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Abstract

Many enzymescatalyze the heterolytiabstraction of the-proton from a carbomcid substrate.
Gerlt and Gassmanhave appliedMarcus formalism to such proton transfe¥actions to arguehat
transition state$or concerted general acid-general beatlyzed enolization at enzyraetive sites occur
late on the reaction coordinate [Gerlt, J.A., GassmRad, (1993) J. AmChem.Soc.115,11552-11568].
We postulate that as an enzyme evolvesiay decreasAG* for a proton transfer stepssociatedvith
substrateenolization by following the path of steepest descent on the two-dimensional surface
corresponding taG*, as defined by Marcus formalism. We show foatanenzyme thahasdecreased
AG following the path of steepest descent, the values of the intrinsic kia&f¢, () and thermodynamic
(AG°,) barriers for proton transfeeactions on the enzyme may be predidtedch the knownvalues of
AG*,, andAG° for the correspondingronenzymatic reaction and the free energyaaivation on the
enzyme AG*.). In addition, the enzymatitansition state will occuiater on the reaction coordinate than
the corresponding nonenzymatic transition state Xiez x',) if the condition(6-12)/8 < X'y, < (6++/2)/8
is satisfied. For enzyme-cataéd abstraction of the-proton from carboracid substratesvith high K,
values (e.g., I§, ~ 29), the free energy attivationfor the nonenzymatic reactiodG*,) is dominated by
AG°,. Reduction ofAG', via the path of steepestescent, will reducéG° to a greater exterfi.e.,

differential binding) thald\G*,,, if AG®, > 2AG .

int
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1. Introduction

Many enzymes catalyze the heterolytic abstraction otitpeoton from a carboacid substrate to
initiate 1,1-, 1,2-and 1,3-migrations of protons, aldol and Claisen condensations-afichination
reactions (Richard and Amyes, 2001; Kluger, 1990; Gerlt, 1998). According to Marcus foriiAdieny,
1980; Cohen and Marcus, 1968; Marcus, 19G@sge andsilverman,1999; Silverman,2000), the free
energy ofactivation AG¥) for such aunimolecularproton transfereaction may be partitioned into two

parts: (1)the thermodynamic barrieNG®), and (2)the intrinsic kinetic barrier \G* ) as shown in

int

equation 1 (wheré\{z°| < 4AG* ) (Maskill, 1985)7°°™°TE AG* is the hypothetical activation barrier in

int
the absence of a thermodynamic bar(ier., whenAG® = 0). The Marcus formalism employédetre
describeghe reaction coordinate as mverted parabola and the free enerd®g)(at any pointx on the

reaction coordinatérom substratex(= 0) to productX = 1) is related taAG® and AG*,_, as shown in

int

equation 2. The position of the transition state on the reaction coordihai@responds tthe maximum

of the function given in equation 2 and is described by equation 3.
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int T
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Enzymes that catalyze the heterolglustraction of a protoadjacent to aarbonyl or carboxylic
acid group @-proton of a carbon acid substrate as shown in scherfaed ywoproblems. Firstthe enol
or enolate intermediat®ermed is unstable angbbses ahermodynamic problenfor the enzyme (Amyes
andRichard,1996; Chiang eal., 2000; Richard edl., 2002; Thibblin and Jenck4,979). This problem
may be overcome by stabilization of the intermediate (i.e., decr&@&Sgthrough electrostatic stabilization
and H-bonding iteractions (Richard etl., 2002; Guthrie and Klwgy, 1993). Second, the rate of
nonenzymatic abstraction of tleeproton from a carboacid is slower than the rate of abstraction of a

proton from a heteroatom or nornaaid (HX, where X = N, O, or S) afqual acidity becausdG* , for

int
proton abstraction from a carbawnid (~12 kcal/mol) is larger than that of a normal aci&l 3 kcal/mol)
(Albery, 1982; Chiang edl., 1988; Eigen, 1964; Bernasconil992). Thisdifference is thought to arise

from changes in the orientations of solvent dipoles as the negative charge develops on thecsgdeemyl
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as thea-proton is abstracted (Bernasconi, 1992) and changes in the geontagycafbon atom (Guthrie,
1998). Gerlt and Gassman (Gerlt and Gassi@93,1993) pointed out thasuchsolvent reorganization
need not occuwithin an enzyme active sitind that the ydicious placement of an electrophilic catalyst
adjacent to thearbonyl oxygercan stabilize the developing negatigkarge on the carbonyxygen
thereby reducing the intrinsic kinetic barrier (i&G*,). In addition, the intrinsic kinetic barrier majso
be reduced through concerted general acid catalysis (Gerlt and Gassmani99389&erlt and Gassman,
1992; Gerlt et al., 1997).
INSERT: scheme 1 & Figure 1

As an enzyme evolves to becomenare proficientcatalyst, howdoes italter AG® and AG,,,
relative to each other, to achieve angfigant reduction ilAG*? Two proposalshavebeen put forward to
address this question (Figure 1irst, Albery, Knowles, and co-workerdeveloped a genertieorythat
relates the energetics of individisieps of an enzyme-cataéd reaction to the catalytic efficiency of the
enzyme (Albery and Knowle4,977; Burbaum edl., 1989). Accoding to their proposal, theatalytic
efficiency of an enzyme may be improved during evolution in three stages in order of incogésiity:
() “uniform binding”, (2) “differential binding”, and (3) “catalysis of an elementstgp” (Burbaum et
al., 1989; Albery and Knowles1976). Differential binding relates tthe enzyme’s ability toselectively
bind areactiveintermediaterelative tothe substrate irthe gound state,thereby decreasing the energy
difference between th&ubstrate anthe intermediate (i.ereduction ofAG® as shown in Figures 1C and
1D). Such differential binding woulequalize theelative energies of internal statéise., bound substrate

and intermediate)iging an internal equilibriuntonstant K. ) of approximately unityfor enzymesthat

int.
operateunder reversible conditionge., AG° = 0, see FigurdD). (For irreversible enzymesyound
intermediate will be favored ovdyound substrate an#,, >1 (Burbaum etal., 1989; Chin, 1983;
Stackhouse edl., 1985).) Oncedifferential bindinghas beenoptimized, an enzyme camnly improve
catalysis of an elementasgep througtselectivestabilization of the transition statelative tothe gound
state (i.e., reduction &G*).

In an alternative proposal, Gerlt, Gassman, and co-workers used Marcus formalism to argue that the
transition statdor concerted general acid-general base-catalyzed enzypmat@n transfers to and from

carbon atoms adjacent to carbonyl or carboxyl groups (enolizations) tateuos thereaction coordinate

(Gerlt and Gassman, 1993993; Gerlt and Gassman, 1992; Gerltakt 1991). Consquently, the
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predictedvalue ofK.  for the formation of the enolic(ate) intermedifitem the substrate athe enzyme

int
active siteshould besubstantiallyless thanunity (i.e., AG® > 0, see Figure 1B).Although Gerlt and
Gassman pointed out that the observed activation barriers for enzyme-catalyzed reactions could be achieve

by loweringboth AG® andAG*,,, they did not specify in whaatio these parameters might be altered.

int?

Herein, weusethe activationfree energy surfacéor a proton transfereaction, asdefined by Marcus

formalism, to develop a quantitative theoretidabcription of howboth AG® andAG* , might vary as the

int
activationbarrier on an enzyme is decreased along the path of steepest desesmievolution. In
addition, we defineonditions undewhich the enzymatitransition state will occulater on the reaction

coordinate relative to the location of the corresponding nonenzymatic transition state.

2. Results and Discussion

Path of Steepest Descentln terms ofMarcusformalism, twopossibleextremes of enzyme evolution
may be envisioned. First, an enzyme mighgtroveits efficiency by reducing onhAG* ., (i.e., enhancing
transition state stabilizatiomyvhile having no effect on théhermodynamic barrier. For extremely
endergonic reactions such as proton transfers from cadids,AG* is dominated byAG°, and reduction
in AG*,, alone cannot account for the observed rates of enzyme-catalyzed reactiond $8&)It Second,

an enzyme might improvés efficiency by reducing onldG® (i.e., enhancing differential bindingjhile

having no effect on the intrinsic kinetic barrier. Certainly, it is unlikely that these two extreme mechanisms

would operate in isolation sing&G° and AG*,, are not expected to be completely independent in an

int

enzyme’s activesite. Structural features that redu®° may also produce reductions &G, , andvice

int
versg especially if natural selection leads to the parsimonious use of catalytic groups at enxgseesc
(Gerlt and Gassman, 1999anson and Rosd975). Forexample, the electrostatic interactions within a
polar active site that stabilize tmeactiveintermediate (i.e., loweAG®) may also serve to stabilize the
transition state (Hammond955) and td'solvate” the reactant so that solvent reorganizaimrgies are
reducedrelative tothose ofthe correspondingionenzymatic reaction (i.e., loweridgG*, ) (Yadav et al.,
1991).

Figure 2 showshe level curves of econtour plotfor the two-dimensional activatiofiee energy

(AG") surface for a proton transfeeaction as defined bAG*  and AG® according to equation 1.

int

Assuming that proton transfer is rate-determining and that there is not a drastic chaeghanismthis
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surface representbe values ofAG* that could be sampled as an enzyemelvesand catalysis of the
proton transfer step is improvE™°™ 2 A plausible evolutionary strategy flmwering AG* is to follow
the path of steepest descéwim its value inthe absence of enzymAG*,) to its value onthe enzyme

(AG*). This path lowers bothG* , andAG® by the smallest amount each to yield the final valub®f..

int
Initially, mutations would generate enzymes with different valueS@ft that correspond to points on the
activation free energy surface (i.eAQ,, ., AG°., AG')) that varyabout the pointG*,, ,, AG®, AG)
in a stochastic fashion. Those enzymes with combinatioA$Ggf, . andAG°, that lie on orclose to the
path of steepest descent would have lower valuaA&gfand therefore be favored by natural selection.
INSERT: Figure 2

Starting at the pointA(G*im’N, AG°,) on thecontour plot, the path ofsteepest descent can be
calculated exactlysingthe implicit function gven in equation 4 oapproximately by following the path
corresponding to the maximum directional derivative at small discrete intervals. (Equation golsitiba

to differential equation 6.) The intersection of this paitn the level curve corresponding tdhe value of

AG', gives the values &G, . andAG°, as shown in Figure 2.

int? int

f(AG},AG°) = INAG], + f(AGE,  AGY ) - INAGE, (4)

where f(AG.i AGO) = (1/2)in

2
_ o} s o} ¥
b 2-(4n6°/nct, ) +(ac%/act,)

E(AGO/AGifﬂ) -2 —ﬁ%/aA@/AGﬁn) ~2+ ﬁa

Changes in Transition State Location.We now delimit regions on thEG* surface where lowering the

+

(5)
(1 ﬁ)ln

value ofAG* from AG¥, to AG'; along the path of steepest descent yieldsreaymatictransition statehat
occurs eithelater or earlier on the reaction coordinate thandmeespondingionenzymatic transition
state. Figure 3 shows examples of lines that intersect the level curves at vAlRBgs ahdAG® that yield

constantvalues ofx*. Setting theslope of suchlines (i.e., AG°/AG* ) equal to the gradient of the

int
maximum directionaberivative (equation 6) gives equation 7 (with= 0). The two lines defined by
equation 7 (with. = 0) partition theAG* surface into three r@ans asindicated by the yellovand blue
shading in Figures 2 and 3. Substitutiontlwé roots of equation Mith L = 0 (i.e., equation 8) into
equation 3 gives the values)fthat correspond to this criterion (equat®n Inthe regons shadedblue
wherel > 0 (i.e.X’ < (6-v2)/8 andx’ > (6+2)/8), the path of steepest descent yieldlies ofAG*, .

and AG°; such thatthe location of the transition stater enzyme-catgtzed proton abstraction occurs
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earlier on the reaction coordinate than does the corresponding transition state of the nonenzymatic reactior
(i.e.,x’z <x*,). However, in the region shaded yellow whiere 0 andx* satisfies condition 10, the path of
steepest descent will yield valuesi6¥, , . andAG®, that givex'y > x\. This difference is more evident in

Figure 3,which showsthe gradient vectors any gven initial combination ofAG* . and AG®, and their

int

relation to lines defined by specifiG°/AG* , ratios (i.e., constantvalues ofx?). Hence, in the yellow

int
region of theAG* surface (Figure 2)vherex’ is confinedbetween the values given tondition 10,
simultaneous lowering dG*,, andAG® by the path of steepest descent will result latatransition state
relative to that observed for the corresponding nonenzymatic reaction.

INSERT: Figure 3

dAG° _baGHD Doac* D 2aG, (6)
aGH,  9AGP EAG;I %Aeﬁn oo 4G ~AG°
g (ac°) (7)
(AGiTﬂ) - 20G°AG, + > =L
—AGi =2+./2 (8)
AGint
K =02 ©)

(10)

Ketosteroid Isomeraseand Mandelate Racemase. As examples, weonsiderthe proton abstraction
reactions catalyzed bketosteroid isomerase (KSI) amgandelate racemag®R) (scheme2). Both
enzymeshavebeen studied as paradigries enzymes thatatalyzerapid C—H bondcleavage ofcarbon
acidswith relatively high K, values (Gerlt1998; Ha etal., 2001; Pollack etl., 1999). However, the
burden borne by these enzymegjuste different. Theelative reactivity othe carboracid substrates 5-
androstene-3,17-dione Kp= 13) (Hawkinson edl., 1991) andmandelate (i, = 29) (Gerlt etal., 1991)
toward nonenzymatic proton transfer is determined primarily by theivglues. The ~1@nit difference
betweerthese two K, valuescorresponds to ~2Rcal/mol difference in the thermodynamic barriers to

nonenzymatic deprotonation of these substratesAN&; = —2.303RT\pK,). Howeverthe values of the
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nonenzymatic deprotonation of these substratesAN&; = —2.303RT\pK,). Howeverthe values of the
catalytic efficiency k_/K.) for KSI and MRare 3.0 x 10° M's™* and 6x 10° M's™, respectively,
corresponding to a 3kcal/mol difference in thectivationbarriers forthe enzyme-catalyzed reactions.
Hence, KSland MR arerepresentative of a general trend: rather lag@ation of the thermodynamic
barriers for proton transfers may be exhibited by nonenzymatic reawiitbnsnly limited variation of the
efficiencies k_/K,) of the corresponding rzyme-catalyzed reactions (Richard and Amy2801;
Radzicka and Wolfenden, 1995).

The values oAG",, , (13 kcal/mol) and\G°,, (11 kcal/mol) for thenonenzymatic, acetate-catalyzed
abstraction of a proton from 5-androstene-3,17-digeee estimated bidawkinsonet al (Hawkinson et
al., 1994). For MR, thealues ofAG*,,, andAG° may be estimated as follows. The obsersecbnd-
order rate constant K, = 13.4 + 0.7x 10° M™'s™") for the imidazole-catalyzed exchange of tne
hydrogen of R)-mandelate hadeen measured 470 °C (pD 7.5)(Bearne and Wolfenderi,997).
Extrapolation of thiszalue to 25 °Cusing the enthalpy of activatiorAH* = 29 kcal/mol) measured by
Bearne andWolfenden (Bearne and Wolfende©997) dves k, = 1.6 x 10™ M~'s™.  Further
extrapolation of this rate constant t§ g 29 (K, value ofthe a-proton ofthe mandelatanionhasbeen
estimated as ~29 (Gerlt et al., 1991)) u$ipg 0.7 (e.g.3. = 0.68 and 0.88 for base-catalyzed ezatibn
of acetophenone (Chiang &t, 1988) andacetone (Venimadhavan &, 1989), respectively), gives an
intrinsic rate constant ¢f = 3.7x 10 M™'s™. Since we are natonsidering workerms°°™°™ tin our
analysis, we mushow adjust the intrinsic rateonstant to reflect reacticinom an encountecomplex,
analogous tdhe enzyme-substrate complex. The equilibrium condtanformation of anencounter
complex with thenucleus of a basiatom located either above or below the acichebon hasbeen
estimated to be approximatedy017 M™* (Hine, 1971), and adjusting the intrinsite constant by this
factor (i.e.,k/0.017 M™) gives avalue of2.2 x 1(° s* corresponding to an intrinskénetic barrier of 9
kcal/mol. This value is in ageement with thevalue of 10.7 kcal/mol calculatedor the intrinsickinetic
barrier for hydroxide-catalyzed proton transfers fritiaa-carbons ofcarbonyl compounds (Guthrie and
Kluger, 1993; Guthrie, 1991). From the estimat&(d yalue ofthe a-proton ofmandelateand the K, of
imidazole (K, = 7.05,(Jencks and Regstein, 1968)), thealue of AG® is approximately 30 kcal/mol
(Gerlt, 1998). Thusfor nonenzymatic imidazole-catalyzed racemization of mandelate &, 2Be values

of AGY, andAG°, are approximately 9 kcal/mol and 30 kcal/mol, correspondifgto= 30.3 kcal/mol.
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INSERT: scheme 2
Figure 2 shows the path of steepest descent (calculated using equation 4) for laGefargooth
KSI and MR from the point\G*,, , AG®,, AG") to AG*."°°™°TE2 The curve for MRies at the top of
the yellow region because the thermodynamic baiwreformation of anenolatefrom the conjugate base
of a carboxylic acid is greater than that for an aldehyde, ketone, or ester. Since many carblolefisitks,
ketone, or ester substrates halfe yalues between 13-30 (i.AG° = 18-41kcal/mol) (Gerlt etal., 1991),

andAG*_, for proton abstraction from carbon acids is usuall kcal/mol, most points corresponding to

int
the nonenzymatic Marcus parametes&{,, ,, AG®,, AG'\) shouldlie within the yellow regpn shown in
Figure 2and, consequently, so will the curverrespondingthe steepest descepaths between the
nonenzymatic and enzymatic Marcus parameters. In addition, the position of the engmsition state
on the reaction coordinate will occur slightly later than that otctreespondinghonenzymatic reaction in
this region. This result agrees with the “late transition std&® proposed byGerlt andGassmarn(Gerlt
and Gassman, 1993). For KSI and MR, the estimated valugsasé 0.605 and 0.917 while the values of
x*., determined using the path of steepest descent are 0.630 and 0.927, respectively.

Because of the higlpropensity of areactiveintermediate toform product, it is difficult to
experimentally determine the concentrations of enzyme-bound intermediates relative to the bound substrate

To our knowledge, only one study Hasen conducted thabmpares thealues ofAG*  andAG® for an

int
enzyme-catalyzed enolization reaction to the valuesGf, andAG® for its correspondingionenzymatic
reaction. Using anestimate of the idsociation constantor the wild-type KSl-intermediate complex
(calculated from the dissociation constantor the D38N KSl-intermediate complex determined
experimentally), Pollacland co-workers determined thi&f, = 0.3 £ 0.2 forinterconversion obound
substrate and boundtermediate(Hawkinson etal., 1994). These findingsare indicated by the arrow
shown in Figure 2 and suppdhe Albery/Knowlesproposal(i.e., K,, = 1). Whethemeduction in the
activationfree energy barriefor a proton transfereactionduring evolution follows the path of steepest
descent, or follows another path because of additional pressures of natural selection is not §2t'¢léar.
? Although the value df,, = 0.3 for KSI is in agreeemt with expectationpredicted fronthe results of
previous studies (Hawkinson at, 1991; Brooks andBenisek, 1994), theauthors do cautiorthat

differencesbetween their calculateahd experimentally determined dissociation congianthe D38N

KSI-equilenin (an intermediate analogue) complex suggest that the valjjenaght be corrected t0.01.
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(This corresponds thG° = 2.73 kcal/mol, and using equations 1 and 3 thissfAG*,, . = 8.88kcal/mol
andx’ = 0.538.) Interestingly, Holman and Benisek (Holman Bedisek,1994) concluded fromtheir
studies on KSI bearing an alanine-3-sulfinate at position 38 that Brgfisted.75. Although this
estimate of3 is based on kinetics measured for only two formthefenzyme, iloes suggest r@latively

late transition state consistemtith the Gerlt/Gassman proposéle., K,, << 1). Recentstudies on the
formation and stability of enolates of acetamide acetateanions by Richareét al (Richard etl., 2002)

also suggest that enzymes can effect an increase in both the thermodynamic and kinetic stabdityof a
carbanion. Certainly more experimergaidiesare required to clearly describe how enzymes generally
alter intrinsic kinetic and thermodynamic barriers to achieve catalysis.

The evolutionary strategyiscussed irthe present worlassumes thagnzymes display nspecial
featuresthat selectively discriminate between thermodynamic driving forcand the intrinsickinetic
barrier for proton transfers from carbon acid substrates dtivexgpurse ofevolution. Because there are
many examples of enzymes stabilizibgund intermediates and transition stateslative to bound
reactants, aslemonstrated by the potent inhibition of enzymes by intermediate transitionstate
analogues (Wolfenden and Frick, 1987; Radzicka and Wolfenden, 1995), one could argue that as enzyme:
evolve, they selectively lowdG°, relative toAG*,, .. In fact, much othe proficiency of an enzyntaat
catalyzes the reaction of a carbmarid substrate arises frothe reduction oAG® becausesuch enzymes
often face a formidable thermodynamic bar(eg., largeAG®) and little advantage is to beaged by
lowering therelatively small intrinsic kinetic barrier.This accounts fothe tightbinding of intermediate

and transition state analogues. the yellow regon of Figure 2the ratios AG°/AG* ) describing the

int
reduction inAG®, relative taAG* , range between 0.59 and 3.41 (equationm)r values ofAGH, that fall
within the yellow regon shown in Figures 2 and 3 belbse to thdower boundary, the path ateepest
descent does not favor reduction of the thermodynamic beslaive tothe intrinsic kinetic barriete.g.,
for KSI (i.e., KSIa) AAG°/AAG',, = 0.65). However, foAG*, values thatie close to theupper boundary
of the yellow regn on thecontour plotwhere thecontour lineshave more curvature,reduction of the
thermodynamic barrier is favoreelative tothe intrinsic kinetic barrier (e.gfor MR, AAG°/AAGH, =
3.27). Interestingly, this degree of discrimination is similar toftnad experimentallyfor KSI (slope of

arrow shown in Figure @.e., KSIb), AAG°/AAGF,, = 3.43). For thosenzymes thatatalyze abstraction

of thea-proton from a carbon acid substrate with a highalue(i.e., whenAG*, is dominated bYAG®,
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as is the caswith MR), preferential reduction iAG°® is most advantageousndeed,for values ofAGH
whereAG°, > 2AG",,, the path of steepest descent will result in enhanced differbintdtihg suchthat

AG° will be reduced to a greater extent tis@* . (i.e., dAG°/dAG*,, > 1; see equation 6)Although the

int
results of the single study using KSI do not appeaufmportthe path of steepest descent aarse of
evolution, it may be thdbr more proficient enzymesuch as MRthe reduction oboth AG® and AG*,,
more closely follows the path of steepest descent during evolution.

At present, it is not possible to describeeagyal trendor the reduction oAG® relative toAG,,
over thecourse ofevolution because of the paucity of experimestaties thaspecifically measure the
intrinsic kinetic larriers of enzgne-catalyzed reactionsHowever,the present analysis does provide an

alternative framework for thinking about the application of Marcus formalism to enzymatic reactions.

3. Conclusions

The free energy ddctivationfor the nonenzymatic formation of an enolair is dominated by a
large thermodynamic barrieAG°) and consequently’ occurslate on thereaction coordinate.For an
enzyme that hasvolved bydecreasind\G* for anenolization reaction by following the path of steepest
descent on thAG* two-dimensional surface, as defined Marcusformalism, the values of the intrinsic
kinetic (AG*,, ) and thermodynamic\G°;,) barriers for proton transfeeactions on the enzyme may be
predicted using the knowaluesfrom the correspondingqionenzymatic reactiod\G*,,, andAG®,) and
the free energy of activation on the enzyt@’(). The values oAG®,, . andAG°,, determined irsuch a
manner,correspond to a position fdine enzymatidransition state on the reaction coordinate thadter
than that for the corresponding nonenzymatic transition state if condition 10 is satisfied. Sirateethe
of AG*,,, and AG°, for mostnonenzymatic enolization reactions are expectesatisfy condition 10,
enzymes catalyzing theorresponding reactions will al$@ve latetransition states iAG* for the proton
transfer step associatetth substrateenolization has been decreased following the path of steepest

descent. The path of steepest descent favors reduct@f oélative toAG*,, whenAG®,, dominates (i.e.,

int

AG°, > 2AG',,,) the activation free energy for the nonenzymatic reaciG,j.
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Footnotes

Footnote 1: For higher-ordereactionssuch asimolecular and termolecular reactiansolving general

acidic or generabasic catalystdylarcus formalisncanonly be applied tahe encounter complex of the

reacting species, unless the free energy change associated with formation of the ermoptegknown

as the work termw(), is also included in the analysis (i8G*,,.= AG* +w). For this reason, the present

analysis is restricted to comparisdretweenenzyme-bound species and an encounter conij@axeen

the general acidic or general basic catalyst and the substrate for the corresponding nonenzymatic reaction.
We recognize thatlarcus theory doekave amajor limitationbecause the reaction coordinate is

assumed to depend on just araiable. Most molecular reactionsvolve two or more reactiorevents

whoserelative progressalong the reaction coordinatariesfor different members of a reacticseries

(Grunwald,1985). Marcus theory haseen expandedpon bythe introduction of additiongbrogress

variables for each independentlyariable reaction event;however, such multidimensional Marcus

formalisms are not discussed in the present work and the analysis is presented in terms of one-dimensione

Marcus theory (Grunwald, 1985; Guthrie, 1996).

Footnote 2: There are many factorsat affect enzyme evolution including loclbstrateconcentrations,
levels of enzyme expression, enzyme concentration, flux of the metabolic pathway that conézingntiee
barriers to enzyme flexibility, asell asthe activation baiers associatedith chemicalsteps(Keleti and
Welch, 1984; Petterssof989). The present argument applies onlgvolutionarypressure tdower a

rate-limiting proton transfer reaction on an enzyme.

Footnote 3: No single step ofhe catalytic cycle of KSI or MRppears to be solely rate-limiting. For
KSI, enolization, ketonizatiorand product dissociatioare each partially rate-limitingHawkinson etal.,
1991; Brooks and Benisek, 1994; Holman and Benisek, 1994; XueX20). Therate of MR catalysis
is partially limited bydiffusion (St.Maurice andBearne,2002). Hence, the values &G*. used in our
analysis are the free energiesagfivationassociatedvith deprotonation of théoundsubstratgi.e., 10.3
kcal/mol for 5-androstene-3,17-dione (Hawkinsorakt1991) and 13.4cal/mol for (R)-mandelate(St.

Maurice and Bearne, 2002); see Figure 2).

13



References

10.

11.

12.

13.

Richard, J. P., Amyes, T. L. (2001) Proton transfer at carbon. Curr. Opin. Chem. Biol. 5, 626-633.
Kluger, R. (1990Jonic intermediates in enzyme-catalyzed carbon-cabimmd formation:patterns,
prototypes, probes, and proposals. Chem. Rev. 90, 1151-1169.

Gerlt, J. A.(1998) in Bioorganic Chemistry: Peptides and Prote{rtecht, S. M., ed.)Oxford
University Press, New York, pp. 279-311.

Albery, W. J.(1980) TheApplication of theMarcus Relation to Reactions i&olution. Ann.Rev.
Phys. Chem. 31, 227-263.

Cohen, A. O., Marcus, R. £1968) Slope ofree energy plots ichemical kinetics. JPhys.Chem.
72, 4249-4256.

Marcus, R. A(1969) Unusual slopes d@fee energy plots in kinetics. J. Am. Che8ac. 91, 7224-
7225.

Kresge, A. J., Silverman, D. N1999) Application of Marcus Rate Theory to Proton Transfer in
Enzyme-Catalyzed Reactions. Methods Enzymol. 308, 276-297.

Silverman, D. N. (2000) Marcus rate theory appliedrtoymaticproton transfer. BiochimBiophys.
Acta 1458, 88-103.

Maskill, H. (1985) The physical basis of organic chemistry, Oxford University Press, New York
Amyes, T. L., Richard, J. P1996) Determination of the iga of Ethyl Acetate:Brgnsted Correlation
for Deprotonation of &imple OxygenEster In Aqueous Solution. J. Am. CheBoc. 118, 3129-
3141.

Chiang,Y., Kresge, A.J., Schepp, N. PXie, R.-Q. (2000)Generation of the Enol of Methyl
Mandelate by Flash Photolysis of MethyhdPyldiazoacetate in Aqueous Solution &staidy of
Rates of Ketonization of This Enol in That Medium. J. Org. Chem. 65, 1175-1180.

Richard, J. P., Williams, G., O'Donoghue, A. C., Amyes, T(2002) Formation an&tability of
Enolates of Acetamide and Acetate Anion: An Eigéot for Proton Transfer at-Carbonyl Carbon.
J. Am. Chem. Soc. 124, 2957-2968.

Thibblin, A., Jencks, W. P. (1979) Unstable Carbanions. General Acid Catalysi<Ctédliage of 1-

Phenylcyclopropanol and 1-Phenyl-2-arylcyclopropanol Anions. J. Am. Chem. Soc. 101, 4963-4973.

14



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Guthrie, J. P., Kluger, R1993) Electrostatic stabilization can explain the unexpected acidity of
carbon acids in enzyme-catalyzed reactions. J. Am. Chem. Soc. 115, 11569-11572.

Albery, W. J.(1982) Application of theMarcus Relation to Concerte®roton Transfers. JChem.
Soc. Faraday Trans. 1 78, 1579-1590.

Chiang,Y., Kresge, AJ., Santaballa, J. A., Wirz, §1988) Ketonization ofAcetophenone Enol in
Aqueous Buffer SolutionsRate-Equilibrium Relations and Mechanism of the "Uncatalyzed"
Reaction. J. Am. Chem. Soc. 110, 5506-5510.

Eigen, M.(1964) ProtonTransfer, Acid-Base Catalysis, aBshzymaticHydrolysis. Angw. Chem.

Int. Ed. Engl. 3, 1-72.

Bernasconi, C. F. (1992) The Principle of Non-perfect Synchronizétitm Phys. Org.Chem. 27,
119-238.

Guthrie, J. P.(1998) Predicting the rates oproton transfer reactions: a simpieodel using
equilibrium constants and distortion energies. J. Phys. Org. Chem. 11, 632-641.

Gerlt, J. A.Gassman, P. G1993) Understandinthe rates of certain enzyme-catalyzed reactions:
proton abstraction from carboacids, acyl-transfer reactions, and displacement reactions of
phosphodiesters. Biochemistry 32, 11943-11952.

Gerlt, J. A.Gassman, P. (1993) Anexplanationfor rapid enzyme-catalyzegroton abstraction
from carbon acids: importance late transition states in concerted mechanisms. J. Am. C8em.
115, 11552-11568.

Gerlt, J. A.,Gassman, P. G(1992) Understandingznzyme-CatalyzedProton Abstraction from
Carbon Acids: Details of Stepwise Mechanismg3&limination Reactions. J. Am. Cher@oc. 114,
5928-5934.

Gerlt, J. A., Kreevoy, M. M., Clelany., Frey, P. A(1997) Understandingnzymic catalysis: the
importance of short, strong hydrogen bonds. Chem. Biol. 4, 259-267.

Albery, W. J.Knowles, J. R(1977)Efficiency andEvolution in EnzymeCatalysis. Angw. Chem.

Int. Ed. Engl. 16, 285-293.

Burbaum, J. J., Raines, R, Albery, W. J., Knowles, J. R(1989) Evolutionary optimization of the

catalytic effectiveness of an enzyme. Biochemistry 28, 9293-305.

15



26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

Albery, W. J., Knowles, J. R. (1976) Evolution of Enzyme Function and the Developn@satytic
Efficiency. Biochemistry 15, 5631-5640.

Chin, J(1983) Perfect Enzymes: Is the EquilibriuBonstantbetween th&anzyme'sBound Species
Unity? J. Am. Chem. Soc. 105, 6502-6503.

Stackhouse, J., Nambiar, K. P., Burbaum, J. J., Stauffer, D. M., Benner, (888) Dynamic
Transduction of Energy and Internal Equilibria in Enzymes: A Reexamination of PyKivate. J.
Am. Chem. Soc. 107, 2757-2763.

Gerlt, J. A., Kozarich, JV., Kenyon, G.L., Gassman, P. G(1991) Electrophilic Catalysis Can
Explain the Unexpected Acidity of Carbon Acids in Enzyme-Catalyzed Reactions. J. Am. &em.
113

Hanson, K. RRose, I. A.(1975) Interpretations of Enzyme Reaction Stereospecifigigc. Chem.
Res. 8, 1-10.

Hammond, G. S. (1955) A correlation of reaction rates. J. Am. Chem. Soc. 77, 334-338.
Yadav, A.Jackson, R. M., Holbrook, J. J., Warshel, (A991) Role of Solvent Reorganization
Energies in the Catalytic Activity of Enzymes. J. Am. Chem. Soc. 113, 4800-4805.

Ha, N.-C., Choi, G., Choi, KY., Oh, B.-H. (2001) Structure and enzymology @°-3-ketosteroid
isomerase. Curr. Opin. Struct. Biol. 11, 674-678.

Pollack, R. M., Thornburg, L. D., Wu, R., Summers, M. F(1999) Mechanisticinsights from the
Three-Dimensional Structure of 3-Ox6-steroid Isomerase. Arch. Biochem. Biophys. 370, 9-15.
Hawkinson, D. C., Eames, T. C. M., Pollack, R. M. (1991) Energetics of 8stevoid Isomerase:
Source of the Catalytic Power of the Enzyme. Biochemistry 30, 10849-10858.

Radzicka, A., Wolfenden, R. (1995) A proficient enzyme. Science 267, 90-93.

Hawkinson, D.C., Pollack, R. M., Ambulos, N. R1994) Evaluation of thelnternal Equilibrium
Constant for 3-Oxa’>-steroid Isomerase Usirthe D38E andD38N Mutants: The Energie Basis
for Catalysis. Biochemistry 33, 12172-12183.

Bearne, S. L., Wolfenden, R. (1997) Mandelate racemase in pieces: effective concentrations of enzyme

functional groups in the transition state. Biochemistry 36, 1646-1656.
Venimadhavan, S., Shelly, K. P., Stewart, R. (1989) Catalysis of the Enolization of Acetdoadyy
and Dicarboxylate Bases. The Role of Hydrogen Bonding. J. Org. Chem. 54, 2483-2485.

16



40.

4].

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

Hine, J.(1971)Rateand Equilibrium in the Addition oBases toElectrophilic Carbon and in $1
Reactions. J. Am. Chem. Soc. 93, 3701-3708.

Guthrie, J. P(1991) Rate-Equilibrium Correlationgor the Aldol Condensation: An Analysis in
Terms of Marcus Theory. J. Am. Chem. Soc. 113, 7249-7255.

Jencks, W. P., Regenstein, J. (1968) in Handbook of Biochemistry (Sober,eH.),AThe Chemical
Rubber Co., Cleveland, OH, pp. J150-J189.

Brooks,B., Benisek, W. F.(1994) Mechanism ofhe Reaction Catalyzed by tiAé-3-Ketosteroid
Isomerase o€omamonagPseudomonggestosteroniKinetic Properties of a ModifieBEnzyme in
Which Tyrosine 14 Is Replaced by 3-Fluorotyrosine. Biochemistry 33, 2682-2687.

Holman, C. M., Benisek, W. K1994) Extent of Proton Transfer irthe Transition States of the
Reaction Catalyzed by the-3-Ketosteroid Isomerase GfomamonagPseudomonggestosteroni
Site-Specific Replacement of tifetive Site Base, Aspartate 38, by théeaker BaseAlanine-3-
sulfinate. Biochemistry 33, 2672-2681.

WolfendenR., Frick, L.(1987) in Enzyme Mechanism®age, M. I.,Wiliams, A., eds.), Royal
Society of Chemistry, London, pp. 97-122.

Radzicka, AWolfenden, R(1995) Transition State and Multisubstradalog Inhibitors. Methods
Enzymol. 249, 284-312.

Grunwald, E. (1985) Structure-Energglations, Reaction Mechanisamd Disparity ofProgress of

Concerted Reaction Events. J. Am. Chem. Soc. 107, 125-133.

Guthrie, J. P. (1996) Multidimensional Marcus Theory: An Analysis of Concerted Reactions. J. Am.

Chem. Soc. 118, 125-133.
Keleti, T., Welch, G. R. (1984) The evolution of enzyme catalytic power. Biochem. J. 223, 299-303.
Pettersson, G. (1989) Effect of evolution on kimetic properties of enzymes. Eur. J. Biochem. 184,
561-566.

Xue, L., Talalay, P., Mildvan, A. S(1990) Studies orthe Mechanism of the\*-3-Ketosteroid
Isomerase Reaction by Substrate, Solvent, and Combined Kinetic Deuterium Isotope Eff#dts on
Type and Mutant Enzymes. Biochemistry 29, 7491-7500.

St. Maurice, M., Bearne, S. (2002) Kinetics and thermodynamics ofandelate racemase catalysis.

Biochemistry 41, 4048-4058.

17



Figure Legends

Figure 1. Dependence oz on theposition ofthe reaction coordinate, for the nonenzymatic and
enzyme-catalyzed enolization of a carbon acid. The free energy diffebetween the enolic(ate)
intermediate (ak = 1) and thesubstrate carboacid (atx = 0) isAG°. Curve A isfor the nonenzymatic
(imidazole-catalyzed) racemization of mandelate and was calculsitegl equation vith values ofAG*,

= 9 kcal/mol and\G° = 30 kcal/mol (see text). Curve Bcorresponds tthe scenario inhich theoverall
activationbarrier AG* is lowered on MR(to 13.4 kcal/mol) by simultaneous lowering &G° (to 13.3
kcal/mol) andAG*,, (to 3.91kcal/mol) by the path of steepest desdeee Figure 2). Thiscenario is
similar to thatproposed byGerlt and Gassman (Gerlt an@assman,1993) in which the enzymatic
transition stateoccurslate on thereaction coordinate. Curves C andsbhow different degrees of
differential binding agproposed byAlbery andKnowles (Albery and Knowles976). Forcurve C, the
enzyme haseduced theverall activatiorbarrier AG* by only lowering AG® (to 8.0kcal/mol). Curve D

illustrates the case whefs° = 0 andAG' = AG* .. For all curves, the values @ havebeen normalized

int*

so thatG = 0 whenx = 0 (i.e., AG',, + AG®°/2) is added to each value®fcalculated using equation 2).

Figure 2. Level curves for the activation free energy surface described by equation 1 and paths of steepest
descent for reduction &G*. Values graphed affer endergonic proton transfer reactigns., AG°® > 0)
with |JAG°| < 4AG*,,. Forthe enzyme-catalyzed reactions, the valueA®f. are10.3kcal/moland 13.4
kcal/mol for KSI (Hawkinson etl., 1994) and MR (StMaurice andBearne, 2002), respectively. The
estimated values O&Gﬁm,N, AG°,, AGY) (in kcal/mol)for the correspondingionenzymatic reactions, are
(13, 11, 19.1) (Hawkinson et., 1994) and(9, 30,30.3), respectivelysee text). The curves between the
filled circles, calculatedisingequation 4, shovthe paths of steepest descent frd&@*, (labeled N) to
AG*. (labeled E); their intersectiomith the level curves at the observeXiG*, values gives the values (in
kcal/mol) of AG*,., AG°) as (6.48,6.76) and(3.91, 13.35) for KSI (labeled KSla) and MR,
respectively. In the region shaded yellow, the path of steepest descenkyields,, whereas in the blue
region it yieldsx’. < x*,. The arrow (labeled KB) showsexperimentalresults obtained for KSI by
Hawkinsonet al (Hawkinson et al., 1994) where the observed values (in kcal/mbGpf. andAG°, are
10 and 0.7, respectively. (Note that thisivation free energy surfaahffers fromthe traditional standard
molarfree energy reaction mapehich plot different reaction coordinates on the x-axis and yvaittisthe
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free energy G) being plotted on the z-axis (Maskil985). Onlythe saddle point on theseaps is the

free energy of activatioG*).)

Figure 3. Gradient vector field graph f&G* (equation 1). The red lines extending frtme originhave

JAG® (i.e., corresponding to constamalues ofx* shown in red).

slopesequal to specific ratios diG*

The vectors are normalized to unit length.
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Scheme 1General base-catalyzed enolate formation.
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Scheme 2Reactions catalyzed by KSAY and MR B).

A. 5-androstene-3,17-dione o
—_— .
_—
Tyr 14-0H--_O/ Tyr 14-OH.._ 3
,COOH" Y CI:OOH"
Asp 99 C Asp 99
—o\fo
Asp 38
B.
0
Glu 317—< Glu 317
O—H--0 o
Y “M92+
H=C—OH  —~—
+
Bq: HB,»

(R)-mandelate

o 4-androstene-3,17-dione o
Tyr 14-0H--_O/
CI:OOH AT
Asp 99
HO 0] _O\fo
Asp 38 Asp 38
0 ] 0
-) Glu 3174
O—H-O

aci-carboxylate
intermediate

B1 and B, represent the active site bases His 297 and Lys 166, respectively.

HB>

(S)-mandelate
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