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Mandelate Racemase in Pieces: Effective Concentrations of Enzyme Functional
Groups in the Transition Stdte
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ABSTRACT. Mandelate racemase (EC 5.1.2.2) catalyzes the abstraction of a proton from a carbon atom
adjacent to a carboxylate function, a reaction which is kinetically and thermodynamically unfavorable.
Proton NMR spectroscopy and polarimetry were used to measure the rates of deuterium incorporation
into theo-position of mandelate and the racemization®f(handelate, after samples had been incubated

at elevated temperatures. Using an Arrhenius plot, the value of the free energy of activation for racemization
and deuterium exchange was calculated to be 3#@®9) kcal/mol under neutral conditions, at 26.

This result indicates that mandelate racemase produces a remarkable rate enhancement({)-7

fold], and a level of transition state affinitiK = 2 x 1071° M), that surpasses the levels achieved by
most enzymes. Methylamine, imidazole, and acetate catalyzed the nonenzymatic hydiegenium
exchange reaction at 1€, and the values of the second-order rate constants are:R.2)(x 1075,

13.4 &0.7) x 10°° and <4 (+1) x 107 M1 s7%, respectively. By comparing wild-type mandelate
racemase’s proficiency as a catalyst with the proficiencies of these small molecules which correspond to
the missing pieces in the variant enzymes Lys166Arg [Kallarakal, AefTal. (1995) Biochemistry 34
2788-2797], His297Asn [Landro, J. Agt al. (1991) Biochemistry 309274-9281], and Glu317GIn

[Mitra, B., et al. (1995) Biochemistry 3427772787], we estimate the effective concentrations of the
catalytic side chains of Lys 166, His 297, and Glu 312822,>3 x 1(? and>3 x 1% M, respectively,

in the native protein. These observations support the view that generatgmsidral base catalysis,
inefficient in simple model systems, becomes an efficient mode of catalysis when structural complementarity
between an enzyme and its substrate is optimized in the transition state.

Mandelate racemase (EC 5.1.2.2) catalyzes the intercon-Scheme 1

version of the two stereoisomers of mandelic acid (Scheme OH
1) (Hegeman, 1970; Kenyon & Hegeman, 1979; Kengbn e — delat H_C_Coz
al., 1995). Isotope exchange and site-directed mutagenesis T:c"e,ﬁ:see

experiments indicate that mandelic acid racemization pro-

ceeds by a two-base mechanism, Lys 166 and His 297

abstracting thex-proton from §-mandelate andR)-man-

delate, respectively (Powers al., 1991; Neidhartet al., (R) - mandelate - mandelate

1991; Landroet al, 1991). Site-directed mutagenesis

experiments indicate that Glu 317 is also important for species which is stabilized by formation of a strong “low-

catalysis, functioning as a general acid (Migtaal., 1995). barrier” hydrogen bond to the-carboxyl function of Glu

Catalysis by mandelate racemase raises a puzzling question317 (Gerltet al,, 1991; Gerlt & Gassman, 1992, 1993a,b;

How can enzymes catalyze rapid carbdtydrogen bond Mitra et al, 1995). Guthrie and Kluger (1993) have argued

cleavage of carbon acids with relatively higKpvalues? that the problem is essentially thermodynamic and that

To effect catalysis, mandelate racemase must solve twoelectrostatic stabilization in combination with a reduction

problems. First, proton abstraction from carbon acids is in medium polarity may be sufficient to stabilize the

inherently slow (Eigen, 1964; Albery, 1982; Chiaagal, inherently unstable enol or enolate species formed during

1988) so that the enzyme faces a kinetic barrier. Second,catalysis. Although the relative contributions of these two

the enolate or enol intermediate formed is unstable (Chiangeffects to catalysis are not known, it is clear that mande-

et al, 1990; Amyes & Richard, 1996) and thus poses a late racemase must be very proficient at discriminating

thermodynamic problem for the enzyme. between the substrate in the ground state and the altered
Recently, Gerlt and Gassman have proposed that the high-Substrate in the transition state, binding the latter species with

energy intermediate formed during catalysis is an “enolic” greater affinity and reducing the activation barrier for the

reaction [Polanyi, 1921; for a review, see Wolfenden
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provided by mandelate racemase, and how susceptible is theemperatures ranging between 130 and 230 Each tube
nonenzymatic reaction to catalysis by molecules that re- contained 50Q:L of (R)-mandelic acid solution and was
semble groups at the active site? The results indicate thatincubated at the appropriate temperature in a Thermolyne
mandelate racemase produces a remarkable level of transitiod 7900 furnace. Tubes were removed at various time points,
state stabilization, surpassing the levels that are achieved bycooled to 4°C, and stored at this temperature until analyzed
most enzymes. Comparison of this enzyme’s catalytic using either proton NMR spectroscopy (Bruker AMX-500
proficiency with those of small molecules corresponding to NMR spectrometer) or polarimetry (Perkin-Elmer model 241
the missing pieces in the variant enzymes Glu317GIn (Mitra polarimeter).
et al, 1995), Lys166Arg (Kallarakakt al, 1995), and The rate of racemization oRj-mandelate in both kD
His297Asn (Landrcet al, 1991) allows estimation of the and DO was determined by following the change in
effective concentrations of the catalytic side chains of Glu observed optical rotation as a function of time. Mandelate
317, Lys 166, and His 297, respectively, in the native protein. solution (400uL) was removed from the reaction tubes
corresponding to various time points and diluted to a total
EXPERIMENTAL PROCEDURES volume of 2 mL with water. The first-order rate constant

Materials. (R)-Mandelic acid was purchased from Aldrich for (R)-mandelate racem_ization was determined fr_om linear
Chemical Co., and no impurities were detected by proton plots of the natural logarithm of the observed rotation (at 25
NMR spectroscopy. All other chemicals were analytical ~C USing sodium D light) against time. _ _
grade and used without further purification. Deuterium exchange into mandelate was _determlned using

Kinetic MeasurementsThe temperature dependence of proton NMR Spectroscopy. Mandelate solqun_(,ﬂtﬂ)!))was.
the first-order rate constants for exchange of ¢proton rgmoveq from the reac'tlon tubes corresponding to various
of (R)-mandelate with deuterium in & and for the time points and placed in an NMR tube. Standard pyrazine

ot ; lution (300uL of a 0.75 M solution in RO) was then
racemization of R)-mandelate in KO and DO was deter- SO :
mined as follows. For experiments conducted in water, 2dd€d to bring the total volume to 70Q. The extent of

solutions contained mandelic acid (0.5 M) and potassium deuterium incorporation into the-position of mandelate was

phosphate (0.1 M, pH 7.5). For experiments conducted in palculated by comparing the loss of the integratgd signal
D0, solutions contained potassium mandelate (0.5 M) and intensity of the mandelate.-proton resonance with the

deuterium-exchanged potassium phosphate (0.1 M, pD 7_5).integral of the pyraz_ine s_ignal. Th_e observed first-_order rate
In all experiments, the ionic strength was maintained at 0.93 constant for deuterium incorporation was determined from

with KCI. pH meter readings were converted to pD values Iirrllea}r ﬁlOtSf of Irrwl(x—_proton intggral)fzgainsy time. We found
using the equation of Fife and Bruice (1961). : at c} olgvmg t de ||n<t:orpo.rat|o'\r|1N(|)R eutezlum at tbep03|—b th
Reactions were conducted in sealed quartz tubes (4 mm fon of (R)-mandelate using spectroscopy was bo

inside diameter, 1 mm thick, obtained from G. M. Associates, more precise and more accurate than following the change

Inc., Oakland, Ca) (Radzicka & Wolfenden, 1995, 1996) at in optical rotation by polarimetry. For this reason, the
' ' ' ' deuterium exchange method was employed in all experiments

— ~ to determine the effect of small molecules on the rate of
1In a recent review, it has been suggested that very strong binding

of the transition state geometry may not be required, because theracernlzatlon {ide infra). .
conventional transition state binding scheme does not take into account  Effect of Small Molecules on the HydrogeDeuterium
an enzyme'’s ability to preorganize bound substrates or to interfere with Exchange RateThe effect of potassium phosphate (0-05

the ability of solvent water to retard some nonenzymatic reactions g 357 M), imidazole (0.£1.0 M), potassium acetate 40

(Cannonet al, 1996). Those objections appear questionable to us, in - -
several respects. Although enzymes are expected to bind substrates irq)'8 M), methylamine (6:0.8 M), and MgC4 (0-0.277 M)

an arrangement conducive to reaction, the structural details of ES areOn the rate of deuterium incorporation into tbeposition
not expected to affect transition state binding affinity, whose magnitude of mandelate was investigated at 100. Solutions of R)-

is based on an equation of state. Thus, the maximal free energy with ; ;
which an enzyme binds the altered substrate in the transition state isrnand(:"lm.e (0.1 M) in BD at pD 7.5 were prepared essem!a”y
evaluated by comparing the rate constant of the uncatalyzed reaction@S described for the temperature dependence experiments

with the second-order rate constant of the enzyme-catalyzed reactionexcept that one of these additional compounds was present
and requires no reference to the state of organization of the substratest the concentrations indicated. Methylamine and acetate

in ES or of other intermediate species that may arise on the path to the : : :
transition state (Wolfenden, 1974; Schowen, 1978). Second, while solutions were buffered at pD 7.5 with 0.01 M potassium

solvent water retards the rate of some nonenzymatic reactions, solvatingPhosphate, and magnesium solutions were buffered with 0.01
the ground state more effectively than the transition state, reactions of M imidazole. When the effects of imidazole and phosphate
this kind are not expected to depart from expectations based on the\are investigated, these compounds themselves served to

usual scheme in which all species are assumed to remain in solvation .
equilibrium (Wolfenden, 1972, 1983). This scheme embraces conven- buffer the solution at pD 7.5. The temperature dependence

tional examples of “catalysis by desolvation”; nonpolar transition state 0f the second-order rate constant for imidazole-catalyzed
analogue inhibitors have been devised for enzymes catalyzing reactionsgeuterium exchange was determined at temperatures ranging
of this type [see, for example, Gutowski and Lienhard (1976)]. The between 130 and 19TC

formal possibility that solventelaxationeffects, rather than equilibria ) . . .

of solvation, might limit the rate of a nonenzymatic reaction remains 1 he dependence of the rate of deuterium incorporation as
to be considered. If an enzyme were to catalyze a reaction by removinga function of pD was investigated at 17C. Potassium

this kinetic impediment, then the enzyme’s transition state binding gcetate (0.160.80 M, pD 4.8), methylamine (0.690.80 M,

affinity might seem to be overestimated, on the basis of a simple .
comparison of rate constants. However, solvent water is known to relax pD 10.6), potassium pyrophosphate (G-QL10 M, pD 9.4),

very rapidly, and solvent relaxation effects have been observed only imidazole (0.16-0.57 M, pD 6.5; 0.16-1.00 M, pD 7.5 and
in fast reactions such as photolysis (Maroncellial, 1989). Most 8.5), and potassium phosphate (G090 M, pD 2.12;

biological reactions, like that catalyzed by mandelate racemase, proceedo 05-0.357 M, pD 7.5; 0.050.185 M, pD 12.3) were used
very slowly indeed in the absence of enzymes. It would therefore be ' ! o : ! .

surprising if solvent relaxation impeded the progress of biological O bUﬁe_r 5_0|Uti0n5 of R-mandelate (0.10 M) at the pD
reactions to a substantial extent in the absence of enzymes. values indicated. Mandelate (0-:20.50 M) was used to
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10* We’c "7 Tvdocc Table 1: Activation Parameters for Racemization and Exchange of
the a-Hydrogen of R)-Mandelate
10° E
= \ process AG? AH¥ AS (cal
£ 4o ] monitored  solvent (kcal/mol) (kcal/mol) moltK™%)
& racemization HO  35@2) 31.9 ¢0.9) —9.3 (£0.4)
o 10° ] racemization BO 34 (1) 30.7 (£0.7) —12.7 (£0.4)
® °H exchange DO 34.6&0.9) 30.90.4) —12.6 &0.3)
104k ?H exchange D,O 35@E4) 32 &2) —10 (1)
’H exchange D,O 322 29 @&1) —11.7 &0.6)
S \\ catalyzed by
1050 20 21 22 23 24 25 26 imidazolé
1000/T (K 2The data were obtained at pD 7.5 with hof 0.93.° The free

energy of activation is calculated with the temperature equal tC25
¢ Using first-order rate constants in 0.1 M phosphate buffersing

th talvzed and imidazol talvzed h f deuterium int first-order rate constants obtained by extrapolation of imidazole catalysis
€ uncatalyzed and Imidazole-catalyzed exchange of deuterium in 0pIots to zero buffer concentratiofActivation parameters are for

the a-position of R)-mandelate, respectively, at pD 7.5. Curves <. ond-order rate constants.
shown are linear regression lines of the observed rate constant
plotted as a logarithmic function of the reciprocal absolute temp-
erature. The enthalpy and entropy of activation for the uncatalyzed Taple 2: Second-Order Rate Constants for Exchange of the
and imidazole-catalyzed exchange reactions are given in Table 1.4-Hydrogen of R)-Mandelate Catalyzed by Various Species

Ficure 1: Effect of temperature on the first-order rate constlant,
(s7)) (@), and the second-order rate constémn(M 1 s71) (a), for

buffer the solution at pD 3.4. The rate of deuterium incor- Spe?'e_s and pD value ke (x10°M 77"
poration into R)-mandelate (0.10 M) was also measured in 'm'fgzo'e 14 :3)
solutions of KOD (0.05-0.50 M) and DCI (0.16-0.50 M). 6.5 18 &1)

All solutions were adjusted to the desired pD value using 7.5 13.4 ¢0.7)
solutions of either DCI or KOD in BD. Prior to use, the 8.5 4.9 (0.6)
exchangeable protons on imidazole, methylamine hydro- phﬁbshate b
chloride, and potassium phosphate were replaced by deute- 2.1 2.3 (£0.6)
rium by dissolution of the compound in,D and subsequent 7.5 1.9 ¢0.2)
removal of the solvent by rotary evaporatiangQ °C). This 12.3 27 £5)
process was repeated three times. In all cases, the ionic acgti‘te 0.25 £:0.02)
strength was maintained at 0.93 with KCI. Solutions were 48 6.1 e:o.é)
incubated at 170C for various times and analyzed using 7.5 <0.04 &0.01)
NMR spectroscopy as described above (except that the methylamine
concentration of the standard pyrazine solution was 0.075 1-056 é-g Etgg
M). First-order rate constants were determined in triplicate. 123 b '

Average values of these rate constants were plotted as a MgCl¢ 1.87 (0.09)
function of the concentration of the small molecule under noné ki=4(£1) x 10°s™

study, and the second-order rate constants were calculated 2The data were obtained at 17G; | = 0.93.® No buffer catalysis
from the slopes of the linear regression lines. Buffer- observed®pD = 7.5.
independent first-order rate constants were obtained at each
pD value by extrapolation to zero buffer concentration gigyre 1, and the corresponding activation parameters are
(Jencks, 1987). Reported errors are standard deviations. given in Table 1. Increasing the pD causes a marked
RESULTS decrease i_n thg value of the second-order rate constant with
no catalysis being observed at pD 12.3 (Table 2 and Figure
Activation Parameters. First-order rate constants for 2). These data indicate that the imidazolium ion is a more
racemization of R)-mandelate and exchange of itshy- effective catalyst than neutral imidazole. The values of the
drogen atom with deuterium were determined at temperaturesfirst-order rate constants corresponding to pD values of 6.5,
ranging from 130 to 190C with the results shown in Figure 7.5, and 8.5 are 4.8 10°%,6.5x 10°% and 4.1x 10 ®s™%,
1. Within experimental error, the values of the rate constants respectively.
for racemization (data not shown) and exchange are equal. Phosphate buffer also catalyzeshydrogen exchange
The entropy and enthalpy of activation for the racemization (Figure 3A). The value of the second-order rate constant is
of (R)-mandelate in KO and BO, and for the exchange of 1.9 #0.2) x 105M~1stat pD 7.5 and 170C (Table 2).
the mandelatex-hydrogen with deuterium, are shown in Extrapolation to zero buffer concentration gives a value for
Table 1. Activation parameters are the same for racemizationthe observed first-order rate constant of 4@(4) x 106
anda-hydrogen exchange, and the free energy of activation s~ under these conditions. At pD 12.3, the value of the
is 35 kcal/mol at 25C. No solvent isotope effect(10%) second-order rate constant is increased approximately 13-
was detected. fold, indicating that the phosphate trianion is the most
Effect of Small Molecules on the HydrogeDeuterium efficient catalyst. Magnesium ion catalyzes the exchange
Exchange Rate.Imidazole catalyzes the exchange of the reaction (Figure 3B) with the value of the second-order rate
o-hydrogen of R)-mandelate with deuterium. The value of constant equal to 1.940.1) x 10°M~*stat pD 7.5 and
the second-order rate constant for buffer catalysis is 13.4170°C. The value of the observed first-order rate constant
(£0.7)x 10°M~tstatpD 7.5 and 170C. The effect of at pD 7.5, obtained by extrapolation to zero magnesium
temperature on the second-order rate constant is shown inconcentration, is 4.0#40.2) x 1078 s,
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15 The dependence of the observed first-order rate constant

for deuterium exchange on pD is shown in Figure 5.
Between pD 4 and 10, the observed first-order rate constant
is pD-independent. Exchange is catalyzed by both acid and
base as indicated by the ascending curves having slopes of
—1 and 1 for pD values less than 1.0 and greater than 12.0.
The rate of exchange can be described using the rate equation

(eq 1)
d([2-°HIM)/dt = KpdM] oo

k, x105s™
>

wn

0 N . . ) R
0 02 04 06 08 10 1.2

limidazole],,,,, M = ko, [MD][D ] + k(M 1+
Ficure 2: Dependence of the observed first-order rate constant - -
for exchange of deuterium into tleposition of ®)-mandelate on kOD*[M 10D ] (1)
imidazole concentration at pD values of 64)(7.5 ©), and 8.5 where M- and MD represent the mandelate anion and its

) at 170°C. Reaction mixtures containeR)fmandelate (0.5 M - R . .
gm%}l deuterium-exchanged imidazole (6110 Ksl) in DO; | =(0.93.) conjugate acid in BD, respectively. The observed first-

Second-order rate constants (Table 2) at each pD value wereOrder rate constant for deuterium exchaniggyis related
calculated from the slopes of the linear regression lines shown. Datato the deuteronium ion concentration as shown in eq 2:

at pD values 4.8 and 12.3 are not shown. s N
_ kD+[D ] + knonKa+ kOD_ KWKel[D ]
Methylamine catalyzes the exchange reaction (Figure 4), Kops =

T
and the value of the second-order rate constant is£2082) [D7]+K,
x 105 M1 st at pD 7.5 and 170C. Extrapolation to  whereK,, = [D*][OD "] andKj, is the dissociation constant
zero methylamine concentration gives a value for the for mandelic acid in RO at 170°C. Equation 2 correctly
observed first-order rate constant of 420(8) x 1076 s? describes the shape of the piate curve shown in Figure

at pD 7.5. No catalysis is observed at pD 12.3, indicating 5. The curve has been fit to eq 2 using the following
that the methylammonium ion is the catalyst. Acetate has values: kp+ = 3 (£1) x 10°M1 5%, kop— = 3.3 (0.6)
little or no effect on the rate af-hydrogen exchange at pD  x 103 M1 5%, ko= 4.2 (£0.9) x 10°¢s7L, K= 4.9 x

7.5 (Figure 4). An upper limit for the value of the second- 1073 M, andK,, = 1.95x 10~ M? (Windholz, 1983). Any
order rate constant for catalysis of the exchange reaction isattempt at a detailed interpretation of the -piate profile

<4 (1) x 107 M~ s1. Extrapolation to zero acetate may be inappropriate, since the exact pD values of the
concentration at this pD value gives a value for the observedsolutions, the K, of mandelic acid, and the ionization
first-order rate constant of 4.530.06) x 10°%s % When constant of RO are not known at 170C. Accordingly,

the pD is decreased to 4.8, a 150-fold increase in the valuethere is some question as to the accuracy of curve fitting,
of the second-order rate constant is observed (Table 2).and the exact value of pD at room temperature to which the
However, as the pD value is decreased further to 2.1, theexperimental points correspond. This uncertainty in the-pD
value of the second-order rate constant also decreases. Itate profile does not affect the analysis presented in the
appears that the optimal pD value for acetate catalysispresent work, however. The major significance of the pD-
corresponds to the pD value at which mandelate is presentrate profile is in showing that the nonenzymatic first-order
as the anion and acetate is present as its conjugate acid. rate constant for hydrogerdeuterium exchange, measured

Rate Constant for Uncatalyzed HydrogeBeuterium &t PD 7.5, is pD-independent.
Exchange at 170C. The first-order rate constants, ob-
tained by extrapolation of the buffer catalysis plots (Fig- DISCUSSION
ures 2-4) to zero buffer concentration, can be used to Nonenzymatic Racemization of Mandelate
calculate the first-order rate constant for the uncatalyzed
deuterium exchange reaction at pD 7.5 and 220 Al- In the absence of enzyme, racemization of mandelate is
though the observed first-order rate constants obtained fromso slow that it has only been observed at elevated temper-
the methylamine and acetate data contain a component ofatures in the presence of concentrated acid (Campbell &
catalysis due to the presence of 0.01 M phosphate used tacCampbell, 1932; Chiangt al., 1990) or alkali (Campbell &
buffer the solutions, it can be seen from Figure 3A that the Campbell, 1932; Erlenmeyet al., 1936; Pocker, 1958). In
effect of the phosphate is negligible. This is also true for the present work, we were able to measure rate constants
the first-order rate constant obtained by extrapolation to zero for the exchange of deuterium and racemization in neutral
magnesium concentration, which has a negligible contribu- solution. First-order rate constants for racemization of
tion to the rate by the 0.01 M imidazole buffer. The first- mandelate in KO at pH 7.5 were found to be equal, within
order rate constant at 17C, determined in the temperature experimental error, to first-order rate constants for racem-
dependence study (Figure 1), is 6<000°¢ s™1. This value ization of mandelate in fD at pD 7.5. These rate constants
was obtained in the presence of 0.1 M phosphate whichwere also equal, within experimental error, to the first-
enhanced the rate 1.5-fold at this temperature (Figure 3A). order rate constants for incorporation of deuterium into the
After correction for the effect of the phosphate buffer is a-position of mandelate in D at pD 7.5. Thus, deuterium
made, a value of 4.6 107 s is obtained. The average exchange occurs with a first-order rate constant that is
value of the first-order rate constant for the uncatalyzed equivalent to the rate constant for racemization. This
exchange of the-hydrogen of R)-mandelate with deuterium  observation agrees with Pocker's conclusion (Pocker,
at pD 7.5 and 170C is 4 @&1) x 106 st (Table 2). 1958) that the rate of mandelate racemization in aque-

()
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[phosphate]iota, M

Bearne and Wolfenden

0 0:1 0:2 0.3 0.4
[MgClp], M

Ficure 3: (A) Dependence of the observed first-order rate constant for exchange of deuterium intpak#&ion of R)-mandelate on
phosphate buffer concentration at pD 24&0),(pD 7.5 @), and pD 12.3M) at 170°C. Reaction mixtures containeB)¢mandelate (0.1 M
for pD 12.3 and pD 2.1 and 0.5 M for pD 7.5) and deuterium-exchanged phosphate @®00M at pD 2.12, 0.050.357 M at pD 7.5,
and 0.05-0.185 M at pD 12.3) in BO; | = 0.93. (B) Dependence of the observed first-order rate constant for the exchange reaction on the
divalent magnesium ion concentration at pD 7.5 and XZ(Reaction mixtures containeR)¢mandelate (0.5 M), MgGI(0—0.277 M), and

deuterium-exchanged imidazole buffer (0.01 M) ig@)| = 0.93. Second-order rate constants (Table 2) were calculated from the slopes

of the linear regression lines shown.

I_ ) ' 4

30

0 . . . .
0 0.2 04 06 0.8
[methylamine or acetate], M

log kypg (s™)

6 8
pD

10 12 14

Ficure 5: Dependence of the observed first-order rate constant

Ficure 4: Dependence of the observed first-order rate constant for exchange of deuterium into tleposition of R)-mandelate on
for exchange of deuterium into tleeposition of R)-mandelate on pD at 170°C. Experimental conditions are as described in the text.
the methylamine concentratio®) and the acetate concentration The curve shown is from a fit to the equatikgs = (ko*[D*]2 +

(O) at pD 7.5 and 170°C. Reaction mixtures containedR)¢ KnolKa + koo KwKH/[DN/([D*] + Kj). The values fokop-, kpt,
mandelate (0.5 M), deuterium-exchanged phosphate buffer (0.01andknnare 3.3 £0.6) x 103 M1 s1, 3 (£1) x 10°M~1s7Y

M), and either deuterium-exchanged methylamine or potassium and 4.2 £0.9) x 107 s7%, respectively. Dashed lines shown have
acetate (68-0.8 M) in D,O; | = 0.93. Second-order rate constants slopes of—1 and 1.

at pD 7.5 (Table 2) were calculated from the slopes of the linear

regression lines shown. Data for methylamine at pD 10.6 and 12.3 heen estimated as29 (Gerltet al, 1991). The mandelate

and for acetate at pD 2.1 and 4.8 are not shown.

ous NaOH furnishes a measure of the rate of carbanion
Evidently, the ion pair, which is formed im-

formation.
mediately upon cleavage of the carbdmnydrogen bond,

separates and diffuses into the solution so rapidly that each
deprotonation results in exchange (Carey & Sundberg, 1984).

dianion therefore lies above the mandelate anion by ap-
proximately 29 kcal/mol in free energy at pH 7.5. The value
of the free energy of activation determined in the present

work is compatible with any of the species shown in Figure

6 [the neutral enolX), the enolate anior2, or the enolate
dianion @)] being an intermediate in the exchange reaction.

The enthalpy and entropy of activation (from exchange Transition State Stabilization by Mandelate Racemase

experiments) are 30.940.4) kcal/mol and-12.6 @0.3) cal
mol~t K™%, respectively. Therefore, at 2&, the free energy
of activation for exchange (or racemization) is 3446)(9)
kcal/mol. Kresge and co-workers (Chiamy al, 1990;
Kresge, 1991) have studied the mandelic acid ketwol
system and determined that th&g(where Ke = [enol]/
[ketone]) of mandelic acid is 15.4 and th&jof the enol
tautomer is 6.62. These values, in combination with g p

An upper limit can be estimated for the dissociation
constant of an enzyme’s complex with the altered substrate
in the transition stateK(y) by dividing the rate constant for
the reaction in the absence of enzyrkg,] by the catalytic
efficiency of the enzymek(/Kn) [for reviews, see Wolfend-
en (1974, 1976)]. To determine the rate of mandelate
racemization in the absence of enzyme, we measured the

for mandelic acid, 3.41 (Jencks & Regenstein, 1968), canrate of racemization of R)-mandelate and the rate of
be used to show that at pH 7.5 mandelic acid enol lies abovedeuterium exchange with three-hydrogen of R)-mandelate

mandelate ion with aAG of 26.5 kcal/mol and that the
enolate ion lies above mandelate withA& of 25.3 kcal/
mol (Kresge, 1991). Although thekgvalue of theo.-proton

in neutral solution. At 25C, the free energy of activation
for racemization is 34.640.9) kcal/mol, corresponding to
a nonenzymatic rate constant equal tot2) x 10713 s,

of the mandelate anion has not been measured, its value ha€omparison ofk,.n with the turnover numberk{, = 500
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FIGuRe 6: Free energy profile (pH 7.5 and 2%) for the
racemization of R)-mandelate (Man) in the absence of enzyme
(dashed line) and in the presence of mandelate racemase [solid line
from Mitra et al. (1995)]. Mari represents the altered mandelate
in the transition state. The free energy of the erdpland enolate
anion @) are calculated from the data of Chiaagal. (1990) and
Kresge (1991). The free energy of the enolate dianighnig
calculated assuming that th&pvalue of theo-proton of mandelate

is ~29 (Gerltet al, 1991).
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and methylamine are the most efficient catalysts. Acetate,
in contrast, showed little or no effect on the rate of the
exchange reaction under neutral conditions. At lower pD
values however, acetate enhances the rate of reaction,
indicating that its conjugate acid is probably the catalyst.
Phosphate also catalyzes the exchange reaction, the trianion
being most effective. These findings are not unexpected,
since the enolization of other carbonyl compounds has been
shown to be subject to both general acid and general base
catalysis (Kresge & Keeffe, 1990). Also of interest is the
finding that magnesium ion catalyzes deuterium exchange,
perhaps by reducing the negative charge on the carboxylate
group (Guthrie & Kluger, 1993).

AG® Values and Effecte Molarities of Catalytic
Residues at the Ack Site of Mandelate Racemase

The X-ray structure of mandelate racemase isolated from
Pseudomonas putidaas been reported (Neidhaet al,
1991), and several active site catalytic residues have been
identified (Figure 7). The reaction catalyzed by mandelate

s71) reported for the mandelate racemase-catalyzed racemJacemase proceeds via a two-base mechanism (Paters

ization of R)-mandelate (Mitraet al,, 1995) indicates a rate
enhancement of (1.% 10Y%)-fold at pH 7.5 and 25°C.
Comparison ofk,o, with the value ofk./Ky (Table 3)
indicates that the upper limit of the dissociation constant of
the enzyme-substrate complex in the transition stakg)
is approximately 2x 107%® M. Accordingly, mandelate
racemase stabilizes the altered substrate in the transition stat
(AGy) by at least—26 kcal/mol (Figure 65.

Many enzymes catalyze the abstraction of a proton from
a carbon atom adjacent to a carbonyl/carboxylic acid group
with KeafKm values of~ 100—10 M1 s, This is illustrated

al., 1991) in which Lys 166 abstracts theproton from §)-
mandelate (Landret al,, 1994; Kallarakakt al., 1995) and

His 297 abstracts the-proton of R)-mandelate (Landret

al., 1991). Glu 317 is believed to function as a general acid
catalyst, stabilizing an enolic intermediate by a “short, strong
hydrogen bond” (Mitreet al, 1995). Each of these amino
gcids has been altered by site-directed mutagenesis, and large
reductions in the values &f,/K,, have been reported (Table

3). In the present work, we determined the effect of
methylamine, imidazole, and acetate on the rate of hydregen
deuterium exchange in the absence of enzyme, using these

in Table 5 for mandelate racemase, fumarase, triose-Simple molecules as models for the side chains of Lys 166,
phosphate isomerase, and ketosteroid isomerase. In solution1is 297, and Glu 317, each of which has been cut away in

the K, values of thea-protons of most aldehydes and
ketones are-16—20, whereas thelfy values of thex-carbon
atoms of most carboxylate anions ax®9 (Gerlt et al,
1991). To abstract a proton from a carbon atom, an enzyme
must overcome both a kinetic barrier (Eigen, 1964; Albery,
1982; Chianget al,, 1988) and (because the corresponding
enolates are unstable) a thermodynamic barrier (Ché&ng
al., 1990; Amyes & Richard, 1996). Hence, the nonenzy-
matic rate constants for conversion of glyceraldehyde

3-phosphate to dihydroxyacetone phosphate and for conver-
sion of 5-androstene-3,17-dione to 4-androstene-3,17-dione

are 6-8 orders of magnitude greater than the nonenzymatic
rate constants for mandelate racemization and malate dehy
dration. The magnitudes of the transition state stabilization
provided by mandelate racemase and fumarase are cor

one of the variant forms of mandelate racemase.

The effective molarity of a side chain of a catalytic residue
within the active site of mandelate racemase can be estimated
by “cutting” the enzyme into two pieces and comparing the
proficiency of the variant enzymd{ @ with a truncated
side chain, and the missing piec&f'*®9, measured
individually, with the proficiency of the wild-type mandelate
racemase or “whole” enzymeKg{"). The ratio Ky
(KivarianK, piec§ should furnish a measure of the advantage

2|f there is a difference in mechanism between the enzymatic and
nonenzymatic reactions, or if the rate of the enzyme reaction is limited
by some event that does not involve bond making or breaking in the
substrate, then the value & represents an upper limit for the
dissociation constant of the enzymsubstrate complex in the transition

state (Wolfenden, 1976). In the reaction catalyzed by mandelate

respondingly greater than that provided by triose-phosphateracemase, both proton abstraction from the substrate and reprotonation

isomerase or ketosteroid isomerase, by approximately05
kcal/mol (Table 5§

Catalysis by Small Molecules

To determine the susceptibility of the nonenzymatic
hydrogen-deuterium exchange reaction to catalysis by small
molecules, we examined the effect of imidazole, methyl-

to form the product are partially rate-determining (Migtal, 1995).

31t should be noted that for the enzymes fumarase, triose-phosphate
isomerase, and ketosteroid isomerase the vall&.a$ an upper limit
since the rate-limiting process does not involve carbimydrogen bond
making or breaking. The rate-limiting step of the fumarase-catalyzed
reaction may involve product release (Blanchard & Cleland, 1980;
Sweet & Blanchard, 1990), or proton exchange, accompanied by a slow
conformational isomerization (Ros¢ al,, 1992, 1993). Catalysis by
triose-phosphate isomerase is limited solely by the diffusion of the
substrate into the active site (Blacklat al,, 1988). The free energy

amine, acetate, phosphate, and magnesium ion on thisprofile for the ketosteroid isomerase-catalyzed conversion of 5-andros-

reaction at 170°C. Both methylamine and imidazole

enhance the rate of deuterium exchange at pD 7.5. The

variation of the value of the second-order rate constant with
pD (Table 2) indicates that the conjugate acids of imidazole

tene-3,17-dione to 4-androstene-3,17-dione is remarkably similar to that
of triose-phosphate isomerase; no single step appears to be cleanly rate-
limiting so that both chemical steps and the diffusion of substrate and
enzyme make significant contributions to the observed rate constant
(Hawkinsonet al.,, 1991).
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Table 3: Enzymatic and Nonenzymatic Kinetic Parameters for Mandelate RacemizationHyttogen Exchange

variant mandelate missing Knon (25 °C)2 Knon (170°C)° iecd KealKm (wild type) KealKm (variant)
racemase piece (x108s7) (x10°¢s™) (x10°M1s}) (M~ts) M-ts)
Glu317GIr acetate 342) 4 (1) <0.04 (0.01) 1.3 £0.2) x 10° 42 (£8)
Lys166Ard methylamine 342) 4 (+1) 2.8 &0.2) 1.4 @0.3) x 10° 360 (£75)
His297Asit imidazole 3¢2) 4 (1) 13.4 ¢0.7) 3.3(0.3) x 10 <33

aNonenzymatic rate constant at 26 obtained by extrapolation from the Arrhenius plot (Figure®lonenzymatic rate constant obtained at
170°C and pD 7.5 with ai = 0.93. ¢ keo/Kr, values for the wild type and variant enzymes are from Mitral. (1995).¢ keaf/Km values for the wild
type and variant enzymes are from Kallaragahl. (1995).° keofKm value for the wild type is from Landret al. (1991); thek../Km value for the
variant is based ok, being less than 0.001% of the wild tygg: (Kenyonet al, 1995) and assuming that th&, of the variant is unchanged from
that of the wild type. All enzyme kinetic constants are for the conversiofiRpf{andelate to)-mandelate.

Table 4: Free Energy Changes for Transition State Stabilization and Effective Molarities of Active Site Catalytic Residues

variant mandelate AGy™ AGyaiant AGypece AGS effective
racemase (kcal/molp (kcal/molp (kcal/molp (kcal/moly molarity (M)°
Glu317GIn —25.3 —19.2 >1.4 >7.5 >3 x 10°
Lys166Arg —25.4 —20.5 -1.1 >3.8 >622
His297Asn —25.9 >-19.1 —-2.1 24.7 >3 x 10°

aFree energy changes are for the association of the species indicated and the altered mandelate in the tran$itdBSstateGy, aant 4
AGyPiece — AGuM, © Effective molarity= expAGYRT).

Table 5: Transition State Stabilization by Enzymes Catalyzing Proton Abstraction from Carbon Acids

pK, Of Keal Km AGy

enzyme reaction substrate (M~1s%)d Knon (S7Y)© (kcal/mol
mandelate racemase R)tmandelate— (S)-mandelate ~2% 1.3x 10¢° 3.0x 10713 —26
fumarase P-malate— fumarate >22-30° 7.1x 10 7.6x 107 -30
triose-phosphate isomerase R 9)-glyceraldehyde 3-P- dihydroxyacetone P ~17? 2.4x 10° 4.3x 107 -19
ketosteroid isomerase 5-androstene-3,17-dieneandrostene-3,17-dione 12.7 3.0x 10° 1.7x 1077 —-21

aGerltet al. (1991).° Approximation; cf. Gerlet al. (1991).¢ Zeng and Pollack (1991Y.Enzyme kinetic parameters were obtained for mandelate
racemase from Mitrat al. (1995), for fumarase from Bearne and Wolfenden (1995), for triose-phosphate isomerase from Putman (1972), and for
ketosteroid isomerase from Pollaekal. (1989).¢ Nonenzymatic reaction rate constants were obtained for mandelate racemase from this study, for
fumarase from Bearne and Wolfenden (1995), for triose-phosphate isomerase from Hall and Knowles (1975), and for ketosteroid isomerase from
Hawkinsonet al. (1991).f Free energy changes are for association of the indicated enzyme and the altered substrate in the transition state. These
values were calculated using the equatit®x = RT In[knod/(KealKm)] (S€€ fOOtNOtE 2).

shown in Table 4. K values for wild-type mandelate
racemase and variant proteins are calculated by dividing the
rate constant for racemization in the absence of enzimge (

at 25°C, Table 3) by the catalytic efficiency of the desired
enzyme speciek{a/Km). These values can be converted to
free energies of transition state stabilization, and the results
are presented in Table 4. The connection free enex@?\

is calculated using the free energies of transition state
stabilization provided by wild-type mandelate racemase, the
variant forms of mandelate racemase, and the corresponding

Lys 166——NH,
H

1l
Ph. 2 /O- --H-0-C—Glu 317

HO
HN/\ + S
NH
=

O -- Haﬁ—~Lys 164
\MQ2’+
His 297

FIGURE 7: Schematic representation of the active site of mandelate
racemase showing the active site residues Lys 166, His 297, and

Glu 317 and the substrat&{mandelate [based on Neidhaittal.
(1991) and Mitraet al. (1995)].

that is gained by combining the two pieces within a single
molecule. The approach used to calculate the effective
molarity of the Lys 166, His 297, and Glu 317 side chains
at the active site of mandelate racemase is outlined below
(Please refer to the Appendix for a more detailed description
of this analysis.)
Division of the value of the observed first-order rate

constant for uncatalyzed exchange at 1€y the observed

active site pieces (see the Appendix and Table 4).

Thus, the energetic advantages that mandelate racemase
gains by having the side chains of the catalytic residues Lys
166, His 297, and Glu 317 covalently attached within the
active site are=3.8,>4.7, and>7.5 kcal/mol, respectively.

The corresponding “effective concentrations” of the reactive
side chains of Lys 166, His 297, and Glu 317 aig22,>3
x 10, and=3 x 1P M, respectively.

Caveats

second-order rate constant for the buffer-catalyzed exchange (A) Mechanism and lonization Stategny or all of the

(Kpiece i Table 3) yields the value dkyPec® [=knor170 “O)
koiecd fOr these species at 17AC. Since the enthalpy of
activation is approximately the same for both the imidazole-

three reactions, used for comparison with that of wild-type
mandelate racemase to calculate the valuéGf, could
involve a mechanism differing from that of the wild-type

catalyzed and uncatalyzed exchange reactions (parallel lineenzyme. The expected consequences of such variation in

in Figure 1), the ratioknon™"® “kpiece Is expected to be
essentially the same at 26. The values oKyP*®ccan then

mechanism are discussed in detail in the Appendix. Little
is known about the mechanism of mandelate enolization

be converted into free energy values, and these values arainder neutral conditions, so one can only speculate as to



Side Chain Effective Molarities in Mandelate Racemase Biochemistry, Vol. 36, No. 7, 19971653

how differences in mechanism might affect the present act as a general acid, it might be argued that the second-
analysis of mandelate racemase catalysis. Recently, Amyeorder rate constant for catalysis by the neutral forms of
and Richard (1996) reported that the exchange of solventimidazole and methylamine, and for the conjugate acid of
deuterium with the firsti-proton of ethyl acetate in J® is acetate, should be compared with the uncatalyzed rate
catalyzed by deuteroxide and 3-substituted quinuclidines. constant. A simpler approach is to treat the piece as a
They found no significant exchange by a termolecular separate entity that has been completely removed from the
mechanism involving general acithase catalysis of eno- active site. With this approacihGSis expected to contain
lization [cf. Hegarty and Jencks (1975)] and concluded that free energy contributions that include all possible modes of
deprotonation of ethyl acetate by general bases is limited interaction that the side chain experiences at the active site.
by the diffusional separation of the intimate ion pair The ionization state of any particular piece in the active site
BH*-"CH,CO,Et and that the transition state for proton depends on the microenvironment that it experiences and
transfer in water strongly resembles the enolate ion. Amyeswould be difficult to establish theoretically. Through
and Richard suggest that concerted formation of the enolscomparison of the piece free in solution (and in the ionization
of simple carboxylic acid derivatives is not a significant state dictated by the pH of that solution) with the piece
pathway for proton abstraction from such compounds in attached at the active site of the enzyme in the same solution,
agueous solution. AGS is expected to represent thatal energetic advantage
Both the observation that the variant enzymes His297Asn that mandelate racemase gains by having the amino acid side
(Landroet al, 1991) and Lys166Arg (Kallaraket al.,, 1995) chain covalently bound at its active site, including free energy
catalyze deuteriumhydrogen exchange but not racemization terms due to restriction of movement, electrostatics, and
and examination of the energetics of mandelate racemizationmicroenvironmental effects. At present, any attempt at more
using two-dimensional Marcus theory (Guthrie & Kluger, detailed dissection oAG® would appear speculative.
1993) suggest that mandelate racemase catalyzes the inter- (B) Structural Effects. Ideally, the variant enzyme of
conversion of enantiomers by a stepwise mechanism. Gerltchoice is one in which the side chain of an active site residue
and Gassman (1992) have proposed that mandelate racemasfs been replaced by a methyl group. This replacement
catalyzes the initial formation of an enolic intermediate by would be expected to minimize interactions that could occur
concerted general acidyeneral base catalysis and that this if the side chain had not been sufficiently truncated. It is
effects a substantial reduction in the activation barrier. also possible, of course, that site-directed mutagenesis might
However, Guthrie and Kluger (1993) argued that stepwise |ead to more general perturbation of the structure of the active
enolization with electrostatic stabilization of the enolate site, resulting in increased values AfGS. However, the
intermediate may be sufficient to lower the activation barrier, X-ray crystal structures of mandelate racemase variants show

rendering it unnecessary to invoke concerted generalacid no detectable differences in active site geometry, other than
base catalysis. In the absence of more detailed informationthose due to simple replacement of a functional group

about the mechanism of action of mandelate racemase, it(Landroet al, 1991; Mitraet al, 1995; Kallarakalet al.,
seems reasonable to assume that both variant and wild-type1995). Although small structural perturbations might escape
mandelate racemases catalyze enolization of the substratejetection by these methods, structural variations are unlikely

by a stepwise mechanism, similar to that observed for to be a major determinant of th&GS values determined in
nonenzymatic hydrogerdeuterium exchange. this work.

How do the mechanisms of catalysis by acetate, meth- |t should be noted that, while the replacement of histidine
ylamine, and imidazole, as “pieces”, compare with the py asparagine in the His297Asn variant effectively removes
probable mechanisms of catalysis by the correspondinggeneral base catalyst from the active site, this is not the
amino gmd side chains in wild-type mandelate racemase?:aqe for the Lys166Arg variant. The value kaf/Kn for
Both His 297 and Lys 166 are expected to act as generalihe | ys166Arg variant probably exceeds the value expected
base catalysts for deprotonation of mandelate (Laeded, if the general base catalyst had been completely removed.
1991, 1994; Kallarakakt al, 1995). It has also been g the value calculated for the effective concentration of

proposed that Glu 317 functions as a general acid (Mitra | ys 166 almost certainly represents an underestimate.
al., 1995). Yet each of the reactions catalyzed by acetate,

imidazole, and methylamine appears to involve general acid Catalysis andAGS
catalysis by the conjugate acid (or a kinetically indistinguish-
able combination of general base with specific acid catalysis). One of the functions of an enzyme is to serve as an
Although the reactions catalyzed by acetic acid and by the “entropy trap”, overcoming the entropic cost of gathering
native enzyme may proceed by similar mechanisms, thattogether free substrates from solution (Westheimer, 1962).
seems less likely for the reactions catalyzed by the imida- In a similar way, the catalytic residues at the active site can
zolium or methylammonium ions. Since their mechanisms be viewed as small molecules that have been already gathered
appear to differ from the mechanism of catalysis by the native from solution. Thus, an enzyme might be seen as gaining
enzyme, it seems likely that we have overestimated the an entropic advantage by having the functional groups of
transition state stabilization provided by these pieces. catalytic residues covalently bound within its active site. The
Therefore, theAGS values estimated as described above connection free energyAGS) furnishes an approximate
represent lower limits for the effective molarities of the amino measure of this “entropic” advantage, although these effects
acid side chains under consideration. may not find literal expression in units of entropy, for reasons
One may question which state of ionization of the piece discussed above (see Appendix; Page & Jencks, 1971;
should be compared with the active site amino acid side Jencks, 1975, 1981).
chain. Since His 297 and Lys 166 are expected to act as The energetic advantage that mandelate racemase gains
general base catalysts, and Glu 317 has been proposed tby having His 297 and Lys 166 covalently bound at its active
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site is small compared with that gained by Glu 317. These

differences in effective molarities are difficult to rationalize

in the absence of precise information about the structure of |

the enzyme-substrate complex in the transition state. Our |

results imply that, relative to the ground state, thear- :
I

boxylate function of Glu 317 is more constrained in the
enzyme-substrate complex in the transition state than either
the His 297 or Lys 166 side chains. This seems reasonable
considering the proposed role of Glu 317 as an electrophilic
catalyst (Mitraet al, 1995). The orientation that the
y-carboxylate of Glu 317 must occupy to form a hydrogen
bond with the developing intermediate may be strictly

willd -ty po onzyme varlan onzyn missing pleco

deﬁned. (HIs®0T) [han®*) fimkinzola)

What can be learned from the ground state structure? The
thermal motion of the side chain atoms of His 297, Lys 166,
and Glu 317 in the crystal may give some indication of the AW = aGy Yiont, 4, Plece. g8
extent to which these residues are constrained. The findingsgsre 8: Relationship between the connection free enefgyy
of Neidhartet al..(1993) indicate that the average values of and the transition state stabilization provided by wild-type mandelate
the temperaturB factor for the side chain atoms of His 297, racemaseXGy""), the variant mandelate racemase with a truncated
Lys 166, and Glu 317 are 2.8:0.8), 11 (&2), and 7 {3) side chain AG,'2"M), and the piece that corresponds to the side

N P ' ' chain remnant4AGyPe9. The free energy changes associated with
rgspectlyely. These vz_ilues do not |_nd|cate_that the_ Glu 317transition state stabilization correspond to the association of a
side chain is less mobile than the side chains of His 297 or particular enzyme species or piece with the altered mandelate in
Lys 166. X-ray crystal structures reveal that the distances the transition state (M&h
between thex-carbon of mandelate and teanitrogen atoms _ o
of His 297 and Lys 166 are 3.9 and 3.8 A, respectively 297, Lys 166, and Glu 317 in mandelate racemase are similar
(Kallarakalet al, 1995). The carboxylate oxygen atom of in magnitude to those described by Kirby and co-workers
mandelate that is not coordinated to the magnesium ion isin model systems. Our observations support the view that
believed to be hydrogen bonded to the carboxylic acid group 9eneral acie-general base catalysis becomes an efficient
of Glu 317, on the basis of the 2282.8 A O—0 distance mode of catalysis when structural complementarity between
between the bound substrate and the functional group@n enzyme and its substrate is optimized in the transition
(Landroet al, 1994; Kallarakakt al, 1995). Thus, inthe  State.
ground state, Glu 317 is located closer to its site of interaction APPENDIX
with the substrate than is His 297 or Lys 166. To the extent
that the geometry of the transition state resembles.that of connection Free EnergyAG9) and Effectie Molarity of
the ground statg, Glu 317 might also bg expected 'tc.) '”teraCtCataIytic Residues at an Enzyme AetiSite
more strongly with the altered substrate in the transition state, o . _
resulting in a higher effective molarity for Glu 317 than for ~ The role of cooperativity (or effective concentration) of

K1 1\'\.'1 < ':Hlnh'l\rlﬂHlHHprlﬂEﬂI

His 297 or Lys 66. the side chains of catalytic residues within the active site of
an enzyme can be estimated by cutting the enzyme into two
Comparison with the Effecte Molarities in pieces and comparing the proficiency of the variant enzyme
Intramolecular Acid-Catalyzed Enolization Reactions with a truncated side chairKf'a" = ko (Keal Km) 2181,
] ) ) and the missing remnanKgPe® = knor/kpiecd, measured
In simple intramolecular systems, general aagneral  jndividually, with the proficiency of the wild-type enzyme

base catalysis is typically characterized by effective molari- o whole enzymeKe™ = Knorf (keafKm)™] (Figure 8). This

ties on the order of £10 M (Kirby, 1980). Values of this  fyrnishes a measure of the advantage that is gained by

magnitude are too small to explain the observed rates Ofcombining the two pieces within a single molecule.

enzyme-catalyzed enolization reactions, as pointed out by  ysing an approach analogous to that described by Jencks

Gerltetal.(1991, 1992, 1993a,b). Such reactions may, how- (1975, 1981) for the binding of ligands, the observed free

ever, be subject to unusually stringent orientation effects [see.energy AG,™) of association of wild-type mandelate

for example, the discussion by Gandour (1981)]. Recently, ragcemase with its altered substrate in the transition state at

Kirby and his associates demonstrated that high effective 5 given temperature can be divided into three parts: (i) the

molarities can be attained in proton-transfer reactions, whengpserved intrinsic binding energy of a variant enzyme in

the geometry supports strong hydrogen bonding (Kirby & which an active site functional moiety has been cut away,

Williams, 1994; Kirby & O'Carroll, 1994). Hydrolysis of  AGui (variant: (ji) the observed intrinsic binding energy of the

Z andE enol ether groups in the 8-position of 1-(dimethyl- 5ctive site residue’s functional moietxGy e} and (i)

amino)naphthalene, for example, is catalyzed by the neigh-a connection free energ®GS, that represents the change

boring dimethylammonium group with an effective concen- iy probability of binding that results from connection of the

tration in excess of 60 000 M (Kirby & O'Carroll, 1994).  piece with the variant enzyme to form the wild-type enzyme.
It seems reasonable to speculate that, in enzymaticThese contributions are related by eq Al:

transition states, enzymesubstrate interactions are so inti- o o

mate that the geometric requirements of adidse catalysis AG,M = AG, "M + AG, ' P+ AG® (A1)

may be met with unusual precision. Consistent with this

possibility, the effective molarities that we observe for His The intrinsic binding energy of a given species, X, that is
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generated when an enzyme is divided into two pieces is givenuncatalyzed reaction, then either the observed valuk.gf (
by eq A2: Km)¥@1a or kpiece Must be greater than the values of the
_ corresponding rate constants for these reactions proceeding
AG, Y = AG,M" — AG, (A2) by the same mechanism as the wild-type enzyme and
uncatalyzed reaction, respectively. Second, if the variant
where AG,™ is the experimentally observed free energy enzyme reaction, the piece-catalyzed reaction, and the
change for the association of species X with the altered uncatalyzed reaction all proceed by a mechanism that is
substrate in the transition state. Therefore, the connectiondifferent from that of the wild-type enzyme, then these three
free energy can be calculated from observed free energyreactions would be faster than if they followed the same
changes using eq A3: mechanism as the wild-type enzyme. One might expect that
_ _ the observed values &f,, andk,eccare affected to the same
AG® = AG, "+ AG, P*®— AG, ™ (A3)  degree so that the apparent rakigu/kpece Will be close to
its actual value. However, the value d€4/Ky)vaam will
The expression foAGS may also be written in terms of rate  be greater than that which would be expected if the variant
constants as shown in eq A4: enzyme used the same mechanism as the wild-type enzyme.
_ This leads to an underestimation AGS. Finally, if the
AG® = RTIN[[(Kea/Ki) " (Kead K """ (KnorfKiocd] (A4) uncatalyzed reaction proceeds by a mechanism similar to
the reaction catalyzed by one of the pieces (more plausibly
This relationship is illustrated in Figure 8 for mandelate the reaction catalyzed by the small molecule rather than by
racemase. At first glance, the connection free energy mightthe variant enzyme), whereas the wild-type enzyme and the
be expected to find expression as an entropy term. However,other piece (in this case the variant enzyme) proceed by the
this free energy may also include changes in enthalpy arisingsame mechanism, then the valueAd®S should be roughly
from solvation effects, changes of enzyme conformation, or equal toits real value.
relief of strain (Jencks, 1981).
It is convenient to think thaAGS represents the energetic REFERENCES
advantage that the variant enzyme gains when the remnanfpery, w. J. (1982)J. Chem. Soc., Faraday Trans. 78579~
that has been cut away is covalently linked to the active site  1590.
as it is in the wild-type enzyme. Values &G° may Amyes, T. L., & Richard, J. P. (1996). Am. Chem. Soc. 118
therefore be used to estimate the effective molarity of _ 3129-3141.

catalytically active functions within the active sites of Begégg,_g,éE;Lé, & Wolfenden, R. (1993) Am. Chem. Soc. 117

enzymes. In principle, values afG® can corre_spond 10 Blacklow, S. C., Raines, R. T., Lim, W. A., Zamore, P. D., &
effective concentrations, or values Kf 2" K, YKy, "™, Knowles, J. R. (1988Biochemistry 271158-1167.

and might be expected to attain values e1—10° M, Blanchard, J. S., & Cleland, W. W. (198B)ochemistry 194506
depending on the tightness of binding in the enzyme _ 4513.

substrate complex in the transition state (Page & Jencks,caﬂpgggﬁag‘ég& Campbell, A. J. R. (1932) Am. Chem. Soc.

1971; Jencks, 1981). If the true intrinsic binding energy of Cannon, W. R., Singleton, S. F., & Benkovic, S. J. (198B}.
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