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Abstract

Semiempirical molecular orbital calculations have been performed for the first step in the alkaline hydrolysis of
the neutral benzoylester of cocaine. Successes, failures, and limitations of these calculations are reviewed. A
PM3 calculated transition state structure is compared with the PM3 calculated structure for the hapten used to
induce catalytic antibodies for the hydrolysis of cocaine. Implications of these calculations for the computer-
aided design of transition state analogs for the induction of catalytic antibodies are discussed.
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larger “carrier” molecule such as bovine serum albumin. Only
Introduction a subpopulation of anti-analog antibodies will be catalytic

and, in order to analyze the individual antibodies of a
The rational production of antibodies able to catalyze a parmpolyclonal immune response, monoclonal antibodies must
ticular reaction was first described by Lerner and Benkoviche prepared and purified. The art of generating catalytic an-
[1, 2] and by Schult43] in 1986. Their insight stemmed tibodies lies in the design of the hapten which must be
from a recognition of a structural similarity between an en-chemically stable yet mimic the structural and electronic prop-
zyme transforming a substrate and an antibody binding to arties of the transition state of the indicated reaction.
molecule that resembles the transition state structure of the One of us (DWL) has generated a catalytic antibody for
substrate. [4] Such an antibody was found to stabilize thé¢he hydrolysis of the benzoylester of cocaine [5] and recently
transition state over the ground state structure and lower theported an improved catalyst that enhances the rate by
energy of activation for the indicated reaction. To elicit a23,000-fold. [6] The hapten used for the generation of this
catalytic antibody, the molecule that mimics the transitioncatalytic antibody is based on the phosphonate monester struc-
state, the so-called transition state analog (TSA), must bture, a structure used extensively for eliciting artificial
rendered immunogenic by being tethered as a hapten toesterases. [1, 3, 7, 8] In general, researchers designing cata-
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Iytic antibodies for ester hydrolysis have focused on the genlations will be described in the Discussion section of this

eral structure of the tetrahedral anionic intermediate as paper. In addition the energetics of the critical first step were

model for the phosphonate hapten. [1, 3, 7, 8] The formatiorvaluated using the SM3 method [24] and compared with the

of the anionic intermediate is the first step in the alkalinemethyl acetate and methyl benzoate systems.

hydrolysis of esters [9, 10 see Fig 1], and this is the rate- All geometry-optimized structures were characterized as

limiting step in solution. [11-13] stationary points, and as minima or maxima, at all levels of
theory in this study. The display of nhormal modes of vibra-
tion within SPARTAN allowed verification that the calcu-

0 e o. lated transition structure connected reactants with the ani-

RCOR' + OH . R-:(C)t-:O-R' . onic tetrahedral intermediate. Molecular electrostatic
: potentials (MEPs) were calculated using the NDDO approach
OH within SPARTAN. All calculations were carried out on Sili-
con Graphics Indy and Indigevorkstations at Lake Forest
Reactants Transition State College.
° Results

HOH

T R gg R’ — Products The critical first step in the alkaline hydrolysis of esters is
presented in Figure 1. Figure 2 displays the PM3 calculated
Intermediate transition state structure that connects the reactants and tet-

rahedral intermediate (see Figure 1). Figure 3 displays a PM3
calculated phosphonate analog that was the basis for the

Figure 1. The first step in the alkaline hydrolysis of esters. hapten used by Landry and co-workers to induce catalytic
antibodies. [5, 6] The MEPs, superimposed on the electron

density, for the transition state structure and the phosphonate
In our previous work extensive semiempirical ahitio analog are shown in Figure 4. The molecular framework of

computations were performed to model the first step in th@ac.h strugture is visible berjeath the ME'_DS' Red .|nd|ca'tes
regions with the most negative electrostatic potential while

alkaline hydrolysis of the model ester systems, methyl ac-: o . h : :
etate and methyl benzoate. [14, 15] By comparison with higil?lue |r'1d|cat.es regions with the least negapve electrostat'lc
level ab initio calculations at the HF and MP2 levels, it was potential. Figure 5 shows the neutral cocaine ester and its

found that the PM3 method showed promise for modelindﬂ'igheSt occupied molecular orbital (HOMO). Cocaine and

transition state structures for ester hydrolysis. Other group’étsllz(.)weSt (;) C_I(_:# plehq mr? Iecm;lar orbital (L.lt'.JMO)t atre dlspl)layed d
efforts to use quantum mechanics to calculate transition stat gure 6. The thiophosphonate transition state analog, an

in order to aid in understanding catalytic antibody work in-f[he MEP superimposed on the electron density, are displayed

clude studies on the chorismate-prephenate rearrangemer'ﬂ, Figure 7. Table 1 contains the energetics for the reaction
[16] the Diels-Alder reaction, [17] the aldol reaction, [18]
and the ene reaction between malieimide and 1-butene. [19]

In this article the results of semiempirical calculations
are presented for the alkaline hydrolysis of the neutral co-
caine benzoylester, for the phosphonate hapten that has bee
used to generate a catalytic antibody that catalyzes cocaine
hydrolysis, [5, 6] and for a newly designed thiophosphonate
analog.

Method

The AM1, [20] MNDO, [21] and PM3 [22] semiempirical
molecular orbital methods, implemented within the SPAR-
TAN software package, [23] have been used to search for the
transition state for the alkaline hydrolysis of cocaine. Start-
ing structures were based on previous work, [14, 15] and
careful searches for the transition state structure were madg&gure 2. The PM3 calculated transition state structure for
with each method. Because of the difficulties in obtaining athe first step in the alkaline hydrolysis of the neutral cocaine
transition state structure, the methodology used in our calcusenzoylester.
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displayed in Figure 1, for cocaine and the previously detertance was subject to the constraint of being fixed to 2.30 A.
mined ester systems. [14, 15] Geometric parameters for thie addition the converge option was selected to aid SCF con-
transition state structure and the phosphonate hapten are listeergence.The output file for this calculation revealed that
in Table 2. Close contacts are shown for the carbon that iafter 18 cycles of constrained transition state optimization,
being attacked by the hydroxyl anion in the transition stateéhe gradient dropped to 0.007 a.u. and the heat of formation
structure and for the phosphate in the hapten molecule. climbed to -165.4 kcal/mol. Further cycles increased the gra-
dient. In the second step the same procedure was repeated,
but reduced to 18 optimization cycles, to obtain the lowest
gradient/highest heat of formation structure. In the third step
a frequency calculation was performed on the 18 cycle out-
put structure, by numerical differentiation of analytical gra-
dients using central differences. One imaginary frequency
was found (-360 crf) and examination of this normal mode
revealed that this vibration connected the cocaine ester and
hydroxyl anion reactants with the tetrahedral anionic inter-
mediate. In step four the Hessian matrix, wavefunction, and
structure from the previous step were used for a transition
state optimization, again with the converge option but with
the C—O constraint removed. The output structure from this
final optimization converged, had a heat of formation of -
183.2 kcal/mol, and was used for a frequency calculation in
step five. One imaginary frequency was obtained (-273 cm-
Figure 3. The PM3 calculated phosphonate analog, PA2,1) and examination of this mode revealed that this was the
the hapten used to induce catalytic antibodies (ref 5,6).  correct TSfor this reaction. Furthermore, geometry
optimizations performed from the TS, purturbed slightly along
the transition state mode (first contracted, and second ex-

Discussion panded), led first to the stable cocaine intermediate and sec-
- ond to the initial ester and hydroxyl anion reactants. The
Transition State Structure (TS) final TS is displayed in Figure 2.

This structure was used as the input structure for AM1

Previous computational work on the hydrolysis of the estergnd MNDO transition state calculations. In addition the same
methyl acetate and methyl benzoate guided our search f@trategy outlined above was used starting from the AM1 and
the PM3 transition state structure (TS) for the hydrolysis ofMNDO minimized tetrahedral intermediates. Also, the lin-
cocaine[14, 15] For methyl acetate, the PM3 method lo- ear synchronous transition (LST) method was used within
cated two transition states, one with a linear geometry anQPARTAN to generate many different Starting models for
one with a bent geometry. The linear and bent geometrieAM1 and MNDO transition state optimization, with the same
were characterized by the C (acetate methyl carbon)-C (agesults as described previously. [14] Efforts with these other
etate ester Carbon)-O -C (methyl Carbon) torsion angle of thgem|emp|r|ca| methods were not successful.
transition state structure. Hartree-Fock (HiB)initio calcu-
lations at the 3-21G/HF and 3-21+G/HF levels, starting from
the two PM3 transition state structures, converged on a linaAmM1 vs PM3
earTS. Compared with the 3-21+G/HF structure, the linear
PM3 TSwas superior to the 3-21G/HF TS. [14] For methyl Fajlure of the MNDO method to find a TS is not surprising,
benzoate, the PM3 method found one linear TS. [15] AMlgiven the known overestimation of the repulsive core-core
calculations were not successful for obtaining a reasonablgotentials. [21,25] In order to reduce the repulsive forces
TS for either model system. between atoms separated by van der Waals distances, Dewar

PM3 calculations were performed on the neutral cocain@ind co-workers modified the core repulsion function (CRF)
ester, the hydroxide anion, and the intermediate formed afte§y adding two to four parameterized Gaussian terms for each
the first step in the alkaline hydrolysis of the cocaine esteratom. This did indeed reduce the repulsive forces and has
The anionic tetrahedral intermediate had a heat of formatioBeen found to be more useful for finding transition state struc-
of -216 kcal/mol, a C (acetate ester carbon)—O (hydroxykures than MNDO. In the PM3 Hamiltonian, two Gaussians
oxygen) reaction bond distance of 1.414 A, and a C-C-O-Gyere added per element in the CRF, and all of the Gaussian
torsion angle of 133.9°. The procedure that was successfglarameters were optimized within the PM3 framework. [22]
for finding a PM3 TS was obtained through five steps. InThe central difference between AM1 and PM3 is the
step one the intermediate was used for a constrained trangiarameterization. Why then is it possible for PM3 calcula-
tion state optimization, where the C—O reaction bond distions to find transition states for the first step in the alkaline
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hydrolysis of cocaine ester, methyl acetate, [14] and methyTable 1. Energetics for the first step in the alkaline hydrolysis
benzoate, [15] while AM1 calculations fail for these sameof neutral cocaine, methyl acetate (ref. 14),and methyl
systems?The answer does seem to reside in the differencbenzoate (ref. 15) esters (see Figure 1). Gas phase results
between the parameterizations. It has been demonstrated pieere obtained from the PM3 geometry-optimized structures.
viously that the PM3 parameterization is the reason why PM&olution results were obtained by SM3 single point
is better than AM1 for modeling intermolecular hydrogen calculations on the gas phase geometries. All energies in
bonding between neutral molecules, a consequence of tHeal/mol.

reduction of the overall repulsive forces between atoms by

the parameterization of the attractive and repulsive Gaussian
terms added to the CRF. [25] While the MNDO Hamiltonian System Ea EA AHrxn AHrxn
drastically overestimates repulsions between atoms separated (gas phase) (solution) (gas phase) (solution)
by van der Waals distances, and the AM1 Hamiltonian slightly
overestimates repulsions between non-bonded atoms, the Pi:thyl

Hamiltonian underestimates repulsions between non-bondegcetate -15.6 234 -50.6 2.6
atoms. This can be seen by the slight underestimation of PMr%ethyl
determined hydrogen bond lengths [25] and by the formapen,0ate -22.3 21.8 -55.0 0.6

tion of close atom-atom contacts such as in the methane dimer, .
where the H,H separation distance is 1.72 A. [26] Cocaine
There are other examples where the PM3 method aIIow‘gSter 285 24.6 614 0.4
non-bonded atom-atom distances to be too small. [13, 14,
26] The methyl benzoate TS has a hydrogen that is covalently
attached to a carbon on the benzoyl ring that is 1.65 A fron8G/HF methods for larger ester TS structures will probably
the incoming hydroxyl oxygen. Likewise, for the cocaine tran-not be useful. The 3-21G/HF transition state structure has
sition state structure shown in Figure 2, the same nearesivo hydrogen—oxygen close contacts. The methyl hydro-
hydrogen from the benzoyl ring is separated by 1.709 A frongen closest to the hydroxyl oxygen is separated by a distance
the incoming hydroxyl oxygen. In addition the closest hy-of 1.827 A while the closest acetate methyl hydrogen is sepa-
drogen on the tropane ring is 1.736 A away from the incomrated by a distance of 2.009 A. By comparison these same
ing hydroxyl oxygen. These close contacts stabilize the PM3eparation distances are 2.301 and 2.459 A from 3-21+G/HF
TS, but are repulsive interactions within the MNDO and AM1results and 2.44 and 1.83 A from PM3 calculated structures.
Hamiltonians. Figure 2 shows a view of the cocaine estelhus improving the PM3 cocaine transition state structure
transition state where the closeness of the two hydrogen aivill require ab initio Hartree-Fock geometry optimizations
oms to the hydroxyl anion is apparent. Thus the PM3 methothat include diffuse functions. For the cocaine system, using
is successful for obtaining transition state structures for alGaussian 94 [28] on an Indigo2 R4400 processor, one SCF
kaline ester hydrolysis because of the stabilizing influencesalculation on the cocaine anion intermediate at the 3-21G/
of non-bonded atoms, a consequence of the parameterizatiagdF level requires 41.5 CPU minutes, and one SCF calcula-
It is of interest to compare small basis set ab initio HFtion at the 3-21+ G/HF level requires 11.3 CPU hours. The
calculations on transition state structures of the methyl acfact that the PM3 structures are as good or better than the
etate system. We were not able to obtain a TS for methy3-21G/HF structures gives confidence in the use of the PM3
acetate using STO-3G/HF theory. Therefore the use of STO-

Figure 4. The PM3 calculated

molecular electrostatic potential
(MEP), mapped onto the trans-
parent electron density surface,
and displayed for the transition
state structure and the phos-
phonate analog. The molecular
framework of each molecule is
visible through the MEPs. The
phosphonate analog, PA2, is
displayed on the right side of the
figure. Red indicates areas with
the most negative electrostatic
potential.
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TS structure for modeling alkaline hydrolysis of the neutralTable 2. Comparison of the PM3 geometries of a transition
cocaine molecule. state structure for the first step in the alkaline hydrolysis of
the neutral cocaine benzoyl ester and the phosphate analog
used to induce catalytic antibodies for cocaine hydrolysis.
Energetic comparison of cocaine and smaller ester systems

Table 1 contains the PM3 estimates for the activation enek

gies and enthalpies of reaction for the first step in the alkaPARAMETER [ a] STRUCTURE [b]
line hydrolysis of the three ester systems. Single point calcu-
lations were made (SM3//PM3) as our previous work revealed TS PA1 PA2

that SM3 geometry optimization did not result in substantial
differences in these estimates. [14, 15] The observed activa-
tion energies for alkaline hydrolysis of esters in solution rangg
from 12 to 15 kcal/mol. [29, 30] The large cocameép(ee,_C4 1426 1379 1378

ond Distance (A)

benzoylester has a negative activation energy for gas pha

hydrolysis, which changes to a positive barrier in solution, gg igg; i;g; i;g;
direct result of the requirement to desolvate the hydroxidﬁ'OZ 1'222 1'501 1'497
anion in solution. The dramatic lowering of the energy of th X-Ol 2'313 1.498 1'501
hydroxyl anion in solution also changési__for the first O-l H 0'939 .NA 'NA
step in alkaline hydrolysis, from a large exothermic reaction= '

in the gas phase to approximately thermal-neutral in solu-

tion. The PM3 and SM3 values in Table 1 for cocaine parall‘DJondAngle (degrees)

lel those for methyl acetate and methyl benzoate. These esti-

mates reveal that the benzoyl ester of cocaine is not a dif‘flc-:4-03-x 117.3 118.0 119.6

cult ester to catalyze, and it should be possible to achievgg:i:gi 1;2; igg;‘ ig?g
large rates of catalysis if a catalytic antibody can be mad : . :
from an appropriate TSA. X-O1-H 102.0 NA NA

02-X-01 96.6 123.6 123.7

02-X-C5 125.9 110.4 110.6

: " 1-X-C5 96.3 1104 110.2

Comparison between the PM3 transition state structure ancga_x_c5 111.9 95 5 94.6

the phosphonate analog hapten

Table 2 shows the structural parameters for the transition sta}l’grsmn Angle (degrees)

structure (TS) and two phosphonate analogs. The first ana-

log, PAL, is the global minimum on the PM3 potential en-C4-03-X-C5 -155.3 1717 -155.8]

ergy surfaceThe second analog, PA2 (Figure 3), was obggiigg 11?? “ﬁ: R’:‘

tained by constraining the C4-O3-P-C5 torsion angle to - :

155.3°, the same value as the transition structure. This stru&4-038-X-02 44.5 58.5 9L.7

ture is just 0.4 kcal/mol higher in energy than PAL. Geom T4-03-X-01 -56.2 -75.1 -42.4

etry optimization of PA2, after removing the torsion angle

constraint, yields the PAfinimum. The two phosphonate [a]X = C for TS, P for PA1, PA2

analogs have similar bond distances and bond angles. Thg| TS is the transition state structure, PA1 is the global

RMS deviation between PA1 and PA2 is 0.530 A. The RMS  minimum transition state analog structure, PA2 is the

deviation between TS and PA1l is 1.127 A and between TS transition state ana|og with the C4-0O3-X-C5 dihedral

and PA2 is 1.097 A. The conformational freedom of the phe- angle constrained to -155.3 degrees, NA not applicable.

nyl ring results in the production of many antibodies. Anti-[c] constrained to -155.3 degrees.

bodies generated by the phosphonate TSA were originally

screened to find two that had significant effects on hydroly-

sis. [5] As PA2 is the PM3 structure that is most faithful toThe ester oxygen has a potential of approximately -140 kcal/

the PM3 transition state structure, the MEPs of these twenol while the bluest region in the TS MEP has a potential of

structures have been compared in Figure 4. -30.28 kcal/mol. PA2 has its most negative potential on the
The TS MEP has its maximum negative potential arouncbxygen farthest from the ester O3 (-183.5 kcal/mol), with

the hydroxyl oxygen (-189.8 kcal/mol, reddest region), athe other oxygen having nearly the same potential (-182 kcal/

negative potential of approximately -151 kcal/mol aroundmol). The ester O3 atom is surrounded by electrostatic po-

02, and its least negative region of potential about the cenential, with the most negative value in this region being ap-

tral carbon region on the hydroxyl hydrogen (-89 kcal/mol).proximately -152 kcal/mol. The bluest region in the MEP of
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sis and p-nitroanilide amide cleavage. [31] Two points emerge
from this work that are relevant to this discussion. First, the
ester was catalyzed in a multi-step process, with a striking
resemblance to the serine protease pathway. Both NPN43C9
and the serine proteases use a series of steps around an
isoenergetic intermediate to achieve ester or amide cleav-
age. Second, the ultimate limit of ester hydrolysis was the
rate of product dissociation from the catalytic antibody. This
second point reveals that an important factor in hapten de-
sign should be to ensure that the TSA does not retain all the
prominent structural features of the products, avoiding prod-
ucts that bind tightly to the catalytic antibody. Indeed, it has
been shown that an analog that merely incorporates a rela-
tively higher energy conformer is sufficient to produce effi-
cient catalytic antibodies. [32]
Figure 5. The PM3 calculated neutral cocaine ester and its  Clearly there are many factors involved in the formation
highest occupied molecular orbital. and the inner workings of catalytic antibodies that need to be
understoodl' he TSA s in araqueous environment, and water
must be displaced from the TSA for antibody induction. Thus
PA2 has a value of -31.4 kcal/mol. It is apparent that thehe gas phase TSA, and by extension the gas phase TS, ap-
phosphonate analog is more symmetric than the TS, andpear to be reasonable starting points for the computational
clear strategy to improve the fidelity of the TSA to the TS isproblem of TSA design. The use of MEPs as a design aspect
to design a TSA with asymmetric charge about the centrdbr modeling the TSA from the TS has precedent. A recent
atom. Anexample of this type of approach will be given in study of a TSA that is an inhibitor of an enzyme reveals that
the next section. MEPs provide a clear explanation for the inhibition in this
system. [33] In this investigation, the inhibitor formycin 5'-
Implications for the design of better transition state analogsphosphate binds to the AMP nucleosidase enzyme more
tightly than the AMP substrate. Comparison of the MEPs of
The TS for a gas phase reaction is usually different from théhe inhibitor and substrate show a clear change in the elec-
TS for the same reaction in solution and different from thetrostatic potential, a change that is matched by the MEP for
same reaction catalyzed by an enzyme. Catalytic antibodiethe AM1 calculated transition state. The transition state for
are induced by a TSA that resembles the TS, yet since a si&MP hydrolysis is characterized by new positive electrostatic
gle TSAcan elicit a multi-step catalytic activity it can be
argued that the absolute fidelity of the TSA to the TS of an
uncatalyzed reaction is not essential. For instance, Benkovic
et al reported an interesting series of experiments where a
phosphonamide TSA was used to induce a catalytic antibody
(NPN43C9) that catalyzed both p-nitrophenylester hydroly-

Figure 7. The PM3 calculated molecular electrostatic poten-

tial (MEP), mapped onto the transparent electron density
surface, and displayed for the computationally designed
thiophosphonate analog. The molecular framework is visible
through the MEP. In this analog one of the oxygens on the
traditional phosphonate TSA has been replaced through sulfur.

Figure 6. The PM3 calculated neutral cocaine ester and its
lowest occupied molecular orbital.
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potential in the adenine ring as a result of protonation by then the tropane N are poised for an attack on the LUMO,
enzyme. This is closely matched by the protonated pyrazolprovided that the cocaine molecule can adopt a higher en-
ring of formycin 5'-phosphate at position N7. The MEPs pro-ergy conformation that brings the tropane nitrogen and the
vide a clear explanation for the inhibition of AMP benzoyl carbon into close proximity. Calculations can ex-
nucleosidase by the formycin 5'-phosph&8A. This work  plore the conformational space of cocaine, find a TS for
illustrates that the use of MEPs of transition state structuremtramolecular catalysis, and model potenfiglAs. As the
to aid in the design of haptens is an idea that should be pu-SAs for this system correspond to a high energy conforma-
sued. tion of cocaine, it would be expected that there would be
The fact that a given TSA, such as the one used in theuch less product inhibition of the cocaine molecule (Figs 5
study by Benkovic et al, catalyzes a different reaction in & 6) with the induced catalytic antibodies for intramolecular
multi-step fashion highlights the complexity of antibody ca- catalysis, similar to previous work. [32]
talysis. One way that computational chemists can help is to
use quantum mechanics to design rigorous TSAs, based on a
property such as the MEP that is obtainable from the wav€onclusions
function, and then work with experimentalists to try and cor-
relate the results with the quantum mechanical property. IThe neutral cocaine ester system is large and an anionic
remains an open question as to whether a rigorous TSA wikemiempirical transition state structure was only found for
generate a superior catalytic antibody, or whether methodthe PM3 method, a consequence of the parameterization of
such as bait and switch, [34, 35] or heterologous immunizathe method that underestimates non-bonded atom repulsion.
tion, [36] are the optimal ways of generating antibody cataiNevertheless, improvement on this anionic structure through
lysts. An example of a designed TSA is the thiophosphonatab initio calculations is going to require transition state opti-
analog displayed in Figure 7. In this analog one of the oxygernsization at the 3-21+G/HF level, as diffuse functions are
on the traditional phosphonate TSA has been replaced witessential for the proper description of ester hydrolysis [14,
sulfur. The effect of this substitution on the MEP is pro- 15]. The PM3 calculated phosphonate transition state analog
nounced; the thiophosphonate MEP is asymmetric and agias an electrostatic potential comparable to the values for
pears to be a better match with the MEP of the TS structuréhe PM3 calculated transition state structure, but the analog
Differences remain, however, and work in our laboratoriegpotential is more symmetric about the central P, while the
directed towards a quantitative comparison of the MEPs i¢ransition state potential is asymmetric about the central car-
underway. The thiophosphonate analog has been synthesizkdn atom. Anewly designed thiophosphonate analog high-
for use as a hapten for the induction of catalytic antibodiedights the potential of the interplay between experiment and
Experimental work to characterize the molecular structurgheory to enhance understanding of induction of catalytic
of this analog and its ability to induce catalytic antibodies isantibodies by transition state analogs. The PM3 method has
in progress. In addition we will pursue ab initio calculationspotential for the initial design of different analogs, and the
to test the ability of PM3 to model this system and to com-experimental results obtained from using the computationally
pare the use of ab initio and semiempirical methods fodesigned analogs should help unravel the most important
modeling the crystal structures of the analogs. guantum mechanical features in hapten design.
The second point made by Benkovic et al was that the
ultimate limit in ester hydrolysis in their multi-pathway sys- AcknowledgemenT his work was supported by Lake Forest
tem was the rate of product dissociation from the catalyticCollege, an NIH AREA grant , and an NSF ILI grant (GCS).
antibody. By comparing the MEPs of TSAs that do not strucThis work was also supported by the Executive Office of the
turally resemble the products with the MEPs of the TS, itPresident of the United States, Office of National Drug Con-
may be possible to design haptens that are accurate TSAs yatl Policy (DWL). We thank Gary Nalley for technical as-
do not contain the structural elements of the products. Thisistance. GCS acknowledges a sabbatical award from the
in turn may lead to a catalytic antibody that has less producpanish Ministry of Education and Science and gratefully
inhibition. This type of approach has been used by Miyashitappreciates the hospitality of Professors Modesto Orozco and
et al to generate catalytic antibodies for the hydrolysis of aavier Luque at the University of Barcelona while writing
nonbioactive chloramphenicol monoes{82] These ideas this manuscript.
need to be tested through the interplay of computational pre-
dictions and experimental results using the computationall\supplementary Materail Availabl®DB files for all species
designed haptens. As an example of a way to use calculare attached to this publication.
tions to try and avoid slow product dissociation, consider the
possibility of intramolecular catalysis. Figures 5 and 6 showcocaine.pdb PM3 geometry-optimized structure of neutral
that the PM3 HOMO is delocalized on the tropane nitrogercocaine.
and most of the tropane ring, while the PM3 LUMO is cocaine_intermediate.pdbPM3 geometry-optimized struc-
delocalized over the benzoyl ester and the benzoyl ring foture for the anionic intermediate formed in the critical first
the neutral cocaine free base. Thus the electrons in the HOMS&ep in the alkaline hydrolysis of cocaine.
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pal.pdb: PM3 geometry-optimized structure of the 18.

phosphonate TSA used to induce antibodies for the hydroly-
sis of cocaine.

pa2.pdb: PM3 geometry-optimized structure for the
phosphonate analog used to induce catalytic antibodies for

the hydrolysis of cocaine, with the C-O-P-C torsion angle20.

constrained to the same value as the PM3 calculated transi-
tion state, —155.3°.
thio_phos_analog.pdb PM3 geometry-optimized structure

for the designed thiophosphonate analog. This analog has22.

MEP closer to the MEP for the PM3 TS structure than either
of the phosphonate analogs, PA1 and PA2.
ts.pdb: PM3 geometry-optimized transition state structure

for the critical first step in the alkaline hydrolysis of cocaine. 24.
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