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ABSTRACT. General acid catalysis in protein tyrosine phosphatases (PTPases) is accomplished by a conserved
Asp residue, which is brought into position for catalysis by movement of a flexible loop that occurs upon
binding of substrate. With the PTPase frofarsinig we have examined the effect on general acid catalysis
caused by mutations to two conserved residues that are integral to this conformation change. Residue
Trp354 is at a hinge of the loop, and Arg409 forms hydrogen bonding and ionic interactions with the
phosphoryl group of substrates. Trp354 was mutated to Phe and to Ala, and residue Arg409 was mutated
to Lys and to Ala. The four mutant enzymes were studied using steady state kinetics and heavy-atom
isotope effects with the substrgenitrophenyl phosphate. The data indicate that mutation of the hinge
residue Trp354 to Ala completely disables general acid catalysis. In the Phe mutant, general acid catalysis
is partially effective, but the proton is only partially transferred in the transition state, in contrast to the
native enzyme where proton transfer to the leaving group is virtually complete. Mutation of Arg409 to
Lys has a minimal effect on th€n,, while this parameter is increased 30-fold in the Ala mutant. Khe

values for R409K and for R409A are about 4 orders of magnitude lower than that for the native enzyme.
General acid catalysis is rendered inoperative by the Lys mutation, but partial proton transfer during
catalysis still occurs in the Ala mutant. Structural explanations for the differential effects of these mutations
on movement of the flexible loop that enables general acid catalysis are presented.

The catalytic power of many enzymes is intimately one member of this enzyme family, which in common with
connected to their ability to undergo conformational changes all members of the PTPase family shares the active site
that can allow the repositioning of catalytic groups during signature motif CO¥)R(S/T) @). PTPases share a common
catalysis. An example is the family of protein tyrosine catalytic mechanism (Figure 1), utilizing a Cys nucleophile
phosphatases, which utilize a general acid to protonate the(Cys403 in theYersinia PTPase) in the formation of a
leaving group in the phosphoryl transfer reactidi. (The thiophosphoryl covalent enzyme intermediate, which under-
general acid, a conserved Asp residue, resides on a flexiblegoes hydrolysis in a second step-4). The invariant Arg
loop that is brought into the active site by a conformational residue (Arg409 inversiniaPTPase) functions in substrate
change induced by substrate binding. In this work, we have binding and in transition state stabilizatio®)( The initial
examined in detail changes in the transition state for catalysisphosphoryl transfer step is assisted by general acid catalysis
that result from mutations to two residues that affect the by the conserved Asp (Asp356 in tiersiniaPTPase) which
conformational change controlling general acid catalysis in protonates the leaving grougb)( The Asp resides on a
the YersiniaPTPasé. flexible loop that undergoes a major conformational change

PTPases have an essential role in signal transduction, andipon binding of substrate, or upon binding of small anions
together with protein tyrosine kinases control the phospho- such as tungstat@). This loop is termed the WpD loop for
rylation level of proteins in the cell. ThéersiniaPTPase is  the conserved Trp-Pro-Asp sequence. The overall catalytic

mechanism, including the conformational change involving

T Financial support of this work came from NIH Grants GM47297 WpD IOOp movement, is shown in Scheme 1.
to A.C.H. and CA69202 to Z.-Y.Z. and from the U.S. Army Advanced Crystallographic structural data show that Trp354 is

Civil Schooling Program for support of R.H.H. Z.-Y.Z. is a Sinsheimer ; i
Scholar and an Irma T. Hirschl Career Scientiat located at one of the hinge positions of the WpD loop and

*To whom correspondence should be addressed. has interactions with Arg409 that are important in closure
¥ Utah State University. N of the loop upon binding of substrate or structurally
$ Albert Einstein College of Medicine. analogous small anion3)( Kinetic studies have confirmed

1 Abbreviations: pNPP, p-nitrophenyl phosphate; PTPase, protein : L . .
tyrosine phosphatase; EDTA, ethylenediaminetetraacetic acid; TRIS,that mutations to Trp354 result in |mpa|red Catalytlc ef-

tris(hydroxymethyl)aminomethane; CHES, 18-¢yclohexylamino)- ficiency (8). The W354F and W354A mutants exhilis
ethanesulfonic acid; IPTG, isopropgto-thiogalactopyranoside. The  values that are decreased 200- and 480-fold, respectively,

notation used to express isotope effects is that of Northrop where a ; [
leading superscript of the heavier isotope is used to indicate the isotopefrorn that of the native enzyme usipgnitrophenyl phosphate

effect on the following kinetic quantity; for exampféks denotesks/ (PNPP) as the S.UbStrate: while tKg is relatively unaffected
15, the 15N isotope effect on the rate constdat by these mutations. The pH dependence of these mutants
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Ficure 1: Chemical mechanism for théersiniaPTPase-catalyzed hydrolysis of aryl phosphates. ES, enzgoisstrate complex; TS1,
transition state for the phosphoenzyme formation step; ROH, phend?, Bhosphoenzyme intermediate; TS2, transition state for the
hydrolysis of the phosphoenzyme intermediate; EPi, enzyimerganic phosphate complex.

results with previously reported data from the reaction of
the native enzyme and of general acid mutants reveal details
Qb s = b) The bridge oxygen atom, the position of of the mechanistic consequences of these mutations.

bond cleavage, "(V/K)priage.

os B } ------- - a) The nonbridge phosphoryl oxygen atoms,m(VIK),,onbridge.

MATERIALS AND METHODS

eNg, e ~  ¢) The nitrogen atom in the leaving group, '5(V/K).

Ficure 2: p-Nitrophenyl phosphate substrate used for isotope effect ~ Synthesis of Compound$*N]-p-Nitrophenyl phosphate,
studies, with the positions labeled at which isotope effects were [*°N,nonbridget®O;]-p-nitrophenyl phosphatet“N]-p-nitro-
measured. phenol, and PN,'®0]-p-nitrophenol were synthesized as

: i 14N[1-p-Ni 1801-
sugess hat s maions afet he competee ofSSUSS OISO [N PRl TOL
general acid catalysis, most likely by interfering with P P

movement of the WpD loop on which the general acid resides abundance OFN’ and then the mixture-was phosphorylated
®). to producep-nitrophenyl phosphate using the same method

described above. This mixture was used for determination
of Y¥(V/K)priage The [4N]-p-nitrophenyl phosphate anébl,-
4nonbridgelsog,]-p—nitrophenyl phosphate were also mixed to
reconstitute the natural abundanceé®{. This mixture was
used for determination Of¥\V/K)nonbriage The isotopic
abundance of the mixtures was determined by isotope ratio
mass spectrometry. TH&V/K) isotope effects were mea-

In this study, we report kinetic studies to examine the result
of mutations of Arg409, and heavy-atom isotope effects to
study the mechanistic consequences of mutations to Trp35
and Arg409. The substrate for the isotope effect measure-
ments waspNPP, which is shown in Figure 2 with the
positions marked at which isotope effects have been mea-
sured. Prior studies of the reactions of PTPases with this ;
substrate show that isotope effects in all three positions areSUred using natural abundanpPP prepared from com-
sensitive to the presence or lack of general acid catalysis inMercialp-nitrophenol and POGI(13).
the transition stateX-11). The isotope effects reveal details Enzyme PreparatianThe wild typeYersiniaPTPase and
of how the mutations in the hinge residue Trp354 and the Yersinia PTPase mutants W354A, W354F, R409A, and
substrate recognition residue Arg409 affect general acid R409K were expressed under the control of the T7 promoter
catalysis, which requires proper movement of the flexible in Escherichia coliBL21(DE3) cells and grown at room
loop. If loop movement is impaired, either the general acid temperature after induction with 0.4 mM IPTG. All recom-
could be rendered inoperative or it may be able to assume abinant proteins were purified te 95% purity as described
position in which only partial proton transfer is accomplished previously @, 8). The enzyme concentration was determined
in the transition state. Comparisons of these isotope effectfrom the absorbance at 280 nm usingAmgmi 2% (absor-

Scheme 1
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bance at 280 nm foa 1 mg/mL solution) of 0.493 for the isotope effect= log(1 — f)/log[1 — f(Rp/Ro)] (1)
wild type Yersinia PTPase and the R409A and R409K )
mutants. The W354A and the W354F mutayiersinia isotope effect= log(1 — f)/log[(1 — )(R/R,)] (2)

PTPases havé\mgm?®° values of 0.24 because of the

substitution of the tryptophan residue. R, was determined in two ways. Samples of unreacted

o ) substrate were subjected to analysis by isotope ratio mass
Isotope Effect Determinationtsotope effect experiments  gnectroscopy, and as a control, these results were compared
were carried out with 100 mM buffer and 1 mM EDTA. (4 those fronp-nitrophenol isolated after complete hydrolysis
The buffer solutions and corresponding pH ranges were asgf sypstrate using the isolation and purification procedures
follows: pH 5-6, acetate; pH 67, succinate; pH 89.5, used in the isotope effect experiments. The agreement of

TRIS; and pH 10, CHES. Typical isotope effects experiments these two numbers demonstrates that, within experimental
were performed with a 10 mL reaction volume at a substrate error, no isotopic fractionation occurs as a result of the

concentration of about 15 mM. Small-scale experiments were procedures used to isolate and purify fraitrophenol.

carried out to determine the quantity of enzyme required to  The 80 isotope effects were measured by the remote-
hydrolyze one-third to one-half of the substrate in a reason- label method 15), as previously described for the solution
able amount of time (generally less than 24 h) before the reactions ofpNPP (12). In these experiments, the nitrogen
activity of the enzyme declined significantly. Reactions were atom in the substrate is used as a reporter for isotopic changes
begun with =100 umol of the substrate, and sufficient at the bridging oxygen atom or the nonbridging oxygen
enzyme was used so that background hydrolysis rates wereatoms. These experiments yield an observed isotope effect
less than 10% of the enzymatic rate. Parallel experimentswhich is the product of the effect due &N and to#O

without enzyme were used to establish background hydrolysissubstitutions. The observed isotope effects from these
rates under the experimental conditions. experiments were then corrected for #i isotope effect

and for incomplete levels of isotopic incorporation in the
starting material, as previously describddb)(

Steady State Kinetics Experiments with the Arg409 Mutant
. , Yersinia PTPased heYersiniaPTPase activity was assayed
ing the absorbance at 400 nm. Isotope effect experiments_; 350 in a reaction mixture (0.2 mL) containing 10 mM
were carried out in triplicate. Reactions were stopped when PNPP as the substrate and 100 mM sodium acetate and 1
the level of conversion of substrate was from 40 to 60%, 1, EDTA (pH 5.5); the ionic strength of the buffer was
and an aliquot was removed for determination of the precise adjusted using NaCl to 0.15 M. The reaction was initiated
fraction of reaction. This aliquot was split, with one portion by addition of enzyme and quenched after 2 min by addition
analyzed immediately and the other portion placed in TRIS of 1 mL of 1 N NaOH. The rate of nonenzymatic hydrolysis
buffer at pH 9.0 with alkaline phosphatase for several hours. of the substrate was corrected by measuring the increase in
After this portion was analyzed, the ratio pfnitrophenol  optical density without the addition of enzyme. The amount
in these two samples gave the extent of reaction. of product p-nitrophenol) was determined from the absor-

Reactions were stopped by cooling on ice and titrating to bance at 405 nm using a molar extinction coefficient of
pH 4, followed by extraction three times with an equivalent 18 000 Mt cm™ (17).
volume of diethyl ether to quantitatively remove the product  The effect of pH on the hydrolysis @NPP catalyzed by
p-nitrophenol. The aqueous layer containing the residual the wild type as well as the Arg409 mutariersiniaPTPases
substrate was evaporated briefly under vacuum to remove'Vas investigated at 30 in pH-buffered solutions. Buffers
dissolved ether, an equivalent volume of the TRIS pH 9.0 that were used were as follows: pH 4.8.7, 100 mM
buffer added, and the pH adjusted to 9.0 with NaOH. This &cetate; pH 6.66.8, 50 mM succinate; pH 7:07.3, 50 mM

; : - 3,3-dimethylglutarate; and pH 7#%8.0, 100 mM TRIS. All
sample was treated with alkaline phosphatase to quantita- ) i
tively hydrolyze all of the remaining substrate. This mixture of the butfer systems contained 1 mM EDTA, and the ionic

was then titrated back to pH 5.0 and extracted with ether; st_rgngth of the solution was kept at 0.15 M by adding NaCI._
thep-nitrophenol in this ether fraction represents the residual Initial rate measurements for the enzyme—catalyzed hydrolyss

bstrate f th i tion. The ether fracti of pNPP were conducted as described above. Michaelis
substrate from the enzymatc reaction. 1he etheriractions yonien kinetic parameters were determined from a direct
were dried over magnesium sulfate and filtered, and the

| db . tronh fit of the velocity versus [S] data to the Michaelidenten
solvent was removed by rotary evaporation. PREtrophe- o ati0n using the nonlinear regression program KinetAsyst
nol was sublimed under vacuum at 90, and 1.6-1.5 mg

) _ et (IntelliKinetics, State College, PA). pH dependence data were
samples were prepared for isotopic analysis using an ANCA- fitteq to the appropriate equations using a nonlinear least-
NT combustion system in tandem with a Europa 20-20 gquares regression program.

isotope ratio mass spectrometer.
Isotope effects were calculated from the isotopic ratio in RESULTS

the p-nitrophenol product at partial reactiofRy, in the Steady State KineticSteady state kinetic parameteks;
residual substrateR{), and in the starting materiaRg). andK., were measured for the wild type as well as for the
Equation 1 was used to calculate the observed isotope effecR409A and R409K mutanYersiniaPTPases usingNPP

from R, andR, at fraction of reactiori. Equation 2 was used  as a substrate. Table 1 summarizes kinetic parameters of the
to calculate the observed isotope effect frBgandR, (14). wild type and the mutant enzymes at 3 and pH 5.0, 6.0,
Thus, each experiment yields two independent determinationsand 7.0. At the pH optimum (pH 5.0), mutation of Arg409

of the isotope effect. to Lys or to Ala results in decreases kg of 46000- and

The extent of reaction of the isotope effect reactions was
followed by transferring an aliquot of the reaction solution
into 0.1 N NaOH and assaying fprnitrophenol by measur-
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Table 1: Kinetic Parameters of théersiniaPTPase and the Arg409 oo
Mutants
pH YersiniaPTPase Keat(S™?) Km (MM)  Keal Km (ST mM™Y) R
wild type 1200+ 30 2.8+ 0.20 430+ 32 s 0.001 | 4
5.0 R409A 0.072£ 0.005 67+ 10  0.0011+ 0.0002 E b S ]
R409K 0.026+ 0.004 5.1+ 0.8 0.0051+ 0.0011 ‘»
wild type 340+ 12 2.44+0.14 140+ 9 V.
6.0 R409A 0.040t 0.001 68+ 11 0.00059 0.00011 ~
R409K 0.017+ 0.001 4.8+ 0.09 0.0035t 0.0002 x°
wild type 35+ 2 2.3+0.11 15+ 1.1 - T
7.0 R409A 0.012+ 0.001 56+ 12 0.00021+ 0.00005
R409K 0.014+ 0.001 4.4+ 0.09 0.0032+ 0.0002 0.0001 L N S S S
5 6 7 8
17000-fold, respectively. At pH 6.0 and 3G, thek. values pH

for R409K and R409A were 0.017 and 0.040,srespec- Ficure 3: pH dependence of../Kn for the pNPP hydrolysis
tively, which are 20000- and 8500-fold lower, respectively, reaction catalyzed by the R409A mutafdrsiniaPTPase. The rate
than that of the wild type enzyme. Tk, values for R409K profile indicates that both the EH and the E forms of the enzyme

. . are catalytically active. To determine the pH-independent rate
and R409A were 4.8 and 68 mM, respectively, which are 2- . «iants KoadKm)en and kealK)e, as well as the apparent

and 28-fold higher, respectively, than those of the wild type ionization constantsiey (the K, of the general acid), the pH-

enzyme. dependent data were fitted to ed BalKm = [(kea/Km)en + (Keal
The pH dependencies &f, andka/K, for the hydrolysis Km)e(Kew/H)[/(1 + Kew/H)} using a nonlinear least-squares regres-

of pNPP catalyzed by th¥ersiniaPTPase and the Arg409  Sion program (KaleidaGraph). pH-independent rate constaais (

and Km)e were 0.0013+ 0.0001 and 0.0001& 0.00003
mutant PTPases were compared. For the PTPase—cataIyzeé”l)En:'M_ly(%ggprg)&ivdy The group that must be protonated for

hydrolysis of aryl phosphates, the kinetic paramétgfKm catalysis has alx vaiue of 5.6+ 0.1.
monitors the first phosphoryl transfer step, i.e., the phos-
phoenzyme formation ste@{11). Thek../Kn—pH profile Table 2: Isotope Effects of the Native Enzyme and Asp356,
was bell-shaped for the wild typéersiniaPTPase-catalyzed  Trp354, and Arg409 Mutants

pNPP reaction 18). The slope of the acidic limb was 2, enzymeand pH  S(V/K) BV/K)oridge  EV/K)nonbridge
which was attributed to the ionizqtion of the active site ™ ive enzyme 0.9999 (3)  1.0152 (6) 0.9998 (13)
nucleophile Cys403 and the second ionization of the substrate D356N (pH 6) 1.0024 (5)  1.0275 (16) 1.0022 (5)
pNPP. The slope for the basic limb wad, which was due \?v%%ah/i((pgfé)) %-882;5 ((g)) i-ggig ((g)) i-gggé ((g))

F iz At i — p . . .
to the ionization of the general acid Asp35&& = 5.2). W354A (pH 9) 10021 () 10320 (6) 1.0036 (3)

Because of th_e low activity of the Arg409 mutants a.nd the  \wasar (pH 6) 1.0013(2)  1.0240 (10) 1.0015 (8)
reduced stability of the PTPase at pt%, possible variations W354F (pH 9) 1.0022 (1) 1.0320 (10) 1.0039 (4)
in the active site Cys403 ionization due to substitutions at R409K (pH 6) 1.0020 (5) 1.0273 (3) 1.0049 (7)
Arg409 in the low-pH region of th&.s/K,—pH plot could R409A (PH6) ~ 1.0012(3) ~ 1.0200 (5) 0.9990 (7)
not be observed. Nonetheless, kinetic parameters for R409A
and R409K were obtained from pH 4.8 to 8.0, which allowed mass spectrometer. Since the competitive method gives
an assessment of the effect of Argd09 mutation on the isotope effects ov/K (19), the isotope effects reported are
functionality of the general acid Asp356. The/Kn—pH those for the first phosphoryl transfer step, fr@NPP to
plot for the pNPP hydrolysis reaction catalyzed by R409A the enzymatic Cys nucleophile, even though hydrolysis of
is shown in Figure 3. Like the wild type enzyme-catalyzed the phosphoenzyme intermediate is the overall rate-limiting
pNPP hydrolysis &, 18), kea/Km for R409A decreased as the  step.
pH was raised above pH 5.0, most likely due to the Isotope effects were calculated as described in Materials
deprotonation of the general acid Asp356, and reached aand Methods and are reported in Table 2 with their standard
limiting non-zero plateau at pH-7.0. The [Kgy for the errors in the last digit shown in parentheses. T@isotope
general acid Asp356 in the R409A mutant was determined effects reported in this table have been corrected for the effect
to be 5.6+ 0.1, which is 0.4 K unit higher than that of the  of the remote®N label and for levels of isotopic incorpora-
wild type enzyme (Figure 3). A similar ionization constant tion as previously described ?). Multiple determinations
was determined from thk.,—pH plot, suggesting that.a were made of each isotope effect, and the reported values
and k./Kn for the R409A reaction followed the same are the averages from all experiments under the given sets
phosphorylation step. Unlike the wild type and the R409A of conditions. The isotope effects obtained from the isotopic
mutant PTPases, neithég, nor ke/Km of the R409K- ratios of product, and those obtained from the isotopic ratios
catalyzedoNPP reaction exhibited significant pH dependence of residual substrate, agreed within experimental error in all
from pH 4.8 to 8.0 (Table 1 and data not shown). Thus, the cases and were averaged together to give the results shown
pH dependency of these mutants suggests that the Arg409n Table 2.
to Lys mutation likely abolishes the general acid catalysis, The substrate for the enzymatic reaction is the dianion of
whereas the general acid may still be somewhat functional pNPP; the K, of this compound has been reported as5.0
in the R409A mutant. 0.05 (13, 20). Thus, in the isotope effect reactions conducted
Steady state kinetic parameters for the W354A and W354F at pH 6.0, about 10% of the substrate was present in solution
mutantYersiniaPTPases have previously been repor®dd (  as the monoanion. Fractionation will occur between the
Kinetic Isotope EffectsThe kinetic isotope effects were monoanion and dianion species at the nonbridge oxygen
measured by the competitive method using an isotope ratioposition due to the isotope effect for deprotonation. This
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isotope effect is 1.051 for a phosphate monoeg#y. (The PTPase-catalyzed reaction are similar to those for the solution
observed values fot(V/K)nonbriage i Table 2 have been  reaction of the dianion opNPP.
corrected for this isotopic fractionation as previously de-  Calculations predict inverse values BEV/K) nonbridge for
scribed (2). Previously determineddj isotope effects for  dissociative transition states and normal values for tighter
the reactions opNPP with nativeYersiniaPTPase and the  transition states where the phosphoryl group resembles a
D356N mutant are also reported in Table 2 to allow phosphorane2p).2 Reported nonbridg&O isotope effects
comparisons with the data from the study presented here.for reactions of monoester dianions in solutidg)(are small

and inverse. Phosphate diesters and triesters have tighter
DISCUSSION transition states with considerable nucleophilic participation,
and the nonbridgé®O isotope effects for these compounds
which have been reported are (with a single exception)
%ormal, in the range of 1.00401.0250 @7, 28). The small
fhverse value fot3(V/K)nonbriagemeasured for the reaction of

Factors Influencing the Isotope Effect3he overall
catalytic mechanism for PTPases is represented in Schem
1. Because the competitive method was used to measure th

isottc;]pe efftectfst,r;[hey arﬁ ef_fects Vr‘:( an%t_huls 3?6 eILeC:f ¢ the nativeYersiniaPTPase wittpNPP (Table 2) is replaced
on the part of the mechanism up 1o and nciuding the 1rs by a small normal value in reactions of general acid mutants
irreversible step, regardless of which step is rate-limiting in (Table 2). The same change is seen in the PBPar(d Stpl

the overall enzymatic mechanism. Prior work with the o
- . PTPasell), as well as the dual-specificity phosphatase VHR
PTPase fron¥ersiniahas shown that the chemical step of (10), which all share essentially identical active sites. This

phosphoryl transfer fronpNPP to Cys403 is rate-limiting change in thé&(V/K)nonsriggeiSOtope effect suggests a transi-

for VIK, both for t.he napve enzyme and.for general acid tion state with more nucleophilic participation in the general
mutants 9). The kinetic isotope effeqts with the substrate .4 mytants. Such a change is consistent with expectations
pNP_P are not suppressed by commitment factors, and ar%rom the Hammond postulate, where deactivation of the
the intrinsic ones for the transition state of the phosphoryl leaving group is predicted to result in a tighter transition
transfer step9). state. The!¥(V/K)nonbriageiSOtope effects for these reactions
Kinetic isotope effects can characterize reactions in detail, agre smaller than those observed for diester and triester
in particular yielding information about the structure of the reactions in solution. The recent finding that mutations to
transition state. In phosphoryl transfer reactions \ptPP, the active site Arg409 leave tA#V/K)nonbriggeisotope effects
the isotope effect®(V/K) and'¥(V/K)uriage measure the level  essentially unaltered implies that isotope effects on binding
of charge delocalization in the leaving group and the degreeare not significant, and that these isotope effects result from
of P—0O bond cleavage, respectively. The secondgi/K) transition state effects2). All three isotope effects for
effect arises from delocalization of charge into the aromatic reactions of general acid mutants are similar to those on the
ring, which involves contribution from a quinonoid resonance solution hydrolysis of the monoester, and are very dissimilar
structure involving the nitro grouf2@). The primary isotope  to those of diester and triester reactions. This indicates that
effect at the scissile-PO bond,"¥(V/K)priage gives a measure  the enzymatic transition state is loose, similar to that of the
of the degree of cleavage of this bond in the transition state. dianion in solution, as has been discussed elsew8eB8).
Phosphatg monoesters t_ypically react via transition states |n summary, all three isotope effects respond to protona-
characterized by extensive bond cleavage to the leavingion of the leaving group in the PTPase reaction. If movement
group and only a small degree of bond formation to the of the WpD loop is hindered by a mutation in such a way
nucleophile g3, 24). The solution and enzymatic reactions  hat the extent of proton transfer in the transition state is
of the dianion ofpNPP exhibit bridgeO isotope effects in requced but not prevented, then the isotope effects should
the range of 1.02021.030, and™N isotope effects of g intermediate between those observed when proton transfer
1.0028-1.0039, when the leaving group departs as the js fy|ly synchronized with PO bond cleavage (as in the
negatively charged anion. Values at the upper end of these5tive enzyme) and those observed when the leaving group
ranges represent isotope effects for nearly full@®bond bears a full charge (as in the general acid mutant).
cleavage and a nearly full unit negative charge on the leaving With this background, the isotope effects for the reactions

gtrgtuep'g’:f}ﬁnt:;e:::gggagrg?ﬁ;\??g’?gfi? tggtga(gst'ﬂg:eof the YersiniaPTPase with mutations at W354 .and R409

isotobe effects are reduced—(12) Protona’fion of p- can l_)e evaluated for the effe_ct of these_r_nutatlons on the
. i . ) i . function of the general acid in the transition state of the

nitrophenol is associated with an inverf$® isotope effect catalytic reaction

of 0.985 @5). A transition state in which PO bond cleavage '

and proton transfer are both far advanced would be expected

to exhibit an observed(V/K)yiqge isotope effect of about >The secondary nonbridgé?O isotope effects are not solely

Sk ; determined by bond order changes, but also by bending and torsional
1.015, which is the product of the 0.985 isotope effect for vibrational modes. The latter factors can be important in secondary

PrOtona_tion and 1.03. This is very C|Ose_ to the value measuredisotope effects at atoms bonded to an atom that undergoes a hybridiza-
in reactions opNPP with the native¥ersiniaenzyme (Table  tion change. Considerations of bond order changes alone would lead
2) (1.0152+ 0.0006) ) as well as with other native PTPases 0N to expect thé%oniage isotope effect to be inverse for loose,

) . . dissociative transition states and normal for tight, associative ones. The
(10, 12). If protonation is synchronous with-FO bond bending modes might be in the opposite direction, however, by analogy

cleavage, the leaving group should remain neutral and thewith the normak-secondary deuterium isotope effects that accompany
15(VIK) isotope effect should be near unity, which is the case carbon hybridization changes of the typé &p s to sp to sp. The

; ; ; trend in the data for numerous phosphate ester reactions suggests that
in the reaction of the native enzyme (0.9989.0003). As bond order change is the dominant contributor to*tk@noriageisotope

expected, the observéfV/K)urage and*3(V/K) isotope effects  eftect since these are normal for diester and triester reactions and inverse
for the general acid deficient D356N mutaMersinia (though very small) for monoester reactions.
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Backbone fragment 404-408 Backbone fragment 404-408
Cys403
Cys403
& o,
Arg409 oﬁ%

Asp356

Asp356

Ficure 4: Orientations of groups at the active site of tersiniaPTPase in the unbound state (left) and when sulfate is bound at the active

site (right). Other oxyanions such as tungstate result in similar conformational changes. Hydrogen bonds are present between the oxyanion
and backbone amide groups as well as with Arg409. This residue rotates to form two hydrogen bonds to the anionic group, resulting in the
formation of a new hydrogen bond with the carbonyl oxygen atom of Trp354. The associated movement of the WpD loop brings Asp356
into position to function as a general acid during catalysis. The structures that are shown are from published X-ray sGugtinegh
computer-generated hydrogen atoms added to the Arg and Asp residues.

Effect of Mutation of Trp354 to Ala or Phin the reaction isotope effects for W354A are unchanged while those for
of W354A at pH 6.0, the isotope effects for the leaving W354F increase and are now equal to those for W354A and
group,3(V/K) and*®(V/K)uige are very close to their values  to those of D356N. This confirms that the general acid, while
with the general acid mutant D356N. The same is true for impaired, is still partially functioning in the transition state
B(V/K)nonbriagge Where the change from the near unity value of the reaction with the W354F mutant at pH 6.0.
for this isotope effect seen in the native enzyme reaction to  Corroborating evidence for the difference in the extent of
a small normal isotope effect mirrors the change induced acid catalysis in these two mutants is seen in their reported
by mutation of the general acid. These data indicate thatvariations ofk., with pH (8). The W354A mutant exhibits
protonation of the leaving group is eliminated by the W354A g pH-rate profile similar in shape to that of D3568)(in
mutation and that the leaving group departs as the anion inwhich the bell-shaped profile of the native enzyme is replaced
the transition state of the catalytic reaction. In contrast, for with a half-bell comprised of an acidic limb and a plateau
the reaction of W354F at pH 6.0, each of the isotope effects above pH 5.0. In addition, thé. and ke./Kn Kkinetic
is intermediate between those for D356N and those for the parameters of the W354A reaction wighiPP are similar to
native enzyme where protonation of the leaving group in those with D356N. By contrast, the W354F pkhte profile
the transition state is intact. These data indicate that in the(8) exhibits an acidic limb and a maximum at pH 5.0, and
W354F mutant partial proton transfer in the transition state then a small decrease between pH 5.0 and 6.5 followed by
occurs but that protonation lags behingd® bond cleavage,  the same plateau value seen with W354A. The decrease in
resulting in development of a partial negative charge on the rate between pH 5.0 and 6.5 indicates that some contribution
leaving group? At pH 9.0, the general acid will be almost  from general acid catalysis exists in this mutant.
entirely deprotonated and thus far less effective regardless The differential effects of the two mutations can be
of its ability to assume proper positioning. When the reactions rationalized by an examination of the structure of the enzyme.
of both W354A and W354F are examined at pH 9.0, the x.ray structures 7) show that when an oxyanion such as
sulfate binds at the active site, the Arg409 residue moves to

% An astute reviewer raised the possibility of an alternative model form bidentate hydrogen bonds with two oxygen atoms of
in which there are two populations of enzyme, one in which full he anjon (Figure 4). Conformational changes in the active
protonation is present and one in which protonation is absent. This _. . .
model would result in a similar pattern in the observed isotope effects site resu'_t '_n j[he formation of a new hydrogen bond between
if the two forms of the enzyme have similar activities at pH 6. The the guanidinium group of Arg409 and the carbonyl oxygen
two models predict different behavior of the rate constant as a function gtom of Trp354. As a result, the indole ring of Trp354 moves

of the K, of the leaving group. If there is a single active form of the ; : :
enzyme in which partial protonation oceurs, a linear Brangiithy gou into a hydrophobic crevice, making van der Waals contacts

slope intermediate between that of the native enzyme and the generaWith the aliphatic portion of Arg409 (Figure 5yX These
acid mutant should be observed. If two active forms of the enzyme are interactions are associated with movement of the WpD loop

performing catalysis, a similar slope is predicted, but as the leaving in attaining the closed position when the oxyanion is bound.

group K, increases, the enzyme form lacking general acid catalysis . . . .
should contribute progressively less to catalysis, resulting in curvature 1 € mutation to Phe leaves a side chain that is reasonably

of the Bransted plot. ThBieaving groupPlots for W354F (at pH 5.5) and  isosteric with the indole moiety in the native enzyme, which
R409A (at pH 6.0) are linear and are indeed midway between the slopesevidently is sufficient to facilitate movement of the loop to

of the native enzyme and the general acid mutant D356N (data not i i ;
Shown). Thefam guupvalues for W354A and RA09K are similar to bring the general acid into position for partial proton transfer

that of D356N. We interpret the lack of curvature as favoring the model IN the transition state. Mutation to Ala completely removes
in which a single active form of the enzyme is operative. these van der Waals contacts. Both thephte data and
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(0.28 st mM™1), from which the general acid has been
removed. The observed reduction in the catalytic efficiency
of R409K is thus likely the combined effect of the elimina-
tion of the general acid and the possible decreased level of
transition state interactions with the phosphoryl oxygens due
to the Arg to Lys mutation.

In contrast, general acid catalysis by Asp356 appears to
be operable in R409A as judged by the -pkdte profile
(Figure 3) and the isotope effect data. The latter data indicate
that although proton transfer occurs in the transition state, it
is not as advanced as in the native enzyme and lags behind
P—O bond cleavage. The result is a partial net negative
charge that is borne by the leaving group (see footnote 3).
Thus, the decrease in catalytic activity for the R409A mutant
may be primarily the result of the loss of transition state
stabilization from the guanidinium side chain, with some
contribution arising from less efficient protonation of the
leaving group.

It is interesting, and somewhat counterintuitive, that
mutation of Arg to Ala should be less disabling to movement
of the WpD loop than mutation of this residue to Lys. A
isotope effect data indicate that functioning of the general possible explanation is that while in the Lys mutant a
acid, and, by inference, movement of the WpD loop, is positively charged residue capable of donating hydrogen
partially effective in the W354F mutant and completely bonds remains present, the interactions are positioned dif-
ineffective in the W354A mutant. ferently than those in the native enzyme. Thus, in R409K,

Effect of Mutation of Arg409 to Ala or Ly3he Arg409 the Lys residue interacts with the substrate and/or Trp354
residue assists not only in substrate binding and transitionin a “nonproductive” fashion that may disrupt the proper
state stabilization but also in the conformational changes positioning of the substrate and the associated induced WpD
described previously which accompany binding and play a loop closure. In contrast, in the Ala mutant, a small residue
role in the movement of the WpD loop. Binding of substrate resides in this position that is completely incapable of direct
also is assisted by formation of hydrogen bonds to backboneinteractions with the phosphoryl group and the Trp354
amide groups in the active site (Figure 6a). Comparison of residue. Hydrogen bonding interactions with the backbone
the crystal structure of the free enzyme and structures with amide residues will remain, although the positioning of the
oxyanions bound shows that these backbone amide group3VpD loop and the general acid Asp356 may not be as
also undergo movement upon binding of oxyanions. optimal as in the native enzyme. The data for the two Arg409

In the R409K mutant, an ammonium group replaces the mutants suggest that eliminating the interactions with the
guanidinium group. Both the position of the cationic atom Arg residue is less deleterious to the conformational changes
and that of the Lys residue’s hydrogen bonds in the active accompanying general acid catalysis than substitution with
site are necessarily different from their positions in the a residue that forms hydrogen bonding and electrostatic

Ficure 5: Hydrophobic pocket occupied by the indole moiety of
Trp354 in the native enzyme when an oxyanion such as sulfate is
bound 81).

guanidinium group of Arg409 in the native enzyme (Figure
6b). In the R409A mutant, the Arg side chain is reduced to
a methyl group (Figure 6c). Thé, values for R409K and
R409A were 4.8 and 68 mM, respectively, at pH 6.0,
compared with the value of 2.4 mM for the native enzyme.
The R409K and R409A mutants exhikit; values of 0.040
and 0.017 s, respectively. These values are aboutfbid
lower than that for the native enzyme, but are still nearly
10°-fold faster than the uncatalyzed rate of hydrolysis of
pNPP.

Although both Lys and Ala substitutions for Arg409

interactions in a different, improper geometry.

Effect of pH on the Isotope Effects of the MatEnzyme
Reaction.The isotope effects for the reaction of the native
enzyme withopNPP were evaluated at pH5.5 (Table 3). In
particular, we were interested in th%V/K) isotope effect,
which would be expected to increase as the pH was raised
to values at which the general acid would be deprotonated
and thus unable to transfer a proton to the leaving group.
The results show that indeed the valué¥/K) did increase
as the pH was raised from pH 5.5 to 10.5 but not as rapidly
nor to as large a final magnitude as might be expected. The

resulted in a huge decrease in catalytic activity, the R409K- values never become as large as that for the D356N mutant
and R409A-catalyzed reactions exhibited different pH de- (1.0024 at pH 6.0). One explanation for the slow rise in the
pendencies. The R409K-catalyzed initial phosphoryl transfer magnitude of this isotope effect lies in the relative values
(as defined byk./Km) was more efficient than that of the  for ke, for the native enzyme and for the reaction with the
R409A reaction, yet the former reaction exhibited no pH general acid disabled. The D356N mutant has a value for
dependence. The absence of a pH dependence on the ratie,: which is 1700-fold smaller than that for the native
suggests that Asp356 is not functional as a general acid inenzyme. The value fde.,;0f D356N should be a reasonable
R409K. All three isotope effects for the reaction of the estimate for the rate constant for the reaction of the native
R409K mutant are similar to their values in D356N, which enzyme form in which the general acid is rendered non-
also indicates that this mutation results in the disabling of functional by deprotonation. The Asp has been found to have
general acid catalysis. However, the, /K, for R409K a K, of about 5.2 in the native enzyme. Thus, at pH 8.5
(0.0035 st mM™Y) is still 80-fold lower than that of D356N  only about %1700 of the enzyme will be in the correct
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Ficure 6: View of the active site with bound sulfate, showing hydrogen bonding contacts with backbone amide 8thulise( nucleophilic

Cys403 is behind the sulfate; from this view in the catalytic reaction, the leaving group would be pointed toward the viewer. In panel a,
hydrogen bond contacts are also made with Arg409. In panel b, the ammonium group of lysine replaces the guanidinium group; the ammonium
group retains the potential to affect the binding and positioning of the substrate. Panel ¢ shows the corresponding R409A mutant that
retains only interactions with backbone amide residues for these roles. The structures shown in panels b and ¢ were derived by simple
molecular replacement and have not been minimized.

evident. This indicates that pH levels above 9.0 result in

Table 3: Variation of Isotope Effects of Native Enzyme with pH . .
conformational perturbations to the enzyme, and thus, data

PH 2VK) VK orisge “AVIK)nontridge from reactions above this pH must be interpreted with
2-8 g-gggg g i-gigg E%) g-gggi ((193’)) caution. Due to the large amounts of enzyme needed for the
85 1.0008 @) : : experiments, only thé3(V/K) effect was measured across
8.75 1.0011 (2) this full pH range; *¥(V/K)priagge @and ¥V/K)nonbridge Were

9.0 1.0010 (1) 1.0214 (5) 1.0021 (3) measured only at pH 6.0 and 9.0. These two isotope effects
9.5 1.0016 (2) exhibited a similar trend toward the values seen with the
10.0 1.0019 (1) D356N mutant. At pH 9.02V/K)urigee is about halfway

between that of the native enzyme at the pH optimum and

protonation state for general acid catalysis to occur. However, that of D356N. The value fot(V/K)nonbriage @t this pH is
pH—rate data 18) show that the rate constant for the identical within experimental error to that of D356N.
correctly protonated form of the enzyme will also be 1700  The isotope effects for D356N were also measured at pH
times larger than that for the deprotonated form. Thus, at9.0. The magnitudes of*(V/K) and ¥V/K)nonbridge Were
this pH, one expects that about half of the turnover will be unchanged from those observed at pH 6.0. The value for
from the correctly protonated form of the enzyme and the &\V/K)piqqeis increased somewhat at pH 9.0. The reason for
value for 3(V/K) should be about midway between that the small increase is uncertain.
observed when the general acid is fully functioning and that
when it is deleted by mutation. The value'8¢v/K) at pH CONCLUSIONS
8.5 is about/; of the maximal value seen when no general  Mutations to hinge residue Trp354 affect the functioning
acid catalysis occurs. Given the small magnitudes of this of the general acid residue in catalysis by tHersinia
isotope effect, this is in reasonable agreement with the pTpase. Mutation of Trp354 to Ala completely disables
prediction. general acid catalysis, and the leaving group departs with

At still higher pH values, it is expected that this isotope essentially a full negative charge. In the Phe mutant, partial
effect should rapidly approach that for D356N. However, acid catalysis occurs with the proton only approximately half
the 3(V/K) isotope effect increases only slowly above this transferred in the transition state with a resulting partial
pH and never reaches that seen in the reaction with D356N.negative charge on the leaving group in the transition state.
We are not certain of the reasons for this behavior. It was In contrast in the native enzymatic reaction, protonation is
noted that at pH values above 9.0 the enzyme is much lesscompletely synchronous with-FO bond cleavage and the
stable in solution and gradual precipitation is increasingly leaving group remains uncharged. The results are indicative
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of impaired positioning of the flexible WpD loop in both of

these mutants, and are consistent with the observation that

while W354A has &, value that is reduced 480-fold from
that of the native enzyme, W354F is slowed only 200-fold.
Mutation of Arg409 to either Lys or Ala results in a
substantially reduced rate of catalytic turnover. g of
the R409K mutant wittpNPP is doubled from that of the
wild type enzyme, while that for R409A is increased 30-
fold. However, functioning of general acid catalysis in the
R409K mutant is completely abolished, while partial proton
transfer in the transition state still occurs in the R409A
mutant. The lowered catalytic efficiency resulting from the
R409K mutation is due to a combination of a reduction in

the extent of transition state interactions with the phosphoryl

oxygens and from disruption to the functioning of the general
acid catalyst. The reduction in catalytic efficiency in the
R409A mutant is likely due primarily to the loss of transition
state stabilization arising from the loss of the guanidinium

group.
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