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ABSTRACT. Mandelate racemase (EC 5.1.2.2) fré@seudomonas putideatalyzes 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 valggant kea/Km for

the wild-type enzyme in sucrose-containing solutions. The valuk.gfor 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 onkgq or keaf Ky 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 for
andk../Kn. The rate constant for the conversion of bouRHfandelate to bound[-mandelateky) was

found to be 889t 40 s compared with a value of 654 58 s™* for ket in the same direction. From the
temperature dependenceky, (shown to equaKs), k,, and the rate constant for the uncatalyzed reaction
[Bearne, S. L., and Wolfenden, R. (199Bipchemistry 361646-1656], we estimated the enthalpic and
entropic changes associated with substrate bindiig € —8.9 + 0.8 kcal/mol, TAS = —4.8 + 0.8
kcal/mol), the activation barrier for conversion of bound substrate to bound pratidétf +15.4+ 0.4
kcal/mol, TASF = +2.0+ 0.1 kcal/mol), and transition state stabilizatiaxHx = —22.94 0.8 kcal/mol,

TASx = +1.8 4 0.8 kcal/mol) during mandelate racemase-catalyzed racemizatié)-aigndelate 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) frddseudomonas The proficiency of an enzyme is a measure of transition
putidacatalyzes the M&f-dependent 1,1-proton transfer that state stabilization and is defined as the reciprocal of the
interconverts the enantiomers of mandelic acid-3). virtual dissociation constant of the enzyrsubstrate com-

Catalysis proceeds via a two-base mechanism, with His 297plex in the transition staté<() as defined by eq 11¢). The
and Lys 166 abstracting the-proton from R)-mandelate  enthalpic and entropic contributions to the free energy of
and ©-mandelate, respectivelyd{6). In addition, site- transition state stabilization can be determined from the
directed mutagenesis experiments have revealed that Glu 31temperature effects on enzyme proficiency. Such studies have
acts as a general acid catalygt 4nd Asn 197 interacts with ~ been conducted with only a limited number of enzymes
the a-hydroxy group of mandelate to facilitate stabilization including fumarase, ribonuclease A, and carbonic anhydrase
of the transition state8]. Mandelate racemase has been (15) and most thoroughly for cytidine deaminades) For
studied as a paradigm for enzymes that catalyze rapidthese enzymes, transition state stabilization is largely en-
hydrogen-carbon bond cleavage of carbon acids with thalpy-based X7). Our interest in developing a detailed
relatively high X, values 9—12). Like all enzymes, understanding of how enzymes achieve catalysis has led us
mandelate racemase provides rate enhancements by stabiliZ0 investigate the enthalpic and entropic contributions to
ing the transition state of a reaction relative to the ground Mandelate racemase proficiency.
state. Indeed, mandelate racemase is extremely proficient at
discriminating between the substrate in the ground state and Kix = Knorf (KeaKs) (1)
the altered substrate in the transition state, binding the latter ) ) ) . o
with an apparent association constant equal to B8 M1 To obtain a meaningful value &%, either the_ dissociation
and reducing the activation barrier for the reaction by 26 constant for the enzymesubstrate complex in the ground
kcal/mol (L3). state Ks) must be determlngd or the M|chqe_lls constaaq)(
must be shown to approximat€s. In addition, kese must
describe the chemical step for which the rate constant of the
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tions do not proceed via the same mechanism. These caveatseacemase). The enzyme was overexpressed and purified using

have been discussed in detail elsewhd@ 19). metal ion affinity chromatography as described previously
For mandelate racemase, the substrate kinetic deuterium(8). [The presence of the histidine tag does not influence
isotope effect Kea'’kea®) for proton abstraction fromR)- the values ok, andKy, for the recombinant enzym@g).]

mandelate is-3.2 (7, 20), and the solvent deuterium isotope The N197A mutant of mandelate racemase was also over-
effect onkeatis ~2.3 (7). These observations led Gerlt and expressed and purified as described previolyGircular
co-workers 7) to suggest that both proton abstraction from dichroism (CD) assays were conducted using a JASCO J-810
the substrate and proton delivery to form the product are spectropolarimeter. The CD spectrum (2@b0 nm) of
each partially rate-determining and that substrate associatiormandelate racemase obtained in the presence of sucrose
and product dissociation are faster than the proton transfer(35%) was corrected by subtracting the CD spectrum arising
reactions. The possibility remains, however, that diffusive solely from the sucrose (35%).
processes such as substrate association or product dissociation Resolution of (S)-p-Nitromandela(&,S)-p-Nitromandelic
are also partially rate-determining. Indeed, partial diffusion acid was prepared by reactirgnitrobenzaldehyde with
control has been observed for several enzymes includingtrimethylsilyl cyanide in the presence of a catalytic amount
p-glucosidase 1), alkaline phosphatas®2), 1-aminocy- of zinc iodide as described by Westkaemper and Hanzlik
clopropane-1-carboxylate synthag8)( ribonuclease 1(24), (29). (9-p-Nitromandelate was resolved in a series of small
subtilisin BPN (25), and chorismate mutas26) for which batch preparations3(). In each batch, R)-(+)-a-methyl-
the values ok./Kn are on the order of 28-10° (cf. KealKm benzylamine (0.30 g, 2.5 mmol) was added to a boiling
for mandelate racemase 10° M~! s71), well below the solution of R,S)-p-nitromandelic acid (0.5 g, 2.5 mmol) in
theoretical limit of 18—10° M~ s7* for a diffusion-limited ethanol (10 mL). The solution was allowed to cool to room
enzyme-catalyzed reactio27). temperature, and crystallization occurred within 4 h. The
In the present work, we show that mandelate racemasea-methylbenzylammonium salt was collected using suction
displays a partial viscosity dependence indicating that the filtration and washed three times with cold ethanol (10 mL).
chemical step is not completely rate-determining. Using This salt (0.5 g) was recrystallized three times from hot
kinetic measurements obtained at various solvent viscosities,ethanol (10 mL). Recrystallization solutions were stored at
we determined the values of the rate constants that compriset °C, and if no crystals formed within 24 h, acetone-@
keat and keof Kiy in both reaction directions. In addition, we drops) was added to promote crystallization. The isolated
used the alternative substratg)-p-nitromandelate, in com-  salt was then dissolved in water and converted to its sodium
bination with R,S)-mandelate to demonstrate that ~ Ks salt by passage through a column containing AG 50W-X8
for both (R)- and §)-mandelate. This information, combined (Na' form). The column was eluted with water, and fractions
with measurements of the temperature dependence of bottcontainingp-nitromandelate were pooled and lyophilized.
the catalytic efficiency of the enzyme-catalyzed chemical step These small batch recrystallizations were performed repeat-
and the rate constant for the corresponding nonenzymaticedly, starting with a total 08 g of (R,S-p-nitromandelate
reaction, permitted us to determine the temperature depen-and giving a final yield of 0.36 g of sodiumS(p-
dence ofKy. Herein, we report the enthalpy and entropy nitromandelate (8%). The resolution was monitored using
changes associated with substrate binding, the activationHPLC on a Chirexo-penicillamine column (156 4.6 mm;
barrier for conversion of bound substrate to bound product, Phenomenex, Torrance, CAR)¢ and §)-p-nitromandelate
and transition state stabilization during mandelate racemasewere eluted under isocratic conditions using 15% acetonitrile
catalyzed racemization oRf-mandelate. Although the high  in aqueous CuS©(2 mM) at a flow rate of 1.0 mL/min
proficiency of mandelate racemase is achieved principally over a period of 250 min. The solvent was degassed prior to
by enthalpic reduction, there is also a favorable and use. A Waters 510 pump and 486 controller were used for

significant entropic contribution. solvent delivery. Injections were made using a Rheodyne
7725i sample injector fitted with a 54 injection loop. The
MATERIALS AND METHODS eluted enantiomers gf-nitromandelate were detected by

Acetonitrile (HPLC grade) and poly(ethylene glycol) monitoring the absorbance at 254 nm using a Waters 436
(PEGL M, 6000-7500) were purchased from Fisher Scien- funeable absorbance detector. Peak areas were determined
tific (Nepean, Ontario, Canada). Sucrose and glycerol were PY integration of the resulting chromatograms using Peak-
purchased from BDH, Inc. (Toronto, Ontario, Canada). Simple software from Mandel S_C|ent|f|c (Guelph, Onta}rlo,
Racemic, R)-, and §-mandelic acid, 4-nitrobenzaldehyde, €anada).9-(+)- and ®)-(—)-p-nitromandelate eluted with
(R)-(+)-o-methylbenzylaminep-(+)-trehalose, Ficoll 400, ~ 'etention times of approximately 190 and 230 min, respec-
and all other reagents were purchased from Sigma-Aldrich tlve_ly. The a_lbsolute stereochemistry was assigned using the
(Oakville, Ontario, Canada). Recombinant mandelate race-°Ptical rotations reported by Westkaemper and Han2#. (
mase fronP. putidawas overexpressed in and purified from The relanvg peak areas |nd|c_ated that the flqal product from
Escherichia colistrain BL21(DE3) cells transformed with a  the resolution was 98%8|-p-nitromandelate (i.e., 99% ee).
pET15b plasmid (Novagen, Madison, WI) containing the Viscosity EffectsBoth monomeric viscosogens (sucrose,
mandelate racemase gene. This construct encodes the marfféhalose, and glycerol) and polymeric viscosogens (PEG and
delate racemase gene product with an N-terminal hexahis-Ficoll 400) were used in the present study. Stock solutions
tidine tag (MGSSHHHHHHSSGLVPRGSHM.. mandelate of these viscosogenic reagents were prepared at twice the

desired final concentration, diluted 1:1 with HEPES buffer

! Abbreviations: BSA, bovine serum albumin; CD, circular dichro- (0.2 M, pH 7.5) containing MgGl(6.6 mM), and passed

ism; HEPES, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid; PEG, through a Sint_ered 9'_333_ filte_r_to remove any suspended
poly(ethylene glycol). material. The kinematic viscosities were subsequently mea-
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sured in triplicate using a Cannon-Fenske viscometer at 25bath at the desired temperature prior to initiation of the

°C and using HEPES buffer (0.1 M, pH 7.5) containing
MgCl, (3.3 mM) as the reference. Solution densities were
determined gravimetrically at 2%, and the relative solvent
viscosities frel = 1/n°, where the superscript refers to the
reaction in HEPES buffer in the absence of added vis-

reaction by addition of mandelate racemase (2D01.0—
12.0ug/mL) in HEPES buffer (0.1 M, pH 7.5) containing
MgCl; (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

cosogen) of the viscosogen-containing buffer solutions were temperature using a thermostated rectangular cell holder with

calculated from the product of these densitigys dnd the
measured kinematic viscositieg/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,
respectivelyyre = 1.73, 2.10, 2.73, and 3.43 for 20%, 25%,
30%, and 35% (w/v) trehalose solutions, respectively;
=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;
e = 1.22, 1.89, 2.81, and 4.03 for 1.5%, 3%, 6%, and 8%
(w/v) Ficoll 400 solutions, respectivelyje = 1.61, 2.50,
5.37, and 8.49 for 2.5%, 5%, 6%, and 7.5% (w/v) PEG
solutions, respectively.

a remote temperature probe connected to a Neslab RTE-
111 water bath.

Determination of K The value ofKs for (R)- and §-
mandelate was determined by assaying the activity of
mandelate racemase with the alternative substr&-(
nitromandelate in the presence of the “competitive inhibitor”,
(R,S9-mandelate (see Results). Mandelate racemase activity
was assayed using a CD assay similar to that described by
Sharp et al. §1); however, the CD signal was monitored at
232 nm over 5 min. Final concentrations &--nitroman-
delate were 1.0, 1.5, 2.0, 2.5, 3.0, and 3.5 mM. Final
concentrations of,S)-mandelate were 0.0, 0.5, 1.0, and 2.0

Kinetic measurements were conducted using the CD assaymM. Assays were conducted at 26 in HEPES buffer (0.1

at 262 nm described by Sharp et &1). Reaction mixtures
were prepared in rectangular quartz cuvettediwitl cm
light path. Typically, 95QL of (R)- or (S)-mandelate (0.5
20.0 mM) in HEPES buffer (0.2 M, pH 7.5) containing
MgCl, (6.6 mM) was mixed with 95@L of the viscosogen-
containing stock solution (prepared at twice the desired final
concentration). The reaction was initiated by addition of 100
uL of either wild-type mandelate racemaseu®mL) or the
N197A mutant (468g/mL) in HEPES buffer (0.1 M, pH
7.5) containing MgGl (3.3 mM) and bovine serum albumin
(BSA, 0.1%). All kinetic experiments were conducted in the
plateau region of the pHk. (6) and pH-Kn, (8) profiles

for the enzyme-catalyzed racemization reaction and well
above the [, value of 3.41 for mandelic aci®B®). Hence,

M, pH 7.5) containing MgGl(3.3 mM) using a rectangular
quartz cuvette with a 0.1 cm light path. Reactions were
initiated by addition of mandelate racemase 0 2.0 ug/
mL, 0.1% BSA) to a solution (200L) containing both §)-
p-nitromandelate (substrate) arijl$)-mandelate (inhibitor)
that had been preincubated atZ5for 5 min. [Initiation of
the reaction with §-p-nitromandelate followig a 5 min
preincubation of 2ug/mL mandelate racemase witR,§)-
mandelate did not change the observed initial velocity.]
ApparentVma/Km values were determined in triplicate at each
concentration of R S)-mandelate.

Data AnalysisThe values o¥/maxandK,, were determined
from plots of the initial velocity ¢) versus substrate
concentration ([S]) by fitting the data to eq 2 using nonlinear

the effects of both the viscosogenic cosolutes and changegegression analysis and the program EnzymeKinetics v1.5b5

in temperature (vide infra) on the pH profiles of the enzyme-
catalyzed reaction are expected to be negligible.
Temperature Effectd-or each reaction conducted at a
given temperature, a stock solution d®){mandelate (20
mM) was prepared in HEPES buffer (0.2 M, pH 7.5)
containing MgC} (6.6 mM). The pH of both the buffer and

(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

the (R)-mandelate stock solution was adjusted at each assayBSA standards, anbl., values were obtained by dividing
temperature to 7.5 relative to thermostated standards. TheVmax Values by the total enzyme concentration usiig

relative viscosities for the sucrose solutions at 10, 15, 20,
25, 30, 35, 40, and 4%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. 83)]. Mandelate racemase activity was assayed

40728.

VinadS]
y = MRS

'K, +[S] )

RESULTS

at each of these temperatures using the CD assay. The molar

ellipticity for (R)-mandelate did not change over this tem-

Viscosity EffectsThe rates of external steps such as those

perature range. All assays were conducted in rectangularoccurring during enzymesubstrate association and enzyme

quartz cuvettes with a 1.0 cm light path. Additional stock
solutions of R)-mandelate (0.520 mM) were prepared by
dilution of the stock 20 mM solution with HEPES buffer
(0.2 M, pH 7.5) containing MgGl (6.6 mM). Substrate
solutions (1.900 mL) were prepared by mixing 90 of
the stock R)-mandelate solutions with 950 of the desired
sucrose-containing stock solution to yiel&){mandelate

product dissociation are expected to be inversely proportional
to the solvent microviscosity while the rates of internal
processes (i.e., those occurring within enzyraebstrate
complexes) are expected to be independent of solvent
microviscosity R2—26, 34—45). To determine whether
substrate binding or product release is rate-determining for
the reaction catalyzed by mandelate racemase, we employed

assay concentrations ranging between 0.25 and 10.0 mM inthe viscosity variation method36) to investigate the

HEPES buffer (0.1 M, pH 7.5) containing Mg&B.3 mM).

dependence df:a andkea/Km 0on viscosity in both thd&k —

Each substrate solution was incubated for 5 min in a water S(Table 1) and5— R (Table 2) reaction directions. A partial



Energetics of Mandelate Racemase Catalysis Biochemistry, Vol. 41, No. 12, 2002051

Table 1. Dependence &f.f S and K.a/Km)? S on Viscosity for 25— T T Tt
Wild-Type and N197A Mandelate Racemases LA diffusion limit/
viscosogen RS (Keal Km)* S (x 1P M1 s77)
[% (wWwiv)]  n/n° (s observed correctéd -
Sucrose (wild type) S
0.0 1.00 654+ 58 6.41+ 0.57 6.41+ 0.57 ~
10.0 1.32 556t 32 5.90+ 1.20 5.63+ 1.14 °%
20.0 1.88 506t 43 5.69+ 0.60 5.05+ 0.53 X
27.5 2.48 446t 25 6.21+ 0.56 5.03+ 0.45
325 3.06 399 26 5.76+ 0.62 4.42+ 0.48
35.0 3.42 370Gt 35 6.21+ 191 4.49+ 1.38
SUCrose(N197A) 0'0.=.:.:.:::.:.:.=:
0.0 1.00 17.9£ 1.2 0.027£0.005 0.027 0.005 G Qi [
diff limit
10.0 134 183 3.1 0.029+0.006 0.028: 0.006 . B diffusion imit/
20.0 1.88 19.4 3.7 0.031+0.009 0.02A 0.008 E
27.5 2.56 18.22.0 0.0394+0.008 0.029 0.006 f
325 3.18 20.2t 4.4 0.043+0.013 0.028t 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 77945 8.38+ 1.78 ¥E
20.0 1.73 663t 22 7.45+ 1.49 .y
25.0 210 6148 8.94+ 0.60 g
30.0 2.73 506t 27 9.85+ 1.81 =
35.0 3.43 435-16 7.72+ 2.02
aThe slope of relativel¢a/Km)? S vs 7/7° for the N197A enzyme 0.0 b
(slope= —0.163+ 0.002) in the presence of sucrose was used to correct 0.0 1.0 21']0/ 1o 3.0 4.0

the observed relative/Km)? S values for the wild-type enzyme using
the equation KealKm)% (KealKm)cor = [(Keal Kim)% (Keal Km) " obs + 0.16¢/

FiIcUrRe 1: Dependence of relative kinetic parameters for the
n° — 1), based on ref85 and 46.

racemization of R)-mandelate on relative solvent viscosity. The
values of relativek.s (A) and relativek.o/Kn (B) for both wild-
type mandelate racemad)(and N197A @) were determined at

25 °C at varying values ofj¢ Using sucrose as the viscosogen.
The relativek.q values for wild-type mandelate racemase were
proportional tore (slope= 0.288+ 0.005), while the relativéc
values for the N197A mutant showed no viscosity dependence in

Table 2: Dependence &f.f S and K.a/Km)S R on Viscosity for
Wild-Type and N197A Mandelate Racemases

(KealKm)® R (x10PM~1s7)

viscosogen

0, 0 R—S (g1
6 WV " keal2(S ) _ observed correctéd the presence of sucrose. The relativgK, values for the N197A
Sucrose (wild type) mutant varied inversely withy, (slope = —0.163 + 0.002).

0.0 1.00 49414 6.11+ 0.64 6.11+ 0.64 Relative keofKrm values for the wild-type enzyme that have been
10.0 1.32 464t 39 6.10+1.20 5.79+ 1.14 corrected for diffusion-unrelated effects (see Table 1) are also shown
20.0 1.88 389t 35 6.63+ 1.05 5.714+0.90 (O). The slope of the corrected line (short dashes) is 04 86004.

27.5 248 34942  6.04+152  4.85+1.22
gég g-gg ggﬁ 1% g;gi S-é? Z‘-iﬁsi (1)-% parameters (see Materials and Methods), perturbations in
' ' ( ' ) : ‘ ' solvent structure, alteration of substrate and enzyme con-
Sucrose (N197A formations, and inhibition or activation of the enzymatic

0.0 1.00 4.4 0.3 0.025+0.009 0.025+-0.009 i A, inst th f ffy ts that
10.0 134 45002 0031t 0013 0029t 0.012 reaction. Assurances against the occurrence of effects tha
20.0 1.88 4.3-0.2 0.029+0.009 0.025- 0.008 do not involve diffusive processes can be obtained by (a)
275 2.56 42+ 0.3 0.039+0.009 0.028+ 0.006 demonstrating that similar kinetic behavior is observed when
32.5 318 4307 00340026 0.023£0.017 different monomeric viscosogens (which affect both solvent
35.0 369  4.0:0.4 0.048+0.008 0.026+ 0.004

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 85). In the present work, the viscosity
dependence observed for the relatiygvalues was similar
viscosity dependence was observed for relative valuggof  in the presence of both sucrose and trehalose (Figur&3. 1
(i.e., keallkeaf’) in the presence of both sucrose (Figures 1A The relativek. value also exhibited a viscosity dependence
and 2A) and trehalose (Figure 3A), suggesting that productin the presence of glycerol. However, this dependence was
release is partially rate-determining for mandelate racemasecurvilinear, especially at relative viscosities greater than 2.5
catalysis in both reaction directions. (Figure 3A). Glycerol, a relatively small molecule, may be
Studies using the viscosity variation method are subject acting as an inhibitor of the enzyme in addition to mediating
to a variety of potential complications which must be solvent viscosity effects and, therefore, was not considered
considered before the results can be interpreted in terms ofto be suitable as a viscosogen in the present study. Such
diffusion-controlled processes. The high concentrations of aberrant behavior of glycerol in solvent viscosity studies has
polyhydroxylated compounds employed as viscosogenic been reported for several enzymes, including carbonic
cosolutes can have a variety of diffusion-unrelated effects anhydrase 41), alkaline phosphatas&?), and acetylcho-
including alteration of the free energy of both unbound and linesterase34). In the presence of the polymeric viscosogens
bound species, alteration of the pH profile for the kinetic Ficoll and PEG, no viscosity dependence was observed for

a2The slope of relativekga/Km)S R vs 5/5° for the N197A enzyme
(slope= —0.1744+ 0.003) in the presence of sucrose was used to correct
the observed relative{/Km)S R values for the wild-type enzyme using
the equation Kea/Km)®/ (KealKm)"]cor = [(KealKm) % (Keal Km)"lobs + 0.17 ¢/
n° — 1), based on ref85 and 46.
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Ficure 2: Dependence of relative kinetic parameters for the Fgure3: Dependence of relative kinetic parameters for mandelate
racemization of §-mandelate on relative solvent viscosity. The racemase-catalyzed racemization &)-tmandelate on relative
values of relativeke (A) and relativeksa/Km (B) for both wild- solvent viscosity in the presence of various viscosogens. The values
type mandelate racemad)(and N197A ®) were determined at  of relativeke (A) and relativekea¢Km (B) for wild-type mandelate

25 °C at varying values ofj Using sucrose as the viscosogen. racemase are shown in the presence of the monomeric viscosogens
The relativek:y values for wild-type mandelate racemase were glycerol @) and trehalosel) and the polymeric viscosogens Ficoll

proportional toyre (slope= 0.259+ 0.002), while the relativées: 400 @) and PEG ©). The slope of the solid line in (A) is 0.309
values for the N197A mutant showed no viscosity dependence in + 0.007.

the presence of sucrose. The relativg@Kn, values for the N197A

mutant varied inversely with relative viscosity (slope-0.174+ Scheme 1

0.003). Relativek.o/Km values for the wild-type enzyme that have P p P
been corrected for diffusion-unrelated effects (see Table 1) are also ] 1 o A 2 Ee(S)- s
shown (). The slope of the corrected line (short dashes) is 0.172 £+ {F)-man ki Ee(R)-man ko (8)-man ka
4+ 0.002.

relative values 0key and kea/Km Up t0 a relative viscosity fqr thg wild-type enzyme must bg corrected for this minor
of 8.4 (Figure 3). In addition, the relative, value for the d|ffu3|on-unr_elat_ed eff_ect as described in Tables 1 argh2 (_
sluggish mutant, N197Ak(a/Km = 3.1 x 10* M~1s7Y), for 46). The partlal_ viscosity dependence of_the <_:orrecte_d relative
which the proton abstraction step is expected to be solely KealKm values in theR —~ Sand S — R directions (Figures
rate-determining 8), displays no viscosity dependence 1B and 2B) suggests that substrate binding is alsq p_artlally
(Figures 1A and 2A). Finally, the CD spectra of wild-type rate—cjetermmmg for mandelate racemase catalysis in both
mandelate racemase in the absence and presence of 359gaction directions.
sucrosee = 3.42) are indistinguishable (data not shown).  The viscosity dependence of an enzyme-catalyzed reaction
This suggests that sucrose does not significantly alter themay be used to estimate the rate constants for various steps
secondary structure of the enzyme, although slight changesalong the reaction pathwag4—26, 34, 36, 37, 39, 40, 42,
in enzyme conformation in the presence of the viscosogen44, 45). Scheme 1 shows a kinetic mechanism that describes
cannot be ruled out. These observations are all consistenthe reaction catalyzed by mandelate racemase. Utilizing
with the observed viscosity dependence lgf; being a sucrose as the viscosogen, we have used the viscosity
diffusion-related process. dependence of mandelate racemase-catalyzed racemization
A slight dependence of the relative catalytic efficiency in both theR— SandS— R directions to estimate each of
((kea! Km)% (keaf Km)") 0N viscosity was observed for wild-type the rate constants defined in Scheme 1. The viscosity
mandelate racemase in the presence of sucrose (Figures 1Bependence for ki (Figure 4A) andK/keat (Figure 4B)
and 2B) and trehalose (Figure 3B). The larger errors were determined in both reaction directions at 25.
associated with thie../K, data, relative to thi&.,;data, were Following a method similar to that described previoug, (
the result of difficulty in accurately measuring reaction 36), we have used the steady-state initial velocity expressions
velocities at low substrate concentrations in the presence offor reactions in thdR — S|i.e., k_3[(S-man]~ 0] andS—
viscosogens. For the N197A enzyme, a slight activating R [i.e., ki[(R)-man] ~ 0] directions to derive expressions
effect was observed in the presence of sucrose (increasedor k.,:andkzo/Kn (€gs 3-6). The rate constants, k-1, ks,
keafKm values in Tables 1 and 2). Such activation is not andk-_z are inversely proportional to the solvent microvis-
unprecedented3d, 42, 43), and the observekl./Kn values cosity (i.e.,ki = k%, wherei = 1, —1, 3, or—3, andyyel

E + (S)-man
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0.004 T T T T T T T Table 3: Rate Constants for the Reaction Catalyzed by Mandelate
'_A & -] Racemase
0.003 | /% - : appAG* (kcal mol)
| . %’ rate constant at 25°C
= ke (3.214 0.31)x 1P M~ts1a 8.6+ 0.8
% 0002k (6.73+0.80)x 10° M~1s71b 8.2+ 1.CF
& ko1 3948+ 199 st 125+ 0.6
= ko 889+ 40st 13.4+ 0.6
k_2 693+ 20s? 13.6+ 0.4
0.001 ks 3896+ 276 st 12.64 0.9
i ] K s (4.46+ 0.45)x 1P M~ts1a 8.4+ 0.8
(6.87+0.64)x 10° M~Ls1b 8.1+ 0.8
,ao'ooo e aValues calculated from thgintercepts of Kn/Kea)oorr VS 7ret (Figure
s 85 _B i 4B). " Values calculated from the slopes #{keapcorr VS 77rer (Figure
- ! 4B). ¢ Values calculated for a standard state of 1 M.
S 30
x o5l Scheme 2
£ 20] ko
~ 1 Ee¢(R)-man ————= E«(S)-man
¥ 15 ka
° Ks (R)-man Ko (Skman
@ k: k: S
< 10} : TN k4 S kg
8 I
5 05| E
O A (R)-man (S)-man
00 1 12 1 L | | | I Y k
0.0 1.0 2.0 3.0 4.0 E +5 ES cat E+p
n/n° Kn
Ficure 4. Dependence of kfy (A) and corrected /e (B) on )
relative solvent viscosity for the racemization Bj{mandelate®) of these plots. Both the intercepts and slopes from plots of

and §-mandelate®) by mandelate racemase in sucrose-containing Km/Keat Versusy/n® in theR— SandS— R directions (Figure
buffers at 25°C. The corrected values #in/ke: were obtained as 4By combined with the values of the rate constants deter-
described in Table 1. - 0
mined from the WM. versusy/n® plots, can be used to
= 5/y°). Therefore, eqs-36 may be expressed in terms of estimatek,® andk_3°, respectively. The values for all of the
nin® as shown in eqs710. The plot of .. versusy/n° rate constants defined in Scheme 1 are given in Table 3.
Determination of I§ Using an Alternatie SubstrateAll

RS _ Kok 3) kinetic assays withS)-p-nitromandelate were conducted at
at ko, + Kk, + kg 232 nm where $)-p-nitromandelate gave a strong CD signal
([6]232 = 8910 deg crh dmol™Y) with a relatively low
SR _ Kok, 4) absorbance. Nevertheless, the absorbancg)-qf-fitroman-

at ko, +k,+k delate at 232 nm did restrict assays to substrate concentrations

less than 15 mM. Mandelate racemase appears to have a very

at kykoKs . low affinity for (-p-nitromandelate since saturation kinetics
K (R—man K_1K_p + K_;Kg + Kokg () were not observed at substrate concentrations up to 15 mM.
m . S
Although this precluded measurements of individdaland
SR k -k K Vmax Values,VmadKm values for §-p-nitromandelate were
& L2 3 (6) obtained from the initial rates observed at substrate concen-

K, Oman K_jKop + Kokg 1 Kokg trations less than 3 mM (i.e., where [$} Ky, and v =

Vmad S]/Km). Mandelate racemase catalyzes the racemization

1 _ k,+k, v 1 @) of (9-p-nitromandelate less efficientlkf/Km = (4.08 +
a koky |n° K, 0.05) x 10* M~ s71] than it catalyzes the racemization of
(9-mandelate .o/ K = (7.2 £ 0.5) x 1®° M1 s71 (8)].
K (R)—man k Ok Kk 0 . i
m _ 1% 2 4|t 8 The substrate dissociation constants fB)-ihandelate
RS ol | O 0" 0 (8) (Ks®—man and ©)-mandelate Ks&~m) were determined
at 1| KoKg n L) ot ; ; o
kinetically by conducting assays witlg)¢p-nitromandelate
1 K, K\ p 1 as the substrate and usirfg$-mandelate as a competitive
SR K O _0+k_ 9) inhibitor of the reaction. Equation 11 gives the velocity
at -1 %2l T2 expression describing classical competitive inhibition where
K _(9—man { k. k.0 KO [S] is the concentration o§-p-nitromandelate. The apparent
m —_1 | %" 48 (10) inhibition constant for R,S)-mandelate;?*") was calculated
SR Ok O kK0 from plots of the observed./Vmax Values against the
at 3 \R-1 K2 n 283
concentration ofR,.S-mandelate as shown in Figure 5. The
(Figure 4A) has an intercept equal tokdin the R — S kinetic mechanism describing such inhibition is shown in
direction and I{_, in the S— Rdirection. The values fdt, Scheme 2, and the corresponding steady-state initial velocity

andk-, can be used to calculake’ andk_;° from the slopes  expression [where dR)-man]/d = d[(§-man]/d = O] for
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Ficure 5: Initial velocity curves for the mandelate racemase-
catalyzed racemization of)f-p-nitromandelate. Assays were con-
ducted at 25°C in the presence of 0 mMV@), 0.5 mM (a), 1.0
mM (m), and 2.0 mM ¥) (RS-mandelate. Each point is the
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Ficure 6: Effect of temperature on the reciprocal value of the
Michaelis constant (¥, for (R)-mandelate. Each point represents
the average of at least five determinations.

average of three determinations. Inset: Replot of the reciprocal 14 into eq 13 yields eq 15 which relates the apparent

slopes obtained from the initial velocity curves (i}€m/Vimay as a
function of (R,.S-mandelate concentratiol;?"Pis equal to 0.78t
0.04 mM.

competitive inhibition may be rewritten in terms of the
concentrations of§)-mandelate ([f)-man]) and R)-man-
delate ([R)-man]) as shown in eq 12Thus,K;#"is related

Ui _ kcal[s]
RS +[(R,S)-man1 1)
m Kiapp
Ui _ kcal[S]
L g1 Jo o (-man] | [(R-manf 2
m K (9—man K (R)—man
S S

to the individual dissociation constants fdR){ and ©)-

inhibition constant for the racemic mixture to the true
dissociation constants foR[-mandelate andj-mandelate.

Klapp: 2k_2KS(R)—man: 2|(2 KS(S)—man

! ko, +k ko, +k (15)
The rate constants, andk-, are known from the viscosity
experiments, and therefor&s®-ma" and Kg®-ma" can be
calculated.

The value ofKi#P is 0.78 + 0.04 mM (Figure 5).
Substitution of this value into eq 15 gives dissociation
constants oKs®~man = 0,89 4+ 0.07 mM andKg®—man =
0.69 + 0.06 mM. These values are very similar to the
correspondingKn, values reported forR)-mandelate (0.81
+ 0.12 mM) and §-mandelate (0.62- 0.04 mM) @)
indicating that, for mandelate racemasg, ~ Ks. This
conclusion is further supported by calculation of the dis-

mandelate as shown in eq 13. Since the overall equilibrium sociation constants using the rate constants obtained from

[(RS-man]_ [(§-man] _[(R)-man]
Kiapp KS(S)fman KS(R)fman

(13)

constant for the interconversion of the enantiomers of
mandelate is unity [i.e. k{koks)/(K-1k-2k-3) = Keq = 1], the

ratio of the dissociation constants may be expressed as d

function of individual rate constants as shown in eq 14. Using

k1k3 KS(S—man
k, kK K R-man

K-,

(14)

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

2 For the determination oK;?*®, both R)- and ©§)-mandelate are

the viscosity studies{s®man= k_,/k; = 0.59+ 0.08 mM
andKg®~man = ky/k_3 = 0.57 £ 0.07 mM usingk_; andks
determined from the slope data in Table 3).

Temperature EffectdVlandelate racemase-catalyzed ra-
cemization of R)-mandelate was investigated at temperatures
ranging from 10 to 45C. The variation ofK,F~man with
emperature is shown in Figure 6. The enthal®HE &)
and entropy TAS.(r) changes accompanying formation of
the enzyme (R)-mandelate complex are8.9 4+ 0.8 kcal/
mol and —4.8 £ 0.8 kcal/mol at 25°C, respectively,
corresponding to a free energ&@e.(r) of —4.1+ 1.1 kcal/
mol at 25°C.

To determine the activation parameters for conversion of
enzyme-boundR)-mandelate to enzyme-boung§){mande-
late,k; was determined from viscosity experiments conducted
at temperatures ranging from 10 to 45. Values ofk, were
obtained from the reciprocals of tlyentercepts on plots of

present at equilibrium concentrations. It is possible that mandelate 1/k.4; VErsusy, and an Eyring plot was used to obtain the

racemase behaves like proline racemase (also a two-base racemas@)grresponding activation parameters (Figure 7). The enthal
for which the interconversion of two free forms of the enzyimecomes P 9 P (Fig ) Py

: 9
rate-determining as concentrations of substrate and product approacH e®) and entropy TAS'e () of activation are 15.4k
“oversaturation” (i.e., [R)-proline] and [©)-proline] = ~34Ky) (68). 0.4 kcal/mol andt2.0+ 0.1 kcal/mol at 25C, respectively,

Scheme 2 would not be valid under such conditions. However, our corresponding to a free energy of activatiME,(R)) equal
assay conditions are such that the concentratioR &§-mandelate does to +13.4+ 0.4 kcal/mol at 25°C
not exceed 2 mM (i.e5-2.5Ky). This is well below the concentrations The 'Lhermt.)dynamic parametérs describing the formation

of substrate and product required to yield the oversaturation kinetics _ 'Y
observed for proline racemase. of the enzyme-substrate complex in the transition state were
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Ficure 7: Effect of temperature oky/T for mandelate racemase
acting on R)-mandelate. Error bars represent the error in determin-
ing the value of theg-intercept from plots of X, as a function of
relative solvent viscosity. Inset: Dependence d&f l(average of
two determinations) on relative solvent viscosity at®@(a), 15

°C (a), 20°C (<), 25°C (#), 30°C (O), 35°C (m), 40°C (O),

and 45°C (@) using sucrose as the viscosogen.
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Ficure 8: Effect of temperature on K for mandelate racemase
acting on R)-mandelate. For each poirk;, was determined from
the relationshiX« = knoif (ko/Km). Each point represents the average
of two determinations.

0.0032

obtained from a van’t Hoff plot (Figure 8) &€y, whereK

= knor/(Ko/Krm). The nonenzymatic rate constarksof) were
obtained by extrapolation of values determined by Bearne
and Wolfenden13) to temperatures between 10 and°45

The enthalpy AHy) and entropy TASx) changes ac-
companying formation of the enzymsubstrate complex in
the transition state are22.9 4+ 0.8 kcal/mol and+1.8 +

0.8 kcal/mol at 25°C, corresponding to a free energy of
formation for the enzymesubstrate complex in the transition
state AGy) equal to—24.7+ 1.0 kcal/mol at 25°C. The
thermodynamic parameters describing mandelate racemas
catalysis are summarized in Figure 9.

DISCUSSION

Biochemistry, Vol. 41, No. 12, 2002055

_ AGH,on = +34.6 keal/mol
40 AH%,0n = +30.9 kecal/mol
AG = -24.7 keal/mol TASE,,, = —3.7 keal/mol
[— | AHy = —22.9 kcal/mol - N Shon
TASy = +1.8kcalimol | +»  S* '\ 2
’ \
30 |- \
= — \
g AGF = +13.4 keal/mol \
T 20 [~ | AH* = +15.4 keal/mol \\
2 TASt = +2.0 keal/mol \
5 — U \
": v \
o + Y
& 10 ES \
\
- \
0
E +(S)
— E-(R) E - (S)
AG = —4.1 keal/mol
-10 L. AH = -8.9 kcal/mol
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FIGURE 9: Free energy profiles (pH 7.5, 2&) for the uncatalyzed

(dashed line) and mandelate racemase-catalyzed (solid line) race-
mization of R)-mandelate R)] and §)-mandelate [§)]. Energy
barriers are drawn to scale using free energies calculated from the
rate constants for both the enzymatic reaction (Table 2) and the
nonenzymatic reactiorl) using the Eyring equatiork{= (ksT/

h) exp(-AG*/RT)]. ES' is the enzyme substrate complex in the
transition state and*3s the altered substrate in the transition state
for the corresponding nonenzymatic reaction. For simplicity, the
“enolic intermediate” $8) is not shown on the profile. (Values are
calculated for a standard state of 1 M.)

enzymes stabilize reactive intermediates and transition states
through numerous synergistic proteiligand 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 constari, (eq 1), it was necessary to
confirm that, for mandelate racemagg, = Ks and thatk.a/

Km andk.q were not limited by substrate binding or product
release, respectively.

Viscosity EffectsTo accurately estimate the affinity of the
enzyme for the altered substrate in the transition st&g (
using eq 1, either the rate constant describing the chemical
step must be determined directly or it must be shown that

Reither substrate encounter nor product dissociation is rate-

determining. The viscosity dependencekef{Kn and kea
were used to assess the degree to which substrate association
and/or product dissociation were rate-determining for the

The enthalpy and entropy changes that accompany progresseaction catalyzed by mandelate racemase. Our observation

along the reaction coordinate of both an enzyme-catalyzed
reaction (not involving a covalent enzymsubstrate adduct)

that the value ok in both theR— SandS— R directions
depends on the solvent viscosity is qualitative evidence that

and the corresponding nonenzymatic reaction have beenthe rate of product releasés(or k-1 in Scheme 1) is not

described for only a few enzymes including fumarase,
ribonuclease A, and carbonic anhydradé)(and more

recently cytidine deaminasé®). For each of these enzymes,
enthalpy is the major contributor to the transition state
stabilization free energy, providing additional evidence that

significantly faster than the rate of chemical interconversion
of bound enantiomersk{, k-;). In addition, a viscosity
dependence fdt../Kn was observed in both tHe — Sand

S— R directions, suggesting that substrate binding is also
partially rate-determining for mandelate racemase catalysis.
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Interestingly, the values d§ andk_3 are about +2 orders on to form free product. This observation is in agreement
of magnitude lower than typical values of diffusive associa- with the prediction of Gerlt and GassmaBg| that, for

tion rate constants for enzymatic reactio23)( Such low enzyme-catalyzed concerted general agjdneral base reac-
values for association rate constants may arise because théons, the rate of enolization of the substrate carbon acid is
conformation of the unliganded enzyme required for substrate expected to be similar to the rates of substrate binding and/
binding exists as a rare forr3%),2 extensive desolvation of  or product release. Because the sum of the rate constants
both the substrate and the active site is requi@sl $0), for the chemical steps (i.&,2 + k) is similar in magnitude
nonproductive substrate binding occur®2); or a rate- to the rate constants for product dissociatiknar k-1), the
determining conformational change occurs after substrateobserved value ok.,: underestimateg, by approximately
binding but prior to the chemical ste@Q 51, 52). For 30% in either directiot. The efficiency of mandelate
example, substrate binding and concomitant chelation of theracemase catalysis, therefore, is limited in both directions
active site M§"™ may be accompanied by slow displacement as much by the diffusion-controlled external steps as it is
of the water molecules coordinated to the metal ion (and by the rate of chemical conversion of the bound substrate to
possibly a concomitant conformational change) which may bound product. Given these physical constraints, mandelate
limit the apparent rate of association. X-ray crystal structures racemase may be regarded asearly perfect enzyme.

of mandelate racemase have revealed the presence of éndeed, there is little evolutionary pressure for an enzyme
flexible loop (residues 1930) which is closed over the active to evolve such that it can catalyze a chemical step faster
site when substrate is boung) (Viscosity effects may arise  than the rates for the physical exchange of substrate or
because the opening and closing motions of this flexible loop product with solvent §9, 60). Other enzymes such as
contribute to the physical barrier which limits external steps. carbonic anhydrasé{) andf-lactamase4?), which are also
Rapid opening and closing motions have been reported foronly partially limited by the rates of diffusion, are considered
the catalytically essential mobile loops found in triosephos- to have reached the limit of their evolution, such that no
phate isomerase58, 54) and Yersinia protein tyrosine further improvements in the rate of their chemical steps can
phosphatase 56), and the rates of these motions are increase their overall enzyme efficiency.

compatible with on rates approaching the diffusion limit. For  Substrate BindingThe dissociation constants fdR)¢ and
triosephosphate isomerase, the loop-open form of the unli-(S)-mandelate were determined using a kinetic approach in
ganded enzyme is favored over the loop-closed form by 1.8 which (R S)-mandelate was used to competitively inhibit the
kcal/mol G3). If mandelate racemase behaves like these racemization of the alternative substrat®);§-nitromande-
enzymes, then the loop-open form would not constitute a late. The inhibition constant forRS)-mandelate was sub-
rare form of the enzyme and it is unlikely that loop motions sequently used to calculate the true substrate dissociation
would limit the apparent rate of substrate association. constants. The 10-fold reduction kga/Km for (S-p-nitro-
However, release of product from mandelate racemase maymandelate, relative to that foBtmandelate, was not initially
well be limited by the rate of loop opening. The loop-closed expected since the electron-withdrawing bromo and chloro
form of triosephosphate isomerase is favored by-2.8 para-substituted mandelic acids have valuek.gK., that
kcal/mol when ligand is boundsg), and loop opening has  are greater than that observed for mandelajeHowever,
been suggested to be responsible for the external kinetic stephe absence of saturation kinetics at concentrationS)ef (
that limits k. for other enzymes including staphylococcal

nuclease .38)' dihydrofolate reductase5@), and orotate 4Because proton abstraction is not solely rate-determining, the
phosphoribosyltransferasé? 57). observed deuterium kinetic isotope effects, reported previodsgoy,

The partia| Viscosity dependence of mandelate racemasdikely underestimate the intrinsic deqterium isotope eff&9).(The
catalysis at 25°C was used to directly estimate the rate |2 O 0 G EEEEe At e o the forward
constants (Table 3) for the kinetic mechanism shown in and reverse enzyme-catalyzed reactions using eqs 17 and 18, derived
Scheme 1. The free energy barrier for racemization of boundfollowing the method described by Northrop0j and assuming that
substrate, in both reaction directions, is approximately 1 kcal/ the forV\Lard and reverse intrinsic kinetic isotope effects are equal (i.e.,

: : o Kar/kap = K-2n/K-2p).
mol greater than the free energy barriers for dissociation of

bound ligands, indicating that, for mandelate racemase, Koy (Kot Ko\M
enzyme-substrate or enzymeproduct dissociation is not ViR kg ks
significantly favored over proton abstraction. For example, v RS K, + K\H 17)
under initial velocity conditions in thé&k — S direction, ° ( K )
approximately 85% of the enzymeroduct complex goes " ° K\
v e ()
3 Proline racemagehas been reported to exist in two forms, each H —_2b -1 (18)

binding only one of the enantiomeric substra®@)(These two enzyme VTR k, + ko)
forms are presumed to differ in the protonation states of their active K_

site bases which catalyze proton abstraction. If a similar scenario held 1

for mandelate racemase, then at low substrate concentrations, ap-The values ofVu/Vp are equal to 3.2Gt 0.11 and 3.56+ 0.12 for
proximately 50% of the enzyme would be available for reaction with catalysis in theR — S and S — R directions, respectively2().

a single enantiomer. This hardly constitutes a rare form of the enzyme, Substitution of these values and the values for the rate constants from
and at low substrate concentrations, proline racemase is not limited by Table 3 into eqs 17 and 18 giv&sy/kop = 4.1+ 0.5 andk_/k—2p =
interconversion of the two enzyme forn@8J. An alternative hypothesis 4.6+ 0.5 for catalysis in th&® — SandS— Rdirections. Interestingly,

is that the free enzyme exists in an equilibrium between a loop-open these values are less than those expected for “normal” deuterium isotope
and a loop-closed form, with the former species being the rare form. effects ku/ko = 6—10 (69)] but are consistent with the occurrence of
However, this possibility also seems unlikely for reasons discussed in late transition states for enzyme-catalyzed proton abstraction in both
the text. the forward and reverse reactiors8( 69).
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p-nitromandelate up to 15 mM indicates that binding 9f ( thereby providing a mechanism for lowering the free energy
p-nitromandelate is unfavorable, accounting for the decreasedof activation on the enzyme. Such a positix&' for the

KealKm value. enzyme-catalyzed reaction could arise from either an enzyme
We have shown that, for mandelate racemase, the Michae-conformational change, as implicated by the viscosity
lis constant K, is equal to the dissociation constaHis). variation results, and/or changes in solvation during the

This result agrees with previous experiments in whiGh reaction 64).

was calculated from protection experiments using the ir- Thermodynamics of Transition State Affinitfter a
reversible inactivatorR,S)-phenylglycidate §2) and mag-  gpstrate is bound by an enzyme, the affinity of the enzyme
netic resonance titration$3). In addition, our values for ¢ the substrate increases by a factor proportional to the
the rate constants obtained using the viscosity variation o+a enhancement produced by that enzyide8, 19). We
method also support this conclusion. Two sets of conditions 56 ysed the method of viscosity variation to determine the

i i R)— ~ — R)—
W.'” saﬂsfyheq 16 f’UCh th*m;)) et lk‘lllkl N Kfj( ) man'_ . rate constantlkg) corresponding to the chemical conversion
First, the chemical step may be completely rate-determining ¢, nq R)-mandelate into$-mandelate, thereby permit-

In ';Eekfolr(war?_'and revetrr?_e directions ("Ie"% > ke, k;?b?nd ith ting us to accurately estimate the value of the true rate
ks > ke, k-2). However, this scenario is not compatible wi enhancementkf/k.o) and calculate the virtual dissociation

the partial wﬁpc;]s[ty dQeE[)enciﬁn;:?hexhlijlted fby kr)n?n(ilelate onstant for the enzymesubstrate complex in the transition
racemase, which indicates that the rates ot substrale anc;,;o Kw). Values ofKi were estimated over a range of

product dISSIOCIatIOI’] are similar to the rate of chem|ca|. temperatures by dividing the rate constant for the reaction
Itgteeg;??a\&eerssgrg Zf ng%? sgasgjgit?;tispzi?duftisz%%nd, Ifin the absence of enzymk,},, obtained by extrapolation of
the internal equiligrium constankAk-,) is ar%.;(;ximately the data of Bearne and Wolfendeb3] by the apparent
unity, thenK,, ~ Ks. The rate const;mts shown in Table 1 secor_1d-0rder rate constaktKy for th_e anyme-catalyzed
confi’rm thatn':his i .the case for mandelate racemase reactlor! at the same temperature. It is important to note that
' calculation ofKy usingk.o/Knm rather thark,/K, would result
- K_ 1Ky + K_iKs + Koy in an underestimation of the affinity of the enzyme for the
K, R-man= (16) altered substrate in the transition state. The variationkaf 1/
Ki(k_p + ko 1 ko) 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 enzymgansition state complex
(17). The importance of such interactions in mandelate
racemase catalysis has been suggested by X-ray crystal

Changes in Enthalpy and Entropy during Catalysi¢e
have investigated the temperature dependenég,@&ndk;
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 theR — S
direction (data are summarized in Table 3 and Figure 9).
itfg;;r:t{%%nﬁ?j / r;lgrl’s)' fosgg?é?ﬁmﬁd tr?g f?)? me;;;cgglpéyf/ structures qf bound _ground-state ligan8sand site-directed
noncovalent interactions between the enzyme and themutagenesus experiment8, 13, 65, 66).
substrate in the enzymeubstrate complex. In addition, The entropy change associated withdingof the altered
substrate bmdmg is accompanied by a loss of entre-py_g substrate in the transition state is estimated torA&y =
kcal/mol at 25°C). For the chemical step, a substantial +1.8 kcal/mol at 25C. Positive entropies for transition state
enthalpy of activation is associated with catalystsl$.4 binding have been reported for fumaradé)(and cytidine
kcal/mol) which is similar to the enthalpy of activation deaminaself). Whether the positive entropic component
recently reported for cytidine deaminads); Although this of transition state stabilization by mandelate racemase arises
enthalpy change is large relative to values ef1® kcal/ from the release of an ordered water molecule from the active
mol reported for other enzyme4T), it does, nevertheless, Site as is believed to be the case for cytidine deamirkge (
represent an impressive 15 kcal/mol decrease in activation67) or from more general changes in solvation and enzyme
enthalpy relative to the nonenzymatic reactiotf = +30.9 conformation is not presently clear.
kcal/mol (L3)]. This AAH* is well within the range exhibited Thus, mandelate racemase stabilizes the transition state
by other enzymes NAH* = 7-33 kcal/mol) (6, 17). for proton abstractionAGy) by reducing the enthalpy of
Interestingly, unlike cytidine deaminask, the release of  activation (byAH) and increasing the entropy of activation
enthalpy accompanying substrate binding does not match theby AS,) relative to the nonenzymatic reaction. Molecular
enthalpy of activation associated with the subsequent chemi-interactions between mandelate racemase and its altered
cal step. The free energy of activation for the enzymatic sypstrate in the transition state appear to be maximized to
reaction is accompanied by a favorable gain in entre.Q the extent that diffusion-dependent processes are partially
kcal/mol) while a loss of entropy is associated with the rate-determining, suggesting that mandelate racemase has

nonenzymatic reactiom\S" = —3.7 at 25°C). The positive  eyolved close to the limit of its catalytic proficiency.
difference in activation entropies (i.&AAS = +5.7 kcal/

mol) between the enzymatic and nonenzymatic reactions iISACKNOWLEDGMENT

in qualitative agreement with the prediction of Gerlt and

Gassmang8) that the intrinsic entropy of activation for a We express our thanks to Shauna Drover for conducting
concerted enzymatic reaction is expected to be less negativehe resolution of-nitromandelate. (S.D. was supported by
than the corresponding base-catalyzed nonenzymatic reactionan NSERC summer undergraduate research award.)
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