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ABSTRACT: With the modified Hammett–Taft cross-interaction variations, multiple linear regressions of the
chemical shifts of NH protons, pKa, logk[OH], ÿlogKi, logkc and logki values for both substituted phenylN-n-butyl
carbamates (1) and 4-nitrophenyl-N-substituted carbamates 2 give linear correlations, and the cross-interaction
constants areÿ0.5, 0.3,ÿ2.4, 2, 1 and 2, respectively. The cross-interaction constant for the correlation of the
chemical shifts of NH protons indicates that the pseudo-transconformers are major conformers of carbamates 1 and 2
in CDCl3. Thus, the distances between the substituents at nitrogen and phenyl of carbamates 1 and 2 are relatively
longer. In the transition states of protonations of carbamates 1 and 2 in aqueous solution (pKa), those distances are also
longer. However, those distances of transition states for theE1cB mechanism of the basic hydrolysis of carbamates 1
and 2 and for the cholesterol esterase inhibition mechanism by carbamates 1 and 2 are relatively shorter based on large
absolute values of cross-interaction constants. Moreover, the cholesterol esterase inhibition mechanism by
carbamates 1 and 2 is common in the formation of the tetrahedral intermediate and then the carbamyl enzyme. Based
on the stereoelectronic effects, the x-ray structures of cholesterol esterase and large values of the corss-interaction
constants, the inhibition mechanism of cholesterol esterase by carbamates 1 and 2 is proposed. Copyright 2000
John Wiley & Sons, Ltd.
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INTRODUCTION

Physiological substrates of cholesterol esterase (CEase)
(EC 3.1.1.13), also known as bile salt-activated lipase
include cholesteryl esters, retinyl esters, acylglycerols,
vitamin esters and phospholipids.1–4CEase plays a role in
digestive lipid absorption in the upper intestinal tract,
although its role in cholesterol absorption in particular is
controversial.5–7 A recent report indicates that CEase is
directly involved in lipoprotein metabolism, in that the
enzyme catalyzes the conversion of large low-density
lipoproteins (LDL) to smaller, denser, more cholesteryl
ester-rich lipoproteins, and that the enzyme may regulate
serum cholesterol levels.8 CEase shares the same
catalytic machinery as serine proteases9 in that they have
an active site serine residue which, with a histidine and an
aspartic or glutamic acid, forms a catalytic triad. The
conservation of this catalytic triad suggests that as well as
sharing a common mechanism for substrate hydrolysis,
that is, formation of a discrete acyl enzyme intermediate
via the serine hydroxyl group, serine proteases, CEase

and lipases may well be expected to be inhibited by the
same classes of mechanism-based inhibitors. Two
different x-ray crystal structures of bovine pancreatic
CEase have been reported recently.10,11 Although
different bile salt-activation mechanisms for CEase are
proposed, the shape of the active site is similar to that of
lipases.

In the presence of substrate, the mechanism of pseudo-
substrate inhibitions of CEase has been proposed
(Scheme 1 and Fig. 1).12–19 Because the inhibition of
CEase follows first-order kinetics over the observed time
period for the steady-state kinetics, the rate of hydrolysis
of EI' must be significantly slower than the rate of
formation of EI' (kc k3).

20

Scheme 1. Kinetic scheme for pseudo-substrate inhibition of
CEase in the presence of substrate and inhibitor
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The active site of CEasecontainsat leastfour major
sub-domains(Fig. 1):11,12,17–19(a) the first acyl chain
binding site (ACS) that binds to the acyl chain of
cholesterylesteror thefirst acyl chainof triacylglycerol,
(b) the oxyanionhole (OH) A195, G107andA108 that
stabilizesthecarbonylgroupof thesubstrateor inhibitor,
(c) the estericsite (ES), comprisingthe catalytic triad
S194,H435andD320,thatcatalyzesthereaction,and(d)
the secondacyl chainbinding site (SACS)that bindsto
thecholesterylpartof thecholesterylesteror thesecond
acyl chain of triacylglycerol.19 Therefore,the pseudo-
substrateinhibition of CEaseby carbamates1 and2 has
beenproposed(Fig. 1 andScheme1)12–19

Structure–reactivityrelationshipsfor the inhibition of
CEaseby aryl carbamateshave beendemonstratedas
important probesto understandthe inhibition mechan-
ism.12–19 The Hammett,Taft–Ingold and Järv–Hansch
correlationshave been extensively used to study the
inhibition mechanismof CEase.However, no cross-
interaction effect between two substituents in aryl
carbamateshasbeentakeninto account.Therefore,we
first apply the cross-interactioneffect to the structure–

reactivity relationshipsfor the inhibition of CEaseby
carbamates1 and2.

Interactionsbetweensubstituents(cross-interaction)
havebeenderivedfrom amultiple Hammettcorrelation:

log�kXY
�

kHH� � �X�X � �Y�Y � �XY�X�Y �1�

whererXY is thecross-interactionconstant.21–27Leeand
co-workers21–23 considerrXY to be a measureof the
distancebetweengroupsX andY in the transitionstate
andhavedevelopedempirical relationshipsbetweenthe
cross-interactionconstantand intramolecular distance
(jrXYj varies inverselywith distancebetweensubstitu-
entsX andY). However,the cross-interactionphenom-
enonis limited to systemswith two substitutedphenyl
groups. In other words, Eqn. (1) can only apply the
Hammettsubstituentconstants(s)24–27 to disubstituted
phenyl compounds.In this work, we tried to apply the
cross-interactioneffect to carbamates1 and2 that vary
thesubstituentsbothat thephenylgroupandat nitrogen.
In other words, we report the cross-interactioneffect
betweens andtheTaft substituentconstants(s*)24–27

RESULTS

ThepKa, logk[OH] and�NH valuesof carbamates1 and2
and the ÿlogKi and logki values for the inhibition of
CEaseby carbamates1 and2 do not correlatewith the
equation

log�kXR� � constant� �X�X � ���� � �XR�X�� �2�

where sX, s* and rXR are the Hammett substitutent

Figure 1. Structures of carbamates 1 and 2

Table 1. Substitutent constants and kinetic data for inhibitions of CEase by carbamates 1 and 2

Xa Ra s s* a s s*b Ki (mM)c kc (10ÿ3 sÿ1)c ki (Mÿ1 sÿ1)c

p-OMe n-Bu ÿ0.27 ÿ0.13 0.035 (7� 1)� 103 5.4� 0.4 0.8� 0.1
H n-Bu 0 ÿ0.13 0 740� 70 5.0� 0.3 6.7� 0.8
m-OMe n-Bu 0.12 ÿ0.13 ÿ0.016 390� 30 4.5� 0.3 12� 1
p-Cl n-Bu 0.23 ÿ0.13 ÿ0.030 82� 8 4.4� 0.2 54� 6
m-Cl n-Bu 0.37 ÿ0.13 ÿ0.048 120� 10 4.3� 0.2 36� 3
m-CF3 n-Bu 0.43 ÿ0.13 ÿ0.056 35� 5 4.4� 0.2 120� 20
p-CF3 n-Bu 0.54 ÿ0.13 ÿ0.070 4.4� 0.3 4.2� 0.2 960� 80
m-NO2 n-Bu 0.71 ÿ0.13 ÿ0.092 3.6� 0.3 4.0� 0.2 1,100� 100
p-NO2 n-Bu 0.78 ÿ0.13 ÿ0.10 2.6� 0.3 3.8� 0.2 1,500� 100
p-NO2 n-Bu 0.78 ÿ0.13 ÿ0.26 2.6� 0.3 3.8� 0.2 1,500� 100
p-NO2 n-Pr 0.78 ÿ0.12 ÿ0.24 2.9� 0.3 3.74� 0.04 1,300� 100
p-NO2 Et 0.78 ÿ0.10 ÿ0.20 3.1� 0.3 3.85� 0.03 1,200� 100
p-NO2 n-Hex 0.78 ÿ0.15 ÿ0.30 3.2� 0.4 3.00� 0.03 900� 100
p-NO2 n-Oct 0.78 ÿ0.13 ÿ0.26 3.6� 0.4 3.75� 0.04 1,000� 100
p-NO2 C2H4Cl 0.78 0.39 0.77 5.8� 0.7 1.21� 0.04 210� 30
p-NO2 CH2Ph 0.78 0.22 0.44 4.4� 0.5 8.81� 0.09 2,000� 200
p-NO2 Allyl 0.78 0.1 0.20 3.8� 0.5 6.00� 0.05 1,600� 200

a ThesubstituentsR andX of carbamates1 and2 (Fig. 1).34

b For carbamates1, a = 1; for carbamates2, a = 2.54.25

c Obtainedfrom fitting the kapp valuesof Eqn.(4) (seeExperimental).12
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constant,theTaft substitutentconstantandtheHammett–
Taft cross-interactionconstant,respectively.

However,valuesof pKa, logk[OH], �NH, ÿlogKi, logkc

andlogki correlatewith theequation

log�kXR� � constant� �X�X � ���� � �XR��X�� �3�

wherea is the weighing factor of the cross-interaction
term.Thea valueis definedto be1 whenR is n-C4H9 and

X is varied(carbamates1) and2.54whenX is p-NO2 and
R is varied(carbamates2) (Table1).

The resultsof thesemultiple linear correlationsare
summarizedin Table 2. Therefore,the mechanismsfor
carbamates1 and2 with respectto thepKa, logk[OH], �NH,
ÿlogKi, logkc andlogki systemsarecommon.Moreover,
therXR valuesof pKa, logk[OH], �NH, ÿlogKi, logkc and
logki correlationsare 0.3, ÿ2.54, ÿ0.5, 2, 1 and 2,
respectively.ThejrXRj valuesfor pKa and�NH are<1 but
thosefor logk[OH], ÿlogKi, logkc andlogki are>1.

Table 2. Cross-interaction analyses of structure±reactivity relationships for �NH, pKa and logk[OH] of carbamates 1 and 2 and the
inhibition of CEase by carbamates 1 and 2a

Parameters �NH
b pKa Logk[OH] ÿLogKi Logkc Logki

r 0.08� 0.08 9.8� 0.1 2.3� 0.2 3.7� 0.4 0.0� 0.5 3.6� 0.5
r* 1.8� 0.5 ÿ1.5� 0.7 6� 1 ÿ4� 2 ÿ0.5� 0.2 ÿ4� 3
rXR

c 0.5� 0.2 0.3� 0.3 ÿ2.4� 0.5 2� 1 1� 1 2� 1
h 5.21� 0.07 9.8� 0.1 4.3� 0.2 2.5� 0.3 ÿ2� 1 0.3� 0.4
Rd 0.9759 0.9983 0.9965 0.9838 0.8892 0.9661

a For carbamates1 and 2 the Eqn. (3) (logkXR = h� r s� r* s* � rXR a s*s; a = 1 for carbamates1; a = 2.54 for carbamates2) is usedin
correlations.
b All 1H chemicalshifts (�, ppm)arereferredto internalTMS (300MHz, CDCl3).
c Cross-interactionconstant.
d Correlationcoefficient.

Figure 2. Mechanism for the protonation of carbamates 1 and 2 in aqueous solution
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Figure 3. Alkaline-catalyzed hydrolysis of carbamates 1 and 2 via E1cB28±30

Figure 4. Mechanism for the alkaline-catalyzed hydrolysis of carbamates 1 and 2 via E1cB
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DISCUSSION

That thepKa, logk[OH], �NH, ÿlogKi andlogki valuesfor
carbamates1 and 2 do not correlatewith Eqn. (2) is
probablydueto the fact that the substituentsat nitrogen
(R) andatphenyl(X) (Fig.1) donotcontributeequallyto
the cross-interactionterm. However,the pKa, logk[OH],
�NH, ÿlogKi and logki values show multiple linear
correlationswith sX, s* andasXs* [Eqn. (3) andTable
2]. Thea valuein Eqn.(3) is definedto be2.54because
ther* for basichydrolysisof benzolateester,ArCOOEt,
from the Hammett equation is 2.54.25 Therefore, the
contributionfrom theR substituentof carbamates1 and2
(Fig. 1) is 2.54-fold higher than that from the X
substituentof carbamates1 and2 to thecross-interaction
term becausethe substituentR is much closer to the
reactioncenterthanthesubstituentX (Fig. 1).

Therearetwo possibleconformationsof carbamates1
and 2 in solution, pseudo-trans and pseudo-cis con-
formers(Fig. 2). ThejrXRj valueof �NH correlationis 0.5
and less than those of logk[OH], ÿlogKi and logki

correlations(Table2). Therefore,the distancesbetween
thesubstituentsR andX of carbamates1 and2 in CDCl3
are far away and the pseudo-trans conformers are
dominant in the pseudo-trans–pseudo-cis equilibria
(Fig. 2).

ThejrXRj valuefor thepKa correlationof carbamates1
and2 is the smallestone(0.3) (Table2). Therefore,the
distancesbetweenthesubstituentsR andX of carbamates
1 and 2 in the transition statesof the protonationsof
carbamates1 and 2 are relatively longer than thoseof
other systemsstudied (Table 2). Hence the transition
statesof the protonationsof carbamates1 and 2 are
predictedto be TS 3 (Fig. 2). There are two possible
reasonsfor this: (a) the pseudo-trans conformersare

dominant in the pseudo-trans–pseudo-cis equilibria,
which lead to TS 3 (Fig. 2), and (b) the lone pairs at
the nitrogenatomsof the pseudo-cis conformersarenot
perpendicularto theC=Op bondsowingto therepulsion
betweenthe substituentR and the substitutedphenyl
group,which makeTS 3 lessstablethanTS 4 (Fig. 2).

The basichydrolysisof carbamates1 and2 proceeds
via the E1cB mechanism (Fig. 3).28–30 The rate-
determiningstepof E1cB canbeeitherthedeprotonation
step (the first step, rXR = 0) or the formation step of
isocyanate(the secondstep,rXR ≠ 0).23,25,26The non-
zerorXR value(ÿ2.4) for thelogk[OH] correlation(Table
2) confirmsthat thesecondstepof this E1cB mechanism
(Fig.3) is therate-determiningstep.23 ThejrXRj valuefor
the logk[OH] correlationis the largest(2.4) in Table 2.
Therefore,thedistancebetweenthesubstituentsR andX
of carbamates1 and2 in thetransitionstatesof theE1cB
mechanism(Fig. 3) shouldbetheshortest(TS 10 in Fig.
4) accordingto Lee’sprediction.23 Thetransitionstateof
the E1cB mechanism for the basic hydrolysis of
carbamates1 and2 is predictedto be TS 10 insteadof
TS 9 probablybecause8 is morestablethan7 owing to
thefavorableantiperiplanarinteractionbetweenlonepair
a andtheanti-bondingof C—Os bondin 8 (Fig.4).31 On
theotherhand,therepulsionbetweenlonepairb andtwo
lone pairs of the phenol oxygen makescompound7
unstable.

Like all aryl N-alkyl carbamates,12–19 carbamates1
and2 arecharacterizedaspseudo-substrateinhibitors of
CEase because these inhibitors meet three criteria
proposedby Abeles and Maycock.32 The enzymecan
beprotectedfrom inhibition by carbamates1 and2 in the
presenceof a competitiveinhibitor, trifluoroaceticacid
(TFA).33 Therefore, carbamates1 and 2 are also
characterizedasthepseudo-substrateinhibitorsthatbind

Figure 5. Two possible tetrahedral adducts, TD 11 and TD 12, for the inhibition of CEase by carbamates 1 and 2. TD 11 and TD
12 are two most stable species owing to the lack of the rabbit-ears repulsion.31 TD 11 is more stable than TD 12 because of the
repulsion between the substituent R and S194 in TD 16 and the favorable interaction between the substituent R and ACS for in
11
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to the activesite (ACS–ES–OH)of the enzyme(Fig. 1)
(see Return of activity and protection by TFA in the
Experimentalsection).18,19Sincether andr* valuesfor
the CEase inhibitions by carbamates1 and 2 have
opposite signs,14,16 the mechanismsfor the CEase
inhibitions by carbamates1 and 2 may be different. In
other words, the inhibition by carbamates2 may not
follow thesamemechanismasshownin Fig. 1 owing to
the negativer* valuefor theÿlogKi correlation,which
apparentlyis not the characterfor the formation of the
negativeEI tetrahedraladduct(Fig. 1).16 However,the
common mechanism for the CEase inhibition by
carbamates1 and2 (Fig. 1 andScheme1) is confirmed
in this studybecauseall ÿlogKi, logkc and logki values

are correlatedwith Eqn. (3) (Table 2). Therefore,the
CEaseinhibition mechanismsby carbamates1 and2 are
common(Fig. 1) and the Ki stepsfor the mechanisms
shouldbe furtherdivided into two steps.

For the Ki stepof the inhibition mechanism(Fig. 1),
TD 11 and TD 12 (Fig. 5) are two very stableadducts
becauseboth lack any two-lone-pairs repulsion (the
rabbit-ears interaction) based on stereoelectronicef-
fects.31 Stereoelectroniceffectsalso predict that TS 13
and TS 14 (Fig. 6) are two very stabletransitionstates
becausethelonepair on thenitrogenin bothstructuresis
at the antiperiplanarposition for the direction of the
nucleophile(serine)attack.TS13andTS14 thenreactto
form TD 11 and TD 12, respectively.Basedon the x-
ray10,11andkinetic data17–19for CEase,TS 13 is a more
favorabletransitionstatethan TS 14, probablybecause
the alkyl group of TS 13 is in ACS whereasthe NH
hydrogenof TS 14 is in ACSandtheR substituentof TS
14 is in repulsionwith theS194nucleophilewhereasthis
repulsionis lacking in TS 13 (Fig. 6). The large jrXRj
valuefor theÿlogKi correlation(2� 1) predictsthat the
distancebetweenthe substituentsR and X in TS 13 is
muchcloserthanthat in TS 14andalsoconfirmsthefact
that TS 13 is morestablethanTS 14 (Fig. 6).

For the carbamylation (kc) step, stereoelectronic
effectspredict that only two moststableTD 11 andTD
12 (Fig. 5) amongsix tetrahedraladductsarecapableof
forming the carbamylenzymesbecausethe antiperipla-
nar interactionbetweenthe lonepair of nitrogenandthe
anti-bondingorbital of the C—O s bondis availablein
TS 15 andTS 16 (Fig. 7), which arefrom TD 11 andTD
12, respectively.31 Basedon the x-ray10,11 and kinetic
data17–19for CEase,TS 15 is a morefavorabletransition
state than TS 16, probably owing to the favorable
interactionbetweenthe substituentR of TS 15 and the
ACS of the enzyme(Fig. 7). Therefore,the jrXRj value
for thelogkc correlation(1� 1) predictsthatthedistance
betweenthesubstituentsR andX in TS15 is muchcloser
thanthat in TS 16.

Thekc stepis therate-determiningstepfor theoverall
inhibition mechanism(ki) becauseall kc valuesaremuch
smallerthanthe 1/Ki values(Fig. 1 andScheme1).12–17

Thus,TS 15 for thekc step(Fig. 7) is lessstablethanTS
13 for the Ki step(Fig. 6). Sincethe rXR value for the
logki correlationis the sum of the valuesfor both the
ÿlogKi correlation and the logkc correlation, the rXR

value for the logki correlation (2� 1) should be the
greatest,that for the logkc correlation(1� 1) shouldbe
the secondand that for the ÿlogKi correlation(2� 1)
shouldbe the smallest.Although the experimentaldata
are not completely confirmed (Table 2), the distance
betweenthesubstituentsR andX in TS15 (Fig.7) should
be shorterthan that in TS 13 (Fig. 6). Furtherevidence
thatsupportsthedistancebetweenthesubstituentsR and
X in TS 15 beingshorterthan that in TS 13 is that the
latter has some coplanar, trans character for the
substituentsR and X from the starting pseudo-trans

Figure 6. Two possible transition states, TS 13 and TS 14,
that lead to TD 11 and TD 12 (Fig. 5), respectively. TS 13 and
TS 14 are two most stable species according to the prediction
of the stereoelectronic effects.31 TS 13 is more stable than TS
14 because of the repulsion between the substituent R and
S194 in TS 14 and the favorable interaction between the
substituent R and ACS in TS 13
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carbamates(Fig. 4), which makethe distanceof TS 19
longer thanthe distanceof the moretetrahedral-likeTS
15.

Overall,thecross-interactionanalysesof thestructure–
activity relationshipsallow us to proposethe CEase
inhibition mechanismby carbamates1 and 2 shownin
Fig. 8. First, the morestablepseudo-trans carbamates1
and 2 diffuse into the enzyme to form the enzyme–
inhibitor complex 16. The lone pair of the carbamate
nitrogenof complex16 thenrotates90° aroundtheC—N
partial doublebondto interactwith the amideprotonof
OH (G107,A108 andG109)of the enzymethroughthe
hydrogen bonding and to form the enzyme–inhibitor
complex17 that resultsin thedevelopmentof thepartial
positivechargeat thecarbamatenitrogenof complex17.
Therefore,ther* valueof theÿlog Ki–s* correlationfor
carbamates2 is negative(ÿ4� 2) (Table2).16 Complex
17 thenleadsto thetetrahedraladductTD 11, throughthe
transition state TS 13 (Fig. 6). TD 11 then form the
carbamylenzymepseudo-cis-18, throughthe transition
stateTS 15 (Fig. 7). Moreover,the largerXR valuesfor
all inhibition data (Table 2) confirm the fact that the
distancesbetweenthesubstituentsR andX for all species
in Fig.8 exceptcomplex16arerelativelyshorterthanthe
distancefor pseudo-trans carbamates1 and 2 (Fig. 1).
Furthermore,theshortdistancesbetweenthesubstituents
R and X for complex 17, TS 13, TD 11, TS 15 and

pseudo-cis-18 strongly agree with the fact that the
movements of all atoms in the CEase inhibition
mechanismobey the principle of least nuclearmotion
(Fig. 8).25,26

FromaroughMM-2 calculationusingCSCChem3D,
TS 4, compound8 andTS 10 aremorestablethanTS 3,
compound7 and TS 9, respectively(data not shown).
Hence,the abovepredictionbasedon the roughMM-2
calculationalsoconfirmsthemechanismsin Figs2 and4
derived from the results of the Hammett–Taftcross-
interactions.However,it is difficult to predicttherelative
stabilitiesamongpossibletransitionstatesor tetrahedral
adductsfor the CEase-catalyzedreactionby theoretical
calculationsowing to the hugemolecularweight of the
enzyme(63� 3 kDa).11

EXPERIMENTAL

Materials. All chemicalsand biochemicalswere of the
highest grade available.CEasefrom porcine pancreas
and p-nitrophenylbutyrate(PNPB)were obtainedfrom
Sigma; other chemicalswere obtained from Aldrich.
Silica gel usedin liquid chromatography(Licorpresilica
60, 200–400 mesh) and thin-layer chromatographic
plates(60F254) wereobtainedfrom Merck.Thesynthesis
of carbamates1 and2 hasbeenreportedpreviously.34

Figure 7. Two possible transition states, TS 15 and TS 16, that lead to the carbamyl enzyme from the tetrahedral adducts, TD 11
and TD 12, respectively. TS 15 is more stable than TS 16 based on similar reasons to those in Fig. 6
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Instrumental methods. 1H and 13C NMR spectrawere
recordedat300and75.4MHz, respectively,onaVarian-
XL 300 spectrometer.The 1H and 13C chemicalshifts
were referred to internal tetramethylsilane (TMS).
Steady-statekinetic data were obtained with a UV–
visible spectrophotometer(HP 8452 or BeckmanDU-
650)with a cell holdercirculatedwith a water-bath.The
pKa valueswereobtainedfrom pH-stattitration (Radio-
meterPHM 290).

Data reduction. KaleidaGraph(version2.0) andOrigin
(version 4.0) were usedfor both linear and non-linear
least-squarescurve fittings. Stat Work and Origin were
usedfor multiple linearleast-squaresregressionanalyses.
CSCChem3D wasusedfor theroughMM-2 calculation.

pKa and logk[OH]. ThepKa valueswereobtainedfrom the
pH-stat titration. The valuesof logk[OH] were obtained

accordingto the proceduresof Fujita et al.28 The first-
order rate constant,khyd., of the acyl derivativeswas
obtainedfrom theUV–visiblespectrophotometricresults,
aftercalculation.Thevaluesof logk[OH] weredetermined
asthe interceptof the plot of logkhyd vs log[OHÿ]. The
reaction temperaturewas kept at 25.0� 0.1°C. All
reactionswere performedin sodium phosphatebuffer
(1 ml, 0.05M, pH 8.0) containingNaCl (0.2M), aceto-
nitrile (2.5%, v/v), Triton X-100 (0.5%, w/w) and
substrate(5mmol). Reactionsweremonitoredfrom 214
to 288nm according to different absorptionsof X—
C6H4—OH.29

Steady-state enzyme kinetics. The steady-stateCEase
inhibitions were assayedby Hosie et al.’s method.12–19

The temperaturewas maintainedat 25.0� 0.1°C by a
refrigeratedcirculating water-bath.All reactionswere
performedin sodiumphosphatebuffer (1 ml, 0.1M, pH

Figure 8. Proposed mechanism for the formation of the carbamyl enzyme, pseudo-cis-18, from carbamates 1 and 2 and CEase
through complex 17 and TD 11. The hydrogen bonding between the amide protons of OH and the lone pair of the carbamate
nitrogen develops a partial positive charge at the carbamate nitrogen, which leads to a negative r* value for the ÿlogKi

correlation16
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7.0) containing NaCl (0.1M), acetonitrile (2%, v/v),
Triton X-100 (0.5%,w/w), substrate(50mM PNPB)and
various concentrations (from 10ÿ7 to 10ÿ2 M for
carbamates1; from 10ÿ8 to 10ÿ3 M for carbamates2)
of inhibitors. Requisite volumes of stock solution of
substrateandinhibitors in acetonitrilewereinjectedinto
reactionbuffers via a pipet. PorcinepancreaticCEase
was dissolvedin sodium phosphatebuffer (0.1M, pH
7.0).Reactionswereinitiatedby injectingenzyme[50mg
or 1 unit (mmol minÿ1)] andmonitoredat 410nm on the
UV–visible spectrophotometer.First-orderrateconstants
(kapp values)for inhibition of CEaseweredeterminedas
describedby Hosieet al. (Scheme1).12–19Valuesof Ki

andkc canbeobtainedby fitting thedataof kappand[I] to
Eqn. (4) by non-linear least-squaresregressionana-
lyses:12

Duplicatesetsof datawerecollectedfor eachinhibitor
concentration.

kapp� kc�I�
Ki 1� �S�Km

� �
� �I�

�4�

Return of activity and protection by TFA. For thereturn
of activity study, CEase(50mg) was incubatedwith
carbamate1 or 2 (1mM) in the absenceandpresenceof
TFA (2mM),33 a known competitive inhibitor of the
enzymebeforetheinhibition reaction.Theconcentration
of the substrate(PNPB)was0.2mM for CEase.All the
otherproceduresfollowed thoseof Hosieet al.12,13,17–19
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2. FredrikzonB, HernellO, BläckbergL, OlivecronaT. Pediatr.Res.
1978;12:1048–1052.

3. KritchevskyD, Kothari HV. Adv.Lipid Res.1978;16:221–226.
4. RuddEA, BrockmanHL. In Lipases, Borgström B, BrockmanHL

(eds).Elsevier,Amsterdam,1984.
5. BhatSG,BrockmanHL. Biochem.Biophys.Res.Commun.1982;

109:486–492.
6. Gallo LL, Clark SB, Myers S, VohounyGV. J. Lipid Res.1984;

25:604–612.
7. Watt SM, SimmondsWJ. J. Lipid Res.1981;22:157–165.
8. Brodt-EppleyJ, White P, JenkinsS, Hui DY. Biochim.Biophys.

Acta 1995;1272:69–72.
9. Svendsen A. In Lipases, Their Structure Biochemistry and

Application, Woolley P,PetersenSB (eds).CambridgeUniversity
Press:Cambridge,1994;1–21.

10. WangX, WangC-S,TangJ, DydaF, ZhangXC. Structure1997;
5:1209–1218.

11. ChenJC-H,Miercke LJW, Krucinski J, StarrJR,SaenzG, Wang
X, SpilburgCA, LangeLG, Ellsworth JL, StroudRM. Biochem-
istry 1998;37:5107–5117.

12. Hosie L, SuttonLD, Quinn DM. J. Biol. Chem.1987;262:260–
264.

13. FeasterSR, Lee K, Baker N, Hui DY, Quinn DM. Biochemistry
1996;35:16723–16734.

14. Lin G, Lai C-Y. TetrahedronLett. 1995;36:6117–6120.
15. Lin G, Liu H-C, TsaiY-C. Bioorg. Med.Chem.Lett. 1996;6:43–

46.
16. Lin G, Lai C-Y. TetrahedronLett. 1996;37:193–196.
17. Lin G, Tsai Y-C, Liu H-C, Liao W-C, Chang C-H. Biochim.

Biophys.Acta 1998;1388:161–174.
18. Lin G, Shieh C-T, Tsai Y-C, Hwang C-I, Lu C-P, Chen G-H.

Biochim.Biophys.Acta 1999;1431:500–511.
19. Lin G, ShiehC-T, Ho H-C, ChouhwangJ-Y, Lin W-Y, Lu C-P.

Biochemistry1999;38:9971–9981.
20. Aldridge WN, Reiner E. In EnzymeInhibitors as Substrates,

NeubergerA, TatunEL (eds).North-Holland:Amsterdam,1972;
123–145.

21. LeeI, SohnSC.J. Chem.Soc,Chem.Commun.1986;1055–1056.
22. Lee I, Kim HY, KangHK. J. Chem.Soc.,Chem.Commun.1987;

1216–1217.
23. Lee I. Adv.Phys.Org. Chem.1992;27:57–117.
24. Hine J. Structural Effects on Equilibria in Organic Chemistry.

JohnWiley & Sons:New York, 1975.
25. IsaacsNS.PhysicalOrganicChemistry. JohnWiley & Sons:New

York, 1987.
26. Lowry TH, RichardsonKS. Mechanismand Theory in Organic

Chemistry(3rd edn).HarperandRow: New York, 1987.
27. ConnorsKA. ChemicalKinetics. VCH: New York, 1990.
28. Fujita T, KamoshitaK, Nishioka T, Nakajima M. Agric. Biol.

Chem.1974;38:1521–1528.
29. Hall CD, Goulding CW. J. Chem.Soc, Perkin Trans. 2 1995;

1417–1477.
30. BroxtonT, ChungRP-T.J. Org. Chem.1995;51:3112–3115.
31. DeslongchampsP.StereoelectronicEffectsin OrganicChemistry.

PergamonPress:New York, 1983.
32. AbelesRH, MaycockAL. Acc.Chem.Res.1976;313–319.
33. SohlJ,SuttonLD, BurtonDJ,QuinnDM. Biochem.Biophys.Res.

Commun. 1988;151:554–560.
34. Lin G, Lai C-Y, Liao W-C. Bioorg. Med. Chem.1999; 7:2683–

2689.

Copyright  2000JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2000;13: 313–321

HAMMETT–TAFT CROSS-INTERACTIONCORRELATIONSFORCHOLESTEROLESTERASEINHIBITION 321


