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ABSTRACT Dual-specific protein-tyrosine phosphatases
have the common active-site sequence motif HCXXGXXRS(T).
The role of the conserved hydroxyl was investigated by chang-
ing serine-131 to an alanine (S131A) in the dual-specific
protein-tyrosine phosphatase VHR. The pH profile of the
Kkcat/ K value for the S131A mutant is indistinguishable from
that of the native enzyme. In contrast, the k., value for S131A
mutant is 100-fold lower than that for the native enzyme, and
the shape of the pH profile was perturbed from bell-shaped in
the native enzyme to a pH-independent curve over the pH
range 4.5-9.0. This evidence, along with results from a pre-
vious study, suggests that the S131A mutation alters the
rate-limiting step in the catalytic mechanism. Formation of a
phosphoenzyme intermediate appears to be rate-limiting with
the native enzyme, whereas in the S131A mutant breakdown
of the intermediate is rate-limiting. This was confirmed by the
appearance of a burst of p-nitrophenol formation when p-
nitrophenyl phosphate rapidly reacted with the S131A enzyme
in a stopped-flow spectrophotometer. Loss of this hydroxyl
group at the active site dramatically diminished the ability of
the enzyme to hydrolyze the thiol-phosphate intermediate
without exerting any significant change in the steps leading to
and including the formation of the intermediate. Consistent
with rate-limiting intermediate formation in the native en-
zyme, the rate of burst in the S131A mutant was 1.5 s~!, which
agrees well with the k., value of 5 s~! observed for native
enzyme. The amplitude of the burst was stoichiometric with
final enzyme concentration, and the slow linear rate (0.06 s~!)
of p-nitrophenol formation after the burst was in agreement
with the steady-state determined value of k., (0.055 s~1).

The dual-specific phosphatases are enzymes capable of de-
phosphorylating both phosphotyrosine and phosphothreo-
nine/serine residues. The dual-specific phosphatases and the
protein-tyrosine phosphatases (PTPases; EC 3.1.3.48) share
the active-site sequence motif HCXXGXXRS(T); however,
identity outside of this region is limited. The first identified
dual-specific phosphatase, VH1, was isolated from the HI
open reading frame of vaccinia virus (1). Subsequently, Ishi-
bashi et al (2) isolated a dual-specific phosphatase, VHR (for
VH1-related), from human fibroblasts. Additional dual-
specific phosphatases include PAC1 (3) and MKP1 (4), both of
which appear to inactivate mitogen-activated protein kinases
(ERK-1 or MAP kinase) in vivo by direct dephosphorylation
of the critical residues Thr-183 and Tyr-185. The Schizosac-
charomyces pombe enzyme, p80°4°25, has also been shown to be
a dual-specific phosphatase and is responsible for activating
the cyclin-dependent protein kinase p34°d2 by dephosphory-
lation of Thr-14 and Tyr-15. This dephosphorylation event is
required for the cell to enter mitosis (5, 6). Two additional
dual-specific phosphatases, YVH1 and MSGS5, have been
identified in the yeast Saccharomyces cerevisiae (7, 8). In the
mating pheromone response pathway, MSGS5 inactivates
FUS3, a MAP kinase homolog.
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All PTPases and dual-specific phosphatases contain an
essential cysteine, which is proposed to be the active-site
nucleophile that forms a covalent thiol-phosphate intermedi-
ate (9, 10). Activity of VHR toward both phosphotyrosine and
phosphoserine/threonine residues is abolished when this cat-
alytic cysteine is replaced with serine, suggesting that both
phosphotyrosine and phosphoserine/threonine hydrolysis
proceeds via a common active site (10). Although considerable
effort has been devoted to understanding the biological func-
tion of the dual-specific phosphatases, a detailed understand-
ing of their structure and catalytic mechanism is lacking. Since
the dual-specific phosphatase VHR contains only the phos-
phatase catalytic domain common to all members of this family
(11), this enzyme appeared to be an ideal model for exploring
the catalytic mechanism.

Using site-directed mutagenesis in conjunction with a de-
tailed kinetic analysis, we have previously shown that the
conserved acidic residue Asp-92 in VHR serves as an apparent
general acid in the catalytic mechanism (12). In the current study,
we explore the function of a conserved hydroxyl group present on
Ser-131 within the active site sequence, HCXXGXXRS, using
site-directed mutagenesis, chemical modification, pH rate anal-
ysis, and rapid-reaction kinetics. We have previously described
the kinetics by which VHR dephosphorylates tyrosine and
threonine on diphosphorylated peptides corresponding to
MAP kinase and JNK1 (11). For the current study, the use of
p-nitrophenyl phosphate (pNPP) as substrate permits us to
carry out the rapid reaction kinetic analysis that is technically
impossible with these physiological substrates. We demon-
strate that a substitution of Ala for Ser-131 (S131A) had
essentially no effect on ligand binding, intermediate formation,
or the apparent pK, of the Cys-124 thiol but dramatically
affected the rate of intermediate hydrolysis. When substrate
and S131A mutant enzyme were rapidly mixed, a stoichiomet-
ric burst of p-nitrophenol formation was observed, consistent
with rate-limiting hydrolysis of the thiol-phosphate interme-
diate. The rate-limiting step has been completely converted
from intermediate formation in the native enzyme to inter-
mediate breakdown in the S131A mutant. Based on the results
presented here, a catalytic mechanism is proposed for the
dual-specific phosphatases.

MATERIALS AND METHODS

Materials. All chemicals were of the highest purity com-
mercially available. The native and mutant enzyme were
purified to homogeneity as judged by SDS/PAGE. Purification
of the S131A enzyme was carried out as described (11).

Site-Directed Mutagenesis. Site-directed mutagenesis was
carried out as described (10) using the Bio-Rad Muta-Gene
method. The following oligonucleotide was synthesized in an
Applied Biosystems model 391 DNA synthesizer and used to
construct the S131A mutant: 5'-AGCGTTGGGGCGCGGC-

Abbreviations: PTPase, protein-tyrosine phosphatase; VHR, vaccinia

H1 related; pNPP, p-nitrophenyl phosphate.
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TATAAC-3'. The underlined base indicates the change from
the naturally occurring nucleotide. The change was verified by
DNA sequencing.

Assays. All activity assays were performed using pNPP as
substrate as described by Denu et al (11). The buffer was a
three-component system consisting of 0.1 M acetate, 0.05 M
Tris, and 0.05 M [bis(2-hydroxyethyl)amino]tris(hydroxy-
methyl)methane (Bistris). This buffer maintains a constant
ionic strength of 0.1 M throughout the entire pH range used
in these studies (13). To determine the kinetic parameters kcq
and kcar/Km, the initial velocities were measured at various
substrate concentrations, and the data were fit to Eq. 1. For the
construction of the pH profiles, k.o and kcar/K were deter-
mined at various pH values. The pH data were fit to Eqs. 2—-4
depending upon the shape of the profile. Data were fit to Egs.
1 and 2 using the computer programs of Cleland (14) and
KINETASYST (IntelliKinetics, State College, PA). Fitting of the
pH-dependent data to Eqs. 3 and 4 was accomplished with
nonlinear least-squares fitting using NONLIN, a Macintosh
version (R. Brenstein, Southern Illinois University) of a com-
puter code developed by Johnson and Frasier (15). In Egs. 2-4,
Cis the pH-independent value of either kcat OF kcat/Kin; H is the
proton concentration; K,, Kp, and K. are the ionization con-
stants of the groups involved in the reaction; and S is the
substrate concentration.

v =kea'S/(S + Kpp) (1]
v=C/(1+H/K,) [2]
v =C/[1+ H/Ky)(1 + Kp/H)] [3]

v =C/[(1+H/K,)(1 + Kp/H)(1 + H/K,)] 4]

Inhibition by Phosphate. The inhibition constant for phos-
phate, K;, was determined for the S131A mutant enzyme in the
following manner. At various fixed concentrations of inhibitor,
the initial velocity at different pNPP concentrations was
measured as described above. The inhibition was competitive
with respect to substrate, and the data were fit using KINETA-
SYST to Eq. 5 to yield the inhibition constant.

V = VinaxS/Kn[1 + 1/K] + S), [5]

where I is the inhibitor concentration.

Inactivation of VHR by Iodoacetate. The pseudo-first-order
rate constant for inactivation by iodoacetate was determined
using the method described (12).

Rapid-Reaction Kinetics. Enzyme and pNPP were rapidly
mixed in an Applied Photophysics stopped-flow spectropho-
tometer at pH 6 and 30°C. The concentration of pNPP was 1
mM (15-fold higher than the Ky,), and the concentrations of
VHR were 0.0239, 0.0478, and 0.0942 mM. Enzyme concen-
tration was determined by using an s of 11.5 mM~!-cm™!
(11) and was verified after dilution by the method of Bradford
(Bio-Rad). Product formation (p-nitrophenol) was monitored
at 405 nm. The data were fit to Eq. 6 using the nonlinear
least-squares fitting capability of the kinetics software (Ap-
plied Photophysics, Leatherhead, U.K.), where A4 is the am-
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plitude of the burst, k is the first-order rate of the burst, B is
the slope of the linear portion of the curve, C is the intercept
of the line, and ¢ is time.

Absorbance = A-¢"%) + Bt + C [6]

The amplitude (in absorbance units) was converted to
concentration of p-nitrophenol formation at pH 6 using the
Henderson-Hasselbach equation, a pK, value of 7.1, and an
£405 of 18 mM~1-cm~L The correlation between the concen-
tration of p-nitrophenol burst and final enzyme concentration
was determined by linear least-squares fitting.

RESULTS AND DISCUSSION

The rationale for exploring the importance of Ser-131 in VHR
was based upon the fact that this residue is either serine or
threonine in all PTPases and the dual-specific phosphatases.
In addition, the structures of the Yersinia PTPase and PTP1B
suggested that these hydroxyl residues were within hydrogen-
bonding distance of the active-site thiol (16, 17).

Several lines of evidence suggest that the elimination of a
conserved hydroxyl group on Ser-131 within the VHR active
site sequence motif HCXXGXXRS did not result in an
alteration in the overall conformation of the enzyme. The K;
values for binding of the competitive inhibitor, phosphate,
were 0.97 mM and 0.65 mM for the native enzyme and S131A
mutant, respectively (Table 1). We have also shown that the
apparent pK, value of the active-site cysteine can be deter-
mined by monitoring the reactivity of the enzyme with the
inactivating agent iodoacetate acid (12). The previously de-
termined pK, value of Cys-124 in the VHR was 5.61 + 0.11
(12). The pKa (Eq. 2) value determined for the cysteine in the
S131A mutant was 5.61 = (.18, again suggesting that no major
structural difference was detected. It should be noted; how-
ever, that the precision of these determinations would not
allow us to accurately determine a shift of 0.3 pH unit.
Additionally, the chromatographic properties of the mutant
enzyme were indistinguishable from those of native protein.

The Effect of pH on the kco¢ /K, and kcqe Values. The pH
dependency of the kca/Km value for the S131A mutant was
determined and compared to the native enzyme (Fig. 14). The
pH dependency of the S131A mutant is identical to that of
native enzyme. Both curves ascend with a slope of +2 and
descend with a slope of +1, indicating that two ionizable
groups must be unprotonated and one group must be proto-
nated for activity (12). We have previously shown (12) that the
most likely assignments of the pK, values for the ascending and
descending slopes are as follows: the pK, of 5.1 appears to
correspond to the ionization of the phosphate hydroxyl group
present on the substrate, pNPP. The group with a pK, value of
5.7is Asp-92 and the group with a pK, value of 5.47 (5.26-5.71)
is the ionization of Cys-124 (12). As in our work with the native
enzyme (12), the pK, values of 5.1 and 5.7 were fixed in fitting
the mutant enzyme data to Eq. 4 (See Materials and Methods
and Table 1). Based on the kco/Km pH profile of the mutant
enzyme, the pK, value of Cys-124 is 5.78 (5.61-5.99) (Table 1).
Although there appears to be a 0.3 unit increase in the mutant

Table 1. Results of kinetic analysis for native VHR and S131A mutant enzymes

Enzyme Parameter Units Eq. c pKi pK2 pKs
Native kcat/Km M-1g-1 4 125 x 103 (0.92-16.2 X 103) 5.1 5.47 (5.26-5.71) 5.7
S131A mutant kcat/Km M-1s-1 4 717 X 103 (5.44-9.18 X 10%) 5.1 5.78 (5.61-5.99) 5.7
Native Keat st 3 7.14 (5.21-9.46) — 5.26 (5.07-5.48) 7.17 (6.96-7.34)
S131A mutant Keat s71 — 0.058 = 0.011 — — —
Native K; mM 5 097 * 0.12 — — —
S131A mutant Ki mM 5 0.65 = 0.06 — — —

Confidence limits of the optimized parameters were determined by using a confidence probability of 67%. The conditions were 0.1 M acetate/0.05
M Tris/0.05 M Bistris at 30°C. C is the pH-independent value of kca OF kcat/Km.
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Fic. 1. (A) Effect of pH on the kcat/Km value of the S131A mutant
(») and native enzyme (O). (B) Effect of pH on the kcq value of the
mutant S131A enzyme (&) and native enzyme (O). The conditions
were 0.1 M acetate/0.05 M Tris/0.05 M Bistris at 30°C.

enzyme, the confidence limits (experimental error) indicate
that the two values do not significantly differ, but a small
perturbation in the pK, cannot be ruled out. These results
suggest that the hydroxyl group of Ser-131 does not play a
major role in maintaining the low apparent pK, of the active
site thiol in VHR. The only difference between the curves
shown in Fig. 14 is a 2- to 4-fold drop in the apparent rate at
all pH values. This likely reflects a slight difference in specific
activities between the two enzyme preparations and not a
significant structural change in the S131A mutant.

The kca: pH profiles of native and S131A enzymes are shown
in Fig. 1B. The S131A mutant exhibited a >100-fold decrease
in kca¢ (Table 1), and the value was pH independent. over the
entire pH range investigated. This represents a dramatic dif-
ference from the k., pH profile observed for the native
enzyme (Fig. 1B). To establish which step in catalysis is altered
by the S131A mutation, it is instructive to define the kinetic
mechanism and the two kinetic parameters, kcay and kcar/Ki.

Fig. 2 illustrates a minimal kinetic mechanism involving
reversible. binding of substrate (k; and k), formation of
intermediate (k3), and intermediate hydrolysis (ks). A pertur-
bation on k; and k; by the S131A substitution can be excluded
based on the lack of an effect on phosphate binding. Because
the K; value for phosphate inhibition is large and is unaffected
in the S131A mutant, it is very likely that phosphate release
does not limit k., in either the mutant or the native enzyme.
p-Nitrophenol is a very poor inhibitor of PTPases (19), sug-
gesting that dissociation of p-nitrophenol from the active site
is rapid. Therefore, the dissociation of products (X is p-
nitrophenol and P is phosphate in Fig. 2) is expected to be
rapid and therefore does not influence the kinetic analysis. An

Proc. Natl. Acad. Sci. USA 92 (1995)
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Fic. 2. Kinetic mechanism for VHR. The expressions for the
various parameters were determined according to Cleland (18). The
rates of the steps were determined as described in Materials and
Methods and Results.

investigation of the kc./Km parameter provides information on
binding (k; and k) and intermediate formation (k3), whereas
kcar provides information on both the formation (k3) and the
breakdown (ks) of the intermediate (Fig. 2). Since there was
virtually no effect on the k.../Km pH profile, Ser-131 does not
play a role in k3 (intermediate formation). In stark contrast,
the k¢, value for the S131A mutant is 100-fold slower than the
native enzyme and its pH profile is flat throughout the pH
range 4.5-9.0, suggesting that the overall rate-determining step
has changed. Given the proposed mechanism of Fig. 2, the
rate-limiting step in the mutant enzyme is the hydrolysis of the
thiol-phosphate intermediate. The absence of any pH depen-
dency indicates that the thiol-phosphate intermediate form of
the enzyme, [EP], is inaccessible to bulk solvent (20).
Rapid-Reaction Burst Kinetics. Previous rapid-reaction ki-
netic experiments with the native enzyme indicated the ab-
sence of a burst of p-nitrophenol formation (12), suggesting
that the slow step in the overall reaction was formation of the
intermediate and not its breakdown. The steady-state kinetics
of the S131A mutant suggested that intermediate breakdown
was reduced to a point in which breakdown became the
rate-limiting step in the overall reaction. To test this hypoth-
esis, the S131A enzyme and pNPP were rapidly mixed in a°
stopped-flow spectrophotometer, and the formation of p-
nitrophenol was monitored at 405 nm as described in Materials
and Methods. We predicted that if intermediate hydrolysis was
the slowest step in turnover (kca), a burst of p-nitrophenol
formation would be observed. As is evident from the data in
Fig. 3 there was a burst of p-nitrophenol formation followed by
a slow linear rate. The amplitude of the burst was stoichio-
metric with the final enzyme concentration. A stoichiometric
burst is anticipated when the relative rate of intermediate
hydrolysis is considerably slower than the rate of intermediate
formation (21). A less than stoichiometric burst would have
been observed if the rate of the slow step (intermediate
hydrolysis) was not negligible. The slow linear rate of 0.060 s 1
(Fig. 3) is in excellent agreement with the k., value of 0.055
s~! (S131A mutant) and consistent with rate-limiting inter-
mediate hydrolysis in the S131A mutant enzyme. The expo-
nential rate of the p-nitrophenol burst is expected to be the
first-order rate constant k3 for intermediate formation (21).
Since we have proposed that the rate-limiting step in K.y for
the native enzyme is intermediate formation (12), the value of
kcar should agree with the rate of p-nitrophenol formation
observed in the burst phase of the reaction seen with the
S131A mutant. As expected, there is good agreement between
these values. The steady-state k., value for native enzyme is 5
s~1, and the rate of burst formation with the S131A mutant is
1.5 s71. Given the dramatically different techniques used to
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Fic.3. Rapid-reaction kinetic traces of the S131A mutant enzyme.
The numbers listed above each plot refer to the final enzyme con-
centration. The conditions were 0.1 M acetate/0.05 M Tris/0.05 M
Bistris at 30°C. Each data set of 400 points is the average of three
determinations, and the solid line is the theoretical fit to Eq. 6. The
amplitude of the burst was directly proportional to the enzyme
concentration (0.0239, 0.0478, and 0.0942 mM). The linear correlation
between final enzyme p-nitrophenol burst concentrations, as described
in Materials and Methods, yielded a slope of 1.07 + 0.04 (r2 = 0.993).
The slow linear rate of the kinetic traces was 0.06 * 0.01 s~1. The rate
of p-nitrophenol burst was 1.5 + 0.1 s~! (average) and was indepen-
dent of enzyme concentration.

measure these rates, it is unlikely that the disparity between 1.5
and 5 s~ represents a significant difference for the rate of
intermediate formation (k3). By using the steady-state and
rapid-reaction kinetic constants determined in this study, the
rate of intermediate hydrolysis (ks) for native enzyme was
estimated to be at least 50 s~L.

The loss of the hydroxyl in the S131A mutant drastically
affects the ability of VHR to hydrolyze the thiol-phosphate
intermediate (Fig. 4). Since the pK, of Cys-124 in the free
S131A enzyme is not significantly affected and the kca./Kny is
also virtually unaffected, the interaction between Ser-131 and
the thiolate anion (Cys-124) in the Michaelis complex [ES] is
not significant. However, in the thiol-phosphate intermediate,
[EP], the interaction of Cys-124 and Ser-131 is critical for
hydrolysis of the intermediate. Insight into a possible role for
this hydroxyl comes from the Yersinia PTPase structure, which
suggested that the corresponding hydroxyl (Thr-410) is within
hydrogen-bonding distance of the catalytic thiol (16). The
Ser-131 of VHR could hydrogen bond with Cys-124 in the
phosphoenzyme intermediate. Stabilization of the developing
negative charge in the transition state of intermediate hydro-
lysis would make the thiolate a better leaving group (Fig. 4).

Proc. Natl. Acad. Sci. USA 92 (1995) 5913

Alternatively, the inability of alanine (in the S131A mutant) to
form this hydrogen bond could alter the conformation or
distort the geometry of the phosphoenzyme intermediate in
such a way that attack by water is now rate-limiting. In either
case, the absence of the hydroxyl would slow intermediate
hydrolysis and result in a buildup of the intermediate, as is
evident from the results obtained with rapid-reaction kinetics.
With the existing data, we cannot discriminate the two poten-
tial roles of the conserved hydroxyl. However, the exact
function of the conserved hydroxyl may be clearer when the
complete three-dimensional structure of VHR is determined.

A Common Catalytic Mechanism for the Dual-Specific
Phosphatases. Fig. 4 outlines features of the catalytic mech-
anism suggested by this study as well as work described
previously (12). All PTPases and the dual-specific phospha-
tases share the active site motif HC(X)sRS(T), except p80°9c25,
which does not have the invariant serine/threonine residue.
Chemical and mutational evidence suggests that the cysteine
(i.e., Cys-124 in Fig. 4) is the active-site nucleophile and is able
to form a thiol-phosphate intermediate (10). An invariant
acidic residue in the dual-specific phosphatases functions as a
general acid, contributing a proton to the phenolate leaving
group (12). As is shown in Fig. 4, Asp-92 serves this role in
VHR. Formation of the phosphoenzyme intermediate has
been observed for the dual-specific phosphatases (10). Rapid
kinetic analysis has provided evidence that intermediate for-
mation is the slow step in the catalytic mechanism with the
native enzyme, while intermediate breakdown is the slow step
in catalysis with the S131A mutant. Breakdown of the phos-
phoenzyme intermediate is clearly facilitated by Ser-131 of
VHR. Hydrolysis of the thiol-phosphate intermediate is ex-
pected to be facilitated by a general base, which would activate
a water molecule by proton abstraction (Fig. 4). It is attractive
to suggest that Asp-92, which protonates the leaving phenolate
ion during intermediate formation, might act as the general
base during intermediate hydrolysis (Fig. 4). The highly con-
served catalytic thiol (Cys-124), general acid (Asp-92), and
hydroxyl (Ser-131) residues in the dual-specific phosphatases
suggest that most of the enzymes in this family will utilize a
common catalytic mechanism.

Similarities in the Catalytic Strategies Employed by the
Dual-Specific Phosphatases, PTPases, and Low Molecular
Weight Phosphatases. A number of studies suggest that com-
mon catalytic strategies are shared by the PTPases and the
dual-specific phosphatases. Chemical and mutational evidence
suggests that the cysteine is the active-site nucleophile and is
able to form a thiol-phosphate intermediate (9, 10, 22). Zhang
et al (23) have shown that the invariant R409 residue is critical
for substrate recognition and transition-state stabilization. In
addition to the conserved active-site sequence motif, there

»i\sp-sz
-y Asp-92 (or alternate base)
O/ OH YWV |
A Q—Ser-1 31
o & y o H
O L]
p \ W\
O s L F o
-0 (o} ) O-
/( Ho-|=>//o
'S—Cys-124 ""g
3%

Fic. 4. Common chemical mechanism of PTPases. The numbers refer to the residues found in VHR.
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appears to be an important aspartic acid residue that functions
as a general acid in the catalytic mechanism of the PTPases
(Asp-356 in the Yersinia PTPases; refs. 16 and 24). Opera-
tionally, Asp-356 in the Yersinia PTPase and Asp-92 in VHR
both serve as general acids in the catalytic mechanism. In the
Yersinia enzyme, Asp-356 is found on a flexible loop that, upon
ligand binding, undergoes a dramatic conformational change
within the protein (16). The loop folds over the active site and
brings Asp-356 into a position to act as a general acid. The
extraordinary reactivity of the Yersinia PTPase has made it
difficult to precisely define the rate-limiting step in the cata-
lytic mechanism. For this reason, we want to stress the
apparent similarities in residues important for catalysis, but we
are hesitant to indicate that these two enzyme families employ
identical mechanisms for phosphate monoester hydrolysis.

Another class of phosphatases, originally referred to as low
molecular weight acid phosphatases, have also been shown to
form a thiol-phosphate intermediate (25). This class of en-
zymes shares virtually no amino acid sequence identity to the
PTPases or dual-specific phosphatases except for a few resi-
dues within the active site sequence:

PTPase and dual-specific phosphatase H|C|X X G X X[R|S|(T)

Low M, acid phosphatase V|C|L G N I C|R|S

Consensus sequence X|C|X X X X X|R|S|(D

A comparison of the three-dimensional structure of the PT-
Pases (Yersinia PTPase and PTP1B) and the low molecular
weight phosphatases revealed no structural identities outside
of the active-site sequence, C(X)sRS(T). The active-site loop
forms a phosphate-binding pocket where the phosphate would
be positioned between the cysteine and the arginine residues
(16, 17, 26, 27). Similar to the PTPases, the low molecular
weight acid phosphatases appear to have an important aspartic
acid (residue 129), which has been proposed to act as a general
acid (26-29). It is interesting that the general features of the
catalytic mechanism for phosphate monoester hydrolysis by
the PTPases and the low molecular weight phosphatases are
similar, yet sequence identity and structural features outside of
the active site are clearly distinct. This may represent an
example of convergent evolution, where, on more than one
occasion, nature has employed similar mechanisms to bring
about phosphate monoester hydrolysis.
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