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ABSTRACT: Burst kinetics is observed with the Yersinia protein tyrosine phosphatase (PTPase). This
provides direct kinetic evidence for a phosphoenzyme mechanism and suggests that the breakdown of the
phosphoenzyme intermediate is the rate-limiting step. Burst kinetics is a powerful tool for mechanistic
studies of PTPase catalysis since functional roles of active site residues can be evaluated by studying
their effects on the individual elementary steps associated with the formation and the breakdown of the
intermediate. In order to investigate the role of Thr410, a conserved residue that is present in the PTPase
signature motif, this residue was altered by site-directed mutagenesis to serine and alanine. The effects
of these mutations, as observed in both steady-state and pre-steady-state kinetic experiments with
p-nitrophenyl phosphate (pINPP) as a substrate, demonstrated that the hydroxyl group of Thr410 is directly
involved in catalysis. The hydroxyl group at residue 410 plays an important role in facilitating the

breakdown of the phosphoenzyme intermediate.

Protein tyrosine phosphatases (PTPases) are signaling
molecules that act in concert with protein tyrosine kinases
to regulate a variety of fundamental cellular processes
including cell growth and proliferation, cell cycle control,
and cytoskeletal integrity (Waiton & Dixon, 1993). The
PTPases constitute a family of enzymes (now >40 members)
that rival the protein tyrosine kinases in terms of structural
diversity and complexity. The PTPases can be categorized
into two groups: receptor-like and intracellular PTPases. The
unique feature that defines the PTPase family is the active
site sequence (H/V)C(X)sR(S/T) in the catalytic domain
called the PTPase signature motif (Zhang, Z.-Y., et al,,
1994a) (Figure 1). In addition to the PTPases, there exist
two additional groups of phosphatases, the VH1-like dual-
specificity phosphatases and the low molecular weight
phosphatases, which can utilize substrates containing phos-
photyrosine as well as phosphoserine/threonine (Guan et al.,
1991; Zhang et al., 1995). Interestingly, the VH1-like dual-
specificity phosphatases, the low molecular weight phos-
phatases, and the tyrosine-specific PTPases share the active
site motif (H/V)C(X)sR(S/T) (Figure 1) but display little
amino acid sequence identity outside of the active site. The
invariant Cys residue has been shown to be essential for
PTPase activity and formation of a covalent phosphoenzyme
intermediate (Guan & Dixon, 1991; Wo et al., 1992; Cho et
al., 1992; Cirri et al., 1993; Zhou et al., 1994). The invariant
Arg residue in the signature motif plays an important role
in substrate binding and transition-state stabilization (Zhang,
Z.-Y., et al.,, 1994a).
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Phogphatage Sequence
Yop51 Vv I H[R
PTP1B VvV H[S
CD45 v Vv H[ds
VH1 LV H[NA
VHR L V HR
PAC-1 L v H[dO
Low Mr. PTP LFVEHL
human cdc25 F V H{E

FicURe 1. PTPase signature motif. The active site sequence
alignments of Yop51 (Yersinia PTPase) (Michiels & Cornelis,
1988), PTP1B (Chernoff et al., 1990), CD45 (Trowbridge et al.,
1991), VH1 (Guan et al., 1991), VHR (Ishibashi et al., 1992),
PAC-1 (Rohan et al., 1993), low M, phosphatase (Wo et al., 1992),
and human cdc25 (Gautier et al., 1991).

Recently, the crystal structures of the mammalian PTP1B
(Barford et al., 1994) and the Yersinia PTPase (Stuckey et
al., 1994) have been determined. In addition, the structure
of a low molecular weight phosphatase from bovine liver
(Su et al.,, 1994) and bovine heart (Zhang, M., et al., 1994)
has also been solved. Although the amino acid sequence of
the Yersinia PTPase is only ~20% identical to that of PTP1B,
it is clear that the two structures share a common secondary
structural scaffold, with close similarity in tertiary structure.
The low molecular weight phosphatases are unrelated in
sequence to the PTPases and have distinct topologies (Su et
al., 1994; Zhang, M., et al., 1994). Interestingly, residues
of the PTPase signature motif (residues 403—410 in the
Yersinia PTPase, 214—222 in PTP1B, and 12—19 in the low
molecular weight phosphatase) form a similar loop structure
termed the phosphate-binding loop between the S-turn at the
COOH-terminus of a 3 strand and the first turn of an o helix
(Stuckey et al., 1994; Barford et al., 1994; Su et al., 1994,
Zhang, M., et al., 1994). The PTPases and the low molecular
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weight phosphatases appear to represent striking examples
of convergent evolution.

The PTPase—WOi_ complexes (Stuckey et al., 1994;
Barford et al., 1994) reveal that the S atom of Cys403 in the
Yersinia PTPase is poised 3.6 A from the W atom while the
S atom of Cys215 in PTP1B is poised 3.1 A from the W
atom. Thus, the sulfur atom is in a position for a direct SN2
nucleophilic attack on a substrate’s phosphorus atom. This
is consistent with its role as a nucleophile in the catalytic
mechanism. The structures of the PTPase—tungstate com-
plexes also show that the tungstate oxygen atom(s) ion pair-
(s) with the positively-charged Argd09 and Arg221 of the
Yersinia PTPase and PTP1B, respectively. Thus, the side
chain of R409 acts together with the amides of the phosphate-
binding loop to bind the substrate and stabilize the transition
state.

In this paper, we present a pre-steady-state Kinetic analysis
of the Yersinia PTPase-catalyzed hydrolysis of p-nitrophenyl
phosphate (pNPP). This approach combined with site-
directed mutagenesis permits the evaluation of specific
contributions of active site amino acid side chains to the
individual steps of the PTPase catalysis. As part of the
phosphate-binding loop, a conserved Ser or Thr can be found
immediately after the invariant Arg residue in almost all
PTPases. The dual-specificity phosphatase Cdc25 is the only
exception that lacks a hydroxyl group at this position (Figure
1). Interestingly, Cdc25 is several orders of magnitude less
reactive than other PTPases (Dumphy & Kumagai, 1991;
Zhang et al., 1992). In the Yersinia PTPase, the hydroxyl
group of the conserved Thr (T410) is the closest proton donor
to the active site (C403) thiolate (Stuckey et al., 1994). We
show here that the hydroxyl group at Thr410 in the Yersinia
PTPase plays a critical role in the breakdown of the
phosphoenzyme intermediate.

EXPERIMENTAL PROCEDURES

Materials. p-Nitrophenyl phosphate (pNPP) was from
Fluka. Mutagenesis kits were from Bio-Rad. All other
chemicals were purchased from Sigma.

Site-Directed Mutagenesis. Substitutions at residue Thr410
of the Yersinia PTPase were made by site-directed mutagen-
esis according to the procedure of Kunkel et al. (1987). The
oligonucleotide primers used for the desired substitutions
were as follows: T410S, TGGCCGTAGTGCGCAACTG;
T410A, TTGGCCGTGCTGCGCAACT; and T410V, GT-
GTTGGCCGTGTTGCGCAACTG. All of the mutations
were verified by DNA sequencing (Sanger et al., 1977).

Expression and Purification of the Recombinant Enzymes.
The wild type Yersinia PTPase and mutants T410S and
T410A were expressed in Escherichia coli and purified to
homogeneity as described (Zhang et al., 1992). In the case
of T410V, the recombinant protein was produced as inclusion
bodies when expressed in E. coli.

Steady-State Kinetics. All enzyme assays were performed
in buffers with a constant ionic strength of 0.15 M. Buffers
used were as follows: pH 3.8—5.7, 100 mM acetate; pH
5.8—6.5, 50 mM succinate; pH 6.6—7.3, 50 mM 3,3-
dimethylglutarate; and pH 7.5—9.0, 100 mM Tris. All of
the buffer systems contained 1 mM EDTA, and the ionic
strength of the solutions was kept at 0.15 M using NaCl.
Initial rate measurements for the enzyme-catalyzed hydrolysis
of aryl phosphate monoesters were conducted as previously
described (Zhang et al., 1992). The Michaelis—Menten
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FIGURE 2: Absorption spectra for pNPP (solid line) and p-
nitrophenol (dashed line) at pH 6 (A) and 7.2 (B). Both pNPP and
pNP concentrations were 0.1 mM.

kinetic parameters were determined from a direct fit of the
v vs [S] data to the Michaelis—Menten -equation using the
nonlinear regression program GraFit (Erithacus Software).
pH dependence data were fitted to the appropriate equations
using a nonlinear least-squares regression program (Kaleida-
Graph, Synergy Software). Inhibition constants for the
Yersinia PTPases by inorganic phosphate and arsenate were
determined as previously described (Zhang, Z.-Y., et al.,
1994a). All experiments were performed in triplicate.

Pre-Steady-State Kinetics. Pre-steady-state kinetic mea-
surements of the Yersinia PTPase- and its Thr410 mutant-
catalyzed hydrolysis of pNPP were conducted using a Hi-
Tech SF-61 stopped-flow spectrophotometer (dead time, 2
ms) with an observation cell length of 1.0 cm. Fast reactions
at 3.5 °C were monitored by the increase in absorbance at
410 nm of the p-nitrophenolate product. The extinction
coefficient for p-nitrophenolate at 3.5 °C is 985 M~ cm™!
at pH 5.8, 1486 M~ cm™! at pH 6.0, and 8914 M~! cm™! at
pH 7.2 (Figure 2). The enzyme concentration (determined
from the absorption at 280 nm using the value of A =
0.352 and a molecular weight of 51 000) were 9.85—60 uM
for the wild type enzyme, 12—53 uM for T410A, and 29.9
uM for T410S. The buffers used were as described above.
Data were collected on a Macintosh computer interfaced to
the Hi-Tech stopped-tflow spectrophotometer using the
program KISS (Kinetic Instruments, Inc.). Each stopped-
flow trace was an average of at least six individual experi-
ments. The specific rate constants were analyzed by fitting
the experimental data directly to the theoretical equation
through the use of the nonlinear least-squares algorithm in
KISS. The analysis of burst kinetics has been described
previously (Bender et al., 1967). Briefly, when [S] > [E],
the increase in p-nitrophenolate concentration as a function
of time can be described as [p-nitrophenolate] = Ar + B(1
— e7?). When the experiments are performed at saturating
concentrations of substrate, the individual rate constants for
the enzyme phosphorylation (k;) and dephosphorylation (k3)
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can be determined from the exponential (b = k; + k3) and
the linear [A = koks/(k, + k3)] phases, respectively (Scheme
1). The size of the burst, B equals E,[ks/(ka + k3)]%(1 +
Ku/S,)* and is proportional to the active enzyme concentra-
tion. For the burst amplitude equivalent to the number of
functioning active sites [E,], the ratio of k»/k; must be very
large as must the ratio of So/Kn.

Kinetics and pH Dependence of lodoacetate Inactivation
of T410A. The experimental procedures for following the
inactivation of the T410A mutant and the analysis of the
pH dependence of the inactivation rate for the determination
of the active site thiol pK, were the same as described earlier
(Zhang & Dixon, 1993).

RESULTS

To evaluate the role of T410 in PTPase catalysis, it was
changed (a) to serine, the lower homolog with the hydroxyl
group retained, (b) to alanine, which lacks both the methyl
and the hydroxyl groups of the threonine side chain, and (c)
to valine, which is isosteric with threonine but lacks
hydrogen-bonding capacity. There should be minimal
functional alterations in the T410S mutant, since it represents
a conservative change at this position and since either Thr
or Ser residue can be found at this position in other PTPases
[Cdc25 proteins are the only exceptions and possess either
a Gly or an Ala residue at this position instead (Figure 1)].
Unfortunately, the valine substitution at 410 resulted in
inclusion bodies when expressed in E. coli and was therefore
not pursued further. Both T410A and T410S mutants were
purified to homogeneity and characterized in detail, and both
mutants were found to have chromatographic and spectral
characteristics similar to those of the wild type, suggesting
that there were no major changes in the structure of the
mutants. In addition, a number of kinetic properties are
shared between the wild type enzyme and mutants T410S
and T410A, indicating that no major alteration in structure
is due to these substitutions.

The pK, of the Active Site Cysteine in the T410A Mutant
Yersinia PTPase. It has been shown previously that the
alkylating agent, iodoacetate, irreversibly inactivates PTPases
(Pot & Dixon, 1992; Zhang & Dixon, 1993). The covalent
attachment of iodoacetate was specific to the active site
cysteine residue. Thus, the apparent pK, of the active site
thiol can be determined from the pH dependency of iodoac-
etate modification of the Yersinia PTPase. The apparent pK,
of the active site Cys403 thiol group in T410A is 5.26 £+
0.09 (Figure 3), which is 0.59 pK unit higher than that of
the wild type enzyme (4.67 £ 0.15; Zhang & Dixon, 1993).
The second-order rate constant (klzim) for the inactivation of
T410A is 222 £+ 11 M~ ! min~!, which is 3.7-fold faster than
that of the wild type enzyme (59.7 = 1.3 M~! min™!; Zhang
& Dixon, 1993), consistent with the notion that the nucleo-
philicity of a nucleophile increases as its pK, is raised.

Steady-State Kinetic Analysis of the Thr410 Mutant
Yersinia PTPases. The competitive inhibition constants for
the binding of inorganic phosphate by T410A and by the
wild type enzyme were determined to be 0.62 £ 0.1 mM
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FiGURE 3: pH dependence of the inactivation of the mutant Yersinia
PTPase T410A by iodoacetate. Reaction conditions were specified
under Experimental Procedures. The line in the figure was obtained
by a direct fit of the data to equation k; = k5/(1 + [H*]/K,), where
k; is the pH independent inactivation rate constant and K, is the
acid dissociation constant. This equation was employed for calcula-
tion of the pK, value.

Table 1: Summary of Kinetic Parameters of the Yersinia PTPase
and Its T410 Mutants Using pNPP as a Substrate at 30 °C

pHS.0 pH 6.0 pH 7.0

kcat kcat/K m kcat kcal/ K, m kcal kcat/ K, m
PTPase (s7) (mM~ls™) () (mM's™h) (7)) (mM~is™)

wild type 1200 400 335 129 30.2 12.9
T410S 529 264 116 151 19.4 19.8
T410A 18.3 48.2 15.8 43.6 12.4 11.9

and 6.1 + 0.3 mM, respectively, at pH 6.0. Using arsenate
as an inhibitor, the competitive inhibition constant was 1100
%+ 70 uM for the wild type enzyme, 390 &+ 10 uM for T410S,
and 13 + 0.4 uM for T410A at pH 6.0. Thus, elimination
of the hydroxyl group at 410 enhances the binding affinity
for inorganic phosphate and arsenate by 10- and 85-fold
respectively. The kinetic parameters of the Yersinia PTPase
and its Thr410 mutants at three different pH values (pH 5,
6, and 7) and 30 °C using pNPP as a substrate are listed in
Table 1. Serine substitution for threonine at 410 has minimal
effect on the kinetic parameters, with about a 2-fold decrease
in kq and nearly identical k../K,, values when compared
with the wild type enzyme. The kinetic parameters of T410A
mutant, however, showed different pH dependencies when
compared to those of the wild type. Thus, at pH 5.0, T410A
exhibited k. and k../K, values that are 65- and 8.3-fold
lower, respectively, than those of the wild type enzyme. They
are 21- and 3-fold lower than the wild type enzyme at pH
6.0 and approach those of the wild type enzyme at pH 7.0.

Detailed pH dependencies of the kinetic parameters of the
T410A and T410S were investigated. For the analysis of
kea/Km, €q 1 was used, where (keo/Kn)'™ was the pH

(Eﬁt)lim
f B )
Em (1+i)(1+—H—+@)

KSZ KEI H

independent second-order rate constant, Ks; the second
ionization constant of the substrate, and Kg; and Kg; the
ionization constants of the free enzyme (Zhang, Z.-Y., et
al., 1994b). As expected, the kinetic parameters of T410S
behave in a nearly identical manner to those of the wild type
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FIGURE 4: A, Effect of pH on k../K;, for the mutant Yersinia
PTPase T410A-catalyzed hydrolysis of pNPP (O). The line that is
drawn through the experimental data is based on the nonlinear least-
squares fit of the data to eq 1. B, Effect of pH on &, for the mutant
Yersinia PTPase T410A-catalyzed hydrolysis of pNPP (a). The
line that is drawn through the experimental data is based on the
nonlinear least-squares fit of the data to eq 2.

Table 2: Kinetic Parameters for the Yersinia PTPase-Catalyzed
Hydrolysis of pNPP at 30 °C

PTPase pKe pKe2

wild type* 3.28 £0.19 5.10x0.16
T410A 476 £022 593+0.14

(ke Kn)™ x 1074M 157!

118 £ 42
13.9+£23

PTPase pKe® pK3” Rim, 57
wild type 4.63 £ 0.07 5.20 = 0.06 2114 £ 250

T410A 3.30£0.15 7.43 £ 0.07 17.6 £ 0.44

2 Values for the wild type enzyme are taken from Zhang, Z.-Y., et
al. (1994b) and are included for comparison.

enzyme (data not shown). The variation of the Kkinetic
parameters of the T410A mutant PTPase-catalyzed hydrolysis
of pNPP as a function of pH was analyzed (Figure 4) and
compared with those of the wild type enzyme (Table 2). Like
the wild type enzyme, the variation of k../K, with pH yielded
a bell-shaped curve with limiting slopes of +2 on the acid
side and —1 on the alkaline side (Figure 4A), suggesting
that two groups must be unprotonated and one group must
be protonated for activity. The pKs> = 5.1 corresponds to
the second ionization of pNPP, which must be in the
dianionic form for optimal catalysis (Zhang, Z.-Y., et al,,
1994b). It was shown from the pH dependence of kca/Km
that the wild type Yersinia PTPase requires an ionizing
residue that must be deprotonated with a pKg, value of 3.3
and another ionizing residue that must be protonated with a
pKEez value of 5.1 for optimal binding and catalysis. For the
T410A mutant, pKg; is 4.8 and pKg; is 5.9, 1.5, and 0.8 pK
units higher that those of the wild type enzyme (Table 2).

Zhang et al.

The pH independent apparent second-order rate constant (kea/
Km)'™ for T410A is 8.5-fold lower than that of the wild type
enzyme.

The most dramatic effect of the Thr410 to Ala mutation
is manifested in the pH—k., profile (Figure 4B). For the

analysis of k., eq 2 was used, where klcl: is the pH

keat
kcal - q Kgpp (2)
KEIIPP ?

independent turnover number and Ki*P and K57 are the
apparent ionization constants of the enzyme-—substrate
complex. When pNPP was used as a substrate, pKi™ and p
Ky¥® were 4.6 and 5.2, respectively, for the wild type
enzyme (Zhang, Z.-Y ., et al., 1994b). Due to the closeness
of the two apparent ionization constants in the pH—%.,, profile
of the wild type Yersinia PTPase, a plateau was never
reached. In contrast, a clear plateau is observed between
pH 4.2 and 6.5 in the pH—k.« profile of the T410A mutant
using pNPP as a substrate (Figure 4B). The apparent
ionization constants, pK7**, and pKy”* are 3.3 and 7.4 for the
T410A substrate complex, respectively. Thus, pK;™* and p
KPP are pushed outward by 1.3 and 2.2 pK units, respec-
tively, compared with those of the wild type enzyme (Table
2). Moreover, the pH independent maximum turnover
number k.7 for the T410A mutant is decreased by 120-fold.

Burst Kinetics of the Yersinia PTPases and Effect of
Substitutions at Residue Thr410. Since PTPase catalysis
involves a covalent phosphoenzyme intermediate, the cata-
lyzed reaction must be composed of at least two chemical
steps, i.e., formation and breakdown of the phosphoenzyme
intermediate. The phosphoryl group is first transferred to
the nucleophilic active site thiolate group of the enzyme to
form the phosphoenzyme intermediate, which is then hy-
drolyzed by water (Scheme 1). The kinetic scheme is
composed of substrate binding, followed by two chemical
steps, phosphorylation (k») and dephosphorylation (k3), where
E is the enzyme, ROPO;Z'_ the substrate, E-ROPO?) the
enzyme—substrate Michaelis complex, E—P the phospho-
enzyme intermediate, ROH the phenol, and P; inorganic
phosphate. If the net rate of intermediate breakdown is
slower than that of intermediate formation, one would predict
a “burst” of p-nitrophenol production using pNPP as a
substrate. Attempts to observe such a burst were unsuc-
cessful at room temperature. The turnover number of the
Yersinia PTPase reaches 1200 s7! at 30 °C (Zhang et al.,
1992), which is at the detection limit of a stopped-flow
spectrophotometer (dead time 1—2 ms). When the Yersinia
PTPase-catalyzed hydrolysis of pNPP was monitored at 3.5
°C and 410 nm (to detect the p-nitrophenolate ion product)
using a relatively high concentration of enzyme (10—50 uM),
the absorbance time course was biphasic, characterized by
a rapid, exponential increase followed by a slower linear
increase (Figure 5). Similar observations have been made
for a number of well-known hydrolytic enzymes, including
a-chymotrypsin (Bender et al., 1967) and elastase (Bender
& Marshall, 1968), for which catalysis involves rate-limiting
breakdown of a covalent acyl—enzyme intermediate.

By varying the initial concentration of the enzyme and
the substrate (Figure 6) we found that the burst is proportional
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FIGURE 5: Burst kinetics observed with the wild type and T410A
mutant Yersinia PTPase and pNPP at pH 6 and 3.5 °C. The wild
type enzyme concentration was 41.4 uM, and T410A concentration
was 45 uM. The pNPP concentration was 20 and 4 mM for the
wild type and T410A Yersinia PTPase, respectively. Each stopped-
flow trace was an average of at least six individual experiments.
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FicURe 6: Effects of enzyme concentration (A) and substrate
concentration (B) on the burst magnitude. A, T410A mutant
Yersinia PTPase and 4 mM pNPP at pH 6. B, 39.4 uM wild type
Yersinia PTPase and pNPP at pH 7.2. Each stopped-flow trace was
an average of at least six individual experiments. The solid line
represented a theoretical fit of the data to the equation [p-
nitrophenolate] = At + B(1 — e™"),

to the enzyme concentration and that the dependency of the
burst size on the substrate concentration can be adequately
described by B = E,[ka/(k2 + k3)]%(1 + Ku/S,)?. In general,
the observed amplitudes of bursts for the wild type enzyme
agree fairly well with the theoretical values calculated using
the above equation. The bursts for the T410A mutant at
pH 6.0 were 55—60% of the analytical enzyme concentration,
whereas the calculated theoretical value was 76%, based on
4 mM pNPP, K, being 0.5 mM and % and k3 being 144 and
2.6 s71, respectively. Thus, the experimentally determined
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bursts for T410A mutant only amounted to 72%—80% of
the theoretical values. It is possible that the T410A
preparation was only 80% active, which then gave rise to
the slightly less than stoichiometric bursts observed.

Although the pH optimum for the Yersinia PTPase-
catalyzed hydrolysis of pNPP is around 5 (Zhang, Z.-Y ., et
al., 1994b), we conducted our stopped-flow measurements
at pH 5.8, 6.0, and 7.2, since only the p-nitrophenolate anion
is chromogenic (the pK of the p-nitrophenol is 7.14) (Figure
2). Table 3 lists the steady-state kinetic parameters deter-
mined independently of the stopped-flow experiments at 3.5
°C for the wild type and the T410A mutant Yersinia PTPase
at pH 5.8, 6.0, and 7.2. Table 4 summarizes the individual
rate constants for the formation and decay of the phospho-
enzyme intermediate for the wild type and the T410A mutant
PTPase under the same conditions. Each set of the rate
constants (k; and k;) were determined directly from the
average of at least six to eight individual stopped-flow traces.
The rate constant for the phosphoenzyme intermediate
formation, &;, is relatively insensitive to variation of pH from
5.8 to 7.2 for both the wild type Yersinia PTPase and the
T410A mutant. The rate constant for the breakdown of the
intermediate, ks, is nearly identical to the k., value deter-
mined from steady-state experiments under the same condi-
tions. The pH dependencies of k3 for both the wild type
and the T410A mutant also resemble those of the k.. This
is in accord with k3 and k.. representing the same chemical
step, i.e., the breakdown of the phosphoenzyme intermediate.
It appears that the elimination of the hydroxyl group at
Thr410 has only a modest effect on &, (a 2-fold reduction),
whereas its major impact seems to be primarily reflected in
ks, especially at low pH values. Figure 5 shows the
differential effects of Ala substitution at residue 410 on ks
and k3 at pH 6.0 (also see Table 4). The effect on k3 changes
with pH, causing a different k.,,—pH profile from the wild
type enzyme (shown above). Thus, with T410A, ks is slowed
down by 30-fold at pH 5.8, 19-fold at pH 6.0, and 2.7-fold
at pH 7.2. Serine substitution for threonine at residue 410
(T401S) causes only a 1.7- and 1.6-fold decrease in %, and
ks, respectively, at pH 7.2 (data not shown).

DISCUSSION

The apparent pK, of the active site thiol in the Yersinia
PTPase is 4.67 (Zhang & Dixon, 1993), which is nearly 4
pK. units lower than the pK, of a Cys residue in proteins
(Lundblad & Noyes, 1984). A reduction in the pK, of this
magnitude for a thiol requires unusual stabilization by its
surrounding residues. Unlike the cysteine proteinases, which
stabilize an active site thiolate anion via an ion-pair with a
protonated histidine (Lewis et al., 1981), the PTPases
stabilize the active site thiolate by an extensive network of
H-bonds radiating from the phosphate-binding loop (Barford
et al.,, 1994; Stuckey et al., 1994). In the Yersinia PTPase
structure, the Cys403 S is located between 3.0 and 4.2 A
from every amide nitrogen of the phosphate-binding loop,
making reasonable S—HN hydrogen bonds (Gregoret et al.,
1991) for effective thiolate anion stabilization. In particular,
it is observed that the closest proton donor to the thiolate
anion is the hydroxyl group of Thr410 which corresponds
to a hydrogen-bonding distance of 2.8 A (Stuckey et al.,
1994). The finding that elimination of the hydroxyl group
at position 410 elevated the apparent active site thiol pK,
by 0.59 pK unit is consistent with the fact that it plays a
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Table 3: Summary of Steady-State Kinetic Parameters of the Yersinia PTPase and Its T410A Mutant Using pNPP as a Substrate at 3.5 °C

pHS5.8 pH 6.0 pH 7.2
PTPase kea (571 Kn (mM) ke (s71) Kin (mM) kea (s71) K (mM)
wild type 689 +9.6 2.80+ 0.6 456+22 2.30+0.12 7.70 £ 0.19 2.50 £ 0.16
T410A 3.15+£0.09 0.81 £ 0.021 2.86 £ 0.11 0.50 £ 0.06 2.86 £+ 0.27 1.54 £0.13

Table 4: Rate Constants for the Formation (k;) and the Breakdown
(k3) of the Phosphoenzyme Intermediate of the Yersinia PTPase and
Its T410A Mutant Using pNPP as a Substrate at 3.5 °C*

pH5.8 pH 6.0 pH 7.2
PTPase kz k3 k: k3 kz k3
wild type 343 76 346 49 193 6.5
T410A 140 25 144 2.6 97 24

2 All values in s™%.

Scheme 2: Thermodynamic Relationship between the
Ionized and Unionized Active Site Thiol in the Wild Type
Enzyme and in the T410A Mutant®

/SH pK;=4.67 /S'
E — E
~OH AG, ~OH

AG,

_SH pK;=5.26 _ S
E

AG,

aLegend: E, Yersinia PTPase; SH, thiol group of the active site
Cys403; OH, hydroxy! group of Thr410.

role in stabilizing the thiolate anion. The thermodynamic
scheme shown below (Scheme 2) describes the energetics
associated with the elimination of a hydroxyl group at
Thr410, AAG = AG; — AGs = AG; — AG = 2.303RT(pK,
— pK3) = —0.80 kcal/mol. Thus, the hydrogen bond strength
between the Thr410 hydroxyl and the Cys403 thiolate is 0.8
kecal/mol stronger than the corresponding hydroxyl and thiol
interaction. In other words, the hydroxyl side chain of
Thr410 interacts preferentially with the thiolate anion to
enhance its stability. It is important to point out that the
hydroxyl group of Thr410 alone certainly does not account
for all of the thiolate stabilization, as evidenced by the still-
low pK, of the thiol in the T410A mutant. The backbone
amide hydrogen bonds from the phosphate-binding loop
(Stuckey et al., 1994) and the side chain of His402 (Zhang
& Dixon, 1993) also contribute to this stabilization.

It has been argued that an enzyme can utilize a portion of
the intrinsic enzyme—substrate binding energy to increase
the overall rate of a reaction (Jencks, 1975). In such mode
of catalysis, the enzyme makes use of the binding energy to
juxtapose substrate and enzyme active site functional groups
that would not otherwise interact in the ground state but that
do interact strongly in the transition state. The observed
weaker binding of phosphate by the wild type Yersinia
PTPase relative to the T410A mutant suggests that the
introduction of a hydroxyl group at position 410 (wild type
enzyme) destabilizes the ground-state interaction. Thus, the
excess binding energy observed in the T410A mutant is
sacrified by the wild type enzyme in order to increase the
value of k.. The net outcome is that k../K;, for T410A drops
by only several-fold while a more pronounced decrease is
observed for k.. A similar example of an amino acid side

chain involved in ground-state destabilization is Lys258 in
aspartate aminotransferase (Toney & Kirsch, 1993).

Our burst kinetic results are most consistent with the
phosphoenzyme mechanism, in which the breakdown of the
phosphoenzyme intermediate is the rate-limiting step. Sup-
porting evidence includes the facts that up to 27%—74% of
PTPase can be trapped as a covalent adduct using 3?P-labeled
substrate (Guan & Dixon, 1991; Wo et al., 1992) and that
such an intermediate can be prepared in sufficient amount
for 3IP NMR analysis (Wo et al., 1992; Cho et al., 1992).
Interestingly, burst kinetics was also observed with the low
molecular weight phosphatase (Zhang & Van Etten, 1991)
and the mammalian PTPase, PTP1 (Zhang, 1995). In both
cases, the burst kinetics was interpreted by a phosphoenzyme
mechanism that involves a rate-limiting breakdown of the
intermediate.

In view of the kinetic consequences of the Thr410 to Ala
mutation, we propose that the most important role for Thr410
is to stabilize the transition state of the dephosphorylation
step facilitating the breakdown of the phosphoenzyme
intermediate. Under pre-steady-state conditions at 3.5 °C,
where rate constants for the individual elementary steps can
be directly measured, we demonstrated that the elimination
of the hydroxyl group at residue 410 decreases ks, the
phosphorylation rate, by only 2-fold, whereas up to a 30-
fold reduction in k3, the dephosphorylation rate, is observed
at pH 5.8. That the hydroxyl group of Thr410 effectively
facilitates catalysis in the rate-limiting breakdown of the
phosphoenzyme intermediate is also consistent with steady-
state kinetic results. The elimination of the hydroxyl group
(T410A) only has a modest influence on kca/Kq, which
probes steps in the mechanism up to the first irreversible
step, phosphorylation and release of p-nitrophenol, with a
8.5-fold reduction in the pH independent value (Table 2).
In contrast, a 120-fold reduction in the pH independent value
of ke, which most likely measures the dephosphorylation
(k3), was observed for the mutant T410A at 30 °C (Table
2).

There is much evidence to indicate that in non-enzyme-
catalyzed solution reaction, phosphate monoesters hydrolyze
via a dissociative mechanism (Butcher & Westheimer, 1955;
Bunton et al., 1967; Kirby & Varvoglis, 1967; Gorenstein
et al., 1977) involving an unsymmetrically ‘“‘exploded”
metaphosphate-like transition state in which bond formation
to the incoming nucleophile is minimal and bond breaking
between phosphorus and the leaving group is substantial
(Bourne & Williams, 1984; Skoog & Jencks, 1984; Her-
schlag & Jencks, 1989; Cleland, 1990; Hengge et al., 1994).
Recently, we have shown by measuring the heavy-atom
kinetic isotope effects associated with the Yersinia PTPase
and the mammalian PTP1-catalyzed hydrolysis of pNPP, that
P—O bond cleavage is rate-limiting for the k./Kn portion
of the mechanism of both enzymes and that the transition
state is similar for both enzymes, highly dissociative, and
similar to that in solution (Hengge et al., 1995). As a result
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FIGURE 7: A proposed role for the hydroxyl group in the PTPase
signature motif during the hydrolysis of the thiophosphate enzyme
intermediate in the transition state. The numbers refer to the residues
in the Yersinia PTPase.

there is a corresponding negative charge developing on the
departing phenolic oxygen atom which can be stabilized by
protonation. Stabilization of the buildup of the negative
charge on the leaving group is one of the potential mecha-
nisms for stabilization of a dissociative transition state
(Herschlag & Jencks, 1990). Thus, in the chemical step that
leads to the phosphoenzyme formation, the departure of the
phenol leaving group is facilitated by the general acid Asp356
(Zhang, Z.-Y., et al., 1994c; Hengge et al., 1995). Nonen-
zymatic hydrolysis of phosphate monoesters proceeds most
facilely at pH 4, where the predominate form corresponds
to the monoanion. Hydrolysis of the phosphate monoester
monoanions displays a small 3, (—0.27 to —0.32), which is
in accord with the departure of a neutral leaving group (Kirby
& Varvoglis, 1967; Bunton et al., 1967). These data have
been interpreted to imply a pre-equilibrium proton transfer
to the bridge oxygen atom followed by phosphorus—oxygen
(P—0) bond fission in the rate-limiting step. For leaving
groups with pK, < 7, this proton transfer may become rate-
limiting (Kirby & Varvoglis, 1967). For thiophosphate
monoesters, proton transfer to the bridge sulfur atom
throughout the pK, range 3—12 may become rate-limiting
(Milstien & Fife, 1967). A similar need for charge stabiliza-
tion on the sulfur atom during the hydrolysis of the
thiophosphate enzyme intermediate may be required.

The exact mechanism by which Thr410 accelerates the
dephosphorylation step is not clear. Both structural (Stuckey
et al., 1994) and biochemical data described in this paper
suggest that the hydroxyl group of Thr410 interacts with the
sulfur atom of the active site nucleophile Cys403. One
possibility is that in the step that leads to the hydrolysis of
the intermediate the developing negative charge on the
thiolate leaving group in the transition state is stabilized by
the hydroxyl group at position 410. Figure 7 is depicted
with the hydroxyl group of Thr410 hydrogen bonded to the
thiolate anion of Cys403 in the transition state of the
hydrolysis of the thiophosphate enzyme intermediate. If we
assume that the transition state for the hydrolysis of the
thiophosphate intermediate is similar to that of the phos-
phorylation step, i.e., highly dissociative in nature, then
charge stabilization on the leaving thiolate will be important
since P—S bond breaking is substantial in the transition state.
In essence, the hydroxyl group at 410 provides the driving
force for the enzyme to go through a dissociative pathway.
The loss of such an interaction would make the phospho-
cysteine more resistant to breakdown. On the other hand,
in the transition state that leads to the phosphoenzyme
formation, there is little bond making between the nucleo-
philc thiolate and the phosphorus atom. Thus, it is under-
standable that elimination of the hydroxyl group at position
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410 has a minimal effect on the phosphorylation step because
little nucleophilic activation is needed for the reaction.

The structure of the phosphate-binding loop and the
invariant Cys and Arg residues in the Yersinia PTPase,
PTP1B and the low molecular weight phosphatase have been
conserved from bacteria to mammals (Barford et al., 1994,
Stuckey et al., 1994; Su et al., 1994; Zhang, M., et al., 1994).
It is likely that PTPases, dual-specific phosphatases, and low
molecular weight phosphatases utilize a similar structural
feature, the phosphate-binding loop, within their active sites
and employ a common strategy for phosphate monoester
hydrolysis. The common catalytic strategy involves the Cys
residue acting as the nucleophile to attack the phosphate ester,
forming a thiophosphate intermediate, and the invariant Arg
residue playing a role both in substrate recognition and
transition state stabilization. As part of the phosphate-
binding loop, the conserved Thr/Ser residue immediately
following the invariant Arg residue facilitates the breakdown
of the phosphoenzyme intermediate. Such a role has also
been proposed for a dual-specificity phosphatase, VHR
(Denu & Dixon, 1995).
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