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Abstract: Positive charge is uniformly present in the active sites of all known phosphatases. The postulate
that this charge imparts a change to the mechanism and the transition state for phosphoryl transfer was examined
by comparing kinetic isotope effects with the substiateitrophenyl phosphate for reactions of the native
protein tyrosine phosphatase froviersiniawith data from mutants in which the conserved arginine residue
was mutated to Lys or to Ala. Thiey values for both mutants are about*l8ss than that of the native
enzyme but are still nearly ¥dold faster than the uncatalyzed rate. Steady-state kinetic data as well as isotope
effects showed that both mutations interfere with functioning of general acid catalysis. To examine the effect
of positive charge on the transition state free of this additional effect, double mutants were made in which
general acid catalysis was removed by mutation of Asp356 to either Asn or Ala in addition to the mutation to
Arg. The keafKm values of D356A and D356N are 36@60-fold higher than those of R409A/D356A and
R409A/D356N suggesting that the side chain of Arg409 contributes 35t kcal/mol to transition-state
stabilization. Comparisons of the isotope effects for reactions of the double mutants with data from general
acid single mutants show that mutation of Arg to either Lys or to Ala does not significantly affect the transition
state for phosphoryl transfer. This indicates that this residue functions to stabilize the transition state but does
not alter it from its structure in the uncatalyzed reaction.

Protein-tyrosine phosphatases (PTPases) have an essential rolehe chemical mechanism for the initial phosphoryl transfer step
in signal transduction, and together with protein-tyrosine kinases catalyzed by therersiniaPTPase is shown in Figure 1.
control the tyrosine phosphorylation level of proteins in the cell.  Like all phosphatase enzymes, the PTPases must catalyze a
The YersiniaPTPase is one member of this enzyme family, reaction that is very slow in solution. Phosphate monoesters
which in common with all members of the PTPase family shares are extremely stable species in solution and are extremely
the active site signature motif CR(S/T)! The PTPases 'esistant to hydrolysis under physiological conditiéishere
employ a common catalytic strategy in catalyzing a double- 1S conS|der_abIe interest in the means by_ Whlch phosphatases
displacement mechanigim which the phosphoryl group is first ~ catalyze this reaction. A central part of this lively debate, and
transferred from the substrate to the active site Cys residue@n iSsue in the understanding of enzymatic catalysis in general,
(Cys403 in theYersiniaPTPase) leading to the formation of a S whether the transition state for an enzymatic reaction is altered

thiophosphoryl enzyme intermediate that is subsequently hy- from that for the uncatalyze_d fe‘?‘C“O” i.” solution.

drolyzed by watet# The invariant Arg residue (Arg409 in the Phosphoryl tran_sfer reactions in s_olut|on occur by a range.of
YersiniaPTPase) functions in substrate binding and in transition- 23(:3&%5 mjé rzr';%lir:]g fr(());n t?qlZS(I)eC\I/aetIIvgf(oersltoeor?fiec)eft(i)oisSoOfCItit(Ieve
state stabilizatiod>¢ The initial phosphoryl transfer step is hosghat,e mr(J)iet (gScheme 1). In a dissociative or loose
assisted by general acid catalysis by a conserved Asp (Asp-p b y §

. . . . transition-state bond cleavage is predominant, and the sum of
356 in theYersiniaPTPase) which protonates the leaving gréup. the bond orders to the nucleophile and leaving group is less

*To whom correspondence should be addressed. than in the reactants. In an ass_ouatlve or tight trans!tl_on state
t Utah State University. the sum of these bond orders increases in the transition state.
8 Albert Einstein College of Medicine. A corollary is that the net charge on the phosphoryl group which
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Schubert, H. L.; Saper, M. A.; Dixon, J. Biochemistryl994 33, 15266 is undergoing transfer must change in opposite ways in the two
15270. mechanisms. In a loose transition state the phosphoryl group
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Figure 1. A chemical mechanism for the initial phosphoryl transfer step catalyzed by ¢hginiaPTPase. R-OH is the phenol; E-P is the
thiophosphoryl enzyme intermediate.
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phosphoryl group demands an associative transition state for
enzymatic phosphoryl transfét.

We have previously used heavy atom isotope effects to
characterize the transition states of tiversinia PTPase-
catalyzed reaction gi-nitrophenyl phosphatelPP) with the
native enzyme and general acid mutants. In the present study
we have sought to examine the effect of mutations of the
conserved arginine residue 409 to lysine or to alanine on the
structure of the transition state of the phosphoryl transfer reaction
with the substratpNPP. In the lysine mutant a cationic residue
is still present, but one which can donate fewer hydrogen bonds
to the phosphoryl group than the arginine residue in the native
enzyme. In the alanine mutant both the positive charge and all
hydrogen bonds between this residue and the substrate are
removed. Although significantly reduced in activity, both

A wealth of experimental data from decades of experiments Mutants are capable of catalyzing the phosphoryl transfer

indicates that phosphate monoesters undergo uncatalyzed read€action at a rate well above the rate of background hydrolysis.
tions via a loose transition state in which the phosphoryl group Mutation of Arg409 was found to adversely affect a confor-
resembles metaphosphafé! The dianionic phosphoryl group mational change that enables general acid catalysis. To separate
in the substrate should become essentially monoanionic in suchthis indirect effect from the direct effect of the cationic Arg409

a transition state. Phosphatases utilize differing Cata|ytic Strate_residue on the nature of the transition state, double mutants were
gies and functional groups, and comparisons of their structuresPrepared in which the general acid was also mutated, to either
show that the only similarity at the active site is the presence Ash or Ala. A comparison of the isotope effect data for the

of positive chargé? In the PTPases this charge is in the form double mutants with those of the general acid mutants allows a
of a conserved arginine residue’ Arg409 in‘“’m’siniaenzyme_ direct Comparison of how the interactions of cationic and
The difficulties faced by an enzyme in stabilizing a dissociative hydrogen-bonding residues with the phosphoryl group during
transition state have been pointed out; the presence of positivecatalysis affect the nature of the transition state for an enzymatic
charge in the enzyme active site might be expected to favor Phosphoryl transfer reaction.

development oincreasechegative charge in the transition state,
not the decrease that would occur in the dissociative prdéess.
X-ray structures of a number of phosphoryl transfer enzymes  Synthesis of CompoundsNatural abundancp-nitrophenyl phos-
with transition-state analogues have been interpreted to favor aphate, f*N]-p-nitrophenyl phosphate,N,nonbridget®Os]-p-nitro-
transition state that is much more associative than in the phenyl phosphate}{N]-p-nitrophenol, and'fN,**O]-p-nitrophenol were
uncatalyzed reactiol:1° It has been proposed that the presence synthesized as described previoulfN]-p-Nitrophenol and PN,**0J-

of positively charged arginine residues around a transferred p-nitrophenol were then mixed to reconstitute the natural abundance
of N, and then the mixture was phosphorylated to prodpee

nitrophenyl phosphate using the same method as referred to above.
This mixture was used for determination8V/K) vriage The F4N]-p-
nitrophenyl phosphate antfi{l,nonbridget®Os]-p-nitrophenyl phosphate
were also mixed to reconstitute the natural abundanc®Nf This
mixture was used for determination &(V/K)nonbriagge The isotopic
abundance of the mixtures was determined by isotope ratio mass
spectrometry.

Preparation of the Wild-Type YersiniaPTPase, D356A, D356N,
R409K, and R409A and the Double Mutants R409A/D356A,
R409K/D356N, R409K/D356A, and R409K/D356NSite-directed
mutagenesis of th¥ersiniaPTPase was performed according to the
procedure of Kunket? using the Muta-Gene in vitro Mutagenesis kit

Materials and Methods
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116, 5045-5049.
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from Bio-Rad. The oligonucleotide primers used for the desired
substitutions were as follows: D356A, ATTGGCCCGCTCAGACCGC
(primer 1); D356N, AATTGGCCCAATCAG ACCG (primer 2);
R409A, GGTGTTGGCGCTACTGCGCAACT (primer 3); and R409K,
GCGGGTGTTGGCAAAACTGCGCAA CTGAT (primer 4). The
underlined base(s) indicate the change from the naturally occurring
nucleotides. To prepare the double mutant R409A/D356A, both primer
1 and primer 3 were used in the mutagenesis experiments. Similarly,
primers 2 and 3 were used for R409A/D356N, primers 1 and 4 for
R409K/D356A, and primers 2 and 4 for R409K/D356N. All of the
mutations were verified by DNA sequencing. The wild-type and the
mutant recombinanYersiniaPTPases were expressedHncoli and
purified to homogeneity as described previousi.

Isotope Effect Determinations Isotope effect determinations were
made at 30°C in 100 mM MES buffer, pH 6.0. The protocols for

Hoff et al.
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Figure 2. A diagram of thep-nitrophenyl phosphate substrate showing
the positions at which isotope effects were labeled.

denoteski4kis, the nitrogen-15 isotope effect on the rate conskant
Since all isotope effects in this study were measured by the competitive

carrying out these experiments were the same as those previouslymethod they are isotope effects on V/K, and thus are designated as
describect These involved running the enzymatic reactions to partial *(V/K), etc. Figure 2 shows a diagram of the substrate with the

completion followed by separating the product and residual substrate,
and subjecting these to isotopic analysis by isotope ratio mass
spectrometry to determine the isotope effect. Isotopic analyses were
performed using an ANCA-NT combustion system in tandem with a
Europa 26-20 isotope ratio mass spectrometer. Reactions were begun
with 100u«mol or more of the substrate and sufficient enzyme used so
that the background hydrolysis rate was negligible compared to the
enzymatic reaction. Parallel experiments without enzyme were used
to establish background hydrolysis rates under the experimental
conditions.

Isotope effects were calculated from the isotopic ratio in the
p-nitrophenol product at partial reactioRyj, in the residual substrate
(Rs), and in the starting materiaR{). Equations 1 and 2 were used to
calculate the observed isotope effect either fignandR, or from Rs
and R, respectively at fraction of reactioi?® Thus each experiment
yields two independent determinations of the isotope effect.

@)
)

isotope effect= log(1 — f)/log(1 - f(RY/R;))
isotope effect= log(1 — f)/log[(1 — f)(R/R,)]

nomenclature used to describe the isotope effects at each position.

Kinetic Experiments with Mutant YersiniaPTPasesAll enzyme
assays were performed at 30 in buffers with a constant ionic strength
of 0.15 M. Buffers used were as follow: pH 5:8.5, 100 mM acetate;
pH 6.0, 50 mM succinate; pH 7.0, 50 mM 3,3-dimethylglutarate; and
pH 8.0, 100 mM Tris. All of the buffer systems contained 1 mM EDTA
and the ionic strength of the solutions was kept at 0.15 M using NaCl.
Initial rate measurements for the enzyme-catalyzed hydrolysis of
p-nitrophenyl phosphate@lPP, obtained from Fluka) were conducted
as previously describ€dThe Michaelis-Menten kinetic parameters
were determined from a direct fit of the velocity versus [S] data to the
Michaelis-Menten equation using the nonlinear regression program
KinetAsyst (IntelliKinetics, State College, PA). The rangepdPP
concentration used was from 0.2 tokg,. In all cases, the enzyme
concentration was much lower than that of the substrate so that the
steady-state assumption was fulfilled.

Results

Steady-state kinetic parameters were measured with the native
YersiniaPTPase and its Asp356 and Arg409 mutants using

R, was determined separately from unreacted substrate by isotopepNPP as a substrate. At pH 5.0 and 3D the k5 values for

ratio mass spectroscopic analysis and, as a control, ffraitrophenol
isolated after complete hydrolysis of substrate using the isolation and

R409K and R409A were 0.026 and 0.072,srespectively,
which were 46000- and 17000-fold lower than those for the

purification procedures used in the isotope effect experiments. The native enzyme. Thi./Knm values for R409K and R409A were

agreement of these two numbers demonstrated that, within experimentalo 0051 and 0.0011% mM-1
error, no isotopic fractionation occurs as a result of the procedures used_’ )

to isolate and purify the-nitrophenol.
The'®O isotope effects were measured by the remote-label méthod,
as previously described for the solution reactionpdPP?! In these

, respectively, which were 84000-

and 390000-fold lower than those for the native enzyme.
The pH-rate profile for the wild-type Yersinia PTPase-

catalyzed pNPP reaction is bell-shaped, indicating two enzy-

experiments the nitrogen atom in the substrate is used as a reporter fomatic ionizations important for catalysi$The group that must

isotopic changes at the bridging oxygen atom or the nonbridging oxygen

be unprotonated is likely the active site Cys residue and the

atoms. These experiments yield an observed isotope effect that is thegroup that must be protonated corresponds to the general acid.

product of the effect due t&N and to®O substitutions. The observed
isotope effects from these experiments were then corrected féiNhe
effect and for incomplete levels of isotopic incorporation in the starting
material as previously describéd.

The notation used to express isotope effects is that of Northrop
where a leading superscript of the heavier isotope is used to indicate
the isotope effect on the following kinetic quantity; for exampf,

(22) Kunkel, T. A.; Roberts, J. D.; Zakour, R. Methods Enzymo1.987,
154, 367—382.

(23) Zhang, Z.-Y.; Clemens, J. C.; Schubert, H. L.; Stuckey, J. A.;
Fischer, M. W. F.; Hume, D. M.; Saper, M. A.; Dixon, J. E.Biol. Chem.
1992 267.

(24) Hengge, A. C.; Sowa, G. A.; Wu, L.; Zhang, Z.-Biochemistry
1995 34, 13982-13987.

(25) Bigeleisen, J.; Wolfsberg, MAdv. Chem. Phys1958 1, 15-76.

(26) O’Leary, M. H.; Marlier, J. F3. Am. Chem. So4979 101, 3300~
3306.

(27) Caldwell, S. R.; Raushel, F. M.; Weiss, P. M.; Cleland, W. W.
Biochemistry1991, 30, 7444-7450.

(28) Northrop, D. B. Insotope Effects on Enzyme-Catalyzed Reactions
Cleland, W. W., O’'Leary, M. H., Northrop, D. B., Eds.; University Park
Press: Baltimore, MD, 1977; p 122.

Previously it was shown that mutation to the general acid
Asp356 eliminated the basic limb of the piate profile
observed in the wild-type enzyme-catalyzed reacti&hThe
keafKm values for D356N and D356A are identical (0.28's
mM~1) and are 4300-fold lower than the wild-type enzyme
under optimal conditions (pH 5.0 and 30). Interestingly, the
R409K-catalyzed reaction shows no pH dependence from pH
4.8 to 8.0, while the R409A-catalyzed reaction requires a group
with an apparentlg, of 5.6 that must be protonated for optimal
activity (Hoff et al., unpublished observation). These results
suggest that Asp356 is not functional as a general acid in
R409K. In contrast, the general acid may still be operative in
R409A. Thus, mutations to the active site Arg409 can have an
adverse effect on general acid function in addition to perturbing
transition-state stabilization. The kinetic parameters for the
double mutants, in which both Asp356 and Arg409 were altered,

(29) Zhang, Z.-Y.; Malochowski, W. P.; Van Etten, R. L.; Dixon, J. E.
J. Biol. Chem.1994 269, 8140-8145.
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Table 1. Kinetic Parameters of th&ersiniaPTPase and lts
Asp356 and Arg409 Mutants

Yersinia Keat Km KealKm
pH PTPase (s (mM) (s"'mM™Y)
5.0 WT 1200+ 30 2.504+ 0.20 480+ 32
D356A 0.17+ 0.005 0.64+ 0.04 0.26+ 0.02
D356N 0.85+0.04 3.53+0.35 0.24+ 0.03
R409A/D356A 0.014 0.002 22+ 3 0.00064+ 0.00013
R409A/D356N 0.016: 0.004 24+ 4 0.000672- 0.00020
R409K/D356A 0.017 0.002 6.2+1.4  0.0027+ 0.0007
R409K/D356N 0.014: 0.001 3.8+0.7 0.0037 0.0007
55 WT 670+ 20 2.30+0.12 290+ 17
R409A/D356A 0.017: 0.005 21+ 2.6 0.00081: 0.00026
R409A/D356N 0.011 0.003 16+ 1.9 0.00088+ 0.00026
R409K/D356A 0.014+ 0.005 3.8+-0.4  0.0037 0.0014
R409K/D356N 0.011 0.007 4.8+0.9 0.0023+ 0.0006
6.0 WT 340+ 12 2.4+ 0.14 140+9
D356A 0.16+0.02 0.58+0.12 0.28+ 0.07
D356N 0.914+0.03  3.30+ 0.29 0.28+ 0.03
R409A/D356A 0.016+ 0.002 17+0.8 0.00094+ 0.00012
R409A/D356N 0.014+ 0.004 18+ 1 0.00078+ 0.00023
R409K/D356A 0.016+ 0.002 3.8+ 0.19 0.0042+ 0.0005
R409K/D356N 0.013+0.002 4.7+ 0.5 0.0028+ 0.0005
7.0 WT 35+ 2 23+0.11 157+1.1
D356A 0.14+ 0.002 0.41£0.12 0.34+0.11
D356N 0.89+0.02 3.20+ 0.24 0.284+0.02
R409A/D356A 0.020+ 0.002 19+ 0.6 0.0010+ 0.0001
R409A/D356N 0.015: 0.004 15+ 1.1 0.0010+ 0.0003
R409K/D356A 0.015-0.002 3.6+0.12 0.0042+ 0.0006
R409K/D356N 0.012: 0.002 3.8+0.2 0.0032+ 0.0006
8.0 WT 3.4+ 0.20 2.2+0.30 15+0.2
R490A/D356A 0.013: 0.004 19+ 2 0.00068+ 0.00022
R409A/D356N 0.012t 0.003 18+ 1 0.00067+ 0.00017
R409K/D356A 0.015: 0.003 5.4+ 0.3  0.0028+ 0.0006
R409K/D356N 0.01% 0.005 5.9+0.4  0.0022+ 0.0008
Table 2. Isotope Effects from Reactions with PNPP of Native

Yersiniaand Mutants

enzyme 15(V/K) BVIK) brigge  *3(V/K) nonbridge
native enzyme 0.9999(3) 1.0152(6) 0.9998(13)
D356N 1.0024(5) 1.0275(16) 1.0022(5)
D356A 1.0022(3) 1.0274(8) 1.0007(5)
R409K 1.0020(5) 1.0273(3) 1.0049(7)
R409A 1.0012(3) 1.0200(5) 0.9990(7)
R409K/D356N 1.0022(1) 1.0317(3) 1.0045(2)
R409K/D356A 1.0023(1) 1.0322(9) 1.0045(2)
R409A/D356N 1.0024(4) 1.0340(11) 1.0027(5)
R409A/D356A 1.0025(1) 1.0310(11) 1.0030(2)
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Discussion

Background for Interpretation of the Isotope Effects.
Kinetic isotope effects can characterize reactions in detalil, in
particular yielding information about the structure of the
transition state. The transition state for hydrolysis of phosphate
monoesters in solution can be described as very loose or
“dissociative” in nature, characterized by extensive bond cleav-
age to the leaving group, minimal bond formation to the
nucleophile, and in which the transferring phosphoryl group
resembles metaphosphate {84! Phosphodiesters and triesters
exhibit successively tighter, more associative transition states
characterized by less bond cleavage to the leaving group and
greater bond formation to the nucleophile, where the transferring
phosphoryl group resembles a pentacoordinate phosphbrane.
Linear free energy relationships indicate that in diesters and
triesters with good leaving groups, these reactions are concerted
with no phosphorane intermediate, but that the transition states
become tighter (more associative) than in the dissociative
transition state of the monoester reactf®At

Isotope effects have been measured for the phosphoryl transfer
reactions of a number of phosphate esters in solfigh3235
The cumulative data indicate that isotope effects can distinguish
between these types of transition states and therefore should be
able to detect a significant enzyme-induced change to the
structure of the transition state. Calculations predict inverse
nonbridge'®O isotope effects for dissociative transition states,
and normal values for associative transition stéte¥he
experimental nonbridgé®O isotope effects for uncatalyzed
reactions of theNPP monoester are small and inverse (0.9994
0.9997), while the nonbridg&0O isotope effects for diesters
and triesters which have been measured are (with a single
exception, which may be anomalous) normal (1.0040 to 1.0250).
The isotope effects in the leaving group also distinguish between
the loose transition states of monoesters and the tighter ones of
diesters and triesters, and echo the conclusions from linear free
energy relationships that bond cleavage to the leaving group is
significantly less in the latter reactions. The isotope effects
B(VIK) and ¥V/K) prigge measure charge delocalization in the
leaving group and PO bond cleavage, respectively. The
extensive bond cleavage in reactions of phePP dianion result
in bridge?80 isotope effects of from 1.0202 to 1.030; the
resulting development of nearly a full negative charge on the
leaving group results i#°N isotope effects of from 1.0028 to

were determined at pH 5.0, 5.5, 6.0, 7.0, and 8.0, and are1.0039. The tighter transition states of diesters and triesters are
summarized in Table 1. The values for the wild-type and D356N characterized by less bond cleavage to the leaving group, and
and D356A are included for comparison. As shown in Table 1, exhibit reduced values for bridgéo isotope effects, in the
the reactions catalyzed by the double mutants are pH indepenJange of 1.0039 to 1.0060, as well as sméfférisotope effects,
dent from pH 5.0 to 8.0, consistent with the absence of general Which range from 1.0007 to 1.0016.

acid catalysis. In addition, the kinetic parameters for the double

When protonation of the leaving group occurs in the transition

mutants are similar to those of the R409K mutant, which state the normal¥(V/K)uiage isotope effect arising fromPO
supports the notion that general acid catalysis in R409K is bond cleavage is reduced by the inverse isotope effect arising

abolished.

The isotope effect data for the reactions of thersinia

PTPase mutants witpNPP are shown in Table 2 with their

standard errors. The enzymatic substrate is the dianipNBP.
Isotopic fractionation in the nonbridge oxygen atoms will affect 1994712 8115-8120.

the proportion of the isotopic isomers present as the dianion at

this pH. The values fot8V/K) nonrigge in Table 2 at pH 6.0

have been corrected for this effect as previously descfbed.
The¥(V/K) nonbriagevalues shown are the isotope effects resulting

from protonation. This is clearly observed by comparing the
reactions of native PTPases where protonation of the leaving
group is accomplished by a conserved Asp general acid, with

(30) Ba-Saif, S. A.; Waring, M. A.; Williams, AJ. Am. Chem. Soc.

(31) Davis, A. M.; Hall, A. D.; Williams, A.J. Am. Chem. S0d.988
110 5105-5108.

(32) Hengge, A. C.; Cleland, W. W. Am. Chem. So&99Q 112, 7421~
7422.
(33) Hengge, A. C.; Cleland, W. W. Am. Chem. So&991, 113 5835~

from 180 in all three nonbridge oxygen atoms. For purposes of 5841.

comparison the isotope effects from previous studies of the
reaction of the native enzyme, and the general acid mutants

D356N and D356A, withpNPP are also shown.

(34) Hengge, A. C.; Tobin, A. E.; Cleland, W. W. Am. Chem. Soc.
1995 117, 5919-5926.

(35) Weiss, P. M.; Knight, W. B.; Cleland, W. W. Am. Chem. Soc.
1986 108 2761-2762.
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Backbone fragment 404-408 Backbone fragment 404-408

Cys403
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\6'% ’.,’4 Argd0s3
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Figure 3. The orientations of groups at the active site of WesiniaPTPase in the unbound state (left) and when sulfate is bound at the active

site (right). Other oxyanions such as tungstate or phosphate result in similar conformational changes. Upon binding of oxyanions, Arg409 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.
Associated movement of the WpD loop brings Asp356 into position to function as a general acid during catalysis. The structures shown are from
published X-ray structur&8® with computer-generated hydrogen atoms added to the Arg and Asp residues.

data from general acid mutants. The maxim&#V/K) priage the native enzyme but are still nearly®ifold faster than the
effect seen in reactions pNPP in solution in which the leaving  uncatalyzed rate for aqueous hydrolysis of the dianigoNF?P.
group is not protonated is around 1.03, and the same value isThere is little pH dependence for the R409K mutant from pH
observed in PTPases when general acid catalysis has beed.8 to 8.0. The isotope effects in the leaving grotify/K)
eliminated by mutatiof*363"The equilibrium!®0 isotope effect  and 8(V/K)wrigge both are changed from their values in the
for protonation ofp-nitrophenol is 0.985% Thus when P-O reaction of the native enzyme and resemble the values in the
bond cleavage and proton transfer are both extensive andreaction of the general acid mutant D356N, indicating that in
synchronous, the observégV/K)prqge isotope effect should  the catalytic reaction of R409K the leaving group departs with
be close to the product of these values, or about 1.015. This issubstantial negative charge. Collectively, results from the pH
close to the value measured in reactionpPP with PTPases  dependence experiments and the isotope effects on the reaction
where protonation of the leaving group occurs in the transition with R409K indicate that the Arg-to-Lys mutation prevents the
state2436.37 functioning of the general acid.

The kinetic isotope effects for the reaction of the native  X-ray structures of the enzyme with and without bound
YersiniaPTPase witlpNPP were measured in a previous study, substrate analogues provide an explanation for why mutation
and are most consistent with a dissociative transition state with of the Arg409 residue should affect the function of the general
both P-O bond cleavage and protonation of the leaving group acid (Figure 3). The general acid resides on a flexible loop that
well-advanced Mutation of the general acid Asp356 results in the absence of bound substrate places the Asp356 residue
in an enzyme-catalyzed reaction in which the leaving group approximatef 8 A from the active site. X-ray structures show
departs as the negatively charged nitrophenolate. This reactionthat when an oxyanion such as sulfate is bound, the Arg409
is also characterized by a very late transition state with respectresidue moves to form bidentate hydrogen bonds with two
to bond cleavage. The general acid mutant reactions also exhibitsoxygen atoms of the aniofi.Structural changes in the active
(VIK) nonbriggeisotope effects indicative of more nucleophilic  site result in the formation of a new hydrogen bond between
participation in the transition state than seen in the reaction of Arg409 and the carbonyl oxygen atom of Trp354 (Figure 3).
PNPP dianion in solution, but less than that seen in diesters or As a result, the indole ring of Trp354 moves into a hydrophobic
triesters’ crevice, making van der Waals contacts with the aliphatic

With this framework of background data, the isotope effects portion of Arg409%° These interactions are associated with
for the Yersiniamutants in the present study can be evaluated movement of the loop to attain the closed position when the
for the effect of the mutations on the transition state of the oxyanion is bound, which brings the general acid into position
phosphoryl transfer reaction. to assist catalysis. Indeed, when Trp354 is replaced by either a

Does the Presence of the Arg Residue Favor an Associative  phe or an Ala, both the function of the general acid and the
Transition State? (a) Results from Arg409 Single Mutants.  apility of the Arg409 to bind oxyanions are affectédndicating
At pH 6 and 30°C, thekc, values for R409K and R409A are 3 functional coupling between Asp356 and Arg409 through
0.017 and 0.040'3, respectively, and thm values for RA09K  residue Trp354. The results indicate that in R409K the lysine
and R409A are 4.8 and 68 mM, respectively. Under the same residue does not interact with the substrate and Trp354 in a

conditions, thekear and K, for the wild-type are 340°s and productive fashion, thus preventing the proper alignment
2.4 mM. These catalytic rates are approximately [88s than  petween the leaving group of the substrate and the general acid
(36) Hengge, A. C.; Zhao, Y.; Wu, L.; Zhang, Z.-Biochemistry1997, Asp356.
36, 7928-7936.
(37) Hengge, A. C.; Denu, J. M.; Dixon, J. Biochemistry1996 35, (39) Schubert, H. L.; Fauman, E. B.; Stuckey, J. A.; Dixon, J. E.; Saper,
7084-7092. M. A. Protein Sci.1995 4, 1904-1913.
(38) Hengge, A. C.; Hess, R. A. Am. Chem. S0d.994 116, 11256~ (40) Keng, Y.-F.; Wu, L.; Zhang, Z.-YEur. J. Biochem1999 259

11263. 809-814.
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For the reaction of R409A at pH 6.0, each of the isotope this position in the associative reactions of phosphate diesters
effects!>(V/K) and *¥(V/K) prigge are intermediate between those and triesters, the change is significant and consistent among all
for D356N and those for the native enzyme where protonation PTPased43637 Linear free energy data from uncatalyzed
of the leaving group in the transition state is intact. This is phosphoryl transfer reactions in solution also indicate that
consistent with a reaction in which partial proton transfer occurs increased basicity of the leaving group results in increased
in the transition state, but where a partial negative charge nucleophilic participation in the transition st&e*? An enforced
develops on the leaving group as a result of the extent of increase in nucleophilic participation in the transition state
protonation lagging behind-RFO bond cleavage. Further evi- should enhance the importance of the cationic Arg residue in
dence for this is the observation that the R409A-catalyzed catalysis if indeed this residue serves to assist in stabilization
reaction displays a pH dependency similar to the basic limb of of increased negative charge in an associative transition state.
the native enzyme reaction (Hoff et @ipochemistrysubmitted Thus, while not testing the effect on the transition state of the
for publication). “natural” enzymatic reaction, the double mutant experiments

If Arg409 imposes associative character to the reaction nonetheless constitute a valid test of the proposition that the
catalyzed by the wild-type enzyme, then elimination of the POsitive charge and hydrogen-bonding interactions of Arg409
guanidinium group should lead to a significantly decreased (or alter the nature of the transition state in addition to providing
more inverse}&(V/K) nonbridgeisotope effect. This is not observed ~ for its stabilization. Without general acid catalysis, tti€, jof
in the reactions with either R409K or R409A. In the R409A the leaving group is probably higher in the transition state of
reaction, in which general acid catalysis is still partially operative the reaction with pNPP than in reactions of natural phospho-
but the interactions between the guanidinium group and the tyrosyl substrates with the native enzyme, where protonation
phosphoryl oxygens are completely eliminated, tHev/ concerted with P-O bond cleavage keeps the tyrosyl oxygen
K) nonbridggeisotope effect is unchanged from that observed with atom neutral in the transition state.

reaction of the native enzyme (Table 2). This suggests that the A comparison of the isotope effect data for the double mutant
function of Arg409 is to stabilize the transition state, not to reactions with those for the general acid mutants reveals the

dictate the nature of it. effect of the Arg409 residue on the structure of the transition
state (Table 2).

The N isotope Effects The secondary®N isotope effect
measures charge development on thaitrophenol leaving
group. Its typical value is 2- to 3-fold higher in dissociative
mechanisms than in the associative reactions of triesters and
diesters. The values fdf(V/K) for all of the double mutants
are identical within experimental error with the data from the
general acid single mutants. This indicates that no change in
the amount of negative charge developed on the leaving group
results from mutating Arg409 to either Lys or Ala.

However the data from the Arg409 mutants (especially
R409K) cannot be clearly interpreted solely in terms of the
effects of interactions between this residue and the phosphoryl
group on the structure of the transition state, since mutation of
this residue adversely affects general acid catalysis. Loss of
general acid catalysis itself causes alterations to the transition
state, requiring the leaving group to depart as an anion which
results in a small increase in nucleophilic participation. Therefore
double mutants were prepared in which Arg409 was changed

to either Lys or Ala while the general acid was mutated either . 7 .
y g The Bridge-180 Isotope Effects. This isotope effect is

to Asn or Ala. In these double mutants the leaving group g
necessarily departs as the anion, and the effect of mutations to>e"Sitive t0 the extent of FO bond cleavage. THE(V/K) bridge

the Arg residue can be evaluated free of the workings of the isotope effect_s are slightly larger in th(_a reactions of the double
general acid mutants than in those of the general acid mutants. These changes

are in the direction expected if the cationic Arg residue favors
(b) Results from Arg409 and Asp356 Double MutantsAs a more associative transition state, which becomes more

expected, the reactions cat_al_y zed by the Arg409 and ASp356dissociative when this residue is mutated. However the observed
double mutants exhibited minimal pH depend(_ency betwee_n p_H increases are very small; by comparison, this isotope effect
2.0 and pH 8'? (rT able 1). Flurtr_l;rmorle, Companso_nhofr:he k'nfetr'f typically varies by from 4- to 10-fold between reactions with
garirpetersto tt e ﬁeneza ac(;. S'rt'g e mutants ‘tN't ¢ tthose cl) t ?Ioose transition states compared with reactions of diesters and
ouble mutants aflowed a direct assessment of the T0l€ Olyjastars which have tighter transition states. The large magni-

Arg409 in PTPase catalysis. Thg/Kn, values of D356A and s . . .
. tudes of this isotope effect in the reactions of the general acid
D356N are 306-360-fold higher than those of RA09A/D356A mutants indicate that bond cleavage to the leaving group is

and R409A/D356N, suggesting that the side chain of Arg409 extensive. At most, this transition-state parameter may be

contributes 3.4 3.5 kcal/mol to transition-state stabilization. In : : :
I ; slightly greater in the double mutants. The lack of a change in
addition, comparison of thia/Km values of R409K/D356A the 15(V/K) isotope effect also indicates that changes in bond

and R409K/D356N with those of R409A/D356A and R409A/ cleavage to the leaving group resulting from mutations to

D356N indicates that the Lys residue is only 4 times better than Arg409 must be small. Significantly more advanced@bond

an Ala in substituting for Arg409 in PTPase catalysis. — ¢jeavage would necessarily resuit in greater negative charge
The loss of general acid catalysis has the effect of creating aon the leaving group in reactions of these double mutants,

poorer leaving group, by raising th&pof this group in the  which would manifest itself by an increase in the magnitude of

transition state. The Hammond postulate predicts that such ai5y/k).

change should make the transition state tighter than in the The Nonbridge-180 Isotope Effects.Comparisons of the

reagtpn .of the. native enzyme, Wlth. increased nucleophilic 18(V/K) nonbridgeisotope effects of the double mutants with those

participation. Evidence that this should indeed be the case comesf the general acid mutants also indicate that little change to

from the isotope effects for reactions of general acid mutants. the transition-state structure occurs as a result of mutations to

In all of the PTPases examined in previous studies the loss OfArg409. The magnitude of th&(V/K) nonbridge iSOtope effect
general acid catalysis resulted in small normal nonbritfge-

isotope effects, indicative of an increase in nucleophilic (41) Skoog, M. T.; Jencks, W. B. Am. Chem. S0d.984 106 7597~
participation in the transition state. While these isotope effects '~ (42) Herschlag, D.; Jencks, W. B.Am. Chem. S0d.989 111, 7579
were smaller in magnitude than the normal isotope effect at 7586.
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0 o o phosphoryl group undergoes inversion durin_g the cata_lytic
P b+ pt+ reaction, changing from tetrahedral to planar in the transition
o o o o_ -0 o~ state, with an accompanying increase in theR3-O bond angle
- (Figure 1). Structural and computational studies have found that
A B C I " o e .
) . significant transition-state stabilization of the dissociative transi-
Figure 4. Resonance structures of the metaphosphate ion. tion state by the PTPases can occur via hydrogen-bonding

L . . i _ interactions that are enforced as a result of the spatial expansion
is slightly higher in each of the double mutant reactions than in ¢ he three nonbridging oxygen atoms in going from the

the reactions of the general acid mutants. These small increasegsrahedral reactant state to a trigonal bipyramidal geometry at
are in the opposite direction than expected if the Arg409 residue e transition state®

imparts associative character and the reaction becomes more
dissociative in its absence; in this case this isotope effect should
move in the inverse direction, not become more normal as is
observed. The magnitude of the change again is very small
relative to the range of values exhibited by this isotope effect
in the continuum of tight versus loose transition states of
phosphate esters.

In summary, the lack of significant changes in the isotope
effects indicates that at most small perturbations to the transition-
state structure are caused by the interactions of the substrat
with Arg409 during catalysis. These results indicate that the
function of this residue is stabilization of the transition state, . o :

in the transition state of the phosphoryl transfer reaction.

and that it does not significantly alter it However, there are limits to the certainty with which interatomic

These results echo data from reactions in solution where thedistances in such complexes can be translated into bond orders
presence of metal ions has been shown by linear free energy. P

relationships not to increase the associative character of the'" the transition state. Th_e structure of thfersinia PTPase
o . complexed with the transition state analogue vanadate shows a
transition states of GTP hydroly&tsor of the reactions of ) . S X : 0
- J. . trigonal bipyramid with an axial *S distance of 2.52 A°
phosphorylated pyridine¥.In addition, linear free energy data Usina Pauling’s rule. a bond order of 0.21 was calculated for
show that large changes in reactivity result in only small changes 9 g ' ;

in the transition state for phosphoryl transfer, suggesting that th? P-S bond to _the nucleophilic Cys in the transition state
this transition state is resistant to charigés46 using 2.12 as a single+S bond length and assuming that the

How, Then, Can the Presence of Positive Charge at the S—V distance accurately represents the Sdistance in the

Aciive Sit ofa Phosphory Transter Enzyme Be Reconailed (R0 T SE 08, S0, o e e bone
with a Dissociative Transition State?The seeming inconsis- 9

tency arises from the perception that the cationic residue or metalgre(i\?vr;;?%egseé’ dL:J:ntt?titehse l,gg;zlrtr?irr?lcannaﬁjr:geor];;?rf re(!?tic())r;/shlgr
ions are in proximity to a transferring group that loses negative d ) 9 ty %

charge in the transition state. Some of this perception arises;tgﬁizo'r&d;?r:]r:s:'sft%ng;'géhczlij ﬁeﬁ';%ymsg:iﬁ?ge,g'ﬁ: a
from the classical representation of metaphosphate. In a dis- 9 U 9 ’

sociative transition state the transferring phosphoryl group will ;k:j'issggggﬁiz%/e'rsshzoa:ﬁrggstgc?gg\%Or:ggg;;issr:glljtlsr:ubs?gggr;)e
resemble this species, which is usually drawn as struétire :

Figure 4. Computational results suggest that a more ac(:L”‘,Meremembered that these enzymes undergo conformational changes

view is that of a resonance hybrid with contributions from all during catalysis, and th_ere IS no assurance that dlsta_nces in a
three structures shown, with structurBsand C the major ground-state complex with a transition-state analogue will match

contributors*’8If this description is correct, then although the the corresponding distances during catalysis when the atoms

net negative charge of the phosphoryl group decreases, '[hemVOIVeOI are in motion.

charge on the nonbridging oxygen atoms will not undergo a The low mqlecular vyeight PTPalls.es shar.e the r.elative pqsitions
significant change between the ground state and the transitionOf the essential cysteine and arginine residues in the active site
state for phosphoryl transfer. Other means by which dissociative S€quénces and use an identical catalytic sequence as other
phosphory! transfer might be stabilized in an enzymatic active PTPases! In the crystal structure of a low molecular weight
site have been discuss&eo PTPase complexed with vanadate -a\Gdistance of 2.16 A
Conformational changes which are undergone by both the Was found:? much smaller than the corresponding distance in
substrate and the enzyme during catalysis can allow cationicth® complex with therersiniaenzyme. One might infer from
and hydrogen-bonding residues to interact more strongly with this mform_atlon that a muc_h more associative transition state
the transition state than with the ground state. The conforma- for catalysis, more resembling that typical of a phosphotriester,
tional changes of théersiniaenzyme that result from the IS operative in the low molecular weight PTPases than in the

binding of oxyanions have already been mentioned. The Yersiniaenzyme. This would result in large differences between
the isotope effects for the two enzymatic reactions, on a scale

Are Interatomic Distances in Complexes between Enzymes
and Transition-State Analogues Reliable Indicators of Cor-
responding Distances during Catalysis?sotope effect mea-
surements are a direct probe of the transition state during a
catalytic reaction. Do the conclusions from isotope effect studies
agree with inferences from X-ray structures of PTPases com-
plexed with transition-state analogues? Such structures can give
valuable insights concerning the roles of catalytic groups in the
transition state but are not probes of the reaction itself.
Snteratomic distances in such complexes are sometimes used
to infer bond orders to the leaving group and/or the nucleophile

(43) Admiraal, S. J.; Herschlag, @hem. Biol.1995 2, 729-739. imi i i _
(44) Herschlag, D Jencks, W. . Am. Ghem. S0d987 109, 4665- similar to the dlfference_s observed _between reactions of mo
4674, noesters and those of diesters or triesters. The isotope effects
(45) Herschlag, D.; Jencks, W. B.Am. Chem. S0d.989 111, 7587

7596. (50) Denu, J. M.; Lohse, D. L.; Vijayalakshmi; Saper, M. A.; Dixon, J.
(46) Jencks, W. PChem. Re. 1985 85, 511-527. E. Proc. Natl. Acad. Sci1996 93, 2493-2498.
(47) Rajca, A.; Rice, J. E.; Streitweiser, A., Jr.; Schaefer, Hl. Am. (51) Zhang, Z.-Y.Curr. Top. Cell. Regul1997, 35, 21-68.

Chem. Soc1987 109, 4189-4192. (52) Zhang, M.; Zhou, M.; Van Etten, R. L.; Staufacher, C. V.
(48) Horn, H.; Ahlrichs, RJ. Am. Chem. Sod.99Q 112 2121-2124. Biochemistry1997, 36, 15—23.
(49) Maegley, K. A.; Admiraal, S.; Herschlag, Broc. Natl. Acad. Sci. (53) Stuckey, J. A.; Fauman, E. B.; Schubert, H. L.; Zhang, Z.-Y.; Dixon,

1996 93, 8160-8166. J. E.; Saper, M. ANature 1994 370, 571-575.
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of one member of this family, yeast Stp-1, have been mea- to this residue in the “natural” acid-catalyzed reaction. However,
sured® Only small differences were found in the transition state the removal of protonation of the leaving group should result
for the Stp-1-catalyzed reaction compared to that ofvtéisinia in a more associative mechanism and thus enhance the im-
PTPase. The two reactions show the same degree of bondoortance of interactions with the conserved arginine if they alter,
cleavage to the leaving group, with the Stp-1-catalyzed reactioninstead of simply stabilize, the transition state. The results
exhibiting slightly more nucleophilic participation in the transi- indicate that no substantial alteration to the transition state takes
tion state. These results suggest that factors unrelated to thosplace as a result of these interactions. This conclusion is
at work during catalysis can affect the interatomic distances in consistent with computational studies that show that the active

complexes of enzymes with transition-state analogues. sites of PTPases stabilize a dissociative transition state. Com-
. parison of isotope effect data from reactions of PTPases with
Conclusions data from X-ray structures of the enzymes with bound transition-

The isotope effect results indicate that in the absence of State analogues suggests that interatomic distances in such
general acid catalysis, the transition state for the phosphoryl COMplexes may not reliably report on corresponding distances
transfer reaction catalyzed by théersinia enzyme is not i the transition state for catalysis.
significantly altered by interactions of the phosphoryl group with
Arg409. Although the loss of transition-state stabilization
provided by this residue results in a large decrease in rate, thecN:.IHlgsraltllt GI_I\/I47PZQ? to A'fC'H" fromtthfeRUHSHArmydAf\dvanﬁleHd
results provide no support for the proposal that the presence of VIl Schoofing Frogram for support of K.H.1., and rom
positive charge or hydrogen bonds necessarily results in a change(:’raln t CA_‘I_69|_|2.02 rtfl) é'Y'Z' éYZt'St a}rﬁmshtehlmerths Chlf Igr aDnd
to an associative mechanism. The interplay of the interactions an rmﬁl ) f |rsr§: | fallreer clentist. The authors thanik Lr. Dan
of substrate with Arg-409 and the functioning of general acid Herschlag for helpful comments.
catalysis made it impossible to examine the effect of mutations JA9923610
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