JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 519-528 (1998)

Binding of protons and zinc ions to transition states for
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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 theheterocyclic ketones phenacylpyridine, phenacylpyrazine, phenacylphenanthro-
line and phenylacetylpyridine catalysed by protons and zinc ions. Binding constants for protonated and zinc-
coordinated transition state$g™ are reported and Bransted coefficients are calculated from compariggs ofith

binding constants for the keto reactant and enolate anion intermediate. The formal equivalence of the binding
formalism to a conventional Brgnsted analysis is emphasized, and the results are compared with those from a
‘generalised’ Brgnsted 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—Brgnstec
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 Brgnsted 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 c#tals)s, (
Km=Kg", is discussed and the usefulness of the Brensted and Marcus relationships for interfgetiisg
emphasizedd 1998 John Wiley & Sons, Ltd.

KEYWORDS: proton binding; zinc ion binding; transition stateg)eterocyclic ketones; tautomerization; enzymatic
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INTRODUCTION interpreting chemical and enzymatic catalysis more
widely.

Lewis acid catalysis by metal ions provides alternative A reaction scheme comparing acid-catalysed and un-

pathways for specific acid-catalysed reactions at mild catalysed pathways for the base-promoted C—H bond-

pH.* Experimental comparisons of catalysis by metal breaking accompanying enolization of a ketone is shown

ions and protons have therefore been of intetestd in in Scheme 1. The rate constarkg; and kg refer to

this paper we report a study of keto—enol and imine— reactions of protonated and unprotonated substrates

enamine tautomerization ofheterocyclic ketones cata- (KH," and KH) with a base B, aniég" is the equilibrium

lysed by zinc ions and protons. The comparison makesconstant for binding the catalyst to the reactant. The use

use of the approach advocated by Krzin which of a binding rather than dissociation constdfit £ 1/Kg)

catalytic efficiency is expressed in terms of the strength is optional?® but normal for metal ion catalysfsThe

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 ka[B]
reactions The study offers an opportunity for examining KH,* ——
the scope and limitations of the binding formalism for R
Ky [H+]
k,[B]

KH —m7rc-—»
*Correspondence toR. A. More O’Ferrall, Department of Chemistry,
University College Dublin, Belfield, Dublin 4, Ireland. Scheme 1
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ratio of ratesof catalysedand uncatalysedeactionsv/vy
is given by the equation

V/Vo = Kg® (Keat/ko) [H] 1)

and characteristicallydependson the concentratiorand
binding constantof the catalystand the ratio of rate
constantgor boundandunboundsubstratek../ko.

Interpretationsof catalysisnormally separatebinding
of thecatalyst(Kg") fromits activatingeffect (keafko) *®*
(althoughthisis notalwayspossiblein practice).Foracid
catalysis,Stewartand Srinivasai have called kea/ko a
‘proton activatingfactor.” More generally,k../ko repre-
sentsasubstituteneffectuponthereactivity of thebound
substrateyhich may be relatedto an equilibrium effect
by invokingtheBrgnstedr Marcusrelationshipasin the
equatiof

kcat/ko = (Kcat/Ko)w (2)

whereK ., andKg areequilibriumconstantgor formation
of enolandenolateanionfrom the protonatedketoneand
ketone respectivelyandq is the BrgnstedexponentThe
‘equilibrium activating factor’ K.4/Ko representsthe
thermodynamicdriving force for the reaction arising
from binding of the catalyst®

Thethermodynamidriving forcemayberelatedto the
strength of binding of the catalystin reactantsand
productsby the equation

Keat/Ko = Kg"/KgR (3)

Thisrelationshipis basedn thethermodynamicycle of
Scheme2, in which the equilibria for catalysedand
uncatalysedreactions are coupled to equilibria for
binding of the protoncatalystto the reactantandproduct
of theuncatalysedeaction Theequilibriumconstang”
is the binding constantof the protonto the product(for
enolization,the enolateanion,E™).

Kcat
B + KH; —————= EH + BH'
KpRH'] H [ Kg"[H']
KO
B + KH ~——— E + BH"
Scheme 2

CombiningEgns(2) and(3) to give
Keat/ko = (Kg”/Kg®)" (4)

showsthatthekinetic activation(k.afko) reflectsstronger
binding of the catalystto the productthanthe reactanof
the uncatalysedeaction.In sofar asthe ‘product’ refers
to thatfrom therate-determiningindnotfinal stepof the
reaction,it is commonlya reactiveintermediate(in our
examplethe enolateanion).The Brgnstedcoefficientx in
Eqns(2) and(4) is normally <1 andreflectsattenuation

0 1998JohnWiley & Sons,Ltd.

of the effect of stabilizing the intermediate(relative to
reactantlat the transitionstate.

Therelationshipbetweerthe stability of the transition
stateand of anintermediateprovidesboth a qualitative
and a quantitativeframeworkfor interpretingactivation
by catalysis.As discussedelow, it remainsappropriate
evenwhere ‘imbalance’ exists betweenfactorsinfluen-
cing reactionratesandequilibria, asindeedis likely for
the reactionsconsideredhere, which involve a rate—
equilibrium relationshipfor carbonacidsratherthanthe
oxygenor nitrogenacidsof a normal Brgnstedrelation-
ship.

Kurz® has shown that stabilization of the transition
statemay alsobe expressedby an apparenbinding con-
stantKg”. Sucha constants definedby writing the rate
constantsk.,; and kg as productsof a frequencyfactor
(kT/h) and equilibrium constantfor formation of the
transitionstatesfor uncatalysedand catalysedeactions,
TS and TSH'*. Analogy with Scheme2 thenyields a
relationshipbetweerkg™ andk../ko basednthepseudo-
thermodynamicycle embracingreactantandtransition
statesof Scheme3, asshownin the equation

keat/Ko = K" /KgR (5)

B+ KHy —2 f1gue]—» EH 4+ BHC

KpRH"] ﬂ' Kg*H" 1|' f KgPH']

k,
B + KH JlTs*} » E + BH'

Scheme 3

An importantimplication of Eqn (5) is that catalysiscan

now be consideredequivalently in terms of rate and

equilibrium constantsfor catalysed and uncatalysed
reactionson the one hand and binding constantsfor

associationof the catalystwith reactant,product and

transition state on the other. This equivalencederives
from the cyclesof Scheme® and3, andis confirmedby

comparingthe Brgnstedrelationshipbetweenrate and

equilibrium constantof Eqn (2) with the corresponding
expressiorbasedon binding constantdrom combining
Egns(4) and(5) as

Ks”/Ks = (Ks"/Kg®)" (6)

However, the most widely used expressionfrom
Kurz's treatmentcomesfrom rearrangingeqn (5) to

keatKs®/ko = Kg” (7)

This showsthat the effectivenessf a catalystdepends
only uponits bindingat thetransitionstate.Theequation
hastheadvantage&)thatit describegatalysisunderthe
normalconditionsthat substrateand catalystareuncom-
plexedand (b) doesnot requireexperimentakeparation
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BINDING OF PROTONSAND ZINC IONS TO TRANSITION STATES 521

of the binding constant(KgR) and rate constantke (Or
activationfactor k.a/ko). Moreover,the binding formal-
ism now allows cancellationof Kg? betweenthe pre-
equilibriumbindingof the catalystandk.,/ko. HenceEgn
(6) may berearrangedo

K§ = (Ke")"(Kg®)' ™ (8)

which revealsKg™ as a weightedmeanof reactantand
productbinding constants.

The main significanceof Eqn (8) is thatit providesan
interpretation of Kg*. However, making use of this
interpretationagain normally requiresthe separatiorof
kear and KgR. Evenin qualitativeapplicationsa notional
assessmertf the relative magnitudeof k., and KgRis
required.Theimplicationsof thisfor theuseof Eqn(7) to
describeenzymecatalysisarediscussedn this paper.

Applicationsof Kurz’'s approacho catalysishavebeen
reviewed recently by Tee? who pointed out that the
method has beenapplied lessto chemicalthan to en-
zymaticreaction$ ' Onereasorfor thisis certainlythe
non-covalenand‘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-covalentatalystssuchascyclodextrind**andto
metalions}?12

Onelimitation to chemicalapplicationsof the binding
formalismhasbeenalack of equilibriumdata.As already
stressedequilibrium measurementgermitthe useof the
Brgnstedelationshipto interpretbindingatthetransition
state. A goodexampleof the useof suchdatais provided
by Cacciapaglieand Mandolini’s comparisorof binding
of metalionsto reactantstransitionstateandproductsn
astudyof metalion-catalyseayclizationof polyethers-2
Where comparableequilibrium data are lacking, the
usefulnes®f Eqn (7) is diminished.

The comparisorof catalysisby protonsandmetalions
describedn this paperseemedappropriatefor a further
studyof ‘binding’ catalysis,both becausanetalions are
naturally consideredfrom this viewpoint and because
equilibrium and kinetic data are available. The avail-
ability of equilibrium datadistinguisheghis work from
most previous investigations of metal ion catalysis,
including otherstudiesof the enolizationof heterocyclic
ketones-?*However,amodelfor thepreseninvestiga-
tion is providedby Leussingand co-workers’measure-
mentsof enolizationof pyruvateandoxaloacetatéons,in
which he showedthat catalysisby Mg, Mn, Zn andCu
ions may be describeduy a singlerate—equilibriunrela-
tionship correlating proton-catalysed,metal ion-cata-
lysed and uncatalysed reactions> Our data are
analysedsimilarly and also by calculation of binding
constantdor transitionstates.

0 1998JohnWiley & Sons,Ltd.

RESULTS

The substratesnvestigatedin this work comprisedthe

heterocyclicketonesl—4. Rateandequilibriumconstants
for uncatalysed, proton-catalysedand zinc-catalysed
tautomerizationsvere measuredand the resultsplotted

as a rate—equilibriumrelationship,togetherwith results
of Chiang et al.'® for uncatalysedand acid-catalysed
enolization of actetophenoneto which the Kurz—

Brzqstedmethodologyhas previously beenapplied by

Tee.

AN [N\
o Ph o Ph

1 2 3 4

Theketonesl—4 havepKslessthan14 andthesepK,s
weremeasuredpectrophotonteically usingdilute solu-
tions of aqueoussodiumhydroxide.lonizationconstants
(Ky) for protonationof the heterocyclicnitrogenatoms
weremeasuredh solutionsof HCI or anacidicbufferand
convertedto binding constantsKg = 1/K,. The unstable
tautomerswhich wereenolsfor theketone? and3 (e.g.
5) andenaminonesor 1 and4 (e.g.6), weregeneratedn
agueousolutionsby quenchingsolutionsof their enolate
anionsinto strongacidor acidic buffersin a Durrum110
stoppedlow spectrometeRelaxationof thesetautomers
to their stableketo forms was monitoredspectrophoto-
metrically, andionizationconstantsvereobtainedeither
from a pH-rateprofile for the ketonizationreactionor by
combiningan equilibrium constantfor ionization of the
ketone with the appropriateketo—enol or keto—enam-
inonetautomericconstant:’

A, W

5 6

Tautomericconstantsverederivedby combiningrate
constantgor relaxationof theunstabld¢automemith rate
constantgor enolization(or formationof theenaminone)
of the ketone measuredby the halogen trapping
method™® A complication in obtaining appropriate
binding constantsfor reactionsof enols of ketones2
and 3 was that acid-catalysedenolization occurs with
protonationon the nitrogenatomof the heterocyclicring
ratherthanon the oxygenatomof the carbonylgroup®*’
The required binding constantsfor the enolateanions
were not the thermodynamicajl favoured values for
protonation at oxygen therefore, but values for the
unfavourableprotonationon nitrogen. Thesehad to be
estimatedfrom the pK, of the correspondingN-methyl
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Table 1. Rate constants, equilibrium constants and pK;s for binding of catalysts to reactants, products and transition states for
the tautomerization of a-heterocyclic ketones in aqueous solution at 25°C

I \ EN\ | X
N7 N)j\ NT Ph
° 0~ 'Pn 0% ph ©

Basé Catalyst  AcO™ H,O H,O AcO™ AcO™ AcO™ H,O
Kei/KznS — 1.6x 10° (132f (165) 2.5 0.4 4.9
Logky® H* —2.54 4.03 0.33 3.45 2.02 7.29 4.40
Logkz,’ Zn?t 0.83 -1.79 1.22 1.62 7.70 3.71
LogKeat H* 1.46 -1.0 -0.07 3.04 -0.28 2.57 -0.32
Zn?* — -0.82 -1.79 1.22 -0.07 4.20 0.21
Log -5.87 — — -1.79 —-2.69 — —
pKC:tg H* -0.82 6.08 4.8 0.02 2.12 —0.46 4.32
Zn** — 7.05 (5.9 (1.1p 2.49 —1.98 2.80
pKo 13.52 13.27 11.90 7.12 7.22 8.27 13.05
LogKgR H 4.0 5.03 0.4 0.4 2.30 4.72 4.72
Zn** — 1.65 (0.0 (0.0y 1.67 3.50 3.50
LogKg"” H* 10.34 12.22 7.50 7.50 7.40 13.45 13.45
Zn?* — 7.87 6.05 6.05 6.40 13.7% 13.7%
pK*f HY 3.60 — — 5.23 4.71 — —
Zn** — — — (3.01f 4.29 — —
9 H* 0.51 — — 0.68 0.47 — —
Zn** — — — (0.50¥ 0.55 — —

& pK, of aceticacid=4.78.
Valuesin parentheseareestimated.

11

© ky andkz, arekeKs" for H andzn?* catalysis respectivelythey are second-orderate constantgl mol~* s™%) for wateractingasa baseand

third-order(1> mol~2 s~ %) for acetateasbase.
d chat: _|09Kcat= pKP - pKR + pKO-

¢ E-isomer.

f Basedon Eqn (7).

9 Basedon Eqn (12).

zwitterion for the phenylacetylpyridingé’ and as
previously described for phenacylpyraziné. Details
of these measurementshave been reported else-
where®17:18

Binding constantdor zinc ionsto enolateanionswere
obtained from spectrophotomec measurementsof
equilibrium constantsK for the proton and metal ion
concentration-depende formation of the metal bound
enolateions (EZn") from the ketonein lutidine buffers
basedon the equations

Rate constantsfor metal-catalysedketonizationand
enolization were obtained as indicated above from
relaxation of the unstabletautomersand halogenation
of the ketones,respectively:®'° Third-order rate con-
stantsfor reactionwith buffer baseand zinc ions were
obtainedrom thedependencef first-orderrateconstants
ontheconcentratiorof thesespeciesWherethebasewas
waterthe correspondingonstantdor catalysisby metal
ionsweresecondorder.

Rate constantsfor uncatalysed,acid-catalysedand
zinc-ion catalysecenolization(or enaminongormation)

KH + zn?* = EZn" +H" 9) are shownin Table 1, togetherwith valuesof pKj, (log
Kg) for dissociation(or binding) of the protonatedand

[EZn*][HY] metal bound ketonesand enolate ions, and rate and

K= W (10) equilibrium constantdor reactionof complexed(logkca¢

Combinatiorof K with K,E", theionizationconstanof
the enol, gavethe appropriatebinding constant. Equili-
brium constantsfor binding of zinc ions to the keto
tautomerswere measuredrom kinetic saturationof the
enolizationreactionobservedvith increasingconcentra-
tion of metalion, asdescribecby Cox*® andde Maria et
al.?® For phenacylpyrazinéhis constanwasnot directly
measuredndhadto be estimated.

0 1998JohnWiley & Sons,Ltd.

andlogK.,) anduncomplexedlogk, andlogKg) ketones
to form enolsor zinc-coordinateadr free enolateanions.
Whererate constantdor enolizationwere not measured
directly, theywereobtainedoy combiningcorresponding
rate constants for ketonization and the tautomeric
constants.Table 1 also includes rate and equilibrium
constantdor acid-catalysednduncatalysedenolization
of acetophenon®

The applicability of the Brgnstedrelationshipto the
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BINDING OF PROTONSAND ZINC IONS TO TRANSITION STATES 523

measurements Table 1 wasevaluatedby plotting rate
constant@gainstequilibriumconstantbasednthelog—
log relationship

logk = aclogK + constant (11

The rate constantgK.,: andKg) correspondo proton
transfer from complexed or uncomplexed ketones
(KHZn", KH," or KH) to the basesindicatedin Table
1 (water or acetate)and the equilibrium constantgKca¢
andKy) referto the samereactionsj.e. they correspond
(in their logarithmic forms) to the differencein pK.s of
the keto reactantand conjugate acid of the proton-
abstractingbase.Theseequilibrium constantsare sum-
marizedfor H'- and Zn**-catalysedtautomerizatiorof
phenacylpyridinein Scheme4, in which the normal
doublearrowsfor equilibriaarereplacedy singlearrows
toindicatethedirectionof reactionto whichtheconstants
refer.

Kcat
— e l + BH*
H
07 ™Ph
T KpPH"]
KO
] + BH'
~0” Ph
l KBP[Zn++]
Kca(
ettt R
Scheme 4

Equation (11) representsa ‘generalised’ Brgnsted
relationshipin which the substrate(carbon base)and
oxygen and nitrogen basesare varied. It is similar
to that usedby Leussingand co-workers® to compare
activation of enolization of oxaloacetateand pyruvate
anionsby binding of H", Mg?", Mn?", Zn*" and Cu#"
ions. The equationis basedon the Bragnstedrelationship
of Eqn (2) with valuesof k.5 andky and K4 andKg in
this equationcorrespondingo k andK, respectively,in
Eqn(11).AlthoughK.4 andKg arenotbindingconstants,
replacementf K../Ko by Kg"/KgR in Eqn(2) [asin Eqn
(3)] givesthe alternative(andequivalent)relationshipin
terms of binding constantsThus K =K.4 in Eqn (11)
would be replacedby (Kg"/Kg®)Ko.

0 1998JohnWiley & Sons,Ltd.

(@]
|

logko or logket

g
o
1

10 -5 0
logKo or logKcat

Figure 1. Extended Brgnsted plot of logarithms of rate
constants against logarithms of equlilibrium constants for
deprotonation of zinc-coordinated (@), protonated (O) and
free () a-heterocyclic ketones by water or acetate bases in
aqueous solution at 25°C.

DISCUSSION
Brgnsted relationship

The plot of log k versuslog K embracingunprotonated,
protonatedand metal-coordinaté ketonesis shownin
Fig. 1. As expectedf arelationshipin which the nature
of the carbonbaseis varied, somedispersionfrom a
strictly linear correlationis observedHowever,depar-
turesfrom linearity are not pronouncedandthe correla-
tion upholdsLeussingand co-workers’ conclusionthat
enolizationsof pyruvateor oxaloacetatdons show no
discernibledifferencein intrinsic barrier betweenacid-
and metal-catalysedeactions-> Leussingand co-work-
ers’own measuremenisvhich haveacetateasbaselso
fall closeto the correlationline. The slopeof theline has
anormalvalue,o =0.63.

Variationsin intrinsic barrierleadto departuresrom a
strict rate—equilibrium relationship?®?* Usually they
reflect a differencein expressionof polar, resonance
andsolventeffectsupona reactionrateandequilibrium,
resulting from an imbalancein the progressof bond-
making, bond-breakingand chargedevelopmentat the
transition state®® Although no consistent difference
betweenprotons and metal ions is evidentin Fig. 1,
variations in intrinsic barrier reflecting differences
betweensubstratesare apparentmost notably between
measurement®r phenacylpyriding1), for which points
for H" and Zn*" lie abovethe line (arrowed),and for
phenylacetylpyriding3), for which they lie below (also
arrowed). This difference almost certainly reflects a
difference betweencoordinationof protonsand metal
ions to a pyridyl nitrogen atom which, for the
phenacylpyridineis directly conjugatedvith developing
negative charge at the reacting carbon atom but, for
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phenylacetlypyridine,mainly affects delocalization of
chargeto the carbonylgroup.

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 suggestiorby Amyes and Richard
that curvatureof Marcus correlationsfor carbonbases
may be obscuredby compensatinghangesn thermo-
dynamicdriving force andintrinsic barrier.

Also includedin Table 1 are valuesof binding con-
stantslogKg™ (equalto pK;") for protonatedand zinc-
coordinatedransitionstates.Thesecorrespondo ratios
of rateconstant®f catalysedanduncatalysedeactionsat
concentrationsot leading to complexation[Eqn (7)].
Their numberis limited by lack of accesso measure-
mentsfor the uncatalysedeactions.However,ratios of
Kg” valuesfor catalysisoy H™ andZn®" canbeevaluated
becausek, cancelsbetweenthe two reactions.These
valuesarelistedasky/kz, in thefirst row of Tablel (with
kg andkz,, correspondingo kea:Kg™), andit is noticeable
that ku/kz, shows a markedly higher value (1600
comparedwith 2.5) for phenacyl-than phenylacetyl-
pyridine, even though the activating effect of bound
protonsandzinc ionsis similar (kcatH/kcatZn ~0.7).The
differencereflectsadifferencein bindingconstant®f the
two ionsand,in particular,thatphenacylpyridings more
basic than phenylacetylpyridinewhereasthe ease of
binding of zinc ions to the two substratess almostthe
same.

Inspectionof the valuesof logKg™ in Table 1 shows
thatthey lie betweenthoseof logKg for the appropriate
ketoreactantandenolateanionproduct.Thisimpliesthat
the Brgnstedcoefficientsare between0 and 1. Applica-
tion of the Brgnstedrelationshipin the logarithmicform
of Eqn (8) allows evaluationof the coefficientsfrom the
equation

a = (pKa” — pKa")/(PKa" — pKa") (12)

which takesadvantagef theidentity of valuesof logKg

and pK,. Thesevaluesare also listed in Table 1 and
correspondo the slopesof lines connectingpointsin the
figure for the appropriateuncatalysed[]) andcatalysed
(O or @) reactions.Two of theseare shownasdashed
linesfor acidcatalysisof enolizationof phenacylpyrazie
(abovethe line) and of phenylacetylpyridingbelow the
line).

However, for the purposeof the presentpaper,the
mainfunctionof Fig. 1 andTablel is to compareKurz’'s
approachto ‘binding catalysis’ with the more conven-
tional rate—equilibriumcorrelation at the level of the
Brgnsted—Marcueelationshiplt canbeseenthatthetwo
approachesare equivalentin principle, but differ in
emphasisn practice ThusKurz highlightsvaluesof o for
individual substratesand the conventionalmethod an
averagedvalue for several substrates.Moreover, the
conventional treatment focuses on activation of the

0 1998JohnWiley & Sons,Ltd.

substratgk.a/ko) andtreatsthe catalystasa substitutent
that can modify the rate and equilibrium constantof a
reaction.Kurz’s treatmentemphasizeshe low concen-
tration limit of catalysis(Kg keafko), Wherethe binding
formalismallows cancellatiorof contributionsfrom Kg"
to binding andactivationsteps andplaceslessemphasis
on the catalystas a substituent.However, thereis no
fundamentaldifference in the approachesand usage
reflectspreference®f different authorsand of different
fields of application.For both methods,it needsto be
notedthatthe Brgnstedrelationshipis appliedto carbon
substratesyhich often showlargereactivity differences
and may imply variations of Brgnstedcoefficient and
intrinsic barrier in addition to rate, equilibrium and
binding constants.

In summary the main featureof the bindingapproach
is to expressthe thermodynamicdriving force for the
reaction as a difference in binding constantsof the
catalystto reactantand product(or intermediate)andits
kinetic effect as the correspondingdifference between
reactantandtransitionstate.This providesa satisfactory
treatmentbof the catalysisby protonsandmetalions,and
theremainderof the discussiorwill attemptto asses#s
applicationto enzymecatalysis,for which the binding
approachasbeenwidely used.Thediscussiorwill focus
on useof the Brgnstedrelationshipto relatekinetic and
equilibrium effects of binding becausehis providesan
interpretationof binding behaviour.In particularit will
aim to developa formal expressioranalogouso that of
Eqn (8) for chemicalcatalysis.Although a quantitative
analysiscannotbe expectedthe 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 extendthe scopeof Kurz’s method,
several limitations appear. The first comes from the
distinction between‘binding’ catalysisand ‘covalent’
catalysis.This is apparenfrom the presenttudy,which
showsthatthe methodapplieswhenthe catalystis bound
to the substrateprior to the rate-determiningstepof the
reaction.This is true of protonand metalion catalysts,
but inspection of Schemesl1-3 reminds us that the
tautomerismis alsosubjectto basecatalysis.This hasnot
beenconsideredhithertobecausehe baseparticipatesn
both catalysedanduncatalysedeactionsHowever,if an
attemptis madeto describecatalysisby the basewithin
the sameformalism as for protonsand metal ions it
becomesapparenthat an appropriateuncatalysedeac-
tion cannotbe identified. This remainstrue evenif both
steps of the tautomeric reaction are included in the
catalyticcycle.As notedby Tee? thisreflectsthefactthat
catalyst and substrateundergoa covalent reaction in
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which an atomor groupis transferrecbetweencatalyst
andsubstraten the rate-determiningtep.

Thedistinctionbetweercovalentcatalysisandbinding
catalysis in enzyme reactions has long been recog-
nized®2?*However thetermcovalenthasoftenbeenused
to indicate a reactionbetweenenzymeand substrateat
any stageof the catalyticcycle. At therisk of ambiguity,
we restrictits useto the rate-determiningstepor (since
more than one step may require catalysis) when the
covalentstepis underdiscussion.Thus generalacid or
generalbasecatalysisis includedin 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 bothchemicalandenzymaticreactionsTo apply
the Kurz—-Brgnsted treatment the two need to be
separatedOne meansof doing this is illustrated by the
tautomerizationreactionsjust described.Provided that
the covalentcatalystparticipatesin both catalysedand
uncatalysedeactionsdifferent substrategand catalysts)
may be comparedwithin the binding formalism. A
similar comparisormay be madefor enzymaticreactions
when different substratesare comparedfor the same
enzyme. However, becausethe covalent steps should
remain the samethis normally implies that structural
changesnadein the substrateshouldbe remotefrom its
reactionsite®2°

Sensitivity to structuralchangesemotefrom the site
of a covalentreactionrepresentanimportantdifference
betweenenzymaticand chemicalreactions However,it
introducesa secondlimitation to the Kurz method. A
simplified view of ‘remote’ binding by an enzyme,
which neverthelesss a convenientstarting point for
discussionjs thatit is responsibl€or sequestratiomnd
molecular recognition of the substrate,but has no
influence upon reactionof the enzyme—substrateom-
plex, otherthanapproximatiorof the covalentlyreacting
groups.

An importantimplicationof thisview is thatthereis no
influence of remote binding by an enzymeupon acti-
vation of the substrateSincewithout activationthereis
no catalysis,in this approximationnot only covalent
catalysisbutthe mostcharacteristideatureof bindingby
an enzymefall outsidethe scopeof Kurz’s analysis.

In practice,Kurz’'s aproachis particularly useful in
distinguishingremotebindingof asubstratérom binding
at its reaction site This distinction is similar to that
betweena substitutenandreactingfunctionalgroupin a
chemical reaction. Like substituents,remotely bound
partsof thesubstrateindergano changen thecourseof a
reactionwhereaghereactionsite (or afunctionalgroup)
changesprofoundly, usually as a result of changesin
covalentbondingand the separationor combinationof
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ionic charges? It follows thatbindingatthereactionsite
also changesbetweenthe reactantand transition state,
and that this is reflectedin activation of the bound
substrate.

Whereachangein bindingoccurs Kurz's treatmenis
applicable.Binding of the catalystmay then be repre-
sentedas stabilizing the transitionstateof the catalysed
reaction.Moreover,applicationof the Brgnstedrelation-
ship,andanalogywith the protonandmetalion catalysis
describedabove leadto interpretationof this bindingin
terms of thermodynamicdriving force arising from
staggizationof a structurallyrelatedreactiveintermedi-
ate

Recognition of the needto stabilize reactive inter-
mediatesleadsto a more systematicconsiderationof
bindingcatalysisn enzymatiaeactionsAlthoughnotall
enzymatic (or chemical) reactions proceed through
reactiveintermediatesthereis little indicationthat such
intermediatesare less important in enzymology than
chemistry. Sometimesformation of an intermediateis
mediatedby a coenzymeput commonlycarbocationg/
anionic tetrahedralintermediate$? enolate aniong®°
and carboxyl-substituteccarbaniond' formed in enzy-
matic reactionsdependfor their stabilizationsolely on
their proteinenvironment.

Stabilizationof anintermediateby anenzymeis more
easily interpretedthan stabilizationof a transitionstate
becausegainthereis a separatiorof binding contribu-
tions from covalent catalysis. The stabilization corre-
spondgto the free energyof transferof the intermediate
from the solventusedin an (implied) uncatalysedeac-
tion, usuallywater,to the environmenif the enzyme.If
there are no covalentinteractionsbetweenthe enzyme
and intermediate, a simple analogy exists between
stabilisationby ‘binding’ of the enzymeandby solvation
in a chemicalreaction.

At first sight,the capacityof a proteinto stabilizehigh-
energy and usually charged intermediatesby non-
covalentinteractionsappeargo 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 strengthenedy being intra-
moleculann characterputtheapparentnagnitudeof the
stabilization has remaineda puzzle to enzymologists.
Special effects have beeninvoked, such as unusually
stronghydrogenbonds?® but thereis little evidencethat
non-covaleninteractionsin proteinsdiffer substantially
from thoseof simplemolecules?®3°

Recentdiscussion®f enzymecatalysishave empha-
sized‘'remote’ binding by the enzymeasa furthersource
of stabilization of reactive intermediates.Before con-
sideringthis, however,it is appropriateo recognizethe
complexity of distinguishingremotebinding from bind-
ing atthereactionsite (in thereactantfransitionstateand
intermediate) and from the influence of covalent
catalysis. The situation is more complicatedthan for
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the protonandmetalion-catalysedautomerizatiorreac-
tions discussedabove, for which only binding at the
reaction site was considered.The added complexity
reinforceghe suggestiormbovethatit would bedesirable
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 suggestsasa first step,that
the Kurz—Brgnstedormalism shouldbe appliedto this
element of the catalysis and the result extendedto
‘remote’ binding and covalentcatalysis.

A reference reaction for enzyme catalysis

A normal requirementfor applying the Kurz—Brgnsted
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 Schower?? considerable
freedomexistsin the choice of a more arbirtrary but

neverthelessconvenientreferencereaction. One such
choiceis suggestedy reactionsin which the covalent
catalysisis intramolecular Therateof anintramolecular
reactionis commonly comparedwith that of a corre-
spondingintermolecular(usually bimolecular) process.
The ratio of rate constantsfor the two processeshen

representghe entropic advantageof approximatingthe

covalently reacting groups (modified by strain in the

reactants or transition state)*®* The fact that the

intermolecularreactionis itself subjectto catalysisdoes
not disqualifyit asa reference.

Reactionf enzyme—substratsomplexesare usually
consideredo be intramolecular A favoured‘reference’
thereforehasbeenan intermolecularreactionin which
the covalentfunctionalgroupsof the enzymearepresent
in separatanoleculeswith unchangedhemicalreactiv-
ity. Measurementr estimatiornof arateconstanfor 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
accessibléo experimentaimeasurementyut usuallythe
mechanismdiffers from that of the enzyme,making a
comparisordifficult to interpret.

Bronsted-Kurz equation for enzyme catalysis

If the rate constantky for the uncatalysedreactionis
replacedby thatfor areferenceeaction,Kurz's Eqn(7),
expressindheratio of ratesof catalysecanduncatalysed
reactionsn termsof a binding constanfor the transition
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state,may be rewrittenfor an enzymaticreactionin the
form

(Keat/Ko) /Km = Kg” (13)

Where k.5 and kg are now unimolecularand multi-
molecularrate constantgor reactionsof the boundand
unboundsubstraterespectivelyandK,, is the Michaelis
constantfor forming the enzyme—substrateomplex.
Becauseahe Michaelis constantis definedasa dissocia-
tion rather than binding constant,Kg® in Eqn (7) is
replacedby 1/K,,, in Eqn (13).

Asit standsEqn(13)fails to separat¢hecontributions
to (Kcarko)/K i that we wish to distinguish.However, it
can be made a starting point for achieving such a
separatiorif it canbemaodified(a) to differentiateremote
bindingfrom bindingatthereactionsiteand(b) to dissect
the latter into contributionsfrom reactantand product
binding by useof the Brgnstedrelationship.

The modification involves several steps. First, we
restrictapplicationof Eqn(13) (initially) to bindingatthe
reactionsite. Then, the Brgnstedrelationshipis usedto
transformthe binding constanbf the transitionstateKg*
into bindingcontributionsrom reactanandproduct Kg?
(KgF/KgR)?, asin Eqn (8). For an enzymereactionKg?
representghe contribution specifically from binding at
the reactionsite to the overall binding of the Michaelis
complex, while Kg” normally refers to binding of a
reactiveintermediate.Next, the contribution of remote
bindingis assignedy retainingour preliminaryassump-
tion that this is unchangedn the courseof the reaction
and denoting it K. Finally, since our choice of
reference reaction implies that the contribution of
covalent catalysis correspondsto approximating the
groups undergoingcovalency changeat the transition
state this contributionis designatedC,, Thesecontribu-
tions arecombinedin the equation

(kcat/ko)/Km = KremKBR (KBP/KBR)aCap
1/Km Keat/ Ko

Equation (14) summarizesthe different elements
contributingto enzymaticcatalysis.lt separatesemote
bindingof the substrat&, . from bindingatthereaction
site Kg" in a mannemwhich recallsthe ‘split site’ model
consideredby Menger®* The Michaelis constantis
expressedn termsof a productof contributionsof K,em
andKg" for bindingthereactantj.e. K, = 1/Kg"Kem In
addition, the activating effect of binding at the reaction
site is expresseds a ratio of binding constantsn the
product(reactiveintermediate)andreactantKg"/Kg")*.
Thisis analogouso thesituationfor metalion andproton
catalysisin Eqgn (4) and representdhe kinetic effect of
stabilizing an intermediate relative to reactants by
binding the catalyst.The Brgnstedcoefficiento reflects
the extentof this stabilizationavailableat the transition
state. Although it is sometimessaid that maximum
binding of the enzymeoccursat the transitionstate,Eqn

(14)
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(14)impliesthatthisis morelikely to betrueof areactive
intermediate.

Changes in remote binding

Equation(14) cannow be examinedo identify the effect
on reactivity of remote binding by the enzymeto the
substrate A first effect arisesfrom the contribution of

KgR to both the Michaelisconstant,,, andactivationof

the boundsubstratdkeafko = (Ks”/Kg")* Cad. Thelatter
contribution implies that reactivity is increased by
unfavourablebinding of the substratecorrespondingo

destabilizationof the reacting functional group in the
enzyme-substite (reactanticomplex.Although a desta-
bilizing contributionis normally unfavourableto K, its

effect can be compensatedby favourable binding at
‘remote’ siteson the enzymethroughthe dependencef

K, on both KgR and K,y Thus stabilization of the
intermediateby the enzyme representetdy Ks”, maybe
complementedby destabilizationof the reactingfunc-
tional group of the substratein the Michaelis complex
representedby KgT, without a deleteriouseffect on
Km.242%3* Unfavourable binding of a (normally un-
charged)reactantfunctional group is understandablé

thebindingsiteis adaptedo accommodating (normally
chargedyeactiveintermediate.

Further stabilizationof the intermediatecomesfrom
relaxingtheassumptiornthatremotebindingis unchanged
betweenthe Michaelis complex and the reactiveinter-
mediate. This takes accountof experimentalevidence
thatremotebindingaswell asbindingatthereactionsite
may be more favourablefor the intermediatethan the
substrategventhoughthe ‘remote’ structureof the sub-
strateis unchangedA familiar and muchdiscussedx-
ampleof thisoccursin hydrolysisof thecovalentlybound
acyl enzyme of chymotrypsin (shown schematically
below)?®

hydrophobic
pocket
—~ A o
-0 -0
e st
©  Anion
pocket

The rate of this hydrolysisis strongly dependenbn the
(remote)structureof the acyl groupRCO. As the nature
of the acyl group should have little influence on the
stability or ‘chemical’ reactivity of the acyl enzyme,it

follows that formation of a tetrahedralintermediate
accommodateghe bulky structures characteristic of

natural substratesn their optimum binding sites. This

is not altogethersurprisingif it is recognizedthat the
reaction involves separation of ionic charges and
conversiorof atrigonalto tetrahedratarbonatom,both
of which must entail considerableelectronic and geo-
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metric reorganisationat the reaction site® Similar
behaviourhasbeenrecordedfor otherenzymes’

A changein remote binding betweenthe Michaelis
complexandreactiveintermediatecanbeaccommodated
in Eqn (14) by adding the term Keni /Krem as in the
equation

(kcat/ko)/Km = KremKBR (Krem#/Krem)(KBP/KBR)aCap
1/Km Keat/Ko

(15)

In principle,theuseof this notationimpliesapplication
of the Kurz formalismto remotebinding of the substrate.
However,K.i musttakeaccountiotonly of formation
of a reactive intermediate but also juxtaposition of
substrateand enzymeto allow approximationof the
covalentlyreactingcatalyticgroups,.e. to accommodate
also the contribution of the term C,, to the transition
state. There will also be a strong interaction between
changesin remotebinding and binding at the reaction
site?*2>3%which arealreadysubjectto the characteristic
interactionassociatedvith multiple binding®®). Dissec-
tion of K¢t into contributionsfrom reactanandproduct
binding thereforedoesnot seemappropriate.

While consideringchangesin remote binding, it is
pertinentto enquirewhetheror not suchchange®ccurin
a pre-equilibrium step before the onsetof changesin
covalentbondingor are concertedwith them. Analogy
with solvationin a chemicalreactionsuggestshatsmall
structuralchangessuch as relaxationalong preformed
hydrogenbonds,may be concertedwith covalentbond
making,butthatmoreradicalchangesincluding making
and breaking of hydrogenbonds, should involve pre-
equilibria. Intuitively it seemdikely that stabilizationof
chargedlevelopedat thereactionsite occursmainly in a
concertednannetutthatchangesn remotebindingtake
placein pre-equilibria. This may be an oversimplifica-
tion, but it is not the intention hereto discussenzyme
catalysidurtherthannecessaryo illustratethe scopeand
limitations of the Kurz—Brgnstedanalysis.

Stabilization of transition states

In conclusion,we may recognizethat the conceptof
stabilizing a transition state by binding an enzymeas
expressedh the simplified form of Eqn (13) hasalready
beenwidely appliedto enzymaticreactions.Since this
equationalso providedthe startingpoint for developing
Egns (14) and (15), it seemsappropriate briefly to
summarizeits influenceandto commentfurther on the
relationshipbetweenthe threeequations.

An important influence of Egn (13) in enzymatic
catalysis has been in distinguishing binding of the
transition state from binding of the substratein the
Michaeliscomplex.In this respecit hasrationalizedthe
designof transition state analoguedor use as enzyme
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inhibitorswhich bindto anenzymemorestronglythanits

natural substrate€:*” Although mostinhibitors may be
regardedas analoguesof reactiveintermediatesstruc-
turesof transitionstatesare alsomodeledon intermedi-
ates.In a further applicationof the equation,Critchlow

andDunford® haverelatedpK_s of transitionstatego the
pH of onsetof anacid-catalysedeactionin a pH profile

and discussedhe mechanisticimplications of this. In

non-enzymatic applications, Te€¢' has stressed the
usefulnessof comparisonsbetweendifferent reactions
basedon numericalevaluationof Kg* [as (Keafko)Kg ™.

An attractive featureof Eqn (13) is its conciseness.

Oneway of regardingits relationshipto Eqns(14) and
(15) thereforeis as a shorthandfor thesemore cum-
bersomeexpressionsk-or example althoughEqn (13) is
formally restrictedto ‘binding catalysis,’ the separate
contribution of approximatingreacting groupsis well
recognisechndreadily identified explicitly by replacing
Kg” in Eqn(13) by Kg” Cap

Of course the ‘shorthand’natureof Eqn (13) implies
that it should be expandedf separatecontributionsto
catalysisare to be identified. The simplest expansion
separatesontributiongo bindingandactivation(K, and
keafko), by multiplying anddividing Kg* (or Kg” Cap) by
Km asin

(kcat/ko)/Km = (KmKB#)Cap/Km (16)

Although K, then awkwardly appearsin numerator
and denominator[cf. also K, in Eqn (15)], this is
appropriateto consideringits dual role in binding and
activation. Indeed, in practice Eqn (13) is often
representedby free energy diagramsin which the
Michaelis complexand separatebinding and activation
stepsare explicitly included, while avoiding the inele-
ganceof Eqgn (16). However,the viewpoint emphasized
in this paperis that Eqns (14) and (15) provide an
interpretation of Eqgn (13), and that the relationship
betweerthemis comparableo thatbetweerEqns(7) and
(8) for chemicalcatalysis.The advantageof Eqns(14)
and(15) thenlies in dissectingandexposingfor analysis
factorsaffecting catalysisimplicit in Kg#. In summary,
theseincludebindingatthereactionsite,remotebinding,
approximatingcovalentlyreactingor binding groupsand
sequesteringubstrateand catalyst.The equationsmply
identificationof a referenceeactionandshowthe effect
of stabilizing a reactiveintermediateor destabilizinga
reactant.All of thesefactorshavebeenrecognizedand
extensivelydiscussedy enzymologistslt seemsappro-
priate that they should also be expressedormally in a
suitableelaborationof Eqn (13).
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