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Does the Active Site Arginine Change the Nature of Scheme 1
the Transition State for Alka“ne (a) Dissociative transition state for phosphomonoester dianion reaction
Phosphatase-Catalyzed Phosphoryl Transfer?
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Tremendous rate enhancements are a hallmark of biological HNI:H

catalysist To understand how enzymes achieve such remarkable
rate enhancements it is necessary to obtain information about the ) ) )
nature of the transition state for the enzymatic reaction, as catalysisPonds with two of the vanadate oxygens (Figuré djipporting
can be defined as stabilization of the transition state relative to Previous mechanistic proposdiKinetic analyses of arginine
the ground state. Phosphoryl transfer reactions constitute the mosfnutants are consistent with an important functional role of this
abundant class of biological reactions and include reactions residue’
catalyzed by phosphatases and kinases central to metabolism and To determine the effect of the active site arginine on the
signal transduction. Physical organic studies inspired by the transition state for AP-catalyzed phosphoryl transfer, we have
seminal work of Westheimer and Bunton have provided extensive €émployed linear free-energy relationships. Such Brgnsted cor-
evidence of a dissociative transition state for nonenzymatic relations have been instrumental in characterizing transition states
reaction of phosphomonoestéin this transition state the bond ~ for nonenzymatic reactions. Nevertheless, in applying this ap-
to the leaving group is largely broken and there is little bond proach to enzymes, it is a constant concern that specific binding
formation to the incoming nucleophile (Scheme 1a). In contrast, interactions with the different substituents in a series of com-
reactions of phosphotriesters have associative transition states withpounds will obscure the correlation between leaving group basicity
a large amount of bond formation to the incoming nucleophile and reaction rate, even for a nonspecific enzyme such as AP that
and little bond cleavage to the leaving group in the transition has only a shallow binding pockét!°In the current study we
state. The transition states for reactions of phosphodiesters arecompare the dependence of reaction rate on the leaving group
intermediate between phosphomonoesters and phosphotriesters igroperties for the wild-type enzyme and a mutant with the active
the degree of associative character. site arginine removed. As steric interactions of various leaving
Consideration of the transition states for these nonenzymatic groups with the active site are expected to be essentially the same
reactions led to the proposal that enzymes could more readily for wild-type and mutant enzymes, effects that complicate direct
stabilize the associative transition state than the dissociativé‘one. determination o values for enzymatic reactions should largely
It has been widely suggested that enzymes render phosphoryicancel. Thuscomparisonof the leaving group dependencies is
transfer transition states more associative by coordination of expected to provide a strong indication of whether the active site
arginine or other positively charged active site groups to the arginine causes a substantial change in the nature of the transition
nonbridging phosphoryl oxygens in the transition state (Scheme state.
1b)2 This proposal is wide-reaching as all structurally character-  To obtain information about the transition state of a reaction,
ized phosphoryl transfer enzymes have arginine residues and/oithe chemical step must be rate limiting. This has been problematic
other positively charged groups in their active sites that could for AP, as the reactions of aryl phosphates that are commonly
interact with the phosphoryl group being transferred. employed as substrates are not limited by the chemical'$tép.
We tested this proposal witBscherichia colialkaline phos- ~ We therefore used a series of alkyl phosphates, as these
phatase (AP). In the crystal structure of AP complexed with compounds are inherently less reactive. The large observed
vanadate, a transition state analogue, arginine 166 forms hydrogervariation in keo/Ky, with leaving group K. suggests that the
chemical step is indeed rate limiting for hydrolysis of alkyl
phosphates by both the mutant and wild-type enzymes (see
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perhaps slightly steeper for wild-type AP. The small difference
in the individual fits could be due to experimental error, changes
in steric effects for R166S relative to wild-type, or a change in
solvation of the transition state when the arginine is mutéted.

Linear free-energy relationships with aryl phosphate monoesters
and diesters provide a crude estimate for how much the value of
Pig would be expected to change if the active site arginine changed
the transition state from a dissociative transition state to a more
associative, diester-like transition state. Using the concept of
effective charge, a change in the valugggfof +0.47 is estimated
for a more associative transition state, in contrast to the observed
change of-0.1+ 0.1 in Figure 23

In summary, the active site arginine of alkaline phosphatase
does not substantially change the leaving group dependence,
suggesting that this residue provides little or no increase in the

Figure 1. Transition state model for phosphoryl transfer by AP based associative character of the transition state. These results are
upon the structure of AP covalently bound to a pentavalent vanadate complementary to those obtained with kinetic isotope effects in

ester®’” Arginine 166 makes a bidentate interaction with this transition
state analogue.
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Figure 2. Leaving group dependence of R166S and wild-type AP for
hydrolysis of primary alkyl phosphates. As the valuekefKm, for R166S
AP (O) are decreased10*fold relative to the wild-type enzymed),

a recent study of thé/ersinia protein tyrosine phosphata¥e.
Together, these results test the proposal that positively charged
groups change the nature of the transition state for phosphoryl
transfer, strongly suggesting that an interaction of arginine with
the nonbridging phosphoryl oxygens does not necessarily render
the transition state for phosphoryl transfer more associative.
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(12) As keafKn includes a binding step in addition to the chemical step,
effects of arginine on binding could also contribute to the observed value of
Pig- The positively charged side chain would be expected to favor binding of
substrates with more negative charges on the nonbridging phosphoryl oxygens.
Such an effect, if significant, would rendgf, less negative. Thus, a less

the two sets of data are plotted on different scales to facilitate comparison hegativef, for wild-type AP could result from either a change to a more

of the leaving group dependencies. The alcohol leaving groups k&nd p

values are as follows: propanol (16.1), ethanol (16.0), methanol (15.5),

allyl alcohol (15.5), 2-methoxyethanol (14.8), 2-fluoroethanol (14.3),

associative transition state, as introduced in the text, or an effect on binding.
The observation thgty does not change suggests the absence of a significant
effect on binding or transition state structure.

(13) The charge that develops on a leaving group atom in a transition state

3-cyanoethanol (14.0), and propargyl alcohol (13.6). The solid line has been described by an effective charge, defined by the/igia, (6eq is

represents the best least-squares fit to both mutant and wild-type data,

sets, with a slopef) of —0.75+ 0.1. Independent fits to the wild-type
and mutant data sets givéy; = —0.85 + 0.1 and —0.66 + 0.1,
respectively (dashed lines). The errors in individaalKn, values €15%

for 6—12 independent determinations) are smaller than the symbols. The

alkyl phosphates were synthesized wAtR labels to allow detection of

the slope of the dependence of Idg, the equilibrium constant for the overall
eaction, on the I§, of the leaving group: Williams, AAcc. Chem. Re4984
17, 425. Jencks, W. RCatalysis in Chemistry and Enzymolodover: New
York, 1987). For hydrolysis of aryl phosphomonoester dianifighieqis 0.91
(—1.231.35=0.91, ref 14 and Kirby and Varvoglis: Kirby, A. J.; Varvoglis,
A. G.J. Am. Chem. So0967, 89, 415). For hydrolysis of aryl phosphodiesters
the effective charge obtained frofiy/feq is 0.56 (-0.97/-1.74; ref 14 and
Kirby and Younas: Kirby, A. J.; Younas, M. Chem. Soc. (B}97Q 510).

reaction products at the low concentrations required to avoid inhibition Thus, a decrease in effective charge of 0.35 is predicted for reaction of a

by the inorganic phosphate produkt & 1 uM).16 Reactions were carried
out at 25°C with 0.1 M NaMOPS, pH 8.0, 0.5 M NacCl, 10tM ZnSQy,

monoester via a diester-like transition stai@gy(Ped diester— [Big/Bed monoeste—
0.56-0.91= —0.35). This change in effective charge can be converted to a
change infiy by normalizing forBeq, giving a predicted changeﬁ}g of +0.47

and 1 mM MgC}. The inorganic phosphate product was separated from for conversion to a more associative, diester-like reacti®fiy/feq dgiesier —
alkyl phosphate substrates by polyacrylamide gel electrophoresis, and|[Big/fedmoncestdt X feqmonoeste= (—0.35)%(—1.35) = +0.47}. An even larger

relative amounts were quantitated with a phosphorimégBeactions
were followed for>7 half-lives, and rate constants were obtained from

change inj; would be expected for reaction via a triester-like transition state.
(14) Bourne, N.; Williams, AJ. Org. Chem1984 49, 1200.
15) Similar heavy atom kinetic isotope effects were observed with and

nonlinear least-squares fits. As expected for subsaturating substrate, thavithout the active site arginine, suggesting that the arginine does not change
observed rate constants were independent of the concentration of alkylthe nature of the transition state. In this study, a second mutation, removal of

phosphate (0.00130 nM) and linearly dependent on enzyme concentra-

tion (0.01-10 nM wild-type and 0.+10u4M R166S AP). Enzymes were
purified as previously describéd.

Despite the~10*fold effect of the R166S mutation, the data for
both enzymes fit a single linear correlation wjtlj = —0.75+
0.1. Individual fits give values ofy4 that are within error, or

the general acid that protonates the leaving group, was required because
mutation of the arginine had additional effects on the general acid: Hoff, R.
H.; Wu, L.; Zhou, B.; Zhang, Z.; Hengge, A. Q. Am. Chem. Sod.999
121, 9514.

(16) Snyder, S. L.; Wilson, |. BBiochemistryl972 11, 1616.

(17) For a general description, see:Admiraal, S. J.; Schneider, B.; Meyer,
P.; Janin, J.; Veron, M.; Deville-Bonne, D.; Herschlag Hiochemistry1l999
38, 4701.

(18) O'Brien, P. J.; Herschlag, D. Am. Chem. Sod.998 120, 12369.



