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ABSTRACT. The hydrolysis ofO-arylphosphorothioates by protein-tyrosine phosphatases (PTPases) was
studied with the aim of providing a mechanistic framework for the reactions of this important class of
substrate analogue®-Arylphosphorothioates are hydrolyzed 2 to 3 orders of magnitude slower than
O-aryl phosphates by PTPases. This is in contrast to the solution reaction where phosphorothioates display
10—-60-fold higher reactivity than the corresponding oxygen analogues. Kinetic analyses suggest that
PTPases utilize the same active site and similar kinetic and chemical mechanisms for the hydrolysis of
O-arylphosphorothioates ar@taryl phosphates. Thio substitution has no effect on the affinity of substrate

or product for the PTPases. Brgnsted analyses suggest that like the PTPase-catalyzed phosphoryl transfer
reaction the transition state for the PTPase-catalyzed thiophosphoryl transfer is highly dissociative, similar
to that of the corresponding solution reaction. The side chain of the active-site Arg residue forms a bidentate
hydrogen bond with two of the terminal phosphate oxygens in the ground state and two of the equatorial
oxygens in a transition state analog complex with vanadate [Denu et al. (P98&)Natl. Acad Sci

USA 93 2493-2498; Zhang, M. et al. (199Biochemistry 3615—-23; Pannifer et al. (1998). Biol.

Chem 273 10454-10462]. Replacement of the active-site Arg409 inYteesiniaPTPase by a Lys reduces

the thio effect by 54-fold, consistent with direct interaction and demonstrating strong energetic coupling
between Arg409 and the phosphoryl oxygens in the transition state. These results suggest that the large
thio effect observed in the PTPase reaction is the result of inability to achieve precise transition state
complementarity in the enzyme active site with the larger sulfur substitution.

Protein tyrosine phosphatases (PTPdses}alyze the  family includes the classical tyrosine-specific PTPases, the
removal of the phosphoryl group from aryl phosphates and dual specificity phosphatases, and the low molecular weight
phosphotyrosine in peptides/proteins. The PTPase superphosphatases. These three groups of phosphatases share the

signature motif (H/VE(X)sR(S/T) and other key structural
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Ficure 1: A chemical mechanism for théersiniaPTPase-catalyzed hydrolysis of pNPP.

Scheme 1 phosphorothioates hydrolysis catalyzed by these enzymes is
- s S T ° d@ssocia?ive, 'similar to that .in solu'tion. Anqusis of the

RO—F—0" + Ho —> ROoese proceees | —=rou+ o—F—on differential thlo effects associated yv!th the wild-type and a
o MG H o number of site-directed mutaiersiniaPTPases suggests

that sulfur substitution disrupts the geometric complemen-
bond formation to the incoming nucleophile is minimal and tarity between the active-site Arg residue and the phosphoryl
bond breaking between the phosphorus and the leaving groupoxygens in the transition state, providing a molecular
is substantial@—9). Recent heavy atom kinetic isotope effect explanation for the reduced reactivity GFarylphosphoro-
measurements and Brgnsted correlation studies on thethioates in the PTPase reaction.
PTPase-catalyzed reaction suggest that the nature of the
enzymatic transition state is similar to that of the uncatalyzed EXPERIMENTAL PROCEDURES

solution reaction 10—13). Thus, the transition state of the Enzymes and ChemicalEhe wild-typeYersiniaPTPase
solution reaction is essentially the one stabilized by the ptp1g VHR Stpl, LAR andversinia PTPase mutants
enzyme leading to catalysis. o _ Q446A, Q450A, D356A, W354A, and R409K were ex-
O-Phosphorothioate monoesters, in which a nonbridge yressed under the control of the T7 promoteEatherichia
oxygen atom of the phosphate group is replaced by a sulfurco|i BL21(DE3) and grown at room temperature after
atom, exhibit approximately 1060-fold enhanced intrinsic  jnqyction with 0.4 mM IPTG. All recombinant proteins were
chemical reactivity in solution14—16). This inverse thio purified to greater than 95% purity as described previously
effect (the ratio of the rate of phosphate ester vs phosp.horo—(24_28). p-Nitropheny! phosphatepNPP) was purchased
thioate ester reaction) can be rationalized by the higher fom Fluka. Sodium thiophosphate, deuterium oxide, ethylene
electronegativity of oxygen as compared to suffdthio gycol, 2,2, 2-trifluoroethanol, propargyl alcohol, allyl alcohol,
substitution speeds up dissociative reactions that requiregng 2-propanol were purchased from Aldrich. Phenyl phos-
electron donation from the phosphoryl substituents and Slowsphate, cyanoethanol, 2-methoxyethanol, and ethyl alcohol
down associative reactions in which electron withdrawal from \;are purchased from Sigma. Substituted pyridines were from
the phosphorus stabilizes the transition sta®.(Neverthe-  ajqrich in highest purity available and distilled prior to use.
less,O-phosphorothioate monoesters were found to be less Synthesis Cyclohexylammonium salts of 4-nitrophenyl,
reactive compared to phosphate esters in PTPase'Catalyzeg,4-dich|orophenyl, 4-cyanophenyl, 3-nitrophenyl, 2-chloro-
reactions {8—23). In other words, thio substitution increases phenyl, 4-chlorophenyl, 4-fluorophenyl, phenyl, and 3,4-

solution hydrolysis but decreases the enzymatic reaction. Thedimethylphenyl phosphorothioates were prepared as previ-

stability of phosphorothioates toward PTPases has beenyq), describedi(6), except for the following modification.

useful for the investigation of the role of tyrosine phos- e crde phosphorodichloridite was dissolved in 20 mL
phorylation in cell signaling X§). Thiophosphorylated  ginxane and cooled to 8C before sodium hydroxide was
lysozyme coupled to a stationary phase has been used as ajqeq. This helped to homogenize the hydrolysis mixture,
affinity column that led to the purification of the first PTPase ¢, .ijitated removal of water as an azeotropic mixture and
(19). Yet to date, detailed study of the molecular basis for o4 1o product of higher purity. Aryl phosphate monoesters:
the Igrge thio effect in the PTPase reactlon_ was lacking. 4-nitrophenyl, 2,4-dichlorophenyi, 4-cyanophenyl, 3-nitro-
This work was de5|gned to fuIIy.charactenze the _PTI_Dase- phenyl, 2-chlorophenyl, 4-chlorophenyl, 3,4-dimethylphenyl,
catalyzed phosphorothioate reaction and compare it with the g4 4-fluorophenyl phosphate were synthesized as described
well-characterized phosphate reaction. The results sugges(zg).
that the hydrolysis OD—arylphosphorothioates by PTPases ~ patection of Reaction Products B¥P NMR Hydrolyses
follows the same mechanistic pathway as that of phosphate ¢ thiophosphate andp-nitrophenyl phosphorothioate

monoesters, and the nature of the transition state for[pNPP(S)] were monitored on a Bruker DRX 300 MHz
spectrometer at 27C using the following parameters:
21t should be recognized that electronegativity alone does not explain acquisition time 0.28 s, delay time 0.8 s, spectral width

all properties of phosphorothioates. For example, the sulfur atom in 14,620 Hz (120 ppm). All spectra were recorded with
phosphorothioates carries a full negative charge and polarizability is =’ )

probably a more important factor than electronegativity in determining H-decoupling. The chemical shift of in_organic phosphate in
the electronic nature of these compounds (se&Tef D,O was set to zero. The concentrationpPP(S) was 5
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mM and the concentration of thiophosphate was 5 or 32 mM. Scheme 2

The enzyme and substrate were dissolved in a 50 mM , ki , Kk ks N
succinate, 1 mM EDTA, pH 6.0 buffer, containing 20%® B AIOPOST = BAAOROT I B o7 EHHORO
The rate of enzymatic hydrolysis of thiophosphate was ArOH

determined by measuring the appearance of inorganic _ _ _ _ _ o
phosphate. This was based on the observation that substitu@PPropriate equations using KinetAsyst to obtain the inhibi-
tion of oxygen for sulfur in inorganic phosphate causes a fion constant and to assess the mode of inhibition.
dramatic downfield chemical shift from 2 to 40 ppm. The _ Determination of Secor@rder Rate Constants for the
hydrolysis reaction was initiated by addition ¥ersinia ~ Pyridine-Catalyzed Reaction of pN¥) and the FirstOrder
PTPase (4.2M), PTP1B (3.5uM), or VHR (7.0uM) to a Rate Constant for the Nonenzyr_natlc Hydrolysis of p(8pP
reaction mixture containing 32 mM thiophosphate. To The amine-catalyzed hydrolysis @NPP(S) cyclohexyl-
demonstrate the transfer of thiophosphate frgdPP(S) to ~ @mmonium dianion (5%M) was studied with a series of
an exemplary alcohpll M ethylene glycol was included in ~ Pyridines at 37C at constant ionic strength ([KCi 1 M)
the NMR sample 25). in CHES buffer (50 mM, pH 9.41). Flrst—order rate constants
SteadyState Kinetics Initial rates for the hydrolysis of ~ Wereé measured and plotted against the relevant pyridine
pNPP and other aryl phosphate monoesters byveasinia concentration to obtain the secor_ld-order rate constant as_the
PTPase, PTP1B, VHR, Stpl, and LAR were measured asSlope. Second-order plots were linear over the concentration
described previously2d, 30). Initial rates for the enzymatic ~ "anges employed (0 up to 0.0476.475 M, depending on
hydrolysis ofpNPP(S) and other aryl phosphothioate mono- pyndln_e solubility). This second—c_)rder rate constant was then
esters were measured by following the absorbance from 279used in the Brensted correlation (Figure 5 below). No
to 410 nm at the wavelength giving the largest change in Correction was made for pyridine self-assoqat@ﬁ)(SL_Jch
absorbance. The nonenzymatic hydrolysis of the substratest correction would correspond to a 0.3 unit change indog
was corrected by measuring the control without the addition for the strongly associating methylpyridines at the concentra-
of the enzyme. The extinction coefficients were determined tion empolyed but was not made as the data were better fit
by following the absorbance at the corresponding wavelengthPY @ linear dependence on pyridine concentration.
for complete hydrolysis of aryl phosphothioates or their ~ Pre-SteadyState KineticsPre-steady-state kinetic meas-
phosphate substrates. The extinction coefficients for the urements of the wild-typ&ersiniaPTPase and its Q446A
corresponding phenolate products of these arylphosphothioatdnutant, PTP1B, and VHR-catalyzed hydrolysispbfPP(S)
monoesters were determined 1 N NaOH as follows (in ~ @ndpNPP were conducted at pH 6.0 and“8 The reaction
unit of M~ cmY): €405 = 18 000 for 4-nitrophenolatezos was mlonltored by the increase in absorbance at 495 nm of
= 4300 for 2,4-dichlorophenolatezs, = 20 000 for 4-cy- thep-nitrophenolate product. The enzyme concentration after
anophenolatesgo = 1430 for 3-nitrophenolateges = 2800 mixing was 54, 72, and 8QM for the Yersinia PTPase,
for 2-chlorophenolate¢soo = 3460 for 4-chlorophenolate, PTP1B, and VHR, respectlygly. The concentrations for
€300 = 3120 for 4-fluorophenolatecygs = 1220 for 3,4-  PNPP(S) andpNPP after mixing were 5 and 26 mM,
dimethylphenolate, anebss = 2340 for phenolate. respectlvely. The gxtmcﬂon coefficient .for the mixture of
Buffers used were as follows: pH 4.0 and 5.0, 100 mM P-nitrophenolatgg-nitrophenol at 405 nmiis 1,300 Mcm
acetate; pH 6.0, 50 mM succinate; pH 7.0, 50 mM 3,3- &t PH 6.0 and 30C. When PTPase amiNPP orpNPP(S)
dimethyglutarate; pH 8.0 and 9.0, 100 mM Tris. All of the '€ rapidly mixed in a stopped-flow spectrophotometer, the
buffer systems contained 1 mM EDTA, and the ionic strength 'Ncrease in absorbance at 405 nm as a function of time can

of the solutions were kept at 0.15 M using NaCl. The enzyme D€ described as: Absorbanggn= A x t+ B x (1 — e ™)
concentration was determined from the absorbance at 280+ C- The burst amplitudes and rate constants were evaluated

nm using Amgm2® (absorbance at 280 nmrfa 1 mg/mL by the procedure described i81). The correlation between
solution) of 0_9493 1.24. 0.564. 0.724. and 1.28Yersinia the kinetic parameters [burst amplitude (B), transient rate
PTPases, PTP1B, VHR, Stpl, and LAR, respectively. The constant (b) and the rate constant of the slow phase (A)],
W354A mutantYersiniaPTPase has an fgymi 2% of 0.24 and the kinetic mechanism defined by Scheme 2 are
because of the substitution of the tryptophan residue. Thedescribed by equations (1) to (4):

Michaelis—Menten kinetic parameters were determined from [S)

a direct fit of the velocity vs [S] data to the Michaelis A=e x [Ey X Kogy X 7oi——— (1)
Menten equation using the nonlinear regression program [S] + Ky
KinetAsyst (IntelliKinetics, State College, PA). The range

of O-arylphosphorothioate concentration used was from 0.4 k(K + K3) |2

to 10 mM. The range aD-aryl phosphate concentration used B=ex[Bl x |77 Y (2)
was from 0.2 to K. In all cases, the enzyme concentration "

was much lower than that of the substrate so that the steady- K,

state assumption was fulfilled. Inhibition constaris) for b=ks+—F——F— 3
the PTPase by inorganic phosphate, thiophosphate, and 1+ KIS

pNPP(S) were determined wiiNPP as substrate at pH 6.0

and 30°C. The mode of inhibition and; value were _ ko x ks (4)

determined in the following manner. At various fixed K, + kg
concentrations of inhibitor (0 to &), the initial rate at a

series ofpNPP concentrations was measured ranging from E is the enzyme, ArOP@ the substrate, -ErOPOﬁ’ the
0.2 to 5 the apparerK,, values. The data were fitted to enzyme-substrate Michaelis complex;-E, the phospho-
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Table 1: Comparison of Steady-State Kinetic Parameters of Enzymatic HydrolygiéR#t andpNPP(S)

enzyme substrate Keat (571 Km (MM) KealKm (M1 s71) thioeffect

YersiniaPTP pNPP 345+ 5 26+0.1 1.3x 10° 5.0x 10°
PNPP(S) (7.0t 0.8) x 1072 2.7+0.6 26

PTP1B pNPP 34+ 1 0.91+0.01 3.7x 10¢ 2.3x 10
PNPP(S) (4.3:0.1)x 102 27402 16

LAR pNPP 12+ 1 1.9+ 0.1 6.3x 10¢° 1.0x 1C°
PNPP(S) (1.8£0.1) x 102 3.0+0.3 6.0

VHR pNPP 6.0+ 0.5 1.7+0.1 3.5x 1¢° 67
PNPP(S) (3.1 0.1) x 102 0.6+0.1 52

Stp1 pNPP 2.44+0.2 0.08+ 0.01 3.0x 10* 2.1x 10
pNPP(S) (3.3£0.1) x 10°2 0.2340.02 1.4x 10

aThe thio effect is defined akda/Km)pned (Keal Km)pner(sy All measurements were at pH 6.0 and“8Q Errors for individual kinetic experiments
were obtained from the direct nonlinear regression fit of the data to the MietMbsiten equation. The reported values were the average of three
independent experiments and the errors are standard deviations.

enzyme intermediate, and ArOH, the phenol. When substrateing the steady-state parameters, catalytic sequence, and nature
concentration is sufficiently higher thag,, eqs 1, 2, and 3 of the transition state for the phosphorothioate vs phosphate
reduce to eqs 57; € is the extinction coefficient of the  ester hydrolysis by the PTPases. This forms the basis for a
monitored product at the indicated wavelength, angl §iad molecular analysis of the thio effect, which is further probed
[So] are the initial enzyme and substrate concentrations. by a comparison between the wild-type and mutant enzymes.
Enzyme, substrate, and enzynmubstrate complex are To assess the magnitude of the thio effect, steady-state
assumed in a fast preequilibrium. Thus, the values of all parameters for the PTPase-catalyzed hydrolysig-oitro-
reaction parameters can be determined using these equationghenyl phosphatgNPP) ando-nitrophenylphosphorothioate
_ [PNPP(S)] were compared. At pH 6.0 and 30, the Kea
A= e x [Bgl x ke ®) values for theyersiniaPTPase-catalyzed hydrolysisgfiPP
k, 12 and pNPP(S) were 345 and 0.07's respectively. The,
B=¢e x [E] x [k T k] (6) for pNPP(S) was 2.7 mM, similar to that f@NPP (Table
2 113 1). Thus, replacing a nonbridge oxygenpNPP by a sulfur
b=k + k @) atom decreases botk. and kea/Kn by 5000-fold in the
3 YersiniaPTPase-catalyzed reaction. For comparison, the first-
Determination of Secon@®rder Rate Constants for the order rate constant for the solution hydrolysis of the dianion
Thiophosphoryl Transfer Reaction from the Thiophospho- of pNPP(S) at 37C was determined to be 2.2 107 s,
enzyme Intermediate to Various Alcohdlée rate-limiting ~ The rate constant for the solution reaction of the dianion of
step for Yersinia PTPase Q446A-catalyzed hydrolysis of PNPP was 1.6< 107°s™ at 39°C (33). Thus, theYersinia
pNPP(S) is the breakdown of the phosphoenzyme intermedi- PTPase enhances the ratepNPP hydrolysis by~10'and
ate, similar to the hydrolysis gdNPP by the PTPasey). catalyzes the hydrolysis pNPP(S) over the solution reaction
Under this condition, the observég value for thepNPP(S) by ~10°.
reaction in the presence of alcohols as determined by To determine if the reduced activity toward phosphoro-
following the production of-nitrophenolate is the sum of  thioates is a unique property of tersiniaPTPase, we also
the individual rate constants for the thiophosphoenzyme measured the kinetic parameters for the hydrolysis of
hydrolysis and thiophosphoryl transfer to alcoh2f)( The pNPP(S) by several other PTPases. As summarized in Table
alcohol concentrations employed were from 0 to 0.8 M. 1, the mammalian tyrosine-specific phosphatases PTP1B and
Typically, the rate increase in the presence of alcohol rangedL AR, the human dual specificity phosphatase VHR, and the
from 20 to 80% of the hydrolysis reaction. A plot &y yeast low molecular weight phosphatase Stp1 all exhibited
against alcohol concentration is linear with an intercept at reducedk.4 values in the range between 0.02 and 0.04 s
the rate of hydrolysis. The slope of this line is the second- for pNPP(S), which were similar to that of théersinia
order rate constant for the reaction of thiophosphoenzymePTPase. In addition, thk, values forpNPP(S) were not
with alcohol @3). significantly different from those gbNPP.
D,O Sobent Isotope EffeciThe steady-state solvent kinetic PTPases Use the Same AetSite in Hydrolyzing pNAE)
isotope experiments were conducted in the equivalent buffer 5,4 pNPP To exclude the possibility that the low activity
of pH 6.0, 50 mM succinate, 1 mM EDTA, = 0.15 M. toward phosphorothioates is due to contaminating phos-
Buffer solutions in heavy water (100 mL) were prepared as phatases in the recombinant PTPase preparations, we tested
follows: 100 mL of the pH 6.0 buffer was lyophilized 0 5 catalytically inactive mutant PTPase. Mutations at the
dryness, redissolved in 20 mL of:0 and lyophilized 1o gctive-site Cys residue destroy the PTPase’s ability to
dryness. two times and then dissolved in 100 mL @OD hydrolyzepNPP and pTyr-containing protein substrat@4)(
As predicted by theory, the pH meter reading of the buffered o'y rified preparation of the catalytically inactive C403S
D;0O solution was 6.1 and the corresponding pD vatle  mytant of YersiniaPTPase was also unable to hydrolyze
pH meter readingt- 0.4 = 6.5 (32). pNPP(S). Furthermore, various catalytically impaiers-
RESULTS inia PTPases exhibited activity towapNPP(S) different
from that of the wild-type enzyme (see below). Finally,
Thio Effect for the PTPas€atalyzed Hydrolysis of inorganic phosphate binds to the active site and behaves as
p-Nitrophenylphosphorothioat&Ve establish in the follow-  a competitive inhibitor of PTPases. The inhibition constants
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Table 2: Inhibition of the PTPases by Thiophosphate pKREBP (S} A
enzyme inhibitor Ki (mM) Km (MM)

YersiniaPTPase  inorganic phosphate  #83
thiophosphate 6.40.3
pNPP(S) 1201 27+06

PTP1B inorganic phosphate 283
thiophosphate 7.£0.2
pNPP(S) 1.6£03 2.7+0.2

VHR inorganic phosphate  1480.1
thiophosphate 3.204 VAT AL W 27 min
PNPP(S) 2.0:02 06+0.1 A W"’W‘ 17 min

a All measurements were at pH 6.0 and 3D. Errors for eaclK; 7 min
measurement were obtained from the direct nonlinear regression fit of 0 min
the data to appropriate equations using KinetAsyst. The reported values
were the average of three independent experiments and the errors were
standard deviations. For experimental details, see Experimental
Procedures.

50 40 30 20 10 0 ppm

of inorganic phosphate for thENPP andoNPP(S) reactions
were identical, consistent with a common active site. B
Collectively, these results suggest that PTPases use the same
active site to hydrolyze phosphate and phosphorothioates.

Affinity of Phosphorothioates for PTPas&¥e compared
the binding of phosphate and thiophosphate by using these
compounds as inhibitors of thpNPP reaction. Kinetic
analysis showed that both phosphate and thiophosphate were
competitive inhibitors. The&; values are similar for phos-
phate and thiophosphate (Table 2). In addition Khevalues W

for pNPP andpNPP(S) are also similar. Thus, the results 97 190 min
suggest that the thio substitutions have no significant effect 67 mi:lm

on ground-state binding.

Characterization of Reaction Pathway and Catalytic
SequenceSince the PTPase-catalyzed phosphate monoester ~rrrerrerrreereey prerreree preverreer
hydrolysis proceeds through two distinct chemical stepsvia 50 40 30 20 10 0 ppm
a cysteinyl phosphate intermediate (Figure 1 and Scheme
2), we first established whether phosphorothioates were
hydrolyzed by a similar sequence. One of the products from
the hydrolysis ofO-arylphosphorothioates is thiophosphate.

Since PTPases can catalyze tH® exchange reaction C

between inorganic phosphate and wat29, (35, 36), we
determined whether thiophosphate could be hydrolyzed by __,
PTPases. Indeed, thiophosphate was not stable in the&
presence of the enzyme and was hydrolyzed to inorganic €
phosphate and #$ by theYersiniaPTPase as shown B{P
NMR experiments (Figure 2A). Thé. values for the
hydrolysis of thiophosphate by théersiniaPTPase, PTP1B,
and VHR were 0.32, 0.063, and 0.16'srespectively, at
pH 6.0 and 27°C (Table 3). The solution hydrolysis of
thiophosphate was insignificant under the same condition .

0 min

ion of Compone

(data not shown); the rate of thiophosphate hydrolysis in *g

solution at pH 6.0 and 53C was previously determined to o . . ® .

be 4.3x 105 s (37). ¢ .
Figure 2B shows thé'P NMR spectra of therersinia 0.03 50 ) 150 200

PTPase-catalyzed hydrolysisgfiPP(S). Three phosphorus- . .

containing species represented by three individual NMR Time (min)

peaks were present d_urlng j[he hydrOIVS'WP(S)' On Ficure 2: Time course of th¥ersiniaPTPase-catalyzed hydrolysis
the basis of the chemical shifts of inorganic phosphat2 ( of thiophosphate (A) angNPP(S) (B) at pH 6.0, 27C. The
ppm) and thiophosphate (40 ppm), the peak at 42 ppm wasconcentration of thiophosphate and pNPP(S) was 5 mM, while the
assigned tpNPP(S). In the presence of tNersiniaPTPase, concentration folversiniaPTPase was 28M. 3P NMR chemical
pNPP(S) decreased with time as inorganic phosphate in-Shifts of thiophosphateyNPP(S), and inorganic phosphate were
s " e .40, 42, and 2 ppm, respectively. (C), the mole fractions (determined
creased with time. In addition, there was a rapid increase in ¢ integration of corresponding NMR signals) of reactant

thiophosphate concentration, which then stayed at a constan{pNPP(S), @), intermediate (thiophosphate#), and product
steady-state level (Figure 2B and C). A comparison of the (inorganic phosphates).
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Table 3: Comparison of the Rates of the PTPase-catalyzed 0.04 L A L
Hydrolysis of Inorganic Phosphate and Thiophosphate

enzyme substrate Keat (S71)

o

(=]

w
T

YersiniaPTPase inorganic phosphate 0#D.03
thiophosphate 0.32 0.02

PTP1B inorganic phosphate 0.0440.002
thiophosphate 0.062 0.00&

VHR thiophosphate 0.16 0.02

a2 Measured at pH 6.0 and 2& (35). ® Measured at pH 6.0 and 27
°C. ©Measured at pH 6.0 and Z& (36).

0.02

0.01f

time course for the disappearance of thiophosphate (Figure
2A) and pNPP(S) (Figure 2B) indicated that théersinia 0.00 F
PTPase-catalyzed hydrolysis pNPP(S) was slower than _ _ _ ‘
that of thiophosphate. These results suggest that thiophos- 0 1 5 3 4 * 5
phate is an intermediate in the reaction that is first produced
from pNPP(S) and subsequently hydrolyzed to yield inor-
ganic phosphate upon the action of the PTPase. Similar
results were obtained for the hydrolysisgPP(S) by VHR
and PTP1B. — - - 1 T
Although pNPP(S) is more than 3 orders of magnitudes B
less reactive thapNPP toward theYersinia PTPase and
PTP1B, thek.y values for PTPase-catalyzed hydrolysis of
thiophosphate were similar to thg, values for the enzyme-
catalyzed'®O exchange between inorganic phosphate and
water (Table 3). A similar observation was made with the
alkaline phosphatase-catalyzed thiophosphate hydroBg&jis (
This may be rationalized by the notion that sulfur in the
thiophosphate reaction has become the leaving group rather
than a substituent of one of the nonbridge phosphoryl
oxygens. The weaker-+SH bond than POH bond may
be compensated for by the thio effect diminishing protonation
of the sulfur leaving group (e.g.Kg®" = 6.9 and KM .
=157). 0O 10 20 30 40 50
RateLimiting Step of the PTPasgatalyzed pNPES) Time (s)
Hydrolysis Burst kinetics have been observed at43°C

for the hydrolysis opNPP catalyzed by théersiniaPTPase Ficure 3: Burst kinetics observed witifersiniaPTPase (A) and

and PTP1B 30, 36). It is suggested that under these YHR (B)atpH6.0,30C, usingpNPP(S) as a substrate. The insert
. . . of (B) was burst kinetics observed with VHR usipiiPP as a
conditions, the hydrolysis of the phosphocysteinyl enzyme substrate. The final enzyme concentrations were 54 andvBfbr

intermediate (EP in Scheme 2) is rate-limiting. This  yersinia PTPase and VHR, respectively. The final substrate
reaction was too fast for the detection of the transient burst concentrations were 5 and 26 mM f@NPP(S) andpNPP,
phase of phenol liberation at room temperature. Becauserespectively. The specific rate constants are analyzed by fitting

: - - experimental data directly to the theoretical equatidbsorbancgs,m
pNPP(S) is 3 orders of magnitude less reactive thiPP —Ax T+B x (1— e b + Cusing the nonlinear least-squares

in the PTPase reaction and has similar afﬂnityphtPP for. fit algorithm in Origion 2.9.

the phosphatases, we suspected that it might be possible to _ o o

study the pre-steady-state kinetics of the PTPase-catalyzedne slow linear phase. Similar burst kinetics were observed

PNPP(S) hydrolysis reaction at higher temperatures. Indeed,for the PTP1B-catalyzed hydrolysis pNPP(S), with rate

we observed significant transient phase ugiNPP(S) asa  constants for the burst phase and the slow phase of 2.8 and

substrate in th&ersiniaPTPase reaction at 3C and pH 0.051 s, respectively. Because of the limited solubility and

6.0 (Figure 3A). The appearance of a burst pattern of phenol Nigh background absorption at 405 nm, the higipé&P(S)

formation is consistent with the breakdown of the thiophos- concentration after mixing was 5 mM. The burst stoichiom-

phocysteinyl enzyme intermediate-fP(S)] (Scheme ) etry and individual rate constants directly associated with

being rate-limiting? Kinetic analysis yielded a rate constant the formation and breakdown of-#(S) were determined

3.4 s for the burst phase, which was 50-fold faster than &S described in the Experimental Procedures. The results are
listed in Table 4. As shown in Table 4, the burst stoichi-

3 Scheme 3 shows the proposed kinetic mechanism for the PTPase-':'metries observed in the stopped-flow experiments were
catalyzed hydrolysis gdNPP(S). Concurrent with the expulsion of the similar to the calculated theoretical values, andiheralues

leaving group, E-P(S) is formed, which is subsequently hydrolyzed determined from the pre-steady-state experiments agreed well
to thiophosphate. Thiophosphate is then hydrolyzed through-e® E  with those determined from steady-state experiments (Table
intermediate to generate inorganic phosphate an&.HBecause

thiophosphate hydrolysis andHP hydrolysis are 5- and 5000-fold faster L

than the overall reaction, the burst kinetics data suggest that the rate- Because of the lowek.y value, burst kinetics can be
limiting step for thepNPP(S) reaction is £EP(S) hydrolysis. observed with VHR usingNPP as a substrate at pH 6 and
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Table 4: Pre-Steady-State Kinetic Parameters for the PTPase-Catalyzed HydroyNBRAndpNPP(SY}
burst stoichiometry

enzyme substrate calcd obsd ko, (s71) ks, (s79) Kea (579
YersiniaPTPase pNPP(S) 0.42 0.41 4105 0.073+ 0.003 0.073+ 0.003
PTP1B pNPP(S) 0.42 0.32 303 0.051+ 0.003 0.051: 0.003
VHR pNPP(S) 0.60 0.46 0.32 0.02 0.064+ 0.002 0.0506+ 0.001
VHR pNPP 0.88 0.68 3x2 5.3+0.3 4.6+ 0.02

a All experiments were conducted at pH 6.0 and’80 pNPP(S) angNPP concentrations were 5 and 26 mM, respectively. Burst stoichiometry
= B/[E]. The theoretical amplitude of burBtwas calculated from eq 2, and the observed amplitude of Bursts determined from the absorbance
of the burstk, andks are rate constants for-28° or E-P(S) formation and hydrolysis, respectively, which were determined from egs 3 and 4.

Scheme 3 T T T T T

K K 2t
E + ArOPSO,2" === E*AfOPSO2 — A
K4 ) r

AIOH

o
T
1

Ks o Ky Ks 2—
E-P(S)—> E*HSPOg T E-P — = E + HOPO;
z

Iog (kcat)

HS™

30°C (26). To quantitatively compare the thio effect on both -4r T
of the chemical steps, i.e.-®? or E-P(S) formation and . . : . .
breakdown, pre-steady-state kinetics were carried out for the 6 7 8 9 10 11
VHR-catalyzed hydrolysis of botlpNPP and pNPP(S) pK
(Figure 3B). The rates for£P formation k) and breakdown
(ks) were 33 and 5.378, respectively, in the VHR-catalyzed
pNPP hydrolysis, which agreed well with previous measure-
ments 26). In comparison, the rates for-#(S) formation
(k') and breakdownkg') were 0.32 and 0.064°% respec- B
tively, in the VHR-catalyzedNPP(S) reaction. Although 4t :
the keo for the VHR-catalyzed hydrolysis giNPP(S) was -
100-fold lower thanpNPP, the rate of the intermediate X
formation was 5-6-fold faster than its hydrolysis for both % 2 °© 5
substrates. This suggests that the replacement of a nonbridgex’ * .
oxygen with sulfur inpNPP slows down both chemical steps ey
to a similar extent and does not change the rate-limiting step .2
of the reaction.

pH Dependence of the PTPaSatalyzed Hydrolysis of -26 7 8 9 1'0 1’1
O—ArylphosphorothioatesThe pH dependencies kf; and
kealKm for the Yersinia PTPase-catalyzed hydrolysis of pKa
3-nitrophenyl phosphate and 3-nitrophenyl phosphorothioate FIGURE 4: Leaving group dependence of the PTPases-catalyzed
were compared. Because of the instability of the PTPase ataryphosphorothioate monoester hydrolysis at pH 6.0°G0A:
pH < 5 and the low activity toward phosphorothioates, the Leaving group dependence ki for YersiniaPTPase @), and
expected variation in the low pH region of tkg/Km, — pH VHR (O). B: Leaving group dependence k({Kr for Yersinia
plot due to different substrate ionization constants were not PrT Pasle @) a”‘fj VHR (). Values of the K for the substituted
observable. Nonetheless, the PTPase-catalyzed hydrolysis gpnenois were from (39).

3-nitrophenyl phosphorothioate displayed similar pH-rate g for the PTPase-catalyzed hydrolysis Gtarylphos-
profiles to those of 3-nitrophenyl phosphate from pH% phorothioates. The PTPase-catalyzed hydrolysi©-afryl
although the absolute value &, and k.alKm Was about  phosphates also exhibits no leaving group dependence on
5000-fold smaller at each pH (data not shown). Thus, poth k., andkea/Km (26, 35, 36). The lack of leaving group
substitution of a nonbridge oxygen with sulfur @-aryl dependence ork./K, can be attributed to essentially
phosphate ester does not alter its pH-profile. complete protonation of the phenolic oxygen in the leaving
Leaving Group Dependence of the PTP&Satalyzed group by the general acid in the transition state ferQP
Hydrolysis of G-ArylphosphorothioatesThe leaving group  bond cleavagel0—12, 27). The lack of a leaving group
dependence of the hydrolysis @-arylphosphorothioates effect on k., is consistent with the assignment of the
catalyzed by theYersinia PTPase as well as VHR were hydrolysis of the covalent enzyme intermediate as rate-
investigated. FoD-aryl phosphates the kinetic paramekgy limiting (36).
Km monitors the E-P formation {0—12) and the kinetic Sobent Isotope EffectProton transfer occurs in both of
parametek.4 primarily follows the E-P hydrolysis 26, 30, the chemical steps of the PTPase-catalyzed reacfipn (
36; and this work). As shown in Figure 4, there was During the E-P formation step, the phenolate leaving group
essentially no leaving group dependence in batfandkca/ is protonated by the invariant Asp residue and during the

® @©

e
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-5 : Scheme 4
k; [H,0
K, K, 1L HOPO,*
L i E + ArOPO;*=—== E  ArOPO,> E-P
kg \—~ E + ROPO,*
k, [ROH]

ArOH

N Collectively, the results suggest that the transition state for
X~ O-phosphorothioates is more dissociative than that for the
2 L i oxygen analogues.
= o Brnuc Values for the PTPase Reactio$e transition state
M\%DX‘@ in the Stpl phosphatase-catalyzed reaction has been char-
acterized by studying the effect of changing alcohol basicity
on its reactivity toward EP (13). This is based on the
property that the phosphoryl group irHP can be transferred
to water (hydrolysis) as well as alcohols. In the reaction
catalyzed by the tyrosine-specific PTPases, the phosphoryl
-8 | ‘ ! group cannot be transferred to nucleophiles other than water
1 3 5 7 because of an invariant GIn residue (GIn446 in Ytegsinia
PTPase) in the active site that appears to position the

Ficure 5: Logarithmic plot of second-order rate constants for hydrolytic water via a bidentate hydrogen borth,(47).
hydrolysié ofpNPP(S) dianion catalyzed by pyridine nucleophiles Replacement of GIn446 in theéersiniaPTPase by an Ala

vs the K, of the pyridine nucleophile. The siope of the plot gives conferred phosphotransferase activity onto the phosphatase

a fnuc value of —0.04 + 0.02. The [, values for the substituted  while exerting minimal effect on the hydrolytic activit29).

g}glglﬂgf grses 1(-35% (()ﬁﬁlz\l))'525215( (4-CN)), 636320( §3CC|_:)3) 3613?3 ((34- Observation of burst kinetics indicate that the rate-limiting

, 3. - , 5. parent), 6. - , 6. - . _ .
CH3), and 6.41 (3.5-CH3J80, 41, 42). (Conditions: T — 37 °C. step forkea: in the Q446A-catalyzed hydrolysis pN_PI_D(S)
_ _ is the breakdown of EP(S) (data not shown), similar to

pH 9.41,1 = 1 M (KCI), 50 mM CHES, [S]= 55 uM). _ , o
that observed with the wild-type PTPase. These kinetic

E—P hydrolysis step, the nucleophilic water is deprotonated properties of the Q446A make it possible to probe the nature

by the same Asp residue. Kinetic solvent isotope effects for of the transition state of th€ersiniaPTPase reactions.

the wild-type and Q446A mutaiersiniaPTPase-catalyzed In the presence of alcohols, the Q448ArsiniaPTPase-

hydrolysis of pNPP and pNPP(S) were measured. No catalyzedpNPP(S) reaction produced alkyl thiophosphates
significant DO solvent isotope effects were observedkgn in addition to the hydrolysis product (inorganic thiophos-
and Keaf K. phate) (data not shown). Similarly, alkyl phosphates and

Comparison of the Transition State for the Nonenzymatic inorganic phosphate were produced in the Q446A-catalyzed
and the PTPas€atalyzed Phosphorihiophosphoryl Trans- ~ pNPP reaction in the presence of alcoh@s)( Furthermore,
fer ReactionsTo characterize the PTPase-catalyzed phos- alcohols stimulated the overall reactions for bpMPP and
phorothioate reaction further, we determined fhg values pPNPP(S), consistent with the breakdown of E or E-P(S)
for both the solution and the enzymatic reactions. The being the rate-limiting step. This is not due to a general
Branstedsn, value is the slope of the logarithm of the rate  medium effect as in the concentration used (M), alcohols
for a reaction vs thelg, of the attacking nucleophiles and have no effect in the wild-typ&ersiniaPTPase-catalyzed
is often viewed as an approximate estimate of the extent of reaction. The presence of alcohols also did not have any
bond formation between the nucleophile and the reaction effect on the rate of EP hydrolysis by Q446A45). Thus,
center in the transition state. the rate enhancements in alcohols are due to phosphoryl

Pruc Values for the Solution ReactianBhe fnc value for transfer to alcohols. To compare the transition states for the
the solution reaction gdNPP dianion with pyridine nucleo-  decomposition of EP and E-P(S), the effect of nucleophile
philes was found to be in the range of 0.13 to 0.38 40). basicity on the second-order rate constdat Scheme 4)
The dependence of the second-order rate constant on thdor the reaction of thes-substituted ethanols with-B° or
basicity of nucleophile for the reaction betwepNPP(S) E—P(S) was measured for the Q44&A&rsiniaPTPase. The
and substituted pyridines is shown in Figure 5, which yields selecteB-substituted ethanols were all primary alcohols and
a Bruc value of —0.04+ 0.02. The smallefn,c value for the had similar molecular volume such that the influence of steric
pNPP(S) reaction as compared to that for phePP reaction and hydrophobic effects was minimizeti3]. A Brgnsted
suggests that there is less nucleophilic involvement in the plot of log ks against the K, of the attacking alcohol gave
transition state for th@®-phosphorothioate reaction. Stereo- afncvalue of 0.06+ 0.06 for thepNPP(S) reaction, slightly
chemical studies with chirgdNPP(S) show that the reaction lower than thefn, value of 0.15+ 0.05 for the pNPP
proceeds with racemization, suggesting the existence of areaction (Figure 6)3,,c values alone cannot firmly establish
monomeric thiometaphosphate intermediate in aqueous soluthe nature of a transition state. For example, the small
tion (43). A large volume of activation for the hydrolysis of observed values g, for reactions of EEP and E-P(S)
2,4-dinitrophenylphosphorothioaté4) and a large entropy  not only are consistent with a dissociative transition state
of activation forpNPP(S) 45) have been observed, consistent but also are consistent with general base-assisted proton
with formation of a thiometaphosphate intermediate. In removal coupled with bond formation. The following sug-
contrast, there is no direct evidence for the existence of agests that this latter possibility is unlikely. If there were
free metaphosphate intermediate in aqueous soluté®)s ( significant proton transfer from the attacking alcohol or water
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L B Thio Effects for PTPase Aet-Site Mutants The above
results suggest that the two substrate classes react with
PTPases via similar reaction pathways and transition states.
The difference in reactivity presumably arises from differ-
ences in specific molecular interactions in the active site.
2 F - This was tested by measuring the thio effectkpK, for

° a number of site-directed mutaiersiniaPTPases. It has

| been shown that changes in the thio effect upon mutation of
a particular side chain can be indicative of direct or indirect
intermolecular interactions between the side chain and
equatorial oxygens in the transition stabd{54). The use

of single site mutant enzymes and modified substrates to gain
2F ° o o . insight into the interaction between the enzyme residue and
the substrate is conceptually similar to the study of double
enzyme mutants for potential interaction between the two
4 F i residues %5). As shown in Table 5, the thio effects for the
Q446A and Q450A reactions were similar to that of the wild-
A L type. The thio effects for the D356A, W354A, and R409K
12 13 14 15 16 17 mutants were reduced 8-, 22-, and 54-fold, respectively.

pK,
Ficure 6: Brgnsted plots of second-order rate constaptScheme

4) for the alcoholysis of the enzyme-thiophosphate or enzyme-

phosphate intermediate as a function of the basicity of the alcohols i i ; i ;
in the Q446AYersinaPTPase-catalyzed hydrolysis@fPP(S) O) Thlo Effe_ct_ln Enzymatic and Nonenzymatlt_: ReaCtlon$
and pNPP @). Alcohols used were GEH,OH (pKa 12.37) Thio substitution accelerates the nonenzymatic hydrolysis

HC=CCH,OH (pKa 13.55), N=CCH,CH,0OH (pK, 14.03), CICH- of phosphate monoesters-160-fold (14—16) but decreases
CH,OH (pK414.31), CHOCH,CH,0OH (pK, 14.82), CH=CHCH,- reaction rates of phosphate triesters-160-fold 67—61).

OH (pK, 15.52), CHCH,OH (pK4 15.90), and CECH,CH;OH (pKa This difference in thio effect is in accord with mechanistic
16.10). The [, values for the alcohols were frodg-50). All differences, i.e. a primarily dissociative process in the
measurements were performed at & and pH 6.0, in 50 mM . S .
succinate, 1 mM EDTA| = 0.15 M adjusted with NaCl. monoester reactions but an associative one for the triester

reactions 9). In contrast to the solution reaction, phos-

to the general base during hydrolysis, then a lafggivalue phorothioate monoesters are much poorer substrates than the
would be predicted upon removal of the general base and a®Xygen analogues for a number of phosphoryl transfer
solvent isotope effect might be expected forfEhydrolysis. ~ €nzymes, e.g. PTPases (this work), alkaline phosphétase (
However, alteration of the general base (D128E mutant of 62), fructose bisphosphatase, protein kinasesq), and
the Stp1 phosphatase) had no effect on the observed valué\TPases &4, 65). The observed large thio effects were
of Bruc (13). In addition, no significant solvent isotope effect Préviously suggested, based on the large thio effect for the
was observed fokey for the wild-type and Q446Aersinia solgthn phosp_h_otrlester reactions, as evidence for an as-
PTPase reactions in which-B hydrolysis is rate-limiting. ~ SOclative transition state for enzyme-qatalyzed p.hosphoryl
Thus, the lowBae values are most simply interpreted in terms  ransfer reactions1¢, 15). However, differences in size,
of little deprotonation from the nucleophile in a metaphos- Polarizability, electronegativity, hydrogen bonding, and af-
phate-like, dissociative transition state for hydrolysis of both finity for metal ions between oxygen and sulfus6¢-68)
E—P and E-P(S). Nevertheless, it should be noted that a Can cause _d|fferent|a_l interactions with the enzyme. The
distinct interpretation of linear free-energy realtionships for différences in interactions can obscure effects arising from
phosphoryl transfer reactions has recently been presentedntr'”s'c reactivity and thus. preven.t.the use of thio effect as
(76). The reader is referred to referenc&s 9, 54, 77) for a readout for the enzymatic transition staté)(
further discussion of enzymatic transitions states for phos- Why PTPases Exhibit Large Thio EffezfSo ensure that
phoryl transfer. It appears that the nature of the transition a thio effect for an enzyme reaction is interpreted properly,
state for the intermediate breakdown is dissociative for both it is important that the reactions occur at the same active
reactions even though the rate of thiophosphotransfer fromsite, proceed with the same reaction pathway, and are rate-
E—P(S) is 3 orders of magnitude slower than phosphotransferlimited by chemistry. The PTPases provide an amenable
from E—P (Figure 6). Thus, the transition states of the System to gain an understanding of the chemical basis for
PTPases-catalyzed phosphoryl and thiophosphoryl transfetthe reduced reactivity dd-phosphorothioates in an enzyme
reactions appear to mirror those of the corresponding solutionreaction. Thekca/Kr, for the PTPase-catalyzed hydrolysis of
reactions’, supporting the notion that the transition state of aryl phosphates is limited by chemistrl0-12). With
the solution reaction is essentially the one stabilized by the PNPP(S) as a substrate, the: and kea/Km values for the
enzyme leading to catalysis. PTPases are-23 orders of magnitudes slower than those
using pNPP as a substrate. This strongly suggests that
_ _ chemistry is rate-limiting as well for the PTPase-catalyzed
* Comparison between thi. values of the enzyme reaction and  _ary|phosphorothioates reaction. This rendered it possible
the solution reaction is reasonable asfthe values for O nucleophiles . .
and the N nucleophiles in nonenzymatic phosphoryl transfer reactions {0 characterize the transition state for both the PTPase-

are similar {). catalyzed phosphate and phosphorothioate reactions and

DISCUSSION
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Table 5: Thio Effect on Catalysis byersiniaPTPase and Its Active-Site Mutants

pNPP pNPP(S) coupling
enzyme KealKm, STM™1 AG?, kcal/mol KealKm, STM™2 AG?, kcal/mol thio effect AAGS, kcal/mol

wild-type (1.3+ 0.1) x 10° 0 26+ 1 0 5,000+ 400 0

Q450A (1.2+0.1) x 10* 1.4+0.1 5.8+ 0.2 0.90+ 0.03 2,100+ 100 0.5+ 0.1
Q446A (2.1+£0.2) x 10° —0.294+ 0.07 22+ 1 0.10+ 0.04 9,500t 1,000 —0.394+ 0.08
W354A (4.0£0.4) x 17 34+0.1 1.7+ 0.2 1.6+0.1 230+ 30 1.8+0.1
D356A (3.0+0.1) x 177 3.6+0.1 0.5+ 0.1 24+0.1 600+ 120 1.2+0.1
R409K (1.44+0.3) x 10 54+0.1 0.15+ 0.04 3.1+ 0.2 93+ 32 2.3+£0.2

a Apparent interaction free energy between the deleted side chain and the substrate in transition state, as calculated from thg/Katio of
values of wild-type and the mutant under investigation, A6.= —RTIN[(Keal Km)mutan! (Keal Km)wr] (56). P The thio effect is defined agd/Km)pned
( kealKm)pnpe(s) © Energetic coupling between the mutation under investigation and the substrate’s thio substitution. Values have been calculated
from the difference in apparent interaction energy of a particular side chairpif® andpNPP(S), respectivelyAAG = AGpnep — AGpnee(s)

allowed a direct mechanistic comparison between the mechanism for stabilization of the trigonal bipyramidal
PTPase-catalyzed hydrolysis of aryl phosphates @ad  transition state4).

arylphosphorothioates. The model depicted in Figure 7 can explain the differential

Inhibition studies and analysis with catalytically inactive effects of thio substitution on ground-state and transition-
PTPase indicate that the same active site is used for thestate binding. As thio substitution does not affect substrate
hydrolysis ofO-arylphosphorothioates and the corresponding binding, it appears that a larger sulfur atom at the terminal
phosphate esters. Results from pH and leaving groupposition can be tolerated in the ground-state complex.
dependence measurementgQZolvent isotope effects, and However, enzymes effect catalysis by stabilizing the transi-
burst kinetic experiments suggest that the same overalltion state, which is accomplished by precise geometric and
mechanism is employed for the PTPase-catalyzed hydrolysiselectrostatic alignment between the reacting groups in the
of O-aryl phosphates and their sulfur-substituted analogues.substrate and the enzymglf. With a sulfur substitution in
Comparison of the affinity opNPP andpNPP(S) for the phosphorothioates, because of its larger size, the precise
PTPases suggest that thio substitution does not affect groundalignment between the substrate and the enzyme in the
state binding. Finally, Brgnsted analyses coupled with transition state is presumably disrupted, giving rise to the
previous observations (33) suggest that the transition observed large thio effect.

states for the PTPase-catalyzed phosphoryl and thiophos- To test this hypothesis directly and to provide functional
phoryl transfer are highly dissociative, similar to the corre- evidence for the interaction between the active-site Arg and
sponding solution reactions (see Results). Thus, the ratethe phosphoryl moiety at the transition state, the thio effect
decrease for the enzyme-catalyzed phosphoryl transfer reacwas measured for the R409K mutant. Site-directed mutagen-
tion upon thio substitution does not provide evidence for an esis of the contact points with the substrate thiophosphoryl
associative, triester-like transition state. The results provide group and PTPase probes disruption of molecular recognition
strong evidence that the large thio effect observed in the in the transition state by thio-substitution. Replacement of
PTPase reaction is caused by less favorable interactions ofarg409 by a Lys decreased the thio effect by 54-fold,
the active site with the phosphorothioate group in the corresponding to an energetic coupling between the R409K
transition state as compared to the normal phosphate re-mutation and the thio substitution of 2.3 kcal/mol (Table 5).
action. This is consistent with a direct interaction between the side
Thio Effects Highlight the Importance of Transition State chain of Arg409 and the equatorial oxygens in the transition
ComplementarityX-ray structural studies have shown that state. According to the model (Figure 7), the reduction in
the phosphoryl group in the substrate is coordinated by thio effect for R409K results because Arg409 cannot interact
multiple hydrogen bonds with the main-chain amide groups Well with the bulkier sulfur-containing thiophosphoryl group
of the PTPase-signature motif. In addition, the side chain of in the transition state, so that the catalytic contribution of
the invariant Arg residue (Arg409 in théersiniaPTPase),  this residue is markedly reduced for the thio substrate.
which is located in the same PTPase-signature motif, forms  Asp356 is the general acid/bage 27) that interacts with
a bidentate hydrogen bond with two of the nonbridge the apical oxygen of vanadate, which most closely resembles
phosphoryl oxygens69, 70). When Arg409 was replaced the leaving group oxygen or the attacking water in the
with an Ala, an 8200-fold decrease kg, and a 26-fold transition state 47, 72, 73). Trp354 is important for the
increase irK,, were observed fopNPP. The R409K mutant  positioning of Arg409 and Asp356 in a catalytically com-
displayed ak.y value identical to that of R409A, but the petent conformation2@, 74). Although Asp356 and W354
apparenK, value forpNPP was only 1.9-fold higher than  do not make direct contact with the sulfur atom, they are
that of the wild-type enzyme4]. The ability of Lys to likely important for the proper alignment of the substrate or
effectively substitute for Arg in substrate binding but not in active-site residues in the transition state. If the precise
catalysis suggests that PTPases likely employ the uniquetransition state alignment is disrupted by the thio substituted
structural properties of the guanidinium side chain of the substrate in the active site, mutation of residues important
arginine to preferentially stabilize the transition state. The for the active-site integrity should result in smaller effect
ability of the guanidinium group to form a coplanar bidentate on catalysis%4). D356A and W354A mutants displayed thio
complex with two of the equatorial oxygen atoms present effects 8- and 22-fold smaller than the wild-type enzyme,
on the phosphate during catalysis provides a plausible corresponding to energetic coupling of 1.2 and 1.8 kcal/mol,
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Ficure 7: A model for the differential thio effects for ground-state and transition-state binding of phosphorothioates. The drawings are
based on the crystal structure of tWersiniaPTPase §9). For O-aryl phosphates, the nonbridge phosphoryl oxygens form shorter and
stronger hydrogen bonds with the amides of the active-site loop and the side chain of Arg409 in the transition state. In addition, the
bidentate hydrogen bond between Arg409 and two of the phosphoryl oxygens is coplanar in the transitiod3st@&. (For
O-arylphosphorothioates, it is difficult to achieve the same complementarity or alignment in the active site with the larger sulfur atom.
Because of the preferential stabilization of the trigonal bipyramidal transition state by the PTPase’s active site, the disruption of the alignment
and hydrogen bonding network by sulfur substitution is more severe in transition state than ground state. Thus, the large thio effect observed
for the wild-typeYersiniaPTPase is presumably due to the bulkier sulfur substituent in O-arylphosphorothioates, which disrupts the hydrogen
bonds between the active-site and the substrate in the transition state.

respectively (Table 5). These changes in thio effects reflect- Why Is Complementarity So Import&rtructural studies

ing indirect interactions highlight the importance of the showed that the hydrogen-bonding distance between the
overall correct transition state alignment. As a control, we amides and the active-site Arg residue of the PTPase-
also determined the thio effects for Q446A and Q450A. signature motif and equatorial oxygens in vanadate, which
There are no direct interactions between the two GIn residueshas a trigonal bipyramid geometry analogous to the transition
and the equatorial oxygens. Q446A and Q450A had kinetic state, were reduced on average by 6:0218 A when
constants similar to those of the wild-type enzyrb)@nd compared with tetrahedral phosphate ion bound in the bovine
thio effects similar to that of the wild-type. Collectively, the low molecular weight tyrosine phosphatag8)( In addition,
reduced thio effect for the R409K mutant, combined with molecular dynamics simulations suggested that PTPases
previous structural data, provides direct evidence for the role stabilized the transition state through Walden-inversion-
of Arg409 in transition state stabilization. We conclude that enforced hydrogen-bonding interactions in the active-site
the alignment and hydrogen bonding network between the (75). The hydrogen bonding distances between the phos-
substrate and the PTPase in the transition state are disrupteghoryl oxygens and the side chain of the invariant Arg and
when a phosphoryl oxygen is replaced by a bigger sulfur, the main chain amides of the PTPase-active-site loop were
resulting in the large thio effect. found to be shortened by 0.68.1 A from the ground state
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to the transition state. This is due to spatial expansion of the
three nonbridging oxygen atoms in going from the tetrahedral
reactant state to a trigonal bypyramidal geometry at the
transition state.

The ability of the guanidinium group of the active-site Arg
residue and the phosphate binding loop to form shorter and
stronger hydrogen bonds with the equatorial oxygen atoms
in the transition state than the terminal oxygens in the ground
state provides a potential structural basis for the preferential
stabilization of the trigonal bipyramidal transition state(s).
This ability is compromised by the bulky sulfur substitution
in pNPP(S) or E-P(S), which disrupts hydrogen bonding
interactions between the equatorial atoms and the phosphate
binding loop (including Arg409) in the transition state (Figure
7). The large thio effect foD-phosphorothioates in PTPase
reaction thus appear to result from an impaired ability to
attain the optimal geometry for transition state stabilization.

Conclusion This work provides a thorough characteriza-
tion of the PTPase-catalyze@®-phosphorothioates. The
PTPases-catalyzed hydrolysis@farylphosphorothioates is
2—3 orders of magnitude slower than that &faryl
phosphates. The same mechanism and dissociative transition

state are utilized for both classes of substrates. Thio effects 26.

for the wild-type and mutan¥ersiniaPTPases combined

with previous results suggest an important role for Arg409
in transition-state stabilization. Substitution of a nonbridge
phosphoryl oxygen by a bulkier sulfur apparently disrupts

the precise geometric alignment and hydrogen bonding 29.

network between the substrate and the enzyme active site in

the transition state, resulting in low activity of PTPases 30-
31.

toward O-arylphosphorothioates.
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