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ABSTRACT: The description of catalysis in terms of binding of a catalyst to the transition state propoposed by Kurz
is applied to tautomerization of thea-heterocyclic ketones phenacylpyridine, phenacylpyrazine, phenacylphenanthro-
line and phenylacetylpyridine catalysed by protons and zinc ions. Binding constants for protonated and zinc-
coordinated transition states,KB

≠ are reported and Brønsted coefficients are calculated from comparison ofKB
≠ with

binding constants for the keto reactant and enolate anion intermediate. The formal equivalence of the binding
formalism to a conventional Brønsted analysis is emphasized, and the results are compared with those from a
‘generalised’ Brønsted plot of rate constants against equilibrium constants for reactions of uncomplexed, protonated
and zinc ion-coordinated ketones. This plot confirms that intrinsic reactivities of metal-coordinated and protonated
substrates are similar even where differences exist between substrates. Application of a comparable Kurz–Brønsted
treatment to enzymatic reactions depends in principle upon (a) dissecting binding contributions to catalysis from
approximation of covalently reacting groups and (b) separating binding at the reaction site of the substrate, to which
Kurz’s treatment applies, from ‘remote’ binding, which, to a first approximation, is unchanged between Michaelis
complex and transition state. The Brønsted relationship highlights stabilization of reactive intermediates as a
thermodynamic driving force for binding catalysis at the reaction site. A formal expression which describes this
stabilization, and also accommodates stabilization by remote binding of the substrate and intermediate by the enzyme,
is proposed. Its relationship to the usual expression for application of the Kurz approach to enzyme catalysis, (kcat/k0)/
Km = KB

≠, is discussed and the usefulness of the Brønsted and Marcus relationships for interpretingKB≠ is
emphasized. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Lewis acid catalysis by metal ions provides alternative
pathways for specific acid-catalysed reactions at mild
pH.1 Experimental comparisons of catalysis by metal
ions and protons have therefore been of interest,2 and in
this paper we report a study of keto–enol and imine–
enamine tautomerization ofa-heterocyclic ketones cata-
lysed by zinc ions and protons. The comparison makes
use of the approach advocated by Kurz3–5 in which
catalytic efficiency is expressed in terms of the strength
of binding of the catalyst to reactants, transition state and
products, and which has previously been applied to
competing pathways of acid catalysis for the same
reactions.6 The study offers an opportunity for examining
the scope and limitations of the binding formalism for

interpreting chemical and enzymatic catalysis more
widely.

A reaction scheme comparing acid-catalysed and un-
catalysed pathways for the base-promoted C—H bond-
breaking accompanying enolization of a ketone is shown
in Scheme 1. The rate constantskcat and k0 refer to
reactions of protonated and unprotonated substrates
(KH2

� and KH) with a base B, andKB
R is the equilibrium

constant for binding the catalyst to the reactant. The use
of a binding rather than dissociation constant (Ka = 1/KB)
is optional,4–6 but normal for metal ion catalysis.1 The

Scheme 1
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ratio of ratesof catalysedanduncatalysedreactionsv/v0

is givenby theequation

v=vo � KB
R�kcat=ko��H�� �1�

andcharacteristicallydependson the concentrationand
binding constantof the catalyst and the ratio of rate
constantsfor boundandunboundsubstrate,kcat/k0.

Interpretationsof catalysisnormally separatebinding
of thecatalyst(KB

R) from its activatingeffect(kcat/k0)
4,6,7

(althoughthis is notalwayspossiblein practice).Foracid
catalysis,Stewartand Srinivasan7 havecalled kcat/k0 a
‘proton activatingfactor.’ More generally,kcat/k0 repre-
sentsasubstitutenteffectuponthereactivityof thebound
substrate,which may be relatedto an equilibrium effect
by invokingtheBrønstedor Marcusrelationship,asin the
equation6

kcat=ko � �Kcat=Ko�� �2�
whereKcatandK0 areequilibriumconstantsfor formation
of enolandenolateanionfrom theprotonatedketoneand
ketone,respectively,anda is theBrønstedexponent.The
‘equilibrium activating factor’ Kcat/K0 representsthe
thermodynamicdriving force for the reaction arising
from bindingof thecatalyst.6

Thethermodynamicdriving forcemayberelatedto the
strength of binding of the catalyst in reactantsand
productsby theequation

Kcat=Ko � KB
P=KB

R �3�
This relationshipis basedon thethermodynamiccycleof
Scheme2, in which the equilibria for catalysedand
uncatalysedreactions are coupled to equilibria for
bindingof theprotoncatalystto thereactantandproduct
of theuncatalysedreaction.TheequilibriumconstantKB

P

is the binding constantof the protonto the product(for
enolization,theenolateanion,Eÿ).

Scheme 2

CombiningEqns(2) and(3) to give

kcat=ko � �KB
P=KB

R�� �4�
showsthatthekinetic activation(kcat/k0) reflectsstronger
bindingof thecatalystto theproductthanthereactantof
theuncatalysedreaction.In sofar asthe ‘product’ refers
to thatfrom therate-determiningandnot final stepof the
reaction,it is commonlya reactiveintermediate(in our
exampletheenolateanion).TheBrønstedcoefficienta in
Eqns(2) and(4) is normally<1 andreflectsattenuation

of the effect of stabilizing the intermediate(relative to
reactant)at the transitionstate.

Therelationshipbetweenthestability of thetransition
stateandof an intermediateprovidesboth a qualitative
anda quantitativeframeworkfor interpretingactivation
by catalysis.As discussedbelow, it remainsappropriate
evenwhere‘imbalance’ existsbetweenfactorsinfluen-
cing reactionratesandequilibria,asindeedis likely for
the reactionsconsideredhere, which involve a rate–
equilibrium relationshipfor carbonacidsratherthanthe
oxygenor nitrogenacidsof a normalBrønstedrelation-
ship.

Kurz3 has shown that stabilization of the transition
statemayalsobeexpressedby anapparentbindingcon-
stantKB

≠. Sucha constantis definedby writing the rate
constantskcat and k0 as productsof a frequencyfactor
(kT/h) and equilibrium constant for formation of the
transitionstatesfor uncatalysedandcatalysedreactions,
TS≠ andTSH�≠. Analogy with Scheme2 then yields a
relationshipbetweenKB

≠ andkcat/k0 basedonthepseudo-
thermodynamiccycleembracingreactantsandtransition
statesof Scheme3, asshownin theequation

kcat=ko � KB
6�=KB

R �5�

Scheme 3

An importantimplicationof Eqn(5) is thatcatalysiscan
now be consideredequivalently in terms of rate and
equilibrium constants for catalysed and uncatalysed
reactionson the one hand and binding constantsfor
associationof the catalyst with reactant,product and
transition stateon the other. This equivalencederives
from thecyclesof Schemes2 and3, andis confirmedby
comparingthe Brønstedrelationshipbetweenrate and
equilibrium constantsof Eqn (2) with thecorresponding
expressionbasedon binding constantsfrom combining
Eqns(4) and(5) as

KB
6�=KB

R � �KB
P=KB

R�� �6�
However, the most widely used expressionfrom

Kurz’s treatmentcomesfrom rearrangingEqn(5) to

kcatKB
R=ko � KB

6� �7�
This showsthat the effectivenessof a catalystdepends
only uponits bindingat thetransitionstate.Theequation
hastheadvantages(a) thatit describescatalysisunderthe
normalconditionsthatsubstrateandcatalystareuncom-
plexedand(b) doesnot requireexperimentalseparation
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of the binding constant(KB
R) and rate constantkcat (or

activationfactor kcat/k0). Moreover,the binding formal-
ism now allows cancellationof KB

R betweenthe pre-
equilibriumbindingof thecatalystandkcat/k0. HenceEqn
(6) maybe rearrangedto

K 6�B � �KB
P���KB

R�1ÿ� �8�

which revealsKB
≠ as a weightedmeanof reactantand

productbindingconstants.
Themainsignificanceof Eqn(8) is that it providesan

interpretation of KB
≠. However, making use of this

interpretationagainnormally requiresthe separationof
kcat andKB

R. Evenin qualitativeapplicationsa notional
assessmentof the relativemagnitudesof kcat andKB

R is
required.Theimplicationsof thisfor theuseof Eqn(7) to
describeenzymecatalysisarediscussedin this paper.

Applicationsof Kurz’s approachto catalysishavebeen
reviewed recently by Tee,4 who pointed out that the
methodhas beenapplied less to chemical than to en-
zymaticreactions.8–11Onereasonfor this is certainlythe
non-covalentand‘environmental’characterof stabiliza-
tion by an enzyme.By contrast,chemicalstabilization
normally implies a structuralmodificationof a substrate
(and intermediate) in which protonation is naturally
included. Such stabilization normally cannot be de-
scribed as ‘binding,’ and discussions of chemical
catalysisin termsof binding havebeenconfinedlargely
to non-covalentcatalystssuchascyclodextrins4,13andto
metal ions.1,2,12

Onelimitation to chemicalapplicationsof thebinding
formalismhasbeenalackof equilibriumdata.As already
stressed,equilibriummeasurementspermittheuseof the
Brønstedrelationshipto interpretbindingat thetransition
state.A goodexampleof theuseof suchdatais provided
by CacciapagliaandMandolini’s comparisonof binding
of metalionsto reactants,transitionstateandproductsin
astudyof metalion-catalysedcyclizationof polyethers.12

Where comparableequilibrium data are lacking, the
usefulnessof Eqn (7) is diminished.

Thecomparisonof catalysisby protonsandmetalions
describedin this paperseemedappropriatefor a further
studyof ‘binding’ catalysis,bothbecausemetalionsare
naturally consideredfrom this viewpoint and because
equilibrium and kinetic data are available.The avail-
ability of equilibrium datadistinguishesthis work from
most previous investigations of metal ion catalysis,
includingotherstudiesof theenolizationof heterocyclic
ketones.1,2,14However,amodelfor thepresentinvestiga-
tion is providedby Leussingandco-workers’measure-
mentsof enolizationof pyruvateandoxaloacetateions,in
which he showedthat catalysisby Mg, Mn, Zn andCu
ionsmaybedescribedby a singlerate–equilibriumrela-
tionship correlating proton-catalysed,metal ion-cata-
lysed and uncatalysed reactions.15 Our data are
analysedsimilarly and also by calculation of binding
constantsfor transitionstates.

RESULTS

The substratesinvestigatedin this work comprisedthe
heterocyclicketones1–4. Rateandequilibriumconstants
for uncatalysed,proton-catalysedand zinc-catalysed
tautomerizationswere measuredand the resultsplotted
as a rate–equilibriumrelationship,togetherwith results
of Chiang et al.16 for uncatalysedand acid-catalysed
enolization of actetophenone,to which the Kurz–
Brønstedmethodologyhas previously beenapplied by
Tee.4

Theketones1–4 havepKas lessthan14andthesepKas
weremeasuredspectrophotometrically usingdilute solu-
tionsof aqueoussodiumhydroxide.Ionizationconstants
(Ka) for protonationof the heterocyclicnitrogenatoms
weremeasuredin solutionsof HCl or anacidicbufferand
convertedto binding constants,KB = 1/Ka. The unstable
tautomers,whichwereenolsfor theketones2 and3 (e.g.
5) andenaminonesfor 1 and4 (e.g.6), weregeneratedin
aqueoussolutionsby quenchingsolutionsof theirenolate
anionsinto strongacidor acidicbuffersin a Durrum110
stoppedflow spectrometer.Relaxationof thesetautomers
to their stableketo forms was monitoredspectrophoto-
metrically,andionizationconstantswereobtainedeither
from apH–rateprofile for theketonizationreactionor by
combiningan equilibrium constantfor ionizationof the
ketone with the appropriateketo–enolor keto–enam-
inonetautomericconstant.17,18

Tautomericconstantswerederivedby combiningrate
constantsfor relaxationof theunstabletautomerwith rate
constantsfor enolization(or formationof theenaminone)
of the ketone measured by the halogen trapping
method.19 A complication in obtaining appropriate
binding constantsfor reactionsof enols of ketones2
and 3 was that acid-catalysedenolization occurswith
protonationon thenitrogenatomof theheterocyclicring
ratherthanontheoxygenatomof thecarbonylgroup.6,17

The requiredbinding constantsfor the enolateanions
were not the thermodynamically favoured values for
protonation at oxygen therefore, but values for the
unfavourableprotonationon nitrogen.Thesehad to be
estimatedfrom the pKa of the correspondingN-methyl
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zwitterion for the phenylacetylpyridine,17 and as
previously described for phenacylpyrazine.6 Details
of these measurementshave been reported else-
where.6,17,18

Binding constantsfor zinc ionsto enolateanionswere
obtained from spectrophotometric measurementsof
equilibrium constantsK for the proton and metal ion
concentration-dependent formation of the metal bound
enolateions (EZn�) from the ketonein lutidine buffers
basedon theequations

KH � Zn2� �K EZn� � H� �9�

K � �EZn���H��
�KH��Zn��� �10�

Combinationof K with Ka
EH, theionizationconstantof

the enol, gavethe appropriatebinding constant.Equili-
brium constantsfor binding of zinc ions to the keto
tautomersweremeasuredfrom kinetic saturationof the
enolizationreactionobservedwith increasingconcentra-
tion of metalion, asdescribedby Cox2a anddeMaria et
al.2b For phenacylpyrazinethis constantwasnot directly
measuredandhadto beestimated.

Rate constantsfor metal-catalysedketonizationand
enolization were obtained as indicated above from
relaxation of the unstabletautomersand halogenation
of the ketones,respectively.18,19 Third-order rate con-
stantsfor reactionwith buffer baseand zinc ions were
obtainedfrom thedependenceof first-orderrateconstants
ontheconcentrationof thesespecies.Wherethebasewas
waterthecorrespondingconstantsfor catalysisby metal
ionsweresecondorder.

Rate constantsfor uncatalysed,acid-catalysedand
zinc-ion catalysedenolization(or enaminoneformation)
are shownin Table 1, togetherwith valuesof pKa (log
KB) for dissociation(or binding) of the protonatedand
metal bound ketonesand enolate ions, and rate and
equilibrium constantsfor reactionof complexed(logkcat

andlogKcat) anduncomplexed(logk0 andlogK0) ketones
to form enolsor zinc-coordinatedor freeenolateanions.
Whererateconstantsfor enolizationwerenot measured
directly, theywereobtainedby combiningcorresponding
rate constants for ketonization and the tautomeric
constants.Table 1 also includes rate and equilibrium
constantsfor acid-catalysedanduncatalysedenolization
of acetophenone.16

The applicability of the Brønstedrelationshipto the

Table 1. Rate constants, equilibrium constants and pKas for binding of catalysts to reactants, products and transition states for
the tautomerization of a-heterocyclic ketones in aqueous solution at 25°C

Basea Catalyst AcOÿ H2O H2O AcOÿ AcOÿ AcOÿ H2O
kH/kZn

c — 1.6� 103 (132)b (165)b ÿ2.5 ÿ0.4 ÿ4.9
LogkH

c H� ÿ2.54 ÿ4.03 ÿ0.33 ÿ3.45 ÿ2.02 ÿ7.29 ÿ4.40
LogkZn

c Zn2� ÿ0.83 ÿ1.79 ÿ1.22 ÿ1.62 ÿ7.70 ÿ3.71
Logkcat H� ÿ1.46 ÿ1.0 ÿ0.07 ÿ3.04 ÿ0.28 ÿ2.57 ÿ0.32

Zn2� — ÿ0.82 ÿ1.79 ÿ1.22 ÿ0.07 ÿ4.20 ÿ0.21
Logk0 ÿ5.87 — — ÿ1.79 ÿ2.69 — —
pKcat

d H� ÿ0.82 ÿ6.08 ÿ4.8 ÿ0.02 ÿ2.12 ÿ0.46 ÿ4.32
Zn2� — ÿ7.05 (5.9)b (1.1)b ÿ2.49 ÿ1.98 ÿ2.80

pK0 13.52 13.27 11.90 ÿ7.12 ÿ7.22 ÿ8.27 13.05
LogKB

R H� ÿ4.0 ÿ5.03 ÿ0.4 ÿ0.4 ÿ2.30 ÿ4.72 ÿ4.72
Zn2� — ÿ1.65 (0.0)b (0.0)b ÿ1.67 ÿ3.50 ÿ3.50

LogKB
P H� 10.34 12.22 ÿ7.50 ÿ7.50 ÿ7.40 13.45e 13.45e

Zn2� — ÿ7.87 ÿ6.05 ÿ6.05 ÿ6.40 13.75e 13.75e

pK≠f H� ÿ3.60 — — ÿ5.23 ÿ4.71 — —
Zn2� — — — (3.01)b ÿ4.29 — —

ag H� ÿ0.51 — — ÿ0.68 ÿ0.47 — —
Zn2� — — — (0.50)b ÿ0.55 — —

a pKa of aceticacid= 4.78.
b Valuesin parenthesesareestimated.
c kH andkZn arekcatKB

R for H� andZn2� catalysis,respectively;theyaresecond-orderrateconstants(l molÿ1 sÿ1) for wateractingasa baseand
third-order(l2 molÿ2 sÿ1) for acetateasbase.
d pKcat=ÿlogKcat= pKPÿ pKR� pK0.
e E-isomer.
f Basedon Eqn (7).
g Basedon Eqn (12).
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measurementsin Table1 wasevaluatedby plotting rate
constantsagainstequilibriumconstantsbasedonthelog–
log relationship

logk � � logK � constant �11�

The rateconstants(Kcat andK0) correspondto proton
transfer from complexed or uncomplexed ketones
(KHZn�, KH2

� or KH) to the basesindicatedin Table
1 (water or acetate)and the equilibrium constants(Kcat

andK0) refer to the samereactions,i.e. they correspond
(in their logarithmic forms) to the differencein pKas of
the keto reactant and conjugate acid of the proton-
abstractingbase.Theseequilibrium constantsare sum-
marizedfor H�- andZn2�-catalysedtautomerizationof
phenacylpyridinein Scheme4, in which the normal
doublearrowsfor equilibriaarereplacedby singlearrows
to indicatethedirectionof reactionto whichtheconstants
refer.

Scheme 4

Equation (11) representsa ‘generalised’ Brønsted
relationship in which the substrate(carbon base)and
oxygen and nitrogen basesare varied. It is similar
to that usedby Leussingand co-workers15 to compare
activation of enolization of oxaloacetateand pyruvate
anionsby binding of H�, Mg2�, Mn2�, Zn2� andCu2�

ions.Theequationis basedon theBrønstedrelationship
of Eqn (2) with valuesof kcat andk0 andKcat andK0 in
this equationcorrespondingto k andK, respectively,in
Eqn(11).AlthoughKcatandK0 arenotbindingconstants,
replacementof Kcat/K0 by KB

P/KB
R in Eqn(2) [asin Eqn

(3)] givesthealternative(andequivalent)relationshipin
terms of binding constants.Thus K = Kcat in Eqn (11)
would be replacedby (KB

P/KB
R)K0.

DISCUSSION

Brùnsted relationship

The plot of log k versuslog K embracingunprotonated,
protonatedand metal-coordinated ketonesis shown in
Fig. 1. As expectedof a relationshipin which thenature
of the carbon baseis varied, some dispersionfrom a
strictly linear correlationis observed.However,depar-
turesfrom linearity arenot pronouncedandthe correla-
tion upholdsLeussingand co-workers’conclusionthat
enolizationsof pyruvateor oxaloacetateions show no
discernibledifferencein intrinsic barrier betweenacid-
andmetal-catalysedreactions.15 Leussingandco-work-
ers’ownmeasurements(whichhaveacetateasbase)also
fall closeto thecorrelationline. Theslopeof theline has
a normalvalue,a = 0.63.

Variationsin intrinsicbarrierleadto departuresfrom a
strict rate–equilibrium relationship.20,21 Usually they
reflect a difference in expressionof polar, resonance
andsolventeffectsupona reactionrateandequilibrium,
resulting from an imbalancein the progressof bond-
making, bond-breakingand chargedevelopmentat the
transition state.22 Although no consistent difference
betweenprotons and metal ions is evident in Fig. 1,
variations in intrinsic barrier reflecting differences
betweensubstratesare apparent,most notably between
measurementsfor phenacylpyridine(1), for which points
for H� and Zn2� lie abovethe line (arrowed),and for
phenylacetylpyridine(3), for which they lie below (also
arrowed). This difference almost certainly reflects a
difference betweencoordinationof protons and metal
ions to a pyridyl nitrogen atom which, for the
phenacylpyridine,is directly conjugatedwith developing
negative chargeat the reacting carbon atom but, for

Figure 1. Extended Brùnsted plot of logarithms of rate
constants against logarithms of equlilibrium constants for
deprotonation of zinc-coordinated (*), protonated (*) and
free (&) a-heterocyclic ketones by water or acetate bases in
aqueous solution at 25°C.
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phenylacetlypyridine,mainly affects delocalizationof
chargeto thecarbonylgroup.

Unlike Leussing and co-workers, we have not
attemptedto fit datato the Marcusequation.This is in
recognition of the variation in intrinsic barrier noted
above,and of the suggestionby Amyes and Richard23

that curvatureof Marcus correlationsfor carbonbases
may be obscuredby compensatingchangesin thermo-
dynamicdriving forceandintrinsic barrier.

Also included in Table 1 are valuesof binding con-
stantslogKB

≠ (equal to pKa
≠) for protonatedand zinc-

coordinatedtransitionstates.Thesecorrespondto ratios
of rateconstantsof catalysedanduncatalysedreactionsat
concentrationsnot leading to complexation[Eqn (7)].
Their numberis limited by lack of accessto measure-
mentsfor the uncatalysedreactions.However,ratios of
KB

≠ valuesfor catalysisby H� andZn2� canbeevaluated
becausek0 cancelsbetweenthe two reactions.These
valuesarelistedaskH/kZn in thefirst row of Table1 (with
kH andkZn correspondingto kcatKB

R), andit is noticeable
that kH/kZn shows a markedly higher value (1600
comparedwith 2.5) for phenacyl- than phenylacetyl-
pyridine, even though the activating effect of bound
protonsandzinc ions is similar (kcat

H/kcat
Zn� 0.7). The

differencereflectsadifferencein bindingconstantsof the
two ionsand,in particular,thatphenacylpyridineis more
basic than phenylacetylpyridinewhereasthe ease of
binding of zinc ions to the two substratesis almostthe
same.

Inspectionof the valuesof logKB
≠ in Table 1 shows

that they lie betweenthoseof logKB for the appropriate
ketoreactantandenolateanionproduct.This impliesthat
the Brønstedcoefficientsarebetween0 and1. Applica-
tion of theBrønstedrelationshipin the logarithmicform
of Eqn(8) allowsevaluationof thecoefficientsfrom the
equation

� � �pKa
6� ÿ pKa

R�=�pKa
Pÿ pKa

R� �12�

which takesadvantageof the identity of valuesof logKB

and pKa. Thesevalues are also listed in Table 1 and
correspondto theslopesof linesconnectingpointsin the
figurefor theappropriateuncatalysed(&) andcatalysed
(* or *) reactions.Two of theseareshownasdashed
linesfor acidcatalysisof enolizationof phenacylpyrazine
(abovethe line) andof phenylacetylpyridine(below the
line).

However, for the purposeof the presentpaper, the
mainfunctionof Fig. 1 andTable1 is to compareKurz’s
approachto ‘binding catalysis’ with the more conven-
tional rate–equilibriumcorrelation at the level of the
Brønsted–Marcusrelationship.It canbeseenthatthetwo
approachesare equivalent in principle, but differ in
emphasisin practice.ThusKurz highlightsvaluesof a for
individual substratesand the conventionalmethod an
averagedvalue for several substrates.Moreover, the
conventional treatment focuses on activation of the

substrate(kcat/k0) andtreatsthecatalystasa substitutent
that can modify the rate and equilibrium constantof a
reaction.Kurz’s treatmentemphasizesthe low concen-
tration limit of catalysis(KB

Rkcat/k0), wherethe binding
formalismallowscancellationof contributionsfrom KB

R

to bindingandactivationsteps,andplaceslessemphasis
on the catalystas a substituent.However, there is no
fundamentaldifference in the approachesand usage
reflectspreferencesof different authorsandof different
fields of application.For both methods,it needsto be
notedthat theBrønstedrelationshipis appliedto carbon
substrates,which oftenshowlargereactivity differences
and may imply variationsof Brønstedcoefficient and
intrinsic barrier in addition to rate, equilibrium and
bindingconstants.

In summary,themain featureof thebindingapproach
is to expressthe thermodynamicdriving force for the
reaction as a difference in binding constantsof the
catalystto reactantandproduct(or intermediate)andits
kinetic effect as the correspondingdifferencebetween
reactantandtransitionstate.This providesa satisfactory
treatmentof thecatalysisby protonsandmetalions,and
theremainderof thediscussionwill attemptto assessits
applicationto enzymecatalysis,for which the binding
approachhasbeenwidely used.Thediscussionwill focus
on useof the Brønstedrelationshipto relatekinetic and
equilibrium effectsof binding becausethis providesan
interpretationof binding behaviour.In particular it will
aim to developa formal expressionanalogousto that of
Eqn (8) for chemicalcatalysis.Although a quantitative
analysiscannotbe expected,the usefulnesof Eqn (8) in
providing a conceptual framework for interpreting
binding at the transition state strongly suggestsits
extensionto enzymaticprocesses.

Scope and limitations of `binding' catalysis

Whenwe attemptto extendthescopeof Kurz’s method,
several limitations appear.The first comes from the
distinction between‘binding’ catalysisand ‘covalent’
catalysis.This is apparentfrom thepresentstudy,which
showsthatthemethodapplieswhenthecatalystis bound
to the substrateprior to the rate-determiningstepof the
reaction.This is true of proton and metal ion catalysts,
but inspection of Schemes1–3 reminds us that the
tautomerismis alsosubjectto basecatalysis.Thishasnot
beenconsideredhithertobecausethebaseparticipatesin
bothcatalysedanduncatalysedreactions.However,if an
attemptis madeto describecatalysisby the basewithin
the sameformalism as for protons and metal ions it
becomesapparentthat an appropriateuncatalysedreac-
tion cannotbe identified.This remainstrue evenif both
steps of the tautomeric reaction are included in the
catalyticcycle.As notedby Tee,4 thisreflectsthefact that
catalyst and substrateundergoa covalent reaction in
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which an atom or group is transferredbetweencatalyst
andsubstratein the rate-determiningstep.

Thedistinctionbetweencovalentcatalysisandbinding
catalysis in enzyme reactions has long been recog-
nized.8,24However,thetermcovalenthasoftenbeenused
to indicatea reactionbetweenenzymeand substrateat
anystageof thecatalyticcycle.At therisk of ambiguity,
we restrict its useto the rate-determiningstepor (since
more than one step may require catalysis) when the
covalentstepis underdiscussion.Thus generalacid or
generalbasecatalysisis included in this definition but
covalent participation of a catalyst prior to the rate-
determiningstepis not. Conversionof a carbonylgroup
to an iminium ion or the covalent binding of most
coenzymes,for example, fall within the scope of
‘binding’ catalysis, provided that the binding step is
rapid.

Covalentandbindingcatalysiscommonlyexistsideby
sidein bothchemicalandenzymaticreactions.To apply
the Kurz–Brønsted treatment the two need to be
separated.Onemeansof doing this is illustratedby the
tautomerizationreactionsjust described.Providedthat
the covalentcatalystparticipatesin both catalysedand
uncatalysedreactionsdifferent substrates(andcatalysts)
may be comparedwithin the binding formalism. A
similarcomparisonmaybemadefor enzymaticreactions
when different substratesare comparedfor the same
enzyme.However, becausethe covalent stepsshould
remain the samethis normally implies that structural
changesmadein thesubstrateshouldberemotefrom its
reactionsite.8,25

Sensitivity to structuralchangesremotefrom the site
of a covalentreactionrepresentsan importantdifference
betweenenzymaticandchemicalreactions.However,it
introducesa secondlimitation to the Kurz method.A
simplified view of ‘remote’ binding by an enzyme,
which neverthelessis a convenientstarting point for
discussion,is that it is responsiblefor sequestrationand
molecular recognition of the substrate,but has no
influenceupon reactionof the enzyme–substratecom-
plex,otherthanapproximationof thecovalentlyreacting
groups.

An importantimplicationof thisview is thatthereis no
influenceof remotebinding by an enzymeupon acti-
vation of the substrate.Sincewithout activationthereis
no catalysis, in this approximationnot only covalent
catalysisbut themostcharacteristicfeatureof bindingby
anenzymefall outsidethescopeof Kurz’s analysis.

In practice,Kurz’s aproachis particularly useful in
distinguishingremotebindingof asubstratefrom binding
at its reaction site. This distinction is similar to that
betweena substitutentandreactingfunctionalgroupin a
chemical reaction. Like substituents,remotely bound
partsof thesubstrateundergonochangein thecourseof a
reaction,whereasthereactionsite(or a functionalgroup)
changesprofoundly, usually as a result of changesin
covalentbondingand the separationor combinationof

ionic charges.25 It follows thatbindingat thereactionsite
also changesbetweenthe reactantand transition state,
and that this is reflected in activation of the bound
substrate.

Whereachangein bindingoccurs,Kurz’s treatmentis
applicable.Binding of the catalystmay then be repre-
sentedasstabilizing the transitionstateof the catalysed
reaction.Moreover,applicationof theBrønstedrelation-
ship,andanalogywith theprotonandmetalion catalysis
describedabove,leadto interpretationof this binding in
terms of thermodynamicdriving force arising from
stabilizationof a structurallyrelatedreactiveintermedi-
ate.26

Recognitionof the need to stabilize reactive inter-
mediatesleads to a more systematicconsiderationof
bindingcatalysisin enzymaticreactions.Althoughnotall
enzymatic (or chemical) reactions proceed through
reactiveintermediates,thereis little indicationthat such
intermediatesare less important in enzymology than
chemistry.Sometimesformation of an intermediateis
mediatedby a coenzyme,but commonlycarbocations,27

anionic tetrahedralintermediates,28 enolateanions29,30

and carboxyl-substitutedcarbanions31 formed in enzy-
matic reactionsdependfor their stabilizationsolely on
their proteinenvironment.

Stabilizationof anintermediateby anenzymeis more
easily interpretedthan stabilizationof a transitionstate
becauseagainthereis a separationof binding contribu-
tions from covalent catalysis.The stabilization corre-
spondsto the free energyof transferof the intermediate
from the solventusedin an (implied) uncatalysedreac-
tion, usuallywater,to theenvironmentof theenzyme.If
thereare no covalentinteractionsbetweenthe enzyme
and intermediate, a simple analogy exists between
stabilisationby ‘binding’ of theenzymeandby solvation
in a chemicalreaction.

At first sight,thecapacityof aproteinto stabilizehigh-
energy and usually charged intermediatesby non-
covalentinteractionsappearsto be limited. To stabilize
an anion,for example,the enzymemay marshalamidic
hydrogen bonds, electrostatic interactions and, in
metalloenzymes,coordination of a metal ion. These
interactionsare normally strengthenedby being intra-
molecularin character,but theapparentmagnitudeof the
stabilization has remaineda puzzle to enzymologists.
Special effects have been invoked, such as unusually
stronghydrogenbonds,29 but thereis little evidencethat
non-covalentinteractionsin proteinsdiffer substantially
from thoseof simplemolecules.26,30

Recentdiscussionsof enzymecatalysishaveempha-
sized‘remote’ bindingby theenzymeasa furthersource
of stabilization of reactive intermediates.Before con-
sideringthis, however,it is appropriateto recognizethe
complexityof distinguishingremotebinding from bind-
ing at thereactionsite(in thereactant,transitionstateand
intermediate) and from the influence of covalent
catalysis.The situation is more complicatedthan for
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theprotonandmetalion-catalysedtautomerizationreac-
tions discussedabove, for which only binding at the
reaction site was considered.The added complexity
reinforcesthesuggestionabovethatit wouldbedesirable
to develop a more quantitative formulation of the
catalysis which, even if not applicable numerically,
would differentiatethesecontributions.The importance
of stabilizing a transition state (or intermediate)by
binding at the reactionsite suggests,asa first step,that
the Kurz–Brønstedformalism shouldbe appliedto this
element of the catalysis and the result extendedto
‘remote’ bindingandcovalentcatalysis.

A reference reaction for enzyme catalysis

A normal requirementfor applying the Kurz–Brønsted
formalism is to identify an uncatalysedreaction.This
raises again the separationof binding catalysis from
covalentcatalysis.As we haveseen,covalentcatalysisis
formally incompatible with an uncatalysedreaction.
However, as discussedby Schowen,32 considerable
freedomexists in the choice of a more arbirtrary but
neverthelessconvenient referencereaction. One such
choice is suggestedby reactionsin which the covalent
catalysisis intramolecular. Therateof anintramolecular
reaction is commonly comparedwith that of a corre-
spondingintermolecular(usually bimolecular)process.
The ratio of rate constantsfor the two processesthen
representsthe entropicadvantageof approximatingthe
covalently reacting groups (modified by strain in the
reactants or transition state).33 The fact that the
intermolecularreactionis itself subjectto catalysisdoes
not disqualify it asa reference.

Reactionsof enzyme–substratecomplexesareusually
consideredto be intramolecular.A favoured‘reference’
thereforehasbeenan intermolecularreactionin which
thecovalentfunctionalgroupsof theenzymearepresent
in separatemoleculeswith unchangedchemicalreactiv-
ity. Measurementor estimationof arateconstantfor such
a reaction may not be possible,but this presentsno
serious difficulty if numerical comparisonsare not
required.

Sometimesan ‘uncatalysed’reactionhasbeenidenti-
fied with that occurring in aqueoussolution in the
absenceof enzyme. Such a reaction may be more
accessibleto experimentalmeasurement,but usuallythe
mechanismdiffers from that of the enzyme,making a
comparisondifficult to interpret.

Brùnsted±Kurz equation for enzyme catalysis

If the rate constantk0 for the uncatalysedreaction is
replacedby that for a referencereaction,Kurz’s Eqn(7),
expressingtheratio of ratesof catalysedanduncatalysed
reactionsin termsof a bindingconstantfor thetransition

state,may be rewritten for an enzymaticreactionin the
form

�kcat=ko�=Km � KB
6� �13�

Where kcat and k0 are now unimolecularand multi-
molecularrateconstantsfor reactionsof the boundand
unboundsubstrate,respectively,andKm is theMichaelis
constant for forming the enzyme–substratecomplex.
Becausethe Michaelisconstantis definedasa dissocia-
tion rather than binding constant,KB

R in Eqn (7) is
replacedby 1/Km in Eqn(13).

As it stands,Eqn(13)fails to separatethecontributions
to (kcat/k0)/Km that we wish to distinguish.However,it
can be made a starting point for achieving such a
separationif it canbemodified(a) to differentiateremote
bindingfrom bindingat thereactionsiteand(b) to dissect
the latter into contributionsfrom reactantand product
bindingby useof theBrønstedrelationship.

The modification involves several steps. First, we
restrictapplicationof Eqn(13)(initially) to bindingat the
reactionsite. Then, the Brønstedrelationshipis usedto
transformthebindingconstantof thetransitionstateKB

≠

into bindingcontributionsfrom reactantandproduct,KB
R

(KB
P/KB

R)a, as in Eqn (8). For an enzymereactionKB
R

representsthe contributionspecifically from binding at
the reactionsite to the overall binding of the Michaelis
complex, while KB

P normally refers to binding of a
reactiveintermediate.Next, the contribution of remote
bindingis assignedby retainingourpreliminaryassump-
tion that this is unchangedin the courseof the reaction
and denoting it Krem. Finally, since our choice of
reference reaction implies that the contribution of
covalent catalysis correspondsto approximating the
groups undergoingcovalencychangeat the transition
state,this contributionis designatedCap. Thesecontribu-
tionsarecombinedin theequation

�kcat=ko�=Km � KremKB
R|�����{z�����} �KB

P=KB
R��Cap|������������{z������������}

1=Km kcat=ko

�14�

Equation (14) summarizesthe different elements
contributingto enzymaticcatalysis.It separatesremote
bindingof thesubstrateKrem from bindingat thereaction
siteKB

R in a mannerwhich recallsthe ‘split site’ model
consideredby Menger.34 The Michaelis constant is
expressedin termsof a productof contributionsof Krem

andKB
R for bindingthereactant,i.e. Km = 1/KB

RKrem. In
addition, the activatingeffect of binding at the reaction
site is expressedas a ratio of binding constantsin the
product(reactiveintermediate)andreactant(KB

P/KB
R)a.

This is analogousto thesituationfor metalion andproton
catalysisin Eqn (4) and representsthe kinetic effect of
stabilizing an intermediate relative to reactants by
binding the catalyst.The Brønstedcoefficienta reflects
the extentof this stabilizationavailableat the transition
state. Although it is sometimessaid that maximum
bindingof theenzymeoccursat the transitionstate,Eqn
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(14) impliesthatthis is morelikely to betrueof areactive
intermediate.

Changes in remote binding

Equation(14)cannowbeexaminedto identify theeffect
on reactivity of remotebinding by the enzymeto the
substrate.A first effect arisesfrom the contribution of
KB

R to both theMichaelisconstantKm andactivationof
theboundsubstrate[kcat/k0 = (KB

P/KB
R)a Cap]. The latter

contribution implies that reactivity is increased by
unfavourablebinding of the substrate,correspondingto
destabilizationof the reacting functional group in the
enzyme–substrate(reactant)complex.Althougha desta-
bilizing contributionis normally unfavourableto Km its
effect can be compensatedby favourable binding at
‘remote’ siteson theenzymethroughthedependenceof
Km on both KB

R and Krem. Thus stabilization of the
intermediateby theenzyme,representedby KB

P, maybe
complementedby destabilizationof the reacting func-
tional group of the substratein the Michaelis complex
representedby KB

R, without a deleteriouseffect on
Km.24,25,34 Unfavourable binding of a (normally un-
charged)reactantfunctional group is understandableif
thebindingsiteis adaptedto accommodatinga(normally
charged)reactiveintermediate.

Furtherstabilizationof the intermediatecomesfrom
relaxingtheassumptionthatremotebindingis unchanged
betweenthe Michaelis complex and the reactiveinter-
mediate.This takes accountof experimentalevidence
thatremotebindingaswell asbindingat thereactionsite
may be more favourablefor the intermediatethan the
substrate,eventhoughthe ‘remote’ structureof thesub-
strateis unchanged.A familiar andmuchdiscussedex-
ampleof thisoccursin hydrolysisof thecovalentlybound
acyl enzyme of chymotrypsin (shown schematically
below):8

The rateof this hydrolysisis stronglydependenton the
(remote)structureof theacyl groupRCO.As thenature
of the acyl group should have little influence on the
stability or ‘chemical’ reactivity of the acyl enzyme,it
follows that formation of a tetrahedral intermediate
accommodatesthe bulky structures characteristicof
natural substratesin their optimum binding sites.This
is not altogethersurprisingif it is recognizedthat the
reaction involves separation of ionic charges and
conversionof a trigonal to tetrahedralcarbonatom,both
of which must entail considerableelectronicand geo-

metric reorganisationat the reaction site.8 Similar
behaviourhasbeenrecordedfor otherenzymes.35

A changein remotebinding betweenthe Michaelis
complexandreactiveintermediatecanbeaccommodated
in Eqn (14) by adding the term Krem

≠/Krem as in the
equation

�kcat=ko�=Km� KremKB
R|�����{z�����} �Krem

6�=Krem��KB
P=KB

R��Cap|�������������������������{z�������������������������}
1=Km kcat=ko

�15�
In principle,theuseof thisnotationimpliesapplication

of theKurz formalismto remotebindingof thesubstrate.
However,Krem

≠ musttakeaccountnot only of formation
of a reactive intermediate but also juxtaposition of
substrateand enzyme to allow approximationof the
covalentlyreactingcatalyticgroups,i.e. to accommodate
also the contribution of the term Cap to the transition
state.There will also be a strong interaction between
changesin remotebinding and binding at the reaction
site24,25,34(whicharealreadysubjectto thecharacteristic
interactionassociatedwith multiple binding36). Dissec-
tion of Krem

≠ into contributionsfrom reactantandproduct
binding thereforedoesnot seemappropriate.

While consideringchangesin remote binding, it is
pertinentto enquirewhetheror notsuchchangesoccurin
a pre-equilibrium step before the onsetof changesin
covalentbondingor are concertedwith them. Analogy
with solvationin a chemicalreactionsuggeststhatsmall
structuralchanges,suchas relaxationalong preformed
hydrogenbonds,may be concertedwith covalentbond
making,but thatmoreradicalchanges,includingmaking
and breaking of hydrogenbonds,should involve pre-
equilibria. Intuitively it seemslikely thatstabilizationof
chargesdevelopedat thereactionsiteoccursmainly in a
concertedmannerbutthatchangesin remotebindingtake
place in pre-equilibria.This may be an oversimplifica-
tion, but it is not the intention here to discussenzyme
catalysisfurtherthannecessaryto illustratethescopeand
limitations of theKurz–Brønstedanalysis.

Stabilization of transition states

In conclusion,we may recognizethat the conceptof
stabilizing a transition stateby binding an enzymeas
expressedin thesimplified form of Eqn(13) hasalready
beenwidely applied to enzymaticreactions.Since this
equationalsoprovidedthe startingpoint for developing
Eqns (14) and (15), it seemsappropriatebriefly to
summarizeits influenceand to commentfurther on the
relationshipbetweenthe threeequations.

An important influence of Eqn (13) in enzymatic
catalysis has been in distinguishing binding of the
transition state from binding of the substratein the
Michaeliscomplex.In this respectit hasrationalizedthe
designof transition stateanaloguesfor useas enzyme
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inhibitorswhichbindto anenzymemorestronglythanits
naturalsubstrates.9,37 Although most inhibitors may be
regardedas analoguesof reactive intermediates,struc-
turesof transitionstatesarealsomodeledon intermedi-
ates.In a further applicationof the equation,Critchlow
andDunford5 haverelatedpKas of transitionstatesto the
pH of onsetof anacid-catalysedreactionin a pH profile
and discussedthe mechanisticimplications of this. In
non-enzymatic applications, Tee4 has stressed the
usefulnessof comparisonsbetweendifferent reactions
basedon numericalevaluationof KB

≠ [as (kcat/k0)KB
R].

An attractive featureof Eqn (13) is its conciseness.
Oneway of regardingits relationshipto Eqns(14) and
(15) thereforeis as a shorthandfor thesemore cum-
bersomeexpressions.For example,althoughEqn(13) is
formally restrictedto ‘binding catalysis,’ the separate
contribution of approximatingreacting groups is well
recognisedandreadily identifiedexplicitly by replacing
KB

≠ in Eqn (13) by KB
≠ Cap.

Of course,the ‘shorthand’natureof Eqn (13) implies
that it shouldbe expandedif separatecontributionsto
catalysisare to be identified. The simplest expansion
separatescontributionsto bindingandactivation(Km and
kcat/k0), by multiplying anddividing KB

≠ (or KB
≠ Cap) by

Km asin

�kcat=ko�=Km � �KmKB
6��Cap=Km �16�

Although Km then awkwardly appearsin numerator
and denominator[cf. also Krem in Eqn (15)], this is
appropriateto consideringits dual role in binding and
activation. Indeed, in practice Eqn (13) is often
representedby free energy diagrams in which the
Michaelis complexand separatebinding and activation
stepsare explicitly included,while avoiding the inele-
ganceof Eqn (16). However,the viewpoint emphasized
in this paper is that Eqns (14) and (15) provide an
interpretation of Eqn (13), and that the relationship
betweenthemis comparableto thatbetweenEqns(7) and
(8) for chemicalcatalysis.The advantageof Eqns(14)
and(15) thenlies in dissectingandexposingfor analysis
factorsaffectingcatalysisimplicit in KB≠. In summary,
theseincludebindingat thereactionsite,remotebinding,
approximatingcovalentlyreactingor bindinggroupsand
sequesteringsubstrateandcatalyst.Theequationsimply
identificationof a referencereactionandshowtheeffect
of stabilizing a reactiveintermediateor destabilizinga
reactant.All of thesefactorshavebeenrecognizedand
extensivelydiscussedby enzymologists.It seemsappro-
priate that they shouldalso be expressedformally in a
suitableelaborationof Eqn (13).
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