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Enzymes that initiate reactions by abstraction of theR-proton
of a carboxylate anion are ubiquitous in biochemistry. Such
reactions have attracted considerable recent attention because the
thermodynamics for formation of the enolic/enolate anion inter-
mediate on the reaction coordinates are highly unfavorable due
to the high pKa of the substrate proton (>29) and the low pKa of
the conjugate acid of the active site general basic catalyst (<7).
Our studies of the enolase superfamily suggest that one strategy
for stabilization of the intermediates is coordination of the
substrate carboxylate group to a divalent metal ion so that
electrostatic stabilization occurs as the proton is abstracted and
negative charge develops on the carboxylate/enediolate oxygens.1

o-Succinylbenzoate synthase (OSBS), a member of the enolase
superfamily, catalyzes the dehydration of 2-succinyl-2,4-cyclo-
hexadiene-1-carboxylate (SHCHC) to yieldo-succinylbenzoate
(OSB), an intermediate in the biosynthesis of menaquinone
cofactors that are required for anaerobic growth of eubacteria and
at least some archae.2 As described in this Communication, the
“burden borne”3 by OSBS is considerably less than that borne
by fumarase3 as well as other members of the enolase superfamily4

that catalyze reactions initiated by abstraction of theR-proton of
a carboxylate anion.

The efficiencies of enzyme-catalyzed reactions can be quan-
titated by comparing eitherkcat or kcat/Km with knon, the “spontane-
ous rate.” The former ratio (kcat/knon; unitless) is designated the
“rate acceleration;” the latter ratio [(kcat/Km)/knon; units of M-1]
is designated “proficiency”5 or “efficiency”6 and quantitates the
total energetic cost associated with catalysis. Wolfenden and his
colleagues have quantitated values ofknon for a variety of
nonenzymatic reactions3-5 by measuring the temperature depen-
dence of the rate constant (∆Hq) and extrapolating to ambient
temperature. Pertinent to the OSBS-catalyzed reaction, they
measuredknon for two reactions initiated by abstraction of the
R-proton from carboxylate carbon acid substrates: the dehydration
reaction catalyzed by fumarase5 and the racemization reaction
catalyzed by mandelate racemase (MR),6 the latter a member of
the enolase superfamily.1 The values forknon, 1.1× 10-14 sec-1

and 3× 10-13 sec-1, respectively, are similar, reflecting the high
pKa’s of theR-protons7 in reactions whose reactants and products
are nearly isoenergetic.8 These values may be used to calculate
the values of the rate accelerations and proficiencies of the
fumarase- and MR-catalyzed reactions; these are displayed in
Table 1. For both enzymes, the values of the rate accelerations
and proficiencies are similar.

Although the literature suggested that SHCHC, the substrate
for the OSBS-catalyzed reaction, would be too unstable to isolate
and characterize,9 we have found that chorismate can be converted
to SHCHC in 60% yield using the coupled actions of purified
isochorismate mutase and SHCHC synthase; purification by anion-
exchange chromatography affords the dianion of SHCHC that is
stable at neutral pH and ambient temperature.10 At alkaline pH
and ambient temperature, SHCHC is converted too-succinyl-
benzoate (OSB); at acidic pH, SHCHC is converted to succinyl-
benzene (SB).9 At moderately elevated temperatures (80-120°C)
at pH 8.0, the pH optimum for the reaction catalyzed by OSBS
from Escherichia coli, SHCHC is converted to a 1:(6.3( 0.2)
mixture of OSB and SB with half-times ranging from 1 h to 2
days.11 The decomposition of SHCHC is first-order and not
significantly catalyzed by the phosphate buffer. The first-order
rate constant (knon) for formation of OSB at 25°C, (1.6( 1.0)×
10-10 sec-1, was obtained by extrapolation of a plot12 of ln(k/T)
versus 1/T that describes the temperature dependence of the rate
constant for formation of OSB (Figure 1); the slope,- ∆Hq/R,
and intercept, 23.76+ ∆Sq/R, yield values of+ 28.6( 0.1 kcal/
mol for ∆Hq and - 7.4 ( 0.2 cal/mol deg for∆Sq. The
decomposition of [1-2H]-SHCHC is also first-order [knon ) (5.9
( 5.0) × 10-11] and yields a 1:(18( 0.7) mixture of OSB and
SB.

The value of the primary deuterium kinetic isotope effect, 2.7
( 0.13, is consistent with a mechanism involving an early
transition state for the initial abstraction of theR-hydrogen.13 An
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Table 1. Kinetic Constants

OSBSa fumaraseb MRc

kcat(s-1) 29 ( 0.8 1240 500
kcat/Km (M-1 s-1) (1.8( 0.2)× 106 2.3× 108 1.3× 106

knon(s-1) (1.6( 1.0)× 10-10 1.1× 10-14 3 × 10-13

kcat/knon (1.8( 1.1)× 1011 1.1× 1017 1.7× 1015

[(kcat/Km)/knon(M-1) (1.1( 0.7)× 1016 2.1× 1022 4.3× 1018

a This work; pH 8.0 and 25°C. b Calculated from refs 3 (knon) and
15 (kcat andkcat/Km); pH 6.82 and 25°C. The values forkcat andkcat/Km

are the averages of the values at 21°C and 29°C. c Reference 4; pH
7.5 and 25°C.
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alternate mechanism involving initial departure of hydroxide ion
to generate an allylic carbenium ion is expected to be accompanied
by rapid loss of the very acidicR-hydrogen. We also measured
the kinetic constants for the OSBS fromE. coli at pH 8 and 25
°C using both protiated and deuterated samples of SHCHC. The
values ofkcat andkcat/Km are subject to large primary deuterium
isotope effects, 6.1( 0.4 and 4.4( 1.3, respectively, that reflect
a mechanism dominated by rate-determining abstraction of the
R-hydrogen. Although the latter values are larger than those for
the nonenzymatic reaction and may reflect a somewhat different
transition-state geometry due to stabilization of the enolate anion
intermediate, we conclude that a comparison of the rates of the
nonenzymatic and OSBS-catalyzed dehydration of SHCHC is
relevant.

The values ofkcat as well as ofkcat/Km are similar for the OSBS-,
fumarase-, and MR-catalyzed reactions (Table 1), with the values
of kcat/Km approaching the diffusion-controlled limit.14 In contrast,
the values for the rate acceleration and proficiency for the OSBS-
catalyzed reaction are significantly less than those for the other
reactions initiated by abstraction of theR-proton of a carboxylate
anion (Table 1).

A comparison of the free energy changes associated with the
OSBS- and fumarase-catalyzed3,15 reactions is presented in Figure
2; the changes for the MR-catalyzed reaction are similar to that
for the fumarase-catalyzed reaction. This analysis reveals that the
unusual values for both the rate acceleration and proficiency of

the OSBS-catalyzed reaction result from the fact that the
spontaneous dehydration of SHCHC is more facile that the
spontaneous dehydration of malate or racemization of mandelate.
While the reactions catalyzed by fumarase and MR have equi-
librium constants that do not differ significantly from unity,8 that
for the OSBS-catalyzed reaction necessarily lies far in the
direction of dehydration as a result of OSB being aromatic.
Although the value of the pKa of the R-proton of SHCHC is
unknown, the exergonicity of dehydration will allow the transition
state for the reaction to be early on the reaction coordinate,13 in
agreement with the value of the substrate deuterium kinetic isotope
effect, thereby providing a plausible explanation for the “unusual”
reactivity of SHCHC as compared to the other carbon acids.

Both OSBS and enolase are ubiquitous in microorganisms. We
have noted that the sequences of OSBS’s are highly diverged,
with the exception of the active-site residues that are involved in
catalysis by either binding the essential Mg(II) or acting as general
acid/base catalysts in mediating abstraction of theR-proton and
departure of theâ-OH group; in contrast, the sequences of
enolases are highly conserved.10,16 The lower energetic cost of
the OSBS-catalyzed reaction compared to that of the enolase-
catalyzed reaction may allow the observed greater divergence of
sequence for OSBS’s and, perhaps, a less precise active-site
geometry without compromising the values of eitherkcat or
kcat/Km.17
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Figure 1. Temperature dependence of the dehydration of SHCHC in 2
mM potassium phosphate buffer, pH 8.0.

Figure 2. Free energy changes associated with the reactions catalyzed
by OSBS (pH 8 and 25°C) and fumarase (pH 6.82 and 25°C) assuming
1M standard states.3 The numbers refer to the free energy changes
associated withkcat (arrows marked “a”),kcat/Km (“b”), knon (“c”) and
(kcat/Km)/knon (“d”). The values of the free energies associated withkcat

andknon were calculated from∆Gq ) -RT ln(kh/kbT), wherek is kcat or
knon, kb is Boltzmann’s constant andh is Planck’s constant.
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