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ABSTRACT: The protein-tyrosine phosphatases (PTPases) superfamily consists of ty-
rosine-specific phosphatases, dual specificity phosphatases, and the low-molecular-weight
phosphatases. They are modulators of signal transduction pathways that regulate numerous
cell functions. Malfunction of PTPases have been linked to a number of oncogenic and
metabolic disease states, and PTPases are also employed by microbes and viruses for
pathogenicity. There is little sequence similarity among the three subfamilies of phos-
phatases. Yet, three-dimensional structural data show that they share similar conserved
structural elements, namely, the phosphate-binding loop encompassing the PTPase signa-
ture motif (H/V)C(X)sR(S/T) and an essential general acid/base Asp residue on a surface
loop. Biochemical experiments demonstrate that phosphatases in the PTPase superfamily
utilize a common mechanism for catalysis going through a covalent thiophosphate interme-
diate that involves the nucleophilic Cys residue in the PTPase signature motif. The transi-
tion states for phosphoenzyme intermediate formation and hydrolysis are dissociative in
nature and are similar to those of the solution phosphate monoester reactions. One strategy
used by these phosphatases for transition state stabilization is to neutralize the developing
negative charge in the leaving group. A conformational change that is restricted to the
movement of a flexible loop occurs during the catalytic cycle of the PTPases. However, the
relationship between loop dynamics and enzyme catalysis remains to be established. The
nature and identity of the rate-limiting step in the PTPase catalyzed reaction requires further
investigation and may be dependent on the specific experimental conditions such as
temperature, pH, buffer, and substrate used. In-depth kinetic and structural analysis of a
representative number of phosphatases from each group of the PTPase superfamily will
most likely continue to yield insightful mechanistic information that may be applicable to
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the rest of the family members.
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loop dynamics, rate-limiting step.

I. INTRODUCTION

A fundamental mechanism that a cell
utilizes to control its biological processes is
via protein phosphorylation and dephospho-
rylation. It was estimated that one-third of
cellular proteins are phosphorylated. The
majority of protein phosphorylation in eu-
karyotic cells occurs on Ser or Thr residues
(Roach, 1991), and Tyr phosphorylation only
accounts for 0.01 to 0.05% of the total pro-
tein phosphorylation (Hunter and Sefton,
1980 ). However, after oncogenic transfor-
mation (Levinson et al., 1980, Sefton et al.,
1981) or growth factor stimulation (Ushiro
and Cohen, 1980), the level of Tyr phos-
phorylation increases to 1 to 2% of the total

protein phosphorylation in the cell. It was
not until the early 1980s that attention has
been given to protein tyrosine phosphoryla-
tion (Hunter, 1996). Although Tyr phos-
phorylation occurs to a much smaller extent,
it has become clear that Tyr phosphoryla-
tion is involved in the regulation of numer-
ous cell functions, including passage through
the cell cycle, proliferation and differentia-
tion, metabolism, motility, cytoskeletal or-
ganization, neuronal development, cell-cell
interactions, gene transcription, and the
immune response (Hunter, 1995 and 1996;
Tonks and Neel, 1996).

In vivo, the level of tyrosine phosphory-
lation in a given protein is regulated by the
opposing actions of protein-tyrosine kinases
(PTKs, EC 2.7.1.112) and protein-tyrosine
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phosphatases (PTPases, EC 3.1.3.48). PTKs Walton and Dixon, 1993; Tonks and Neel,

are enzymes that catalyze the transfer of the
y-phosphoryl group of ATP to the 4-hy-
droxyl of tyrosyl residues within specific

protein/peptide substrates. PTPases are hy-

drolytic enzymes that remove the phospho-
ryl group from the phosphorylated tyrosine
residue(s). The protein kinase family is ex-
traordinarily large and a recent estimate
suggested that as many as 2000 protein ki-
nases genes, with up to 50% being PTK
genes, may be encoded within the human
genome (Hunter, 1996). As PTKs have been
identified as growth factor receptors,
protooncogenes, and cell cycle regulators,
extensive structural and functional studies
have been focused on PTKs (Hunter, 1987;
Hunter, 1991). It was originally thought that
PTKs were the key enzymes controlling the
tyrosine phosphorylatiom vivo, and that
PTPases were small in number and func-
tioned essentially as “house-keeping” en-
zymes to constitutively reverse the action of
PTKs. This view has since been proven to
be incorrect. Since the isolation and charac-
terization of the first PTPase, PTP1B (Tonks
et al., 1988a,b), cDNA cloning using poly-
merase chain reaction and low-stringency
hybridization have led to the identification
of more than 100 PTPases. In fact, it turned
out that protein phosphatases are also com-
prised of a large family of enzymes that
parallel protein kinases in terms of struc-
tural diversity and complexity. Based on
genomic analysis, it was predicted that hu-
mans could have as many as 1000 protein
phosphatase genes (Hunter, 1995), with up
to 500 being PTPase genes (Tonks and Neel,
1996). The exact functional roles of PTPases
in cellular processes regulated by Tyr phos-
phorylation are currently under intensive
investigation in numerous laboratories. Pa-
pers published over the last several years
document crucial physiological roles for
PTPases in a variety of mammalian tissues
and cells (Charbonneau and Tonks, 1992;

1996; and Neel and Tonks, 1997). Because
tyrosine phosphorylation of proteins is re-
versible and dynamiim vivo and the phos-
phorylation states of proteins are governed
by the opposing actions of PTKs and
PTPases, it becomes clear that PTKs and
PTPases play equally important roles in sig-
nal transduction in eukaryotic cells. Thus,
comprehension of physiological roles of
protein tyrosine phosphorylation, and its
potential as a mechanism for reversible
modulation of protein function and cell
physiology, must necessarily encompass the
characterization of PTPases in addition to
the PTKs. The goal of this review is to
discuss how current genetic, structural, bio-
physical, and enzymological approaches
have been combined to provide a better
understanding of the structure and function
relationship of PTPases.

[I. CLASSIFICATION

Phosphatases that utilize phosphopro-
teins as substrates have been divided, based
on substrate specificity, into two major
classes: the protein Ser/Thr phosphatases
and the protein-tyrosine phosphatases
(PTPases). Protein Ser/Thr phosphatases
remove the phosphoryl group from serine/
threonine residues, while PTPases dephos-
phorylate tyrosine residues in phosphopro-
tein substrates. Amino acid sequence com-
parisons of the catalytic domains of PTPases
with the catalytic subunits of protein Ser/
Thr phosphatases have shown no sequence
similarity (Charbonneau et al., 1989; Cohn,
1989). This is in marked contrast to the
situation with protein kinases, where ty-
rosine-specific and serine/threonine-specific
kinases do share sequence similarity in the
catalytic domains (Hanks and Hunter, 1995).
Protein-tyrosine kinases and protein Ser/Thr
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kinases also share a great deal of structural and Cohen, 1993). The combinatory asso-

and mechanistic similarity (Taylor et al.,
1993; Taylor et al., 1995; Johnson et al.,
1996). Thus, although the two classes of

ciation of a limited set of catalytic subunits
with a large family of regulatory and target-
ing subunits (Campos et al., 1996) ensures

protein phosphatases catalyze the same the fidelity of protein Ser/Thr dephosphory-

chemical reactions, the hydrolysis of phos-

phate monoesters, they have evolved to
employ completely different strategies to

accomplish the same task. While the protein
Ser/Thr phosphatases are two metal ion
metalloenzymes that effect catalysis by di-

rect attack of an activated water molecule at
the phosphorus atom of the substrate
(Barford, 1996), the PTPases are nonmetallo-
enzymes that proceed through a covalent
phosphocysteine intermediate during cata-
lytic turnover (Zhang, 1997). It may be added

that the structural and mechanistic features
of the protein Ser/Thr phosphatases and
PTPases are also distinct from those of the
nonspecific acid and alkaline phosphatases

and phosphatases that hydrolyze small phos-
phate ester molecules such as glucose 6-

lation. Interestingly, it appears that in the
case of the PTPases the functional diversity
within the family arises from the structural
variation of regulatory and targeting se-
guences that are built into the same polypep-
tide that contains the catalytic domain.

So far, approximately 100 PTPases have
been identified and the predicted total num-
ber of human PTPases may reach 500 based
on genome sequencing data. Although many
PTPases are proteins of greater than 400
amino acids, their catalytic domains are
usually contained within a span of 250 resi-
dues. This domain is the only structural el-
ement that has amino acid sequence identity
among all PTPases from bacteria to mam-
mals (Zhang et al., 1994a). The unique fea-
ture that defines the PTPases is the active

phosphate, fructose 1,6 bisphosphate, and site sequence (HNY(X):R(S/T) in the cata-

inositol phosphates. The biochemical and
structural properties of protein Ser/Thr phos-

lytic domain called the PTPase signature
motif (Zhang et al., 1994b). Traditionally,

phatases have been discussed in several re-the PTPases have been categorized into re-

cent reviews (Mumby and Walter, 1993;
Shenolikar, 1994; Brautigan, 1994; and
Barford, 1996).

In addition to the differences in the en-
zymatic mechanism, protein Ser/Thr phos-
phatases and PTPases also differ in their
structural organization of the holoenzyme.
Most protein Ser/Thr phosphatases exist as
holoenzymesn vivothat consist of multiple
subunits, while all of the PTPases are pro-
teins of single polypeptide chain. The pro-
tein Ser/Thr phosphatase family is composed
of four major types of catalytic subunits:
PP1, PP2A, PP2B, and PP2C, which show
broad and overlapping substrate specificity
in vitro. It appears that the ability of protein
Ser/Thr phosphatases to regulate diverse
biological functionsin vivo is due to the
formation of discrete holoenzymes (Hubbard

ceptor-like and intracellular PTPases (Fig-
ure 1). The receptor-like PTPases, exempli-
fied by the leukocyte phosphatase, CD45
(Charbonneau et al., 1988), generally have
an extracellular domain, a single transmem-
brane region, and one or two cytoplasmic
PTPase domains. The existence of two tan-
dem homologous PTPase domains in the
receptor-like PTPases raises the interesting
possibility of differential functions or regu-
lations of the two domains. However, the
significance of the repeated PTPase domain
in the receptor-like PTPases is not clear.
One of the important question is whether
both PTPase domains in the receptor-like
phosphatases are catalytically active. So far,
all of the published data in the literature
have indicated that the membrane proximal
PTPase domain possess phosphatase activ-
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FIGURE 1. The protein-tyrosine phosphatase superfamily. FNIII, fibronectin type 1, ER, endo-
plasmic reticulum, CA, carbonic anhydrase, SH2, src-homology 2.

ity. There is evidence that indicates that in ther investigation. The intracellular PTPases,
some receptor-like PTPases the second, exemplified by PTP1B (Chernoff et al.,
membrane distal PTPase domain also dis- 1990) and therersiniaPTPase (Guan and
plays intrinsic phosphatase activity (Wang Dixon, 1990), contain a single catalytic
and Pallen, 1991; Wu et al., 1997; and Lim domain and various amino or carboxyl ter-
et al., 1997). However, there are also re- minal extensions, including SH2 domains
ports that suggest that the second PTPase that may have targeting or regulatory func-
domain is catalytically inactive and may tions. Interestingly, the PTPase signature
only play, if any, a regulatory role (Streuli  motif can also be found in the structures of
et al., 1989, 1990). The functional role of two additional groups of phosphatases that
the second PTPase domain, that is, whether can bring about phosphotyrosine hydroly-
it regulates the specificity and/or activity of  sis, namely, the VH1-like dual specificity
the first PTPase domain or exhibits inde- phosphatases (Guan et al., 1991), and the
pendent substrate selectivity, requires fur- low-molecular-weight (18 kDa) phos-
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phatases (Zhang and Van Etten, 1990; Cirri by the (H/V)C(X)sR(S/T) sequence motif)

et al., 1993) (Figure 1). The low-molecular- that are important for catalysis are also con-
weight and the dual specificity phosphatases served among the three groups of phos-
display little amino acid sequence identity phatases (Barford et al., 1995; Fauman and
with classic PTPases. The only similarities Saper, 1996). Thus, based on the similar
among these three groups of phosphatases biochemical and structural properties, the
are the relative placements of the essential PTPase superfamily can now be grouped

cysteine and arginine residues in the active
sites that constitute the PTPase signature
motif (H/V)C(X):R(S/T). Unlike the
PTPases that showed substrate specificity
strictly restricted to phosphotyrosyl proteins
(Sparks and Brautigan, 1985; Tonks et al.,
1988b; and Guan and Dixon, 1990), the
dual specificity phosphatases are unusual in
that they can utilize protein substrates con-
taining phosphotyrosine, as well as phospho-
serine and phosphothreonine (Gautier et al.,
1991; Guan et al., 1991; Ishibashi et al.,
1992). The low-molecular-weight phos-
phatases display substrate specificity pri-
marily toward phosphotyrosine, although
they also show weak activities toward
phosphoserine and phosphothreonine (Zhang
and Van Etten, 1990; Zhang et al., 1995a).
Despite the variation in the primary
structures and the differences in the active

into three major subfamilies: the tyrosine-
specific phosphatases (the classic PTPases),
the dual specificity phosphatases, and the
low-molecular-weight phosphatases (Figure
1). The tyrosine-specific phosphatases con-
sist of both receptor-like and cytosolic en-
zymes. The dual specificity phosphatase can
probably further divided into three groups
based on structural comparison: (1) the VH1-
like phosphatases that include VH1 (Guan
et al., 1991), VHR (Ishibashi et al., 1992),
and KAP/Cdi (Gyuris et al., 1993; Hannon
et al.,, 1994), 2) the MAP kinase phos-
phatases (Keyse, 1995), and the cdc25 phos-
phatases (Sebastian et al., 1993).

The PTPase signature motif may define
an even larger superfamily of phosphatases
with diverse specificity. The putative mRNA
capping enzyme (CEL-1) fro@. elegans
has been cloned recently and characterized

site substrate specificities, the PTPases, the (Takagi et al., 1997). The N-terminal 230

dual specificity phosphatases, and the low-
molecular-weight phosphatases utilize a
common mechanism to effect catalysis
(Zhang, 1997). In addition, the three-dimen-
sional crystal structures of the catalytic do-
mains of three tyrosine-specific phos-
phatases, PTP1B (Barford et al., 1994), the
YersiniaPTPase (Stuckey et al., 1994), and
PTPIx (Bilwes et al., 1996), have been de-
termined. The three-dimensional crystal
structures of a dual specificity phosphatase,
VHR (Yuvaniyama et al., 1996), and the
low-molecular-weight phosphatase from
bovine (Su et al., 1994; Zhang, M. et al.,
1994) have also been solved. Structural
comparisons among these structures indi-
cate that key structural features (e.g., the
active site phosphate-binding loop formed

amino acids of CEL-1 is closely related to
the baculovirus dual specificity phosphatase
BVP (Sheng and Charbonneau, 1993) and
contains the PTPase signature motif (H/
V)C(X)sR(S/T). Surprisingly, the recombi-
nant amino-terminal CEL-1 display no
measurable PTPase activity. As would be
expected for a capping enzyme, the CEL-1
amino-terminal shows RNA triphosphatase
activity, and the Cys residue in the PTPase
signature motif is required for the triphos-
phatase activity. Interestingly, the N-termi-
nal domains of tensin and auxilin also show
amino acid sequence similarity to the
PTPases, although it is not clear that they
exhibit any phosphatase activity (Haynie
and Ponting, 1996). Thus, it is important to
characterize enzymatic activity and test for
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substrate specificity of newly cloned gene
products. One should not make functional
assignments of newly discovered gene prod-
ucts based purely on sequence homology
analysis.

[ll. BIOLOGICAL FUNCTION

A. Overview

Protein tyrosine phosphorylation, a ma-
jor cellular control mechanism, is regulated
by both PTKs and PTPases. The critical
importance of PTKs in signaling events that
control such fundamental physiological pro-
cesses as cell growth and differentiation,
cell cycle, and cytoskeletal reorganization
have been well established. The functional
role of PTPases in cellular signaling pro-
cesses is just beginning to be appreciated
(Sun and Tonks, 1994; Hunter, 1995; Streuli,
1996; Tonks and Neel, 1996; and Neel and
Tonks, 1997). By catalyzing the removal of
a phosphoryl group(s) from a tyrosine
residue(s), PTPases can act both as “on”
and “off” switches for signal transduction.
As the natural antagonists of PTK function,
PTPases can exert a negative influence on
tyrosine phosphorylation-dependent signal-
ing pathways. For example, mutations in
SHP-1 leads to severe immune dysfunc-
tion, giving rise to thenoth-eaternpheno-
type in mice (Shultz et al., 1993). SHP-1 is
an important negative regulator of cytokine
signaling; its loss resulting in sustained ty-
rosine phosphorylation with consequent
enhanced proliferation (Klingmuller et al.,
1995). The intracellular PTPase FAP-1 (Fas-
associated phosphatase) binds to the car-
boxyl-terminal of Fas via its PDZ domains
and inhibits the Fas-generated signals that
lead to apoptosis (Sato et al., 1995).
Overexpression of PTP1 inhibits the propa-

gation of the IL-3 mitogenic signaling
(Gelderloos and Anderson, 1996). On the
other hand, PTPases can also act positively
to cooperate with the PTK signaling. PTPase
may assist PTK-mediated signal transduc-
tion by repriming the system for a subse-
guent signal or activating downstream PTKs
through dephosphorylation of key tyrosine
residues. Thus, the receptor PTPase CD45,
through its capacity to dephosphorylate and
activate thesrc family of PTKs, is essential
for initiating downstream signaling pro-
cesses in response to stimulation of T and B
cell receptors (Pingel and Thomas, 1989).
SHP-2 and itProsophila homologcork-
screware positive mediators of growth fac-
tor signaling (Perkins et al., 1992; Noguchi
et al., 1994). The cell cycle regulator cdc25
dephosphorylates Thr14 and Tyr15 of cdc2,
thereby activating the cdc2/cyclin B com-
plex, which, in turn, promotes mitosis (Gould
and Nurse, 1989; Millar and Russell, 1992).
Since the discovery of thecciniaVH1
phosphatase, a number of additional dual-
specificity phosphatases have been identi-
fied. The mammalian dual specificity pro-
tein phosphatases have surfaced recently as
key regulators of mitogenic signaling path-
ways as well as the cell cycle itself (Sun et
al., 1993; Aroca et al.,, 1995; and Keyse,
1995). They include the cell cycle regulator
cdc25 (Gautier et al., 1991), KAP (Hannon
etal., 1994) or Cdi (Gyuris et al., 1993), and
a number of mitogen-activated kinases
(MAP kinases) phosphatases (Sun et al.,
1993; Keyse, 1995; Chu et al., 1996). While
cdc25 activates the cyclin-dependent kinases
(Gautier et al., 1991), KAP/Cdi inactivates
them (Poon and Hunter, 1995). A number
of mammalian dual specificity protein phos-
phatases have been shown to be capable of
dephosphorylating and inactivating mitogen-
activated kinases (MAP kinases) (Sun et al.,
1993; Keyse, 1995; Chu et al., 1996). The
low-molecular-weight PTPases, whose bio-
logical function is unknown, were previ-
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ously found only to exist in mammalian
species (Ramponi, 1994). Genetic studies
have demonstrated that the fission yeast
(Schizosaccharomyces porptiemologue

of the mammalian low-molecular-weight
phosphatase, Stp1l, is a multicopy repressor
of cdc25, indicating a role in cell cycle regu-
lation (Mondesert et al., 1994). However,
neither disruption of the&saccharomyces
cerevisiaehomologue (LTP1) gene nor an
overexpression of its product in the yeast
cause any apparent phenotypic changes
(Ostanin et al., 1995), suggesting functional
redundancyn vivo.

B. PTPases and Cancers

The level of tyrosine phosphorylation,
and thus the strength and duration of the
signal transmitted, are balanced by the op-
posing action of PTKs and PTPases. This
balance is perturbed in transformed cells
and metabolic disorders. Because deregu-
lated PTKSs, such asrc, Ick, andney can
function as dominant oncogenes (Cantley et

breast, and thyroid (Liaw et al., 1997). The
gene for the receptor-like Pyfas also
been proposed to be a tumor suppressor
gene, which is located on chromosome 3p21,
a segment frequently altered in renal and
lung carcinomas (LaForgia et al., 1991,
Wary et al., 1993). In addition, expression
of PTP1B has been shown to block transfor-
mation mediated byieu (Brown-Shimer et
al., 1992)and partially revert transforma-
tion bysrc(Woodford-Thomas et al., 1992).
Interestingly, there is mounting evidence
that some PTPases can potentiate, rather
than antagonize, the action of PTKs. This
behavior enhances mitogenic signaling and
can lead to cellular transformation. For ex-
ample, cdc25A, a member of the cdc25 fam-
ily, functions at the start of the cell cycle
and regulates the G1/S-phase transition
(Hoffmann et al., 1994). Cdc25A cooper-
ates with Ha-ras in the oncogenic transfor-
mation of primary rodent fibroblasts and is
overexpressed in primary breast tumors,
suggesting that they are human oncogenes
(Galaktionov et al., 1995, 1996). Evidence
suggest that cdc25A is a target of the
protooncogene myc (Galaktionov et al.,

al., 1991), it has been expected that, at least 1996), which belongs to a family of related

some PTPases, function as products of tu-

genes implicated in the control of normal

mor suppressor genes. This expectation has cell proliferation and the induction of neo-

certainly been met by two reports that de-
scribe the cloning and characterization of
the first tumor suppressor gene encoding a
phosphatase in the PTPase superfamily. This
gene, calle®TEN(Phosphatase and Tensin
homologue deleted on Chromosome L1i0

et al., 1997) oMMAC1 (Mutated in Mul-
tiple Advanced Cancers $teck et al., 1997),
resides on chromosome 10923 and is mu-
tated in several major groups of sporadic
cancers, including brain, breast, and pros-
tate cancers. Germline mutations of the
PTEN/MMAC1gene have also been linked
to an inherited autosomal-dominant cancer
syndrome, Cowden’s syndrome, that is as-
sociated with benign lesions of the skin,

plasia (Bishop, 1983). In addition, cdc25A
is also a target of the adenovirus E1A
oncoprotein (Spitkovsky et al., 1996). E1A
interferes with cellular growth control lead-

ing to a deregulation of the cell cycle con-
trol machinery (Hunter and Pines, 1994).
Cdc25A phosphatase activity as well as
cdc25A gene expression are strongly in-
creased after expression of E1A in quies-
cent human fibroblasts. Moreover, microin-
jection of specific antibodies against cdc25A
blocks virus-induced S-phase entry, indi-
cating that cdc25A function is required for
adenovirus-mediated cell proliferation

(Spitkovsky et al., 1996). Strikingly, ec-

topic expression of PTPproduces a trans-
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formed phenotype in rat embryonic fibro-
blasts, and the PTPoverexpressing cells
are tumorigenién vivo, forming tumors in
nude mice 5 to 6 d after injection (Zheng et
al., 1992). Evidence suggests that BT®
involved in the pathway that leads to the
activation of csrc, thereby potentiating
mitogenic signals (Zheng et al., 1992; den
Hertog et al., 1993)n addition, increased
MRNA expression of PP has been de-
tected in late-stage colon carcinomas (Tabiti
et al., 1995). Its oncogenic properties sug-
gest that PT& overexpression could con-
tribute to the tumorigenic process in colon
cancer. The rat nuclear PTPase, PRL-1, is
an immediate-early gene in liver regenera-
tion and is positively associated with growth,
including fetal and neoplastic hepatic growth
and anchorage-independent growth after
overexpression in fibroblasts (Diamond et
al., 1994). Indeed, overexpression of the
human homologs of rat PRL-1 (PdAaRx1
and PTRAax?2) in epithelial cells caused a
transformed phenotype in culture and tumor
growth in nude mice (Cates et al., 1996).
Interestingly, the plant oncoger@B, from
Agrobacterium rhizogenebas been shown
recently to encode a protein that displays
PTPase activity (Filippini et al., 1996).

C. PTPases and Diabetes

Tyrosine phosphorylation is a key reac-
tion in the initiation and propagation of in-
sulin action (White and Kahn, 1994; Myers
and White, 1996). Insulin action is medi-
ated through the insulin receptor, a trans-
membrane glycoprotein with intrinsic PTK
activity. Insulin receptor is activated after
insulin binding and undergoes autophos-
phorylation, leading to the subsequent ty-
rosine phosphorylation of intracellular
proteins. Predominate among these phos-
phorylated proteins in most cell types is the

protein known as insulin receptor substrate
1. The phosphorylation on tyrosine residues
in insulin receptor and insulin receptor sub-
strate 1 generate docking sites for other
enzymes and effector molecules containing
SH2 domains or phosphotyrosine-binding
domains to propagate the insulin signal. The
termination of insulin action, after insulin
withdrawal, consequently requires the de-
phosphorylation of both insulin receptor and
insulin receptor substrate 1. Several PTPases,
including PTP1B (Ahmad et al., 1995;
Kenner et al., 1996; Kole et al., 1996), LAR
(Kulas et al., 1995; Zhang, W.-R. et al.,
1996), and PT& (Moller et al.,, 1995;
Lammers et al., 1997), have been impli-
cated as negative regulators of the insulin
receptor signaling. Overexpression of these
PTPases in cell cultures decreases the insu-
lin-stimulated receptor and/or insulin recep-
tor substrate 1 phosphorylation, while re-
duction of the level of the active PTPases by
antisense RNA, neutralizing antibodies, or
inhibitors augments the insulin initiated sig-
naling pathways. This is consistent with the
well-known insulin-mimetic effect of vana-
date (Heyliger et al., 1985; Goldfine et al.,
1995), which is a general inhibitor of
PTPases (Swarup et al., 1982; Huyer et al.,
1997). Itis observed that the (deficiency
animal model exhibits insulin resistance
characteristic of non-insulin-dependent dia-
betes mellitus (NIDDM). The physiological
defectin NIDDM is insulin resistance, which
is the inability of insulin to stimulate glu-
cose transport from blood to muscle. Inter-
estingly, G,, deficiency increases PTPases
activity and attenuates insulin-stimulated
tyrosine phosphorylation of insulin-recep-
tor substrate In vivo, implicating PTPase
as a critical link between ;3 deficiency
and insulin resistance (Maxham et al., 1996).
In addition, insulin resistance in the ob/ob
mouse model is associated with a reduction
in insulin-induced protein-tyrosine phospho-
rylation, possibly due to increased PTPase
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activity (Sredy et al., 1995). Thus, the de-
velopment of specific inhibitors of PTPases
acting on the insulin receptor or its endog-
enous substrates could enhance insulin ac-
tion in human disease states with insulin
resistance such as NIDDM.

D. PTPases and Infectious
Diseases

PTPases may represent novel targets for
antibiotics development. A number of bac-
terial and viral pathogens have evolved so-
phisticated strategies to subvert host-cell
signal-transduction pathways for their own
benefit. For instance, the pathogenic bacte-
ria Yersiniaencodes a PTPase essential for
its virulence. The genuéersiniacomprises
three species of bacteria that are causative
agents in human diseases ranging from gas-
trointestinal syndromes to the Bubonic
Plague (Butler, 1985) ersinia pestiss the
pathogen responsible for the Bubonic
Plague, also known as the Black Death,
because it reduced the population of Europe
by some 25 million in the 15th century (But-
ler, 1985). Credible estimates of the number
of people killed by this bacterium during
the course of human history approach 200
million (Brubaker, 1991). Although plague

essential for virulence (Bliska et al., 1991).
Because bacteria are generally believed to
contain no tyrosine phosphorylated proteins
(Foster et al., 1989), the targets for the
Yersinia PTPase are likely host proteins.
Indeed, infection of a macrophage cell line
resulted in specific dephosphorylation of
only two cellular protein substrates (Bliska
et al., 1992). One of the substrates of the
Yersinia PTPase in human epithelial cell
was identified as p138(Black and Bliska,
1997). pl3&=is a novel docking protein
localized to focal adhesions and is phospho-
rylated on numerous Tyr residues in re-
sponse to integrin engagement (Sakai et al.,
1994; Harte et al., 1996). This may explain
the ability of theYersiniaPTPase to pro-
mote cell detachment from the extra-
cellular matrix (Bliska et al., 1993). Inter-
estingly, the bacterial pathog&almonella
typhimurium,which causes Typhoid fever
and a variety of food poisonings, secretes a
PTPases required for its full display of viru-
lence (Kaniga et al., 1996). Theccinia
virus encodes a dual specificity phosphatase,
VH1, that is essential for viral transcription
and infectivity (Liu et al., 1995). In addi-
tion, the Myxoma virus and Shope Fibroma
virus also encode dual specificity phos-
phatases that are essential factors for virus
viability (Mossman et al., 1995). Finally,
PTPase activity has also been detected in

has long been considered a once-vanquished parasites such agishmania donovargCool

disease, the recent outbreak of the pneu-
monic plague caused bgersinia pestisn
Surat, India (Jayaraman, 1994), proves that
its biological potential can be expressed
under appropriate environmental conditions.
In addition, Yersinia enterocoliticanfec-
tion still poses a serious problem in public
health (Cover and Aber, 1989). TYiersinia
PTPase, identified in the geniersinia
(Guan and Dixon, 1990), is obligatory for
pathogenesis (Bolin and Wolf-Watz, 1988;
Michielis and Cornelis, 1988). Furthermore,
it has been demonstrated that the phos-
phatase activity of th&ersiniaPTPase is

and Blum, 1993)Trypanosoma brucegand
Trypanosoma cruziBakalara et al.,
1995a,b). These results underscore the im-
portance of PTPase regulation in normal
cellular function.

IV. STRUCTURE

A. Overview

The tyrosine-specific phosphatases (the
classic PTPases), the VH1-like dual speci-
ficity phosphatases and the low-molecular-
weight phosphatases share little amino acid
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sequence identity. The amino acid sequence protein, whereas the signature motif occurs
alignment for the PTPases, the dual speci- closer to the COOH-terminus of the PTPases
ficity phosphatases, and the low-molecular- and the dual specificity phosphatases. The
weight phosphatases are shown in Figure 2. bovine low-molecular-weight phosphatase

As can be seen, the only similarities among has distinct topologies compared with those

these three groups of phosphatases are theof PTP1B, the¥ersiniaPTPase, PTde, and

relative placements of the essential cysteine
and arginine residues in the active sites that
constitute the PTPase signature motif
(H/V)C(X)sR(SIT) (Figures 2 and 3).

The three-dimensional structures of the
PTPase catalytic domains of PTP1B
(Barford et al., 1994, Jia et al., 1995) and
the YersiniaPTPase (Stuckey et al., 1994;
Schubert et al., 1995; Fauman et al., 1996)
have been reported. The X-ray structure of
the membrane proximal PTPase domain
(D1) in PTRx has also been determined
(Bilwes et al., 1996). Although the amino
acid sequence of th¥ersinia PTPase is
only ~20% identical to the mammalian

VHR (Su et al.,, 1994; Zhang, M. et al.,
1994; Logan et al., 1994; Zhou et al., 1994).
However, it is interesting that residues of
the PTPase signature motif of the PTPases,
the dual specificity phosphatases and the
low-molecular-weight phosphatases form a
similar loop structure that is defined here as
the PTP loop that binds the phosphoryl
moiety of the substrate. The PTP loop is
located between th@-turn at the COOH-
terminus of g3 strand and the first turn of an

a helix. Furthermore, structural comparison
between the bovine low-molecular-weight
phosphatase and PTPases and VHR reveals
that the structures of these phosphatases

PTPases, it is clear that the three structures display a similar arrangement of secondary

share a common secondary structural scaf-
fold, with close similarity in tertiary struc-
ture. The PTPases ame+ 3 proteins with
tertiary folds composed of a highly twisted
mixed(3-sheet flanked bg-helices on both
sides (Figure 4). The three-dimensional
structure of the dual specificity phosphatase
VHR reveals a general fold that occurs in

structure elements, albeit with somewhat
different connectivity (Barford et al., 1995;
Fauman and Saper, 1996). Thus, these dif-
ferent phosphatase structures are striking
examples of convergent evolution achiev-
ing highly similar active site clefts, and the
similarities in the conserved active site
motifs may suggest a common mechanism

the Yersinia PTPase, PTP1B, and P@P  to bring about phosphate monoester hydroly-
structures, and many of the secondary struc- sis in these otherwise very different mol-
tural elements of PTPases are also present ecules. The detailed structural properties of
in VHR (Figure 4). Although VHR is smaller ~ these phosphatases have been reviewed
than PTPases, the VHR structure retains the (Barford et al., 1995; Zhang, M. et al., 1995;
same starting and ending secondary struc- Fauman and Saper, 1996; Zhang, 1997).
ture elements as the PTPase catalytic do- Only the salient features that are pertinent
mains, suggesting that the VHR structure to PTPase catalysis are discussed below.
may define a minimal core structure for

both dual specificity phosphatases and the

PTPases (Yuvaniyama et al., 1996). In ad- B. The PTP-loop

dition to the general lack of sequence iden-

tity between the low-molecular-weight

phosphatases and the PTPases, the low-mo- ~ The phosphatase active site is located
lecular-weight enzymes are also relatively Wwithin a crevice (~9 A deep for the tyrosine-
smaller in size and contain PTPase signa- specific phosphatases and ~6 A deep for
ture motif close to the Njterminus of the VHR) on the molecular surface. The central
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feature of these structures is a strand-loop-
helix element where the loop (PTP loop)
contains the PTPase signhature motif
((HV)C(X)sR(S/T)). Oxyanions such as

phosphate, tungstate, or sulfate bind within
this PTP loop (Figure 5). The active site
pocket is formed by the PTP loop at its base
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FIGURE 2. Amino acid sequence alignments of (A) PTPases, (B) dual specificity phosphatases,
and (C) low-molecular-weight phosphatases. The catalytic essential Cys, Arg, and Ser/Thr in the
PTPase signature motif, and the general acid/base Asp residue are highlighted by an asterisk (*).

and surrounded by loops that provide an
essential Asp general acid and residues that
interact with the pTyr or pSer/pThr in pep-
tide substrates (Figure 5). The crystal struc-
tures of the phosphatases complexed with
oxyanions provide information about the
interactions between the enzyme and the
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Conserved Structural Elements for Catalysis

PTP-loop
215
PTP1B HMS 2 G I G
124
VHR HIMR EG Y S
12
LMWP VL GNTIZC

Movable Loop

21 181
R D

30
R AN D
18 129
R I E My

FIGURE 3. Conserved structural elements for catalysis by the PTPass, the dual specificity
phosphatases and the low-molecular-weight phosphatases.

phosphoryl moiety of the substrate. The
oxygen atoms of the oxyanion make two
hydrogen bonds with the guanidinium group
of the invariant Arg residue in the PTP-
loop. Kinetic studies have demonstrated that
the invariant Arg residue in the signature
motif plays an important role in substrate
binding and transition state stabilization
(Zhang et al., 1994b). The oxygen atoms of
the oxyanion are also hydrogen bonded to
the NH amides of the peptide backbone
making up the PTP-loop. Thus, it is likely
that the side chain of the Arg residue acts
together with the amides of the PTP loop to
ligand the phosphoryl group in a substrate.
The invariant Cys residue in the PTP
loop has been shown to be essential for
phosphatase activity and formation of a
covalent cysteinyl phosphoenzyme interme-
diate (Zhang, 1990; Guan and Dixon, 1991;
Wo et al., 1992; Cho et al., 1992; and Zhou
et al., 1994). The PTPase-tungstate com-
plexes reveal that thegy@tom of Cys403 in
the YersiniaPTPase is poised 3.6 A from
the W atom, while they&atom of Cys215 in
PTP1B is poised 3.1 A from the W atom. In
the catalytic inactive mutant PTP1B/C215S-
substrate complexes, they ©f Ser215 is
situated within the center of the PTP loop,
3.2 A from the phosphorous atom of pTyr
such that the @of Ser215, the phosphorous
of pTyr, and the phenolic oxygen in ty-
rosine are approximately co-linear (Jia et

al., 1995). This is consistent with the side
chain of the Cys residue acting as a nucleo-
phile in the catalytic mechanism, as dis-
cussed below. The apparent thiol i the
active site Cys residue was found to be 4.7
in the YersiniaPTPase (Zhang and Dixon,
1993), 5.4 in PTP1 (Lohse et al., 1997), and
5.6 in VHR (Denu et al., 1995), indicating
that the Cys exists as a thiolate anion at
physiological pH. Unlike the cysteine pro-
teinases, which stabilize an active site
thiolate anion via an ion-pair with a proto-
nated histidine, the PTPases likely stabilize
the thiolate by a number of structural ele-
ments in the active site. The CygiSat the
center of the PTP loop and within 3 to 4 A
from every amide nitrogen of the PTP loop.
The orientation of these microdipoles is
essential for phosphate binding and thiolate
stabilization. The positioning of the
macrodipole generated by the major helix
(a5 in YersiniaPTPase and4 in PTP1B)

is expected contribute to the stability of the
anion. Finally, the guanidinium group in the
Arg residue and the hydroxyl group in the
Ser/Thr residue of the PTP loop may also
help to lower the thiol pK(Barford et al.,
1994; Zhang et al., 1995b).

C. The Movable Loop

Biochemical studies have demonstrated
the involvement of an essential Asp residue
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Yersinia PTPase HVGNWPDQTAVTP
Salmonella ptpase HVXKNWPDHQPLP
Yeast PTP1 YFDLWEKDM N K P
Yeast PTP2 QYKNWLDSCGVD
Human PTP1B HYTTWPDF GV P
Human PTP-PEST HYVNWZPDH DV P
Human SHP-1 QYL SWPDH GV P
Human PTPmegal QY I AWPDH GV P
Human CD45 (D1) QFTSWPDH GV P
Human LAR (D1) QFMAWPDH GV P

FIGURE 6. Amino acid sequence comparison of the WpD loop (residues 350-361 in the Yersinia

PTPase) in a number of PTPases.

as the general acid in catalysis (for detail
see the section on General Acid/Base Ca-
talysis). The crystal structures of the phos-
phatase-oxyanion complexes reveal that the
catalytic Asp residue, located on a loop
adjacent to the PTP loop but opposite the
nucleophilic cysteine, is pointed toward the
bound oxyanion (Figure 5, Stuckey et al.,
1994; Su et al.,, 1994; Zhang, M. et al.,
1994; and Yuvaniyama et al., 1996). The
carboxylate is 2.7 to 3.8 A away from the
oxyanion oxygen, depending on the pH of
crystallization, which is structurally homo-
logous to the scissile oxygen of a phospho-
tyrosine substrate. Indeed, in the structure
of PTP1B/C215S-substrate complex,
Aspl181 forms a network of hydrogen bonds
to the phenolic oxygen of phosphotyrosine
and a buried water molecule (Jia et al., 1995).
Thus, the Asp residue is ideally positioned
to donate a proton to the tyrosine leaving
group during the first hydrolysis step.
Structure superpositions of the ligand-
free and ligand-bond PTPases indicate that
the only prominent conformational differ-

is quite divergent except for the WpD se-
guence that includes the catalytic aspartic
acid and a tryptophan near the hinge posi-
tion of the loop (Figure 6). It was observed
that in the unligandedersiniaPTPase struc-
ture, Asp356 is greater than 10 A from the
phosphate binding site. In the oxyanion-
complexed structures, the surface loop (resi-
dues 351 to 360) that contains the Asp356
residue has moved like a “flap” to cover the
active site (Stuckey et al., 1994; Schubert et
al., 1995). The Cof Asp356 itself moves

6 A toward the active site after tungstate
binding, positioning its carboxylate close to
the oxyanion oxygen that is structurally ho-
mologous to the scissile oxygen of a
phosphotyrosine substrate (Figure 7). Simi-
larly, binding of either phosphotyrosine or
phosphotyrosine-containing peptide to the
Cys215 to Ser mutant mammalian PTPase,
PTP1B, induces a conformational change
of an equivalent surface loop that brings the
corresponding Asp181 into the catalytic site
and forms a network of hydrogen bonds to
the phenolic oxygen of phosphotyrosine and

ences reside in the surface loop that harbors a buried water molecule (Jia et al., 1995).

the general acid Asp residue. For PTPases,
the sequence of this loop, termed WpD loop,

Thus, substrate binding causes a conforma-
tional change of the WpD loop that brings
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FIGURE 7. Conformational change in the WpD loop. In the Yersinia PTPase, conformational
change in the WpD loop moves Asp356 into the active site and in hydrogen bonding distance from
the tungstate oxygen equivalent to the scissile oxygen in the substrate. The tungstate bound
structure (residue 354 to 358) and the unbound structure are shown in dark and light, respectively.

the Asp residue (general acid) close to the this has not been confirmed for the dual

scissile oxygen of the substrate to effect specificity phosphatases and the low-mo-

catalysis. Following the chemical step, the lecular-weight phosphatases, as only the
loop has to reopen to allow the release of ligand-bound structures have been deter-
the phosphate product. This apparent ligand- mined.

induced loop closure is likely to be opera- In sum, the core active site structural

tive for the entire PTPase family, although elements common to the PTPases, the dual
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specificity phosphatases, and the low-mo-
lecular-weight phosphatases are the PTP
loop and the adjacent surface loop that con-
tains the essential Asp residue. Superposi-
tion of the active site structures shows that
the spatial arrangement of the PTP loop
and the moveable loop are conserved (Fig-
ure 5 and Fauman and Saper, 1996). This

cal world. It is coupled with energy produc-
tion, regulation of metabolism, and signal
transduction pathways. The mechanism of
phosphate monoester hydrolysis has been
the subject of intense investigations for over
4 decades (Jencks, 1962; Bruice and
Benkovic, 1966; Benkovic and Schray,
1978; Knowles, 1980; Westheimer, 1987;

suggests that phosphatases with the PTPaseCullis, 1987; Frey, 1989; Thatcher and

signature motif are likely to recognize the
phosphoryl group in a similar way and have
similar catalytic mechanisms. These phos-
phatase structures, taken together with bio-
chemical and mutational studies of active
site residues, provide a unique opportunity
to identify common mechanistic features
associated with this novel family of bio-
logical catalysts. In addition, the availabil-
ity of the structures combined with the
ability to mutate specific residues provide
an opportunity to test novel mechanistic
hypotheses and identify key residues for
catalysis and substrate/inhibitor recogni-
tion.

V. MECHANISM OF CATALYSIS

A. Nonenzymatic Hydrolysis of
Phosphate Monoesters

Phosphate monoester hydrolysis is an
extremely important reaction in the biologi-

@]
g _ Il
RO— |—O ﬁ» /P\ _
o _ (@] (0]
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o _ |
R0—||:’—O + Nu —» RO—,P— Nu
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Kluger, 1989; and Cleland and Hengge,
1995). Phosphoryl transfer reaction can, in
principle, occur via one of two limiting
mechanisms analogous to those for substi-
tution at tetrahedral Spcarbon (Cox and
Ramsay, 1964, Benkovic and Schray, 1978):
dissociative (SN1-like, Eq. 1) or associative
(SN2-like, Eqg. 2). In the SN1 mode, the
departure of the leaving group proceeds the
nucleophilic attack and there is a decrease
of electron density on the phosphoryl group.
Dissociation of the leaving group produces
a highly electron deficient trigonal phos-
phorus species, “monomeric metaphos-
phate”, as an intermediate (Butcher and
Westheimer, 1955; Westheimer, 1981). In
the SN2 mode, the nucleophilic attack pro-
ceeds leaving group departure and there is
an increase of electron density on the phos-
phoryl group. In this case, phosphorus com-
pounds have the further potential compared
with carbon compounds of reacting via a
stable trigonal bipyramidal

_ 0
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I
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phosphorane intermediate (Benkovic and
Schray, 1978). In reality, the metaphosphate

20 e.u. (Kirby and Varvoglis, 1967). The
marked increase in the rate of 2,4-

and phosphorane intermediates represent dinitrophenyl phosphate by organic solvent

only two extremes of a full continuum of
possible transition states for phosphoryl
transfer reactions.

There is much evidence to support the
proposal that the monoanion and dianion of
phosphate monoesters hydrolyze via a dis-
sociative mechanism. For example, the hy-
drolysis of aryl phosphate dianions displays
ap,, value of —1.23 (Kirby and Varvoglis,
1967). The Brgnstefj, value is obtained as
the slope of the logarithm of rate for a reac-
tion vs. the leaving group pKralues. The
By, value can often be regarded as an ap-
proximate measure of the extent of bond
cleavage between the reaction center and
the leaving group. Thus, ti, value of —
1.23 for the dianion reaction suggests that
in the transition state the P-O bond breaking
is well advanced and the mechanism is pre-
sumably a simple elimination. The rate of
phosphate monoester hydrolysis shows a
maximum at pH 4, where the concentration
of the monoanion is highest. Tg value
for the monoanion hydrlysis is —0.27, which
indicates a unimolecular decomposition with
either concerted or preequilibrium protona-
tion of the leaving group (Kirby and War-
ren, 1967). Results frofN kinetic isotope
studies of the hydrolyssnitrophenyl phos-
phate are consistent with a concerted mecha-
nism, although the proton transfer lags
slightly behind the P-O bond cleavage
(Hengge et al., 1994). The sizab® pri-
mary kinetic isotope effects on the bridge
oxygen also indicate a large degree of P-O
bond breakage in the transition state
(Gorensteinetal., 1977; Hengge et al., 1994).
The entropies of activation for the hydroly-
sis of phosphate monoesters are close to
zero or slightly positive, which is commonly
observed in unimolecular decompositions.
In contrast, the entropies of activation for
bimolecular reactions are typically around —

is in accord with a transition state in which
charge is dispersed (Kirby and Varvoglis,
1967). Secondar}?O kinetic isotope effect

in the nonbridging positions of the phos-
phate group (Weiss et al., 1986; Cleland
and Hengge, 1995) is consistent with a dis-
sociative transition state for nonenzymatic
hydrolysis of phosphate monoesters. Finally,
reactions of phosphate monoesters show
very small sensitivity to the basicity of the
attacking nucleophilic reagent, displaying
B,.: value in the range of 0.1 to 0.2 (Jencks
and Gilchrist, 1964; Jencks and Gilchrist,
1965; Kirby and Jencks, 1965; Herschlag
and Jencks, 1989; Admiraal and Herschlag,
1995). The Bragnstefl,,. value is obtained
as the slope of the logarithm of the rate for
areaction vs. the plalues of the attacking
nucleophiles. Thd,,,. value can often be
viewed as an approximate estimate of the
extent of bond formation between the nu-
cleophile and the reaction center. These
smallB,,. values suggest that the reaction is
concerted with a small amount of bond for-
mation between the phosphorus and the
nucleophile in the transition state. Thus, all
of the available data in aqueous solution can
be interpreted by a concerted SN2 mecha-
nism involving an unsymmetrically “ex-
ploded” metaphosphate-like transition state
where bond formation to the incoming nu-
cleophile is minimal and bond breaking
between phosphorus and the leaving group
is substantial (Bourne and Williams, 1984;
Skoog and Jencks, 1984; Jencks et al., 1986;
Herschlag and Jencks, 1986; Herschlag and
Jencks, 1989). The transition states for the
monoanion and dianion phosphate mo-
noester hydrolysis reactions are dipicted in
Equations 3 and 4, respectively. There is no
direct evidence for the existence of a free
metaphosphate intermediate in aqueous so-
lutions (Jencks, 1980; Herschlag and Jencks,

Copyright © 1998, CRC Press LLC — Files may be downloaded for personal use only. Reproduction of this material

without the consent of the publisher is prohibited.

20

RIGHTS LI MN Kiy



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

1986). A free metaphosphate has only been lytic turnover (Zhang, 1990; Guan and

implicated in neat solvent suchtalsutanol Dixon, 1991; Wo et al., 1992; Cho et al.,
(Friedman et al., 1988). 1992; Denu et al., 1996), suggesting a double
0 o) o]
- H i s ] i ]
RO— l,’—o + H,0 —> | RO------~ -/p; ------- Q | — ROH + O— T—OH (3)
OH o H OH
0 -0 o)
i s - ik i
RO-—T—O + HyO — [ RO-----=-- prevesse- Q | — ROH + 0 — T-OH (4)
o _Ql D H o
B. PTPase-Catalyzed Hydrolysis displacement mechanism, in which the phos-
of Phosphate Monoesters phoryl group is first transferred to the thiol

group of the Cys residue forming a
phosphoenzyme intermediate, which in a
second step is hydrolyzed by water. Thus,
the minimal kinetic scheme for the PTPase-
catalyzed hydrolysis can be represented by
Enzymological and structural studies Scheme 1. Substrate (ROPYbinding leads
have led to the conclusion that the reactions to the formation of an enzyme-substrate
catalyzed by the PTPases, the dual specific- complex (E- ROPG-), which is followed
ity phosphatases, and the low-molecular- by a binding stabilized conformational
weight phosphatases share a common chemi- change in the enzyme that brings the gen-
cal mechanism (Zhang, 1997). Site-directed eral acid close to the scissile oxygen of the
mutagenesis experiments show that the Cys substrate (E-ROPQ-). Substrate is then
residue in the PTP loop (e.g., Cys403 in the cleaved with the departure of the leaving
YersiniaPTPase, Cys215 in PTP1, Cys 124 group (ROH) and the phosphoryl transfer to
in VHR, and Cys12 in the bovine low-mo- the nucleophilic Cys residue forming a co-
lecular-weight phosphatase) is required for valent phosphoenzyme intermediaté Pf,
phosphatase activity (Streuli et al., 1990; which is then hydrolyzed by water generat-
Guan and Dixon, 1990; Gautier et al., 1991; ing the non-covalent enzyme phosphate
Cirri et al., 1993; Zhou et al., 1994). The complex (E - P). Dissociation of the inor-
Cys residue is phosphorylated through a ganic phosphate from the enzyme completes
thiophosphate linkageSPC%-) during cata- the catalytic cycle.

1. The Cys Residue in the PTP-
Loop

Scheme 1

2- k1 2- k2 * 2- k3 * 4 * k5
E + ROPO,> ====E « ROPO,* ====E"+ ROPO; ~ E*-P E'-P, ===E +P,
K k, Y k.
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Based on the crystal structures discussed
above, the thiolate anion of the Cys residue
is situated at the base of the active site in
position for nucleophilic attack on the phos-
phate ester. The formation and decay of the
intermediate (EP) has been shown to be
kinetically competent by fast chemical
guench technique (Cho et al., 1992). Thus,
the involvement of a phosphocysteine inter-
mediate in a phosphatase-catalyzed reac-
tion is novel. In addition to the phosphatases,
the only other occurrence of a thiophosphate
linkage in enzyme systems has been re-
ported in the bacterial sugar carrier-spe-
cific transporter enzyme IIB (Pas et al.,
1991; Gemmecker et al., 1997). Interest-
ingly, the crystal structure of the IIB en-
zyme specific for cellobiose show that the
fold of lIBceliobiosejs remarkably similar to
that of the low-molecular-weight phos-
phatases (van Montfort et al., 1997). Previ-
ous work suggests that nonenzymatic
thiophosphate ester hydrolysis exhibits
many of the characteristics as their oxygen
counterparts (Herr and Koshland, 1957
Dittmer et al., 1963; Bruice and Benkovic,
1966; Milstien and Fife, 1967). Because the
bond energy of P-S bond (45 to 50 kcal/
mol) is considerably less than P-O bond
energy (95 to 100 kcal/mol), P-S bond cleav-
age is much more facile than P-O cleavage
(Bruice and Benkovic, 1966). Thus, it is
facile that these phosphatases utilize a
thiophosphate as a covalent enzyme inter-
mediate in catalysis.

2. The Arg Residue in the PTP
Loop

Mutations of the invariant Arg residue
in the PTPase signature motif resulted in
loss of enzymatic activity for two receptor-
like PTPases, LAR and CD45 (Streuli et al.,
1990; Johnson et al., 1992), and the low-

molecular-weight phosphatase from bovine
liver (Cirri et al., 1993). It is not clear,
however, from such studies whether the Arg
residue is essential for PTPase folding and
structure or catalysis, or both. The extraor-
dinary high intrinsic activity of th&ersinia
PTPase (Zhang et al., 1992) has made it
possible to examine the effect of altering
the invariant Arg residue within the active
site (Zhang et al., 1994b). A 8200-fold de-
crease irk., and a 26-fold increase i,
was observed for the R409A mutant. Inter-
estingly, the R409K mutant displayed.g
value identical to that of R409A, and the
apparent,, value forp-nitrophenyl phos-
phate was only 1.9-fold higher than that of
the wild-type enzyme. Similar results were
also obtained for PTP1B (Flint et al., 1997).
Using the tyrosine phosphorylated, reduced,
carboxamidomethylated, and maleylated
lysozyme as a substrate, the, for the
R221M mutant PTP1B increased by 10-
fold, whereas thé_,, value decreased by
18,700-fold. The R221K mutant bound the
substrate normally, whereas tkg, value
was reduced by 5500-fold. These results
suggest that although the Arg residue in the
PTP loop plays a role in substrate binding,
it plays a much more important role in tran-
sition state stabilization.

The guanidinium group (present in an
arginine residue) is ideally suited for inter-
action with a phosphate group by virtue of
its planar structure and its ability to form
multiple hydrogen bonds with the phosphate
moiety (Cotton et al., 1973). The three-di-
mensional structures of the PTPase-oxyanion
complexes show that two of the oxyanion
oxygens ion pair with the positively charged
guanidinium group of the Arg residue. This
explains the requirement for the Arg resi-
due in substrate binding. The ability of the
guanidinium group to form a coplanar
bidentate complex with two of the equato-
rial oxygen atoms present on the phosphate
during catalysis provides a plausible mecha-
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nism for stabilization of the trigonal
bipyramidal transition state(s). The geom-
etry associated with the amino group of the
alternate cationic Lys side chain would not
be expected to be able to form a coplanar
bidentate complex with the trigonal
bipyramidal transition state, which may
explain why the Arg to Lys mutant showed
little improvement ink_,, when compared
with the Arg to Ala or Met mutants. The
fact that a Lys residue can patrtially replace
the Arg residue for substrate binding but
fails in assisting catalysis suggests that the
transition state(s) likely employ the unique
structural properties of the guanidinium side
chain of the arginine. It is most likely that
the conserved Arg residue in the PTPase
active site is geometrically positioned in
such a manner that it interacts more favor-
able with the transition state than the ground
state.

3. The Conserved Ser/Thr in the
PTP Loop

In addition to the essential Cys and Arg

a reasonable good S-HO hydrogen bond
(Gregoret et al., 1991). Eliminating this
hydrogen bond could have an effect on the
stability of the thiolate ion and on the phos-
phatase-catalyzed reaction.

To illuminate the function of the con-
served hydroxyl group, the Ser/Thr to Ala
mutants of the PTPases (Zhang et al., 1995b;
Lohse et al., 1997), the dual specificity phos-
phatase VHR (Denu and Dixon, 1995) and
the yeasSchizosaccharomyces pomoe-
molecular-weight phosphatase Stpl (Zhao
and Zhang, 1996) were prepared and ana-
lyzed by pre-steady state stopped-flow ki-
netic experiments. Elimination of the con-
served hydroxyl group in the PTP loop has
only a modest effect on, KE-P formation),
whereas its major impact seems to be pri-
marily reflected in the dramatic decrease in
k, (E-P decomposition). For example, in
the reaction catalyzed by théersinia
PTPase, elimination of the hydroxyl group
at Thr410 decreases the rate bPHorma-
tion (k) and breakdown (k by 2.4- and
30.4-fold, respectively (Zhang et al., 1995b).
In VHR, the Ser 131 to Ala mutation leads
to 3-fold drop in k and more than 100-fold
drop in k (Denu and Dixon, 1995). Simi-

residues, a conserved Ser or Thr can also be larly, substitution of the corresponding Ser18

found in the PTPase signature motif imme-
diately after the invariant Arg residue (Fig-
ure 3, Zhang et al., 1995b). The dual speci-
ficity phosphatase cdc25 is the only
exception that lacks a hydroxyl group at this
position. Interestingly, cdc25 is several or-
ders of magnitude less reactive than other
PTPases (Dumphy and Kumagai, 1991;
Zhang et al., 1992). In the bovine low-mo-
lecular-weight phosphatase structure (Su et
al., 1994; Zhang, M. et al., 1994), the VHR
structure (Yuvaniyama et al., 1996), as well
as in theYersiniaPTPase (Stuckey et al.,
1994) and the human PTP1B (Barford et al.,
1994) structures, the hydroxyl group of the
conserved Ser/Thr is approximately 3 A to
the § of the active site Cys residue, making

by an Ala in Stpl resulted in a 4.3- and
35.7-fold reduction in kand k, respec-
tively (Zhao and Zhang, 1996). In contrast,
when the S19A mutant of the bovine low-
molecular-weight phosphatase was exam-
ined by steady-state kinetic techniques, it
was found that the hydroxyl group played a
critical role in E'P formation and that its
removal resulted a change in the rate-limiting
step from EP hydrolysis in the wild-type to
E*P formation in the mutant (Evans et al.,
1996). The mammalian and the yeast low-
molecular-weight phosphatases share 42%
amino acid sequence identity (Mondesert et
al., 1994). It is not clear what causes this
apparent discrepancy and further investiga-
tion is required. Thus, results from the
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YersiniaPTPase, PTP1, the dual specificity
phosphatase VHR, and the low-molecular-
weight phosphatase Stpl suggest that the
main function for the conserved hydroxyl
group in the PTPase signature motif is to
facilitate the breakdown of the phospho-
enzyme intermediate. The differential ef-
fects on the two chemical steps by the elimi-
nation of the hydroxyl-thiolate interaction
is discussed in light of the nature of the
transition state in the phosphatase-catalyzed
reaction.

4. General Acid/Base Catalysis

In addition to nucleophilic catalysis and
transition state stabilization, it appears that
all three groups of phosphatases also utilize
general acid/base to facilitate the catalytic
turnover. Based on the observation that sub-
stitution of the invariant Asp356 in the
YersiniaPTPase to Asn reduces catalytic
activity by three orders of magnitude and
that Asp356 is responsible for the basic limb
of the pH rate profile, it has been proposed
that Asp356 acts as a general acid in the
reaction mechanism (Zhang et al., 1994a).
Subsequently, the involvement of an aspar-
tic acid as a general acid has also been
established in the low-molecular-weight
phosphatases (Aspl29, Zhang, Z. et al.,
1994; Taddei et al., 1994; Wu and Zhang,
1996), in the dual specificity phosphatase
VHR (Asp92, Denu et al., 1995), and in the
mammalian PTP1l-catalyzed reaction
(Asp181, Hengge et al., 1995; Zhang, 1997;
Lohse et al., 1997).

The proposed involvement of general
acid/base catalysis in reactions of the
PTPase, the dual specificity phosphatases,
and the low-molecular-weight phosphatases
is supported by structural studies. The three-
dimensional structures of the phosphatase-
oxyanion complexes reveal that the carboxy-

late of Asp356 in thé’ersiniaPTPase or
its structural counterparts in VHR and low-
molecular-weight phosphatase are in hy-
drogen bonding distance from the apical
oxygen of the bound oxyanion (Stuckey et
al., 1994; Su et al., 1994; Zhang, M. et al.,
1994; Yuvaniyama et al., 1996). Further-
more, the crystal structures of tiersinia
PTPase and the bovine low-molecular-
weight phosphatase complexed with the
transition state analog vanadate have also
been solved (Denu et al., 1996; Zhang, M.
et al., 1997). Vanadate ion forms a cova-
lent bond with the active site Cys residue
and exhibits a trigonal bipyramidal geom-
etry. The carboxylate of Asp356 in the
YersiniaPTPase and Aspl129 in the low-
molecular-weight phosphatase makes a
hydrogen bond to the apical oxygen of
vanadate, consistent with its role as a gen-
eral acid/base. The apical oxygen is struc-
turally homologous to the scissile oxygen
of a phosphate monoester substrate in the
Michaelis complex (EROPQG") or the at-
tacking water molecule in the"B com-
plex. Thus, it is highly likely that during
the E-P formation step, the aspartic acid
acts as a general acid to donate a proton to
the phenolic/alcoholic oxygen, facilitating
the expulsion of the leaving group. This is
in accord with the observation that in the
structure of PTP1B/C215S bound with a
pTyr-containing peptide, the phenolic oxy-
gen of pTyr forms a network of hydrogen
bonds with the side chain of the corre-
sponding Aspl181 and a buried water mol-
ecule (Jia et al., 1995). After the formation
of the E-P, the dephosphorylation event
would occur by attack of a water molecule
that approaches from the just-vacated leav-
ing group side on the'® with subsequent
release of inorganic phosphate. It is thus
conceivable that the Asp residue could
function in the second step by activating a
water molecule for the hydrolysis of the
E-P.
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Although the importance of an Asp resi-
due in catalysis has been confirmed by both
biochemical and structural data, there were
disagreements about the detailed mechanism
and the specific step(s) that is effected by
the Asp residue (Taddei et al., 1994; Zhang,
Z. et al., 1994). In addition, the necessity
and/or the identity of a general base IPE
hydrolysis have also been questioned
(Zhang, M. et al., 1994; Fauman et al., 1996).
The mechanism and the specific step(s) that
is effected by the Asp residue has been
revealed by a detailed investigation that uti-
lizes a combination of techniques, includ-
ing site-directed mutagenesis, pre-steady-
state and steady-state kinetic analysis (Wu
and Zhang, 1996). Asp128 in the yeast en-
zyme Stpl has been replaced by a Glu, an
Asn, and an Ala. Thi,, for the hydrolysis
of p-nitrophenyl phosphateplPP) de-
creases by factors of 6.7, 400, and 650 for
the mutants D128E, D128N, and D128A.
An evaluation of the burst kinetics demon-
strates that Asp128 plays a role in both the
E™-P formation (k) and breakdown (k(Fig-
ure 8). Thus, substitution at Asp128 by a
Glu, an Asn, or an Ala reducesg ky 17,
7480, and 11900-fold and ky 6.2-, 380-,
and 40-fold. The greater effect ogfitkan k
is consistent with a dissociative transition
state for the low-molecular-weight phos-
phatase-catalyzed reaction (see below).
Taken together, these results are consistent
with that Asp128 acts as a general acid to
donate a proton to the phenolate leaving
group in the phosphorylation step)kand
the same carboxylate side chain plays a role
as a general base to activate a nucleophilic
water molecule in the dephosphorylation
step (k). Furthermore, kinetic analysis of a
double mutant phosphatase, D181N/S222A
in PTP1 (Lohse et al.,, 1997), and D92N/
S131A in VHR (Denu et al., 1996), also
demonstrated the involvement of the Asp in
the E-P hydrolysis step in PTP1 and VHR
catalyzed reaction.

5. The Nature of the Transition
States

As discussed above, nonenzymatic nu-
cleophilic displacement reactions on phos-
phate monoesters are believed to involve an
“exploded” metaphosphate-like dissociative
transition state. A prerequisite for the de-
tailed understanding of PTPase-catalyzed
phosphoryl transfer reactions is the elucida-
tion of the nature of the enzymic transition
state. The catalytic power of théersinia
PTPase is illustrated by the 3fold rate
acceleration opNPP hydrolysis over the
dianion solution reaction (Zhang et al.,
1994a). Given that the phosphomonoester
dianion reactions exhibit3, of —1.23, and
that theYersiniaPTPase-catalyzed reaction
displays little leaving group dependency
(Zhang et al., 1994c), the rate enhancement
for phosphotyrosine hydrolysis by the
YersiniaPTPase could be overtONhat is
the preferred mechanistic route for a PTPase-
catalyzed phosphoryl transfer reactions? Do
PTPases catalyze phosphoryl transfers via a
dissociative or an associative mechanism?
Different strategies may be utilized by a
PTPase to accelerate a reaction depending
on the nature of the transition state.

An associative mechanism had been
favored for enzyme-catalyzed phosphoryl
transfer reactions, as it is easy to imagine
that an enzyme could stabilize the increased
negative charge on the phosphoryl moiety
in the transition state (Hasset et al., 1982;
Mildvan and Fry, 1987; Cullis, 1987). It has
been argued that general acid catalysis to
accelerate the departure of leaving group
should be enzymatically important regard-
less of the mechanism of phosphorylation
(i.e., associative or dissociative) and that
there should be little requirement for gen-
eral base catalysis in dissociative mecha-
nism (Benkovic and Schray, 1978). In order
to maximize the catalytic power from pro-
ton transfer to a general base at the active
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site, it is conceivable that the enzyme may
select a somewhat more associative transi-
tion state with more bond formation to the
entering nucleophile (Herschlag and Jencks,
1989).

a. Transition State for the E*P
Formation Step

Heavy-atom kinetic isotope effects have
been measured in order to determine the
nature of the transition state for the reaction
catalyzed by the PTPases (Hengge et al.,
1995), the dual specificity phosphatases
(Hengge et al., 1996), and the low-molecu-
lar-weight phosphatases (Hengge et al.,
1997). Isotope effects on three sitep\PP
(Figure 9) were measured by the competi-
tive method using an isotope ratio mass
spectrometer. The competitive method
(O’Leary and Marlier, 1979) measures ef-
fects on k./K,, which is sensitive only to
the early part of the mechanism through the
firstirreversible step, shown agik Scheme
1. The secondari?O isotope effect in the
nonbridge phosphoryl oxygen atoms in the
substrate’¥(V/K) ,onpriage determines whether
the transition state is dissociative (meta-
phosphate-like) or associative, resembling a

pentavalent phosphorane (Cleland and
Hengge, 1995). The primarffO isotope
effect in the bridge oxygen atom in the sub-
strate, *¥V/K) ,iqqe Qives an indication of
the extent of P-O bond cleavage. The sec-
ondary >N isotope effect in the nitrogen
atom of the leaving group3(V/K), is sen-
sitive to the amount of negative charge de-
localized into the aromatip-nitrophenol
ring and gives a measure of the charge that
is developed on the phenolic oxygen in the
transition state (Hengge et al., 1994). Table
1 summarizes the isotope effects for the
phosphatase-catalyzet PP reactions. For
comparison, the isotope effects for the non-
enzymatic solution reactions pNPP are
listed in Table 2. The fact that the isotope
effects on the enzymatic reactions are com-
parable with those of the solution reactions
suggests that chemistry, that is, P-O bond
cleavage, is rate-limiting for the KK,
portion of the mechanism and that substrate
binding and the putative binding-induced
conformational change are both rapidly re-
versible and do not introduce a commitment
toward catalysis.

The¥3(V/K) ,onpriggeiSOtope effects of the
phosphatase reaction should be compared
with those of the dianion solution reactions
because the phosphatase utilize the dianion
form of the substrate for effective catalysis

15(V/K)
o A o
\ /
N* O——P
o// v l\o T B(V/K) onbridge
BVIK)briage

FIGURE 9. Heavy atom kinetic isotope effects measured at three different positions in pNPP.
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TABLE 1
Kinetic Isotope Effects on Reactions of

and Stpl with pNPP2

Phosphatase

Yersinia PTPase

15(V/K)

lS(V/K) bridge

Yersinia PTPase PTP1, VHR,

lS(V/K) nonbridge
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WT 0.9999 + 0.0003  1.0160 + 0.0015 1.0001 + 0.0013
D356N 1.0024 + 0.0005 1.0275 + 0.0016 1.0022 + 0.0005
D356A 1.0022 + 0.0003  1.0274 + 0.0008 1.0007 + 0.0005
PTP1P
WT 1.0002 + 0.0004 1.0170 + 0.0020 0.9981 + 0.0015¢
D181N 1.0019 + 0.0002  1.0278 + 0.0017 1.0018 + 0.0003
VHR¢
WT 0.9999 + 0.0004  1.0118 + 0.0020 1.0003 + 0.0003
DI92N 1.0030 + 0.0002¢ 1.0294 + 0.0009¢ 1.0019 + 0.0005¢
S131A 1.0002 + 0.0003¢ 1.0119 + 0.0005¢ 1.0001 + 0.0006¢
Stplf
WT 1.0007 + 0.0001  1.0160 + 0.0005 1.0018 + 0.0003
D128N 1.0034 + 0.0003  1.0282 + 0.0012 1.0024 + 0.0005
D128A 1.0030 + 0.0005  1.0297 + 0.0009 1.0010 + 0.0003
D128E 1.0006 + 0.0002  1.0166 + 0.0010 1.0013 + 0.0003
D18A 1.0010 + 0.0002  1.0172 + 0.0013 1.0024 + 0.0005
a Al measurements were made at pH 6 unless otherwise indicated.
b Hengge et al., 1995.
¢ Measured at pH 5.5.
¢ Hengge et al., 1996.
¢ Measured at pH 7.
f Hengge et al., 1997.
TABLE 2
Kinetic Isotope Effects on the Uncatalyzed Solution Reactions of pNPP2
pNPP 15(V/K) 18(V/K) bridge 18(V/K) nonbridge
Monoanion 1.0005 + 0.0002 1.0106 + 0.0003 1.0224 + 0.0005
Dianion 1.0034 + 0.0002 1.0230 + 0.0005 0.9993 + 0.0007
Dianion in tert- 1.0039 + 0.0003 1.0202 + 0.0008 0.9997 + 0.0016
butanol

a  Hengge et al., 1994.

(Zhang et al., 1994c; Zhang, 1995; Denu et 1.003 to 1.006) for diesters pinitrophenol

al., 1995; Hengge et al., 1997). THgV/ where the transition state is somewhat asso-
K) nonbridgeISOtope effect is a predictable and ciative, larger, and normal (1.006 to 1.025)
valuable tool in assessing the dissociative for triesters where the reaction is more asso-
vS. associative character of a transferring ciative (Caldwell et al., 1991). The near
phosphoryl group in the transition state unity or slightly inverse values for the
(Cleland and Hengge, 1995), because its YersiniaPTPase, PTP1, and VHR are simi-
value is negligible or slightly inverse for lar to those of solution reactions of dianion
dissociative mechanisms typical of mo- and is consistent with the known metaphos-
noesters, small but normal (typically from phate-like nature of the phosphoryl group in
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the dissociative transition state. Interestingly,
the magnitude of thé¥(V/K) ,,priqge €ffECt

for the Stpl reaction borders between those
of the dianion reactions in solution and the
diesters ofp-nitrophenol, suggesting that
the transition state for the Stpl reaction is
intermediate in structure between the meta-
phosphate-like monoester reaction and the
somewhat associative nature found in di-

native Stpl and 1.0005 for the aqueous hy-
drolysis of the monoanion indicate that in
these cases proton transfer to the leaving
group lags slightly behind P-O bond cleav-
age, resulting in the leaving group bearing a
small amount of negative charge in the tran-
sition state. With the elimination of the pro-
ton donor in the phosphatases, the leaving
group departs as tipenitrophenolate anion.

ester reaction. Thus, there appears to be a Indeed, the®*(V/K) values for the general

greater nucleophilic interaction between the
Cys nucleophile and phosphoryl group caus-
ing some decrease in nonbridge P-O bond
order in the Stpl reaction. It is also interest-
ing to note that in the general acid-deficient
mutant PTPases and dual specificity phos-
phatases (D356N ir¥ersinia PTPase,
D181N in PTP1, and D92N in VHR) the
B(V/K) nonbriage Values are small and normal,
which is consistent with the need for greater
nucleophilic involvement in the absence of
general acid assistance. Thus, the central
phosphoryl group in the transition state of

the mutant phosphatase catalyzed reactions

is less metaphosphate-like than the wild-
type enzyme.

The magnitude 0PN isotope effect also
varies in a systematic fashion as expected in
reactions of monoesters, diesters, and
triesters ofp-nitrophenol (Hengge and
Cleland, 1990). This isotope effect is larg-
est in the aqueous hydrolysis of the dianion
where essentially a full negative charge is
developed on the leaving group in the tran-
sition state. The magnitude of thRN iso-
tope effect decreases in diester reactions
and decreases further in reactions of triesters.
In this series the transition states become
more associative and the P-O bond cleav-
age less advanced. THé§V/K) effects for
the YersiniaPTPase, PTP1, and VHR are
effectively unity, indicating complete charge
neutralization due to proton transfer from
the general acid in the transition state. In
contrast, the small but experimentally sig-
nificant value of 1.0007 fdf(V/K) with the

acid-deficient mutant VHR and Stpl are
similar to those of the dianion reactions,
consistent with complete charge delocaliza-
tion into the ring in the transition state. In-
terestingly, thé>(V/K) values for the gen-
eral acid-deficient mutantersiniaPTPase
and PTP1 are measurably smaller than
those of the dianion reactions, suggesting
that the general acid may not be the only
means for charge stabilization and additional
mechanism(s) may exist for PTPases to co-
neutralize the developing negative charge
in the leaving group.

The ¥V/K) 40 iSOtope effects of the
phosphatase reaction should be compared
with those of the monoanion solution reac-
tions because in both cases the leaving group
is protonated and expelled as the neutral
species, in contrast to the dianion reaction
where it leaves as thenitrophenolate an-
ion. Thus, the primary isotope effect for the
bridge oxygen in monoanion is smaller than
that in the solution reactions of dianion,
which is due to the fact that the cleavage of
the P-O bond is partially compensated for
by the transfer of the proton to the phenolic
oxygen. The magnitude of the primafp
isotope effect at the bridge position gives
information about the degree of P-O bond
cleavage in the transition state. In an asso-
ciative transition state P-O bond cleavage is
less advanced, and its contribution to the
size of the isotope effect is therefore less.
For example, a0y, Of 1.0060 was ob-
served for the alkaline hydrolysis of diethyl
p-nitrophenyl phosphate triester (Caldwell
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et al., 1991) that exhibited an associative
transition state. Protonation of the leaving
group would reduce this value further. The
1B(VIK) prigge isotope effects of the phos-
phatases are slightly larger than that of the
monoanion reaction and indicate that the
degree of P-O bond cleavage in the transi-
tion state is advanced. When the general
acid is removed, thé¥V/K),,,. isotope
effects increase in magnitude and are simi-
lar to those of the dianion reactions, con-
firming the high degree of P-O bond cleav-
age. This supports the proposed role of
the conserved Asp residue as a general
acid. Collectively, the magnitudes of the
1B(V/K) priage iSOtope effects are also consis-
tent with a dissociative transition state for
the phosphatase reaction.

In summary, comparisons of the heavy
atom kinetic isotope effects on the reaction
catalyzed by therersinia PTPase, PTP1,

E-P Formation

Asp
Ser/Thr >;°
. |? K
H !
! ﬁ H
Cys — S---------- R 0— R
$or-
HoH
N NH
Arg~ N\
NH,

VHR, and Stp1 with the solution data sug-
gest that the transition states for phosphory-
lation step (K of these phosphatase reac-
tions are highly dissociative in character, as
is the case for the nonenzymatic reaction
(Hengge et al., 1995, 1996, 1997). A disso-
ciative transition state for the phosphoryla-
tion of the phosphatases is dipicted in Fig-
ure 10, in which P-O bond to the leaving
group is largely broken, proton transfer to
the leaving group oxygen is correspond-
ingly advanced such that the departing phe-
nol has no charge, and the central phospho-
ryl group resembles metaphosphate in
structure. Itis particularly interesting to point
out that although the PTPases, the dual speci-
ficity phosphatases, and the low-molecular-
weight phosphatases employ similar chemi-
cal mechanisms for catalysis, measurable
differences exist between the transition states
of these phosphatase-catalyzed reactions.

E-P Breakdown

Asp
Ser/Thr %0
+ J
! :
RN
Cys — §---------- P-------e- 0 —H
Qé-’bs—
H H
NN
Arg~ ™~V N\
NH,

FIGURE 10. Suggested transition state structures for the phosphorylation and dephosphorylation
steps in the PTPases, the dual specificity phosphatases, and the low-molecular-weight phos-

phatases-catalyzed reaction.
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E + ArOPO,*

Further studies will reveal the structural
origins for the differences in transition states.

b. Transition State for the E-P
Decay Step

To probe the transition state of the de-
phosphorylation step, linear free energy re-
lationship, or Brgnsted correlation have been
applied to study the effect of changing pK
on the second-order rate constants for the
reaction off3-substituted ethanols with the
phosphoenzyme intermediate™@ (Zhao
and Zhang, 1996). This is based on the fact
that E-P in the low-molecular-weight phos-
phatase-catalyzed reaction can partition with
water to give the hydrolysis product (inor-
ganic phosphate) and with alcohols to pro-
duce the alkyl phosphates (Zhang and Van
Etten, 1991a; Wu and Zhang, 1996).
Scheme 2 illustrates the partitioning 6ffE
in the presence

ky

-1 -2

of alcohol ROH, in which k(= k,'[H,0]) is

the rate of hydrolysis while;)ROH] is the
rate of EP reacting with ROH to form the
phosphorylated alcohol (ROB®) Thef3,,
parameter, obtained from structure-reactiv-
ity correlations of reactivity as a function of
the pK, of the attacking nucleophile, may
be viewed as an empirical index of the frac-
tion of charge transferred to the nucleophile
and correspondingly may reflect the degree
of bond formation between the nucleophile
and the phosphorus in the transition state
(Jencks and Gilchrist, 1968). Thus, infor-
mation about the transition state ofHE

,. k . 2 K3
E « ArOPO; - E '+ ArOPO, T‘ E -P

dephosphorylation can be obtained by study-
ing the selective influence of a nucleophilic
acceptor on the partitioning of-B in the
Stpl-catalyzedNPP hydrolysis. The3,,.
value for the Stpl-catalyzed reaction is 0.14,
which falls in the range of 0.1 to 0.2 ob-
served for solution reactions of monoesters.
The small dependence of the second-order
rate constant ¢k on basicity for the reac-
tions of alcohols with BP suggests that the
transition state for the dephosphorylation of
E*P in the Stpl-catalyzed reaction is also
highly dissociative, similar to the solution
reactions (Figure 10). Furthermore, the fact
that there is dependence of phosphoryl trans-
fer on the nucleophile basicity also indi-
cates that the entering nucleophile is a re-
quired participant in the "B’ reaction
pathway and argues against the existence of
a free metaphosphate intermediate in the
Stpl-catalyzed reaction. This is particularly
interesting, because in solutiprmonothio-
pyrophosphate is millions of times more
reactive than pyrophosphate as a phospho-

ryl donor to water. In the casepeimonothio-
pyrophosphate, the much weaker P-S bond
undergoes hydrolysis through a metaphos-
phate-like intermediate with little nucleo-
philic participation (Lightcap and Frey,
1992). In normal phosphate monoester and
anhydride reactions, phosphoryl transfer to
nucleophiles include the nucleophile in the
dissociative transition state. It appears that
the nature of the transition states for the
Stpl-catalyzed reaction are highly dissocia-
tive and similar to that in nonenzyme-
catalyzed solution reaction for both of the
chemical steps (i.e., # formation and
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breakdown) in the phosphatase-catalyzed
reaction.

c. How Is the Transition State
Stabilized by the Phosphatases?

The fact that the transition states for the
E-P formation and hydrolysis are both dis-
sociative is in accord with results from
mutational and kinetic investigations. An
important strategy employed by the PTPases,
the dual specificity phosphatases, and the
low-molecular-weight phosphatases to pro-
mote a dissociative mechanism is to stabi-
lize the buildup of negative charge on leav-
ing group. The dissociative transition state
for E-P formation in the phosphatase reac-
tion is stabilized by the active site Asp resi-
due that facilitates the departure of the leav-
ing phenoxide (Hengge et al., 1995; 1996;
1997; Zhang et al., 1995c; and Wu and
Zhang, 1996). For example, it is interesting
to note that, in general, substitutions at the
conserved Asp residue have a more pro-
found effect on the step leading to the inter-
mediate formation, when compared with its
decomposition (Wu and Zhang, 1996). This
is consistent with a dissociative transition
state: a greater help is needed to facilitate
the departure of the leaving group in the
phosphoenzyme formation step (where the
Asp acts as a general acid) than to activate
the nucleophilic water in the phosphoenzyme
hydrolysis step (where the Asp acts as a
general base). The marginald solvent
isotope effects associated with thePEhy-
drolysis step (Zhang and Van Etten, 1991b;
Zhang et al., 1994c; Zhang, 1995; and Zhang
et al., 1995c¢) are consistent with the nature
of the transition state and are similar to that
observed for solution reaction (Sabato and
Jencks, 1961).

Because the transition state forFEde-
phosphorylation step is also dissociative,

charge stabilization on the leaving thiolate
is also important because P-S bond break-
ing is substantial in the transition state
(Zhang et al., 1995b; Zhao and Zhang, 1996).
This charge stabilization is effected by a
hydrogen bond between the sulfur atom of
the active site Cys residue and the con-
served hydroxyl group in the PTPase signa-
ture motif. The loss of such an interaction
would make the phosphocysteine more re-
sistant to breakdown. Thus, a more dra-
matic decrease in the rate 6ffEhydrolysis

is observed when the hydroxyl group is
eliminated (Zhang et al., 1995b; Denu and
Dixon, 1995; Zhao and Zhang, 1996; and
Lohse et al., 1997). One would predict that
the elimination of the active site hydroxyl
group would make the dephosphorylation
reaction less dissociative. Indeed, e
value for the Stp1/S18A-catalyzed reaction
is 0.26, which is close to those of reactions
of oxyanions with phosphate triesters that
range from 0.30 to 0.48, depending on the
leaving groups (Khan and Kirby, 1970). As
there is very little bond formation between
the phosphorus and the attacking nucleo-
phile in a dissociative transition state, mini-
mal activation is required for the nucleo-
philic attack in the EP formation step. Thus,
elimination of the hydroxyl group PTPase
signature motif has minimal effects on the
rate and the structure of the transition state
of the phosphorylation step (Table 1).

It must be pointed out that leaving group
stabilization is not the only strategy that
members of the PTPase superfamily utilize
to lower the transition state energy. The
general acid Asp residue only contributes a
factor of 10, whereas the conserved Ser/
Thr residue in the PTP loop contribute a
factor of 1@ in rate enhancement. Other
features of the enzyme, such as the active
site environment, and the Arg residue in the
PTP-loop, also play a role in transition state
stabilization. Kinetic studies have suggested
that the essential Arg residue in the PTP-
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loop is involved in substrate binding and
transition state stabilization (Zhang et al.,
1994b). The X-ray structural data indicate
that the guanidinium group of the Arg resi-
due forms bidentate salt bridges with two of
the oxyanion oxygens (Stuckey et al., 1994;
Barford et al., 1994; Su et al., 1994; Zhang,
M. et al., 1994; and Yuvaniyama et al.,
1996). The interaction between arginyl side
chains and phosphate groups in phosphoryl

the decrease in charge density on the phos-
phoryl oxygens in a dissociative transition
state is more than offset by the optimal
geometric alignment of the guanidinium
group and the terminal phosphoryl oxygens.
A comparison of80 kinetic isotope effects
between the wild-type and the Arg409 mu-
tants may lead to a better understanding of
the nature of the interaction between the
Arg residue and the phosphoryl oxygens in

transfer mechanisms has been discussed by the transition state.

Knowles (1980). Because compared with
the ground state, the peripheral oxygen at-

oms bear more negative charge in an asso-

ciative transition state and less negative
charge in a dissociative transition state, it is
conceivable that interaction between an ac-
tive site Arg residue with phosphoryl
oxygens would inhibit the dissociative path-
way but promote the associative process.
How could an Arg residue stabilize a disso-
ciative transition state? Biochemical studies
have shown that the Arg to Lys mutant
retains much of the wild-type enzyme sub-
strate binding capacity but loses its ability
to effectively hydrolyze the substrate (Zhang
et al., 1994b; Flint et al., 1997). These re-
sults indicate that the charge at the Arg
position is not sufficient for catalysis and
that the coplanar geometry of the guan-
idinium group must be critical for hydroly-
sis (Zhang et al., 1994b). As the reaction
proceeds from the ground state tetrahedral
orthophosphate to the metaphosphate-like
transition state, the coplanar geometry of
the guanidinium group is ideally positioned
to stabilize thesp? hybridization of the PQ
oxygens. In the structure of the low-mo-
lecular-weight phosphatase complexed with
the transition state analog vanadate, a sig-
nificant movement of the side chain of the
essential Arg residue was observed to en-
sure proper interactions of the terminal
nitrogens with two of the three coplanar
oxygens of the vanadate trigonal bypyramid
(Zzhang, M. et al., 1997). It is possible that

6. The Common Mechanism for
Catalysis

The structure of the PTP loop, including
the invariant Cys and Arg residues, the es-
sential Ser/Thr residue, and the surface loop
bearing the essential Asp residue have been
conserved in the PTPases, the dual specific-
ity phosphatases, and the low-molecular-
weight phosphatases. It becomes evident
from the above discussion that these three
group of phosphatases utilize these similar
structural features within their active sites
and employ a common strategy for phos-
phate monoester hydrolysis. The common
catalytic strategy (Figure 11) involves the
Cys residue acting as the nucleophile to
attack the phosphate ester, forming a
thiophosphate intermediate and the invari-
ant Arg residue playing a role both in
substrate recognition and transition state sta-
bilization. The step leading to cysteinyl-
phosphate formation is facilitated by the
protonation of the ester oxygen atom in the
leaving group, which is accomplished by
the conserved Asp residue acting as a gen-
eral acid. This is required for stabilization
of the trigonal bipyramidal transition state
toward loss of the oxygen of the leaving
group rather than the sulfur of the cysteinyl
nucleophile. After the formation of the
phosphoenzyme intermediate, the dephos-
phorylation event would occur by attack of
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Phosphatase  + _O,F(’

FIGURE 11. The common chemical mechanism for the reaction catalyzed by the PTPases, the
dual specificity phosphatases, and the low-molecular-weight phosphatases.
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water that approaches from the just-vacated in fact aided this process, as more detailed

leaving group side on the phosphoenzyme
intermediate with subsequent release of in-

qguestions about the interrelationships be-
tween, for example, active sites and inter-

organic phosphate. The same Asp residue acting protein side chains, can be addressed.
functions as a general base in the second A goal yet to be realized for biochemists is

step by activating or positioning a water
molecule for the hydrolysis of the phospho-
enzyme intermediate. As part of the PTP
loop, the conserved Thr/Ser residue imme-
diately following the invariant Arg residue
functions to facilitate the breakdown of the
phosphoenzyme intermediate. It is particu-
larly interesting that nature appears to have
utilized this strategy on more than one occa-
sion to hydrolyze phosphate monoesters
(e.g., PTPases and low-molecular-weight
phosphatase), and that this strategy differs
markedly from those employed by alkaline,
acid, or Ser/Thr protein phosphatases.

C. Dynamics of the Movable
Loop

Many enzymes are characterized by fluc-
tuating conformations and dynamic motions
that are coupled to the binding and release
of substrate or product. Such conformational
change and motion may function to exclude
solvent, recruit essential amino acids for
catalysis, or to stabilize and/or prevent loss
of reactive intermediates. Although crystal-
lographic studies have documented the ex-
tent of the loop motion in various enzymes,
the range and frequency of flexible loop
motions remain undetermined. The relation-
ship between microscopic protein dynamics
and the rate of enzymatic catalysis is un-
clear. A quantitative description of protein
dynamics is important to the mechanistic
understanding of enzyme action. Time-re-
solved spectroscopy have been particularly
valuable in investigating the dynamics of
key protein structures. The increased avalil-
ability of three-dimensional structures has

to bridge the dynamic changes in structure
and the static endpoints provided by crys-
tallography or thermodynamic analysis.

For PTPases, the conformational change
due to ligand binding is restricted to the
movement of a flexible loop that can be
described as a hinged loop movement
(Stuckey et al., 1994; Jia et al., 1995). This
loop, termed the WpD loop or movable loop,
harbors the essential general acid (an aspar
tic residue, Figures 5 and 6). It has been
found that after substrate/oxyanion binding,
the loop folds over the active site to position
the Asp residue close to the scissile oxygen
of the substrate for efficient proton transfer.
The crystal structures suggest that the mov-
able loop in theYersiniaPTPase has two
distinct conformations (Figure 7). In the
ligand-free enzyme form, the WpD loop
exists in an “open” conformation and there
is negligible interaction between the WpD
loop and the PTP loop. In the ligand-bound
enzyme form, the WpD loop adopts a
“closed” state and Asp356 on the WpD loop
makes hydrogen bond with the ligand. Be-
cause crystallization may preferentially sta-
bilize one conformation over the other, it is
important to determine the conformational
state in solution for th&ersiniaPTPase.
Furthermore, because crystallographic stud-
ies have revealed the extent of the loop
movement in th&ersiniaPTPase, it is also
important to determine the dynamics of this
flexible loop motions.

Time-resolved fluorescence spectros-
copy and anisotropy decay studies are well-
established methods to characterize the pro-
tein conformational state. Furthermore,
fluorescence lifetimes and rotational corre-
lation times of intrinsic probes, such as tryp-
tophan or tyrosine residues, belong to the
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same time scale of local protein motions
and fluctuations (Beechem and Brand, 1985;
Karplus and Petsko, 1990). Thus, a descrip-
tion of processes involving the dynamics of
the microenvironment of the fluorophore as
well as those concerning the protein as a
whole is accessible using dynamic fluores-
cence methods. ThéersiniaPTPase pos-

tween an open WpD loop and a closed WpD
loop form with a rate constant of 26.0°

st (Juszczak et al., 1997). The fact that the
WpD loop exists in approximately equal
populations of closed and open conforma-
tions and that these two conformers inter-
changes with rate constant close to that of
the free diffusion of such a loop segment

sesses a desirable property for spectroscopic suggest that there is little energy required

investigation because it contains only one
Trp residue in a polypeptide of 51 kDa
(Zhang et al., 1992). More importantly, the
singular tryptophan residue Trp354 is in-
variant among all PTPases and is located at
one of the hinge positions of the same flex-
ible loop (WpD loop) as is the general acid
Asp356 that undergoes a major conforma-
tional change when tungstate or sulfate is
bound to the enzyme. Steady state spectro-
scopic and biochemical studies have shown
that Trp354 acts as an intrinsic active site
probe whose spectral properties are sensi-
tive to structural perturbations introduced
by mutations or ligand binding (Zhang and
Wu, 1997). Thus, th¥ersiniaPTPase pro-
vides a unique and ideal system to study the
conformational properties of the movable
loop.

The conformational state of the mov-
able loop in thérersiniaPTPase in aqueous
solution was examined by steady-state ul-
traviolet resonance Raman (UVRR) spec-
troscopy (Juszczak et al., 1997). The UVRR
data indicate that in solution the ligand-free
Yersinia PTPase exists as an equilibrium
mixture of almost equal populations of two
tryptophan rotamer structures wig* di-
hedral angles of <4and -90. The two
rotamers have been attributed to the “closed”
and “open” WpD loop conformations, re-
spectively. Time-resolved fluorescence
anisotropy experiments were performed in
order to determine the dynamics of the loop
movement. The fluorescence anisotropy
decay data indicate that, in the absence of
ligand, theYersiniaPTPase alternates be-

for the loop movement. Such a property is
exactly what one would expect for an effi-
cient enzyme that allows facile substrate
binding and product release. These results
differ from the classic “induced-fit” view in
which the WpD loop remains open until
closure is triggered by ligand binding. In
the ligand-bound state, the Raman data in-
dicate that the equilibrium population of the
WpD loop is dominated by the closed con-
formation. The fluorescence anisotropy de-
cay data suggest that the rate of loop open-
ing is reduced significantly and that there is
little motion on the nanosecond time scale.
Thus, oxyanion binding stabilizes the closed
conformation.

Substitution of the active site nucleo-
phile Cys403 by a Ser residue abolishes the
YersiniaPTPase activity (Guan and Dixon,
1990). Crystallographic studies reveal no
noticeable differences between structures of
the wild-type Yersinia PTPase and the
C403S mutant. Surprisingly, the Raman and
fluorescence anisotropy decay experiments
indicate that the ligand-free and ligated
C403S mutanYersiniaPTPase remain pre-
dominantly in the WpD loop closed confor-
mation in solution and that there is no loop
motion during the time course of the dy-
namic measurements. The apparent pK
the side chain of Cys403 is 4.7 (Zhang and
Dixon, 1993), so that it exists as the thiolate
anion at physiological pHs. In the wild-type
enzyme, a delicate balance between the elec-
trostatics of the PTP loop and the WpD loop
may have been evolved. The binding pocket
must facilitate the binding of anionic
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phosphotyrosine without stabilizing the
closed loop conformation in the ligand-free
state where Asp356 of the WpD loop may
become a pseudo-ligand. The net effect of
the C403S mutation is to replace the nega-
tively charged thiolate with an uncharged
polar OH group. This may result in either a
loss of repulsive potential between the
Cys403 thiolate and the Asp356 carboxy-
late and/or the formation of a hydrogen bond
or water-bridged hydrogen bond between
Ser403 and Asp356, leading to the collapse
of the loop and stabilization of the closed
conformation. These results are consistent
with the observations that in the C403S
mutant the Trp354 fluorescence increases
340% over the wild-typ&ersiniaPTPase,
and that its accessibility by fluorescence
guenchers is significantly reduced (Zhang
and Wu, 1997). These data also highlight
the extreme susceptibility of the PTPase
active site conformation and dynamics even
to a conservative mutation such as Cys to
Ser.

Is the flexibility of the WpD loop move-
ment intrinsically related to the catalytic
activity of theYersiniaPTPase? In the case
of triosephosphate isomerase, the flexible
loop motion was found to be independent of
the ligation state as determined by solid
state NMR techniques, and the rate of the
loop motion was determined similar to that
of the catalytic turnover number (Williams
and McDermott, 1995). Interestingly, it ap-
pears that the WpD loop dynamics in the
YersiniaPTPase is ligand dependent. In the
absence of ligand, the wild-typéersinia

may be directly linked to catalysis. In addi-
tion, the catalytic activity among PTPases
differ by more than six orders of magnitude
(Zhang et al., 1992), and it has been postu-
lated that the wide range of catalytic rates
may be due to the dynamics of the loop
motion and that these dynamics may be
partially determined by the residues of the
B-turn within the WpD loop (Schubert et
al., 1995). In fact, the amino acid sequence
of the movable loop is quite divergent ex-
cept for the WpD sequence that includes the
catalytic aspartic acid and a tryptophan near
the hinge position of the loop (Figure 6). To
investigate the relationship between loop
dynamics and catalysis in théersinia
PTPase, it may be quite insightful to sys-
tematically perturb the structure of the loop
region and study how it affects the loop
dynamics and PTPase catalysis. Because the
fluorescence anisotropy decay technique is
limited to the time scale of nanoseconds,
NMR techniqgues may be more suitable,
which can measure dynamic processes
ranged from millisecond to picosecond time
scale (Palmer, 1993; Zhao et al., 1996).

D. The Rate-Limiting Step

Because the PTPases, the dual specific-
ity phosphatases, and the low-molecular-
weight phosphatases effect catalysis through
a covalent thiophosphate enzyme interme-
diate, the catalyzed reaction must be com-
posed of at least two chemical steps, that is,

PTPase alternates between the closed andformation and breakdown of the phospho-

open forms with a rate constant of 2.6

s, which is more than five orders of mag-
nitude faster than the kvalue. After ligand
binding the rate of loop opening is dramati-
cally reduced, resulting in a mostly closed
conformation on a time scale of less than 10
ns. It is important to determine the loop
dynamics in the presence of ligand, as this

enzyme intermediate. The phosphoryl group
in the substrate is first transferred to the
nucleophilic active site thiolate group of the
enzyme to form the B (k;), which is then
hydrolyzed by water () (Scheme 1). As
intrinsic heavy atom kinetic isotope effects
are observed for the phosphatase-catalyzed
pPNPP hydrolysis, substrate binding and the
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putative loop conformational change do not
contribute significantly to the rate-determin-
ing step. If the net rate of intermediate break-
down is slower than that of intermediate
formation, one would expect a “burst” pf
nitrophenol production usingNPP as a
substrate. On the other hand, if the rate of
E-P formation is the rate-limiting step, no
burst should be observed. It appears that the
rate-limiting step for the low-molecular-
weight, phosphatase-catalyzed aryl phos-
phate hydrolysis reactions is'E hydroly-
sis (Zhang and Van Etten, 1991a; Zhang et
al., 1995a). Supporting evidence include that
up to 74% of the enzyme can be trapped as
a covalent adduct usingP-labeledpNPP
(Zhang, 1990) and that such an intermediate
can be prepared in sufficient amount ¥t
NMR analysis (Wo et al., 1992). The pre-
steady state burst kinetics experiments have
allowed the determination of individual rate
constants directly associated with the for-
mation (k) and breakdown () of the
phosphoenzyme intermediate, and evalua-
tion of the burst kinetics of the wild-type
and mutant phosphatases has led to the clari-
fication of specific contributions of active
site residues to the individual steps in the
phosphatase-catalyzed reaction (Wu and
Zhang, 1996; Zhao and Zhang, 1996).
There have been some disagreement in
the literature regarding the nature of the
rate-limiting step in reactions catalyzed by
protein tyrosine phosphatases and dual speci-
ficity phosphatases. Burst kinetics has been
observed with th&ersiniaPTPase (Zhang
etal., 1995b) and rat PTP1 (Zhang, 1995) at
3.5°C. It was concluded that under these
conditions the rate-limiting step corresponds
to E-P hydrolysis. The observed rate con-
stant for EP formation in theYersinia
PTPase- and PTP1l-catalyzed reaction is
around 200 to 350-5at 3.5C, which is
barely within the detection limit of a typical
stopped-flow spectrophotometer. Thus, one
would not expect to detect the burst phase at

30°C. Indeed, no burst phase was observed
during the pre-steady state of PTP1-cata-
lyzed hydrolysis opNPP at 30C. The lack

of a burst phase in the pre-steady state was
attributed to an indication of rate-limiting
E*-P formation (Lohse et al., 1997). In an-
other study, the receptor-like PTPase LAR-
catalyzed hydrolysis of a phosphotyrosine-
containing peptide substrate was examined
by rapid chemical quench flow technique at
room temperature (Cho et al., 1992). The
rate of EP formation was found 15 times
faster than its decay. The pre-steady state
kinetics was also examined in the SHP-1 (a
SH2 domain containing PTPase) catalyzed
pNPP hydrolysis (Wang and Walsh, 1997).
Both SHP-1 and SHP-2 possess low basal
phosphatase activity due to intramolecular
inhibition by the SH2 domains and the C-
terminal sequence segment downstream of
the catalytic domain (Pei et al., 1994;
Pluskey et al., 1995). Engagement of the
SH2 domains with specific phosphotyrosine-
containing peptides results in an enzyme
conformation that is more active (Lechleider
et al., 1993; Dechert et al., 1994; Pluskey et
al., 1995). Furthermore, elimination of both
SH2 domains or the C-terminal segment
also enhances the activity of the catalytic
domain (Zhao et al., 1993; Pei et al., 1994).
Interestingly, the full-length SHP-1 that
exists in an auto-inhibited form did not show
a burst, while the 50-fold more activated
catalytic domain of SHP-1 did exhibit burst
kinetics. However, in this case the rate-lim-
iting step has been attributed to the release
of inorganic phosphate from thé'Ecom-
plex. Like its counterpart¥,ersiniaPTPase
and PTP1 in the PTPase subfamily, VHR
has been studied extensively as the proto-
type for the dual specificity phosphatases.
When pre-steady-state kinetic measurements
of the VHR-catalyzed hydrolysis @NPP
were conducted at pH 7 and°80) no sig-
nificant burst phase was observed (Denu et
al., 1995). The inability to detect significant
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burst phase in the VHR reaction led to the
conclusion that enzyme phosphorylation
being the rate-limiting step. In apparent
contrast, burst kinetics was observed for the
VHR-catalyzedpNPP hydrolysis in a sepa-
rate study at pH 6 and 30, and the rate of
E-P formation was found to be 4.5-fold
faster than its hydrolysis (Zhang et al.,
1995c¢).

It is difficult to reconcile these apparent
discrepancies regarding the nature of the
rate-limiting step in the PTPase and dual
specificity phosphatases reaction. However,
it is clear that in cases where burst kinetics
has been observed, the rate 6PEorma-
tion is only a few folds faster than its hy-
drolysis (Zhang et al., 1995b,c; Wang and
Walsh, 1997). Thus, it is perhaps not too
surprising to see the disparity in these ob-
servations. In contrast, in the case of the
low-molecular-weight phosphatases, the rate
of E-P formation is 30- to 40-fold faster
than its hydrolysis (Zhang and Van Etten,
1991a; Zhang et al., 1995a; Wu and Zhang,
1996). Differences in experimental condi-
tions such as pH, temperature, and buffer
components may differentially influence the
individual rate constant of the two chemical
steps that may result in a change in the rate-
limiting step. Furthermore, the identity of
the rate-limiting step can also be dependent
on the choice of substrate used. For ex-
ample, the dual specificity phosphatase
cdc25B-catalyzed hydrolysis of Q-
methylfluorescein phosphate exhibited burst
kinetic pattern, while no burst was detected
whenpNPP was used as a substrate (Gottlin
et al., 1996). Finally, the nature of the rate-
limiting step can also be affected by the
form of enzyme that is used in the experi-
ment (Wang and Walsh, 1997). In future
experiments all possibilities need to be con-
sidered and further studies are required to
sort out these differences. It is possible that
the rate-limiting step in reactions catalyzed
by the PTPases and the dual specificity phos-

phatases may vary and dependent on the
specific enzyme, substrate, and experimen-
tal conditions.

VI. CONCLUSIONS AND
PERSPECTIVES

The level of tyrosine phosphorylation,
and thus the strength and duration of the
signal transmitted, are balanced by the op-
posing action of PTKs and PTPases. This
balance is perturbed in transformed cells
and metabolic disorders. Although the pre-
cise details of PTPases signaling remain to
be established, the evidence presented in
this review indicates that PTPases are in-
volved in a number of oncogenic and dis-
ease processes. Unfortunately, a detailed
understanding of the role played by PTPases
in cellular signaling processes has been ham-
pered by the absence of PTPase-specific
agents. Further understanding of the spe-
cific functional roles of PTPases in cellular
signaling requires definition of physiologi-
cal substrates for each individual member
of the PTPase family and detailed under-
standing of structural features that control
PTPase substrate specificity. Kinetic analy-
ses of PTPase catalytic domains with
phosphopeptides as substrates indicate that
PTPases display only modest amino acid
sequence specificity at the peptide level
(Zhang et al., 1993a,b; Cho et al., 1993;
Hippen et al., 1993; Ruzzene et al., 1993;
Zhang et al., 1994d; Dechert et al., 1995).
However, recent genetic and biochemical
evidence suggest that vivo PTPases can
exhibit extremely stringent substrate speci-
ficity (Herbst et al., 1996; Garton et al.,
1996; Liu et al., 1996; Black and Bliska,
1997; Flint et al., 1997). Understanding the
molecular basis for protein tyrosine dephos-
phorylation by PTPases will open doors to
new experimental approaches (such as the
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creation of PTPases with altered catalytic
and regulatory properties and the design
and development of specific PTPase inhibi-
tors) that will elucidate mechanisms by
which these enzymes control cell functions.
As our understanding of the substrate speci-
ficity and the factors that control this speci-
ficity increases, efforts in the area of ratio-
nal design of inhibitors that are targeted to
specific PTPases should become possible.
Inhibitors that specifically target particular
PTPases may not only serve as useful intra-
cellular probes of PTPase action but may
ultimately provide a molecular basis for the
design of medicinally useful agents.
Mechanistic and structural investigations
from a number of laboratories have gener-
ated a great deal of information about how
the PTPases, the dual specificity phos-
phatases, and the low-molecular-weight

residues stabilize the dissociative transition
state. PTPases catalysis involves a confor-
mational change that is restricted to the
movement of a flexible loop that can be
described as a hinged loop movement. It
remains to be established whether similar
loop movement also occurs in the dual speci-
ficity phosphatases and the low-molecular-
weight phosphatases. Furthermore, it also
remains to be established whether the loop
dynamics is intrinsically linked to substrate
binding and catalysis. The availability of
three-dimensional structures of several phos-
phatase catalytic domains will facilitate
detailed studies of structure/function rela-
tionships. Because members of each phos-
phatase subfamily share a catalytic domain
with considerable amino acid sequence iden-
tity and structure similarity, in-depth kinetic
and structural analysis of a representative

phosphatases catalyze phosphomonoester number of phosphatases from each group of

hydrolysis. Although there are only limited

sequence similarities among the three sub-
families of phosphatases, it is apparent that
many of the essential structural features are

conserved among these diverse phosphatase

families and that a common chemical mecha-
nism for substrate hydrolysis is utilized by

these diverse catalysts. The detailed mecha-

nism employed by these phosphatases to
effect phosphate monoester hydrolysis is
beginning to emerge. Measurements of
heavy atom kinetic isotope effects have led
to the initial characterization of the transi-

the PTPase superfamily will most likely
continue to yield insightful mechanistic in-
formation that may be applicable to the rest
of the family members.
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