role in
modulating synaptic plasticity (Paul et al. 2007). STEP is thought to modulate NMDA
receptor-dependent long term potentiation by interfering with NMDA receptor trafficking to
synaptic membranes (Pelkey et al. 2002), possibly through regulation of the upstream kinase
Fyn or tyrosine dephosphorylation of NMDA receptor subunits (Nguyen et al. 2002; Snyder
et al. 2005). Impairment of NMDA receptor trafficking also plays a role in the pathogenesis
of Alzheimer's disease (AD) and an observed increase in STEP61 levels in the post-mortem
brains of patients suffering from AD may suggest a role of STEP in AD related dementia
(Kurup et al. 2010). Additionally STEP has also been shown to regulate AMPA receptor
trafficking following stimulation of group I metabotropic glutamate receptors (Zhang et al.
2008). Several studies also indicate a role of STEP in neuroprotection through its regulation
of p38 MAPK activity (Xu et al. 2009; Poddar et al. 2010). Taken together the above
findings suggest that STEP is emerging as an important regulator of neuronal function and
viability.
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The present study was undertaken to understand the mechanisms involved in the regulation
of STEP's activity. A major finding of this work is that the enzymatic activity of STEP61 is
regulated by intermolecular dimerization. Using molecular and biochemical methods in cell
lines and primary neuronal cultures we have identified the domain involved in dimerization
of STEP61 and further demonstrated that oxidative stress leads to increased oligomerization
and loss of activity of STEP61.

MATERIALS AND METHODS
Materials and reagents
Pregnant female Sprague-Dawley rats (16-day gestation) and adult male rats (250–300 g)
were from Harlan Laboratories (Livermore, CA, USA). Approval for animal experiments
was given by the University of New Mexico, Health Sciences Center, Institutional Animal
Care and Use Committee. Cos-7, HEK 293, Hela and Neuro 2A cells were obtained from
American Type Culture Collection (Manassas, VA). Details of all antibodies, recombinant
proteins and reagents are provided in Appendix S1.
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NIH-PA Author Manuscript

Full-length STEP61 and STEP46 cDNAs were constructed in mammalian expression vector
pcDNA3.1 encoding C-terminal V5 and His tags or myc and His tags. Deletion and point
mutants of STEP61 were obtained by polymerase chain reaction (PCR) based site-directed
mutagenesis using Pfu Turbo DNA polymerase (Stratagene, La Jolla, CA, USA) according
to manufacturer's protocol. All mutants were verified by nucleotide sequencing.
Cell culture and stimulation
Primary neuronal cultures were obtained from 16–17 day old rat embryos as described
previously (Paul et al. 2003). For studies using cell lines we routinely used Cos-7, Hela,
HEK 293 and Neuro 2A cells. A brief summary of cell culture methods as well as mutant
cDNAs and stimulants used for the study are described in Appendix S1.
Detection of dimers and oligomers using co-immunoprecipitation and non-reducing SDSPAGE
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For immunoprecipitation experiments cells transfected with both V5-tagged and myc-tagged
STEP constructs were lysed and then processed for immunoprecipitation of STEP with antiV5 or anti-myc antibody as described in Appendix S1. To detect the dimers and higher
oligomers of STEP, cell lysates obtained from HEK 293 cells transfected with STEP61
cDNA or neuronal cells were processed for SDS-PAGE and immunoblot analysis under
reducing and non-reducing conditions as described in Appendix S1. Densitometric analysis
of immunoblots was performed using Image J Software (NIH, Bethesda, MD, USA).
Statistical comparison was carried out using one-way analysis of variance (ANOVA,
Bonferroni's multiple comparison test) and differences were considered significant when p <
0.05.
DTT treatment
Treatment of cells with dithiothreitol (DTT) was performed as described previously
(Walchli et al. 2005). A brief summary of the method has been described in Appendix S1.
Phosphatase activity assay
Phosphatase activity of STEP was determined using both para-nitrophenylphosphate
(pNPP) assay and tyrosine dephosphorylation of phosphorylated-ERK2. A detail description
of the method has been provided in Appendix S1.
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Intermolecular interaction of STEP61 in intact cells
To determine whether the membrane bound isoform of STEP (STEP61), can form
intermolecular interaction in intact cells V5- and myc-tagged STEP61 cDNAs were coexpressed in HEK 293 cells. STEP61-V5 was immunoprecipitated using an anti-V5 antibody
and co-immunoprecipitation of STEP61-myc was determined by immunoblotting with an
anti-myc antibody. Figure 1A (upper panel, lane 2) shows that STEP61-myc readily coimmunoprecipitates with STEP61-V5. The specificity of this interaction was confirmed by
the absence of any STEP61-myc band in V5-pull downs from cells transfected only with
STEP61-V5 or STEP61-myc (Fig. 1A, upper panel, lanes 3 and 4). Re-probing the blot with
anti-V5 antibody (Fig. 1A, middle panel) and immunoblot analysis of the input lysates with
anti-myc antibody (Fig. 1A, lower panel) ensured equal expression of both STEP61-V5 and
STEP61-myc in transfected cells. Similar results were obtained when STEP61-myc was
immunoprecipitated using anti-myc antibody and co-immunoprecipitation of STEP61-V5
was determined using anti-V5 antibody (Fig. 1B). These results indicate that STEP61 may
J Neurochem. Author manuscript; available in PMC 2012 March 1.
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form dimers in living cells. To ensure that intermolecular interaction of STEP61 is not a cellspecific event, the above experiment was repeated in Hela, Cos-7 and Neuro 2A cell lines.
As observed in the HEK 293 cells, STEP61-myc readily associates with STEP61-V5 in Hela,
Cos-7 and Neuro 2A cells (Fig. S1). To determine whether the cytosolic variant of STEP
(STEP46), can also interact with each other in intact cells HEK 293 cells were transfected
with V5- and myc-tagged STEP46 or STEP61. The results indicate that STEP46 failed to
form intermolecular interaction in intact cells (Fig. 1C). To further determine if STEP61 can
interact with STEP46, HEK 293 cells were co-transfected with myc-tagged STEP61 and V5tagged STEP46. The findings indicate that STEP61 fails to pull down STEP46 (Fig. 1D).
Involvement of N-terminal cysteine residues in dimerization of STEP61
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We next generated a panel of both V5- and myc-tagged deletion mutants to determine the
role of different domains in the intermolecular interaction of STEP61. A schematic diagram
of these deletion constructs are shown in Figure 2A. STEP61 differs from the cytosolic
variant (STEP46) by the presence of a unique 172 amino acid containing region at the Nterminus that contains two hydrophobic domains (HD1 and HD2) and two polyproline rich
domains (PP1 and PP2). Both STEP61 and STEP46 isoforms contain the KIM domain and
the phosphatase domain (PTP). Deletion of the PTP domain that is known to be involved in
the dimerization of receptor tyrosine phosphatases (Tonks 2006) failed to block
intermolecular interaction of STEP61 (Fig. 2B). Deletion of the KIM domain or the
polyproline rich regions (PP1 and PP2) that are involved in protein-protein interaction
(Pawson 1995; Pulido et al. 1998) also had no effect on STEP61 interaction (Fig. 2C).
However N-terminal deletion of the first polyproline rich region (PP1) and the adjacent
hydrophobic domain (HD1) in STEP61 (amino acids 2–83) resulted in a near total loss of the
intermolecular interaction (Fig. 2D). Deletion of amino acids 84 –171 containing the second
polyproline rich region (PP2) and the adjacent hydrophobic domain (HD2) resulted in loss
of expression of STEP61 (data not shown).
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The N-terminal domain of STEP61 that is involved in intermolecular interaction (aa 2–83)
contains four cysteine residues (Fig. 3A). We next examined whether intermolecular
disulfide bond formation involving these cysteine residues may lead to dimerization of
STEP61. In initial experiments, HEK 293 cells co-expressing V5- and myc-tagged STEP61
were exposed to DTT (50 mM) for 30 min to disrupt endogenous disulfide bridges between
cysteine residues. The cells were then lysed in the presence of iodoacetamide (IODA),
which irreversibly binds to free-sulfhydryl groups thereby preventing any disulfide bond
formation during lysis (Lee et al. 1998;van der Wijk et al. 2004;Walchli et al. 2005). This
was followed by immunoprecipitation of V5-tagged STEP61. Co-immunoprecipitation of
myc-tagged STEP61 was determined by immunoblot analysis with anti-myc antibody. A
significant reduction in intermolecular interaction of STEP61 (20.8% ± 6.4 of control, p <
0.0001) was observed in the presence of DTT and IODA (Fig. 3B) suggesting that one or
more cysteine residues within the deleted region was essential for the formation of stable
STEP61 dimers. To directly test the role of these cysteine residues in the dimerization of
STEP61 we mutated Cys 2, Cys 3, Cys 65 or Cys 76 in STEP61. Both V5- and myc-tagged
variants of these single mutants were co-expressed in HEK 293 cells followed by
coimmunoprecipitation studies to test their ability to form dimers. Mutation of Cys 2 or 3 to
Ser in STEP61 had no effect on intermolecular interaction of STEP61 (Fig. 3C, left panel). A
similar pattern was observed when both Cys 2 and 3 were mutated to Ser (Fig. 3C, right
panel). In contrast, mutation of Cys 65 or Cys 76 to Ser resulted in significant reduction in
intermolecular interaction of STEP61 (Fig. 3D, left panel; 38.4% ± 3.4 and 35.2% ± 4.8 of
control, p < 0.0001). Consistent with this, mutation of both Cys 65 and Cys 76 to Ser almost
completely abolished intermolecular interaction of STEP61 (3D, right panel; 13.5% ± 3.6 of
control, p < 0.0001). Taken together these results suggest that intermolecular disulfide
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linkages between Cys 65 and Cys 76 respectively are involved in the dimerization of
STEP61.
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Hydrogen peroxide induces oligomerization of STEP61
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Oxidative stress induced by a variety of pathological conditions produces reactive oxygen
species (ROS) that have been shown to modulate intermolecular interaction between
receptor tyrosine phosphatases (Tonks 2006). To determine whether H2O2 induced oxidative
stress can alter the basal level of dimerization of STEP61, HEK 293 cells expressing both
V5- and myc-tagged STEP61 were treated with different concentrations of H2O2 (0, 1, 10
and 100 mM) for 5 min. STEP61-V5 was immunoprecipitated using anti-V5 antibody and
immune complexes were processed for immunoblotting with anti-myc antibody. Exposure to
H2O2 resulted in a dose-dependent increase in co-immunoprecipitation of myc-tagged
STEP61 and a significant increase in complex formation was observed with 10 mM and
higher concentrations of H2O2 (Fig. 4A). It is well established that dimers and higher order
associations (oligomers) generated due to intermolecular disulfide bond formation leads to
an upward shift in electrophoretic mobility of proteins on SDS-PAGE when analyzed under
non-reducing conditions. To determine whether dimerization of STEP61 can also lead to an
upward shift in mobility under non-reducing conditions, total lysates were obtained from
HEK 293 cells expressing STEP61-V5 and treated with varying concentrations of H2O2.
These were then subjected to SDS-PAGE in the absence of β-mercaptoethanol (nonreducing conditions) followed by immunoblot analysis with anti-V5 antibody. H2O2
treatment resulted in a concentration-dependent migration of STEP61 to positions that
correspond to double (between 100 –150 kDa) and even higher molecular weights (between
150 – 250 kDa and above 250 kDa) compared to the STEP61 monomer (Fig. 4B, upper
panel) suggesting the formation of dimers and higher order associations (oligomers).
Formation of such oligomers under non-reducing conditions in response to oxidative stress
has also been reported in earlier studies involving receptor tyrosine phosphatases (van der
Wijk et al. 2004; Walchli et al. 2005; Lee et al. 2007). The increasing amount of STEP61
oligomer formation also coincided with a corresponding decrease in its monomeric form
under non-reducing conditions (Fig. 4B, upper panel). Immunoblot analysis of the same
samples under reducing conditions (in the presence of β-mercaptoethanol) did not show any
of the higher order bands of STEP61 that were observed under non-reducing conditions (Fig.
4B, middle panel) and the monomeric form remained unchanged. A comparison of Figure
4A and 4B (right panel) shows that the dose-dependent increase in oligomer formation
detected under non-reducing conditions was similar in profile to the observed increase in
dimer formation detected by co-immunoprecipitation of differentially tagged STEP61
cDNAs.
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To examine the temporal profile of STEP61 oligomerization, cells co-transfected with V5and myc-tagged STEP61 were treated with 10 mM H2O2 for varying times (0 –10 min). This
was followed by immunoprecipitation of V5-tagged STEP61 and immunoblot analysis with
anti-myc antibody. The results showed a time-dependent increase in co-immunoprecipitation
of myc-tagged STEP61 along with V5-tagged STEP61 (Fig. 4C). A time dependent increase
in oligomer formation was also observed when total lysates obtained from cells expressing
STEP61-V5 and treated with H2O2 were analyzed under non-reducing conditions (Fig. 4D).
The formation of oligomers under non-reducing conditions and dimers in the coimmunoprecipitation experiments showed similar temporal profiles (compare Fig. 4C and D,
right panel). Taken together the above study suggests that H2O2 induced oxidative stress
leads to a significant increase in oligomerization of STEP61. To determine whether
oligomerization of STEP61 is a reversible phenomenon in subsequent experiments HEK 293
cells over-expressing STEP61-V5 were treated with different concentrations of H2O2 (1 and
10 mM) for 5 min. The cells were then returned to its original medium and maintained for
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varying times (0–30 min). As shown earlier, treatment with H2O2 led to increased
oligomerization of STEP61 under non-reducing conditions (Fig. S2A and B, lane 2).
However removal of H2O2 resulted in a significant decrease in the oligomeric forms at both
15 and 30 min (Fig. S2A and B, lanes 3 and 4), suggesting that this reaction is reversible.
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To examine the consequences of mutating both Cys 65 and Cys 76 (STEP61 C65S/C76S) on
intermolecular interaction, V5- and myc-tagged STEP61 WT or STEP61 C65S/C76S mutants
were co-expressed in HEK 293 cells. Co-immunoprecipitation experiments showed that
mutation of the cysteine residues severely reduced interaction between V5 and myc-tagged
STEP61 (Fig. 5, lane 3; 16.6% ± 4.3 of WT control). With subsequent exposure to H2O2 (10
mM, 5 min) levels of dimerization of the mutant form increased (Fig. 5, lane 4; 39.4% ±
10.2), but was still significantly lower than that of STEP61 WT treated with H2O2 (Fig. 5,
lane 2; 231.8% ± 10.1 of WT control). The consequence of this mutation was substantial
enough to reduce the dimerization level of the mutant form in the presence of H2O2 even
below that observed in STEP61 WT under basal condition (Fig. 5, compare lanes 1 and 4;
39.4% ± 10.2 for mutant as compared to 100% for WT). Although the final levels were low
the extent of dimerization of the mutant form in the presence of H2O2 was significantly
higher than its corresponding control (Fig. 5, compare lanes 3 and 4; 39.4% ± 10.2 in the
presence of H2O2 as compared to 16.6% ± 4.3 in the absence of H2O2). This raises the
possibility that H2O2 induced increase in oligomerization of STEP61 is independent of Cys
65 and Cys 76 and may involve other cysteine residues.
Oligomerization is accompanied by a decrease in PTPase activity of STEP61
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We next investigated whether H2O2 induced oligomerization had any effect on the
phosphatase activity of STEP61WT and its mutant form (STEP61 C65S/C76S). HEK 293
cells expressing V5-and myc-tagged STEP61 or its mutant form were treated with 10 mM
H2O2 for 5 min or left untreated. Tyrosine phosphatase activity of immunoprecipitated
STEP61 was measured using pNPP as a substrate and the values were normalized for the
amount of STEP immunoprecipitated. Under basal condition a four fold increase in
phosphatase activity of the mutant form was observed, as compared to STEP61WT (Fig.
6A), supporting a role of the two cysteine residues in the basal dimerization and decrease in
phosphatase activity of STEP61WT. Addition of H2O2 led to significant reduction in
phosphatase activity of STEP61WT (Fig. 6A, 3.77% ± 4.3) as compared to the untreated
control (25% ± 4.3). Exposure to H2O2 also decreased the phosphatase activity of the mutant
form significantly (>Fig. 6A, 19.77% ± 4.3, 5-fold) as compared to the untreated control
(100%) and was slightly below that observed in STEP61 WT under basal condition (25% ±
4.3). However, the activity of the mutant form was still five fold higher than that of
STEP61WT treated with H2O2 (19.77% ± 4.3 for mutant versus 3.77% ± 4.3 for WT),
indicating that the basal dimerization of STEP61 involving Cys 65 and Cys75 may facilitate
the increased loss of its activity.
To obtain a more physiologically relevant measure of phosphatase activity we next
examined the ability of dimerized STEP61 to dephosphorylate one of its biological
substrates, ERK2 (Paul et al. 2003). HEK 293 cells co-expressing STEP61-V5 and STEP61myc were treated with H2O2 (10 mM) for 5 min. STEP61 immunoprecipitated with anti-V5
antibody from H2O2 treated and untreated cells were incubated with phosphorylated ERK2
fusion protein (TPEYP-ERK2) for 30 min and then analyzed by immunoblotting using an
anti-TEYP-ERK1/2 antibody. Our results show that STEP61 immunoprecipitated from H2O2
treated cells was less effective in dephosphorylating ERK2 as compared to that
immunoprecipitated from untreated cells (Fig. 6B, upper panel and corresponding bar
graph). Re-probing the blot with anti-myc antibody confirmed the presence of increased
dimer forms of STEP61 in H2O2 treated cells (Fig. 6B, third panel) suggesting that
dimerization leads to a strong decrease in intrinsic phosphatase activity of STEP61.
J Neurochem. Author manuscript; available in PMC 2012 March 1.
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Hydrogen peroxide induced oligomerization and decrease in activity of STEP46
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To examine the effect of H2O2 on oligomerization of STEP46, if any, V5- and myc-tagged
STEP46 (WT) co-expressed in HEK 293 cells were exposed to H2O2 (10 mM) for 5 min.
Coimunoprecipitation experiments shows that STEP46-myc readily co-immunoprecipitates
with STEP46-V5 in the presence of H2O2 (Fig. S3A, lane 2). The appearance of both
dimeric (between 75–100 kDa) and oligomeric (between 100–250 kDa and above) forms of
STEP46 was also evident when cell lysates obtained from HEK 293 cells transfected with
V5-tagged STEP46 were analyzed under non-reducing condition (Fig. S3B, lane 2).
Measurement of the phosphatase activity of STEP46 further showed a substantial decrease in
the phosphatase activity in the presence of H2O2 (Fig. S3C; 40.3% ± 2.4 of control). Taken
together with the findings in Figure 6A it appears that oligomerization of both STEP61 and
STEP46 in the presence of H2O2 may involve additional sites that may be responsible, at
least in part, for the reduction in their phosphatase activity.
Oligomerization of STEP61 in neurons
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We next examined if endogenous STEP61, expressed in the brain and neuronal cultures, can
form dimers and higher order oligomers in the same way as observed in cells overexpressing STEP61. In initial studies lysates obtained from cortex and hippocampus of adult
rat brain as well as that obtained from neuronal cultures (12–14 days in vitro) were analyzed
under non-reducing conditions. The findings show that under basal condition varying levels
of STEP61 dimer (between 100 ~ 150 kDa) are present in the cortex, hippocampus and
cultured neurons (Fig. 7) with the maximum level being found in the cortex (~ 50%). Under
reducing conditions the higher order band of STEP61 was absent and the monomeric form
remained unchanged (Fig. 7). Analysis of lysates from striatal homogenates that expresses
both STEP61 and STEP46, under non-reducing condition also demonstrated the presence of
the dimeric form, although at low levels (data not shown). Treatment of neuronal cultures
with different concentrations of H2O2 (0.1 – 10 mM) for 5 min resulted in a dose-dependent
increase in oligomer formation (Fig. 8A, upper panel and corresponding bar graph) and a
corresponding decrease in the monomeric form of STEP61 (Fig. 8A, upper panel), which is
consistent with our earlier findings in cells transfected with STEP61 constructs (Fig. 4B).
Under reducing conditions the monomeric form remained unchanged (Figure 10A, middle
panel). Exposure to 10 mM H2O2 for varying times (1 – 10 min) also resulted in a timedependent increase in the oligomer forms of STEP61 (Fig. 8B, upper panel and
corresponding bar graph) and a parallel decrease in the monomeric form (Fig. 8B, upper
panel) under non-reducing conditions. As expected, the monomeric form remained
unchanged under reducing conditions (Fig. 8B, middle panel). Since STEP is expressed
endogenously in neurons we further examined the effect of different concentrations of H2O2
(1 and 10mM) on phosphorylation of ERK, a physiological substrate of STEP. Immunoblot
analysis of neuronal lysates with anti- TEYP-ERK1/2 antibody showed a similar increase in
tyrosine phosphorylation of ERK2 from 2.5 min onwards (Fig. 8C) at both the doses studied.
To determine if dimerization of endogenous STEP may well be responsible for the
phosphorylation of ERK we synthesized a TAT-STEP peptide that is transducible in neurons
and can bind constitutively to ERK. Earlier studies have shown that this peptide can
attenuate the phosphorylation of its substrates, ERK and p38 MAP kinase in intact cells
(Paul et al. 2007;Xu et al. 2009;Poddar et al. 2010). Pre-incubation with this peptide blocked
H2O2 mediated phosphorylation of ERK (Fig. 8D). Taken together these results suggest
oxidative stress induced dimerization and subsequent inactivation of STEP61 may play a role
in sustained activation of ERK2 in neurons.
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The current study shows that STEP61, the membrane-associated variant of STEP, can form
dimers under basal conditions both in neurons and in transfected cells. Basal dimerization of
STEP61 involves intermolecular disulfide bond formation involving Cys 65 and Cys 76
present in a hydrophobic domain specific to STEP61 and results in substantial loss of
phosphatase activity. Oxidative stress caused by H2O2 resulted in the formation of higher
order oligomers of STEP61 and further decrease in phosphatase activity. Although STEP46
does not dimerize under basal condition exposure to H2O2 leads to formation of oligomers
and moderate loss of activity. These results further our understanding of the regulation and
function of STEP61 and STEP46 by oxidative stress.
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The concept of dimerization or oligomerization as a regulatory mechanism of STEP61 was
tested using multiple approaches that have been used in earlier studies (Blanchetot et al.
2002; Xu and Weiss 2002; Toledano-Katchalski et al. 2003; van der Wijk et al. 2004;
Walchli et al. 2005; Noordman et al. 2008). The co-immunoprecipitation studies provide
strong evidence for physical proximity of the two differentially tagged molecules of STEP61
and may involve direct intermolecular interaction or sharing of a binding partner. The
studies with DTT indicate that such interaction involves the formation of intermolecular
disulfide bridges. The two cysteine residues mediating this interaction include Cys 65 and
Cys 76 and are present in the unique N-terminal domain of STEP61. Single mutation of
either one of the cysteine residues led to considerable decrease in intermolecular interaction,
whereas double mutation of both the residues completely abolished the interaction. Such
graded response following single or double mutation provides strong support for the
involvement of intermolecular disulfide linkages in dimer formation of STEP61. Consistent
with these findings additional studies using immunoblot analysis under non-reducing
conditions shows the presence of a band that corresponds to approximately double the
molecular weight of monomeric STEP61 in hippocampus, cortex, neurons and cells
transfected with STEP61. Oxidative stress induced by H2O2 also led to the appearance of
dimeric forms in STEP46 and higher order bands in both STEP61 and STEP46 suggestive of
oligomerization of the protein.
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Dimerization is a well-known regulatory mechanism for transmembrane proteins that
includes receptor tyrosine phosphatases (Lemmon and Schlessinger 1994; den Hertog et al.
2008). However dimerization of native receptor tyrosine phosphatases has been difficult to
observe and has mostly been reported using chimeric proteins, and chemical cross-linkers
(Desai et al. 1993; Jiang et al. 1999; Walchli et al. 2005; Lee et al. 2007). In contrast,
intermolecular association of the non-receptor tyrosine phosphatase, STEP61, is readily
detectable under basal conditions suggesting that homodimerization is an inherent property
of STEP61. Multiple domains are known to be involved in dimerization of receptor tyrosine
phosphatases and include the extracellular domain (Jiang et al. 2000; Xu and Weiss 2002;
Walchli et al. 2005), transmembrane domain (Chin et al. 2005; Noordman et al. 2008) and
the membrane distal phosphatase domain, D2 (Blanchetot et al. 2002; Toledano-Katchalski
et al. 2003; van der Wijk et al. 2004). Several lines of evidence indicate that ligand binding
to the extracellular domains of receptor tyrosine phosphatases induces receptor dimerization
that in turn may regulate the catalytic phosphatase activity (Meng et al. 2000; Fukada et al.
2006). However, to date, very few biologically relevant ligands have been identified for
receptor tyrosine phosphatases and this has limited our understanding of how extracellular
interactions regulate dimerization and activity of the cytoplasmic phosphatase domain
(Stoker 2005a). In this context, dimerization of STEP61 is unique since it lacks extracellular,
transmembrane and D2 domains. To our knowledge this is the first study that demonstrates
homodimerization of a non-receptor tyrosine phosphatase involving a domain that is not
conserved among PTPs. Further investigations are necessary to determine whether other
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non-receptor tyrosine phosphatases can form dimers, involving such nonconserved domains,
and evaluate their possible effects on intracellular signaling pathways.
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Under basal conditions wild-type STEP61 is partially dimerized, while the mutant form
(STEP61 C65S/C76S) fails to form significant amounts of dimer. Exposure to H2O2 led to a
~2.5-fold increase in the dimer form of wild-type STEP61 within 5 min. It is possible that in
the pre-stimulation situation a dynamic equilibrium exists between the monomeric and
dimeric forms where the monomeric state is preferred due to the reducing environment in
the cytoplasm. Oxidative stress such as the one caused by H2O2 provides a more oxidizing
environment in the cytoplasm leading to stabilization of disulfide bridges at Cys 65 and Cys
76. H2O2 may also induce the formation of disulfide bonds between other redox-sensitive
cysteine residues. Earlier studies have reported that intracellular ROS generation can readily
oxidize cysteine residues in several tyrosine phosphatases favoring formation of sulfenic
acid. Catalytic site cysteine residues are most susceptible because of their low pKa (Groen et
al. 2005; Tonks 2005; Paulsen and Carroll 2009). Biochemical and structural studies have
shown that such reversibly inactivated catalytic cysteine residues can be further stabilized by
intermolecular disulfide bond formation with the catalytic cysteine of a related monomer
(van der Wijk et al. 2004). Such reversible oxidation may contribute, at least in part, to the
increased dimerization of STEP61 WT in an oxidizing environment. It may as well explain
the increase in dimerization of the mutant form of STEP61 (STEP61 C65S/C76S) and the
formation of dimers in STEP46 in the presence of H2O2. In the current study we also show
that that a substantial portion of STEP61 maintains the monomeric form even after treatment
with high concentration of H2O2, both in HEK 293 cells and in neurons. Although the
reason for this is not known it is possible that there are two pools of STEP61 that are
differentially regulated in response to stimuli. Consistent with this interpretation earlier
studies have reported that STEP61 is localized in the post-synaptic density as well as the
endoplasmic reticulum and might differ in their response to H2O2.
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The loss of phosphatase activity of PTPs in response to various oxidants, including H2O2,
has been attributed, at least in part, to the oxidation of the catalytic site cysteine residue
(Finkel 1998). Several studies have also shown that besides oxidation of catalytic cysteine
residue additional events, including dimerization, are responsible for inactivation of PTPs in
response to oxidative stress (Blanchetot et al. 2002; Xu and Weiss 2002; ToledanoKatchalski et al. 2003; van der Wijk et al. 2004; Walchli et al. 2005; Noordman et al. 2008).
It has also been proposed that oxidation of the catalytic cysteine residue may facilitate
confirmational changes to stabilize the dimeric forms of PTPs (Groen et al. 2008). Thus it
appears that activity of PTPs is regulated through concomitant action of both oxidation and
dimerization. Consistent with this hypothesis our data shows that intermolecular disulfide
bridge formation involving two cysteine residues plays a role in decreased activity of
STEP61 under basal condition. Exposure to H2O2 results in increased oligomerization and
loss of activity of both STEP61WT and its mutant as well as that of STEP46WT. However,
the loss of activity of STEP61WT is five fold higher than the mutant form. Also a
comparison of the PTP activity of STEP61WT and STEP46WT in the presence of H2O2
shows that the decrease in activity of STEP61 (6.6 fold) is significantly higher than that of
STEP46 (2.5 fold). This increased loss of activity of STEP61 cannot be explained by the
oxidation of catalytic cysteine residue alone. It is possible that the existing disulfide bridges,
in STEP61, involving Cys 65 and 76 stabilize additional intermolecular interaction. As such
the loss of activity, in the presence of H2O2, may partly result from oligomerization and may
partly be attributed to the oxidation of the active site cysteine residue. Identification of the
additional site(s) that are involved in oligomerization of STEP61 (WT and mutant form) and
STEP46 and their precise contribution in the loss of activity of STEP in response to H2O2 is
an important topic for future study.
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H2O2 is one of the most abundant forms of ROS that is relatively more stable in vivo and
membrane permeable (Adam-Vizi 2005). Although the precise intracellular level of H2O2
under pathologic conditions is not known, it is thought to be present between micromolar
and millimolar ranges (Beckman and Ames 1998; Benzing et al. 1999; Shen et al. 2008).
Neurons appear to be particularly susceptible to oxidative stress and brief exposures to
varying concentrations of H2O2 (0.1 – 10 mM) have been shown to result in a profound and
delayed neuronal cell death (Desagher et al. 1996; Avshalumov and Rice 2002; Fonfria et al.
2005; Wu et al. 2007). Both exogenous treatment and endogenous production of H2O2 has
been shown to inhibit protein tyrosine phosphatases (Finkel 1998; Lee and Esselman 2002)
suggesting that oxidative stress-induced neurotoxicity may be mediated through tyrosinephosphorylation dependent signaling pathways. In this context our findings that the activity
of the neuron-specific tyrosine phosphatases, STEP61 and STEP46, are inhibited by H2O2
supports the notion that inactivation of STEP may facilitate neuronal injury by promoting
increased tyrosine phosphorylation of its physiological substrates that include both ERK and
p38 MAPKs.
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A growing number of studies have established a detrimental role of ERK MAPK during
oxidative neuronal injury. For example sustained activation of ERK MAPK following
exposure to H2O2 has been shown to induce neuronal cell death (Luo et al. 2007;
Numakawa et al. 2007; Chen et al. 2009; Tuerxun et al. 2010). Sustained activation of ERK
MAPK by prolonged exposure to glutamate (5 mM), which causes oxidative stress, also
leads to caspase dependent neuronal cell death (Stanciu et al. 2000). In these studies
inhibition of ERK MAPK has also been shown to protect neurons against oxidative stress
induced death. These findings suggest a probable impairment of negative feedback
regulators in response to oxidative stress that normally function to limit the duration of
ERK-mediated signaling. Consistent with this hypothesis, earlier studies have shown that
ERK MAPK is a substrate of STEP and active STEP may promote neuronal survival by
limiting the duration of ERK MAP kinase activation (Paul et al. 2003). The inability of
dimerized STEP61 to dephosphorylate ERK described in the present study suggests that
inactivation of STEP may be a missing link between ROS generation and chronic activation
of ERK in neurons which expresses STEP endogenously. Several studies have also indicated
a role of p38 MAP kinase, another substrate of STEP, in oxidative stress-induced
neurodegeneration. p38 activation through NO produced by neuronal nitric oxide synthase
following glutamate stimulated NMDA receptor and PSD95-nNOS interaction is involved in
neuronal cell death (Kawasaki et al. 1997; Cao et al. 2005). Its activation has also been
identified in neurons exposed to 6-hydroxydopamine and 1-methyl-4-phenyl-1,2,3,6tetrahydropyridine (MPTP), neurotoxins that triggers ROS production, and is implicated in
the mechanism of cell death (Du et al. 2001; Choi et al. 2004). Thus it appears that both and
ERK and p38 MAP kinase can potentially mediate the harmful events underlying oxidative
stress-induced neuronal injury. Since STEP is also a target of oxidative stress, taken together
the above findings suggest that inactivation of STEP through oligomerization could play a
role in the initiation of neuronal degeneration by promoting chronic activation of ERK and
p38 MAPK that eventually leads to activation of pro-apoptotic pathways.
In conclusion, our findings provides evidence that dimerization plays a role in regulating the
activity of STEP61 under basal condition. H2O2 induced oxidative stress leads to increase in
oligomerization of STEP in a dose-dependent manner resulting in reduced catalytic activity.
We also observed that STEP46 that do not form dimers under basal conditions could undergo
oligomerization resulting in subsequent loss of activity upon treatment with H2O2. Based on
these findings subsequent studies will assess the effect of oligomerization of STEP61 and
STEP46 in neurodegenerative disorders related to oxidative stress.
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STEP

striatal-enriched phosphatase

PTP

protein tyrosine phosphatase

ERK

extracellular regulated kinase

MAPK

mitogen-activated protein kinase

pNPP

para-nitrophenylphosphate

IODA

iodoacetamide

DTT

dithiothreitol

SDS

sodium dodecyl sulfate
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Figure 1.

STEP61 forms homodimers in intact cells. V5- and myc-tagged STEP61 or STEP46 were coexpressed in HEK 293 cells. STEP was immunoprecipitated using anti-V5 (A, C, D) or antimyc (B) antibodies followed by immunoblot analysis. Blots were probed with anti-myc (A,
C and D - upper panel; B - middle panel) and anti-V5 (A, C and D - middle panel; B - upper
panel) antibodies. Expression of myc-tagged STEP61 (A, C and D), STEP46 (C and D) and
V5-tagged STEP61 (B) in the total lysate was monitored in the lower panel.
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Figure 2.

Role of N-terminal region of STEP61 in homodimer formation. (A) Schematic representation
of the deletion mutants of STEP61 used in the co-immunoprecipitation experiments depicted
in B, C and D. The domains deleted were tyrosine phosphatase domain (ΔPTP), polyproline
rich region 1 (ΔPP1), polyproline rich region 2 (ΔPP2), Kinase interacting motif (ΔKIM), Nterminal amino acids 2 – 83 Δ(aa 2–83) and 84–171 Δ(aa 84–171) . (B, C, and D) V5- and
myc-tagged STEP61 deletion mutants were expressed in HEK 293 cells. Following
immunoprecipitation of V5-tagged STEP61 co-immunoprecipitation of myc-tagged
STEP61was determined using anti-myc antibody (upper panel). Blots were re-probed with
anti-V5 antibody (middle panel). Equal expression of myc-tagged STEP61 in total lysate was
determined by immunoblot analysis using anti-myc antibody (lower panel).
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Figure 3.
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Cys 65 and Cys 76 are required for intermolecular disulfide bond formation. (A) Schematic
diagram of STEP61 showing the positions of all the cysteine residues (in bold) in the Nterminal domain within aa 2–83. (B) HEK 293 cells expressing V5- and myc-tagged STEP61
WT were treated with DTT (50 mM) for 30 min. (C, D) V5 and myc-tagged STEP61 WT or
single and double mutants of Cys 2, Cys3, Cys 65 and Cys 76 were expressed in HEK 293
cells. (B, C, D) Upon immunoprecipitation of STEP61 with anti-V5, co-immunoprecipitation
of myc-tagged STEP61 was determined by probing the blots with anti-myc antibody (upper
panel). Blots were re-probed with anti-V5 antibody (middle panel). Expression of myctagged STEP61 in total lysate was determined by immunoblot analysis using anti-myc
antibody (lower panel). Quantification of co-immunoprecipitated STEP61-myc band (B, C,
D - upper panel) was done by computer-assisted densitometry and Image J analysis. Values
are mean ± SEM (n = 3). * Indicates significant difference from DTT untreated control (B)
or WT (C, D) (p < 0.0001).
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Figure 4.
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H2O2 induced increase in dimer and higher order oligomer formation of STEP61. HEK 293
cells transfected with V5- and myc-tagged STEP61 (A, C) or V5-tagged STEP61 (B and D)
were stimulated (A, B) for 5 min with different concentration of H2O2 or (C, D) with 10
mM H2O2 for different time periods. (A, C) STEP61 was immunoprecipitated with anti-V5
antibody. Blots were probed with anti-myc (upper panel) and anti-V5 (middle panel)
antibodies. Expression of myc-tagged STEP61 in total lysate was analyzed with anti-myc
antibody (lower panel). (B, D) Equal amount of protein from each sample, was prepared
under non-reducing conditions (without β-mercaptoethanol) to investigate oligomer
formation (upper panel). Another part was loaded under reducing conditions (withβmercaptoethanol) to check expression levels (middle panel). Immunoblots were probed with
anti-V5 antibody. Total tubulin was also analyzed to indicate equal protein loading (lower
panel). Quantification of (A, C - upper panel) co-immunoprecipitated STEP61-myc band and
(B, D) oligomeric forms of STEP61 in non-reducing gels (bands at 100 kDa and above) was
done by computer-assisted densitometry and Image J analysis. Values are mean ± SEM (n =
3). * Indicates significant difference from untreated control (p < 0.001).
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Figure 5.

Involvement of cysteine residues in H2O2 induced dimerization of STEP61. WT STEP61 or
its mutant STEP61 C65S/C76S tagged with V5- or myc-epitope co-expressed in HEK 293
cells were stimulated with 10 mM H2O2 for 5 min. STEP was immunoprecipitated using
anti-V5 antibody. Blots were probed with anti-myc (upper panel) and anti-V5 (middle panel)
antibodies. Total lysate was analyzed with anti-myc antibody (lower panel). Quantification
of coimmunoprecipitated STEP61-myc band (upper panel) was done by computer-assisted
densitometry and Image J analysis. Values are mean ± SEM (n = 3). *Indicates significant
difference from corresponding untreated controls (p < 0.0001). # Indicates significant
difference from H2O2 treated STEP61-V5 WT samples (p < 0.0001).
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Figure 6.
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H2O2 induced decrease in STEP61 activity. HEK 293 cells expressing V5-and myc-tagged
STEP61 or its mutant (STEP61 C65S/C76S) were stimulated with 10 mM H2O2 for the
specified time periods. (A, B) STEP61 was immunoprecipitated from H2O2 treated (5 min)
and untreated cells using anti-V5 antibody. (A) PTP activity was assayed using pNPP as a
substrate. Quantitative measurement of the formation of para-nitrophenolate is represented
as mean ± SEM (n = 4). * Indicates significant difference from untreated STEP61 mutant (p
< 0.001). # Indicates significant difference from the untreated WT or mutant (p < 0.001). (B)
Immunoprecipitated STEP61 was incubated with phospho-ERK2 (TPEYP-ERK2) purified
protein for 30 min at 30°C. Phosphorylation of ERK2 was analyzed with anti-TEYP-ERK
1/2 (first panel) antibody. Dimerization of STEP61 in the same samples was analyzed by reprobing the blot with anti-myc (third panel) and anti-V5 (fourth panel) antibodies. Blots
were also re-probed with anti-ERK2 antibody (second panel). To determine the
phosphorylation of the input phospho-ERK2, for each experiment, equal amount of the
purified protein was incubated in buffer alone for 30 min at 30°C and then processed for
immunoblot analysis with anti-TEYP-ERK1/2 (fifth panel) and ERK2 (sixth panel)
antibodies. Extent of phosphorylation of phospho-ERK2 in the absence and presence of
STEP61 (first and fifth panel) was determined by computer-assisted densitometry and Image
J analysis. Values are mean ± SEM (n = 3). *Indicates significant difference from untreated
control (p < 0.001).
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Figure 7.

Homodimerization of STEP61 in brain and cultured neurons. Equal amount of protein
obtained from hippocampal, cortical and neuronal lysates prepared under reducing (with βmercaptoethanol) and non-reducing (without β-mercaptoethanol) conditions were processed
for immunoblot analysis with anti-STEP antibody (top panel).
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Figure 8.
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Oligomerization of STEP61 in neurons. Neuron cultures were stimulated with (A) 0 –10 mM
H2O2 for 5 min, or (B) 10 mM H2O2 for 0 – 10 min, (C) 1 mM and 10 mM H2O2 for 0 – 10
min or (D) 1 mM H2O2 for 5 min in the presence or absence of the TAT-STEP peptide. (A,
B) Part of the lysate was prepared under non-reducing (without β -mercaptoethanol)
conditions to investigate oligomer formation (upper panel). Another part was loaded under
reducing conditions (with β-mercaptoethanol) to check expression levels (middle panel).
Immunoblots were probed with anti-STEP antibody. Total tubulin was also analyzed to
indicate equal protein loading (lower panel). (C, D) Phosphorylation of ERK2 in total
lysates was analyzed by probing the membrane with anti- TEYP-ERK 1/2 antibody (upper
panel). Blots were re-probed with anti-ERK2 antibody (lower panel). Quantification of (A,
B - upper panel) oligomeric forms of STEP61 in non-reducing gels (bands at 100 kDa and
above) and (C, D - upper lane) phosphorylated ERK2 was done by computer-assisted
densitometry and Image J analysis. Values are mean ± SEM (n = 3). * Indicates significant
difference from untreated control (p < 0.01).
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