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ABSTRACT: The relative yields of the products of isomerization ofD,L-glyceraldehyde in D2O with intramolecular
transfer of a hydride ([1-1H]DHA) and with proton transfer ([1-2H]DHA) were determined by high-resolution1H
NMR analyses. A study of the catalysis of this isomerization by deuteroxide ion, buffer anions and Zn2� established
the following: (1) isomerization with proton and hydride transfer occurs at approximately equal rates in dilute
solutions of sodium deuteroxide; (2) Brønsted bases catalyze isomerization with proton transfer in a bimolecular
reaction; (3) Zn2� catalyzes isomerization with hydride transfer in a bimolecular reaction; and (4) Zn2� and acetate
ion react in concert to catalyze isomerization with proton transfer in a termolecular reaction. These results show that
the various pathways for isomerization with proton and hydride transfer proceed via transition states of similar
energies, so that there is no strong imperative for enzymatic catalysis by any particular reaction mechanism. The
relevance of these results to the mechanism of action of xylose isomerase is discussed briefly. 1998 John Wiley &
Sons, Ltd.
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INTRODUCTION

About 30 years ago, Jencks1 compared biochemists who
attempted to understand enzyme-catalyzed reactions
through study of the mechanism of non-enzymatic
reactions and their rate accelerations to ‘the drunk on
his hands and knees under the corner street light who,
when approached by a citizen asking his intentions,
replies that he is looking for his keys here, rather than in
the poorly illuminated center of the block where they
were lost, because the light is better at the corner.’ This is
a penetrating analogy, because studies of solution models
for enzymatic reactions, whichare intrinsically simpler
than studies of enzymatic processes, cannot elucidate the
events which occur at an enzyme active site. It is
important, therefore, to emphasize what can be learned
by ‘looking where the light is better.’ The determination
of the mechanisms of the reactions of small molecule
models for enzyme-catalyzed processes serves as a
blueprint for the design and interpretation of the

experiments to determine enzymatic reaction mechan-
isms. This is because there is a strong imperative for
enzyme catalysts to follow the same mechanism as
observed for the corresponding non-enzymatic reaction
in water, and a close congruence between the mechan-
isms for solution and enzyme-catalyzed reactions. This is
simply explained by a comparison of the enzymatic rate
accelerations obtained from catalytic stabilization of the
low-energy transition state for an observed solution
reaction with that obtained from stabilization of a second
higher energy transition state. Equal stabilization of these
two transition states will always result in a larger
catalytic rate acceleration for the favored reaction in
water, because reduction of the barrier for the higher
energy transition state cannot result in a rate acceleration
until this barrier is first reduced below that for the favored
transition state.

In this paper, we discuss the results of studies on the
mechanism for non-enzymatic aldose–ketose isomeriza-
tion in water which were conducted to resolve a possible
exception to the imperative that enzyme-catalyzed
aldose–ketose isomerization follows the same mechan-
ism as observed for the reaction in solution. Instead, the
results of this work provide a textbook illustration of the
close parallels between the mechanisms for solution and
enzyme-catalyzed reactions.
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ISOMERIZATION OF SUGARS AND SUGAR
PHOSPHATES

Similar protontransfermechanismsareobservedfor the
enzyme-catalyzedaldose–ketoseisomerizationof sugar
phosphates2,3 and the non-enzymaticreactionsin water
[Scheme1(A)].4 Thisprotontransferreactionmechanism
is favored by the relatively large acidities for the a-
carbonylhydrogensof aldehydesandketones.5

By contrast,studieson the mechanismof action of
xylose isomeraseprovide strong evidence that this
enzymaticreactionproceedsby a different mechanism
in which thereis intramoleculartransferof a hydrideion
from reactantto product [Scheme1(B)].6–13 A striking
resultwastheobservationthatthetransferof tritium from
solventto the equilibratingreactantandproductsoccurs
only onceeverybillion turnoversof xyloseisomerase.10

This virtual absenceof mixing of solventand reactant
protonsduringturnoveris requiredfor a hydridetransfer
reactionmechanism.The possibility that isomerization
occursby transferof aprotonwhich is highly shieldedby
the protein catalystfrom reactionwith solventhasnot
beenrigorously excluded;however,suchshieldingwas
shown to be unlikely because‘loosening’ the protein
structureby changingthereactiontemperatureor thepH
or by the addition of guanidinehydrochloridedid not
affect the level of incorporationof tritium label into
substrateandproduct.10

The observationthat xylose isomeraseand related
sugarisomerasesproceedby a hydridetransfermechan-
ism would require either (1) that there is no absolute
requirementthat enzymaticreactionsfollow the same
mechanismasfor theuncatalyzedreactionin wateror (2)
that there are similar barriers for isomerizationwith
proton transfer and hydride transfer in water, and no
strongmechanisticadvantagefor enzymaticcatalysisof
aldose–ketoseisomerizationby eithermechanism.

Intramoleculartransferof hydride ion from a metal
alkoxide to a keto group is known to occur readily in
organic solvents.14a However,previousexperimentsto
determinewhetherisomerizationwith hydridetransferis
a viable reaction mechanismin water have produced
contradictoryresults.Thesmallamountof intramolecular
transfer of tritium observed during the anaerobic
hydroxide ion-catalyzed epimerization of [2-3H]-D-
ribose to give arabinosemay occur by consecutive
isomerizationreactionswith hydride transfer.14b How-
ever, the interpretation of these data is clouded by
uncertaintiesabout the mechanismand possible con-
tribution of a muchfasteraerobicpathwayfor intramo-
leculartransferof tritium.14 No intramoleculartransferof
tritium wasdetectedduring the isomerizationof [2-3H]-
D-glucoseto give D-fructose,15 andthereis evidencethat
the interconversionof D-glucose, D-mannoseand D-
fructose in alkaline D2O proceedsthrough a common
enolate reaction intermediate.16 However, the former
experimentslack the appropriatecontrols to determineScheme 1

Figure 1. Representative partial 500 MHz 1H NMR spectra
(obtained at 25°C in D2O), in the region of the hydro-
xymethylene groups of dihydroxyacetone (DHA), of the
reaction mixture from the isomerization of D,L-glyceralde-
hyde to give DHA in D2O at 25°C. (A) and (B) isomerization in
0.01 M KOD (I = 0.10, KCl); (C) isomerization in 150 mM

potassium pyrophosphate buffer at pD 8.4. The singlets at ca
4.4 ppm are due to the two CH2OD groups of unlabeled
DHA and the singlet CH2OD group of monodeuterated
[1-2H]DHA. The up®eld-shifted singlet in the deuterium
decoupled spectrum (A) and the triplets in the absence of
decoupling (B and C) are due to the CHDOD group of
monodeuteriated DHA. Reprinted with permission from J.
Am. Chem. Soc. 118, 7432±7433 (1996)
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whetherthetritium-labeledproductthatmightbeformed
by intramolecular hydride transfer is stable towards
hydroxideion-catalyzedtransferof tritium from product
to solvent.

ISOMERIZATION OF D,L-GLYCERALDEHYDE
(D,L-GA) TO DIHYDROXYACETONE (DHA)

1H NMR is a convenientmethodto distinguishbetween
the isomerizationof D,L-GA in D2O with intramolecular
transfer of hydride to give unlabelledDHA from the
isomerizationwith proton transfer to give [1-2H]DHA
(Scheme1).17 The use of 1H NMR to determinethe
relative yields of [1-1H]DHA (unlabeled) and
[1-2H]DHA from the isomerization of D,L-GA is
illustratedin Fig.1, whichshowspartial1H NMR spectra
in the hydroxymethylene regionof DHA after 1% [Fig.
1(A), deuteriumdecoupledspectrum]and4%conversion
[Fig. 1(B)] of D,L-GA in 0.01M KOD in D2O at 25°C,
andafter8%conversionof D,L-GA in 150mM potassium
pyrophosphatebuffer in D2O at pD 8.4 and25°C [Fig.

1(C)]. The singletat 4.4ppmin eachspectrumis dueto
thetwo CH2OD groupsof unlabeledDHA andthesingle
CH2OD group of the monodeuterated[1-2H]DHA
(Scheme2). Thedeuteriumat theCHDOD groupcauses
the signalfor the remainingprotonin this groupto shift
0.024ppm upfield from that for the CH2OD groups.18,19

This signal appearsas either a singlet in a deuterium
decoupledspectrum[Fig. 1(A)], or as a triplet in the
absenceof decoupling[Fig. 1(B) and1(C)].

Theratio of theyieldsof theproductsof isomerization
with hydride and proton transfer,[DHA]/[[1- 2H]DHA],
canbecalculatedfrom theratio of theintegratedareasof
the peaksfor the CH2OD (ACH2

) and CHDOD (ACHD)
groupsaccordingto theequation

�DHA�=��1ÿ 2H�DHA� �

�ACH2 ÿ 2ACHD�=�4ACHD� � khyd=kprot �1�
This ratio of productyields is equalto the rateconstant
ratio khyd/kprot, wherekhyd andkprot aretherateconstants
for isomerization with hydride and proton transfer,
respectively[Eqn (1) andScheme2].

We analyzedtheproductsof the isomerizationof D,L-
GA underavarietyof reactionconditions.Thefollowing
arethemain conclusionsof theseproductstudies:

(1) Theratioof theintegratedareasof thepeaksfor the
CH2OD andCHDOD groupsof DHA in thespectrumin
Fig. 1(C) is ACH2

/ACHD = 1.9. This result is consistent
with theisomerizationof D,L-GA to giveaproductwhich
contains one CHDOD group and one CH2OD group
([1-2H]DHA), asis requiredfor theexclusiveisomeriza-
tion of the substrateby a proton transfer mechanism
catalyzedby pyrophosphateion (kPPi[PPi], Scheme2).

(2) Thevaluesof ACH2
/ACHD = 4.4and3.8determined

from the spectrain Fig. 1(A) and (B), respectively,are
smaller than ACH2

/ACHD = 2 that is observedwhen the
isomerizationof D,L-GA in D2O occursexclusivelyby a
proton transfer mechanism.The excesshydrogen in
productis dueto a competingpathwayfor isomerization

Scheme 2

Scheme 3
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with transferof hydride.Thesevaluesof ACH2
/ACHD can

be substituted into Eqn (1) to give [DHA]/
[[1-2H]DHA] = 0.60 and 0.45 for the relative yields of
the productsof isomerizationwith hydride and proton
transfer,respectively,from thereactionsin Fig. 1(A) and
(B).

(3) There are decreasesin ACH2
/ACHD at increasing

timesfor the isomerizationof D,L-GA in thepresenceof
0.01M KOD. This decreaseis dueto the base-catalyzed
exchangeof deuterium from solvent into DHA and
[1-2H]DHA (kex, Scheme2).Theratioof theyieldsof the
initial productsof isomerizationwith hydrideandproton
transfer,[DHA]/[[1- 2H]DHA] = khyd/kprot = 0.63wasde-
terminedby extrapolationof theobservedproductyields
to zeroreactiontime.

(4) The ratio of product yields [DHA]/
[[1-2H]DHA] = 0.63 remainsconstantas the concentra-
tion of deuteroxideion is increasedfrom 0.01to 0.10M.
This observationthat khyd/kprot = 0.63 for isomerization
of D,L-GA is independentof [DOÿ] requiresthat the
observedfirst-orderrateconstantskhyd andkprot showthe
samedependenceon [DOÿ]. Therefore,the increasein
kprot from the DOÿ-catalyzeddeprotonationof D,L-GA
must be exactly balancedby an increasein khyd from
catalysis by DOÿ of the isomerization with hydride
transfer.The mechanismfor catalysisof the isomeriza-
tion with hydride transferprobably involves preequili-
brium deprotonationof D,L-GA at O-2 to form the
oxyanionwhich is muchmore reactivethan the neutral
substratetowards intramolecular transfer of hydride
(Scheme3).

Our experimentalresults provide a solid chemical
precedentfor aldose–ketoseisomerizationwith intramo-
lecular transferof a hydride,so that thereis no obvious
advantagefor aldose–ketoseisomerizationby either a
proton or a hydride transfer reaction mechanism.We
concludethat the evolution of enzymeswhich catalyze
aldose–ketoseisomerization by these two different
reactionmechanismsis probablya consequenceof this
lack of a strong imperative for catalysis by either
mechanism.

Figure 2. The logarithmic dependence of (kZn)obsd, the
observed second-order rate constant for the Zn2�-catalyzed
isomerization of D,L-GA to give dihydroxyacetone in D2O at
25°C, on the pD of the reaction mixture

Scheme 4
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METAL ION CATALYSIS OF ALDOSE±KETOSE
ISOMERIZATION

The coulombic interactionbetweena metal ion and a
developingnegativechargewill stabilize the transition
statesfor both isomerizationwith hydride transferand
base-catalyzedisomerizationwith protontransfer.Stron-
germetalion catalysisis predictedfor hydridecompared
with proton transfer, becausethere is a full negative
chargeto interact with a metal cation at the transition
statefor the former reaction,but only a partial negative
chargeat the transitionstatefor protontransfer(Scheme
4).

A metalion cofactoris requiredby all enzymesknown
to catalyze the isomerizationof sugarswith hydride
transfer20 and, in the case of xylose isomerase,two
enzyme-boundmetalionshavebeenshownparticipatein
catalysis.11 By contrast, metal ion analyses of six
enzymeswhich catalyzealdose–ketoseisomerizationby
a proton transfermechanismshow that only mannose
isomeraseis a metalloenzyme.20,21 Theseobservations
are consistentwith the notion that there is a greater
advantagein usinga metalion in catalysisof isomeriza-
tion with hydridetransfer,wherethe metal ion interacts
with a full negativechargeat thereactiontransitionstate,
thanfor catalysisof isomerizationwith protontransfer.

It hasbeenshownthatZn2� is averyeffectivecatalyst
of the isomerizationof mannose-6-phosphateto give
fructose-6-phosphate in water;22 however, it was not
determined whether this isomerization occurs by a
hydride or proton transfer mechanism.We examined
the effect of Zn2� on the observedfirst-order rate
constantsfor the isomerizationof D,L-GA in D2O, on
the yields of the productsof isomerizationwith hydride

transfer (DHA, Scheme2) and with proton transfer
([1-2H]DHA) andontherateof deprotonationof acetone.
The following are the main conclusionsfrom these
studies:

(1) Only a singletdueto unlabeledDHA wasdetected
by 1H NMR analysisof theproductsof isomerizationof
D,L-GA in D2O at pD = 5.7 (36mM aceticacid buffer)
and25°C containing90mM Zn2�. Therefore,isomeriza-
tion with intramolecular transfer of hydride is the
dominantpathwayunderthesereactionconditions.

(2) Increasing the concentrationof Zn2� for the
reactionof D,L-GA in D2O at pD = 5.7, but at a higher
concentrationof acetatebuffer (0.3M), results in an
increasein the velocity of formation of both unlabeled
DHA from isomerization with hydride transfer and
[1-2H]DHA from isomerization with proton transfer.
Therearetwo pathwaysfor isomerizationof D,L-GA with
protontransfer:(i) a bimolecularreactionof acetateion,
whichcorrespondsto directdeprotonationof substrateby
this Brønstedbase(transitionstate1, Scheme5), and(ii)
a termolecular reaction which correspondsto Zn2�-
assisteddeprotonationof D,L-GA by acetateion (transi-
tion state2, Scheme5).

(3) The results of a study of the catalysis of
deprotonationof acetonein D2O at 25°C showthat the
third-orderrateconstantfor theZn2�-assisteddeprotona-
tion of acetoneby acetateion (5.6� 10ÿ7 l2 molÿ2 sÿ1) is
not much larger thanthat (2.1� 10ÿ7 l2 molÿ2 sÿ1) for
the reaction where electrophilic assistanceis instead
providedby aceticacid (transitionstate3, Scheme6).23

(4) The observedsecond-orderrate constantsfor the
reaction catalyzed by Zn2�, (kZn)obsd, increase with
increasingconcentrationof deuteroxideion (Fig. 2).

Scheme 5
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This showsthat the transition state(4, Scheme6) for
isomerizationwith intramoleculartransferof hydrideion
containsonelessprotonthantheneutralreactantD,L-GA.

(5) A valueof kT = 1100l2 molÿ2 sÿ1 wasdetermined
for the third-order rate constantfor the Zn2�-assisted
deuteroxideion-catalyzedisomerizationof D,L-GA with
hydride transferin D2O at 25°C. This third-order rate
constantmaybeusedto calculateobservedsecond-order
rate constantsfor the Zn2�-catalyzedisomerizationat
anyconcentrationof DOÿ.

It is significant that Zn2� is only marginally more
effectivethanaceticacidat providingstabilizationof the
transitionstatefor deprotonationof acetonebecause,if
thereis no large advantageto electrophiliccatalysisof
deprotonationof a-carbonyl compoundsby metal ions
overBrønstedacids,thentherecanbenogreatadvantage
to the theevolutionof metalloenzymesto catalyzethese
proton transfer reactions. This provides a simple
rationalizationfor why, in general,thereis no metal ion
requirementfor the enzyme-catalyzeddeprotonationof
-carbonylcompounds.

A rate accelerationof ca 107-fold for the xylose
phosphateisomerase-catalyzedisomerizationof xyloseat
pD = 8.0 is obtainedfrom a comparisonof the observed
second-order rate constants for the Zn2�-assisted
isomerizationof D,L-GA at pD 8.0, (kZn)obsd= (1100
l2 molÿ2 sÿ1)(10ÿ6 mol lÿ1) = 1.1� 10ÿ3 l molÿ1 sÿ1,
and kcat/Km = 104 l molÿ1 sÿ1 for the metalloenzyme-
catalyzedreaction.20 Similar comparisonsat pD< 8.0
andatpD> 8.0wouldhaveresultedin largerandsmaller
calculated enzymatic rate accelerations,respectively,

since(kZn)obsd for the solution reactionis first order in
the concentrationof deuteroxideion. This modestrate
accelerationis probably the result of a combinationof
factors which include (a) direct stabilization of the
Michaeliscomplexby interactionsbetweenthe enzyme
andboundsubstrateand(b) the creationof an open,or
weakened,coordinationsite at the metal ion upon its
formationof a binarycomplexwith theproteincatalyst,
which is thenoccupiedby ahydroxylgroupof thebound
sugar substrate.This would then allow for the full
expressionof this metal–hydroxyl interaction at the
transition state for enzyme-catalyzedisomerization,
whereasfor thesolutionreaction,thestabilizinginterac-
tionsbetweenthemetalion andthesubstrateareoffsetby
theenergeticprice‘paid’ to freeacoordinationsiteat the
metal ion.

In fact, xylose isomeraseusestwo metal ions in the
catalysisof aldose–ketoseisomerization.11 The recruit-
ment of a pair of metal ions to catalyzeisomerization
with hydride transfer suggests that the overriding
requirementfor catalysisof this reactionis stabilization
of anenzyme-bounda-carbonylhydroxyloxyanion.This
ideais supportedby the resultsof anelegantanalysisof
the x-ray crystal structuresof Mg2�-activated xylose
isomeraseand complexes of this enzyme with the
substrateglucose,11 the substrateanalog3-O-methyl-D-
glucose11 and the tight-binding inhibitor D-threono-
hydramicacid.12 What is not clearis whethergeneration
of the enzyme-boundoxyanion alone is sufficient to
accountfor the catalytic rateaccelerationof xyloseiso-
merase,or whethertheenzymealsoactsto acceleratethe
intramoleculartransferof hydrideatthisboundoxyanion.

Scheme 6
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CONCLUSIONS

Our experimentalresultsshowthat thevariouspathways
for isomerization with proton and hydride transfer
proceedvia transitionstatesof similar energies,so that
thereis no strongimperativefor enzymaticcatalysisby
anyparticularreactionmechanism.We concludethatthe
diversity in reactionmechanismsobservedfor enzyme-
catalyzedaldose–ketoseisomerizationand for abstrac-
tion of a-carbonylhydrogensmayoccursimply because
there is no strongnatural selectionfor enzymeswhich
follow anyoneof thesereactionmechanisms.
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