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To evaluate the proficiency of phosphatases as catalysts, the rate of
the uncatalyzed hydrolysis of simple phosphate monoester dianions
was estimated by extrapolating rates measured over a range of high
temperatures. The rate of spontaneous hydrolysis of phenyl phos-
phate dianion indicates that a linear free energy relationship reported
earlier is reliable for leaving groups whose conjugate acids have pKa
values up to at least 10. Using Teflon reaction vessels, it proved
possible to follow the hydrolysis of methyl phosphate and 3-(4-
carboxy)-2,2-dimethylpropyl phosphate in strong alkali. Even in 1 M
KOH, the reaction was found to be specific acid catalyzed. These
results establish an upper limit for dianion reactivity, which had been
overestimated earlier as a result of the leaching by alkali of silicic acid
from quartz reaction vessels. The present findings indicate that the
half-time for attack by water on alkyl phosphate dianions is 1.1 x 102
years (k = 2 x 10720 s) at 25°C and that phosphatases involved in cell
signaling and regulation produce the largest rate enhancements that
have been identified thus far. Protein phosphatase-1 and inositol
1-phosphatase exceed all other known enzymes in their affinities for
the altered substrates in the transition state.

M ost enzyme reactions proceed with k¢, /Ky values in the
neighborhood of 107 M~!s~! and appear to be similarly
efficient according to that criterion. However, to assess the
proficiency of an enzyme as a catalyst, and its corresponding
affinity for the altered substrate in the transition state, it is
necessary to compare ke./Kn, with the rate constant of the
corresponding reaction under the same conditions in the absence
of a catalyst. In contrast to the relatively narrow range of values
of keat/Km observed for enzyme catalyzed reaction rates, the
rates of these uncatalyzed reactions span a range of at least 19
orders of magnitude (1). Thus, differences in enzyme proficiency
tend to reflect differences in the rates of the uncatalyzed
reactions rather than the catalyzed reactions, and enzymes differ
greatly from one another in their prowess as catalysts. Enzymes
that catalyze the slowest reactions are of practical interest, in that
they offer sensitive targets for inhibition by transition-state
analogues. Their mechanisms of action are also particularly
challenging to rationalize. Conspicuous among these slow reac-
tions is the hydrolysis of monoesters of phosphoric acid.

In biological systems, phosphate monoesters are cleaved by
two groups of monoesterases that act by different mechanisms.

One group of phosphomonoesterases, typified by bacterial
alkaline phosphatase (2) and protein tyrosine phosphatases (3),
uses an active-site nucleophile to displace the alcohol-leaving
group from the substrate to form a phosphoryl-enzyme inter-
mediate, which is subsequently hydrolyzed. Rate enhancement
by enzymes that act through a double-displacement mechanism
is not simple to analyze in terms of transition-state affinity or
transition-state stabilization (4), although rates of reaction with
model nucleophiles can be used to estimate equilibrium con-
stants for transition-state interchange between an enzyme and
the model nucleophile (5).

A second group of phosphatases catalyzes direct attack by
water on phosphorus to displace the alcohol-leaving group and
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therefore lends itself directly to the estimation of transition-state
affinities. Enzymes that bring about direct water attack include
protein phosphatase-1 of which numerous variants with differing
specificities have been found within the human proteome;
fructose 1,6-bisphosphatase, which catalyzes the rate-
determining step in carbohydrate catabolism; and inositol
1-phosphatases, which are involved in the transmission of hor-
monal signals. Here, we report that these enzymes exceed all
other known enzymes in their powers as catalysts and in their
affinities for the altered substrate in the transition state.

In the investigation of very slow reactions, simple model
substrates are helpful in avoiding side reactions that might
obscure the reaction of interest. The spontaneous hydrolysis of
methyl phosphate (MeP) is relatively rapid at low pH where it is
present mainly as the monoanion, but proceeds more slowly with
increasing pH as the abundance of the monoanion (MeP™)
declines (6). In experiments in sealed quartz tubes, reported
earlier (7), the rate of hydrolysis of MeP appeared to reach a
constant value more than pH 10, corresponding to the reaction
of the dianion (MeP~?) with water. Slow as it was, that reaction
proceeded considerably more rapidly than had been expected by
extrapolation of rate constants for hydrolysis of monoester
dianions with much better leaving groups (Fig. 1) (8, 9). Rein-
vestigating that discrepancy, we have established that the spon-
tancous hydrolysis of MeP~? proceeds much more slowly than
was previously reported and that phosphatases are even more
proficient as catalysts than had been suspected.

Materials and Methods

Phenyl phosphate was purchased from Aldrich and used as
received. MeP was prepared by the method of Bailly (10).
Compound 1 (Scheme 1) was synthesized from 3-(4-carboxy-
phenyl)-2,2-dimethylpropan-1-ol (11) by using an excess of phos-
phoryl chloride in tetrahydrofuran and pyridine as base. Hydro-
lysis with KOH gave the monoester 1, which was extracted into
ethyl acetate after acidification of the aqueous phase: 6H (250
MHz; D,0) 0.87 (6H, s), 2.67 (2H, s), 3.52 (2H, d, J 4.6 Hz), 7.36
(2H, d,J 8.8 Hz), 7.93 (2H, d,J 8.8 Hz); 6P (100 MHz; D,0) 0.83;
MS(ES—) 287 (M—). HPLC retention time was 6.2 min [flow
rate 0.75 ml'min—; eluant: 25% MeOH, 75% 20 mM ammonium
phosphate buffer (pH 5.5) on a Synergi 4-u polar-RP 80A,150 X
4.6-mm column] monitored at 236 nm.

In a typical experiment, MeP, 1, or phenyl phosphate was
incubated, along with toluic acid as an internal standard, in 1 M
KOH in Teflon-lined stainless-steel reaction vessels immersed in
a circulating oil bath. Aliquots were analyzed by HPLC or proton
NMR in 2 H,0, using added pyrazine as an integration standard.
First-order rate constants were obtained by analysis of the initial

Abbreviation: MeP, methyl phosphate.
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Fig. 1. Linear free energy relationship between leaving-group pKa values
and rate constants for hydrolysis of phosphate monoester dianions at 39°C. O,
benzoyl (9) and aryl (12) phosphates. ®, phenyl phosphate (present work). OJ,
MeP (7). m, present data. The line shown is corresponds to that in ref. 9 and is
described by the equation 0.862 — 1.23 pKa.

rate or by following the reaction for three half-times and fitting
the results to the first-order rate equation.

Results and Discussion

Reexamining the experimental conditions used earlier to ob-
serve the hydrolysis of MeP~2 in alkali (7), we came to suspect
that the rate of hydrolysis might have been overestimated
because of undetected leaching of silicic acid from the quartz
reaction vessels by the alkaline solutions. With a pKa value of
~9.8, the silicic acid released might have passed undetected
because it did not change the total amount of titratable alkali
that was present, but might have buffered the reaction mixture
in such a way that the actual pH range extended only as far as
pH ~10. The apparent leveling of the reaction rate might thus
have been caused by a leveling of the pH.

To circumvent that difficulty, we conducted the hydrolysis of
MeP and 3-(4-carboxy)-2,2-dimethylpropyl phosphate (1) in
Teflon reaction vessels at high pH over the temperature range
from 160°C to 240°C. We found that in 1 M KOH the rate of
hydrolysis was significantly slower than at pH 10, showing that
the previous data had indeed led to an overestimate of the rate
of the dianion reaction. From the Arrhenius plot (Fig. 2), the
enthalpy of activation is 50.1 = 0.6 kcal'mol~! and the entropy
of activation is 23 = 1 cal'mol~!-°K~! for the hydrolysis of 1. The
results obtained for MeP, also plotted in Fig. 2, were closely
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Scheme 1. Compound 1.
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Fig. 2. Observed first-order rate constants for hydrolysis in 1 M KOH of
phenyl phosphate (O), compound 1 (), and MeP?~ (»), plotted as a function
of reciprocal temperature (Kelvin).

similar. Extrapolating those data to 39°C yields a rate constant
of 2 X 10717 s71, still somewhat higher than predicted by the
linear free energy relationship in Fig. 1 but no longer in serious
disagreement. Moreover, varying the KOH concentration in the
range from 0.05 to 1 M, we found that the rate of reaction varied
inversely with the concentration of KOH. Thus, even in 1 M
KOH, the reaction that is observed is specific acid catalyzed, and
MeP~, not the dianion, is the kinetically active species.

As the original linear free energy relationship (9) only in-
cluded leaving groups with pKa values of 7 or less, we decided
to extend that range to include the less acidic alcohols that are
typical of biological phosphate esters. Using the same experi-
mental procedures to monitor phenyl phosphate hydrolysis in 1
M KOH between 107°C and 191°C, we again obtained linear
Arrhenius plots. The hydrolysis of phenyl phosphate in 0.1, 0.3,
and 1.0 M KOH (ionic strength adjusted to 1.0 with KCI) showed
no differences in rate within experimental error, indicating that
these data represent the pH-independent reaction of the phenyl
phosphate dianion. The enthalpy of activation (38 = 2
kcal'mol~!) and the small, positive, entropy of activation (7 = 2
cal'mol~1-°K~1) are consistent with unimolecular decomposition
via a loose transition state, a mechanism that has been widely
(12, 13), although not universally (22), accepted for phosphate
monoester dianions in aqueous solution. Extrapolation of these
data yielded a value of 1 X 10712 s=! at 39°C, in satisfactory
agreement with the linear free energy relationship shown in Fig.
1. A least-squares fit of the data in Fig. 1, including the value
reported here for phenyl phosphate, yields Eq. 1:

log k(s™1) = (1.00 = 0.36) — (1.26 = 0.07)pKa [1]

in which pKa refers to the conjugate acid of the leaving group.

The results obtained for MeP and compound 1 establish only an
upper limit for dianion reactivity, and it is of interest to inquire how
much lower the actual rate constant for MeP~2 hydrolysis is likely
to be. Eq. 1 leads to the prediction that kqps should be 5 X 10719 s~ 1
at 39°C, for a leaving alcohol with a pKa value of 15.5. To estimate
the rate at 25°C, it seems reasonable to assume that the entropy of
activation for spontaneous hydrolysis of MeP~2 is equivalent to the
value determined above for the phenyl phosphate dianion. That
leads to an estimated enthalpy of activation of 47 kcal'mol~! and
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Table 1. Enzymatic hydrolysis of phosphate monoesters by direct
water attack at 25°C

kcat/Km
Enzyme Phosphorylated substrate Keat (s71) (M—1s71)
PP11> Phosphoryl-phosphorylase a 39 4 X 106
FBPase'®  Fructose 1,6-bisphosphate 21 1.5 X 107
P17 Inositol-1-phosphate 22 3% 10°

None MeP and compound 1 2 X 10729 (knon)

indicates that the rate would be ~30-fold slower at 25°C than at
39°C. Accordingly, our best estimate of the rate constant for dianion
hydrolysis at 25°C is 2 X 10720 s~1, That value is in reasonable
agreement with the upper limit obtained by extrapolating our
Arrhenius plot to 25°C and with an earlier estimate based on
thermodynamic data (14). Evidently the reaction of the dianion is
only just below the limit of detection.

These results imply that simple phosphate monoesters are
much less reactive and that phosphatases are even more profi-
cient catalysts than had been recognized (7). Table 1 shows some
kinetic constants that have been reported for type 1 protein
phosphatase (EC 3.1.3.17; 15), fructose bisphosphatase (EC
3.1.3.11; 16), and inositol phosphatase (EC 3.1.3.25; 17). Each of
these enzymes, which catalyze direct water attack on the sub-
strate (18, 19), is seen to enhance the rate of water attack on the
dianionic substrate by a factor of ~102! and to bind the altered
substrate in the transition state with a formal dissociation
constant of ~10726 M. These rate enhancements and catalytic
proficiencies exceed even those of decarboxylases acting on
orotidine 5'-phosphate (OMP) and amino acids, the most pro-
ficient enzymes identified thus far (Fig. 3). It should be added
that, within this group, OMP decarboxylase retains the distinc-
tion of acting as a pure protein catalyst without the assistance of
cofactors. The phosphatases mentioned above all require metal
ion cofactors for activity.

20 _ half-time

Fig. 3.
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Half-times of biological reactions proceeding spontaneously in water at 25°C in the absence of a catalyst (for earlier references, see ref. 1).

1.1x 1012years phosphomonoester dianion hydrolysis

1.1 x 10%years glycine decarboxylation

8 x 107 years OMP decarboxylation

1.1x 108 years o-0-glycoside hydrolysis
7 x 103 years fumarate hydration

1.4 x 103 years phosphodiester anion hydrolysis (C/0)
9.8 x 104 years mandelate racemization

6000 years amino acid racemization

450 years peptide hydrolysis

73 years cytidine deamination

2 days triosephosphate isomerization
7 hours chorismate mutation

23 seconds peptide cis-transisomerization
5 seconds CO; hydration
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As noted in the Introduction, transition-state affinity cannot
be evaluated directly for those phosphatases that react through
a covalent phosphoryl-enzyme intermediate. For that group of
phosphatases, a recent investigation of Escherichia coli alka-
line phosphatase (APase, EC 3.1.3.1), acting on MeP under
conditions where product inhibition was carefully avoided
(20), has shown that k¢, /Ky, is similar in magnitude to those
of type 1 protein phosphatase, fructose bisphosphatase, and
inositol phosphatase (Table 1). Thus, APase matches those
mentioned above in its formal proficiency [(kcat/Km)/knon] as
a catalyst. Among enzymes of this latter type, a high value of
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kear (1.5 X 10* s71) has been recorded for a human protein
tyrosine phosphatase (PTP; EC 3.1.3.48), acting on a model
peptide through a phosphorylated cysteine residue as an
intermediate (21). Comparison with the present rate constant
for spontaneous hydrolysis of the phenyl phosphate dianion
indicates that PTP enhances the rate of hydrolysis of phos-
phorylated tyrosine residues by ~17 orders of magnitude.
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