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ABSTRACT: New haptens useful for eliciting proteolytic antibodies are proposed. Transition state conformations of
the amide and ester bond cleavages of simple quantum models were obtained by HF/6–31G*ab initio calculations.
The results suggested that in our model of the transition state, forming the tetrahedral structure at the carbonyl carbon
in a nucleophilic addition step is sufficient for ester bond cleavage, while formation of both the tetrahedral structure
and the appropriate orientation of the lone-pair electrons on the nitrogen for the proton addition is necessary for amide
bond cleavage. The key feature for designing good and/or potent haptens deduced from the transition state model
could therefore be that both the tetrahedral conformation at the carbonyl carbon and proper orientation of lone pairs
are simultaneously and appropriately reproduced in the haptens. Based on calculations, we designed potentially
appropriate new haptens with the phosphonamidate functional group for eliciting proteolytic antibodies. Copyright
 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

It is our strong aim to elicit catalytic antibodies that can
cleave the amide bond, as a major application of catalytic
antibodies will be in the field of therapeutic use in
medicine. In this regard, generation of the catalytic
antibodies expressing proteolytic activity is of special
value.

A large number of catalytic antibodies have been
elicited by haptens designed as transition-state analo-
gues.1–7 The strategy is based on transition-state theory,
which proposes that an antibody specific against a
transition-state analogue will be more specific for the
substrate at the transition state rather than at the
corresponding ground state, and the differential binding
energy for the transition state vs the ground-state is
reflected as a rate acceleration.8

In previous studies, the use of haptens having a
phosphonate moiety as a functional group led to the
selection of catalytic antibodies with esterolytic but not
proteolytic activity.1–5 Since these haptens were con-
sidered to be a transition-state analogue for both ester and
amide hydrolyses in which the tetrahedral conformation

of the carbonyl carbon and the anionic characteristics of
the carbonyl oxygens in the transition states were
reproduced, there could be an essential difference in the
mechanism between the proteolytic and esterolytic
processes, or in the efficacy of eliciting proteolytic and
esterolytic activity. In any case, however, no rules have
been proposed for an appropriate measure for designing
haptens, whether or not such haptens could be used for
eliciting antibodies that cleave the amide bond instead of
the ester bond.

In order to design haptens for proteolytic antibodies,
more information about the mechanism of the cleavages
is of particular importance. Estimations of the transition
states of amide and ester bond cleavages and their
comparison are urgently required.

For the chemical reaction, Pranata,9 O’Brien and
Pranata10 and Hori and co-workers11,12 proposed a
mechanism for the base-promoted hydrolyses of the
amide and ester bonds (Scheme 1). In both bond
cleavages, the reactions proceed by a similar mechanism.
The initial process is the nucleophilic addition of
hydroxide to form a tetrahedral intermediate (step 1).
The tetrahedral intermediate then undergoes conforma-
tional changes before the elimination reaction step (step
2). The difference between the ester and amide bond
cleavages in the chemical reaction is that the highest
energy point in the ester hydrolysis occurs during the
nucleophilic addition step, whereas in the amide hydro-
lysis it occurs during the elimination step.10,12–14
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In enzymaticreactions,serineproteasesare the most
studiedamong the proteases,both experimentallyand
theoretically.15–23 X-ray analysisrevealedthat the triad
structureof the active site, e.g. serine195, histidine 57
andasparticacid109in chymotrypsin,playsanimportant
role in catalysis.24 Basedon semi-empiricalmolecular
orbital calculations,Kollman andco-workersproposeda
mechanismfor amideandesterbondcleavage(Scheme
2) at the activesite of the enzyme.21–23The mechanism
consists in two steps, formation of the tetrahedral
intermediateof the substrate(step 1) and elimination
after the conformationalchangehas occurredby bond
rotation around the C—N bond (steps 2 and 3).
Comparisonof chemical and enzymatic reactions of
amide hydrolysis demonstratedthat the proton in the
eliminationstepin thechemicalreaction(Scheme1, step
2) correspondsto concertedreleaseof a protonfrom the
oxygenof theserineby thecooperativework of theacid
catalyzedby His 57 in theenzymatichydrolysis(Scheme
2). They found that the formation of the tetrahedral

intermediate(Scheme2,step1) is arate-determiningstep
and protonation to the nitrogen (Scheme2, step 3)
resulting in the cleavage of the amide bond is a
subsequentrate-determiningstep.Krug et al. proposed
that theenzymaticactionof serineproteasecouldbethe
result of Nt of the imidazolyl of His, providing the
concertedgeneralbaseandacidcatalysis.13

Thesestudiessuggestedthat reproducingthe tetrahe-
dral conformationof the carbonylcarbonby the phos-
phonatemoietyin thehaptensis notsufficient,becauseit
only mimics the intermediatein the nucleophilicattack
step,asis shownin thechemicalreaction(Scheme1,step
1) or in theenzymaticreaction(Scheme2, step1).

Thekey featurefor designinga haptenfor proteolytic
activity could thereforebe to reproducethe transition-
stateconformationduring the stepsof both the nucleo-
philic addition and elimination in one haptensimulta-
neously,asonly one-stepselectionusinga singlehapten
is allowedfrom a wide variety of antibodyrepertoires.

For this purpose,we adopteda ‘one-stepmodel’ for

Scheme 1. Mechanism of base-promoted hydrolysis of the proposed amide.10

Scheme 2. Mechanism of amide bond hydrolysis by serine protease.21±23 For convenience, we named our hydrolysis mechanism
the `one-step model' and the general hydrolysis mechanism described above as the `two-step model.'
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amide bond cleavagein the catalytic triad in serine
proteases.25 Aided by computational chemistry, we
planned to design an appropriatehapten for eliciting
proteolytic antibodies.First, we examinedthe transi-
tion-state structure and electronic properties of the
processof amide bond cleavageusing our quantum
modelselucidatethe exact processof esterand amide
hydrolysis in the model of the enzymatic active site
mimicking the serine proteasecatalytic site. We then
designed several transition-stateanalogue candidates
appropriatefor use as a hapten eliciting proteolytic
activity. Among the antibodieselicited againstsuch a
hapten,we canexpectto find goodantibodies(catalytic
antibodies)having a moiety composedof the catalytic-
site-like triad in the binding site for functioning as
proteasemimics.

EXPERIMENTAL

Conformational analyses of transition states

To designa haptenfor reproducingthe transition-state
structuresin both the nucleophilicadditionandelimina-
tion steps,weassumedamechanismof thehydrolysesof
the amide or ester bond in such a way that the

nucleophilic addition to the carbonyl carbon and the
elimination of the leaving group occur simultaneously.
We tried to find the transitionstatesof amideandester
bonds based on the above ‘one-step model’ in the
modeledcatalytic triad in serineprotease.The relative
coordinatesof Ser195andHis 57 werederivedfrom the
x-ray structure[a-chymotrypsin(EC 3.4.21.1,1cho.pdb
in the ProteinDataBank)]24 In our model,Ser195 and
His 57 residuesand the substratewere simplified and
replacedby methanol,5-methylimidazoleandN-methyl-
propionamidefor the amide model [Fig. 1(a)] and by
methylpropionatefor theestermodel[Fig. 1(b)]. As the
initial geometry,we adoptedtheamidesubstratewith an
‘N-synconformation’in which theN2—H7andC1—O3
bondswere eclipsedwith respectto the C1—N2 bond
[Fig. 1(a)]. For comparison,we also adoptedan ester
modelwith the sameconformationaroundthe C1—O2
bondrotationof thesubstrateastheinitial geometry[Fig.
1(b)].

Full geometry optimization of the transition-state
calculations including vibrational analyseswere per-
formed at the HF/6–31G* level. The energy was
recalculatedwith MP2/6–31G*by using the optimized
geometries at the HF/6–31G* level. All ab initio
calculationswereperformedusingGaussian94(Revision
D.4)26 on DEC Alpha workstations.

Figure 1. Structures of the modeled substrates and interacting amino acids in the enzyme active site for (a) amide and (b) ester,
and (c) the adopted one-step mechanism. Models (a) and (b) were used for transition-state calculation of the one-step
mechanism (c). The substrates of amide and ester were simpli®ed as N-methylpropionamide [(1) in (a)] and methylpropionate [(1)
in (b)], respectively. Serine 195 and histidine 57 were replaced by methanol (2) and 5-methylimidazole (3), respectively
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Conformational analyses of the reported haptens

Phenylethylphosphonate(1) andp-nitrophenylethylpho-
sphonate(2) wereadoptedasthe modelsof the haptens
which could elicit esterolyticantibodies.3,4 N-(p-Nitro-
phenyl)benzylphosphonamidate(3) wasadoptedas the
haptenfor thehydrolysisof anilide.6 Thepossiblestable
conformersweresearchedfor andtheir geometrieswere
optimizedby theMP2/6–31G*calculations.

To evaluatethe direction of the lone-pairorbital, the
negativeelectrostaticpotential surfaces(N-EPS) were
calculatedboth for the optimized transition-statestruc-
turesof thesubstratesandfor thoseof thehaptens.

RESULTS

Transition-state model analysis

Structural parameters of the transition-state models
of the substrates. Structuralparametersof the transi-
tion-statemodelsare listed in Table 1. The vibrational
modesfor the single imaginary frequenciesinherentto
theamideandestertransitionstatesareindicatedby the
arrows[Fig. 2(a)and(b)].

In theamidemodel,thetransitionstatewasfoundwith
asingleimaginaryfrequency(195.66i cmÿ1) in our‘one-
stepmodel.’ The vibrational modeshowedthat the OH
protonof Ser195 (H8) leavesthe Ser195 oxygen(O9)
while the carbonyl carbon (C1) of the substrate
approachesthe Ser 195 oxygen (O9). Then the amide
bond (C1—N2) is lengthenedto take an appropriate
orientationfor theproton(H8) attackon the lonepair of
the nitrogenatom(N2). The carbonylcarbon(C1) loses

its planar structure and tends to take a tetrahedral
conformation; the amide nitrogen (N2) becomespyr-
amidalized.IRC (intrinsic reactioncoordinate)calcula-
tion confirmedthat thestructureobtainedcorrespondsto
the transitionstatefor theC—N bondcleavage.

In theestermodel,the transitionstatewasfoundwith
the wavenumberfor the imaginaryfrequencyof 873.94
i cmÿ1. Thevibrationalmodeof this imaginaryfrequency
showsthat a similar movementfound in the caseof the
amidemodelwasobservedwith respectto theOH proton
(H8) leaving Ser 195 and breaking the esterC1—O2
bond.By IRC calculation,thetransitionstatewasshown
to bevalid for C—O bondcleavage.

Thegeometriesof thetransitionstatesandtheoverlap
populationsof the relevantbondsin both stepsof bond
cleavageand bond formation are also summarizedin
Table 1. In the transitionstateof the amidemodel, the
bondpopulationfor breakingthe amidebond(C1—N2)
(0.3267) was larger than that forming the carbonyl
carbon—oxygenbond of Ser 195 (C1—O9) (0.1237).
The distancebetweenC1 andN2 (1.502Å) wasshorter
thanthat betweenC1 andO9 (2.247Å). Comparingthe
transition-statestructurewith thatof thegroundstate,the
C1—N2bondwaslengthenedandtheC1—O9bondwas
shortened.In the transition state of the ester model,
however,thebondpopulationof thenewlyformingC1—
O9 bond (0.1862)was larger than that of the breaking
esterC1—O2bond(0.1399).The lengthof theC1—O2
bond(1.622Å) wasshorterthanthatof theC1—O9bond
(1.916Å).

Conformational and electronic properties of the
transition-state models of the substrates. The
directions of the lone-pair electrons evaluated by

Table 1. Structural parameters of the transition states

Parameter Amide model Estermodel

Distances(Å):
C1—N2 1.502 C1—O2 1.622
C1—O9 2.247 C1—O9 1.916
N2—H8 1.036 O2—H8 1.051
O9—H8 1.721 O9—H8 1.391
N10—H8 2.492 N10—H8 3.700

Angles(°):
�O3—C1—N2 116.1 �O3—C1—O2 112.9
�O3—C1—O9 112.5 �O3—C1—O9 112.4
�O3—C1—C4 127.2 �O3—C1—C4 130.2
�H7—N2—H8 106.9
�H7—N2—C6 110.8
�H8—N2—C6 115.8
�N2—C1—C4 115.1 �O2—C1—C4 110.6

Torsionangles(°):
�C4—C1—N2—C6 54.5 �C4—C1—O2—C6 22.9

Bondpopulation:
C1—N2 0.3267 C1—O2 0.1399
C1—O9 0.1237 C1—O9 0.1862

Imaginaryfrequency(cmÿ1) 195.66i 873.94i

a Thenumberingsystemis shownin Fig. 1.
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depictingthe negativeelectrostaticpotentialsurface(N-
EPS)areshownin Plate1.Judgingfrom theN-EPSin the
amidemodel, the lone pair on the amidenitrogen(N2)
atomwasorientedtowardsthe enteringproton(H8). In
contrast,the N-EPSin the estermodelwasspreadhalf-
sphericallyaroundthealkoxy oxygenO2. Thesemodels
demonstratedthat the lone-pair electronsin the amide
model are more directionally orientedthan in the ester
model.

Hapten analysis

First,theoptimizedstructurestogetherwith N-EPSof the

most stable conformersof the reportedhaptenswere
obtained(Plate2). All stableconformersof 1, 2 and 3
heldthetetrahedralconformationaroundthephosphonyl
moiety. In the transition-stateanaloguesof phosphonate
(1 and2), two oxygenatoms(O3andO3') in theO—P—
O moiety(eachheldpro-Sandpro-Rpositions)wereset
to correspondto the carbonyl oxygen and the nucleo-
philic oxygenin the transition-statemodel. The O-aryl
moiety held an anti conformationwith respectto the
P1—C4bond.The N-EPSon the aryl oxygen(O2) was
extendedto the oppositeside to the pro-R phosphonyl
oxygen(O3). In contrast,in thetransition-stateanalogue
of phosphonamidate(3), theN-aryl moietyheldagauche
conformationwith respectto the P1—C4bond,andthe

Figure 2. Transition-state structures of (a) amide and (b) ester bond cleavage obtained by HF/6±31G* calculations. The arrows
indicate the vibrational mode of the single imaginary frequency in the transition state structures of amide and ester
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N-EPSon the aryl nitrogen(N2) wasextendedantiperi-
planarwith respectto the P1—C4bond.The N-EPSof
the phosphonamidate3 showeda more similar orienta-
tion of thelone-pairelectronsto thetransitionstatemodel
of theamidethanthat of thephosphonates(1 and2).

New haptensdesignedwith the lone pair in antiperi-
planarorientationwith respectto theP—Cbondbasedon
thephosphonamidate(3) aredemonstratedin Plates3 and
4. To comparealkyl phosphonamidateand aryl phos-
phonamidatefurther the conformationandN-EPSof N-
methyl phosphonamidate(4) and N-phenyl benzylpho-
sphonamidate(5) are shown.The nitrogen(N2) of the
moststableconformerof 4 hasthesp3 conformation,and
the lone-pairorientationon nitrogenwas synperiplanar
with respect to the P1—C4 bond. Three stable con-
formersof 5 with the conformationaldifferenceat the
benzyl moiety (Nos 1, 2 and 3 in Plate 3) are shown.
Theseconformerstook an sp3-like conformationat the
nitrogen (N2) and did not form a planar conformation
aroundtheP—N—arylmoiety.Thelone-paironnitrogen
(N2) wasorientedantiperiplanarwith respectto theP1—
C4 bondin all conformers.

Basedon theaboveinformation,newhaptenswith an
N-alkyl phosphonamidatemoiety werefurther designed.

TheconformationandN-EPSat theglobalminimaof the
new haptensare depictedin Plate 4. To constrainthe
orientationof thelonepair to theantiperiplanardirection,
the six-membered cyclic compound 6 was further
designed.The chair form was the dominantconforma-
tion,andits N-EPSatthenitrogen(N2) wasextendedto a
synclinicalorientationwith respectto the P1—C4bond
(Plate 4). Fluorine atomswere then introducedto the
carbonadjacentto thephosphonyloxygens(7 and8). We
expectedthat the orientation of the lone-pair on the
nitrogen (N2) might change from synperiplanar to
antiperiplanarby thediplole–dipoleand/orcharge–dipole
interactionsbetweenthe phosphonamidatemoiety and
the fluorine atoms. Actually, ab initio calculations
indicated that the dominant conformationof 7 and 8
took anexpectedantiperiplanarconformationof thelone
pair with respectto theP1—C4bond.

To evaluatethe newly designedhaptensparametri-
cally, we introducedthe ‘effective lone-pairparameter’
(ELp) asa new index whosevalueshowsthe degreeof
properorientationof thelonepair for theeliminationstep
of the amide bond cleavage.The equationis given in
Table2. The ELp valuesfor the transitionstatesof the
modeledsubstratesandthereportedhaptensarelisted in
Table2.TheELp valuesfor thetransition-statesubstrates
of the amideandesterwere2.43and2.39,thosefor the
ary phosphonamidatehaptens(3 and 5) were 1.20 and
1.55andthosefor haptenswith a phosphonatemoiety(1
and2) werezero(Table2). Thevaluesfor 7 and8 (1.94
and2.23)werecloseto thoseof thetransitionstatesof the
modelsubstrates.

DISCUSSION

We set out to design a hapten useful for obtaining
catalyticantibodiesthat catalyzeamidebondcleavages.
Amide bond cleavagein both chemicaland enzymatic
reactionis generallyconsideredto proceedin two steps,
nucleophilicadditionandelimination.10–23 In the serine
protease-catalyzedcleavageof amides,however,Komi-
yama and Benderproposedan SN2-like one-stepreac-
tion.25 In this model,thereactionproceedsin sucha way
that thenucleophilicadditionto thecarbonylcarbonand
eliminationof the leavinggroupoccursimultaneously.

From the standpointof haptendesign,an inevitable
desireis to reproducea transition-state-likestructurein a
single hapten. To satisfy this requirement,we must
follow the one-stepmodel, such as that proposedby
Komiyama and Benderfor amide bond cleavagereac-
tions, rather than the generally accepted two-step
model.15–23

If we canfind a candidatefor a transitionstatethatfits
thebondcleavagereactionfollowing theone-stepmodel,
it will then be plausibleto designa single haptenthat
elicits antibodiescatalyzing the amide bond cleavage
reaction.Aided by computationalchemistry,we propose

Table 2. Values of ELpa

Transition-statemodel:
Amide 2.43
Ester 2.39

Existing haptens:
1 0
2 0
3 1.20

Designedhaptens:
4 0.34
5 1.55
6 0
7 1.94
8 2.23

a TheELp is definedaccordingto the following equations:

fr�N� � 2C2r(lone-pair-orbital) �1�

Lp �
XM
��1

fr�N��=jE�lone-pairorbital��j � Pop� �2�

ELp�
XM
��1

fr�N��=jE�lone-pairorbital��j � Pop�� A �3�

wherefr(N) is theelectrondensityof oxygenor nitrogenin thelone-pair
orbital, Cr is the coefficient in the lone-pair orbital, jE(lone-pair
orbital)j is the absolutevalueof the lone-pairorbital energy(hartree)
and Pop is the populationof the local minimum at 25°C;m is the
numberof local minima. [ELp] involves contribution factor A with
regardto theorientationof thelonepair on oxygenor nitrogen.In this
case,thecontributionfactorA wasdefinedasfollows: A = 1 if thelone
pair takestheantiperiplanarconformationwith respectto theP1—C4
bond; in other cases,A = 0. The lone-pair orbital that has large
coefficientsof 2pz or 3pz onthenitrogenor oxygenatoms(andthathas
an antiperiplanarorientationwith respectto the P1—C4bond) was
deducedusingBoys’ method.33
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herea possibleone-stepmodelfor amidebondcleavage
andfind thatit givesaninsightinto thedesignof apotent
haptencapableof eliciting amidebond-cleavingactivity.

Our one-stepmodel of the amide and ester bond
cleavageconsistsof Ser, His and the substrate.As the
initial geometryof theamidesubstrate,weadoptedtheN-
synconformation.In that geometry,the C=O bondand
N—CH3 bond were arrangedin a staggeredconforma-
tion, which appearedin the eliminationstepof the two-
step model.21,22,27 In fact, we could not reach the
transition-stateconformationwherethe C=O bondand
N—CH3 bondwerein aneclipsedform. We alsotried to
optimize the transitionstateof the esterbond cleavage
with theconformationin which theC=O bondandO—
CH3 bond were set in an eclipsedconformationas the
initial conformationin our one-stepmodel,but we could
notdoso.Therefore,thesameconformationastheamide
substrate,in which the C=O bond and O—CH3 bond
werearrangedin staggeredconformation,wasadoptedas
theinitial geometryof theestersubstrate.Theresultwas
a contrastto that obtainedin the otherstudiesfollowing
the one-stepmodel.20 Their estersubstratetook on an
eclipsedconformationaround the C=O and O—CH3

bonds.Thedifferencein theinitial conformationbetween
thosestudiesandourmodelmaybedueto theadditionof
one free water moleculeto the model in their studies.
This molecule may act as a catalyst, whereasin our
modeltheOH protonof Serwasdirectly attractedby the
amidenitrogen.

In our model of ester bond cleavage, the bond
population of the cleaving bond (C1—O2) is smaller
than that of the forming bond (C1—O9), and the
vibrational mode at the transition state indicates that
the H8 protonis attractedto the lone pair on the alkoxy
oxygen (O2), so the elimination step occurs sponta-
neouslyby themovementof theH8 proton.Theseresults
suggestthatthechangeof thecarbonylcarbon(C1) from
aplanarto a tetrahedralconformationis sufficientfor the
ester bond cleavage.In contrast, in the amide bond
cleavage,thebondpopulationof thecleavingbond(C1—
N2) is largerthanthatof theformingbond(C1—O9)and
its vibrationalmodeat the transitionstateshowsthat the
planarityof the carbonylcarbon(C1) is decreasingand
thatpyramidalizationat thenitrogenatom(N2) from sp2

to sp3 is proceeding.
The studieson a two-stepmodel proposedthat the

differencebetweenamidebondandesterbondcleavage
residesin the eliminationstep.In amidebondcleavage,
the lone pair must be arrangedin a properposition to
acceptthe proton from hydroxide,whereasin the ester
bondcleavage,cleavageoccursspontaneouslywhenthe
carbonyl carbon is changedfrom sp2 to sp3 in the
nucleophilic step.10,12–14 In our one-stepmodel, the
resultsare fairly consistentwith thosedescribedabove.
Theimportantprocessin theamidebondcleavageis the
protonationto theamidenitrogenuponlosingplanarityat
the carbonyl carbon and pyramidalizing the amide

nitrogen,whereasin the esterbondcleavage,it wasnot
theprotonationbut thesp3 conformationat thecarbonyl
carbonthat is important.

As thetransitionstatecouldbeobtained,theelectronic
propertiesof amideandestersubstratesat the transition
statecould be further calculatedand evaluated.In this
analysis, we chose the N-EPS. Judging from the
distribution of the N-EPS,the OH proton (H8) can be
abstractedto thelone-pairon theesteroxygen(O2) from
awidedirection.In comparison,theenteringdirectionfor
the OH proton (H8) is very limited in the caseof the
amidenitrogen(N2), becausethe lonepair on theamide
nitrogen(N2) appearsin the properdirection by losing
the planarity of the carbonyl carbon (C1) and amide
nitrogen (N2). From thesefindings, we speculatethat
protonationto thelonepairon theamidenitrogen(N2) is
moredifficult thanto that on theesteroxygen(O2).

We furtherexaminedN-EPSof thereportedphospho-
nate-basedhaptens(1 and2) that could elicit esterolytic
antibodies.3–5 The results revealedthat the tetrahedral
conformationswere well reproducedaroundthe phos-
phonatemoietyandlargeN-EPSaroundthephosphonyl
oxygens(O3andO3') wereobserved.It is consideredthat
sucha largeN-EPSplaysanimportantrole in stabilizing
the tetrahedral intermediateof ester in the catalytic
pocket.28,29 For stabilization,the hydrogenbondingand
the electrostaticinteractionsplay a part, and the x-ray
analysessuggestedthat theseinteractionsbetweenthe
phosphonyloxygens(O3 and O3') of haptensand the
catalytic binding site were formed in the esterolytic
antibodies.30 The most likely mechanism for the
esterolyticantibodieselicited against1 and 2 involves
directhydroxideattackfrom freewaterratherthanaside-
chainof theaminoacidonthescissilecarbonylcarbonof
ester,facilitated by the specific stabilizing interactions
with theoxyanionictransitionstatespecies.30

It is noteworthy that each lone pair of the alkoxy
oxygen(O2) in 1 and 2 was not orientedto the proton
enteringside,which shouldbe requiredfor amidebond
cleavage,becausetherepulsionof the lonepair between
thealkoxyoxygen(O2)andthephosphonyloxygens(O3
andO3') preventedthelonepair from locatingtheproton
entering side. This may be the reason why these
phosphonate-basedhaptenscould not elicit proteolytic
activity. Again, these haptenscould mimic only the
transitionstatefor thenucleophilicstepandnot thestep
of elimination in the amidebond cleavage.3–5 In other
words,thehaptenthatcanelicit theproteolyticantibody
must mimic the transition state of both nucleophilc
addition to the carbonyl carbonand protonationto the
amide nitrogen. A plausible mechanism for such
proteolytic antibodiesmust involve nucleophilic attack
from the side-chainsof the amino acid in the catalytic
active site and protonation to the amide nitrogen
following a concertedfashion, facilitated by the more
appropriatestabilizing interactionsbetweensurrounded
amino acid side-chainsand the transition-statespecies
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andby theprotonin theappropriateposition.Foreliciting
the esterolyticantibody,it is sufficient to reproducethe
transition state of the nucleophilic addition to the
carbonylcarbonby the phosphonatemoiety. Hence,the
haptenappropriatefor esterolyticantibodyjust requires
holdingthetetrahedralconformationwith a largeN-EPS.

Our one-stepmodelhasa goodreasonfor explaining
why hapten 3 could elicit antibodieswith an amide
hydrolysis-likereaction,anilide hydrolysis.In haptens3
and5, the orientationof the lone pair of the nitrogenis
closerto the proton-entering sideat the amidenitrogen
(N2). In spiteof the adjacentN-aryl group,the P—N—
aryl moietydoesnot form a planarconformationandthe
nitrogen(N2) takesansp3 like conformation.As a result,
3 and5 canmaintaina betterorientationof the lonepair
of nitrogenfor eliciting anilidehydrolysisthantheother
haptens. In the anilide hydrolytic antibody elicited
against3, a histidineattacksthescissilecarbonylcarbon
asanucleophile.As aresult,acovalentacyl intermediate
was formed.7,30,31 Although the mechanism of the
protonation to the anilide nitrogen is not clear, the
appropriateorientationof the lone pair on the anilide
nitrogen seems to play an important role in the
protonation.

From the above,we designedsomehaptensbasedon
phosphonamidates,suchas4–8. To evaluatethepotency
of thesedesignedhaptensappropriatefor amide clea-
vage, we introduced a new parameter(ELp), which
includesboththeelectronicpropertiesandtheorientation
of the lone pair. In a comparisonof ELp between
esterolytic(1 and2) andanilide hydrolytic haptens(3),
the difference in eliciting potencybetweenesterolytic
andproteolyticcatalyticantibodycanbe representedby
the ELp values.To increasethe ELp score,we tried to
design new haptens. First, a simplified model of
phosphonamidate(4) was introduced. The dominant
conformerof 4 showedthat therepulsionof thenegative
chargebetweentwo phosphonyloxygens(O3 and O3')
and lone pair on nitrogen(N2) causeda synperiplanar
orientationof thelonepair on nitrogen(N2) with respect
to the P1—C4bond.This conformationwas similar to
thoseof the reportedhaptens(1 and 2) that could only
elicit estrolyticantibodies.As aresult,theELp scoreof 4
waszero, the sameas for 1 and2. We then introduced
fluorine atoms to the carbon adjacent to phosphonyl
oxygens(7 and 8). The orientationof the lone pair on
nitrogen(N2) changeddramaticallyfrom synperiplanar
to antiperiplanarwith respectto theP1—C4bond.These
haptensnowhavelargerELp scores(1.94and2.23)than
those of N-aryl phosphonamidates3 and 5 (1.20 and
1.55). Judgingfrom the ELp scores,7 and 8 could be
more appropriatecandidatesthan 3 and 5 to elicit
proteolyticactiveantibodies.Comparedwith 7, thelone-
pair orientationin 8 is betterconstrainedto the proper
positionby thecyclic conformation,andit is reflectedby
the largerELp of 8 than7. The dramaticchangein the
orientationof the lone pair on the nitrogen (N2) from

synperiplanarto antiperiplanarwith respectto the P1—
C4bondcanbeinducedby theelectronicinteractionsdue
to thedipole–dipoleand/orcharge–dipoleamongtheC—
F, P—O and P—N bondsand lone-pairelectrons.In 7
and8, anorbital interactionbetweenthelone-pairorbital
on nitrogen(N2) andtheantibondingorbital of theP1—
C4 bondis possiblewhentheyassumeanantiperiplanar
conformation. This orbital interaction leads to bond
lengthchangesof the relevantbonds.TheP1—N2bond
shortenswhereastheP1—C4bondlengthens(translone-
pair effect).32 This changecan be easily recognizedby
comparingthebondlengthsof 8 with thoseof 6 (no trans
lone-paireffect).TheP1—N2bondlengthsof 8 and6 are
1.760 and 1.736Å and the P1—C4 bond lengths are
1.842and1.872Å, respectively.

Finally, to our knowledge,this is thefirst studyon the
designof new haptensfor amidebond cleavagesusing
computationalchemistryfor evaluatingthe reaction,the
structureandtheelectrostaticpropertiesof the transition
stateandtransition-stateanalogues.A studyto determine
whether these new haptenswill really be potent in
eliciting catalyticproteolyticantibodiesis underway.
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22. DaggettV, SchröderS, Kollman P. J. Am.Chem.Soc.1991;113:
8926–8935.
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