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Abstract
We have performed a series of first-principles electronic structure calculations to examine the
reaction pathways and the corresponding free energy barriers for the ester hydrolysis of protonated
cocaine in its chair and boat conformations. The calculated free energy barriers for the benzoyl ester
hydrolysis of protonated chair cocaine are close to the corresponding barriers calculated for the
benzoyl ester hydrolysis of neutral cocaine. However, the free energy barrier calculated for the methyl
ester hydrolysis of protonated cocaine in its chair conformation is significantly lower than for the
methyl ester hydrolysis of neutral cocaine and for the dominant pathway of the benzoyl ester
hydrolysis of protonated cocaine. The significant decrease of the free energy barrier, ~ 4 kcal/mol,
is attributed to the intramolecular acid catalysis of the methyl ester hydrolysis of protonated cocaine,
because the transition state structure is stabilized by the strong hydrogen bond between the carbonyl
oxygen of the methyl ester moiety and the protonated tropane N. The relative magnitudes of the free
energy barriers calculated for different pathways of the ester hydrolysis of protonated chair cocaine
are consistent with the experimental kinetic data for cocaine hydrolysis under physiologic conditions.
Similar intramolecular acid catalysis also occurs for the benzoyl ester hydrolysis of (protonated) boat
cocaine in the physiologic condition, although the contribution of the intramolecular hydrogen
bonding to transition state stabilization is negligible. Nonetheless, the predictability of the
intramolecular hydrogen bonding could be useful in generating antibody-based catalysts that recruit
cocaine to the boat conformation and an analog that elicited antibodies to approximate the protonated
tropane N and the benzoyl O more closely than the natural boat conformer might increase the
contribution from hydrogen bonding. Such a stable analog of the transition state for intramolecular
catalysis of cocaine benzoyl-ester hydrolysis was synthesized and used to successfully elicit a number
of anti-cocaine catalytic antibodies.

Introduction
Cocaine addiction and overdose are major medical and public health problems that continue
to defy treatment.1,2 Cocaine reinforces self-administration in relation to the peak serum
concentration of the drug, the rate of rise to the peak and the degree of change of the serum
level. Potent central nervous system stimulation is followed by depression.3 With overdose of
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the drug, respiratory depression, cardiac arrhythmia and acute hypertension are common
effects. The disastrous medical and social consequences of cocaine addiction, such as violent
crime, loss in individual productivity, illness and death, have made the development of an
effective pharmacological treatment a high priority.4 However, cocaine mediates its
reinforcing and toxic effects by blocking neurotransmitter reuptake and the classical
pharmacodynamic approach has failed to yield small-molecule receptor antagonists due to the
difficulties inherent in blocking a blocker.1–4 An alternative to receptor-based approaches is
to interfere with the delivery of cocaine to its receptors and accelerate its clearance from the
body.5 For this purpose, we have developed anti-cocaine catalytic antibodies with the capacity
to bind and degrade cocaine.6,7

Anti-cocaine catalytic antibodies are a novel class of artificial enzymes with unique potential
as therapeutic agents for cocaine overdose and addiction. This novel class of artificial enzymes,
elicited by immunization with transition-state analogs of cocaine benzoyl-ester hydrolysis,
have unique potential as therapeutic artificial enzymes due to their biocompatibility and
extended plasma half-life. The design of a transition-state analog that would elicit a catalytic
antibody8 is based on the mechanism of the corresponding non-enzymatic reaction, specifically
the transition-state structure for the rate-determining step. Hence, a more complete
understanding of the mechanisms of cocaine hydrolysis under physiologic condition could
provide additional insights into the rational design of more effective transition-state analogs.

A detailed mechanistic understanding of the hydrolysis of cocaine can be obtained from an
appropriate use of state-of-the-art first-principle computational techniques as a complement to
experimental studies. Earlier electronic structure calculations of cocaine hydrolysis focused
on the first step of the cocaine benzoyl-ester hydrolysis.9,10 Recently, the reaction pathways,
solvent effects, and energy barriers were determined for alkaline hydrolysis of the benzoyl-
ester and methyl-ester groups of neutral cocaine and some smaller alkyl esters in aqueous
solution through a series of first-principle electronic structure calculations.11 The reaction
coordinate calculations indicate that both the benzoyl-ester hydrolysis and the methyl-ester
hydrolysis occur through a two-step process known for the majority of alkyl esters, i.e. the
formation of a tetrahedral intermediate by the attack of hydroxide oxygen at the carbonyl carbon
(first step) followed by the decomposition of the tetrahedral intermediate to products (second
step). The decomposition of the tetrahedral intermediate requires a proton transfer from the
hydroxide/hydroxyl oxygen to the ester oxygen, as the C–O bond between carbonyl carbon
and ester oxygen gradually breaks. Two competing pathways for the second step of cocaine
hydrolysis were examined: one associated with the direct proton transfer from the hydroxide/
hydroxyl oxygen to the ester oxygen; and the other associated with a water-assisted proton
transfer.11 The energy barrier calculated for the second step of the direct proton transfer is
higher, whereas for benzoyl- and methyl-ester hydrolyses with water-assisted proton transfer
the energy barriers for the second step are lower than for the first step. Thus, the first step
should be rate-determining for the hydrolysis of both esters in aqueous solution, providing
theoretical support for the design of stable analogs of the first transition state that elicited anti-
cocaine catalytic antibodies.

Under physiologic conditions (pH = 7.4) cocaine (pKa = 8.6) exists mainly as the protonated
amine. The pathways for alkaline ester hydrolysis of neutral cocaine predict similar rates of
reaction for methyl ester and benzoyl-ester hydrolysis. However, the methyl ester rapidly
hydrolyzes in vivo and in aqueous solution at neutral pH. Our kinetic studies12 suggested that
internal participation of the protonated amine in the alkaline hydrolysis of the cocaine methyl
ester could account for its lability relative to the benzoyl-ester. For antibody catalysis the
methyl ester is too small to be an effective epitope but we considered participation could be
induced if an antibody were able to recruit cocaine from the chair conformation to the less
stable boat form (see Chart 1 for the structures) and reorient the syn-protonated amine and
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benzoyl ester into proximity. Antibodies can provide significant binding energy and in
principle antibody binding could effect conformer selection and promotion of substrate-
assisted catalysis. To examine this idea, we performed both experimental studies and a detailed
computational analysis of the energetics of this reaction for the design of the TSA for the
alkaline hydrolysis of boat cocaine. Here we report the computational studies, whereas the
corresponding experimental studies have been reported elsewhere.13a,13b

A series of first-principle electronic structure calculations were carried out to study the
competing reaction pathways and the corresponding free energy barriers for the ester hydrolysis
of protonated cocaine in both chair and boat conformations. These calculations were performed
to make a global judgement: Is the internally assisted reaction of boat cocaine plausible? The
calculated results led to an affirmative answer to this question and inspired a novel TSA
structure designed to elicit antibodies promoting substrate assistance. This TSA has yielded
anti-cocaine catalytic antibodies with high efficiency.

Computational methods
All geometries of the reactants (i.e. hydroxide ion and the chair or boat conformation of
protonated cocaine) and transition states were first fully optimized by employing density
functional theory (DFT) using Becke’s three parameter hybrid exchange functional and the
Lee-Yang-Parr correlation functional14 (B3LYP) with the 6-31G basis set, and were then
refined at the B3LYP/6-31+G(d) level of theory. Vibrational frequency calculations were
carried out to confirm the optimized transition states and stable structures and to perform zero-
point vibration thermal corrections to the Gibbs free energies. Intrinsic reaction coordinate
(IRC)15 calculations were performed to verify the expected connections of the first-order
saddle points with the local minima found on the potential energy surface. The gas phase energy
changes from the reactants to the corresponding transition states were determined by employing
the geometries optimized at the B3LYP/6-31+G(d) level to carry out second-order Møller-
Plesset (MP2) single-point energy calculations with the 6-31+G(d) basis set. Numerical results
obtained for the hydroxide ion-catalyzed hydrolysis of methyl acetate in the gas phase indicate
that the B3LYP/6-31+G(d) geometry optimization followed by the MP2/6-31+G(d) single-
point energy calculation is adequate for studying the energy profile of ester hydrolysis.16

Self-consistent reaction field (SCRF) energy calculations were performed to calculate solvent
shifts of the free energies by using the geometries optimized at the B3LYP/6-31+G(d) level in
the gas phase. The free energy barrier for reaction in aqueous solution was taken as a sum of
the free energy change calculated at the MP2/6-31+G(d)//B3LYP/6-31+G(d) level in the gas
phase and the corresponding solvent shift determined by the SCRF calculations at the HF/6-31
+G(d) level. In general, the solute-solvent interaction can be divided into a long-range
electrostatic interaction and short-range non-electrostatic interactions (such as cavitation,
dispersion, and Pauli repulsion).17 The dominant long-range electrostatic interaction was
evaluated by using the recently developed GAMESS18 implementation of the surface and
volume polarization for electrostatic interactions (SVPE).19 The SVPE model is also known
as the fully polarizable continuum model (FPCM)20 because it fully accounts for both surface
and volume polarization effects in the SCRF calculation. In other SCRF implementations,
volume polarization effects are ignored or approximately modelled by modifying the surface
polarization charge distribution through a simulation and/or charge renormalization,21,22,
23,24,25,26,27,28,29 or the solute charge distribution is simply represented by a set of point
charges at the solute nuclei.30,31

Since the solute cavity surface is defined as a solute electron charge isodensity contour
determined self-consistently during the SVPE iteration process, the SVPE results (converged
to the exact solution of Poisson’s equation with a given numerical tolerance) depend only on
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the contour value at a given dielectric constant and a certain quantum chemical calculation
level.19a Our previous computational studies involving SVPE calculations have demonstrated
that the SVPE calculations using the 0.002 a.u. contour led to the calculated energy barriers in
good agreement with the corresponding experimental data for the hydroxide ion-catalyzed ester
hydrolysis reactions.32,33,34 In addition, Bentley recently employed the minimum in the
electron density function between pairs of interacting molecules to estimate molecular sizes,
and found that the molecular surfaces identified by such a procedure are in excellent agreement
with the 0.002 a.u. isodensity contour.35 Therefore the 0.002 a.u. contour was used in this
study.

The current version19a of the SVPE implementation has its own limitations. In particular, the
analytic energy derivatives required for geometry optimization and the calculation of the short-
range non-electrostatic interactions have not been implemented yet. It has been shown that the
short-range non-electrostatic interactions have significant contributions to the absolute
hydration free energy of a charged species.36 Nevertheless, for a given chemical reaction step,
the short-range non-electrostatic contributions to the energy change roughly cancel out.33
Previous computational studies demonstrate that, whether the short-range non-electrostatic
interactions are included or not, the first-principles electronic structure calculations using the
SVPE method with 0.002 a.u. contour can consistently predict energy barriers and free energy
barriers in excellent agreement with the corresponding experimental data for the alkaline
hydrolyses of carboxylic acid esters, phosphate esters, and their structural variants.32,33,34 To
further examine this issue the contributions of short-range non-electrostatic interactions to the
free energy barriers were estimated by using the polarizable continuum model (PCM)37

implemented in the Gaussian98 program38 with the default choices of the program for the
recommended standard parameters. The total solvent shift should be a sum of the long-range
electrostatic interaction contribution determined by the SVPE calculations and the total
contribution of the short-range non-electrostatic interactions determined by the PCM
calculations. We note that PCM calculations with the Gaussian98 program evaluate the
electrostatic and non-electrostatic interactions separately; there is no coupling between the
electrostatic and non-electrostatic interactions.

The SVPE solvation calculations were performed using a local version19a of GAMESS and all
other results were obtained using Gaussian98 on SGI Origin 200 multiprocessor computers.

Results and discussion
Alkaline hydrolysis of chair cocaine

Depicted in Figure 1 are the geometries of the transition states optimized at the B3LYP/6-31
+G* level. The Cartesian coordinates of these geometries and the corresponding reactants are
given as supporting materials. For benzoyl ester hydrolysis of protonated cocaine in its chair
conformation, the nucleophilic hydroxide ion can approach from two faces, denoted by Si and
Re, of the carbonyl to form two stereoisomer tetrahedral intermediates (R and S). The two
transition state structures, optimized at the B3LYP/6-31+G(d) level for the two competing
pathways of the first step of the benzoyl ester hydrolysis, are denoted by TS1ben-Si and
TS1ben-Re. The transition state for the first step of the cocaine methyl ester hydrolysis is
denoted by TS1met. These three transition state structures optimized for the hydrolysis of
protonated cocaine are similar to the corresponding transition state structures optimized for the
alkaline hydrolysis of neutral cocaine.11 A remarkable difference is that the internuclear
distances between the hydroxide oxygen and the carbonyl carbon become significantly shorter
for the protonated cocaine: 2.36 Å, 2.32 Å, and 2.26 Å in TS1ben-Si, TS1ben-Re, and TS1met,
respectively, for protonated cocaine hydrolysis compared to the corresponding distances 2.62
Å, 2.57 Å, and 3.15 Å for neutral cocaine.11 These results verify earlier predictions made using
SM339 semiempirical methods, where PM340 geometry optimisations in aqueous solution

Zhan et al. Page 4

J Comput Chem. Author manuscript; available in PMC 2010 May 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



resulted in internuclear hydroxide oxygen-carbonyl carbon distances of 2.23Å for TS1ben-Si
and 2.13Å for TS1ben-Re.9

The alkaline hydrolysis of carboxylic acid esters, including cocaine, proceed through a
bimolecular base-catalyzed acyl-oxygen cleavage (BAC2) process and the rate-determining
step is the first step, i.e. the formation of the tetrahedral intermediate.11,32 Therefore in this
study we focus on the critical first step of the BAC2 process. The calculated energetic results
are summarized in Table 1. It should be pointed out that the ΔG(gas) values listed in Table 1
are simply the Gibbs free energy changes from the separated reactants to the corresponding
transition states when the solvent effects are ignored, but these values are not the free energy
barriers for the corresponding reaction in the gas phase. This is because previous studies32,
34 have demonstrated that for the reaction of an ester (no matter whether it is a carboxylic or
phosphate ester), the ester and hydroxide ion first form a hydrogen-bonded complex in the gas
phase (a local minimum on the potential energy surface) before going to the transition state,
whereas such a hydrogen-bonded complex does not exist in aqueous solution. So, the free
energy barrier for the imaginary reaction in the gas phase should be the free energy change
from the hydrogen-bonded complex to the first transition state.32,34

As seen in Table 1, the solvent effects are crucial for calculating realistic free energy barriers
and, not surprisingly, the calculated solvent shifts are dominated by the solute-solvent
electrostatic interactions. The estimated short-range non-electrostatic contributions to the free
energy barriers are negligible compared to the electrostatic contributions to the solvent shifts.

The calculated free energy barriers (at T = 298.15 K and P = 1 atm) associated with transition
states TS1ben-Si and TS1ben-Re for the benzoyl ester hydrolysis of protonated cocaine are 19.1
and 16.8 kcal/mol, respectively. Thus, the reaction pathway for hydroxide attacking from the
Re face of the carbonyl should be dominant, which is consistent with the conclusion obtained
from the energy barriers calculated for neutral cocaine hydrolysis. This is not surprising
because the proton attached to the tropane N atom does not participate in the benzoyl ester
hydrolysis of chair cocaine. So, the effects of the cocaine protonation on the energy barriers
for the benzoyl ester hydrolysis of chair cocaine should be insignificant. Previous similar
computations11 on neutral cocaine hydrolysis predicted the energy barriers (i.e. the free energy
barriers at T = 0 K) to be 8.5 and 7.6 kcal/mol corresponding to the transition states TS1ben-
Si and TS1ben-Re, respectively. The corresponding free energy barriers calculated at T = 0 K
for the benzoyl ester hydrolysis of protonated cocaine are 9.9 and 7.0 kcal/mol. These two
values become 19.1 and 16.8 kcal/mol, respectively, at T = 298.15 K and P = 1 atm. The
differences between the calculated free energy barriers at T = 0 K and the corresponding free
energy barriers at T = 298.15 K are primarily attributed to entropic effects, particularly the
translational entropy changes from the separated reactants to the transition states.

However, the free energy barrier calculated for the methyl ester hydrolysis of protonated
cocaine (2.5 kcal/mol at T = 0 K and 12.5 kcal/mol at T = 298.15 K and P = 1 atm) is significantly
lower than that for the dominant pathway of the benzoyl-ester hydrolysis (7.0 kcal/mol at T =
0 K and 16.8 kcal/mol at T = 298.15 K and P = 1 atm). It is also significantly lower than that
for the methyl ester hydrolysis of neutral cocaine (7.0 kcal/mol at T = 0 K).11 The significant
decrease of the free energy barrier, ~ 4 kcal/mol, can be attributed to the intramolecular acid
catalysis of alkaline hydrolysis of the cocaine methyl ester. This catalysis results from the
interplay between two opposing factors. First, the carbonyl oxygen of the methyl ester moiety
hydrogen-bonds to the tropane N through the proton at the N atom in the transition state
(TS1met) and the corresponding reactant (cocaine). The optimized internuclear distance
between the carbonyl oxygen of the methyl ester moiety and the hydrogen on the tropane N is
1.801 Å in the reactant and 1.932 Å in the transition state. This NH⋯⋯O distance slightly
increases going from the reactant to the transition state, as the hydroxide oxygen gradually
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approaches the carbonyl carbon to form a tetrahedral intermediate. On the other hand, during
the conversion of reactants to transition state TS1met, the partial negative charge at the carbonyl
oxygen becomes progressively larger. According to the natural population analysis (NPA) at
the B3LYP/6-31+G* level, the net atomic charge at the carbonyl oxygen of the methyl ester
moiety is −0.649 in the reactant and −0.703 in the transition state. So, there are two opposite
factors affecting the change of the NH⋯⋯O hydrogen bond strength in going from the reactant
to the transition state: one is the increase of the bond distance and the other is the increase of
the negative charge on the oxygen atom when the changes of the charges on the N and H atoms
are negligible. The aforementioned decrease (~ 4 kcal/mol) in the free energy barrier implies
that the increase of the negative charge on the oxygen atom is predominant, making the
NH⋯⋯O hydrogen bonding slightly stronger in the transition state. The stronger
intramolecular hydrogen bonding should contribute more effectively to TS stabilization which
explains the decrease in the free energy barrier. Furthermore, for ester hydrolysis of neutral
cocaine (without a proton at the tropane N atom), the energy barrier calculated for the methyl
ester hydrolysis of neutral cocaine is almost the same as that for the dominant pathway of the
benzoyl ester hydrolysis.11 With the tropane N atom being protonated, the proton is involved
in the bond formation and breaking process such that the barrier becomes ~ 4 kcal/mol lower
for the methyl ester hydrolysis of protonated cocaine. The calculated relative magnitudes of
the free energy barriers for the hydrolysis of the protonated cocaine are qualitatively consistent
with the recently reported experimental results12 of the investigations on the hydrolysis
kinetics of cocaine under physiologic conditions, because the cocaine methyl ester hydrolysis
was found to be faster than the cocaine benzoyl ester hydrolysis.

Alkaline hydrolysis of boat cocaine
The transition state structure, denoted by TS1ben-boat, optimized at the B3LYP/6-31+G(d)
level for the benzoyl ester hydrolysis of boat cocaine is also depicted in Figure 1. Because the
carbonyl oxygen of the benzoyl ester moiety also hydrogen-bonds to the tropane N atom
through the proton at the N for boat cocaine, one might also expect similar intramolecular acid
catalysis of the benzoyl ester hydrolysis of boat cocaine as seen in the methyl ester hydrolysis
of chair cocaine discussed above. The free energy barrier (7.2 kcal/mol at T = 0 K and 16.6
kcal/mol at T = 298.15 K and P = 1 atm) calculated for the benzoyl ester hydrolysis of boat
cocaine is significantly higher than that for the methyl ester hydrolysis of chair cocaine and,
at T = 298.15 K and P = 1 atm, is only 0.2 kcal/mol lower than that for the dominant pathway
of the benzoyl ester hydrolysis of chair cocaine. This is because the optimized distance between
the carbonyl oxygen of the benzoyl ester moiety and the hydrogen on the tropane N significantly
increases from 1.632 Å in the reactant (boat cocaine) to 2.027 Å in the transition state
TS1ben-boat while the net negative charge (NPA charge) at the carbonyl oxygen of the benzoyl
ester moiety increases slightly from −0.657 in the reactant to −0.670 in the transition state.
Note that the atomic charges determined by NPA or any other theoretical approach may only
be used to qualitatively assess the change of the charge, as the absolute charges calculated are
closely dependent on the theoretical approach used in the calculation. Qualitatively, the
calculated increase of the negative charge from the reactant to the transition state for the benzoyl
ester hydrolysis of the boat cocaine is smaller than that calculated for the methyl ester
hydrolysis of chair cocaine, implying that the factor of the charge increase for the benzoyl ester
hydrolysis of the boat cocaine is less significant than that for the methyl ester hydrolysis of
chair cocaine. Overall, the effects of the two opposite factors (i.e. the increase of the
NH⋯⋯O distance and increase of the negative charge on the O atom) on the free energy barrier
nearly cancel for the methyl ester hydrolysis of chair cocaine. Alternatively, we can describe
the intramolecular catalysis of boat cocaine as a process that overcomes the unfavourable steric
interactions produced by crowding when the more favourable chair conformation converts to
the boat conformation. Intramolecular catalysis of this more crowded species has roughly the
same free energy of activation as does regular intermolecular catalysis of the benzoyl ester.
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Of greater interest is that the free energy barrier for benzoyl hydrolysis of boat cocaine is no
higher than for benzoyl hydrolysis of chair cocaine. This result implies that a TSA for
intramolecular hydrolysis might yield catalysts that would recruit a functional group from the
substrate. Thus these theoretical calculations answer a global question: Is the benzoyl ester
hydrolysis of boat cocaine even plausible? The similar free energy barriers calculated for the
benzoyl ester hydrolysis of the chair and boat cocaine structures support this concept.
Intramolecular hydrogen bonding could be useful in generating antibody-based catalysts that
recruit cocaine to the boat conformation, and an analog that elicited antibodies to approximate
the protonated tropane N and the benzoyl O more closely than the natural boat conformer might
increase the contribution from hydrogen bonding. Such a TSA structure (depicted in Chart 1)
was synthesized and 85 cocaine esterases out of 450 anti-analog antibodies were elicited — a
performance markedly superior to that of a previously employed simple phosphonate ester as
a stable analog of the transition state structure for the benzoyl ester hydrolysis of chair cocaine.
6,7,9 In turn, the encouraging experimental results13 support the thrust of these computations.

Conclusion
A series of first-principle electronic structure calculations were performed to examine the
reaction pathways and the corresponding free energy barriers for the ester hydrolysis of
protonated cocaine (pH 7.4) in both chair and boat conformations. The transition state
structures optimized for the ester hydrolysis of protonated cocaine in its chair conformation
are similar to the corresponding transition state structures optimized for the alkaline hydrolysis
of neutral cocaine, but the optimized internuclear distances between the hydroxide oxygen and
carbonyl carbon are all significantly shorter for protonated cocaine.

The calculated free energy barriers for benzoyl ester hydrolysis of protonated chair cocaine
are close to the corresponding barriers calculated for the benzoyl ester hydrolysis of neutral
cocaine, because the proton attached to the tropane N atom does not participate in the benzoyl
ester hydrolysis of chair cocaine. However, the free energy barrier calculated for the methyl
ester hydrolysis of protonated cocaine in its chair conformation is significantly lower than for
the methyl ester hydrolysis of neutral cocaine and for the dominant pathway of the benzoyl
ester hydrolysis of protonated cocaine. The significant decrease of the free energy barrier, ~ 4
kcal/mol, is attributed to intramolecular acid catalysis: the transition state structure is stabilized
by strong hydrogen bonding between the carbonyl oxygen of the methyl ester moiety and the
protonated tropane N. The calculated relative free energy barriers for the ester hydrolysis of
protonated chair cocaine are qualitatively consistent with the experimental results reported for
the hydrolysis kinetics of cocaine under physiologic conditions.

Similar intramolecular acid catalysis also exists in the benzoyl ester hydrolysis of protonated
boat cocaine, because the carbonyl oxygen of the benzoyl ester moiety and the protonated
tropane N are in contact through a hydrogen bond. The contribution of the intramolecular
hydrogen bonding to transition-state stabilization makes up for the unfavourable steric
interactions present in the boat conformer of cocaine. The free energy barrier calculated for
the benzoyl ester hydrolysis of boat cocaine is 0.2 kcal/mol lower than that of benzoyl
hydrolysis for chair cocaine. The calculated results provide a solid basis for rational design of
transition state analogs to elicit anti-cocaine catalytic antibodies with high efficiency. Finally,
this work supports the general potential for substrate-assisted antibody catalysis. For a substrate
possessing a catalytically useful, well-positioned functional group, that group can be
predictably induced to participate in the intramolecular transformation of another substrate
group by a conformational change induced by antibody binding.
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Figure 1.
Transition state structures optimized at the B3LYP/6-31+G* level for the ester hydrolysis of
protonated cocaine: (a) and (b) for the benzoyl ester hydrolysis of the chair cocaine; (c) for the
methyl ester hydrolysis of the chair cocaine; and (d) for the benzoyl ester hydrolysis of the
boat cocaine.
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Chart 1.
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