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ABSTRACT: Mandelate racemase (EC 5.1.2.2) fromPseudomonas putidacatalyzes the interconversion of
the two enantiomers of mandelic acid with remarkable proficiency, producing a rate enhancement exceeding
15 orders of magnitude. The rates of the forward and reverse reactions catalyzed by the wild-type enzyme
and by a sluggish mutant (N197A) have been studied in the absence and presence of several viscosogenic
agents. A partial dependence on relative solvent viscosity was observed for values ofkcat andkcat/Km for
the wild-type enzyme in sucrose-containing solutions. The value ofkcat for the sluggish mutant was
unaffected by varying solvent viscosity. However, sucrose did have a slight activating effect on mutant
enzyme efficiency. In the presence of the polymeric viscosogens poly(ethylene glycol) and Ficoll, no
effect onkcat or kcat/Km for the wild-type enzyme was observed. These results are consistent with both
substrate binding and product dissociation being partially rate-determining in both directions. The viscosity
variation method was used to estimate the rate constants comprising the steady-state expressions forkcat

andkcat/Km. The rate constant for the conversion of bound (R)-mandelate to bound (S)-mandelate (k2) was
found to be 889( 40 s-1 compared with a value of 654( 58 s-1 for kcat in the same direction. From the
temperature dependence ofKm (shown to equalKS), k2, and the rate constant for the uncatalyzed reaction
[Bearne, S. L., and Wolfenden, R. (1997)Biochemistry 36, 1646-1656], we estimated the enthalpic and
entropic changes associated with substrate binding (∆H ) -8.9 ( 0.8 kcal/mol,T∆S ) -4.8 ( 0.8
kcal/mol), the activation barrier for conversion of bound substrate to bound product (∆Hq ) +15.4( 0.4
kcal/mol,T∆Sq ) +2.0( 0.1 kcal/mol), and transition state stabilization (∆Htx ) -22.9( 0.8 kcal/mol,
T∆Stx ) +1.8( 0.8 kcal/mol) during mandelate racemase-catalyzed racemization of (R)-mandelate at 25
°C. Although the high proficiency of mandelate racemase is achieved principally by enthalpic reduction,
there is also a favorable and significant entropic contribution.

Mandelate racemase (EC 5.1.2.2) fromPseudomonas
putidacatalyzes the Mg2+-dependent 1,1-proton transfer that
interconverts the enantiomers of mandelic acid (1-3).
Catalysis proceeds via a two-base mechanism, with His 297
and Lys 166 abstracting theR-proton from (R)-mandelate
and (S)-mandelate, respectively (4-6). In addition, site-
directed mutagenesis experiments have revealed that Glu 317
acts as a general acid catalyst (7) and Asn 197 interacts with
theR-hydroxy group of mandelate to facilitate stabilization
of the transition state (8). Mandelate racemase has been
studied as a paradigm for enzymes that catalyze rapid
hydrogen-carbon bond cleavage of carbon acids with
relatively high pKa values (9-12). Like all enzymes,
mandelate racemase provides rate enhancements by stabiliz-
ing the transition state of a reaction relative to the ground
state. Indeed, mandelate racemase is extremely proficient at
discriminating between the substrate in the ground state and
the altered substrate in the transition state, binding the latter
with an apparent association constant equal to 5× 1018 M-1

and reducing the activation barrier for the reaction by 26
kcal/mol (13).

The proficiency of an enzyme is a measure of transition
state stabilization and is defined as the reciprocal of the
virtual dissociation constant of the enzyme-substrate com-
plex in the transition state (Ktx) as defined by eq 1 (14). The
enthalpic and entropic contributions to the free energy of
transition state stabilization can be determined from the
temperature effects on enzyme proficiency. Such studies have
been conducted with only a limited number of enzymes
including fumarase, ribonuclease A, and carbonic anhydrase
(15) and most thoroughly for cytidine deaminase (16). For
these enzymes, transition state stabilization is largely en-
thalpy-based (17). Our interest in developing a detailed
understanding of how enzymes achieve catalysis has led us
to investigate the enthalpic and entropic contributions to
mandelate racemase proficiency.

To obtain a meaningful value ofKtx, either the dissociation
constant for the enzyme-substrate complex in the ground
state (KS) must be determined or the Michaelis constant (Km)
must be shown to approximateKS. In addition, kcat must
describe the chemical step for which the rate constant of the
corresponding nonenzymatic reaction (knon) has been deter-
mined. However, this is often not the case when substrate
binding or product release is partially rate-determining (18,
19) or when the enzyme-catalyzed and nonenzymatic reac-
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tions do not proceed via the same mechanism. These caveats
have been discussed in detail elsewhere (18, 19).

For mandelate racemase, the substrate kinetic deuterium
isotope effect (kcat

H/kcat
D) for proton abstraction from (R)-

mandelate is∼3.2 (7, 20), and the solvent deuterium isotope
effect onkcat is ∼2.3 (7). These observations led Gerlt and
co-workers (7) to suggest that both proton abstraction from
the substrate and proton delivery to form the product are
each partially rate-determining and that substrate association
and product dissociation are faster than the proton transfer
reactions. The possibility remains, however, that diffusive
processes such as substrate association or product dissociation
are also partially rate-determining. Indeed, partial diffusion
control has been observed for several enzymes including
â-glucosidase (21), alkaline phosphatase (22), 1-aminocy-
clopropane-1-carboxylate synthase (23), ribonuclease T1 (24),
subtilisin BPN′ (25), and chorismate mutase (26) for which
the values ofkcat/Km are on the order of 105-106 (cf. kcat/Km

for mandelate racemase≈ 106 M-1 s-1), well below the
theoretical limit of 108-1010 M-1 s-1 for a diffusion-limited
enzyme-catalyzed reaction (27).

In the present work, we show that mandelate racemase
displays a partial viscosity dependence indicating that the
chemical step is not completely rate-determining. Using
kinetic measurements obtained at various solvent viscosities,
we determined the values of the rate constants that comprise
kcat andkcat/Km in both reaction directions. In addition, we
used the alternative substrate, (S)-p-nitromandelate, in com-
bination with (R,S)-mandelate to demonstrate thatKm ≈ KS

for both (R)- and (S)-mandelate. This information, combined
with measurements of the temperature dependence of both
the catalytic efficiency of the enzyme-catalyzed chemical step
and the rate constant for the corresponding nonenzymatic
reaction, permitted us to determine the temperature depen-
dence ofKtx. Herein, we report the enthalpy and entropy
changes associated with substrate binding, the activation
barrier for conversion of bound substrate to bound product,
and transition state stabilization during mandelate racemase-
catalyzed racemization of (R)-mandelate. Although the high
proficiency of mandelate racemase is achieved principally
by enthalpic reduction, there is also a favorable and
significant entropic contribution.

MATERIALS AND METHODS

Acetonitrile (HPLC grade) and poly(ethylene glycol)
(PEG,1 Mr 6000-7500) were purchased from Fisher Scien-
tific (Nepean, Ontario, Canada). Sucrose and glycerol were
purchased from BDH, Inc. (Toronto, Ontario, Canada).
Racemic, (R)-, and (S)-mandelic acid, 4-nitrobenzaldehyde,
(R)-(+)-R-methylbenzylamine,D-(+)-trehalose, Ficoll 400,
and all other reagents were purchased from Sigma-Aldrich
(Oakville, Ontario, Canada). Recombinant mandelate race-
mase fromP. putidawas overexpressed in and purified from
Escherichia colistrain BL21(DE3) cells transformed with a
pET15b plasmid (Novagen, Madison, WI) containing the
mandelate racemase gene. This construct encodes the man-
delate racemase gene product with an N-terminal hexahis-
tidine tag (MGSSHHHHHHSSGLVPRGSHM1 ... mandelate

racemase). The enzyme was overexpressed and purified using
metal ion affinity chromatography as described previously
(8). [The presence of the histidine tag does not influence
the values ofkcat andKm for the recombinant enzyme (28).]
The N197A mutant of mandelate racemase was also over-
expressed and purified as described previously (8). Circular
dichroism (CD) assays were conducted using a JASCO J-810
spectropolarimeter. The CD spectrum (200-260 nm) of
mandelate racemase obtained in the presence of sucrose
(35%) was corrected by subtracting the CD spectrum arising
solely from the sucrose (35%).

Resolution of (S)-p-Nitromandelate.(R,S)-p-Nitromandelic
acid was prepared by reactingp-nitrobenzaldehyde with
trimethylsilyl cyanide in the presence of a catalytic amount
of zinc iodide as described by Westkaemper and Hanzlik
(29). (S)-p-Nitromandelate was resolved in a series of small
batch preparations (30). In each batch, (R)-(+)-R-methyl-
benzylamine (0.30 g, 2.5 mmol) was added to a boiling
solution of (R,S)-p-nitromandelic acid (0.5 g, 2.5 mmol) in
ethanol (10 mL). The solution was allowed to cool to room
temperature, and crystallization occurred within 4 h. The
R-methylbenzylammonium salt was collected using suction
filtration and washed three times with cold ethanol (10 mL).
This salt (0.5 g) was recrystallized three times from hot
ethanol (10 mL). Recrystallization solutions were stored at
4 °C, and if no crystals formed within 24 h, acetone (2-3
drops) was added to promote crystallization. The isolated
salt was then dissolved in water and converted to its sodium
salt by passage through a column containing AG 50W-X8
(Na+ form). The column was eluted with water, and fractions
containingp-nitromandelate were pooled and lyophilized.
These small batch recrystallizations were performed repeat-
edly, starting with a total of 8 g of (R,S)-p-nitromandelate
and giving a final yield of 0.36 g of sodium (S)-p-
nitromandelate (8%). The resolution was monitored using
HPLC on a ChirexD-penicillamine column (150× 4.6 mm;
Phenomenex, Torrance, CA). (R)- and (S)-p-nitromandelate
were eluted under isocratic conditions using 15% acetonitrile
in aqueous CuSO4 (2 mM) at a flow rate of 1.0 mL/min
over a period of 250 min. The solvent was degassed prior to
use. A Waters 510 pump and 486 controller were used for
solvent delivery. Injections were made using a Rheodyne
7725i sample injector fitted with a 50µL injection loop. The
eluted enantiomers ofp-nitromandelate were detected by
monitoring the absorbance at 254 nm using a Waters 486
tuneable absorbance detector. Peak areas were determined
by integration of the resulting chromatograms using Peak-
Simple software from Mandel Scientific (Guelph, Ontario,
Canada). (S)-(+)- and (R)-(-)-p-nitromandelate eluted with
retention times of approximately 190 and 230 min, respec-
tively. The absolute stereochemistry was assigned using the
optical rotations reported by Westkaemper and Hanzlik (29).
The relative peak areas indicated that the final product from
the resolution was 98% (S)-p-nitromandelate (i.e., 99% ee).

Viscosity Effects.Both monomeric viscosogens (sucrose,
trehalose, and glycerol) and polymeric viscosogens (PEG and
Ficoll 400) were used in the present study. Stock solutions
of these viscosogenic reagents were prepared at twice the
desired final concentration, diluted 1:1 with HEPES buffer
(0.2 M, pH 7.5) containing MgCl2 (6.6 mM), and passed
through a sintered glass filter to remove any suspended
material. The kinematic viscosities were subsequently mea-

1 Abbreviations: BSA, bovine serum albumin; CD, circular dichro-
ism; HEPES, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid; PEG,
poly(ethylene glycol).
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sured in triplicate using a Cannon-Fenske viscometer at 25
°C and using HEPES buffer (0.1 M, pH 7.5) containing
MgCl2 (3.3 mM) as the reference. Solution densities were
determined gravimetrically at 25°C, and the relative solvent
viscosities (ηrel ) η/η0, where the superscript refers to the
reaction in HEPES buffer in the absence of added vis-
cosogen) of the viscosogen-containing buffer solutions were
calculated from the product of these densities (F) and the
measured kinematic viscosities (η/F). Relative viscosities
were approximately 1.32, 1.88, 2.48, 3.06, and 3.42 for 10%,
20%, 27.5%, 32.5%, and 35% (w/v) sucrose solutions,
respectively;ηrel ) 1.73, 2.10, 2.73, and 3.43 for 20%, 25%,
30%, and 35% (w/v) trehalose solutions, respectively;ηrel

) 1.44, 1.69, 2.09, 2.73, 3.20, and 4.01 for 10%, 15%, 20%,
25%, 27.5%, and 30% (w/v) glycerol solutions, respectively;
ηrel ) 1.22, 1.89, 2.81, and 4.03 for 1.5%, 3%, 6%, and 8%
(w/v) Ficoll 400 solutions, respectively;ηrel ) 1.61, 2.50,
5.37, and 8.49 for 2.5%, 5%, 6%, and 7.5% (w/v) PEG
solutions, respectively.

Kinetic measurements were conducted using the CD assay
at 262 nm described by Sharp et al. (31). Reaction mixtures
were prepared in rectangular quartz cuvettes with a 1 cm
light path. Typically, 950µL of (R)- or (S)-mandelate (0.5-
20.0 mM) in HEPES buffer (0.2 M, pH 7.5) containing
MgCl2 (6.6 mM) was mixed with 950µL of the viscosogen-
containing stock solution (prepared at twice the desired final
concentration). The reaction was initiated by addition of 100
µL of either wild-type mandelate racemase (5µg/mL) or the
N197A mutant (468µg/mL) in HEPES buffer (0.1 M, pH
7.5) containing MgCl2 (3.3 mM) and bovine serum albumin
(BSA, 0.1%). All kinetic experiments were conducted in the
plateau region of the pH-kcat (6) and pH-Km (8) profiles
for the enzyme-catalyzed racemization reaction and well
above the pKa value of 3.41 for mandelic acid (32). Hence,
the effects of both the viscosogenic cosolutes and changes
in temperature (vide infra) on the pH profiles of the enzyme-
catalyzed reaction are expected to be negligible.

Temperature Effects.For each reaction conducted at a
given temperature, a stock solution of (R)-mandelate (20
mM) was prepared in HEPES buffer (0.2 M, pH 7.5)
containing MgCl2 (6.6 mM). The pH of both the buffer and
the (R)-mandelate stock solution was adjusted at each assay
temperature to 7.5 relative to thermostated standards. The
relative viscosities for the sucrose solutions at 10, 15, 20,
25, 30, 35, 40, and 45°C were calculated from the product
of the kinematic viscosities measured at each of these
temperatures and the densities of the sucrose solutions at
each temperature [calculated using the equation reported by
Bubnik et al. (33)]. Mandelate racemase activity was assayed
at each of these temperatures using the CD assay. The molar
ellipticity for (R)-mandelate did not change over this tem-
perature range. All assays were conducted in rectangular
quartz cuvettes with a 1.0 cm light path. Additional stock
solutions of (R)-mandelate (0.5-20 mM) were prepared by
dilution of the stock 20 mM solution with HEPES buffer
(0.2 M, pH 7.5) containing MgCl2 (6.6 mM). Substrate
solutions (1.900 mL) were prepared by mixing 950µL of
the stock (R)-mandelate solutions with 950µL of the desired
sucrose-containing stock solution to yield (R)-mandelate
assay concentrations ranging between 0.25 and 10.0 mM in
HEPES buffer (0.1 M, pH 7.5) containing MgCl2 (3.3 mM).
Each substrate solution was incubated for 5 min in a water

bath at the desired temperature prior to initiation of the
reaction by addition of mandelate racemase (100µL, 1.0-
12.0 µg/mL) in HEPES buffer (0.1 M, pH 7.5) containing
MgCl2 (3.3 mM) and BSA (0.1%). The progress of the
reaction was monitored by following the change in ellipticity
at 262 nm. The reaction was maintained at the desired
temperature using a thermostated rectangular cell holder with
a remote temperature probe connected to a Neslab RTE-
111 water bath.

Determination of KS. The value ofKS for (R)- and (S)-
mandelate was determined by assaying the activity of
mandelate racemase with the alternative substrate (S)-p-
nitromandelate in the presence of the “competitive inhibitor”,
(R,S)-mandelate (see Results). Mandelate racemase activity
was assayed using a CD assay similar to that described by
Sharp et al. (31); however, the CD signal was monitored at
232 nm over 5 min. Final concentrations of (S)-p-nitroman-
delate were 1.0, 1.5, 2.0, 2.5, 3.0, and 3.5 mM. Final
concentrations of (R,S)-mandelate were 0.0, 0.5, 1.0, and 2.0
mM. Assays were conducted at 25°C in HEPES buffer (0.1
M, pH 7.5) containing MgCl2 (3.3 mM) using a rectangular
quartz cuvette with a 0.1 cm light path. Reactions were
initiated by addition of mandelate racemase (50µL, 2.0 µg/
mL, 0.1% BSA) to a solution (200µL) containing both (S)-
p-nitromandelate (substrate) and (R,S)-mandelate (inhibitor)
that had been preincubated at 25°C for 5 min. [Initiation of
the reaction with (S)-p-nitromandelate following a 5 min
preincubation of 2µg/mL mandelate racemase with (R,S)-
mandelate did not change the observed initial velocity.]
ApparentVmax/Km values were determined in triplicate at each
concentration of (R,S)-mandelate.

Data Analysis.The values ofVmax andKm were determined
from plots of the initial velocity (Vi) versus substrate
concentration ([S]) by fitting the data to eq 2 using nonlinear
regression analysis and the program EnzymeKinetics v1.5b5
(Trinity Software, Plymouth, NH). Kinetic constants were
determined in duplicate for the temperature dependence
experiments and in triplicate for all other experiments. The
reported errors are the standard deviations. Protein concen-
trations were determined using the Bio-Rad protein assay
(Bio-Rad Laboratories, Mississauga, Ontario, Canada) with
BSA standards, andkcat values were obtained by dividing
Vmax values by the total enzyme concentration usingMr

40728.

RESULTS

Viscosity Effects.The rates of external steps such as those
occurring during enzyme-substrate association and enzyme-
product dissociation are expected to be inversely proportional
to the solvent microviscosity while the rates of internal
processes (i.e., those occurring within enzyme-substrate
complexes) are expected to be independent of solvent
microviscosity (22-26, 34-45). To determine whether
substrate binding or product release is rate-determining for
the reaction catalyzed by mandelate racemase, we employed
the viscosity variation method (36) to investigate the
dependence ofkcat andkcat/Km on viscosity in both theR f
S(Table 1) andSf R (Table 2) reaction directions. A partial

Vi )
Vmax[S]

Km + [S]
(2)
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viscosity dependence was observed for relative values ofkcat

(i.e., kcat
0/kcat

η) in the presence of both sucrose (Figures 1A
and 2A) and trehalose (Figure 3A), suggesting that product
release is partially rate-determining for mandelate racemase
catalysis in both reaction directions.

Studies using the viscosity variation method are subject
to a variety of potential complications which must be
considered before the results can be interpreted in terms of
diffusion-controlled processes. The high concentrations of
polyhydroxylated compounds employed as viscosogenic
cosolutes can have a variety of diffusion-unrelated effects
including alteration of the free energy of both unbound and
bound species, alteration of the pH profile for the kinetic

parameters (see Materials and Methods), perturbations in
solvent structure, alteration of substrate and enzyme con-
formations, and inhibition or activation of the enzymatic
reaction. Assurances against the occurrence of effects that
do not involve diffusive processes can be obtained by (a)
demonstrating that similar kinetic behavior is observed when
different monomeric viscosogens (which affect both solvent
microviscosity and macroviscosity) are used, (b) demonstrat-
ing that polymeric viscosogens (which affect only the solvent
macroviscosity) do not alter the kinetic parameters, and (c)
characterizing the effect of viscosogens on the activity of a
“sluggish” mutant (35). In the present work, the viscosity
dependence observed for the relativekcat values was similar
in the presence of both sucrose and trehalose (Figures 1-3).
The relativekcat value also exhibited a viscosity dependence
in the presence of glycerol. However, this dependence was
curvilinear, especially at relative viscosities greater than 2.5
(Figure 3A). Glycerol, a relatively small molecule, may be
acting as an inhibitor of the enzyme in addition to mediating
solvent viscosity effects and, therefore, was not considered
to be suitable as a viscosogen in the present study. Such
aberrant behavior of glycerol in solvent viscosity studies has
been reported for several enzymes, including carbonic
anhydrase (41), alkaline phosphatase (22), and acetylcho-
linesterase (34). In the presence of the polymeric viscosogens
Ficoll and PEG, no viscosity dependence was observed for

Table 1: Dependence ofkcat
RfS and (kcat/Km)RfS on Viscosity for

Wild-Type and N197A Mandelate Racemases

(kcat/Km)RfS (×105 M-1 s-1)viscosogen
[% (w/v)] η/η0

kcat
RfS

(s-1) observed correcteda

Sucrose (wild type)
0.0 1.00 654( 58 6.41( 0.57 6.41( 0.57

10.0 1.32 556( 32 5.90( 1.20 5.63( 1.14
20.0 1.88 506( 43 5.69( 0.60 5.05( 0.53
27.5 2.48 446( 25 6.21( 0.56 5.03( 0.45
32.5 3.06 399( 26 5.76( 0.62 4.42( 0.48
35.0 3.42 370( 35 6.21( 1.91 4.49( 1.38

Sucrose (N197A)
0.0 1.00 17.9( 1.2 0.027( 0.005 0.027( 0.005

10.0 1.34 18.3( 3.1 0.029( 0.006 0.028( 0.006
20.0 1.88 19.7( 3.7 0.031( 0.009 0.027( 0.008
27.5 2.56 18.2( 2.0 0.039( 0.008 0.029( 0.006
32.5 3.18 20.2( 4.4 0.043( 0.013 0.028( 0.008
35.0 3.69 21.2( 5.3 0.043( 0.014 0.025( 0.008

Trehalose (wild type)
0.0 1.00 779( 45 8.38( 1.78

20.0 1.73 663( 22 7.45( 1.49
25.0 2.10 614( 8 8.94( 0.60
30.0 2.73 506( 27 9.85( 1.81
35.0 3.43 435( 16 7.72( 2.02

a The slope of relative (kcat/Km)RfS vs η/η0 for the N197A enzyme
(slope) -0.163( 0.002) in the presence of sucrose was used to correct
the observed relative (kcat/Km)RfS values for the wild-type enzyme using
the equation [(kcat/Km)0/(kcat/Km)η]corr ) [(kcat/Km)0/(kcat/Km)η]obs+ 0.16(η/
η0 - 1), based on refs35 and46.

Table 2: Dependence ofkcat
RfS and (kcat/Km)SfR on Viscosity for

Wild-Type and N197A Mandelate Racemases

(kcat/Km)SfR (×105 M-1 s-1)viscosogen
[% (w/v)] η/η0 kcat

RfS (s-1) observed correcteda

Sucrose (wild type)
0.0 1.00 491( 14 6.11( 0.64 6.11( 0.64

10.0 1.32 464( 39 6.10( 1.20 5.79( 1.14
20.0 1.88 389( 35 6.63( 1.05 5.71( 0.90
27.5 2.48 349( 42 6.04( 1.52 4.85( 1.22
32.5 3.06 314( 42 5.79( 2.15 4.36( 1.62
35.0 3.42 291( 13 5.74( 0.67 4.15( 0.48

Sucrose (N197A)
0.0 1.00 4.4( 0.3 0.025( 0.009 0.025( 0.009

10.0 1.34 4.5( 0.2 0.031( 0.013 0.029( 0.012
20.0 1.88 4.3( 0.2 0.029( 0.009 0.025( 0.008
27.5 2.56 4.2( 0.3 0.039( 0.009 0.028( 0.006
32.5 3.18 4.1( 0.7 0.034( 0.026 0.023( 0.017
35.0 3.69 4.0( 0.4 0.048( 0.008 0.026( 0.004

a The slope of relative (kcat/Km)SfR vs η/η0 for the N197A enzyme
(slope) -0.174( 0.003) in the presence of sucrose was used to correct
the observed relative (kcat/Km)SfR values for the wild-type enzyme using
the equation [(kcat/Km)0/(kcat/Km)η]corr ) [(kcat/Km)0/(kcat/Km)η]obs+ 0.17(η/
η0 - 1), based on refs35 and46.

FIGURE 1: Dependence of relative kinetic parameters for the
racemization of (R)-mandelate on relative solvent viscosity. The
values of relativekcat (A) and relativekcat/Km (B) for both wild-
type mandelate racemase (9) and N197A (b) were determined at
25 °C at varying values ofηrel using sucrose as the viscosogen.
The relativekcat values for wild-type mandelate racemase were
proportional toηrel (slope) 0.288( 0.005), while the relativekcat
values for the N197A mutant showed no viscosity dependence in
the presence of sucrose. The relativekcat/Km values for the N197A
mutant varied inversely withηrel (slope ) -0.163 ( 0.002).
Relativekcat/Km values for the wild-type enzyme that have been
corrected for diffusion-unrelated effects (see Table 1) are also shown
(0). The slope of the corrected line (short dashes) is 0.186( 0.004.
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relative values ofkcat andkcat/Km up to a relative viscosity
of 8.4 (Figure 3). In addition, the relativekcat value for the
sluggish mutant, N197A (kcat/Km ) 3.1× 103 M-1 s-1), for
which the proton abstraction step is expected to be solely
rate-determining (8), displays no viscosity dependence
(Figures 1A and 2A). Finally, the CD spectra of wild-type
mandelate racemase in the absence and presence of 35%
sucrose (ηrel ) 3.42) are indistinguishable (data not shown).
This suggests that sucrose does not significantly alter the
secondary structure of the enzyme, although slight changes
in enzyme conformation in the presence of the viscosogen
cannot be ruled out. These observations are all consistent
with the observed viscosity dependence ofkcat being a
diffusion-related process.

A slight dependence of the relative catalytic efficiency
((kcat/Km)0/(kcat/Km)η) on viscosity was observed for wild-type
mandelate racemase in the presence of sucrose (Figures 1B
and 2B) and trehalose (Figure 3B). The larger errors
associated with thekcat/Km data, relative to thekcat data, were
the result of difficulty in accurately measuring reaction
velocities at low substrate concentrations in the presence of
viscosogens. For the N197A enzyme, a slight activating
effect was observed in the presence of sucrose (increased
kcat/Km values in Tables 1 and 2). Such activation is not
unprecedented (34, 42, 43), and the observedkcat/Km values

for the wild-type enzyme must be corrected for this minor
diffusion-unrelated effect as described in Tables 1 and 2 (35,
46). The partial viscosity dependence of the corrected relative
kcat/Km values in theR f S andS f R directions (Figures
1B and 2B) suggests that substrate binding is also partially
rate-determining for mandelate racemase catalysis in both
reaction directions.

The viscosity dependence of an enzyme-catalyzed reaction
may be used to estimate the rate constants for various steps
along the reaction pathway (24-26, 34, 36, 37, 39, 40, 42,
44, 45). Scheme 1 shows a kinetic mechanism that describes
the reaction catalyzed by mandelate racemase. Utilizing
sucrose as the viscosogen, we have used the viscosity
dependence of mandelate racemase-catalyzed racemization
in both theR f SandSf R directions to estimate each of
the rate constants defined in Scheme 1. The viscosity
dependence for 1/kcat (Figure 4A) andKm/kcat (Figure 4B)
were determined in both reaction directions at 25°C.
Following a method similar to that described previously (26,
36), we have used the steady-state initial velocity expressions
for reactions in theR f S [i.e., k-3[(S)-man]≈ 0] andSf
R [i.e., k1[(R)-man] ≈ 0] directions to derive expressions
for kcat andkcat/Km (eqs 3-6). The rate constantsk1, k-1, k3,
andk-3 are inversely proportional to the solvent microvis-
cosity (i.e.,ki ) ki

0/ηrel, wherei ) 1, -1, 3, or-3, andηrel

FIGURE 2: Dependence of relative kinetic parameters for the
racemization of (S)-mandelate on relative solvent viscosity. The
values of relativekcat (A) and relativekcat/Km (B) for both wild-
type mandelate racemase (9) and N197A (b) were determined at
25 °C at varying values ofηrel using sucrose as the viscosogen.
The relativekcat values for wild-type mandelate racemase were
proportional toηrel (slope) 0.259( 0.002), while the relativekcat
values for the N197A mutant showed no viscosity dependence in
the presence of sucrose. The relativekcat/Km values for the N197A
mutant varied inversely with relative viscosity (slope) -0.174(
0.003). Relativekcat/Km values for the wild-type enzyme that have
been corrected for diffusion-unrelated effects (see Table 1) are also
shown (0). The slope of the corrected line (short dashes) is 0.172
( 0.002.

FIGURE 3: Dependence of relative kinetic parameters for mandelate
racemase-catalyzed racemization of (R)-mandelate on relative
solvent viscosity in the presence of various viscosogens. The values
of relativekcat (A) and relativekcat/Km (B) for wild-type mandelate
racemase are shown in the presence of the monomeric viscosogens
glycerol (b) and trehalose (9) and the polymeric viscosogens Ficoll
400 (0) and PEG (O). The slope of the solid line in (A) is 0.309
( 0.007.

Scheme 1
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) η/η0). Therefore, eqs 3-6 may be expressed in terms of
η/η0 as shown in eqs 7-10. The plot of 1/kcat versusη/η0

(Figure 4A) has an intercept equal to 1/k2 in the R f S
direction and 1/k-2 in theSf R direction. The values fork2

andk-2 can be used to calculatek3
0 andk-1

0 from the slopes

of these plots. Both the intercepts and slopes from plots of
Km/kcat versusη/η0 in theRf SandSf Rdirections (Figure
4B), combined with the values of the rate constants deter-
mined from the 1/kcat versusη/η0 plots, can be used to
estimatek1

0 andk-3
0, respectively. The values for all of the

rate constants defined in Scheme 1 are given in Table 3.

Determination of KS Using an AlternatiVe Substrate.All
kinetic assays with (S)-p-nitromandelate were conducted at
232 nm where (S)-p-nitromandelate gave a strong CD signal
([θ]232 ) 8910 deg cm2 dmol-1) with a relatively low
absorbance. Nevertheless, the absorbance of (S)-p-nitroman-
delate at 232 nm did restrict assays to substrate concentrations
less than 15 mM. Mandelate racemase appears to have a very
low affinity for (S)-p-nitromandelate since saturation kinetics
were not observed at substrate concentrations up to 15 mM.
Although this precluded measurements of individualKm and
Vmax values,Vmax/Km values for (S)-p-nitromandelate were
obtained from the initial rates observed at substrate concen-
trations less than 3 mM (i.e., where [S], Km and Vi )
Vmax[S]/Km). Mandelate racemase catalyzes the racemization
of (S)-p-nitromandelate less efficiently [kcat/Km ) (4.08 (
0.05)× 104 M-1 s-1] than it catalyzes the racemization of
(S)-mandelate [kcat/Km ) (7.2 ( 0.5) × 105 M-1 s-1 (8)].

The substrate dissociation constants for (R)-mandelate
(KS

(R)-man) and (S)-mandelate (KS
(S)-man) were determined

kinetically by conducting assays with (S)-p-nitromandelate
as the substrate and using (R,S)-mandelate as a competitive
inhibitor of the reaction. Equation 11 gives the velocity
expression describing classical competitive inhibition where
[S] is the concentration of (S)-p-nitromandelate. The apparent
inhibition constant for (R,S)-mandelate (Ki

app) was calculated
from plots of the observedKm/Vmax values against the
concentration of (R,S)-mandelate as shown in Figure 5. The
kinetic mechanism describing such inhibition is shown in
Scheme 2, and the corresponding steady-state initial velocity
expression [where d[(R)-man]/dt ) d[(S)-man]/dt ) 0] for

FIGURE 4: Dependence of 1/kcat (A) and correctedKm/kcat (B) on
relative solvent viscosity for the racemization of (R)-mandelate (b)
and (S)-mandelate (O) by mandelate racemase in sucrose-containing
buffers at 25°C. The corrected values ofKm/kcat were obtained as
described in Table 1.
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Table 3: Rate Constants for the Reaction Catalyzed by Mandelate
Racemase

rate constant
app∆Gq (kcal mol-1)

at 25°C
k1 (3.21( 0.31)× 106 M-1 s-1 a 8.6( 0.8c

(6.73( 0.80)× 106 M-1 s-1 b 8.2( 1.0c

k-1 3948( 199 s-1 12.5( 0.6
k2 889( 40 s-1 13.4( 0.6
k-2 693( 20 s-1 13.6( 0.4
k3 3896( 276 s-1 12.6( 0.9
k-3 (4.46( 0.45)× 106 M-1 s-1 a 8.4( 0.8c

(6.87( 0.64)× 106 M-1 s-1 b 8.1( 0.8c

a Values calculated from they-intercepts of (Km/kcat)corr vsηrel (Figure
4B). b Values calculated from the slopes of (Km/kcat)corr vs ηrel (Figure
4B). c Values calculated for a standard state of 1 M.

Scheme 2
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competitive inhibition may be rewritten in terms of the
concentrations of (S)-mandelate ([(S)-man]) and (R)-man-
delate ([(R)-man]) as shown in eq 12.2 Thus,Ki

app is related

to the individual dissociation constants for (R)- and (S)-
mandelate as shown in eq 13. Since the overall equilibrium

constant for the interconversion of the enantiomers of
mandelate is unity [i.e., (k1k2k3)/(k-1k-2k-3) ) Keq ) 1], the
ratio of the dissociation constants may be expressed as a
function of individual rate constants as shown in eq 14. Using

equilibrium concentrations of (R)- and (S)-mandelate [i.e.,
[(R)-man]) [(S)-man]) [(R,S)-man]/2]), substitution of eq

14 into eq 13 yields eq 15 which relates the apparent
inhibition constant for the racemic mixture to the true
dissociation constants for (R)-mandelate and (S)-mandelate.

The rate constantsk2 andk-2 are known from the viscosity
experiments, and therefore,KS

(R)-man and KS
(S)-man can be

calculated.
The value of Ki

app is 0.78 ( 0.04 mM (Figure 5).
Substitution of this value into eq 15 gives dissociation
constants ofKS

(R)-man ) 0.89 ( 0.07 mM andKS
(S)-man )

0.69 ( 0.06 mM. These values are very similar to the
correspondingKm values reported for (R)-mandelate (0.81
( 0.12 mM) and (S)-mandelate (0.62( 0.04 mM) (8)
indicating that, for mandelate racemase,Km ≈ KS. This
conclusion is further supported by calculation of the dis-
sociation constants using the rate constants obtained from
the viscosity studies (KS

(R)-man ) k-1/k1 ) 0.59( 0.08 mM
andKS

(S)-man ) k3/k-3 ) 0.57( 0.07 mM usingk-1 andk3

determined from the slope data in Table 3).
Temperature Effects.Mandelate racemase-catalyzed ra-

cemization of (R)-mandelate was investigated at temperatures
ranging from 10 to 45°C. The variation ofKm

(R)-man with
temperature is shown in Figure 6. The enthalpy (∆HE‚(R))
and entropy (T∆SE‚(R)) changes accompanying formation of
the enzyme-(R)-mandelate complex are-8.9 ( 0.8 kcal/
mol and -4.8 ( 0.8 kcal/mol at 25°C, respectively,
corresponding to a free energy (∆GE‚(R)) of -4.1( 1.1 kcal/
mol at 25°C.

To determine the activation parameters for conversion of
enzyme-bound (R)-mandelate to enzyme-bound (S)-mande-
late,k2 was determined from viscosity experiments conducted
at temperatures ranging from 10 to 45°C. Values ofk2 were
obtained from the reciprocals of they-intercepts on plots of
1/kcat versusηrel, and an Eyring plot was used to obtain the
corresponding activation parameters (Figure 7). The enthalpy
(∆Hq

E‚(R)) and entropy (T∆Sq
E‚(R)) of activation are 15.4(

0.4 kcal/mol and+2.0( 0.1 kcal/mol at 25°C, respectively,
corresponding to a free energy of activation (∆Gq

E‚(R)) equal
to +13.4 ( 0.4 kcal/mol at 25°C.

The thermodynamic parameters describing the formation
of the enzyme-substrate complex in the transition state were

2 For the determination ofKi
app, both (R)- and (S)-mandelate are

present at equilibrium concentrations. It is possible that mandelate
racemase behaves like proline racemase (also a two-base racemase)
for which the interconversion of two free forms of the enzyme3 becomes
rate-determining as concentrations of substrate and product approach
“oversaturation” (i.e., [(R)-proline] and [(S)-proline] ) ∼34Km) (68).
Scheme 2 would not be valid under such conditions. However, our
assay conditions are such that the concentration of (R,S)-mandelate does
not exceed 2 mM (i.e.,∼2.5Km). This is well below the concentrations
of substrate and product required to yield the oversaturation kinetics
observed for proline racemase.

FIGURE 5: Initial velocity curves for the mandelate racemase-
catalyzed racemization of (S)-p-nitromandelate. Assays were con-
ducted at 25°C in the presence of 0 mM (b), 0.5 mM (2), 1.0
mM (9), and 2.0 mM (1) (R,S)-mandelate. Each point is the
average of three determinations. Inset: Replot of the reciprocal
slopes obtained from the initial velocity curves (i.e.,Km/Vmax) as a
function of (R,S)-mandelate concentration.Ki

app is equal to 0.78(
0.04 mM.
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FIGURE 6: Effect of temperature on the reciprocal value of the
Michaelis constant (1/Km) for (R)-mandelate. Each point represents
the average of at least five determinations.
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obtained from a van’t Hoff plot (Figure 8) ofKtx, whereKtx

) knon/(k2/Km). The nonenzymatic rate constants (knon) were
obtained by extrapolation of values determined by Bearne
and Wolfenden (13) to temperatures between 10 and 45°C.
The enthalpy (∆Htx) and entropy (T∆Stx) changes ac-
companying formation of the enzyme-substrate complex in
the transition state are-22.9 ( 0.8 kcal/mol and+1.8 (
0.8 kcal/mol at 25°C, corresponding to a free energy of
formation for the enzyme-substrate complex in the transition
state (∆Gtx) equal to-24.7 ( 1.0 kcal/mol at 25°C. The
thermodynamic parameters describing mandelate racemase
catalysis are summarized in Figure 9.

DISCUSSION

The enthalpy and entropy changes that accompany progress
along the reaction coordinate of both an enzyme-catalyzed
reaction (not involving a covalent enzyme-substrate adduct)
and the corresponding nonenzymatic reaction have been
described for only a few enzymes including fumarase,
ribonuclease A, and carbonic anhydrase (15) and more
recently cytidine deaminase (16). For each of these enzymes,
enthalpy is the major contributor to the transition state
stabilization free energy, providing additional evidence that

enzymes stabilize reactive intermediates and transition states
through numerous synergistic protein-ligand interactions
(17). It is these interactions that permit proficient enzymes
to discriminate between the substrate in the ground state and
the altered substrate in the transition state, binding the latter
with much greater affinity (14, 18, 19, 47-49). To extend
our knowledge of the thermodynamic changes that contribute
to enzyme proficiency, we sought to characterize the changes
in enthalpy and entropy occurring during the racemization
reaction catalyzed by mandelate racemase. To assess the
enthalpy and entropy changes associated with formation of
the enzyme-transition state complex, as defined by the
virtual dissociation constantKtx (eq 1), it was necessary to
confirm that, for mandelate racemase,Km ) KS and thatkcat/
Km andkcat were not limited by substrate binding or product
release, respectively.

Viscosity Effects.To accurately estimate the affinity of the
enzyme for the altered substrate in the transition state (Ktx)
using eq 1, either the rate constant describing the chemical
step must be determined directly or it must be shown that
neither substrate encounter nor product dissociation is rate-
determining. The viscosity dependence ofkcat/Km and kcat

were used to assess the degree to which substrate association
and/or product dissociation were rate-determining for the
reaction catalyzed by mandelate racemase. Our observation
that the value ofkcat in both theR f SandSf R directions
depends on the solvent viscosity is qualitative evidence that
the rate of product release (k3 or k-1 in Scheme 1) is not
significantly faster than the rate of chemical interconversion
of bound enantiomers (k2, k-2). In addition, a viscosity
dependence forkcat/Km was observed in both theR f Sand
S f R directions, suggesting that substrate binding is also
partially rate-determining for mandelate racemase catalysis.

FIGURE 7: Effect of temperature onk2/T for mandelate racemase
acting on (R)-mandelate. Error bars represent the error in determin-
ing the value of they-intercept from plots of 1/kcat as a function of
relative solvent viscosity. Inset: Dependence of 1/kcat (average of
two determinations) on relative solvent viscosity at 10°C (4), 15
°C (2), 20 °C (]), 25 °C ([), 30 °C (0), 35 °C (9), 40 °C (O),
and 45°C (b) using sucrose as the viscosogen.

FIGURE 8: Effect of temperature on 1/Ktx for mandelate racemase
acting on (R)-mandelate. For each point,Ktx was determined from
the relationshipKtx ) knon/(k2/Km). Each point represents the average
of two determinations.

FIGURE 9: Free energy profiles (pH 7.5, 25°C) for the uncatalyzed
(dashed line) and mandelate racemase-catalyzed (solid line) race-
mization of (R)-mandelate [(R)] and (S)-mandelate [(S)]. Energy
barriers are drawn to scale using free energies calculated from the
rate constants for both the enzymatic reaction (Table 2) and the
nonenzymatic reaction (13) using the Eyring equation [ki ) (kBT/
h) exp(-∆Gi

q/RT)]. ESq is the enzyme-substrate complex in the
transition state and Sq is the altered substrate in the transition state
for the corresponding nonenzymatic reaction. For simplicity, the
“enolic intermediate” (58) is not shown on the profile. (Values are
calculated for a standard state of 1 M.)
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Interestingly, the values ofk1 andk-3 are about 1-2 orders
of magnitude lower than typical values of diffusive associa-
tion rate constants for enzymatic reactions (27). Such low
values for association rate constants may arise because the
conformation of the unliganded enzyme required for substrate
binding exists as a rare form (35),3 extensive desolvation of
both the substrate and the active site is required (35, 50),
nonproductive substrate binding occurs (22), or a rate-
determining conformational change occurs after substrate
binding but prior to the chemical step (40, 51, 52). For
example, substrate binding and concomitant chelation of the
active site Mg2+ may be accompanied by slow displacement
of the water molecules coordinated to the metal ion (and
possibly a concomitant conformational change) which may
limit the apparent rate of association. X-ray crystal structures
of mandelate racemase have revealed the presence of a
flexible loop (residues 19-30) which is closed over the active
site when substrate is bound (5). Viscosity effects may arise
because the opening and closing motions of this flexible loop
contribute to the physical barrier which limits external steps.
Rapid opening and closing motions have been reported for
the catalytically essential mobile loops found in triosephos-
phate isomerase (53, 54) and Yersinia protein tyrosine
phosphatase (55), and the rates of these motions are
compatible with on rates approaching the diffusion limit. For
triosephosphate isomerase, the loop-open form of the unli-
ganded enzyme is favored over the loop-closed form by 1.8
kcal/mol (53). If mandelate racemase behaves like these
enzymes, then the loop-open form would not constitute a
rare form of the enzyme and it is unlikely that loop motions
would limit the apparent rate of substrate association.
However, release of product from mandelate racemase may
well be limited by the rate of loop opening. The loop-closed
form of triosephosphate isomerase is favored by 1.5-2.8
kcal/mol when ligand is bound (53), and loop opening has
been suggested to be responsible for the external kinetic step
that limits kcat for other enzymes including staphylococcal
nuclease (38), dihydrofolate reductase (56), and orotate
phosphoribosyltransferase (52, 57).

The partial viscosity dependence of mandelate racemase
catalysis at 25°C was used to directly estimate the rate
constants (Table 3) for the kinetic mechanism shown in
Scheme 1. The free energy barrier for racemization of bound
substrate, in both reaction directions, is approximately 1 kcal/
mol greater than the free energy barriers for dissociation of
bound ligands, indicating that, for mandelate racemase,
enzyme-substrate or enzyme-product dissociation is not
significantly favored over proton abstraction. For example,
under initial velocity conditions in theR f S direction,
approximately 85% of the enzyme-product complex goes

on to form free product. This observation is in agreement
with the prediction of Gerlt and Gassman (58) that, for
enzyme-catalyzed concerted general acid-general base reac-
tions, the rate of enolization of the substrate carbon acid is
expected to be similar to the rates of substrate binding and/
or product release. Because the sum of the rate constants
for the chemical steps (i.e.,k-2 + k2) is similar in magnitude
to the rate constants for product dissociation (k3 or k-1), the
observed value ofkcat underestimatesk2 by approximately
30% in either direction.4 The efficiency of mandelate
racemase catalysis, therefore, is limited in both directions
as much by the diffusion-controlled external steps as it is
by the rate of chemical conversion of the bound substrate to
bound product. Given these physical constraints, mandelate
racemase may be regarded as anearly perfect enzyme.
Indeed, there is little evolutionary pressure for an enzyme
to evolve such that it can catalyze a chemical step faster
than the rates for the physical exchange of substrate or
product with solvent (59, 60). Other enzymes such as
carbonic anhydrase (61) andâ-lactamase (42), which are also
only partially limited by the rates of diffusion, are considered
to have reached the limit of their evolution, such that no
further improvements in the rate of their chemical steps can
increase their overall enzyme efficiency.

Substrate Binding.The dissociation constants for (R)- and
(S)-mandelate were determined using a kinetic approach in
which (R,S)-mandelate was used to competitively inhibit the
racemization of the alternative substrate, (S)-p-nitromande-
late. The inhibition constant for (R,S)-mandelate was sub-
sequently used to calculate the true substrate dissociation
constants. The 10-fold reduction inkcat/Km for (S)-p-nitro-
mandelate, relative to that for (S)-mandelate, was not initially
expected since the electron-withdrawing bromo and chloro
para-substituted mandelic acids have values ofkcat/Km that
are greater than that observed for mandelate (1). However,
the absence of saturation kinetics at concentrations of (S)-

3 Proline racemase2 has been reported to exist in two forms, each
binding only one of the enantiomeric substrates (68). These two enzyme
forms are presumed to differ in the protonation states of their active
site bases which catalyze proton abstraction. If a similar scenario held
for mandelate racemase, then at low substrate concentrations, ap-
proximately 50% of the enzyme would be available for reaction with
a single enantiomer. This hardly constitutes a rare form of the enzyme,
and at low substrate concentrations, proline racemase is not limited by
interconversion of the two enzyme forms (68). An alternative hypothesis
is that the free enzyme exists in an equilibrium between a loop-open
and a loop-closed form, with the former species being the rare form.
However, this possibility also seems unlikely for reasons discussed in
the text.

4 Because proton abstraction is not solely rate-determining, the
observed deuterium kinetic isotope effects, reported previously (7, 20),
likely underestimate the intrinsic deuterium isotope effect (69). The
values of the rate constants determined in the present study can be
used to estimate the intrinsic deuterium isotope effect for the forward
and reverse enzyme-catalyzed reactions using eqs 17 and 18, derived
following the method described by Northrop (70) and assuming that
the forward and reverse intrinsic kinetic isotope effects are equal (i.e.,
k2H/k2D ) k-2H/k-2D).
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The values ofVH/VD are equal to 3.20( 0.11 and 3.56( 0.12 for
catalysis in theR f S and S f R directions, respectively (20).
Substitution of these values and the values for the rate constants from
Table 3 into eqs 17 and 18 givesk2H/k2D ) 4.1 ( 0.5 andk-2H/k-2D )
4.6( 0.5 for catalysis in theRf SandSf Rdirections. Interestingly,
these values are less than those expected for “normal” deuterium isotope
effects [kH/kD ) 6-10 (69)] but are consistent with the occurrence of
late transition states for enzyme-catalyzed proton abstraction in both
the forward and reverse reactions (58, 69).
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p-nitromandelate up to 15 mM indicates that binding of (S)-
p-nitromandelate is unfavorable, accounting for the decreased
kcat/Km value.

We have shown that, for mandelate racemase, the Michae-
lis constant (Km) is equal to the dissociation constant (KS).
This result agrees with previous experiments in whichKS

was calculated from protection experiments using the ir-
reversible inactivator (R,S)-phenylglycidate (62) and mag-
netic resonance titrations (63). In addition, our values for
the rate constants obtained using the viscosity variation
method also support this conclusion. Two sets of conditions
will satisfy eq 16 such thatKm

(R)-man ≈ k-1/k1 ) KS
(R)-man.

First, the chemical step may be completely rate-determining
in the forward and reverse directions (i.e.,k-1 . k2, k-2 and
k3 . k2, k-2). However, this scenario is not compatible with
the partial viscosity dependence exhibited by mandelate
racemase, which indicates that the rates of substrate and
product dissociation are similar to the rate of chemical
interconversion of bound substrate and product. Second, if
the off rates are equal for both substrates (i.e.,k-1 ≈ k3) and
the internal equilibrium constant (k2/k-2) is approximately
unity, thenKm ≈ KS. The rate constants shown in Table 1
confirm that this is the case for mandelate racemase.

Changes in Enthalpy and Entropy during Catalysis.We
have investigated the temperature dependence ofKm andk2

to obtain an estimate of the enthalpic and entropic contribu-
tions to the free energy of substrate binding in the ground
state and to the activation free energy for the chemical step
[conversion of E‚(R)-man to E‚(S)-man] in the R f S
direction (data are summarized in Table 3 and Figure 9).
Substrate binding (1/Km) is accompanied by an enthalpy
release (-8.9 kcal/mol), consistent with the formation of
noncovalent interactions between the enzyme and the
substrate in the enzyme-substrate complex. In addition,
substrate binding is accompanied by a loss of entropy (-4.8
kcal/mol at 25°C). For the chemical step, a substantial
enthalpy of activation is associated with catalysis (+15.4
kcal/mol) which is similar to the enthalpy of activation
recently reported for cytidine deaminase (16). Although this
enthalpy change is large relative to values of 9-13 kcal/
mol reported for other enzymes (17), it does, nevertheless,
represent an impressive 15 kcal/mol decrease in activation
enthalpy relative to the nonenzymatic reaction [∆Hq ) +30.9
kcal/mol (13)]. This ∆∆Hq is well within the range exhibited
by other enzymes (∆∆Hq ) 7-33 kcal/mol) (16, 17).
Interestingly, unlike cytidine deaminase (16), the release of
enthalpy accompanying substrate binding does not match the
enthalpy of activation associated with the subsequent chemi-
cal step. The free energy of activation for the enzymatic
reaction is accompanied by a favorable gain in entropy (+2.0
kcal/mol) while a loss of entropy is associated with the
nonenzymatic reaction (T∆Sq ) -3.7 at 25°C). The positive
difference in activation entropies (i.e.,T∆∆Sq ) +5.7 kcal/
mol) between the enzymatic and nonenzymatic reactions is
in qualitative agreement with the prediction of Gerlt and
Gassman (58) that the intrinsic entropy of activation for a
concerted enzymatic reaction is expected to be less negative
than the corresponding base-catalyzed nonenzymatic reaction,

thereby providing a mechanism for lowering the free energy
of activation on the enzyme. Such a positive∆Sq for the
enzyme-catalyzed reaction could arise from either an enzyme
conformational change, as implicated by the viscosity
variation results, and/or changes in solvation during the
reaction (64).

Thermodynamics of Transition State Affinity.After a
substrate is bound by an enzyme, the affinity of the enzyme
for the substrate increases by a factor proportional to the
rate enhancement produced by that enzyme (14, 18, 19). We
have used the method of viscosity variation to determine the
rate constant (k2) corresponding to the chemical conversion
of bound (R)-mandelate into (S)-mandelate, thereby permit-
ting us to accurately estimate the value of the true rate
enhancement (k2/knon) and calculate the virtual dissociation
constant for the enzyme-substrate complex in the transition
state (Ktx). Values ofKtx were estimated over a range of
temperatures by dividing the rate constant for the reaction
in the absence of enzyme [knon, obtained by extrapolation of
the data of Bearne and Wolfenden (13)] by the apparent
second-order rate constantk2/Km for the enzyme-catalyzed
reaction at the same temperature. It is important to note that
calculation ofKtx usingkcat/Km rather thank2/Km would result
in an underestimation of the affinity of the enzyme for the
altered substrate in the transition state. The variation of 1/Ktx

with temperature (Figure 8) indicates that enthalpy is the
major contributor to transition state stabilization, providing
-22.9 kcal/mol of energy to the apparent binding free energy
of the altered substrate in the transition state. This substantial
release of energy is compatible with the development of
enhanced hydrogen bonding, electrostatic interactions, and
nonpolar interactions in the enzyme-transition state complex
(17). The importance of such interactions in mandelate
racemase catalysis has been suggested by X-ray crystal
structures of bound ground-state ligands (5) and site-directed
mutagenesis experiments (6-8, 13, 65, 66).

The entropy change associated withbindingof the altered
substrate in the transition state is estimated to beT∆Stx )
+1.8 kcal/mol at 25°C. Positive entropies for transition state
binding have been reported for fumarase (15) and cytidine
deaminase (16). Whether the positive entropic component
of transition state stabilization by mandelate racemase arises
from the release of an ordered water molecule from the active
site as is believed to be the case for cytidine deaminase (16,
67) or from more general changes in solvation and enzyme
conformation is not presently clear.

Thus, mandelate racemase stabilizes the transition state
for proton abstraction (∆Gtx) by reducing the enthalpy of
activation (by∆Htx) and increasing the entropy of activation
(by ∆Stx) relative to the nonenzymatic reaction. Molecular
interactions between mandelate racemase and its altered
substrate in the transition state appear to be maximized to
the extent that diffusion-dependent processes are partially
rate-determining, suggesting that mandelate racemase has
evolved close to the limit of its catalytic proficiency.
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