Journal of
Neurochemistry

@ JOURNAL OF NEUROCHEMISTRY | 2013 doi: 10.1111/jnc.12463

ORIGINAL

Molecular mechanism of ERK dephosphorylation by
striatal-enriched protein tyrosine phosphatase

Rong Li,*1'1 Di-Dong Xie,* 11’1 Jun-hong Dong,*°§°1 Hui Li,* 9
Kang-shuai Li,*{** Jing Su,*{9q Lai-Zhong Chen, Tt Yun-Fei Xu,*{**
Hong-Mei Wang,*1q Zheng Gong,* i Guo-Ying Cui,*f Xiao Yu,* {4
Kai Wang, 74 Wei Yao,7q Tao Xin,7'f Min-Yong Li, 71 Kun-Hong Xiao,§§
Xiao-fei An,{{ Yuqing Huo,*** Zhi-gang Xu,§ 1171 Jin-Peng Sun*1"{ and Qi

*Key Laboratory Experimental Teratology of the Ministry of Education and Department of
Biochemistry and Molecular Biology, Shandong University, School of Medicine, Jinan, Shandong,

tShandong Provincial School Key laboratory for Protein Science of Chronic Degenerative Diseases,
tProvincial Hospital affiliated to Shandong University, Jinan, Shandong, China

Department of Physiology, Shandong University, School of Medicine, Jinan, Shandong, China
**Qilu Hospital, Shandong University, Jinan, Shandong, China

T1School of Pharmaceutical Sciences, Shandong University, Jinan, Shandong, China
11Weihai campus, Shandong University, Weihai, Shandong, China

§§Department of Medicine, Duke University Medical Center, Durham, NC, USA

{Drug Discovery Center, Key Laboratory of Chemical Genomics, Peking University Shenzhen

***Vascular Biology Center, Department of Cellular Biology and Anatomy Medical College of
Georgia, Georgia Regents University, Augusta, Georgia, USA

t11School of Life Sciences, Shandong University, Jinan, Shandong, China

ARTICLE
Pangii
China
Jinan, Shandong, China
§Weifang Medical University, Weifang, Shandong, China
Graduate School, Shenzhen, China
Abstract

Striatal-enriched tyrosine phosphatase (STEP) is an impor-
tant regulator of neuronal synaptic plasticity, and its abnormal
level or activity contributes to cognitive disorders. One crucial
downstream effector and direct substrate of STEP is extra-
cellular signal-regulated protein kinase (ERK), which has
important functions in spine stabilisation and action potential
transmission. The inhibition of STEP activity toward phospho-
ERK has the potential to treat neuronal diseases, but the
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detailed mechanism underlying the dephosphorylation of
phospho-ERK by STEP is not known. Therefore, we exam-
ined STEP activity toward para-nitrophenyl phosphate,
phospho-tyrosine-containing peptides, and the full-length
phospho-ERK protein using STEP mutants with different
structural features. STEP was found to be a highly efficient
ERK tyrosine phosphatase that required both its N-terminal
regulatory region and key residues in its active site. Specif-
ically, both kinase interaction motif (KIM) and kinase-specific
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sequence of STEP were required for ERK interaction. In
addition to the N-terminal kinase-specific sequence region,
S245, hydrophobic residues L249/L.251, and basic residues
R242/R243 located in the KIM region were important in
controlling STEP activity toward phospho-ERK. Further
kinetic experiments revealed subtle structural differences
between STEP and HePTP that affected the interactions of
their KIMs with ERK. Moreover, STEP recognised specific
positions of a phospho-ERK peptide sequence through its
active site, and the contact of STEP F311 with phospho-ERK

Reversible tyrosine phosphorylation is one of the most
important post-translational modifications steering cellular
functions, including cell growth, immune responses, glucose
metabolism, and neuronal activities (Yu et al. 2007; Hunter
2009; Chen et al. 2010). Specifically, protein tyrosine
phosphorylation in the nervous system is precisely regulated
both spatially and temporally by two groups of enzymes,
protein tyrosine kinases and protein tyrosine phosphatases, to
maintain diverse neuronal activities. Although numerous
studies have identified pertinent roles for kinases in synaptic
activity and cognition, the actions of tyrosine phosphatases in
these processes have recently become appreciated (Hendriks
et al. 2009; Fitzpatrick and Lombroso 2011). In particular,
striatal-enriched protein tyrosine phosphatase (STEP) has
been identified as a brain-specific tyrosine phosphatase and is
implicated in several neuronal degenerative diseases in which
increased STEP levels or phosphatase activities are observed
(Baum et al. 2010).

STEP belongs to the protein tyrosine phosphatase (PTP)
superfamily of which members have the signature CXsR
motif in their active site and utilise a negatively charged
cysteine for nucleophilic attack during hydrolytic reactions
(Tonks 2006). Immunohistochemistry results have revealed
that STEP is expressed specifically in the central nervous
system (Fitzpatrick and Lombroso 2011). At least four STEP
transcriptional isoforms have been identified and character-
ised; STEP,¢ and STEPg, are the two major isoforms with
phosphatase activities (Sharma et al. 1995). The expression
of both STEP4¢ and STEPg, is enriched in medium spiny
neurons of the striatum, but their cellular localisations are
different: STEP,¢ is mainly localised to the cytosol, whereas
STEPg; has an additional 172 residues at its N-terminus that
localise it to post-synaptic densities and endoplasmic retic-
ulum (Baum et al. 2010).

As a member of the PTP superfamily, STEP participates in
neuronal activities by regulating the phosphorylation states
of key components of synaptic plasticity, including subunits
of NMDAR and AMPAR and such kinases as Fyn, p38, and
Pyks (Zhang et al. 2008; Baum et al. 2010; Xu et al. 2012).
In particular, STEP negatively regulates the activation of

V205 and T207 were crucial interactions. Taken together, our
results not only provide the information for interactions
between ERK and STEP, but will also help in the develop-
ment of specific strategies to target STEP-ERK recognition,
which could serve as a potential therapy for neurological
disorders.

Keywords: ERK, neurological disorders, phosphatase,
phosphorylation, striatal enriched tyrosine phosphatases,
synaptic plasticity.
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extracellular signal-regulated protein kinase (ERK), which is
the central hub of the phosphorylation networks that respond
to extracellular stimulation. In neuronal cells, ERK activation
plays important roles in spine stabilisation and transmitting
action potentials. Accordingly, increased STEP activity
accompanied by impaired ERK function has been implicated
in neuronal degenerative diseases. Furthermore, STEP-
knockout mice display increased ERK activation (Venkitar-
amani et al. 2009) and improved hippocampal learning and
memory (Venkitaramani et al. 2011). All these results
indicate that specifically inhibiting STEP activity toward
phospho-ERK has therapeutic potential in neuronal degen-
erative diseases.

A negative regulation of STEP activity can be achieved by
developing specific STEP inhibitors that target the phospha-
tase active site or by disrupting the interactions of STEP with
its substrates. However, the underlying catalytic mechanisms
of STEP towards its substrates remain unknown. In this
study, we aimed to determine the molecular mechanism of
STEP in the dephosphorylation of phospho-ERK, the key
substrate of STEP for neuronal activity modulation, using
combined molecular and enzymologic approaches. Our
results reveal the contributions of key elements in mediating
specific ERK-STEP recognition and identify peptide
sequence selectivity in the STEP active site, findings that
will help in discovering new STEP substrates and developing
specific strategies to inhibit phospho-ERK dephosphoryla-
tion by STEP, potentially curing some neuronal diseases.

Material and methods

Materials

Para-nitrophenyl phosphate (pNPP) was obtained from Bio Basic
Inc. The Tyr(P)-containing peptides were synthesised and HPLC-
purified by China Peptides Co. The Ni**-NTA resin and HiTrap Q
FF column used in protein purification were purchased from Bio
Basic Inc. and GE Healthcare, respectively. The phospho-specific
anti-ERK 1/2-pT?**/pY?** antibody was obtained from Cell Signal-
ing Technology, Beverly, MA, USA, the anti-flag M2 antibody was
purchased from Sigma, St Louis, MO, USA, the antibody the
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B-Actin Antibody (C4) and the phospho-tyrosine pY—350 antibody
was obtained from Santa Cruz Biotechnology, Santa Cruz, CA,
USA. The fully sequenced human PTPN5 cDNA was purchased
from Thermo Scientific, Waltham, MA, USA. The expression
plasmid for the STEP catalytic domain (STEP-CD) was a generous
gift from Dr Knapp at target discovery institute, U.K., and the
plasmids expressing ERK2 and MEK1 used in the preparation of
phospho-ERK were generous gifts from Dr Lefkowitz at Duke
University, USA. The nerve growth factor (NGF) was purchased
from Sino Biological Inc. (Beijing, China).

Cell culture and immunoblotting

PC12 cells were cultured as previously described (Morooka and
Nishida 1998). The cells were transfected with STEP or mutants
using Lipofectamine2000 (Invitrogen, Carlsbad, CA, USA) for
48 h. After 8 h starvation, cells were treated with 50 ng/mL NGF
for 0, 2, 5, 15, 30, 60 and 120 min at 37°C and then lysed. The
protein concentration of extracts was measured by the bicinchoninic
acid Protein Quantitation Kit (Beyotime, Jiangsu, China). Equal
amounts of cell lysates were denatured in 2x sodium dodecyl
sulfate loading buffer and boiled for 10 min. Protein samples were
then subjected to western blot.

Phosphatase assay using pNPP and phospho-tyrosine-containing
peptides

The kinetic parameters for pNPP and Tyr(P)-containing peptides
were determined as described previously (Yu et al. 2011; Liu et al.
2012a; Pan et al. 2013) All experiments were performed at 37°C in
a buffer containing 50 mM succinic (pH 6.0), | mM EDTA, 2 mM
dithiothreitol, and an ionic strength of 0.15 M adjusted with NaCl.
STEP-catalysed pNPP hydrolysis was terminated by adding 120 pL
1 M NaOH, and the enzyme activity was monitored by measuring
the absorbance at 405 nm. When Tyr(P)-containing peptides were
used as the substrate, the reaction was stopped by adding BIOMOL
GREEN™ (ENZO, Enzo LifeSciences, Lausen, Switzerland), and
the released phosphate was determined by measuring the absorbance
at 620 nm. The kinetic parameters were obtained by fitting the data
to the Michaelis—Menten equation (Eqn 1). The Tyr(P)-containing
peptide hydrolysis was also continuously monitored at 305 nm by
measuring the increase in tyrosine fluorescence with excitation at
280 nm as described (Vetter et al. 2000).

o Vmaxh[s}
" Kt18] M

Enzyme-coupled continuous spectrophotometric assay for
phospho-ERK dephosphorylation

The kinetic parameters for the dephosphorylation of phospho-ERK2
proteins were determined using an 7-methyl-6-thioguanosine
(MESG)-coupled continuous spectrophotometric assay as described
previously (Huang et al. 2004; Zhang et al. 2011; Zheng et al.
2012). MESG was synthesised and purified as described (Webb
1992), and the purity of MESG was quantified by HPLC and mass
spectrometry. All assays were performed at 25°C in an MESG-
coupled system containing 50 mM MOPS (pH 7.0), 100 mM NaCl,
0.1 mM EDTA, 100 uM MESG, and 0.1 mg/mL PNPase; the
reactions were monitored at ODsgo. The initial rates were deter-
mined and fitted to the Michaelis—Menten equation to obtain K, and
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Ko In the case of a substrate concentration << K, the K../K,
ratio was acquired by fitting the data to the following equation:

[P = [$], x (1 - e*<mf/'<"'>'[51o~f) )

Data analysis and software

The data were analysed using ImageJ (National Institutes of Health,
Bethesda, MD , USA) and GraphPad (GraphPad Software, Inc., La
Jolla, CA, USA) software, and all data are presented as the
mean + SD. The statistical comparisons were performed using
aNova. The model of the STEP constructs was drawn using Domain
Graph 2.0 (Ren et al. 2009). The model of the STEP structure was
generated from the previously resolved structure of STEP (PDB
2CJZ) (Eswaran et al. 2006) by Coot (Emsley et al. 2010) and the
PyMOL Molecular Graphics System (Version 1.5.0.4, Schrodinger,
LLC, New York, NY, USA). Because of page limitations, all other
materials and methods are described in the supplemental material.

Results

STEP is a tyrosine-specific phospho-ERK2 phosphatase

in vitro

ERK activation is a pivotal step in many types of long-term
memory and psychostimulant drug actions. Full activation of
ERK requires double phosphorylation of both Thr*** and
Tyr204 in its activation loop, sites that are dephosphorylated
by several different phosphatases within specific cellular
contexts(Paul et al. 2003; Patterson et al. 2009; Piserchio
et al. 2012a) (Li et al. 2013). Both in corticostriatal culture
and in vivo, STEP regulates neuronal activities mainly by
targeting temporal ERK activation-loop phosphorylation
(Paul et al. 2003; Valjent et al. 2005; Venkitaramani et al.
2009). Although cellular studies have detected the interaction
of ERK with STEP (Munoz et al. 2003), direct quantitative
measurement of phospho-ERK dephosphorylation by STEP
in vitro with purified proteins has not been reported.

To begin to understand the molecular mechanism of
phospho-ERK  dephosphorylation by STEP, we prepared
double-phosphorylated ERK and several protein phosphata-
ses at high purity to compare the activities of different
phosphatases toward phospho-ERK (Fig la and b). Unlike
STEP, the Ser/Thr phosphatase PPM1A selectively dep-
hosphorylates pT202 of ERK both in vivo and in vitro (Zhou
et al. 2002; Li et al. 2013); in contrast, two other tyrosine
phosphatases, BDP-1 and PTP-MEG?2, have not been directly
linked to phospho-ERK dephosphorylation. Using these
phosphatases as controls, we investigated whether STEP is
an efficient and tyrosine-specific ERK phosphatase in vitro.

We first examined ERK dephosphorylation by different
phosphatases using a specific antibody that recognises ERK
activation-loop phosphorylation (pT***EpY?>**). Compared to
PTP-MEG?2 and Brain-derived phosphatase(Tyrosine-protein
phosphatase non-receptor type 18) (BDP1), both STEP and
PPMI1A displayed efficient catalytic activity toward dual-
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Fig. 1 Striatal-enriched protein tyrosine phosphatase (STEP) is a
tyrosine-specific extracellular signal-regulated protein kinase (ERK)2
phosphatase in vitro. (a) Dephosphorylation of double-phosphorylated
ERK2-pT2%2pY2°4 by several phosphatases, including STEP, PPM1A,
PTP-MEG2, and BDP1. The reaction was terminated after 5 min.
Dually phosphorylated ERK2-pT2°2pY2%4 (0.5 M) was incubated with
20 nM purified STEP, PPM1A, PTP-MEG2, or BDP1. The phospho-
tyrosine antibody pY-350 was used to monitor the dephosphorylation
of ERK2 at pY?** and the phospho-specific ERK1/2-pT2%%/pY204
antibody was used to monitor the dephosphorylation of ERK2 at either
pT2%2 or pY2%*, (b) Sodium dodecy! sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) of purified protein phosphatases. (c and d)
Statistical analysis of ERK dephosphorylation at pT2°2/pY2®* (c) or
pY2°4 (d) by different phosphatases within 5 min. All experiments were
conducted at least in triplicate. **p <0.01. (e) The progressive curve of
ERK2-pT2%2pY2%4 dephosphorylation by STEP and PPM1A. 1.2 uM
ERK2-pT?%2pY2%* was firstly treated by 100 nM STEP. Once the
reaction reached a plateau, 100 nM PPM1A was added.

phosphorylated ERK with equimolar phosphatase inputs
(Fig 1). To examine whether STEP specifically dephospho-
rylated pY?®* rather than pT>*%, we next monitored dephos-
phorylation on residue pY204 using the specific phospho-
tyrosine antibody pY350. Although STEP removed most of
the phospho-tyrosine on double-phosphorylated ERK,
PPMIA showed little effect on pY?** (Fig la and d). This
result confirmed that STEP hydrolysed pY>®*, but did not
exclude the possibility that STEP dephosphorylated pT>°2.
Thus, we next monitored the time course of ERKZ—pTzosz204
dephosphorylation by sequentially adding STEP and PPM1A.
Once reaction reached plateau, STEP treatment only lead to
one equivalent of inorganic phosphate release, compared to
input ERK protein. Subsequent inputting PPM1A resulted in
another equivalent of inorganic phosphate release (Fig 1E).
The PPM1A was a Ser/Thr specific phosphatse. Therefore,
PPMIA treated curve reflected dephosphorylation of pT22,
and STEP treated curve corresponded to dephosphorylation of
pY?

Taken together, these results demonstrate that STEP is an
efficient ERK phosphatase that selectively recognises pY204
in vitro, whereas PPM1A is an ERK pT?**specific phos-
phatase.

Kinetic parameters of dephosphorylation of phospho-ERK by
STEP

The above results demonstrated that STEP efficiently dep-
hosphorylates double-phosphorylated ERK on pY>** in vitro.
However, the kinetic constant of the enzyme is difficult to
determine by western blotting. Therefore, to measure the k.,
and K, of STEP in ERK dephosphorylation accurately, we
utilised a previously established continuous spectrophoto-
metric enzyme-coupled assay to characterise the reaction
(Zhou et al. 2002; Zheng et al. 2012). Fig 2a displays the
progressive curve of STEP-catalysed ERK dephosphorylation
at several different phospho-ERK concentrations by monitor-
ing the increase of absorbance at OD3¢. All of the initial rates
of ERK dephosphorylation by STEP were taken together and
fitted to the Michaelis—Menten equation to acquire k., and
K.,. The results revealed that ERK—pTzosz204 was a highly
efficient substrate of purified STEP in vitro, with a k., of 0.78
s tand K, of 690 nM at pH 7.0 and 25°C (Fig 2a and c). For
comparison, we also measured the dephosphorylation of ERK
at pT**>pY?* by HePTP, a previously characterised ERK
phosphatase (Fig 2b) (Zhou et al. 2002). The measured
kinetic constants for HePTP were similar to those previously
published (Fig 2c). In conclusion, STEP is a highly efficient
ERK phosphatase in vitro and is comparable to another
known ERK phosphatase, HePTP.

The STEP N-terminal KIM and KIS regions are required for
phospho-ERK dephosphorylation

The substrate specificities of PTPs are governed by combi-
nations of active site selectivity and regulatory domains or

© 2013 International Society for Neurochemistry, J. Neurochem. (2013) 10.1111/jnc.12463
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Fig. 2 Kinetic studies of double-phosphorylated extracellular signal-
regulated protein kinase (ERK)2-pT2%?/pY2%* protein dephosphorylated
by striatal-enriched protein tyrosine phosphatase (STEP). (a) The
progressive curve of ERK2-pT2%2/pY2°* dephosphorylation by STEP at
different substrate concentrations. The inorganic phosphate released
from ERK2-pT2°?/pY2%4 dephosphorylated by STEP was measured
using a enzyme-coupled assay. The initial rate at different substrate
concentrations was analysed by the Michaelis—-Menten equation (small
figure). (b) HePTP was used as a positive control. The substrate-
dependent initial rate of HePTP catalysis toward the phospho-ERK
protein was analysed by the Michaelis-Menten equation. (c) The
summary of K, and k.4 fitted from (a and b).

motifs (Alonso et al. 2004). STEP contains a unique 16-
amino acid kinase interaction motif (KIM) at its N-terminal
region that has been shown to be required for its interaction
with ERK by glutathione S-transferase (GST) pull-down
assays in cells (Pulido ef al. 1998; Zuniga et al. 1999;
Munoz et al. 2003). KIM is linked to the STEP catalytic
domain by the kinase-specificity sequence (KIS), which is
involved in differential recognition of MAP kinases and is
affected by reducing reagents (Munoz et al. 2003). To
further elucidate the contribution of these N-terminal regu-
latory regions to phospho-ERK dephosphorylation by STEP,
we made a series of deletion or truncation mutants in the
STEP N-terminus and examined their activity toward pNPP,
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the double phospho-peptide containing pT>**pY?** derived
from the ERK activation loop, and dually phosphorylated
ERK proteins (Fig 3).

The five N-terminal truncation/deletion derivatives of
STEP included STEP-CD (deletion of both KIM and KIS),
STEP-AKIM (deletion of KIM), STEP-AKIS (deletion of the
28-amino acid KIS), STEP-AKIS-N (deletion of the N-
terminal 14 amino acids of KIS), and STEP-AKIS-C
(deletion of the C-terminal 14 amino acids of KIS) (Fig 3a).
All the STEP truncations and deletions had a good yield in E.
coli and were purified to homogeneity (Fig 3b). After
purification, we first examined the intrinsic phosphatase
activity of these derivatives by measuring the Kinetic
constants for pNPP and found that the truncations had little
effect on the k., and K, for pNPP, which agreed with the
distance of these N-terminal sequences from the active site
(Fig 3e).

We next monitored the time course of ERK dephosphor-
ylation by the different derivatives using western blotting
(Fig 3c and d). Although little phosphorylated ERK could be
detected after 5 min in the presence of full-length STEP,
ERK phosphorylation was still detected at 15 min in the
presence of STEP-CD, STEP-AKIM, STEP-AKIS, or STEP-
AKIS-C. STEP-AKIS-N also exhibited a slower rate in
dephosphorylating ERK compared to wild-type STEP. To
accurately determine the effects of each of the N-terminal
truncations, we measured the k..,/K,, of ERK dephosphor-
ylation by a continuous spectrophotometric enzyme-coupled
assay. In comparison to wild-type STEP, all truncations
decreased the k., /K, ratio by 50-60-fold, with the exception
of STEP-AKIS-N, which decreased the ratio by only 20-fold
(Fig 3f). To determine whether the truncations decreased the
activity toward phospho-ERK via recognition of the ERK
activation loop sequence, we measured the STEP truncation
activity toward the ERK pT*’pY?** phospho-peptide. All
truncations had k.,,K,, ratios for this phospho-ERK peptide
that were comparable to the wild-type phosphatase, suggest-
ing that these truncations do not affect STEP activity through
a loss of phospho-peptide sequence recognition. Therefore,
KIM, the N-terminal portion of KIS, and the C-terminal part
of KIS are required for ERK dephosphorylation by STEP.
These motifs contribute to dephosphorylation through pro-
tein-protein interactions rather than by affecting the intrinsic
activity of STEP or its recognition of the ERK phospho-
peptide sequence.

Residues of the STEP KIM region responsible for efficient
phospho-ERK dephosphorylation

In addition to STEP, at least two known ERK tyrosine
phosphatases (HePTP and PTP-SL) and most dual-specificity
MAP kinase phosphatases have a KIM that mediates their
interactions with ERK(Francis er al. 2011a) (Zhou et al.
2002). Biochemical and structural experiments have revealed
that two conserved basic residues followed by the hydro-

© 2013 International Society for Neurochemistry, J. Neurochem. (2013) 10.1111/jnc.12463
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phobic ®,-X-Pg motif mediate ERK-phosphatase interac-
tions through STEP binding to the CD site and a hydropho-
bic groove located on the ERK surface, respectively (Fig 4a)
(Zuniga et al. 1999; Huang et al. 2004; Liu et al. 2006;
Piserchio et al. 2012b). Based on our previous crystallo-
graphic work on the ERK-MKP3 interaction, we also
generated a structural model of ERK in complex with
STEP-KIM to facilitate our mutagenesis design (Fig 4c,
methods in supplemental materials).

To gain insight into how KIM mediates the dephosphor-
ylation of ERK by STEP, we first mutated the conserved
basic residue R242 or R243 and the hydrophobic residue
L249 or L251 and monitored the effects of these mutants on

STEP catalysis. Similar to the STEP-AKIM deletion, these
mutations did not affect STEP activity toward pNPP or the
phospho-peptide derived from the ERK activation loop
(Fig 4b). However, the mutation of either R242A or R243A
decreased the k.. /K,, ratio of the reaction toward the
phospho-ERK protein by 4- or 6-fold, respectively (Fig 4b).
These results suggest that these mutations mainly impaired
the binding of STEP to ERK.

We next examined the effects of mutations in the
conserved hydrophobic ®,-X-®g motif of STEP. Our
structural model predicted that STEP 1.249 sits in a pocket
defined by H142, Y145 and F146, of ERK, whereas STEP
L251 is located in the hydrophobic pocket defined by ERK

© 2013 International Society for Neurochemistry, J. Neurochem. (2013) 10.1111/jnc.12463
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ERK-pT202pY204 :
38 242243 245 248 281 283 Substrates pNPP peptide Phosphor-ERK protein
RR T i
STEP{Human) GL QE GENVSLTLDM E i P— Keat 15 K (1M 5 Keaukm [10M 5] Keaukm [10°M 5]
{Rat) GLOERRGSNVSLTLOM STEP-WT 0E9TE0 12 1.1720.01 1.6720.29 1.8320.06 1. 202014
STEP{Mouse) GLQERRGSNVSLTLDM R2424 07248014 1.0820.04 1.49:0.22 1.7340.12 0.21£0.02
PTPSL GLOERRGSNVSLTLDM R243A 0. 74440.09 1.22:0.15 1.64£0.41 14940 22 0.30=0.028
RLOGERR NVALMLOV R242ARZ43A 0E33E0 23 1.2520.24 1.9720.34 1.520.33 0.2520.042
Hal aQ a8 S245E 07224025 1.2020.19 1.72:0.22 1.870.25 0.023+0.012
MKP3 Gl MLRR LQKGNLPVRA L2484 0B4E+0.06 1.170.11 1.3820.08 1.8720.44 0.45920.043
MKP4 Gl ML RR LQKGNLPVRA L251A 0601:0.11 _ 1.1820.09 1.96£0.21 1.8620.66 0.1820.02%
HePTP-WT A T200.12 4. 170,03 1.12#0.37 06620042 1.5110015
S23E 3506060 16.5¢3.23 4. 7240.75 0.57+0.021 0.43+0.03
(d)
ERK ERK
Y333
33 1
D142 D142

Fig. 4 Striatal-enriched protein tyrosine phosphatase (STEP) Kinase
interaction motif (KIM) residues necessary for efficient phospho-
extracellular signal-regulated protein kinase (ERK) dephosphorylation.
(a) Sequence alignment of KIMs from different phosphatases, includ-
ing STEP from different species (human, rat, and mouse), PTP-SL,
HePTP, MKP3, MKP4, and hVH3. Important interacting residues are
highlighted with colour: the conserved hydrophobic residues are
yellowish brown, the conserved polar residue S is blue, and the
conserved basic residues are purple. (b) Kinetic parameters of wild-
type and STEP /HePTP KIM mutants toward three different substrates,
pNpp, phospho-ERK peptide, and full-length phospho-ERK protein. (c)

L132 and L173 (Fig 4c). Mutation of L249A or L251A
decreased the k., /K, for phospho-ERK by 2.5-fold or 7-fold,
respectively (Fig 4b). Thus, we conclude that both conserved
hydrophobic residues in the ® ,-X-Pg motif and the arginine
located in KIM are important for efficient ERK dephosphor-
ylation by STEP.

S245, located in the STEP KIM, is an important requlatory
site in the dephosphorylation of phospho-ERK by STEP

It is worth noting that STEP activity is downregulated by the
phosphorylation of Ser245 in KIM, which is mediated by the
activation of D1 dopamine receptor stimulated by psycho-
stimulant drugs (Paul et al. 2000; Valjent et al. 2005).
Conversely, NMDA receptor activation leads to STEP
dephosphorylation at Ser245 by calcineurin, activating STEP
(Paul er al. 2003; Poddar et al. 2010). Therefore, S245 is an
important regulatory site of STEP.

To determine whether phosphorylation of S245 directly
regulates STEP activity toward phospho-ERK, we generated
an S245E STEP phosphorylation mimic mutation. This
mutation did not affect the intrinsic phosphatase activity of

k sz&_-:g: N s;fk'-é';:

The structural model of STEP-KIM binding to ERK, as derived from the
previously solved structure of ERK complexed with the MKP3 KIM
(PDB 2FYS). The hydrophobic patch of ERK2 (consisting of L132,
L173, H142, F146 and Y145) interacting with L249 and L251 of STEP
is marked in red. The acidic patch of D335 and D338 [termed catalytic
domain (CD)] and the nearby residues, which are interacting with R242
and R243, are marked in purple. The peptide is coloured by the atom
type (carbon, yellow; oxygen, red; nitrogen, blue). (d) Stereo-view of
STEP S245 and its surrounding ERK residues. The H-bond is depicted
as blue dashed lines. STEP is coloured in yellow, and ERK is coloured
in cyan.

STEP or its activity toward phospho-ERK peptide; however,
it decreased the k.,/K,, ratio for the phospho-ERK protein
50-fold (Fig 4b). The effect of the S245E mutation was more
pronounced than any single point mutation tested in KIM and
was comparable to the effect of the KIM deletions (Fig 3c).
In a previous study, the corresponding S245 phosphorylation
mimic mutant of HePTP (S23D) exhibited little difference in
ERK dephosphorylation compared to the wild-type HePTP
(Huang et al. 2004). Because the HePTP S23D mutation is
not directly comparable to the STEP S245E mutation, due to
the shorter side chain of Asp compared to Glu, we also
constructed the HePTP S23E mutant. The HePTP S23E
mutation decreased the activity of STEP toward phospho-
ERK three-fold, which was much less than the effect of the
STEP S245E mutation (Fig 4b).

The drastic change in ERK dephosphorylation by the
STEP S245E mutant could be explained by our structural
model in which the STEP S245 side chain makes a hydrogen
bond with the side chain of ERK Y333 or Q332 and is close
to the negatively charged residue D142 (Fig 4d). The S245E
mutant or the phosphorylation of S245 may disrupt important

© 2013 International Society for Neurochemistry, J. Neurochem. (2013) 10.1111/jnc.12463
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hydrogen bonds and generate electrostatic repulsion for
D142, hindering the entire STEP KIM region from binding to
ERK.

The amino acid sequence surrounding the central phospho-
Tyr is recognised by STEP

The active site configuration also contributes substantially
to the substrate specificity of PTPs. In many cases, the
active site of classic PTPs accommodates phospho-tyrosine
(pY) and also harbours key residues to recognise the amino
acids surrounding pY(Salmeen et al. 2000; Barr et al.
2009; Yu et al. 2011). Several tyrosine phosphatases
display a kq,/K,, for their target phospho-peptide that is
orders of magnitude higher than k.,/K,, for pY alone. In
particular, Lyp, a phosphatase that plays important roles in
the immune response, has selectivity for the amino acid
sequence surrounding the central phospho-tyrosine, as

determined through the examination of the Lyp activity
toward an “inverse alanine-scanning” combinatory library
(Yu et al. 2011). Therefore, we next probed the substrate
specificity of STEP using a series synthesised phospho-
peptides.

In addition to ERK, the NMDA channel subunit NR2B,
growth hormone receptor, and several kinases, including
PYK, FYN, and p38, are regulated by STEP and are potential
STEP substrates (Baum et al. 2010). We generated the
corresponding phospho-peptides derived from these proteins
and measured the kinetic parameters for STEP catalysis of
their dephosphorylation (Fig 5a and c). The peptide derived
from phospho-ERK was the best STEP substrate, followed
by the peptides derived from p38 and PYK; conversely, the
peptide derived from NR2B was a relatively poor substrate.
The k../K,, of STEP toward the NR2B phospho-peptide was
no better than toward pNPP, indicating that other regions of
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c y Kcat/km
© pTyr peptide Km[uM] Keat[S7] [1oM-'s)
ERK2pY?™TCFLPTE pY VATR  67.4%12.1 1.24:+01 1.83£0.05
P38pY '™ TDDEMpTCG pY VAT 70.8:¢8.99 1.0120.05 1491018
FynpY*® 1ED N E pY TARECA 79.6+12.3 1.1410.09 1430.06
PYK2pY"™ ESDI pYTAEIP 78492 1.02+0.02 1.300.03
PYK2 pY®™® ED E DpY YKASV 104.4+135 1.0840.03 1.0410.09 Fig. 5 Kinetics of the striatal-enriched protein
GHR pY*® SNI D FprQvsSD 1254115 071+0.02 051+0.18 tyrosine  phosphatase  (STEP)  catalysed
NR2BpY"™ SNGH VpYEKLSS 420.2+4282.20.34:0.01 0.07£0.02 dephosphorylation of phospho-peptides derived
from known STEP substrates and an Ala-
) KeatKm scanning peptide library of pp-ERK2-pT2%2pY2%4,
pTyr peptide Km[uM]  Kcat[S] (10M-'S) (a) Statistical analysis and bar graph of the kea/Km
ERK2me2me“‘ 67.4:12 1 12401 1.83:0.05 ratios of the S.TEP-cata.Iysed dephosphorylation of
T GEL pTEpYVATR 208 phospho-peptides derived from known STEP
ERK2 pY2™ 50 45+7 64 115+¢0.25 1.9%0.18 substrates. (b) Statistical analysis and bar graph
ERKZpTpY T198A 67.56+141 124025 184+006 of STEP dephosphorylating the Ala-scanning
F200A B7 6642 63 1.31+017 1944008 phospho-peptide library derived from the pp-
L201A 92 37+12.58 1.1940.1 1.29+0.18 ERK2-pT2%2pY2°* peptide. (**represents p < 0.01
pT202A 8240+165 1364019 1.650.02 compared to the non-mutated ERKpT2°%/pYy204
E203A 159.78£33.3 1.274028 0.7%0.1 phospho-peptide. The data are the average of at
V205A 995941041 1174018 1.17+0.4 least three independent measurements). (c and d)
T207A 7942222 1.19£0.25 1.50:0.4 Keats Kimy aNd Koo/ Koy Of STEP dephosphorylation of
R208A 58.37+11.27 1224021 209008

various phospho-peptides.
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NR2B in addition to the phosphorylation site may contribute
to STEP recognition.

In addition to NR2B and growth hormone receptor, all
other phospho-peptides tested had a k., /K, over 10*
s M approximately 10-fold better than pNPP. All these
sequences had a common acidic or polar residue at the pY—2
position or a small residue at the pY+1 or pY+2 position. To
study the contribution of each individual side chain on either
side of the central pY, we examined an alanine-scanning
ERK—pY204 peptide library in which each amino acid
surrounding the central pY was substituted with alanine
(Fig 5b and d). The largest effects of alanine scanning were
observed at pY—1 (E203) and pY+1 (V205); each mutation
decreased k.,/K,, by 2-fold. Mutation of pY—3 (L201) or
pY+3 (T207) also decreased k.,/K,, by 1.6-fold. Therefore,
the positions pY=1 and pY =3 contribute the most to peptide
substrate recognition by STEP (Fig 5b and d).

Determinants of phospho-ERK recognition in the STEP
active site

As described above, STEP exhibited substrate specificity at
the pY—3, pY—1, pY+1, and pY+3 positions. STEP belongs
to the classical PTP subfamily, all members of which have a
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conserved active site of 9 A in depth and 6 A in width (Wang
et al. 2003; Tonks 2013). The active site of classical PTPs is
defined by several surrounding loops, including a WPD loop,
a Q loop, a pY-binding loop, and a second-site loop (Fig 6a),
which play key roles in defining the specific amino acid
sequence surrounding the central phospho-tyrosine for
substrates (Salmeen et al. 2000; Barr et al. 2009; Yu et al.
2011). Therefore, we compared the sequences of these loops
in several classic tyrosine phosphatases and selected muta-
tions at key positions (Fig 6b) to inspect the contribution of
residues inside the STEP active site to STEP substrate
selectivity.

In contrast to the dual-specificity phosphatase subfamily,
all classic PTPs have a deep binding pocket that is designed
to accommodate pY and is defined by a unique pY-binding
loop on one side. Several key residues in the pY-binding
loop, such as Y46, R47, and D48 of PTP1B and Y60, K61,
and D62 of lymphoid phosphatase(Tyrosine-protein phos-
phatase non-receptor type 22) (LYP), have been well
characterised in terms of peptide substrate or inhibitor
recognition (Sarmiento et al. 1998; Salmeen er al. 2000;
Sun et al. 2003; Yu et al. 2011). We mutated K329 of STEP
to an alanine and measured the activity of the mutant (Fig 6b

(a) (b)
el STEP PMNEVDEKEY umm T LP FTSWPDOKTPD m atce m-c.F
:q‘ﬂ‘ HEFTP;ISNIVSFEDL DR‘r’KIILF )éSﬁWPD IL:FI.? mc.-ra {}\'QF
713‘ i = Prra K sGsWAAI ¥ NRYRDVSE YTTWPDFGYPE LI(.‘-IA.DU-LRJ?
si “_% si megz HrENPYGTFH Wrveove® FLswrovove® ¥l atrearyf
§ e 80P AC SAAWKADE ‘ﬁmxnu'ﬁ- ﬁuswpnncvp? Avaree uvn?‘
L prlocp ve RosTKyKADNK WNrvrpi LF YKNWPDHDVPS LvoTQEQYEL
(c)
Substrates oNPP P38-pT'pY"™ peptice ERK-pT™%pY™ peptide P““i‘r’:t:f““
Keat/Km
Enzyme Km [mM]  Kcat[s] ;’:;;K?; N Km [mM]  Keat [s7] :jf:l:,?;,,] Km [mM]  Keat[s7] ::l:;ﬂf',:,,] [10°M's™]
STEPWT 08974012 117:0.01 167:0.28  70.868.99 1.04:002 149:018  67.4:121 1.24:01  1.83:0.05 1.20£0.14
F311A 061520.08 1.0420.14 1684018 1494125  085+¢0.16 0425201 1236482  1.12:0.02 0.758+0.03 0.62+0.10
K3z2aa 1.081£0.09 1.00£0.15 1.060.23 57.9+6.54 0.85:£0.08 1132022 69,6281 1.080.04 1.57£0.05 1.12+0.08
T330D 0.750+0.10 1.3320.080 1.81+0.33 48.3+101  1.782003 372:0.82 50.7£101 2214024 4.5+1.4 1.67+0.65
T330A 1.073£0.13  1.98+0.36 1.87+0.09 76.7¢8.18 1184022 1.57+0.45 67.4£17 1.08+0.086 1.66+0.29 1.22+0.15
QaBzZH 0.732+0.08 2.86+0.33 3.91x0.08 27.6£3.56 1.07+0.10 3.87:0.62 2424392 1.35:0.69 5.58+0.073 2.37:0.41
Q462F 1.32640.22 6.54+0.07 4.9240.26 353+2.61 1164008 3.30:067 24.134.83 1.41£0.081  5.80:0.081 2.78+0.32
K4630Q 0.752+0.04 0.28+0.07 0.37+0.06 151.6+6.18 0.38+£0.01 0.25¢0.03 123.4£19.3 03420023 0.28:0.017 0.28+0.056
T541A 1.086+0.89 0464002 0424008 72.8+15.0 028+0.09 0382009 50.3+187 03520077 0511012 0.24+0.04
E543R 0.688+0.07 1.29+0.29 1.87+0.30 57.2x7.43 1.1020.02 1.9420.29 76.1£17.1 1.07£0.001 1.45+0.33 1.33£0.13
HePTP-WT 37204012 4.17:003 1694037 63.8+7 5 0424013 0.66+0 042 1.51£0.25
H4620 4.820+0.24 6.82+0.32 1.42+018 48.2+¢543 0.043£0.002 0.089+£0.005 0.22+0.07

Fig. 6 Determinants localized in the striatal-enriched protein tyrosine
phosphatase (STEP) active site for phospho-extracellular signal-
regulated protein kinase (ERK) dephosphorylation. (a) Stereo-view of
STEP residues in the active site. The important loops defining the
catalytic centre of STEP are red (P loop) and cyan (WPD loop, pTyr
loop, Q-loop and second site-loop). Mutated residues are coloured by

the atom type (carbon, cyan; oxygen, red; nitrogen, blue). (b)
Sequence alignment of several protein tyrosine phosphatases: STEP,
HePTP, PTP-SL, PTP1B, PTP-MEG2, BDP-1 and LYP. (c) Kinetic
parameters of STEP/HePTP and its active-site mutants toward para-
nitrophenyl phosphate (pNPP), the phospho-p38 peptide, the phos-
pho-ERK peptide and full-length phospho-ERK protein.
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and Figure S1). Although the K329A mutation decreased the
activity of STEP toward pNPP and the phospho-peptide
derived from ERK weakly, it did not affect the catalytic
ability of STEP to dephosphorylate the full-length ERK
protein (Fig 6¢ and Figure S1). We next examined T330 of
STEP, which is typically an aspartic acid in classic PTPs but
is a threonine in ERK tyrosine phosphatases (Fig 6b).
Previous studies have shown that the conserved aspartic
acid in the pY-binding loop of PTPIB and LYP is a
determinant of the phospho-peptide orientation through
forming specific H-bonds with the peptide backbone amide;
mutation of this aspartic acid to alanine significantly reduces
the activity of these tyrosine phosphatases toward phospho-
peptide-substrates (Sarmiento et al. 1998). Accordingly, the
T330D mutation did not affect STEP activity toward pNPP
but did increase its activity toward both ERK and a p38-
derived phospho-peptide 2-3-fold. This observation was
consistent with previous findings for HePTP (Huang et al.
2004). In contrast, the mutation T330A did not affect STEP
activity towards either pNPP or phospho-peptide. All of the
above results indicate that the presence of the aspartic acid,
more than the other residues examined, is important in STEP
binding to phospho-peptide substrates. However, when we
tested the T330D and T330A mutants for phospho-ERK
activity, a slight 1.3-fold increase of k., /K, for T330D was

scanning phospho-peptide library.

observed (Fig 6C). This result suggests that phospho-ERK
dephosphorylation by STEP does not require an aspartic acid
at the 330 position of STEP. Similar results were also
obtained for another ERK phosphatase, HePTP (Huang et al.
2004). Without the conserved Asp to define the mainchain
conformation of the peptide, the complexes ERK:STEP or
ERK:HePTP may stabilize the conformation of the activation
segment of ERK through other, uncharacterized molecular
mechanisms.

Residues in the WPD-loop are near the active site and are
potential determinants of substrates recognition. Two resi-
dues following the WPD motif are different among many
classical PTPs. In STEP, these two residues are Q462-K463,
whereas the corresponding residues in HePTP and PTP-SL
are H237-Q238 and H555-K556 respectively (Fig 6b). STEP
Q462H or Q462F mutations, which mimic the counterpart
residues in HePTP, PTP-SL or PTPI1B, significantly lower
the K,, for the phospho-ERK-peptide and increase the
activity toward the phospho-ERK protein. Consistent with
these observations, the HePTP H237Q mutation significantly
impairs its activity toward the phospho-ERK protein (Fig 6¢
and Figure S1). However, the STEP K463Q mutation, which
mimic the corresponding Q238 residue in HePTP, decrease
hte STEP activity for either phospho-ERK peptide or
phospho-ERK protein more than 4-fold (Fig 6¢ and Figure
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S1). Taken together, these results demonstrate that the
residues Q462 and K463 in the WPD loop of STEP are
important for ERK-STEP interaction. Although the com-
bined contribution of Q462-K463 in STEP toward phospho-
ERK may not differ significantly compared to H237-Q238 in
HePTP, the conformational variance of these residues in the
active site may facilitate the development of specific STEP
inhibitors.

The Q-loop harbours a conserved glutamine that coordi-
nates a water molecule for phospho-enzyme hydrolysis
(Zhang 2003). In the crystal structure of STEP complexed
with phospho-tyrosine, the side chains of T541 and E543 in
the Q-loop faced to the active site (Fig 6a). Therefore, we
evaluated the mutations of these two residues for their effects
on phospho-ERK recognition. The mutation of the conserved
E543 to basic, charged arginine had no effect on the activity
of STEP, whereas the mutation T541A decreased STEP
activity 2-fold toward all substrates (Fig 6¢ and Figure S1).
The effect of T541A may have been due to a conformational
change of the catalytic Q540 residue.

Lastly, based on the complex structure model, we mutated
F311 in the second-site loop (Barr et al. 2009) (Fig 6a).
Interestingly, F311A did not affect the STEP intrinsic
activity toward pNPP but decreased activity toward both
the ERK phospho-peptide and full-length protein by 2-fold
(Fig 6¢c and Figure S1). It is also worth noting that F311 is
conserved in all three known ERK tyrosine phosphatases,
though its corresponding residues in other PTPs, such as
PTP1B, PTP-MEG2, BDPI1, and LYP, exhibit significant
variety. Therefore, F311 is likely one determinant of STEP
active site recognition of peptide substrates and phospho-
ERK proteins.

To further delineate the molecular mechanism by which
F311 enables STEP to recognise phospho-ERK, we
inspected the activity of F311A toward the alanine-
scanning library of the ERK—pY204 peptide (Fig 7a and
c). Although the L201A and E203A mutations in the ERK
peptide decreased STEP F311A activity, the V205A and
T207A mutations in ERK had no effect on recognition by
STEP F311A, in contrast to the effects of these mutations
on wild-type STEP (Fig 7a, ¢ and Fig 5b, d). In our
simulated structure model, F311 is situated close to V205
and T207 of ERK, possibly creating strong Van der Waals
interactions between these three residues (Fig 7b). There-
fore, our results reveal that F311 governs the STEP
recognition of phospho-ERK via interaction with V205 and
T207 of ERK.

Cellular effects of STEP mutants on NGF induced ERK
phosphorylation

To extend the relevance of the biochemical results of the STEP
and ERK interaction into a cellular context, we examined the
effects of specific STEP mutants on the dynamics of NGF
induced ERK phosphorylation in PC12 cells. In control cells,
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NGF induced prolonged ERK activation which peaked from 5
to 15 min. Overexpression of wild type STEP significantly
suppressed NGF induced ERK phosphorylation, and the peak
ERK phosphorylation occurred at 2 min (Fig 8a). With an
equal amount of overexpression compared to the wild type
protein, the STEP F311A active site mutant reduced the effect
of the wild type STEP by approximately half (Fig 8b, d and ).
The phosphorylation mimic mutant S245E in the KIM region
nearly abolished the effect of STEP on ERK phosphorylation
(Fig 8c). The S245E mutant only showed slight effects on
ERK phosphorylation from 5 to 15 min (Fig 8e). In the
unstimulated state, the STEP S245E mutant increased ERK
phosphorylation (Fig 8c and e).

Discussion

Specific inhibition of STEP activity toward phospho-ERK has
great therapeutic potential, as supported by the observation of
downregulated ERK activity and increased STEP activity in
neuronal degenerative diseases (Venkitaramani et al. 2009,
2011; Baum et al. 2010). Although the crystal structure of the
catalytic domain of STEP has been solved and the importance
of the N-terminal region of STEP in the ERK-STEP
interaction has been demonstrated by GST pull-down and
co-immunoprecipitation experiments, no small molecules that
selectively block STEP-ERK interactions have been discov-
ered, partially due to the lack of detailed information on their
binding (Munoz et al. 2003; Eswaran et al. 2006). Although
a complex crystal structure of STEP bound to phospho-ERK
will greatly help in designing STEP inhibitors, alternative
methods, such as chemical labelling or enzymologic charac-
terisation, could also substantially contribute to our under-
standing of the recognition of phospho-ERK by STEP at a
quantitative level(Kahsai et al. 2011; Zhang et al. 2011; Liu
et al. 2012b). For example, pioneered structural studies of
HePTP complexed with inactive or active ERK, and
HePTP, PTP-SL or STEP with inactive P38 have been
performed with small-angle X-ray scattering and NMR
spectrometry, which revealed the extended and dynamic
complex formation that occurs during these interactions
(Francis et al. 2011a,b, 2013). These methods can provide
dynamic structural information that crystallography cannot.
In this study, we analysed the dephosphorylation of
phospho-ERK by STEP using purified proteins and phos-
pho-peptides. The kinetic constants obtained through these
experiments provided detailed information on the contribu-
tions of specific residues and alternative structural elements
to the dephosphorylation of phospho-ERK by STEP. In the
N-terminal KIM of STEP, we quantified the contribution of
the conserved hydrophobic residues L249 and L251 to
phospho-ERK' recognition. Interestingly, the L251A muta-
tion decreased k., /K., by 7-fold, similar to the 8-fold
decrease of the L29A mutant of HePTP, whereas the L249A
mutation of STEP only decreased k../K., by 2.5-fold, in
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Figure 8 Cellular effects of striatal-enriched protein tyrosine phos-
phatase (STEP) mutants on nerve growth factor (NGF) induced
extracellular signal-regulated protein kinase (ERK) phosphorylation.
(a—c) Time course of NGF induced ERK phosphorylation with or
without STEP or its mutants. PC12 cells were incubated with 50 ng/mL
NGF for the indicated times. Levels of phospho-ERK1/2 were

contrast to the 10-fold decrease of the L27A mutant of
HePTP. The 4-fold kinetic constant difference between
L249A of STEP and L27A of HePTP suggest that these two
phosphatase KIMs bind to ERK in different ways. Consistent
with this hypothesis, we previously found that the combined
mutation of the two consecutive conserved arginines to
alanine in HePTP (R20 and R21) further decreased ERK
dephosphorylation by 10-fold compared to either single R-to-
A mutation (Huang et al. 2004). In contrast, the analogous
combined mutation in STEP (R242 and R243) did not
promote a further decrease, a difference that was not detected
by previous GST pull-down assays (Munoz et al. 2003;
Huang et al. 2004). Furthermore, although the S245E
mutation greatly affected phospho-ERK dephosphorylation

(b) Cantrol STEP-F311A
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monitored by phospho-ERK1/2-pT2%2pY2%* antibody. (d) Blots showing
expression levels of transfected flag-STEP-WT or mutants. (e) Statis-
tical analysis of ERK phosphorylation for the western-blot of (a—c).
*represents p < 0.01 compared to the control. Graph representing
ERK2 phosphorylation levels were calculated from quantitative analy-
sis of at least three representative experiments.

by STEP, the corresponding S23D or S23E mutations of
HePTP had less effects (Huang et al. 2004). Taken together,
these results demonstrate that there are differences in the
interactions of the conserved STEP KIM with the ERK CD
region among different ERK phosphatases, even though most
KIM residues are conserved. Therefore, it is conceivable that
specific inhibition of phospho-ERK dephosphorylation by
STEP could be achieved by targeting the KIM region.

In addition to the regulatory region, our previous studies
with other PTP members have demonstrated that the active
site of tyrosine phosphatases contributes substantially to
substrate recognition (Sarmiento et al. 2000; Sun et al. 2003;
Yu et al. 2011). Although the crystal structure of the STEP
active site has been solved, the determinants of STEP
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substrate specificity in the active site have not been
determined, mainly due to the lack of biochemical charac-
terisation (Eswaran et al. 2006). In contrast to the Y46-R47-
D48 motif in the substrate recognition loop of PTPIB or
Y60-K61-D62 in LYP, KIM tyrosine phosphatases including
PTP-SL, HePTP and STEP possess the Y-K-T motif in the
corresponding positions (Critton et al. 2008). Interestingly,
the HePTP T106D mutation was shown to facilitate coordi-
nation of the bound phospho-peptide and may facilliate
crystallization of the HePTP-phospho-peptide complex
(Critton et al. 2008). Similarly, in the crystal structures of
PTP1B in complex with the phospho-peptide or peptide-like
inhibitors or LYP in complex with the phospho-peptide, the
conserved D48 and D62 are required for defining the
orientation of the phospho-peptide (Sarmiento et al. 2000).
Mutation of D48A in PTP1B significantly impairs phospho-
peptide or inhibitor interaction (Sarmiento er al. 2000; Sun
et al. 2003). In agreement with this observation the STEP
T330D mutant showed enhanced interaction with the
phospho-ERK peptide of more than 2-fold. Combined with
previous structural studies for HePTP in complex with
phospho-peptides, T106 may decrease HePTP binding
toward phospho-substrates (Critton ef al. 2008); One can
hypothesis that the phospho-segment is bound to wile type
STEP without a defined conformation, and that the residues
surrounding the central pY contribute less to the ERK-STEP
interaction. However, when we examined STEP activity
toward several phospho-peptides derived from known STEP
substrates, the phosphatase displayed approximately 10-fold
higher activity toward most of the phospho-peptides com-
pared to the small artificial substrate pNPP, suggesting that
residues flanking the central pY also contributed to STEP
substrate recognition. To identify the specific residues
located in the phospho-peptide sequence that contributed to
STEP binding, we employed alanine-scanning mutations at
residues surrounding the central pY and measured the STEP
activity toward these phospho-peptides. Four specific posi-
tions (pY=+1 and pY=3) of the phospho-ERK peptide were
identified as contributing to STEP recognition. These results
were comparable to recent studies of vaccinia Hl-related
phosphatase(Dual specificity protein phosphatase 3) , another
ERK phosphatase. The study demonstrated that the positions
of (pY£l and pY—2 and pY—3) were determinants for
vaccinia Hl-related phosphatase(Dual specificity protein
phosphatase 3) substrate specificity (Luechapanichkul et al.
2013). It was worth to note that either the mutation of pT>°>
to either T or to A did not significantly reduce the k.,/K,, of
STEP toward ERK-pY204 peptides. Therefore, the observed
common acidic side chain in the pY—2 position does not
contribute to STEP substrate specificity. These results also
suggest that STEP does not discriminate between double-
and single-phosphorylated ERK as substrates.

We then used site-directed mutagenesis to examine
specific residues located in important loops surrounding
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the STEP active site for phospho-peptide recognition.
Unlike the previously characterised PTP1B or LYP, with
residues in the substrate recognition loop and Q-loop that
contribute substantially to phospho-peptide or peptide
mimicking inhibitor recognition (Sarmiento et al. 2000;
Sun et al. 2003; Yu et al. 2011), mutations of the
corresponding loops in STEP did not affect its activity
toward phospho-ERK. However, a specific residue located
in the second-site loop, F311, was identified as an important
residue and one determinant of the STEP interaction with
phospho-ERK via phospho-ERK V205 and T207. Further-
more, the mutation of two residues in the WPD loop of
STEP to residues in other PTPs’ significantly affected the
activity toward either the phospho-peptide or phospho-ERK
protein, suggesting that the conformation varies among
different PTPs in this region (Fig 6). Therefore, both the
second-site loop and the WPD loop contribute to the
substrate specificity of STEP, and specific inhibitors may be
developed by targeting the specific residues F311, Q462 and
K463 in the active site.

Finally, after we overexpressed the wild type STEP in
PC12 cells, we observed that STEP has more profound
effects on NGF induced ERK phosphorylation after 2 min-
utes. Consistent with the biochemical studies, the STEP
F311A active site mutant reduced the effect of the STEP wild
type by approximately half, whereas the S245E phospho-
mimic mutant significantly decreased its effect on ERK
phosphorylation.

Therefore, both S245 in the KIM domain and the F311 in
the active site contribute to recognition of the phospho-
ERK by STEP in cells

In summary, we demonstrated that STEP was an efficient,
tyrosine-specific ERK phosphatase in vitro. STEP recognised
the pY=£1l and pY+3 positions of the substrate peptide
sequences, with a unique peptide orientation. The interaction
between F311 of STEP and V205 and T207 of phospho-
ERK, the Q462 and K463 in WPD loop and the specific
residues located in KIM were identified as key determinants
for phospho-ERK recognition by STEP. In addition,
kinetic studies revealed that structural differences in the
KIM and ERK interface exist between STEP and HePTP.
Therefore, both the KIM-ERK interface and the STEP active
site could be targeted to specifically disrupt the STEP-ERK
interaction, which has therapeutic potential for neurological
disorders.
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