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ABSTRACT: Compounds similar in structure to reactants, intermediates and products of the aldolase-catalysed
reaction were synthesized and their affinities for the enzyme determined. The best situations were foyid with
dicarbonyl phosphorylated compounds which are a good mimics of the incoming groups in the bond-forming process;
the corresponding binding is characterized by slow-binding inhibition type, the inhibitors forming stabilized iminium
ions and enamines with the enzyme; similar effects were obtained with an aromatic aldehyde, also capable of forming
a stabilized iminium ion. The use of aldolase mutants allows one to characterize the lysyl group involved in the
process and also to suggest a proton transfer mechanism for the iminium ion formation with the enzyme natural
substrated 1998 John Wiley & Sons, Ltd.
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INTRODUCTION served. The polypeptide fold of each aldolase subunit of
the homotetramer corresponds to that gi-barrel, with
Fructose-1,6-bisphosphate aldolase (EC 4.1.2.13) reverthe active site located in the centre of tifebarrel’
sibly catalyses the cleavage of fructose 1,6-bisphosphateUnlike otherg-barrel aldolase isoenzymes, the active site
(FDP) into triose phosphatesglyceraldehyde phosphate is composed of a substantial number of charged amino
(GAP) and dihydroxyacetone phosphate (DHARI- acid residues, i.e. Asp 33, Lys 107, Lys 146, Glu 187 and
dolases exist in two distinct classestass | aldolases are  Lys 229. The aldol condensation proceeds by several
found in animals and higher plants and catalyse Schiff ordered steps (Scheme 1):(i) iminium ion (or Schiff base)
base formation with substrate, whereas class Il aldolaseformation between the carbonyl of DHAP and the
are found in algae, bacteria and yeasts and require aamino group of an essential Lys residue (Lys 229); (ii)
bivalent metal ion as cofactor. Class | aldolases can beenamine formation aftgoro-Sproton abstraction at C-3
classified into three isoenzyme forms, distinguishable onin the iminium ion; (iii) enamine reaction with the
the basis of immunological reactivity and of turnover carbonyl of GAP to form a new C—C bond and a second
with respect to FDP and fructose 1-phosphate substtates. Schiff base; and (iv) hydrolysis of the latter iminium ion
Isoenzyme A, from rabbit muscle, has been the mostleading to FDP and free enzyme.
extensively studied of class | aldolages.Over 14 Owing to the analogy between the reaction catalysed
different isoenzymes have been sequeficaud three by aldolase and the chemical aldolization in acidic con-
aldolase isoenzymes structures_have been determinedditions, the intermediate enzymatic enamine being the
including those from rabbit musclehuman muscféand equivalent of the enol, this enzyme offers an interesting
Drosophila® With the exception of the 20 amino acid situation in considering how evolution has arrived at an
residues comprising th@-terminal region, the molecular  efficient catalytic process.
architecture of these isoenzymes has been highly con- One of the significant aspects of the parallel between
the two situations is the energy profile of the two
reactions: whereas that of the chemical reaction is the
formation of an enol intermediate either in a fast pre-

*Correspondence to:C. Blonski, Groupe de Chimie Organique equilibrium or in a steady state followed by the addition
Biologiqgue, UMR CNRS 5623, UniversitBaul Sabatier, Bat. 1IR1, q y y

118 Route de Narbonne, 31062 Toulouse Cedex 4, France. slow step, the p_rOﬁIe for the enzymati(_: reactior_l is more
tDedicated to Keith Yates, former professor at the University of complex. It implies a larger number of intermediates and
Toronto. . o another important feature is that product release in either
Contract/grant sponsorCentre National de la Recherche Scientifique; . . . . . .
contract grant numberGDR 1077. direction becomes the slow sté).This situation is
Contract/grant sponsorEuropean Union. outlined in Fig. 1.
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To gain a betterinsight into the mechanisticimpor-
tance of the different intermediatesevidencedon the
aldolasgpathway compoundsimilarin structureto three
representativesf theseintermediatesearly, mediumand

GAP DHAP FDP
late on the energy profile, were designedand their
affinitiesto the enzymedeterminedFor oneof them,the
£ + DHAP binding site to the enzyme was determined using
different mutants.This strategyalso allowed additional
informationon protontransferat the aldolaseactivesite.
Hzo\/H\r HO
) Q
2, .0 2 & ,Ly9 RESULTS
Hs .._N® —_— H Ib/H
K g Th
HTN on e compoundsunderstudyare presentedn Scheme2.
/ Compoundsla—e are DHAP analoguesAlthough it is
GAP)/ AP known! that only slight modificationsat C-1 in the
DHAP structuresare acceptedthesecompoundswere
QB@ o 5 assayedsincethey possiblycorrespondo intermediates
WR oo @ " /o@ [* of the left partof the energyprofile in Fig. 1.
%H A _— SR Su N/é’s Compounds2a, 2b and 3 correspondto a central
,?g\/ﬁ'@ j/(i Ny situationin the profile; they canbe consideredasmimics
oH "7 on of thetwo approachingnsaturatedyroupsin the carbon—
carbonbond formation step; compounds6—8 are FDP
Hzo#k H,0 analoguesand therefore susceptibleto forming inter-
mediatesanalogousto thosein the right part of the
profile.
E +FOP Compounds4 and 8 are able to form iminium ion

intermediatestabilizedby the neighbouringOH group.
Compound9, an FDP analogue was synthesizedas a
possibleinhibitor in the a-diketo open form. Finally,
compound10 was studiedon the groundsof the high

Scheme 1. Reaction catalysed by aldolase and mechanistic
pathway.
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Figure 1. Possible energy profile for aldolase. The left part represents the relative energy levels of the complexes formed
between aldolase and DHAP and the right part those of FDP (noted DG). The gap between the two parts corresponds to the
standard free enthalpy difference due to the contribution of GAP (referred to as GoG). The different complexes are indicated as
follows: E.DH, non-covalent complex between DHAP and aldolase; E = DH, iminium for DHAP—enzyme; ED~, enamine—enzyme;
ED™.G, ternary complex enamine—-GAP-enzyme; E = DG, iminium for FDP-enzyme; E.DG, non-covalent complex between FDP
and enzyme; E 4+ DH/E + DG/ED™ + G, aldolase + substrates. The relative energy levels of the ground states and intermediates
are fixed according to the radioactivity distribution starting from DHA32P or FD32P, under equilibrium conditions. The activation
barriers are fixed, based on the following considerations: (i) from left to right (FDP synthesis direction), DHAP iminium formation
(step II) and enamine formation (step Ill) are faster than the aldolization step (step IV). Also, addition of GAP to the ED™ complex
is followed by the fast formation of FDP (steps IV, V and VI) and slow release of FDP (step VII); (ii) from right to left (FDP cleavage),
isotope effects indicate that the rate-determining step is either C3—C4 bond cleavage (step V) or GAP release (step IV).
Complementary evidence indicated that the slow step is IV (see Ref. 5).
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Scheme 2. Compounds in the study.

affinity of aldolasefor aromatic phosphorylatedcom-
pounds*?

Compounds 1a-1e

With compounddla—e different situationsareobserved:

laandb give atime-dependeninactivationof aldolase,
meaning that they have a significant affinity for the
enzyme.This inactivationis protectedby DHAP andis
reversedby addition of FDP. Suchtime-dependanand
reversible inactivation correspondsto a slow-binding
processas definedby Morrissonand co-workers*? the
effectof anintermediateanalogueof high affinity onthe

0 1998JohnWiley & Sons,Ltd.

enzyme activity and/or conformationalchangeof the

enzyme(seeSchemet). The fact that this inhibition can

no longerbe reversedafter treatmentwith sodiumboro-

hydride indicatesthat an iminium ion intermediatehas

beenformedbetweeraldolaseandlaorb. A full analysis
of theprocesgjivenelsewher&* allowsthedetermination
of the slow-bindingparameter$or thesetwo compounds
(Tablel).

Converselylconly givesacompetitiveinhibition pro-
cessDoublereciprocalplots™ allow thedeterminatiorof
theinhibition constanK; = 4.0mm which correspond$o
aweakaffinity sincethatof thesubstratd®dHAP is 50 uM.
Finally, 1d and e, with a bulkier substituantat C-3,
produceonly a poor effect (K; > 10 mm).

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 793-802(1998)
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Table 1. Kinetic parameters for aldolase inhibition by 1a, 1b,
2a and 2b

Constant la 1b 2a 2b
Ki (um) 800 240 1250 900
K 0.95 0.45 0.120  0.0047
ko (min~%) 0.105 0.245 0.620  0.70
K., (min™h 0.0 0.11 0.074  0.0033
Ki* (uM) 390 745 130 35
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Figure 2. Reversion of aldolase inhibition by 2a in the
presence of FDP. Aldolase (0.20 mg ml~" TEA buffer, pH 7.6)
was inhibited by 2a at the indicated concentrations. Reversal
of inhibition was determined on 10 pl aliquots diluted in 1 ml
of assay solution containing 1 mm FDP. The rate value was
extrapolated to infinite using Egn (1) (see Experimental
section) and found to be identical with the reference assay
(made with the aldolase alone).

Compounds 2a-4

Although these four compoundsare liable to form
stabilizediminium ion structuresthey exhibit different
behavioumatterns.

Compound4 demonstratesa competitive inhibition
which is preventedby addition of DHAP and therefore
occursat the active site; this inhibition is not changed
following sodium borohydridetreatmentand therefore
probablyinvolves no iminium ion intermediate;double
reciprocal treatmentallows the determinationof the
inhibition constantK; = 650uM. It is noteworthythatthe
correspondingalcohol 5 (in the racemic form) also
behavesas a competitive inhibitor and with a better
affinity, since the correspondingnhibition constantis
165um. Resultsobtainedwith 4 and 5 indicate that,
contraryto whatmight be concludedrom assaysvith 1d
and e, compoundsbearing an aromatic ring can be
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accommodatedh the active site of aldolasewith a sig-
nificantaffinity althoughnoiminium structureis formed.

Compound3 shouldbe ableto form animinium ion
possibly stabilized by the secondenolizable carbonyl
group. In fact, a different situationis observedsince 3
induces a time-dependentirreversible inactivation of
aldolaseTheclassicatreatmenbf thistype of inhibition
(k_»=0in Scheme4)'® allows the determinatiorof the
correspondingparameters:K; =3.6mm and k,=0.03
min—. Thesevaluescorrespondo a compoundof weak
affinity (seebelow, compound2a).

With 2a, a different patternwas obtained,since this
compoundyivesa slow-bindinginhibition processFrom
the studyof the interactionbetweeraldolaseand?a (see
Fig. 2 asan exampleandthe Experimentalsection),the
diffl%rent parameterdor 2a could be determined(Table
1).

As for 2b, incubationof the enzymewith this com-
poundleadsto afirst-orderossof enzymeactivity. Under
the sameconditions as those usedfor 2a (Fig. 2), no
significantrestorationof enzymeactivity was detected,
allowing this compoundo be consideredndanalyseds
an irreversible inhibitor (Table 1, K; and k, values).
However, the inhibition could be slowly reversedin
presenceof a competitiveinhibitor of high affinity such
as phenyl 1,4-diphosphateand therefore demonstrated
the slow-bindingprocesgTable 1).1°

For both 2a and b, the slow-binding inhibition was
associatedwith iminium ion formation (or enamine),
possibly stabilized through enolization of the second
cabonyl group; this could not be clearly proved by
sodium borohydride treatment, but by following the
absorbancechange in UV difference spectroscopy
observedby mixing 2a or b and aldolase.The same
experimentwas carried out with 2a or b and amino-
caproicacidasreferencdor suchiminium ion formation.
Full analysisof this parallelhasbeengiven elsewher&®
with additional proof for the binding of 2a or b at the
activesite Lys 229residue.

Compounds 6-9

Two of thesecompounds8 and 9, existin closedand
openforms, whereass and 7 canonly be cyclic. Com-
pound8 canform animinium ion similar to thatof FDP
in theretroaldolizatiornprocesgSchemel), butthereac-
tion cannotgo any further owing to the lack of an OH
groupat the C-4 position. The sameis truewith 9, but it
canalternativelybind to anargininethroughthe «-diketo
structure Finally, theepoxidegroupin 6 and7 is liable to
promote covalentbinding with the active site Asp 33
residueas nucleophile,this residuebeing consideredas
interactingwith the OH groupat the C-4 position’
Theresultswereasfollows: 8 doesnot give anytime-
dependentffect, but behavesasa competitiveinhibitor
with an affinity constantof 70uMm, slightly higher than
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Table 2. Kinetic parameters for the interaction of 10 with
aldolase in TEA buffer: (a) based on aldolase activity and (b)
based on UV-visible difference spectroscopy

Constant Methoda Methodb

Ki (um) 200+ 10C° 500+ 25
300+ 100°

Kg (LM) 21+ 10° 30+5

ko (min—%) 0.8+0.2 1.10+ 0.05

K_, (min~%) 0.13+0.08 0.080+ 0.003

Ki* (uM) 35410 3445

Agzgs (I mol~tem™) 4700+ 30C°

& Using Eqn (3).
b Using Eqn (4).
© Aezgg Was calculatedassumingthat one moleculeof 10 binds per
aldolasesubunit.

that of FDP (15um). Under conditions identical with
those usedto characterizethe iminium of DHAP by
sodium borohydrideaddition, and where at least 70%
inactivation is observed, only 20% inactivation is
observedvith 8. With this compoundthe corresponding
iminium shouldnot be stabilized.A similar situationis
observedwith 9, which gives no time-dependeneffect
and thereforeneithercovalentbinding with an arginine
nor a slow-binding effect. Only a competitive effect is
observedwith an inhibition constantof ca 150uM. As
for 6 and7, notime-dependengffectis noted,indicating
that epoxide ring opening does not occur. Thesetwo
compoundswhich cannotform iminium ion intermedi-
atesowing to the protectionof the OH groupat position
2, behave as competitive inhibitors, with inhibition
constantof 330and925uM, respectively.

Compound 10

Whereas phenyl phosphatehas a weak affinity for
aldolase(K; = 2.3mm),*® incorporationof an aldehyde
groupat the para positionimprovesit sinceK; dropsto
500uM;*® however, the inhibition process remains
competitive.Adding an OH group on the aromaticring
ortho with respectto the aldehydemoiety (10) changes
the process:a reversible time-dependeninhibition is
obtainedwith Schiff baseformation as evidencedby
sodium borohydridetreatment.Further analysisof the
data[using Eqns(3) and (4); seeExperimentalsection]
providesthe correspondingnhibition parametenalues
(Table2, methoda).*®

Using UV-visible differencespectroscopythis slow-
binding effect could be paralleledto the formationof an
iminium ion betweenl0andtheenzymeTheinteraction
of aldolase (10uM subunits) with 10 (25-600um)
resultedin UV—visible difference spectracharacterized
by maxima at 311 and 386nm, minima at 274 and
337nm and isosbesticpoints at 255, 290, 334 and
341nm; slight wavelength shifts for the enzyme20
complexwith respectto the model reactionadduct(10

0 1998JohnWiley & Sons,Ltd.

Table 3. Interaction of 10 with lysine and Glu 187 mutant
aldolases?

Specific  Residual Relative
activity specific Kapp AA at
Aldolas€® (Umg™h) activity (%) (min %) 386nm (%)
Wild type 125 25 0.216 100
0.0102 30
K107M 0.610 25 0.228 98
0.009 25
K146M 1.8x 1073 95 0.0095 30
K229M 0.020 40 0.100 30
0.0102 40
K229A nd® nd® 0.090 30
0.0098 35
E187Q 48x 1073 20 0.03 135
E187D 7.9%x 1072 30 0.140 70
0.010 30

& Assayswere performedin TEA buffer (pH 7.0) at fixed aldolase
(10 um subunits)and10 (100um) concentrationsRatesof Schiff base
formationwere monitoredat 386 nm.

bK =Lys; M = Met; A =Ala; Q=Glu; D = Asp.

¢ Not determined.

plusaminocaproi@cid)wereobservedMolar absorption
coefficientsfor bound 10 were calculatedby assuming
that 1 mol of 10 bindsper aldolasesubunitat saturation
(checkedby electrospraymassspectrometryAezgs Was
4700+ 300 | mol~*cm™*. The difference absorbance
spectrawere consistentwith two successivdirst-order
processesOnly the rapid kinetic phasedisplaying a
significantly larger absorbancechange which has a
saturating behaviour at high inhibitor concentrations
wascorrelatedwith lossof enzymeactivity andthis was
usedin subsequenanalyses.

Fromthesekinetics,thedifferentinhibition parameters
could also be determined(Table 2, method b). The
overall dissociationconstantK;* calculatedfrom these
resultscorrespondgo 34+ 5um. The good agreement
betweenthe two sets of values obtained by entirely
independentethodsallowedthecorrelationbetweerthe
slow-binding processand iminium ion formation. A
complete description of theseresults has been given
elsewherg?

Lysine mutants. In collaboration with ProfessorJ.
Sygusch(University of Montreal), it was possibleto
ascertainwhich lysyl residueat the active site (107,146
or 229) was responsiblefor the differential absorbance
(Amax=386 nm) from severalpoint mutationsof these
activesitelysyl residuesTheactivesite mutantsK107M,
K146M, K229M and K229A possessno charge, are
virtually isosteric(exceptfor K229A) andare unableto
participatein Schiff baseformation. Complexformation
in the presenceof 10 (100um) was examinedfor each
mutant.The resultsare shownin Table 3.
Thedifferencespectraobservedor themutantK107M
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Scheme 3. Proposed mechanism for Schiff base formation between 10 and Lys 146.

were identical with those observedwith the native
recombinantenzyme. Schiff base formation could be
accountedfor in terms of two distinct first-order rate
processesThekinetic parameterslerivedfrom thefaster
rateprocesstheinhibition of theenzymeactivity andEl*
complex formation, were identical with those of the
native enzymeand this rules out Lys 107 as being the
residueimplicated in the inactivation. The reaction of
K146M with 10 gaverise, conversely,to only a slow
kinetic phasavhoserateconstantvassimilarto thevalue
observedwith the native recombinantenzyme. The
absenceof the rapid phasestrongly suggestshat Lys
146 is responsiblefor the observedslow-binding inhi-
bition. Theinhibition kineticsfor the K229M andK229A
mutantswere in accordancewith the occurrenceof the
two processesobservedwith the recombinantnative
enzyme althoughthe capacityof thesemutantsto form
theEI* complexwasreducedlys 229is notrequiredfor
El* complexformation,but merelyfacilitatesit.

Role of the OH group in compound 10. As indicated
above,the OH group in 10 is required for the slow-
binding procesandthereforeiminium ion formation.To
clarify if this OH groupis involvedin a protontransferto
the intermediatecarbinolamineand/orparticipatesasan
anionin the stabilizationof theiminium ion (Scheme3),
severalexperimentsvere carriedout at pH valuesclose
to thepK of this phenolgroup,determinedasbeing8.3in
solution.Theresultsaregivenin Table4. Theyfirst show
thatthefastequilibriumK; is moredisplacedowardsthe
complex at higher pH values, with thereforea better
affinity not only throughthe phenolgroup but also the
phosphate second,for the slowly formed equilibrium,
thecorrespondingateconstant, andk_, aredecreased
at higherpH valuescloseto the pK of the phenolgroup,
this effectbeingmorepronouncedor k_, thanfor k,. As
for the slow-bindingaffinity constanK¥, somecompen-
sationbetweerthetwo maintermskK; andk, (seeScheme
4) operatessincethis valuecanbe considereagsroughly
constant.

Glutamate 187 mutants. To establishwhetherone of
the acid residuesof the active site closeto Lys 146

0 1998JohnWiley & Sons,Ltd.

Table 4. Effect of pH on the interaction of 10 with aldolase

pH
Constant 6.0 7.0 8.0
kp (min~%) 5.40 1.06 0.211
k o (min %) 0.10 0.090 0.025
Ki (uM) 1020 450 115
Ki* (M) 15 30 13
Kg (M) 16 30 13

responsibldor the binding of 10 namelyGlu 187, could
be alsoinvolved, different mutantsof this residuewere
assayedTheresultsaregivenin Table3 andcorrespond
to experimentsarriedout at pH 7.0. They showthatthe
replacemendf this acidresidueby anamidesignificantly
reduceghe rate of iminium ion formation, althoughthe
final amountformedis the same.With aspartatewhere
the acid groupis borneby a chain shorterthan that of
glutamatetherateis aalsoreducedoutto alesserextent.

DISCUSSION

Concernindirst DHAP analoguesgthesituationexhibited
by 1a and b indicatesthat these compoundshave a
significantaffinity for aldolase sinceparticularlyfor 1b
theK;* valueis in therangeof the Michaelisconstantor
DHAP. As shown by the nonrestorationof activity
following sodium borohydride reduction, this affinity
correspondso the formationof animinium ion with the
enzymein a slow-bindingprocessThe affinity of 1aand
b for aldolasedependson chirality at C-3. It is note-
worthy that althoughthis enzymeonly transformscom-
poundsof S-configurationat C-3, 1e of R-configuration
has a better affinity for aldolasethan 1a, this better
affinity beingunderthe control of both constant¥; and
K.

For compoundsin the secondset, 2a4, they were
expectedto give stabilizediminium ions and therefore
compound®f high affinities. Whereaghis is true for 2a
and2b, 3 and4 give different patternsirreversiblein the
case of 3, competitive with 4. It is likely that the
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irreversibleinactivationobservedvith 3 is similar to that
obtainedwith other diketo compoundssuchas butane-
dione,a specificreagenfor arginine.As severalrginine
residuesare presentat the active site (Arg 42 and 148),
one of them should covalently bind 3. However,
irreversible inactivation of aldolaseby butanedioneis

only observedn the presencef boraxas buffer, which

stabilizegheadductformedbetweerthearginineresidue
and butanedioné? For 3, as to a lesser extent with

hydroxypyruvaldayde phosphaté® the presenceof a
phosphategroup stabilizesthe adductsinceirreversible
inactivationis observedwithout boraxin the triethano-
lamine buffer.

Compounds4 and 5 confirm that aromatic group-
bearing compoundscan interact at the active site of
aldolase Stackinginteractionswith the aromatictrypto-
phaneresidueat position147 andalsowith tyrosine363
of the C-terminuswhich closesonesideof the activesite
barref! are to be considered.These interactionscan
accountfor reasonablhygoodaffinities, particularlyfor 5.

Compounds2a and b give the best affinities for
aldolasethrougha slow-bindingprocesswith K;~ values
of 130 and 3.5uM, respectively;severalpiecesof evi-
denceindicatethat thesecompoundsind to aldolaseto
form stabilizediminium ion or eneamindntermediates,
particularly in the caseof 2b since the k_, value is
dramaticallyreducedthusindicatingthatthis compound
bindsirreversibly. Thetwo compoundganbeconsidered
as good mimics of the two approachinggroupsin the
bond-forming processcatalysedby aldolase.This pro-
posalis confirmedby aresultfrom the literaturé? where
a f-diketomoietyborneby anaromaticring wasusedasa
haptento produceantibodieswhich revealclassl aldo-
laseactivity. Moreover,the UV spectreof theseselected
antibodiesare similar to that of 2a with aldolasé® and
also to the adductformed betweenacetopyruvateand
acetoacetatedecarboxylasé® an enzyme which also
operatesthrough an iminium intermediate.As for the
differenceobservedetweerRaandb, two factorsshould
beconsideredthehighersterichindrancewith theketone
2aandalsothedifferencein pK of the CH, groupinserted
betweenthe two carbonyl groups, more acidic for the
aldehyde, and therefore more prone to lead to the
correspondingtabilizedenolate(pK5, 9 for acetylpropa-
nal against9 for acetylacetone).

Turning to FDP analogues-9, it is noteworthythat
none of them exhibits slow-binding behaviour.This is
relatedto thefactthatnoiminiumionis formedor only to
aweakextentwith 8. Concernings and7, neitherformsa
covalentbondwith the enzyme althoughotherepoxides
suchas phosphomycifi* and pentalenolactorfg inacti-
vateenzymesy covalentinding. Thesetwo compounds
arerecognizedat the active site sinceboth havetypical
competitive inhibition, but there is not likely to be
electrophilicassistancéo promotethe ring openingby a
nucleophile.The betteraffinity of 6 versustheisomer7
bearssimilarity to the observatiormadeby Hartmanand
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Barker® in comparing2,5-anhydroe-glycitol and 2,5-
anhydrob-mannitol, the former having an affinity for
aldolasethreetimeshigherthanthat of the latter.

With 10, advantageis taken of the high affinity of
aldolasefor phosphorylatedaromatic derivativest® An
aldehydegroupfixed in the para positionwith respecto
the phosphatémprovesthe affinity from 2.3to 0.5mm
but the binding remainscompetitive.An extraOH group
in the vicinity of the aldehydemoiety allows the forma-
tion and/or stabilizationof the correspondingminium
ion. Following (i) the slow-bindinginhibition and(ii) the
iminium ion formation, showingthat the two processes
arecorrelatedthe extentsof enzymeinactivationand of
iminium ion formationarevery similar. Displacemenbf
10 from the enzymecomplexby a competitiveinhibitor,
hexitoldiphosphatesuggestshatiminium ion formation
mostprobablyoccurswith a lysine residuein the active
site. Site-directedmutagenesi®f the active site lysine
residuesshowsthat Lys 146 is involved in the process:
with the mutantK146M, no inactivation occursand no
iminium formation is detected.The mutationsK229M
andK229A correspondindo the lysyl groupimplicated
in the bonding with the substratesindicate that this
residueis indirectly involved in the inactivationprocess
sinceiminium ion formationby Lys 146 is reducedput
not abolished,in these two mutants. Compound 10
represents specificprobeof Lys 146.

As for the experimentsperformed at different pH
values,they showthat rate constantsfor formation and
hydrolysisof the iminium ion intermediateare higherat
lower pH values,and thereforeunderconditionswhere
the phenol groupis in the protonatedform. However,
thesetwo reactionscanalsobe promotedby the protons
of themediumandthereforecomplementargxperiments
are neededby changing the buffer concentrationto
discriminateclearly betweenthe two possiblecontribu-
tions. In any case,asthis OH groupis requiredfor the
slow-bindingeffect,it mustintervenein theiminium ion
stabilization, probably as a phenate.Moreover, point
mutationsof Glu 187 indicate that this residueis also
involved in the processof iminium ion formation
betweeraldolaseand10. Thereplacemenof this residue
by anamideor by anacidborneby a shorterchainclearly
slowsthereaction.Although Glu 187 canalsocontribute
to aprotontransferin theintermediatecarbinolamineand
thusto iminium ion formation, a slow stepat thesepH
valueg’ (seeSchemed), it seemsmore likely that this
residuemediatesa protontransferfrom Lys 146to Lys
229, allowing asiminium ion betweerlys 146 and10to
form. Point mutationson Lys 229 (Table 3) revealeda
contributionof thisresidueto theiminium ion formation,
in accordancewith the present proposal. On these
grounds,it can be suggestedhat the reversetransfer
from Lys 229to Lys 146againmediatecby Glu 187 may
operateduring DHAP or FDP iminium ion formationin
the reactioncatalysedby aldolase.

Consideringnow the whole set of the compoundsn
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the study, it canbe concludedthatthosehavingthe best
affinities for the enzyme are those able to form a
stabilizediminium ion andshouldcorrespondo early or
central situationsalong the reaction coordinateswhen
definedin the FDP synthesisdirection. Compound?2b,
which correspondso a centralintermediateexhibitsthe
bestaffinity in the series.Surprisingly,compoundsuch
as8 and9, althoughof significantaffinities andclosein
structureto FDP, are unableto form animinium ion, at
leastto an appreciableextent. This bearssomerelation-
shipto the fact that the FDP iminium ion is formedto a
weak extent since it is not capableof being assayed,
under conditions similar to those in which DHAP
iminium ion wascharacterized® In addition,theenzyme
itself shouldcontributedifferently to the stabilizationof
the iminium ion formed with different substrateanalo-
guesin thatrespectit is significantthatHeyducket al.?°
haveshownthatmonophosphorylatecompoundsnduce
larger conformationalchangeghanthoseresultingfrom
binding of diphosphorylateccompounds Slow-binding
effects are observed with the monophosphorylated
compoundsla, 1b, 2a, 2b and 10 and also with D-
erythrulose-1-pbsphate, described earlier®® whereas
compounds 8, 9 and D-ribulose-1,5 diphosphat&
producecompetitiveinhibition.

In otherwords,compound®f high affinity for aldolase
througha slow-bindingprocessare monophosphorylated
compoundsable to form stabilized iminium ion inter-
mediatesa conformationalchangeof the enzymecon-
tributing to this stabilization.

Besidestheir interestin the deeperunderstandingof
aldolaseandasspecificresidueprobes suchcompounds
are also of interestin the designof biologically active
compoundsagainstdamagingparasitesuchastrypano-
someandleishmaniaresponsibldor widepreadliseases
such as sleepingsickness and whose energysourceis
exclusively supplied by glucose metabolism. This
strategy has been described elsewheré? By taking
advantageof enzyme sequencedifferences between
thoseof the hostandthe parasiteslow-bindinginhibitors
which only interact with the latter can be designed.
Promisingresultshavebeenobtainedalongtheselines.

EXPERIMENTAL

Enzymes and reagents. FDPsodiumsalt,NADH, DHAP
lithium salt, glycerol phosphatedehydrogenasetriose
phosphateisomeraseand rabbit muscle aldolasewere
purchasedrom BoehringetMannheim.All otherchemi-
calswerepurchasedrom Aldrich andwereusedwithout
further purification.

Synthesis. Compounds 1a-2b have been described
previously**'® Compounds2-9 are describedin Ref.
33 andwill be publishedelsewheré? Compound10 is
describedn Ref. 18.

0 1998JohnWiley & Sons,Ltd.

Assay methods. Aldolase activity (10 unitsmg ' at

25°C) was measuredusing a coupledassaysystemby

following NADH oxidationat 340nm, with detectionby

a Perkin-ElmerLambda 2 spectrophotometethermo-
statedat 25°C 3° Assayswereinitiated by theadditionof

substrate(FDP; 1 mm final concentration)to a final

volumeof 1 ml of solutioncontainingaldolasemadeup

in triethanolaming TEA) buffer (100mm TEA-HCI, pH

7.6, 50mm NaCl, 1mm EDTA), 0.42mm NADH and

couplingenzymeg10 g mi~* glycerol phosphatalehy-

drogenasel pgml~—* triose phosphatdsomerase)The

aldolaseconcentratiorwasdeterminedspectrometrically
from e,50=0.91mImg*cm~* or with a BCA protein

determinatiorkit (PierceChemical).Inhibition constants
(K;) were determinedon the basisof double-reciprocal
plots of the initial velocitiesof aldolase(2 pg ml~) for

different FDP andinhibitor concentrationg?®

Reduction by sodium borohydride. Sodiumborohydride
treatmentof the enzyme—inhibitorcomplexesat equili-

brium (TEA buffer, pH 7.0) was performed using a

previouslydescribedechnique*

Inhibition study. Aldolase(0.2mgml~tin 0.2ml of TEA
buffer) wasincubatedin the presenceof the compound
under study at the appropriate concentration. The
enzymaticactivity was assayedas a function of time
with 10pl aliquots. Control experimentswere run
without inhibitor and all measurementsvere madein
triplicate.

Kinetic methods. Slow-binding inhibition'® involves
rapid equilibrium formation betweenenzyme E and
inhibitor I, followed by theinitial complexEl undergoing
a slow reversibleisomerizationto a kinetically more
stablecomplexform EI*, asshownin Schemes.

Forthis generalsystemK;* is the overall dissociation
constant,K; is the dissociationconstantfor the EI*
complex, Ky is the dissociationconstantfor the EI*
complexandK is the equilibrium constantbetweenEl
and EI*. P production(concentrationP) versustime is
given by the following equation:

P = Vet + (Vo — Ve)(1 — & ") /kqpp (1)
whereVy, Vs andKkapp, representhe initial velocity, the

ks [S] keat
E =———= ES ——> E+P
k3
kiflki [ K, = 1 Ky = KK
Ky
k;
Kk
El] ——— EI* k. F o= 2
k_2 K= 2 K; k2 + k,2

ks

Scheme 4. Inhibition parameters for a slow-binding process.

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 793-802(1998)



SLOW-BINDING INHIBITION PROSPECT3SN ALDOLASE 801

steady-stateateandthe apparenfirst-orderrateconstant
for reaching the equilibrium between ElI and EI*,
respectively.The apparenfirst-orderrate constant(kapp)
describingthe formation of EI* is definedby Eqn (2),
where Kg is the dissociation constant for the ES
complex®® This constantexhibits saturatingfirst-order
kinetics with increasingconcentrationof inhibitor [I]
with lower and upperlimits k_, and k_, + k,, respec-
tively (afterdilution, for inhibitor concentrationsloseto
zero, Kapp= K_5). At high inhibitor concentrationsand
whenevek, > k_,, Eqn(3) canbeused®®*" At chemical
equilibrium, Egn (4) is obtained whereR representshe
residual fraction of active enzyme®® In caseswhere
[EI¥] > [El], Eqn (5) (takenfrom Seget®) canbe used,
where[E]; and[l]; representheinitial concentration®f
free enzymeandinhibitor, respectively.

_ [/Ki
=2 e g ) ?
1 1k 1
o~ kil i ®
1 B kiko 1 1+k kg 4
I kik21—-R  ky k. )
N ([E]tJF[l]ﬂLKd)_\/([E]t+mtJFKd)Z_‘l([E]t“]t)
B = :
(5)

UV-visible difference spectroscopy. Absorbancespectra
were measuredusing a Varian Cary 1E spectropho-
tometerat a constantemperatureof 25°C. The buffers
usedfor titrations and enzymickinetics were identical,
i.e. TEA buffer. Absorbancepectraveremeasuredising
a variation of the methodof Santiet al.*® In methodA,
absorptiornspectrawere scanneceitherbetweer250 and
500nmor atwavelengthgorrespondingo themaximum
and minimum absorptionandrecordedas a function of
time. Measurementsw/ereinitiated by the additionof 10
atvariousfinal concentrationso TEA buffercontaininga
fixed concentrationof aldolase (10um subunit). The
measuredabsorptionspectraof the enzyme complex
were correctedfor absorptionby buffer and enzyme
alone. The resultantdifferenceabsorptionspectrawere
usedfor determinatiorof thedissociatiorconstantor the
aldolase20 complexandfor the rate constantslescrib-
ing its formation.Method B wasusedfor thetitration of
10 andaminocaproi@cid againstenzymeln eachassay,
enzyme(or aminocaproicacid) was addedat different
final concentrationsin the presenceof a fixed 10
concentration(10 or 50uM). Spectrawere recordedat
timed intervals. Difference absorption spectra corre-
sponding to complex formation were corrected for
absorptionby buffer and 10 alone. Apparentfirst-order
rate constants(k,p) and limiting maximum absorption
differences(AAnay Were obtainedfor each assayby
fitting thetime-dependergbsorptiondatato a first-order

0 1998JohnWiley & Sons,Ltd.

kinetic equation(or the sum of two first-order kinetic
processes)The dissociationconstantK4) was obtained
from experimentally determinedmaximum absorption
differencesusing Eqn (4). The dissociationconstantK;
for therapidly formedaldolase40 complexandthe rate
constantk, andk_,, correspondindo the formationand
dissociationrespectivelyof the slow-reactingaldolase—
inhibitor complex, were derived from analysis of
apparentrate constantsusing Egn (2). The first-order
rate constantk_, was also derived independentlyfrom
absorbanceatacorrespondindo the displacemenbf 10
from the enzymic complexby 10mm hexitol bisphos-
phate(methodA).

All UV-visible differencespectroscopiexperiments
using aldolasemutants(10 um subunit)were performed
usingmethodA.
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