THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 2004 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 279, No. 50, Issue of December 10, pp. 52150-52159, 2004
Printed in U.S.A.

Molecular Determinants of Substrate Recognition in Hematopoietic

Protein-tyrosine Phosphatase*

Received for publication, July 12, 2004, and in revised form, August 20, 2004
Published, JBC Papers in Press, October 4, 2004, DOI 10.1074/jbc.M407820200

Zhonghui Huang, Bo Zhou, and Zhong-Yin Zhangi
From the Department of Molecular Pharmacology, Albert Einstein College of Medicine, Bronx, New York 10461

The extracellular signal-regulated protein kinase 2
(ERK2) plays a central role in cellular proliferation and
differentiation. Full activation of ERK2 requires dual
phosphorylation of Thr'®® and Tyr'®® in the activation
loop. Tyr'®® dephosphorylation by the hematopoietic
protein-tyrosine phosphatase (HePTP) represents an
important mechanism for down-regulating ERK2 activ-
ity. The bisphosphorylated ERK2 is a highly efficient
substrate for HePTP with a k__ /K, of 2.6 x 10 M~ s™1,
In contrast, the k_,/K,, values for the HePTP-catalyzed
hydrolysis of Tyr(P) peptides are 3 orders of magnitude
lower. To gain insight into the molecular basis for
HePTP substrate specificity, we analyzed the effects of
altering structural features unique to HePTP on the
HePTP-catalyzed hydrolysis of p-nitrophenyl phos-
phate, Tyr(P) peptides, and its physiological substrate
ERK2. Our results suggest that substrate specificity is
conferred upon HePTP by both negative and positive
selections. To avoid nonspecific tyrosine dephosphoryl-
ation, HePTP employs Thr'% in the substrate recogni-
tion loop as a key negative determinant to restrain its
protein-tyrosine phosphatase activity. The extremely
high efficiency and fidelity of ERK2 dephosphorylation
by HePTP is achieved by a bipartite protein-protein in-
teraction mechanism, in which docking interactions be-
tween the kinase interaction motif in HePTP and the
common docking site in ERK2 promote the HePTP-cat-
alyzed ERK2 dephosphorylation (~20-fold increase in
k../K,,) by increasing the local substrate concentration,
and second site interactions between the HePTP cata-
lytic site and the ERK2 substrate-binding region en-
hance catalysis (~20-fold increase in k_,/K,,,) by organiz-
ing the catalytic residues with respect to Tyr(P)!%® for
optimal phosphoryl transfer.

The mitogen-activated protein (MAP)! kinases are central
components in cellular signaling (1-3). The extent and dura-
tion of MAP kinase activation in response to extracellular
stimuli are tightly regulated in a cell type- and stimulus-de-
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pendent manner, because of the coordinated action of protein
kinases and phosphatases. Full activation of the MAP kinases
requires dual phosphorylation of the Thr and Tyr residues in
the activation loop by specific MAP kinase kinases. Down-
regulation of MAP kinase activity is carried out by multiple
protein phosphatases, including Ser/Thr-specific, Tyr-specific,
and dual specificity phosphatases (4). This would inevitably
lead to the formation of monophosphorylated MAP kinases.
Indeed, recent evidence indicates that both forms of the mono-
phosphorylated extracellular signal-regulated kinase 2 (ERK2),
a founding member of the MAP kinase family, exist in living
cells, in addition to the bisphosphorylated and unphosphoryl-
ated forms (5, 6). Interestingly, the activity of the monophos-
phorylated ERK2/pY and ERK2/pT is ~2 and 3 orders of mag-
nitude higher than that of the unphosphorylated ERK2 and is
only 1 and 2 orders of magnitude lower than that of the fully
active bisphosphorylated ERK2/pTpY (7). This raises the pos-
sibility that the monophosphorylated ERK2s may have distinct
biological roles in vivo.

There is considerable complexity in the regulation of ERK2
activity by protein phosphatases. Partial ERK2 inactivation
can occur through the action of protein Ser/Thr phosphatase
PP2A, which targets the Thr(P) in the activation loop, resulting
in an ~100-fold decrease in ERK2 kinase activity (4, 7). Com-
plete ERK2 inactivation can be accomplished by the dual spec-
ificity MAP kinase phosphatase 3 (MKP3), which is capable of
removing phosphoryl groups from both Thr(P) and Tyr(P) (8, 9).
In addition to PP2A and MKP3, biochemical studies suggest
that distinct protein-tyrosine phosphatases (PTPs) are also
involved in ERK2 inactivation (10, 11). In budding yeast, Sac-
charomyces cerevisiae, the mating pheromone-induced activa-
tion of MAP kinase Fus3 and Kss1 is tightly regulated by the
concerted action of the dual specificity phosphatase Msgh and
the PTPs, Ptp2 and Ptp3 (12). Genetic and biochemical analy-
ses have shown that the tyrosine-specific phosphatase, PTP-
ER, functions to directly down-regulate ERK activity during
Drosophila eye development (13). The mammalian orthologs of
the Drosophila PTP-ER include the hematopoietic PTP HePTP
(also known as leukocyte PTP) (14) and the brain-specific PTPs
STEP (striatum-enriched PTP) (15) and PTP-SL (STEP-like
PTP) (16). Indeed, recent biochemical studies indicate that
HePTP, STEP, and PTP-SL negatively regulate the ERK2
pathway by dephosphorylation of Tyr(P)!®® in the activation
loop of ERK2 (17-23), resulting in a 10-fold decrease in ERK2
kinase activity (7, 24). The fact that multiple phosphatases are
involved in the regulation of MAP kinase suggests that phos-
phatases may play a crucial role in controlling cellular re-
sponses to external stimuli and determining the time course,
threshold for activation, and efficiency of MAP kinase
signaling.

Although the PTPs have conserved catalytic domains and
share a common mechanism of action (hydrolysis of Tyr(P))
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(25), the cellular processes in which they are involved can be
both highly specialized and fundamentally important, in large
part because of the distinct substrate specificity of individual
PTPs. Thus, to fully understand the role of PTPs in signal
transduction, it is necessary to have a detailed understanding
of how they recognize their substrate. Recently, we carried out
a rigorous kinetic analysis of ERK2/pTpY dephosphorylation
by 11 protein phosphatases, many of which were previously
implicated to be involved in ERK2 regulation (4). Only PP2A,
MKP3, and HePTP were found to be likely ERK2 phosphata-
ses. The &, /K,, value for the HePTP-catalyzed ERK2 dephos-

cat
phorylation is 2.2 X 10 M~ ! s~ !, which is similar to those of
PP2A and MKP3, indicating that ERK2/pTpY is a highly effi-
cient substrate for HePTP. In contrast, the k., /K,, of the pro-

cat

totypical PTPs, PTP1B and CD45, toward ERK2 is 2—-3 orders
of magnitudes lower than that of HePTP. These results provide
biochemical evidence that PTPs display exquisite specificity in
their substrate recognition. However, how HePTP achieves its
substrate specificity at the molecular level is not well under-
stood. To gain insight into this question, we studied the effects
of altering amino acids unique to HePTP on ERK2 dephospho-
rylation catalyzed by HePTP. We have identified structural
features in HePTP that mediate specific ERK2 recognition and
inactivation as well as elements that prevent nonspecific
Tyr(P) dephosphorylation by HePTP.

EXPERIMENTAL PROCEDURES

Expression and Purification of HePTP and Its Mutants—The coding
sequence for the full-length HePTP and the NH,-terminal truncated
HePTP/A31 were produced by PCR using pGEX-3X-HePTP360 as a
template (7). For the full-length HePTP, the oligonucleotides GC-
CCATATGACCCAGCCTCCGCCTGA (Ndel site underlined) and GCG-
GATCCTCAGGGGCTGGGTTCCT (BamHI site underlined) were used
as the 5’ and 3’ primers, respectively. For HePTP/A31, the 5’ primer
was GCCCATATGTCCCTGGGGGCCGTAGA (Ndel site underlined),
and the 3’ primer was the same as that for the full-length HePTP. The
PCR products containing the 5 Ndel site and 3’ BamHI site were
subcloned into pET28a vector (Novagen). All of the point mutants of
HePTP were generated by PCR using the QuikChange™ site-directed
mutagenesis kit (Stratagene) with pET28a-HePTP as the template. All
of the mutations were confirmed by DNA sequencing.

To produce the HePTP(1-71)-PTP1B(1-321) chimera, the plasmid
pET28a-HePTP(1-71)-GT-PTP1B(1-321) was constructed by a
QuikChange PCR using pET28a-HePTP as template and oligonucleo-
tides CAGCGCCAGCCACCCGGTACCAAGCAACTGGAAG and CT-
TCCAGTTGCTTGGTACCGGGTGGCTGGCGCTG (Kpnl site under-
lined, mutated nucleotide in bold) as primers, to create a Kpnl site in
HePTP coding sequence (nucleotide 214, 216, and 217 mutated). The
resulting mutant pET28a-HePTP/S72G/P73T was subjected to Kpnl/
BamHI digestion, and the larger DNA fragment (~5.5 kb) was recov-
ered, resulting in the removal of the coding sequence for HePTP resi-
dues 73-339. For the second half of the chimera, PCR was performed to
amplify the coding sequence for PTP1B residues 1-321, using pT7-7-
PTP1B(1-321) (26) as the template and oligonucleotides CCCCGGTAC-
CATGGAGATGGAAAAGGAGTTCGAGC (Kpnl site underlined) and
GACTCTAGAGGATCCCCGGGCGCG (BamHI site underlined) as the
5" and 3' primers, respectively. The PCR product was subjected to
Kpnl/BamHI digestion and ligated with the HePTP DNA fragment
mentioned above, yielding an expression vector for NH,-terminal His-
tagged HePTP-PTP1B chimera HePTP(1-71)-Gly-Thr-PTP1B(1-321).
Another chimera HePTP(1-35)-PTP1B(1-321) expression vector
pET28a-HePTP(1-35)-Thr-PTP1B(1-321) was constructed in the same
way as that of the plasmid pET28a-HePTP(1-71)-Gly-Thr-PTP1B(1-
321). All of the constructs were verified by DNA sequencing.

The NH,-terminal Hiss-tagged HePTP and its mutants as well as
HePTP-PTP1B chimeras were expressed in Escherichia coli and puri-
fied using the standard procedures of nickel chelate affinity chromatog-
raphy. Protein concentration was determined using a Bradford dye
binding assay (Advanced Protein Assay Reagent, Cytoskeleton Inc.)
according to the manufacturer’s recommendations. PTP1B and its mu-
tants were expressed and purified as previously described (26). The
purified protein was made to 30% glycerol and stored at —80 °C.

Preparation of ERK2/pTpY—The recombinant kinase inactive Hisg-
ERK2/K52R was purified and phosphorylated by a constitutively active
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MEK1 (MEK1/G7B) (27) as previously described (9) except that no
radioactive ATP was used. After the dialysis against 50 mm NaCl in
buffer A (20 mM Tris, 1 mm EDTA, 10% glycerol, pH 7.4), the phospho-
rylated ERK2 was purified by a MonoQ HR5/5 column and was eluted
by a NaCl gradient from 50 to 400 mMm in buffer A. The fractions of peak
1 (form 120 to 150 mM NaCl) were pooled, concentrated, and stored at
—80 °C. The stoichiometry of the bisphosphorylated ERK2/K52R/pTpY
was assessed using procedures similar to those described previously (7).

Determination of Kinetic Parameters Using pNPP, Tyr(P)-containing
Peptides, and ERK2/pTpY as Substrates—Kinetic parameters for the
PTP-catalyzed hydrolysis of pNPP were determined at 30 °C in pH 7
buffer containing 50 mM 3,3-dimethylglutarate, 1 mm EDTA with an
ionic strength of 150 mm adjusted by addition of NaCl as described
previously (4). The hydrolysis of Tyr(P)-containing peptides catalyzed
by PTP was measured using a continuous spectrophotometric or fluo-
rimetric assay as previously described (28). All of the assays were
conducted at 30 °C and in the same assay buffer as the pNPP assay. For
HePTP and its mutants other than D236A, 20—80 uMm of the phospho-
tyrosine-containing peptides were used, which was much less than the
K, values. When the enzyme concentration used was greatly less than
substrate concentration, the reaction is first order with respect to sub-
strate concentration, the %, /K,, value for the phosphatase was ob-
tained by fitting the progress curve to Equation 1.

[P] = [S] X [1 — e~ teasKnx[EIxY) (Eq. 1)

For PTP1B and HePTP-PTP1B chimeras, the Tyr(P)-containing pep-
tide concentrations were from 50 to 100 uM, which was greatly larger
than the K, values. When enzyme concentration used was greatly less
than substrate concentration, the % ,, and K,, values for the enzyme
were obtained by fitting the progress curves to Equation 2.

t = plkeal + (Kulkew) In [p./(p- — p)]

Because the k., and K, for HePTP/D236A are much lower than
those of the wild-type enzyme, the kinetic parameters for the HePTP/
D236A-catalyzed Tyr(P) peptide hydrolysis were determined using an
enzyme-coupled continuous spectrophotometric assay (7). The peptide
concentration ranged from 0.2 to 5 K,,,. Because the enzyme concentra-
tion used was comparable with that of substrate concentration in this
experiment, the kinetic parameters were obtained from a fit of the
initial velocity versus substrate concentration data to Equation 3.

(Eq. 2)

v =0.5 X ke X {(K,,, + [E] + [S])
— (K, + [E] + [S])? — 4 X [E] X [S]I"}} (Eq.3)

Kinetic parameters for the dephosphorylation of the phosphorylated
ERK2 protein were determined using a continuous spectrophotometric
assay described previously (4, 29).

RESULTS AND DISCUSSION

HePTP is a cytosolic enzyme of hematopoietic origin that is
most similar to the brain-specific PTPs STEP and PTP-SL (Fig.
1). Sequence analysis suggests that the catalytic domains of
HePTP, STEP, and PTP-SL possess all of the invariant resi-
dues characterizing the PTP family. Many of these invariant
residues are important for either catalysis and/or structural
integrity (25), and they are unlikely to confer PTP substrate
specificity. In addition, the crystal structure of the catalytic
domain of PTP-SL encompassing residues 254549, which cor-
respond to residues 44—-338 in HePTP, highly resembles those
of other PTPs (30). Given the overall structural similarities of
the PTP-SL catalytic domain to other PTPs, it is uncertain
what are the molecular determinants for specific ERK2 dephos-
phorylation by this group of PTPs. A unique property of the
HePTP subfamily of PTPs is the existence of a kinase interac-
tion motif (KIM, residues 17-30 in HePTP) NH,-terminal to
the catalytic domain that is directly involved in ERK2 binding
(17, 19, 22). Because the crystal structure of PTP-SL does not
include the KIM sequence (30), it is unclear how KIM contrib-
utes to the specificity of HePTP toward ERK2. Finally, it is also
not known how HePTP avoids nonspecific dephosphorylation of
Tyr(P)-containing proteins other than ERK2.

To begin to delineate the molecular determinants for HePTP
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HePTP ——-——-- MTQPPPEKTP2 §LOERRGSNVEILETD
PTP-SL APEIRATTATSVCPSPFKMUPTGUSEEIERN ST
STEP VEFDCVMD IKPEADPTSLTVISMGIROSNIeE iy SiTIR)
PTPa anSSLLVIVFI1IVLYMLREKKYKQAGSHSNSFRLSNGRTEUVEPQ--SVPLLARSPSTNRKYPPL
CD45 HHSTSYNSKALITAFLAFLIIVTSIALLVVLYKIYDLHKKRSCNLDEQ —--QELVERDDEKQLMNVEPT
SHP2 GKSKVTHVMIRCQELKYDVG ——-GGERFDSLTD LVEHYKKNPMVETLGTVLQLKQPLNTTRINAAE I
=0 0= b= R T

a;-p; loop By

104105108 110111

HePTP HA S——IDIz8 ¢ @ SEVC 118
PTP-SL (GT——1gi
STEP 2 CR--ij]
PTPa PVDKLEEE IN'R.RMADDNIQ.—FREEFNALPACPIQ&-- TCEAASKEENKERKNIZ#Y
CD45 HADILLETYKREKIADEGRL-FLAEFQSIPRVF SKFPIKEARKPFNON—-KN3 S
SHP2 ESRVRELSKLAE TTDEVKQGFWEEFE TLQQQOECKLLY SRKEGQRQE!
PTP1B 60
HePTP 177
PTP-SL
STEP
PTPa
CcD45
SHP2
PTP1B 114
HePTP  Pl-GKEISVHSUE--TE---EETHGPFQIR IODMKECPENTVIRHVTIOYQ-————— 232
PTP-SL  |3-KNIANeVIatss -~ EK-—-RGINGKVEVLY ISVNECDNMT IENLVLKQOG- -~ ———
STEP  |3-MNA{eTE)guss—-EE——-QVARDGVE I TVOKV THTEDMRLFLISLKSG——————
PTPa
cD45
SHP2 ELKLSKEVGQ---GNTERTVWQYHFR
PTP1B ROLELENLTT----QETREILHFHYT 177
HePTP 294
PTP-SL
STEP Il,RHI GCFIA
PTPa l,‘RHf TEVVIDAMLDMMHTE ——--R
CcD45 AGHG! H eTY IGIDAMLEGLEAE---N
SHP2 € TF IV IDILIDIIREKGVDC
PTP1E S 242
HePTP  EQEIRGIVEELEEEY e TARTORL—————- GQLPEEPSP ——————————— 339
PTP-SL  Viysals Tveleihavpllelet o SiHe)qrIgv—— ——— SRLSAETVQ--—————--—~
STEP VN IBKTTEO#ondee TleHCilepoigv——————] KQLSHQSPE--———-—-—=-
PTPa »YVETYQALLEHYLYGD TELEVTSLETHLOKIYNKIPGT
CD45 ILIHQALVEYNQFGE TEVNLSE LHPY LHNMKKRDPPS
SHP2 IY--MAVOHY IETLORRIEEEQKRKRKGHEYTNIK
PTP1B LRFSYLAVIEGAKFIMGDS SVQDOWKE LSHEDLEPPPE 304

Fic. 1. Amino acid sequence alignment of HePTP (full-length, residues 1-339), PTP-SL (residues 310-657), STEP (residues
188-537), PTPa« (residues 148-528), CD45 (residues 567-937), SHP2 (residues 163-546), and PTP1B (residues 1-304). The [etters in the
black boxes represent either residues that are absolutely invariant among all PTPs or residues that are unique to HePTP, PTP-SL, and STEP. The
letters in shaded boxes indicate conserved substitutions. The secondary structure designations are as defined in Ref. 30. HePTP residues that were

subjected to mutagenesis are numbered.

substrate recognition, we decided to focus on amino acid resi-
dues that are unique to HePTP, STEP, and PTP-SL (Fig. 1).
Specifically, we carried out site-directed mutagenesis of HePTP
in the KIM sequence (residues 17-30), «, helix (residues 48—
55), a;-B; loop (residues 85-112), the WPD loop (residues 232—
243), oy helix (residues 298-308), aj-ag loop (residues 309—
315), and ag helix (residues 316—331). The KIM sequence is
important for ERK2 binding (17, 19, 21, 22, 31). The «, helix is
unique to PTP-SL, which connects the KIM motif with the PTP
domain (30). The «;-B; loop is the substrate recognition loop
involved in binding of Tyr(P)-containing peptides in PTP1B
(32-34). The WPD loop, a5, as-ag loop, and a4 are structural
elements that surround the active site. In addition, we also
prepared chimeric molecules in which the NH,-terminal seg-

ment of HePTP including the KIM sequence was fused to the
catalytic domain of PTP1B.

Effect of Mutations in HePTP on pNPP Hydrolysis—Wild-
type and mutant HePTPs were expressed in E. coli and purified
to near homogeneity as judged by SDS-PAGE. We first evalu-
ated the effects of amino acid substitutions in HePTP using
pNPP as a substrate. All of the kinetic measurements were
conducted at 30 °C in pH 7.0, 50 mm 3,3-dimethylglutarate
buffer, containing 1 mmM EDTA with an ionic strength of 0.15 m.
The kinetic parameters for the wild-type and mutant HePTP-
catalyzed pNPP hydrolysis are listed in Table I. Although the
k.o and k., /K, values for HePTP are several fold lower than
those of PTP1B, the most thoroughly characterized prototypi-
cal PTP, they are within the range observed for mammalian
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TABLE 1
Kinetic parameters of HePTP and its mutants with pNPP as a substrate at pH 7 and 30 °C

HePTP Mutation Reat K, Reat/ Ko
s mm st

Wild type None 3.81 = 0.21 7.44 = 0.83 (5.12 = 0.58) X 102
KIM (17-30) AN 31 4.20 = 0.04 6.15 = 0.30 (6.83 = 0.34) X 102
L17A 4.12 = 0.16 8.13 = 0.66 (5.07 = 0.32) x 102
QI18A 4.60 = 0.25 11.50 = 1.49 (4.00 = 0.41) x 102
E19A 3.70 £ 0.11 9.51 = 0.60 (3.89 = 0.25) X 102
R20A 4.55 = 0.21 9.99 = 1.18 (4.55 = 0.41) X 102
R21A 4.95 = 0.21 10.02 *= 1.03 (4.94 = 0.51) X 102
R20A/R21A 3.09 = 0.08 6.50 = 0.44 (4.75 + 0.33) x 102
S23D 6.78 £ 0.29 7.24 * 0.69 (9.36 = 0.89) x 102
N24A 7.45 £ 0.33 7.52 £0.73 (9.91 = 0.96) x 102
V25A 2.39 = 0.18 12.21 = 2.55 (1.96 = 0.41) x 102
L27A 5.74 £ 0.33 9.44 + 1.11 (6.08 = 0.72) X 102
M28A 7.54 £ 0.34 12.78 = 1.42 (5.90 = 0.66) x 102
L29A 5.42 + 0.30 9.98 = 1.39 (5.43 = 0.76) X 102
D30A 5.53 = 0.28 8.46 = 0.94 (6.55 + 0.73) x 102
a, (48-55) T45E 5.73 = 0.21 2.78 = 0.23 (2.06 = 0.17) x 10®
R47A 6.00 = 0.33 11.23 = 1.50 (5.34 = 0.54) X 102
E48A 4.56 = 0.27 9.63 = 0.99 (4.74 = 0.49) X 102
L54A 2.21 £0.19 11.7 = 1.94 (1.89 = 0.26) x 102
a;-B4 loop (85-112) F87A 2.78 = 0.31 6.72 = 0.81 (4.14 + 0.50) x 102
D94A 3.68 £ 0.40 6.20 = 0.38 (5.94 = 0.53) x 102
195A 2.97 = 0.16 6.01 = 0.61 (4.94 = 0.51) x 102

Y104A 0.162 = 0.019 12.63 = 1.70 12.8 + 1.7
K105A 4.34 = 0.24 9.66 = 1.03 (4.50 = 0.49) X 102
T106A 4.25 = 0.21 6.91 = 0.35 (6.15 = 0.32) x 102
T106D 5.23 £ 0.45 12.63 = 1.89 (4.14 = 0.62) X 102
T106N 3.44 = 0.17 7.99 £0.73 (4.31 + 0.40) x 102
T106V 2.09 = 0.08 7.54 = 0.55 (2.77 = 0.21) X 102
T106S 4.10 = 0.12 6.42 = 0.44 (6.39 = 0.44) X 102
T106L 2.12 = 0.12 5.25 = 0.74 (5.56 = 0.78) x 102
N110A 2.67 £0.13 9.57 = 0.98 (2.79 = 0.29) x 102
P111A 2.71 = 0.13 7.12 £ 0.33 (3.81 = 0.18) x 102

WPD loop (232-243) D236A 0.0103 = 0.0004 0.586 + 0.055 176 + 1.2
H237A 0.753 = 0.060 7.88 £ 1.26 (9.56 = 1.54) x 10!
H237F 0.562 = 0.050 5.59 = 1.12 (1.01 = 0.21) x 102
H237Q 1.88 = 0.12 7.96 = 1.03 (2.36 = 0.31) x 102
Q238G 3.08 = 0.15 6.95 = 0.71 (4.43 = 0.45) X 102
a5 (298-308) Q304A 3.84 = 0.30 8.41 = 0.97 (4.54 = 0.53) x 102
as-ag loop (309-315) Q314A 0.454 + 0.035 2.31 = 0.51 (1.97 + 0.44) x 102
ag (316-331) Y329A 1.37 £ 0.10 9.18 =+ 1.35 (1.49 = 0.22) x 102

PTPs. With the exception of Y104A, D236A, H237A, H237F,
and Q314A, no significant differences in the kinetic parameters
for pNPP hydrolysis were observed between the wild-type and
mutant HePTPs.

Tyr!® is invariant among the PTPs and is equivalent to
Tyr?® in PTP1B, which defines the depth of the active site and
is engaged in hydrophobic packing with Tyr(P) in the substrate
(32). Similar to the effect observed for PTP1B/Y46A (33), re-
placement of Tyr'® with an Ala resulted in a 24-fold decrease
in k., and a 40-fold decrease in %, /K,, with pNPP as a sub-
strate. Asp?3® is likely the general acid catalyst based on the
sequence alignment and the crystal structure of PTP-SL. Re-
moval of the carboxylic acid at position 236 caused a large drop
in HePTP activity, which is in agreement with other general
acid deficient PTPs (25). His??” resides in the WPD loop imme-
diately after the general acid. In many PTPs, the corresponding
residue at position 237 is a Phe (Phe'®? in PTP1B). Previous
studies showed that residues adjacent to the general acid can
influence its precise positioning (35, 36). The observed effects
for H237A and H237F are similar to those reported for the
PTP1B Phe'®? mutants (33, 36). Interestingly, position 237 is
occupied by a Gln in STEP, rather than a His, and H237Q
exhibits kinetic parameters similar to those of the wild-type
HePTP. The side chains of the structurally equivalents of
Gln314 in the Yersinia PTP (GIn**%) and PTP1B (GIn2%2) func-
tion to position and activate the nucleophilic water for phos-
phoenzyme hydrolysis (37, 38). The sizes of reduction in %,
and K, for Q314A are similar to those observed for the Yersinia

PTP/Q446A and PTP1B/Q262A (33, 37), suggesting that it may
play a similar role in HePTP catalysis.

Because pNPP is a small aryl phosphate that mimics Tyr(P),
its hydrolysis is sensitive only to structural perturbations to
the active site. The observed effects for Y104A, D236A, H237A,
H237F, and Q314A are consistent with their roles in Tyr(P)
binding and/or hydrolysis. Because the KIM sequence, the «,
helix, and the majority of the residues in the substrate recog-
nition loop «;-B; are located away from the active site and are
unlikely to interact directly with Tyr(P) or pNPP, substitutions
in these regions are not expected to have any adverse effects on
the HePTP-catalyzed pNPP hydrolysis. The lack of changes in
the kinetic parameters associated with the majority of the
HePTP mutants confirms this prediction and indicates that
alterations in these residues do not lead to significant struc-
tural perturbations in the HePTP active site.

Effect of Mutations in HePTP on the Dephosphorylation of
Tyr(P)-containing Peptides—We next examined the effects of
amino acid substitutions on the HePTP-catalyzed hydrolysis
of Tyr(P)-containing peptides: QPDNVpYLVPTPS (residues
208-219 from p130°2%), DADEpYLIPQQG: (residues 988-998
from the epidermal growth factor receptor), and DHTG-
FLpTEpYVATR (residues 177-189 corresponding to the acti-
vation loop of ERK2). A continuous spectrophotometric assay
described previously was used to follow the dephosphorylation
of Tyr(P)-containing peptides (28). The values of k_,/K,,, for the
wild-type and mutant HePTP-catalyzed dephosphorylation of
the peptide substrates are listed in Table II. It appears that
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TaBLE II
Kinetic parameters of HePTP and its mutants with phosphopeptides as substrates at pH 7 and 30 °C
kcat/Km
HePTP Mutation QPDNVpYLVPTPS DADEpYLIPQQG DHTGFLpTEpYVATR
(p130°?%/208-219) (EGFR/988-998) (ERK2/177-189)
uls! wls! wls!
Wild type None (3.61 = 0.03) x 10® (1.08 = 0.01) x 10* (4.83 = 0.05) x 10?
KIM (17-30) AN 31 (7.28 = 0.07) x 10° (5.33 = 0.01) x 10®
L17A (4.03 = 0.02) x 10° (5.32 = 0.09) x 10
Q18A (5.19 = 0.02) x 10® (7.78 = 0.08) x 10®
E19A (3.38 = 0.01) x 10° (6.80 = 0.05) x 10?
R20A (3.88 = 0.01) x 10® (5.33 = 0.04) x 10®
R21A (5.17 = 0.02) x 10° (1.05 = 0.01) x 10*
R20A/R21A (3.43 = 0.02) x 10® (8.99 = 0.01) x 10°
S23D (7.46 = 0.02) x 10° (1.27 = 0.01) x 10*
N24A (8.44 = 0.02) x 10° (1.56 = 0.01) x 10*
V25A (1.12 = 0.01) x 10® (1.62 = 0.02) x 10°®
L27A (6.04 = 0.03) x 10° (1.29 + 0.01) x 10*
M28A (3.94 = 0.01) x 10® (1.55 = 0.01) x 10*
L29A (3.99 = 0.01) x 10® (8.07 = 0.08) x 10®
D30A (5.13 = 0.02) x 10° (6.29 = 0.08) x 10?
a, (48-55) T45E (1.01 = 0.01) x 10* (2.40 = 0.01) x 10*
R47A (5.92 = 0.01) x 10° (8.96 = 0.04) x 10?
E48A (4.12 = 0.02) x 10® (8.80 = 0.07) x 10®
L54A (1.97 = 0.01) x 10® (2.81 = 0.01) x 10°
a;-B3; loop (85-112) F87TA (1.24 = 0.01) x 10® (7.40 = 0.01) x 10?
D94A (3.86 = 0.03) x 10® (1.08 = 0.01) x 10*
195A (3.12 = 0.02) x 10° (1.18 = 0.01) x 10*
Y104A 38.5 0.1 34.2 £ 0.03
K105A (2.71 = 0.01) x 10® (4.53 + 0.04) x 10°®
T106A (4.14 = 0.03) x 10® (1.58 = 0.002) x 10* (4.83 = 0.02) x 10?
T106D (1.93 = 0.01) x 10° (1.16 = 0.01) x 10° (2.94 = 0.03) x 10*
T106N (2.58 = 0.01) x 10° (1.88 = 0.03) x 10° (4.43 = 0.03) x 10*
T106V (4.69 = 0.03) x 10° (6.79 = 0.01) x 10® (6.13 = 0.03) x 10®
T106S (5.94 = 0.06) x 10° (1.38 = 0.01) x 10* (1.31 = 0.01) x 10*
T106L (8.46 = 0.04) x 10® (1.32 = 0.003) x 10* (9.84 + 0.12) x 10?
N110A (1.28 = 0.01) x 10° (4.43 = 0.01) x 10°
P111A (2.52 = 0.01) x 10® (5.67 = 0.01) x 10?
WPD loop (232-243) D236A 18.7 =24
H237A (3.14 = 0.01) x 10* (1.53 = 0.01) x 10*
H237F (4.60 = 0.02) x 102 (6.40 = 0.06) x 102
H237Q (6.61 = 0.02) x 102 (7.64 + 0.01) x 102
Q238G (2.72 = 0.02) x 10® (5.92 + 0.01) x 10°
a5 (298-308) Q304A (5.79 = 0.03) x 10° (1.59 = 0.00) x 10*
as-ag loop (309-315) Q314A (1.45 += 0.01) x 10° (2.10 = 0.01) x 10?
ag (316-331) Y329A (1.50 = 0.01) x 10® (3.89 = 0.01) x 10®

HePTP does not display any sequence specificity toward these
peptides because the k,/K,, values for the p130°2%, epidermal
growth factor receptor, and ERK2 peptides are very similar. In
addition, the %.,/K,, values of HePTP toward the Tyr(P) pep-
tides are 3 orders of magnitude lower than those of the PTP1B-
catalyzed reactions (Table III). It was suggested that the low
phosphatase activity of PTP-SL may be caused by a more rigid
WPD loop caused by the presence of a bulky residue (Lys**® in
PTP-SL and GIn?3® in HePTP) in place of a Gly found in the
majority of other PTPs (Ref. 30 and Fig. 1). However, no sig-
nificant changes in HePTP activity were observed when GIn%38
was replaced with a Gly residue (Tables I, II, and IV). Similar
to the results obtained with pNPP, substitution of Tyrl%,
Asp?®®, and His?*" also results in large decreases in HePTP
catalytic efficiency toward the phosphopeptides. All other mu-
tations, with the exceptions of T106D and T106N, cause little
changes in the %, /K,, values for Tyr(P) peptide hydrolysis.
These results indicate that the KIM sequence, the «, helix, and
most of the residues examined in the «;-B; and as-a4 loops are
not involved in phosphopeptide recognition. Strikingly, re-
placement of Thr'% with either an Asp or Asn results in a
10-70-fold increase in the rate of the HePTP-catalyzed phos-
phopeptide hydrolysis (Table II). No significant effects were
observed when Thr'% was changed to an Ala, a Val, a Ser, or
a Leu.

Thr!%® resides in the PTP substrate recognition loop a;-8;

and is conserved among HePTP, STEP, and PTP-SL (Fig. 1).
Interestingly, in all other PTPs this position is either an Asp or
Asn. In PTP1B, the corresponding residue is Asp*®, which
makes two hydrogen bonds to the main chain nitrogens of
Tyr(P) and the +1 residue in the peptide substrate (32, 34).
Similar to our previous findings (33), substitution of Asp*® in
PTP1B by an Ala led to a 40—80-fold decrease in %.,/K,, for the
peptide substrates, whereas the more conservative Asp?® to
Thr change resulted in a 10-30-fold drop in the %.,/K,, values
(Table III). The magnitudes of reduction in k. /K,, for the
PTP1B D48A and D48T-catalyzed hydrolysis of Tyr(P) peptides
are consistent with the abrogation of two hydrogen bonds be-
tween the carboxyl group of Asp*® and the main chain nitro-
gens of Tyr(P) and the +1 residue in the peptide substrate.
These same mutations have no adverse effects on the hydroly-
sis of pNPP, which lacks the corresponding main chain nitro-
gens. Based on the structural and biochemical data, we propose
that an Asp (or Asn) at this position may be essential for
efficient dephosphorylation of Tyr(P)-containing substrates by
the PTPs. This notion is supported by the fact that the HePTP-
catalyzed phosphopeptide hydrolysis can be enhanced 10-70-
fold by the reciprocal mutation of Thr!% to either an Asp or
Asn. Thus, Thr!%® may serve as a negative determinant to curb
the phosphatase activity of HePTP toward nonspecific Tyr(P)-
containing substrates. It is also worth noting that although
Arg*” in PTP1B is engaged in numerous interactions with the
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TasLE III
Kinetic parameters of HePTP, PTP1B, and HePTP/PTP1B chimera with pNPP, phosphopeptides, and ERK2/pTpY as
substrates at pH 7 and 30 °C

52155

HePTP/PTP1B Chimera

pNPP as a substrate

kecat K., keat/Kn

51 mm mlst
HePTP 3.81 = 0.21 7.44 = 0.83 (5.12 = 0.58) x 102
PTP1B 19.2 £ 0.7 2.08 = 0.19 (9.21 = 0.84) X 10®
PTP1B/D48A 12.8 £ 0.2 1.26 = 0.06 (1.02 = 0.05) x 10*
PTP1B/D48T 156 £ 1.2 1.63 = 0.31 (9.57 = 1.43) x 10°
HePTP(1-35)/PTP1B 12.83 = 0.44 237+ 0.21 (5.41 = 0.36) x 10°
HePTP(1-71)/PTP1B 10.38 = 0.37 2.00 = 0.14 (5.19 = 0.31) x 10®
HePTP(1-71)/PTP1B/D48T 5.26 = 0.18 1.09 = 0.13 (4.83 = 0.58) X 10°

Phosphopeptides as substrates (k. /K,,)

HePTP/PTP1B Chimera QPDNVpYLVPTPS DADEpYLIPQQG DHTGFLpTEpYVATR

(p130°2%/208-219)

(EGFR/988-998)

(ERK2/177-189)

HePTP

PTP1B

PTP1B/D48A

PTP1B/D48T
HePTP(1-35)/PTP1B
HePTP(1-71)/PTP1B
HePTP(1-71)/PTP1B/D48T

M*I S*I
(3.61 = 0.03) x 10°
(6.84 = 0.04) x 10°
(8.61 = 0.05) x 10*
(2.54 * 0.02) x 10°
(2.46 = 0.04) x 10°
(1.75 = 0.02) x 10°
(2.24 = 0.06) x 10°

M*I S*I
(1.08 + 0.01) x 10*
(8.32 * 0.08) x 10°
(2.02 = 0.05) X 10°
(6.89 * 0.45) x 10°
(4.37 = 0.15) x 10°
(4.89 * 0.14) x 10°
(2.44 * 0.02) x 10°

wls™!
(4.83 = 0.05) X 10°
(3.41 = 0.10) x 10°

(1.42 = 0.10) x 10°

ERK2/pTpY as a Substrate

HePTP/PTP1B Chimera

eat K, keat K,

st s uls?
HePTP 1.59 = 0.11 0.61 +£0.11 (2.61 = 0.51) x 10°
PTP1B >2 (6.48 = 0.04) x 10°
PTP1B/D48A >2 (1.29 + 0.10) x 10°
PTP1B/D48T >2 (1.98 + 0.12) x 10°
HePTP(1-35)/PTP1B 0.202 = 0.019 1.37 = 0.28 (1.48 = 0.30) x 10°
HePTP(1-71)/PTP1B 0.13 £ 0.01 1.23 = 0.14 (1.06 + 0.12) x 10°
HePTP(1-71)/PTP1B/D48T 0.043 £ 0.004 0.82 + 0.26 (5.25 = 1.66) x 10*

—1, —2, and —4 positions in Tyr(P)-containing peptides (32,
34), the structurally equivalent Lys'®® in HePTP is not re-
quired for Tyr(P) peptide dephosphorylation. Collectively, the
data with phosphopeptides suggest that HePTP may have
adopted a substrate recognition strategy significantly different
from that used by PTP1B.

Effect of Mutations in HePTP on ERKZ2 Dephosphoryl-
ation—To gain further insight into the molecular basis of
HePTP substrate specificity, we analyzed the HePTP-catalyzed
dephosphorylation of its physiological substrate ERK2. We
showed previously that HePTP can dephosphorylate both the
monophosphorylated ERK2/pY and the bisphosphorylated
ERK2/pTpY with similar efficiency, indicating that dephospho-
rylation of Tyr(P) in ERK2 by HePTP does not require the
presence of Thr(P) in the activation loop (4). We prepared
bisphosphorylated ERK2 with both the wild-type and the cat-
alytically impaired K52R mutant ERK2 by in vitro phospho-
rylation with a constitutively active form of MEK1 (MEK1/
G7B) (9, 27). We found that it was easier to achieve full
phosphorylation stoichiometry with ERK2/K52R than with the
wild-type ERK2, possibly because of the lower ATPase activity
of the mutant (39). The homogeneity and phosphorylation stoi-
chiometry of the bisphosphorylated ERK2 preparations were
verified by SDS-PAGE and liquid chromatography-mass spec-
trometry as described previously (4, 7, 9). Analysis of the
HePTP-catalyzed dephosphorylation of the bisphosphorylated
wild-type ERK2 and the K52R mutant yielded identical kinetic
constants. Similarly, kinetic constants obtained for the MKP3-
catalyzed ERK2 dephosphorylation are also indistinguishable
from those using ERK2/K52R as a substrate (9). Thus, results
described in this report were obtained using the kinase-im-
paired ERK2/K52R mutant as a HePTP substrate.

To follow the HePTP-catalyzed Tyr(P) hydrolysis in ERK2/

pTpY, we employed a continuous spectrophotometric enzyme-
coupled assay in which the coupling enzyme purine nucleoside
phosphorylase uses the inorganic phosphate, generated by the
action of HePTP, to convert 7-methyl-6-thioguanosine to
7-methyl-6-thioguanine and ribose-1-phosphate, resulting in
an increase in absorbance at 360 nm (4, 29). Fig. 2 shows a
typical progress curve of the HePTP-catalyzed ERK2/pTpY de-
phosphorylation. Only one equivalent of inorganic phosphate
was released upon treatment of ERK2/pTpY with HePTP. Sub-
sequent addition of MKP3, a dual specificity phosphatase for
ERK2 (9), produced another equivalent of inorganic phosphate,
most likely from the hydrolysis of the remaining ERK2/pT. By
fitting the initial rates versus [ERK2/pTpY] data to the Michae-
lis-Menten equation (Fig. 3), the k., and K,, values for the
HePTP-catalyzed dephosphorylation of ERK2/pTpY were de-
termined to be 1.59 + 0.11 s~ *and 0.61 + 0.11 uM, respectively,
at pH 7.0 and 30 °C (Table IV). These values are similar to
those measured in an early study under comparable conditions
(4). The k., /K, value for the HePTP-catalyzed ERK2 dephos-
phorylation is 2.61 X 106 M~ ! s™1, indicating that ERK2/pTpY
is a highly efficient substrate for HePTP.

Although PTP1B is more efficient than HePTP in hydrolyz-
ing pNPP and Tyr(P)-containing peptides, its k.,/K,, value for
ERK2/pTpY dephosphorylation is 400-fold lower than that of
the HePTP-catalyzed reaction (Table III). In fact, the &.,/K,,
value for the PTP1B-catalyzed ERK2/pTpY dephosphorylation
is similar to that for the pNPP reaction and 3 orders of mag-
nitude lower that those for the peptide substrates. Thus, unlike
results with phosphopeptides, which suggest that PTPs only
exhibit moderate sequence specificity, the results described
here and from an earlier study (4) with ERK2/pTpY demon-
strate that PTPs exhibit extremely high substrate specificity
toward protein substrates.
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Fic. 2. The time courses of ERK2/pTpY dephosphorylation by
HePTP and MKP3. The reaction containing 5.4 um ERK2/pTpY was
initiated by addition of 100 nm HePTP, followed by 500 nm MKP3. The
phosphate released from ERK2 was monitored by the increase in ab-
sorbance at 360 nm in the presence of 50 uM 7-methyl-6-thioguanosine,
0.1 mg/ml purine nucleoside phosphorylase in 100 mMm Tris, pH 7.0, 150
mM NaCl, 1 mm EDTA at 30 °C.
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Fic. 3. Dependence of the initial velocity (AAbs,z,/min) on
ERK2/pTpY concentration for the HePTP-catalyzed reaction. All
of the experiments were performed at 30 °C and pH 7.0 in 100 mM Tris,
150 mMm NaCl, 1 mm EDTA. The reaction was initiated by the addition
of 5 nMm HePTP to the mixture. The inorganic phosphate released form
ERK2/pTpY during the HePTP catalyzed dephosphorylation was deter-
mined continuously by the coupled enzyme assay (see “Experimental
Procedures”). The data were fitted to the Michaelis-Menten equation to
obtain the K,, and %, values.

We hypothesized that both variable residues in the catalytic
domain and unique sequence motifs outside of the catalytic
domain contribute to HePTP substrate specificity. To test this
hypothesis, we analyzed ERK2/pTpY dephosphorylation by
both the wild-type and mutant HePTPs (Table IV). More than
2,800-fold reduction in k., and >10-fold decrease in K,, were
observed for the HePTP/D236A mutant. The diminished activ-
ity of HePTP/D236A toward ERK2/pTpY is consistent with
Asp?®® functioning as a general acid. The decrease in K,, is in
line with previous observations that the Asp to Ala general acid
deficient PTP possesses an enhanced affinity for substrates
(40—43). Removal of the side chain from Tyr'®* led to 55- and
130-fold decreases in k., and k_,/K,,, respectively. Thus, sim-
ilar to the pNPP and phosphopeptide reactions, proper posi-
tioning of Tyr(P) in the active site is critical for efficient ERK2
dephosphorylation by HePTP. Surprisingly, aside from Tyr!'%,
mutations of residues in the a;-B; substrate recognition loop,
including Phe®”, Asp®, T1e®°, Thr!%¢, Asn''® and Pro!!! that
are unique to the HePTP subfamily, do not affect the ability of
HePTP to dephosphorylate ERK2/pTpY. Moreover, alterations
of several HePTP-specific residues in the WPD loop (GIn238), aj
(GIn3°%), and ag (Tyr329) also have no effect on ERK2 dephos-
phorylation by HePTP. Thus, none of the residues selected for
mutagenesis in the HePTP catalytic domain serve as specificity
determinants for ERK2 substrate recognition.

Because the k.,/K,, (also called the substrate specificity

cat

Substrate Specificity of HePTP

constant) for the HePTP-catalyzed ERK2/pTpY dephosphoryl-
ation is nearly 3 orders of magnitude higher than that for
DHTGFLpTEpYVATR, a phosphopeptide derived from the
ERK2 activation loop containing both Thr(P)!®3 and Tyr(P)%5,
it is clear that local interactions involving HePTP active site
and its immediate surroundings with the phosphopeptide are
insufficient to confer its specificity for ERK2. Thus, specific
recognition of ERK2 by HePTP may involve its NH,-terminal
noncatalytic segment (residues 1-70), in addition to the active
site interactions that engage the phosphoamino acid residue in
ERK2. Indeed, it has been shown that a segment containing the
KIM sequence (residues 17-31 in HePTP; Fig. 1) NH,-terminal
to the catalytic domain of HePTP and PTP-SL is essential for
ERK2 binding and inactivation in transient transfection exper-
iments (17, 19, 21, 22), and the KIM peptide from HePTP binds
ERK2 with a K; of 5 um (31). The KIM sequence is character-
ized by a cluster of positively charged residues and is present in
many ERK2-binding proteins, including its regulators and sub-
strates (13, 17, 19, 31, 44—47). Evidence suggests that the KIM
sequence mediates ERK2 binding through specific protein-pro-
tein interactions with an acidic common docking (CD) domain
(residues 311-324 in ERK?2) distant from the phosphorylation
sites (44, 48, 49).

To assess the contribution of the NH,-terminal noncatalytic
segment to HePTP-catalyzed ERK2/pTpY dephosphorylation,
we examined the effects of structural perturbations to both the
KIM sequence and the «, helix (residues 48-55 in HePTP), a
secondary structural element that is unique to the KIM-con-
taining PTPs. The crystal structure of PTP-SL revealed that «,
follows an ERK2 phosphorylation site (Thr*®) and provides
several solvent exposed residues (Arg?’, Glu*®, and Leu®?)
likely forming a putative ligand-binding site (30). Based on the
structure, it was also suggested that «, may also be important
for the relative orientation of the KIM sequence and the PTP
catalytic domain. Our data indicate that neither the KIM se-
quence nor the o helix is important for the intrinsic activity of
HePTP toward pNPP or phosphopeptides (Tables I and II). As
evident from Table IV, substitution of Thr*® by an acidic Glu
residue or removal of side chains from Arg??, Glu*®, and Leu®*
had no apparent effect on the HePTP-catalyzed ERK2 dephos-
phorylation. In contrast, when residues 1-31 were removed
from HePTP, the resulting HePTP/AN31 displayed a k.,/K,,
for ERK2 dephosphorylation that was 214-fold lower than that
of the wild-type enzyme (Table IV). This is consistent with the
finding that the KIM motif is important for high affinity ERK2
binding.

We then assessed the importance of individual residues in
the KIM sequence for ERK2 dephosphorylation by HePTP.
When the Arg residues at positions 20 and 21 were replaced by
an Ala, the %.,/K,, of R20A and R21A for ERK2 dephosphoryl-
ation decreased 7.7 and 2.7-fold, respectively. Interestingly,
replacement of both Arg20 and Arg21 with an Ala led to an
86-fold drop in the %, /K,, value, indicating a negative cooper-
ativity in binding between these two arginines. A reduction of
k../K,, in the range of 4-38-fold was also observed upon re-
moval of hydrophobic side chains from Leu!?, Val?®, Leu??, and
Leu?® (Table IV). Thus, Leu'?, Arg?°, Arg?!, Val®®, Leu?’, and
Leu?® in the KIM motif are important for efficient ERK2 de-
phosphorylation by HePTP. Interestingly, the same set of
residues in PTP-SL was also found to be important for ERK2
binding in co-immunoprecipitation experiments (22), in ac-
cord with the observed increases in the K,, values for ERK2
dephosphorylation (Table IV). No significant effects were ob-
served for the HePTP mutants Q18A, E19A, S23D, N24A,
M28A, and D30A. The lack of effect on S23D is intriguing
because it has been shown that Ser2® phosphorylation by
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TaBLE IV
Kinetic parameters of HePTP and its mutants with ERK2/pTpY as a substrate at pH 7 and 30 °C
HePTP Mutation keat K, keat/ K.y,
s1 s uls?

Wild type None 1.59 = 0.11 0.61 = 0.11 (2.61 = 0.51) x 10°
KIM (17-30) AN 31 >2 (1.22 = 0.02) x 10*
L17A 0.315 = 0.089 4.64 = 1.77 (6.7 = 2.59) x 10*
Q18A 2.39 + 0.11 0.50 = 0.07 (4.78 = 0.67) x 10°
E19A 2.51 =£0.18 1.04 = 0.16 (2.42 = 0.37) x 10°
R20A >2 (3.38 = 0.18) x 10°
R21A 2.19 = 0.25 2.32 = 0.37 (9.44 + 0.20) x 10°
R20A/R21A >2 (3.03 = 0.04) x 10*
S23D 1.33 = 0.10 0.90 = 0.15 (1.47 = 0.24) x 10°
N24A 4.81 = 0.38 1.41 = 0.23 (3.40 = 0.55) X 10°
V25A 1.06 = 0.08 1.43 = 0.21 (7.41 = 1.09) x 10°
L27A >2 (2.52 = 0.10) x 10°
M28A 1.25 = 0.05 0.55 = 0.07 (2.26 = 0.29) x 10°
L29A >2 (3.14 = 0.18) x 10°
D30A 2.60 = 007 0.99 = 0.06 (2.63 = 0.16) X 10°
a, (48-55) T45E 1.69 = 0.14 0.77 = 0.17 (2.19 = 0.49) x 10°
R47A 2.26 = 0.07 0.41 = 0.05 (5.51 = 0.67) x 10°
E48A 1.92 = 0.10 0.54 = 0.09 (3.56 = 0.59) x 10°
L54A 1.75 = 0.14 0.84 = 0.17 (2.08 = 0.42) x 10°
a;-B4 loop (85-112) F87A 1.36 = 0.10 0.74 = 0.15 (1.84 = 0.37) x 10°
D94A 0.89 + 0.05 0.69 = 0.11 (1.28 = 0.20) x 10°
I195A 2.62 = 0.21 0.67 = 0.15 (3.91 = 0.87) x 10°
Y104A 0.0291 *+ 0.0030 1.42 = 0.35 (2.04 = 0.51) x 10*
K105A 2.43 = 0.02 0.76 = 0.18 (3.19 = 0.76) x 10°
T106A 2.36 = 0.24 1.08 = 0.26 (2.18 = 0.52) x 10°
T106D 3.26 = 0.28 1.22 = 0.21 (2.67 = 0.46) x 10°
T106N 0.935 = 0.045 0.61 = 0.08 (1.53 = 0.20) X 10°
T106V 1.17 = 0.07 1.58 = 0.22 (7.41 = 0.11) x 10°
T106S 1.15 = 0.06 0.40 = 0.08 (2.87 = 0.57) x 10°
T106L 1.09 = 0.05 0.56 = 0.08 (1.95 + 0.28) x 10°
N110A 1.77 = 0.31 1.66 = 0.60 (1.07 = 0.38) x 10°
P111A 1.11 = 0.01 0.80 = 0.18 (1.39 = 0.31) x 10°

WPD loop (232-243) D236A 0.00056 =+ 0.00002 < 60 nM ~9 % 10°
H237A 1.25 = 0.03 0.45 = 0.03 (2.78 * 0.20) X 10°
H237F 1.09 = 0.05 0.68 = 0.09 (1.60 = 0.13) x 10°
H237Q 1.17 = 0.11 1.51 = 0.30 (7.75 = 0.30) X 10°
Q238G 1.47 = 0.04 0.56 = 0.04 (2.63 = 0.19) x 10°
a5 (298-308) Q304A 2.69 * 0.06 0.48 = 0.07 (5.60 = 0.82) x 10°
as-ag loop (309-315) Q314A 0.67 = 0.03 0.29 = 0.04 (2.31 = 0.32) X 10°
ag (316-331) Y329A 0.897 = 0.063 0.51 = 0.11 (1.78 = 0.38) x 10°

cAMP-dependent protein kinase reduces the affinity of
HePTP for ERK2 (20). It is possible that an Asp at position 23
may not cause the same structural perturbations induced by
phosphorylation of a Ser residue. All together, the results
suggest that the KIM motif is essential for efficient ERK2
dephosphorylation by HePTP.

Role of the KIM Motif in HePTP-catalyzed ERK2 Dephospho-
rylation—We have established that docking interactions be-
tween the KIM motif and ERK2, likely through the CD domain,
is essential to promote substrate dephosphorylation. How these
docking interactions control HePTP specificity and catalysis is
not understood. Do they simply tether the substrate and the
enzyme, or do they precisely orient and activate them? To
answer these questions and to further probe the function of
KIM in HePTP catalysis, we studied several chimeric PTPs in
which the NH,-terminal segment of HePTP encompassing ei-
ther the KIM sequence (residues 1-35) or the KIM sequence
plus the «y helix (residues 1-71) is linked to the catalytic
domain of PTP1B (residues 1-321). With pNPP as a sub-
strate, the kinetic properties of the chimera resemble those of
PTP1B (Table III), indicating that the added segment from
HePTP does not interfere with the intrinsic phosphatase
activity of PTP1B. Likewise, the kinetic parameters of the
chimeric PTP-catalyzed hydrolysis of Tyr(P) peptides are also
similar to those of PTP1B. Moreover, substitution of Asp*® in
PTP1B with a Thr results in a 10-20-fold decrease in %, /K,,
for the HePTP(1-71)/PTP1B chimera-catalyzed hydrolysis of
the peptide substrates (Table III). Collectively, the results

show that the presence of a KIM motif outside of PTP1B
catalytic domain does not alter its activity toward pNPP or
phosphopeptides.

Quite remarkably, the HePTP/PTP1B chimeric PTPs were
more efficient enzymes (~20-fold higher in k. /K,,) than
PTP1B in dephosphorylating ERK2/pTpY (Table III). No sig-
nificant difference was observed between HePTP(1-35)/PTP1B
and HePTP(1-71)/PTP1B, indicating that the HePTP-specific
ay helix makes little contribution to ERK2 dephosphorylation
by HePTP(1-71)/PTP1B, and the increased activity of the chi-
mera for ERK?2 is likely a result of the grafted docking inter-
actions between the KIM motif and the CD domain. Indeed, the
higher activity displayed by the chimera toward ERK2 appears
to be primarily due to an increase in substrate binding affinity
because the K,, values for the chimera are much lower than
that of PTP1B and similar to that of HePTP. This result sup-
ports a role for the KIM motif to tether the PTP domain and
ERK2, thus increasing the local substrate concentration.

However, it is clear that simple tethering is insufficient to
account for the extraordinarily high activity of HePTP toward
ERK2, because the %, /K,, values for the chimeric PTP-cata-
lyzed ERK2 dephosphorylation are still ~20-fold lower than
that of HePTP. This difference in catalytic efficiency is due in
large part to a 10-fold lower %, of the chimeric PTPs toward
ERK2 (Table III). It is possible that, in addition to increasing
the “effective concentration” of the ERK2 substrate, the dock-
ing interactions between the KIM motif and the CD domain
may induce an allosteric activation of the PTP domain in
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HePTP but not in the context of the chimera. However, unlike
MKP3, whose intrinsic phosphatase activity can be enhanced
significantly upon association with ERK2 (50-52), ERK2 has
no effect on the HePTP-catalyzed hydrolysis of pNPP and
Tyr(P) peptides.? It is also possible that a specific set of resi-
dues unique to the MAP kinase PTPs is required for optimal
ERK2 dephosphorylation. To this end, we note that none of the
selected residues that are unique to the HePTP subfamily of
PTPs, including Thr!%, seem to be essential for ERK2 dephos-
phorylation. We also ascertained whether Asp*® is responsible
for the lower activity of PTP1B toward ERK2. Although Asp*®
is important for efficient phosphopeptide hydrolysis by PTP1B,
it may impede its activity toward ERK2 because a Thr residue
is found at position 48 in the ERK2 specific PTPs. As shown in
Table III, replacing Asp*® with either an Ala or a Thr did not
enhance but rather decreased the %, /K,, (2—5-fold) for ERK2
dephosphorylation, in comparison with the native enzymes.
Thus, in the context of PTP1B, an Asp residue is preferred over
a Thr at position 48.

A more likely explanation for the robust activity of HePTP
toward ERK2 is that substrate recognition by HePTP may be
bipartite, requiring both the KIM/CD contact and a distinct
second site interaction between the catalytic domain of HePTP
and ERK2. The major function of the KIM/CD contact is to
increase the “effective concentration” of ERK2, whereas a sec-
ond site interaction may be essential for precise orientation and
positioning of the HePTP active site with respect to Tyr(P)'8% in
ERK2 for optimal dephosphorylation. Two lines of evidence
suggest that the substrate-binding region in ERK2 may inter-
act with the HePTP catalytic site. First, Tyr(P)'®® is an integral
part of the p + 1 site for ERK2 substrate recognition (53).
Second, an ERK2 specific substrate Elkl peptide (residues
385-399, Ac-RRPRSPAKLSFQFPS-NH,), which contains an
ERK2 phosphorylation site, Ser®®®, and a consensus FXFP
motif that targets the ERK2 substrate-binding region (48), can
completely block the HePTP-catalyzed dephosphorylation of
Tyr(P)!8% in ERK2 (24). Interestingly, a similar bipartite mech-
anism may also be operative for the recognition of ERK2 by its
cognate regulators MKP3 and MEK1 and its substrate Elk1
(48). Further studies are required to fully define the interac-
tions between the ERK2 substrate-binding region and the
HePTP catalytic site.

Conclusions—The MAP kinase ERK2 is the only known
substrate for HePTP. We determined that ERK2/pTpY is a
highly efficient substrate for HePTP with a &,/K,, of 2.61 X
108 M ! s7 ! which is 3 orders of magnitude higher than those
for Tyr(P)-containing peptides, including an ERK2-derived
phosphopeptide encompassing both Thr(P)!®® and Tyr(P)!8°.
To identify the structural determinants in HePTP that are
important for its substrate specificity, we carried out a sys-
tematic mutational and deletion analysis of HePTP. We iden-
tified Thrl® in the substrate recognition loop as a key resi-
due responsible for the reduced activity of HePTP toward
Tyr(P) peptides, indicating that HePTP may have been
evolved to minimize interactions with nonspecific Tyr(P) sub-
strates. We provide evidence that the efficiency and fidelity of
ERK2 dephosphorylation by HePTP is achieved by a bipartite
protein-protein interaction mechanism. The docking interac-
tions between the KIM motif and the CD site located opposite
to the ERK2 activation loop promote the HePTP-catalyzed
ERK2 dephosphorylation by increasing the local substrate
concentration. In addition to this “tethering” effect (~20-fold
increase in k,/K,,), the catalytic efficiency of HePTP toward

cat
ERK2 is further enhanced (~20-fold increase in k., /K,,) by a

2 B. Zhou and Z.-Y. Zhang, unpublished observations.
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second site interaction involving the HePTP catalytic site and
the ERK2 substrate-binding region. This interaction may be
required to organize the HePTP active site with respect to
Tyr(P)'8% for optimal phosphoryl transfer. Taken together,
the extremely high specificity of HePTP for its physiological
substrate ERK2 may be a consequence of both positive selec-
tion involving specific protein-protein interactions between
HePTP and ERK2 and negative selection against nonspecific
reactions with competing Tyr(P) substrates.
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