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Abstract

The competing reaction pathways and the corresponding free energy barriers for cocaine hydrolysis
catalyzed by an anti-cocaine catalytic antibody, mAb 15A10, were studied by using a novel
computational strategy based on the binding free energy calculations on the antibody binding with
cocaine and transition states. The calculated binding free energies were used to evaluate the free
energy barrier shift from the cocaine hydrolysis in water to the antibody-catalyzed cocaine hydrolysis
for each reaction pathway. The free energy barriers for the antibody-catalyzed cocaine hydrolysis
were predicted to be the corresponding free energy barriers for the cocaine hydrolysis in water plus
the calculated free energy barrier shifts. The calculated free energy barrier shift of —6.33 kcal/mol
from the dominant reaction pathway of the cocaine benzoyl ester hydrolysis in water to the dominant
reaction pathway of the antibody-catalyzed cocaine hydrolysis is in good agreement with the
experimentally-derived free energy barrier shift of —5.93 kcal/mol. The calculated mutation-caused
shifts of the free energy barrier are also reasonably close to the available experimental activity data.
The good agreement suggests that the protocol for calculating the free energy barrier shift from the
cocaine hydrolysis in water to the antibody-catalyzed cocaine hydrolysis may be used in future
rational design of possible high-activity mutants of the antibody as anti-cocaine therapeutics. The
general strategy of the free energy barrier shift calculation may also be valuable in studying a variety
of chemical reactions catalyzed by other antibodies or proteins through non-covalent bonding
interactions with the substrates.

Introduction

As is well known, cocaine abuse and addiction are a major medical and public health problem
in our society. The disastrous medical consequences of reinforcing and toxic effects of cocaine
have made the development of an anti-cocaine medication a high priority. It is commonly
believed that dopamine transporter (DAT), a protein that brings synaptic dopamine back to
presynaptic neuron (dopamine reuptake), is responsible for the rewarding effects of cocaine.
Cocaine mediates its reinforcing and toxic effects by blocking the reuptake of neurotransmitter
dopamine. By binding to DAT, cocaine increases concentration of synaptic dopamine and
produces such feelings as reward and pleasure.1=4 Based on the pharmacology,
pharmacodynamic approach was used to design small molecules such as DAT inhibitors and
dopamine receptor antagonists to decrease cocaine toxicity.1:2:4 However, the classical
pharmacodynamic approach has failed to yield a clinically useful small-molecule inhibitor/
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antagonist due to the difficulties inherent in blocking a blocker.1# An alternative to the
pharmacodynamic approach is the pharmacokinetic approach, which means to find an enzyme
or antibody to prevent cocaine from crossing the brain-blood barrier. The pharmacokinetic
approach is recognized as the most promising strategy for the development of anti-cocaine
medication and, therefore, has received more and more attention.124:> One way of this
approach is to design a catalytic antibody that catalyzes cocaine metabolism through
hydrolysis. The catalytic antibodies are considered as a class of artificial enzymes.

Various anti-cocaine catalytic antibodies have been developed.6—8 Of all anti-cocaine catalytic
antibodies reported in literature so far, monoclonal antibody (mAb) 15A10° has the highest
catalytic activity with Ky, = 220 pM and kgt = 2.3 min~2. This catalytic antibody was elicited
from a stable structural analog of the transition state for cocaine hydrolysis in aqueous solution
at physiologic pH (7.4), i.e. the hydroxide ion-catalyzed hydrolysis of cocaine. Antibody
15A10 catalyzes the hydrolysis of cocaine benzoyl ester to produce two biologically inactive
metabolites, i.e. ecgonine methylester and benzoyl acid, and gives a rate acceleration of ke
ko = 23,000 (kc4t is the catalytic rate constant for the antibody-catalyzed hydrolysis of cocaine
at the benzoyl ester; kg is the first-order rate constant for the spontaneous hydrolysis of the
cocaine benzoyl ester, i.e. the hydrolysis of cocaine benzoyl ester in water). Previous studies
showed that mAb 15A10 blocked the reinforcing effect of cocaine self-administration in rat
models9-10 and reduced cocaine-induced seizures and deaths in a dose-dependent manner.?
However, the catalytic efficiency of mAb 15A10 is still so low that an extremely high dose of
the antibody (15-50 mg/kg) would be needed to produce the desirable protective effects.}! It
is highly desirable to design a high-activity mutant of the catalytic antibody with a significantly
improved catalytic efficiency (kco/Kpy) or catalytic rate constant (kKgat). As demonstrated in
other protein engineering efforts,12-18 an appropriate computational enzyme mutant design,
followed by site-directed mutagenesis and catalytic activity tests, could eventually lead to
discovery of an enzyme mutant with a sufficiently higher catalytic efficiency against cocaine.

To rationally design a high-activity mutant of the catalytic antibody, one first needs to
understand the detailed mechanism concerning how the antibody catalyzes hydrolysis of
cocaine and develop a reliable computational strategy and protocol to evaluate the free energy
barrier for the antibody-catalyzed hydrolysis of cocaine. Concerning the catalytic mechanism
of the antibody-catalyzed hydrolysis of cocaine, the reported X-ray crystal structure of mAb
15A10° did not show a nucleophile which attacks the carbonyl carbon of cocaine to initialize
the cocaine hydrolysis, although the X-ray crystal structure did suggest that three amino acid
residues, i.e. TrpL96, AsnH33, and TyrH35, likely form an oxyanion hole in a shallow binding
pocket. Based on the X-ray crystal structure, the mechanism for the antibody-catalyzed
hydrolysis of cocaine should be completely different from those known for the ester hydrolysis
catalyzed by an esterase. The catalytic antibody only can bind with cocaine during the cocaine
hydrolysis process, without changing the fundamental reaction pathways for the cocaine
hydrolysis in aqueous solution. As the dominant reaction pathway for cocaine hydrolysis in
aqueous solution is associated with the hydroxide ion-catalyzed cocaine hydrolysis, the most
likely mechanism of the antibody-catalyzed cocaine hydrolysis is that the catalytic antibody
helps to stabilize the transition state for the rate-determining step of the hydroxide ion-catalyzed
cocaine hydrolysis. See Figures 1 to 4 for the schematic representations of cocaine and the
transition state structures binding with mAb 15A10.

Further, our recently reported first-principles reaction coordinate calculations®:20 on the
cocaine hydrolysis demonstrated three competing reaction pathways for the hydroxide ion-
catalyzed cocaine hydrolysis in water: two pathways correspond to the hydrolysis of cocaine
at the benzoyl ester, whereas the other pathway corresponds to the hydrolysis of cocaine at the
methyl ester. The pathway corresponding to the cocaine methyl ester hydrolysis has the lowest
free energy barrier in water, which is consistent with the experimental kinetics.2! Obviously,
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mAb 15A10 should not be expected to equally stabilize the transition states for all of the
competing reaction pathways. It is likely that this catalytic antibody more favorably stabilize
the transition state for one of the competing reaction pathways associated with the hydrolysis
of cocaine at the benzoyl ester.

In order to identify the most favorable reaction pathway for the antibody-catalyzed cocaine
hydrolysis and to better understand the catalysis of the catalytic antibody, in the present study,
we have developed a novel computational strategy to calculate the free energy barriers for the
competing reaction pathways of the antibody-catalyzed cocaine hydrolysis. According to the
computational strategy, we first carried out molecular docking, molecular dynamics (MD)
simulations, and binding free energy calculations to study how the antibody binds with cocaine
and the transition-state structures determined by the first-principles reaction coordinate
calculations on the competing reaction pathways. The calculated binding free energies, along
with the free energy barriers determined by the first-principles reaction coordinate calculations
on the hydroxide ion-catalyzed cocaine hydrolysis in water, lead to the computational
predictions of the free energy barriers of the antibody-catalyzed cocaine hydrolysis for all of
three competing reaction pathways, thus enabling us to determine the dominant reaction
pathway for the antibody-catalyzed cocaine hydrolysis. The calculated energetic results are in
good agreement with available experimental kinetic data, suggesting that the computational
strategy and protocol are reliable for studying the reaction pathways and free energy barriers
for the antibody-catalyzed cocaine hydrolysis and other antibody-catalyzed reactions.

Computational Methods

General computational strategy

As well known, direct reaction coordinate calculations on a reaction system involving a protein
or antibody (which is considered to be an artificial protein) and the predictions of the
corresponding free energy barriers would be very time-consuming. To simplify the calculations
of the free energy barriers for the antibody-catalyzed hydrolysis of cocaine, we consider the
following reaction systems:

cocaine(aq)+HO ™ (aq) — TS1(aq) — ... — hydrolysis products(aq) (1)
cocaine(aq)+antibody(aq) — cocaine—antibody(aq) )
cocaine—antibody(aq)+HO ™ (aq) — TS1-antibody(aq) — ... — hydrolysis products(aq) 3)

Reaction (1) is the hydroxide ion-catalyzed hydrolysis of cocaine in aqueous solution without
the antibody. In reaction (1), cocaine(aq) and HO™(aq) represent the solvated cocaine molecule
and solvated hydroxide ion, respectively. TS1(aq) refers to the transition state for the first step,
which is the rate-determining step, of the hydroxide ion-catalyzed cocaine hydrolysis in
aqueous solution without the antibody. The free energy barrier (or the activation free energy),
AG,y(aq), for reaction (1) is calculated as the Gibbs free energy change from cocaine(aq) +
HO™(aqg) to TS1(aq):

AG,y(aq)=G[TS1(aq)] — G[cocaine(aq)] — G[HO (aq)] @)
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Three competing reaction pathways were uncovered in our recently reported first-principles
reaction coordinate calculations1%:20 on the hydroxide ion-catalyzed hydrolysis of cocaine in
water. The rate-determining transition states for these three competing reaction pathways are
denoted by TS1pen-Re, TS1pen-Si, and TS1 et (See Figures 1 to 4). TS1yet is the transition
state for the hydroxide ion-catalyzed hydrolysis of cocaine at the methyl ester. For the
hydroxide ion-catalyzed hydrolysis of cocaine at the benzoyl ester, 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) through two different transition-state
structures, denoted by TS1pen-Re and TS1pen-Si, respectively. The free energy barrier was
calculated for each reaction pathway at the high level of first-principles electronic structure
calculations that accurately account for the solvation effects by using our recently developed
fully polarizable continuum model (FPCM).22-26

Reactions (2) and (3) represent the antibody-catalyzed hydrolysis of cocaine. In reactions (2)
and (3) taking place in aqueous solution, cocaine-antibody (aq) represents the complex between
the antibody and the cocaine molecule, whereas TS1-antibody(aq) refers to the complex
between the antibody and the rate-determining transition state of cocaine hydrolysis. Hence,
reaction (2) refers to the binding of cocaine to the antibody, whereas reaction (3) represents
the chemical reaction process starting from the cocaine-antibody binding complex, i.e. cocaine-
antibody(aq). The free energy barrier for the antibody-catalyzed hydrolysis of cocaine can be
evaluated as the Gibbs free energy change from the cocaine-antibody(aq) + HO (aq) to TS1-
antibody(aq):

AG,, (antibody)=G|[ TS 1-antibody(aq)] — G[ cocaine—antibody(aq)] — G{HO (aq)] )

Further, let us consider the binding between the antibody and the rate-determining transition
state TSI, i.e.

TS1(aq)+antibody(aq) — TS1-antibody(aq). (6)

The Gibbs free energy changes of reactions (2) and (6) give

AGhing(cocaine, aq)=G| cocaine—antibody(aq)] — G[ cocaine(aq)] — G[ antibody(aq)] @

AGhing(TS1, aq)=G[ TS 1-antibody(aq)] — G[ TS1(aq)] — G[ antibody(aq)] ®)

where AGyjng(cocaine,aq) is the binding free energy for cocaine binding with the antibody and
AGyping(TS1,aq) is the binding free energy for the rate-determining transition state (TS1)
binding with the antibody.

An appropriate use of Egs.(4), (5), (7), and (8) gives

AG 4 (antibody)=AG ,y(aq)+AGping(TS1, aq) — AGping(cocaine, aq) (9)

AAG,, = AG,y(antibody) — AG,y(aq)=AGping(TS1, aq) — AGping(cocaine, aq). (10)
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Reactions (9) and (10) indicate that the free energy barrier shift, AAG,y, from the cocaine
hydrolysis in water to the antibody-catalyzed cocaine hydrolysis is equal to the binding free
energy change from the cocaine-antibody binding to the TS1-antibody binding. Because we
have already known the free energy barriers, i.e. the AG,(aq) values, for the cocaine hydrolysis
in water based on our previous first-principles reaction coordinate calculations, the task of the
free energy barrier calculations on the antibody-catalyzed hydrolysis processes can be
simplified as the calculations of the binding free energies, i.e. AGpjnq(cocaine,aq) and
AGping(TS1,aq), for the antibody binding with cocaine and the transition states.

Further, even without knowing AG,,(aq), the calculated AAG,, value can be used to estimate
the ratio (kcat'ko) of the catalytic rate constant ko for the antibody-catalyzed cocaine hydrolysis
to the rate constant kg of the corresponding cocaine hydrolysis in water by using the
conventional transition state theory (CTST):2’

keai /ko=(k, T/ )exp(~=AAGqy [k, T) (11)

where kg is the Boltzmann constant, T is the absolute temperature, and h is Planck’s constant.
In addition, the calculated AGpjng(cocaine,aq) value can be used to evaluate the dissociation
constant (Ky) for the cocaine-antibody binding:

AGhjing(cocaine, aq)= — RT - InKy (12)

The calculated K4 can be compared to the reported Michaelis-Menten constant (Ky,), as Ky =
Kg under the rapid-equilibrium assumption.28:29

For each reaction pathway, the binding free energies AGyjnq(cocaine,aq) and AGpjng(TS1,aq)
were calculated by performing molecular docking of our previously optimized structures of
cocaine and TS1 to mAb 15A10, followed by molecular dynamics (MD) simulations and
binding free energy calculations on the docked cocaine-antibody and TS1-antibody complexes
in a water bath. Below, we describe the computational details.

Molecular docking and molecular dynamics simulation

Molecular docking and molecular dynamics (MD) simulation were carried out to determine
the best possible binding mode for mAb 15A10 binding with each “ligand”, i.e. cocaine,
TS1pen-Re, TS1pen-Si, or TS1yet. The initial structure of mAb 15A10 used in our molecular
docking and MD simulations came from the X-ray crystal structure (1NJ9) deposited in the
Protein Data Bank.30 Since the crystal structure is a dimer, two of the four chains, i.e. the high
(H) and low (L) chains, were used to build the antibody structure (monomer). The initial
structures of cocaine and the transition states (i.e. TS1pen-Re, TS1pen-Si, and TS1et) used
were the geometries optimized at the B3LYP/6-31+G* level as reported in our previous first-
principles reaction coordinate calculations.1® The optimized geometry of cocaine is associated
with a local minimum on the potential energy surface, whereas the optimized geometries of
the transition states are associated with first-order saddle points on the potential energy surface.
The geometries optimized at the B3LYP/6-31+G* level were used, in the present study, to
perform ab initio electronic structure calculations at the HF/6-31G* level using Gaussian03
program31 and to determine the electrostatic potentials at points selected according to the
Merz-Singh-Kollman scheme.32:33 Based on the calculated electrostatic potential, the
restrained electrostatic potential (RESP) protocol34:35 implemented in the Antechamber
module of the Amber8 program was used to calculate the RESP charges used in the molecular
docking and MD simulations with cocaine, TS1pen-Re, TS1pen-Si, and TS1et.
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Molecular docking with each “ligand”, i.e. cocaine, TS1pen-Re, TS1pen-Si, OF TS1met, Was
performed by using AutoDock program version 3.0.37 For the ligands, all flexible torsion
angles were allowed to rotate during the docking, while all of the bond lengths and angles were
fixed. During the docking process, the Lamarkian genetic algorithm (LGA)37 was applied to
the conformational search for the antibody-ligand binding structure. Among a series of docking
parameters, the grid size used in the docking was 60 x 60 x 60 and the used grid space was the
default value of 0.375 A.38 For molecular docking with each ligand, the best binding structure
with the most intermolecular hydrogen bonds (see Figures 1 to 4) was selected as the initial
structure of the antibody-ligand complex for MD simulation.

A critical issue15-18+39 should be addressed before describing how we performed any MD
simulation on a transition state structure. In principle, MD simulation using a classical force
field (molecular mechanics) can only simulate a stable structure corresponding to a local
minimum on the potential energy surface, whereas a transition state during a reaction process
is always associated with a first-order saddle point on the potential energy surface. Hence, MD
simulation using a classical force field cannot directly simulate a transition state without any
restraint on the geometry of the transition state. Nevertheless, in theory, if we can technically
remove the freedom of imaginary vibration in the transition state structure, then the number of
vibrational freedoms (normal vibration modes) for a nonlinear molecule will decrease from
3N - 6 to 3N — 5. The transition state structure is associated with a local minimum on the
potential energy surface within a subspace of the reduced vibrational freedoms (i.e. subspace
of the 3N - 5 freedoms), although it is associated with a first-order saddle point on the potential
energy surface with all of the 3N — 6 vibrational freedoms. Theoretically, the vibrational
freedom associated with the imaginary vibrational frequency in the transition state structure
can be removed by appropriately freezing the reaction coordinate. The reaction coordinate
corresponding to the imaginary vibration of the transition state is generally characterized by a
combination of some key geometric parameters. Thus, we just need to maintain the bond
lengths of the forming and breaking covalent bonds during the MD simulation on a transition
state.}® The forming and breaking covalent bonds in the transition state will be called
“transition” bonds below, for convenience. Specifically for transition state structures TS1pen-
Re, TS1pen-Si, and TS1yt depicted in Figures 1 to 4, the reaction coordinate is mainly related
to the partial covalent bond (C-0) between the hydroxide oxygen and a carbonyl carbon of
the cocaine. This C-O bond is considered to be a transition bond in this study. During the MD
simulations on the systems involving TS1pen-Re, TS1pen-Si, or TS1met, We just needed to fix
the length of this transition bond along with other bond lengths involving the carbonyl carbon
of the cocaine and bond angles centered on the carbonyl carbon of the cocaine, starting from
the fully optimized transition state geometries at the B3LYP/6-31+G™ level without antibody.
All of the other geometric parameters were allowed to move during the MD simulations.

It should be pointed out that the only purpose of performing the above-mentioned MD
simulation on a transition state is to estimate the interaction energy between the reaction center
and the protein environment in the transition state. An implied approximation used in the MD
simulations on a transition state is that the length of the transition bond and the related geometric
parameters in the transition state do not significantly/dramatically change from the cocaine
hydrolysis without antibody to the cocaine hydrolysis with the antibody. This approximation
should be reasonable because there is no covalent bonding between the antibody and the
transition state structure of cocaine hydrolysis. Even if the length of the transition bond and
the related geometric parameters within the reaction center do change significantly, the
interaction energy between the reaction center and the protein environment is not expected to
change significantly, in light of our previous QM, MD, and QM/MM calculations/simulations
on butyrylcholinesterase-catalyzed hydrolysis of cocaine.12:16,18
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To carry out the MD simulations, the topologic and coordinate files of the antibody-ligand
complexes were built with LEap module of the Amber8 package. The cocaine-antibody
complex has a net charge of —3, whereas each TS1-antibody complex has a net charge of —4.
Each complex was neutralized by adding three or four sodium counterions and was solvated
in a rectangular box of TIP3P water molecules® with a solute-wall distance of 10 A. The
energy minimization and MD simulation were performed by using the Sander module of the
Amber8 package in the way similar to what we did for other protein-ligand systems.12-15.17,
18,4145 Eirst, the solvent molecules were minimized for 5000 cycles and equilibrated for 10
ps to make sure that they were in an equilibrated condition. Second, the solvent, ligand, and
side chains of the antibody were allowed to move during a 1000-cycle energy minimization to
adjust the positions of the ligand atoms in the binding pocket. Then the whole system was
energy-minimized for 1000 cycles. This system was gradually heated fromT=10Kto T =
100 K for 20 ps before the MD simulation at 100 K for 1.2 ns in order to further relax the
antibody-ligand binding and obtain the best possible binding structure. To obtain the best
possible binding mode, the available intermolecular hydrogen bonds formed after the energy
minimization were restrained during the heating and the first 200 ps of the MD simulation at
100 K, and then the whole complex was relaxed for 1 ns to obtain a stable MD trajectory. The
time step used in the MD simulation was 2 fs. Periodic boundary condition was used in the
NPT ensemble with Berendsen temperature coupling and P = 1 atm with isotropic molecular-
based scaling. The SHAKE algorithm46+47 was used to fix all covalent bonds containing
hydrogen atoms. The non-bonded pair list was updated every 25 steps. The particle mesh Ewald
(PME) method was used to treat long-range electrostatic interactions.#® 10 A was used as the
none-bonded cutoff. During the MD simulation, the coordinates of the simulated complex were
saved every 1 ps.

Binding free energy calculation

The binding free energies between mAb 15A10 and the ligands were calculated with a
molecular mechanics-Poisson-Boltzmann surface area (MM-PBSA) method.*? In the MM-
PBSA method, the free energy of the ligand binding with the antibody, AGyjng, is calculated
from the difference between the free energy of the receptor-ligand complex (G¢px) and the sum
of the free energies of the unbound receptor (Gyec) and ligand (Gyig) as following

AGhind:chx - (Gl‘ec+Glig) (13)

The binding free energy AGpjng includes three items: MM gas-phase binding energy
(AEpmm), solvation free energy (AGgqy), and entropy contribution (—TAS). The sum of
AEpm and AGgq)y is denoted by AEping. The MM gas-phase binding energy AEp v Was
calculated with the Sander modules of Amber8 program. The solvation free energy is the sum
of the electrostatic solvation free energy (AGpg) and the nonpolar solvation energy (AGpp). In
detail, AGpg was calculated with the finite-difference solution to the Poisson—Boltzmann (PB)
equation implemented in the Delphi program®%:51 by using the same RESP charges as used in
the aforementioned molecular docking and MD simulations. The dielectric constants used for
the solute and the solvent water were 1 and 80, respectively. The MSMS program52 was used
to calculate solvent accessible surface area (SASA) in Eq. (18) to obtain the nonpolar solvation
energy, with parameters y = 0.00542 kcal/A2 and p = 0.92 kcal/mol.

AGping=AE\, +AG o1y — TAS (14)

AEving=AE,;,,+AG 1y (15)

J Am Chem Soc. Author manuscript; available in PMC 2010 May 31.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 8

AEMM :AEele+AEv(lw (16)
AGSOlV:AGPB+AGllp 17)
AGp=ySASA+B (18)

The entropy contribution to the binding free energy (—TAS) was obtained by using a local
program developed in our own lab. In this method, the entropy contribution is attributed to two
contributions: solvation free entropy (ASgq,) and conformational free entropy (AS¢ons),

AS=AS o1y +AS cont (19)

The solvation entropy is gained by the tendency of water molecules to minimize their contacts
with hydrophobic groups in protein.>3 It has been demonstrated that the solvation entropy is
temperature-dependent, and can be calculated with heat capacity.>#:°

T T
AS 501V=ACpAap In— +ACp.p01 In——
T* T*
Sap S.pol (20)

where AC 5 and ACp o) are the apolar and polar heat capacity. 7,, and 7 are the
temperatures in which the apolar and polar hydration entropy are zero, and their values reported
in literature are 385.15 K6 and 335.15 K®7, respectively. The value of temperature T used in
Eq. (20) was 298.15 K. For the calculation of apolar and polar heat capacities, the apolar and
polar heat capacity changes for the protein-ligand binding can be expressed as a linear
combination of apolar and polar solvent-accessible surface area differences ASASA,p and
ASASAL|.

ACp_ap:ac(T)ASASAap 21)

ACp poi=b(T)ASASA (22)

where a.(T) and b.(T) are temperature-dependent coefficients. In low temperature (T < 353 K)
situation, the heat capacities can be seen as temperature-independent, and the values of ag(T)
and b¢(T) reported in literature are 0.45 and —0.26, respectively.>®

The conformational entropy (AS¢ong) is related to the change of the number of rotatable bonds
during the binding process. For a four-atom unit X-A-B-Y, if the middle bond A-B is a hon-
backbone single bond with at least one carbon atom among A and B and none of atoms X and
Y is hydrogen, it is regarded as a rotatable bond. In the binding site of the protein in the protein-
ligand complex, if any one of the four atoms involved in a rotatable bond in the protein/ligand
is within a distance of 5 A from any of the ligand/protein atoms, this bond will be regarded as
non-rotatable. The contribution to the binding free energy from the conformational entropy
change is proportional to the number (AN,q) of the lost rotatable bonds during the binding:53
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—TAS cont=W(ANyo) (23)

in which w is the scaling factor to be calibrated. Hence, our MM-PBSA calculations include
an adjustable parameter, i.e. w, in the calculation of the free energy contribution from the
conformational entropy,

AGing=AEping — TAS so1y — TAS cont=AEping — TAS o1y +W(AN,q), (24)

although all of the other parameters used in our MM-PBSA calculations are the standard
parameters reported in literature or the default parameters of the Amber8 program. This
adjustable parameter, w, was calibrated to be 0.6871 kcal/mol (when four effective digits were
kept) by fitting the calculated AGyjnq Value for the cocaine-antibody binding to the
corresponding experimental AGyjng value of —4.97 kcal/mol determined by the Ky, value of
220 pM. Thus, w = 0.6871 kcal/mol was used for our MM-PBSA calculations on all of the
complexes in this study.

The final binding free energy AGyjng for each antibody-ligand binding complex was taken as
the average of the AGyjnq Values calculated for 100 snapshots of the MD-simulated complex.
The 100 snapshots were taken from the last 500 ps of the MD trajectory, with one snapshot for
every 5 ps.

The MD simulations were performed on an HP supercomputer (Superdome with 256 shared-
memory processors) or on an HP XC Linux cluster at the Center for Computational Sciences,
University of Kentucky. The other computations were carried out on SGI Fuel workstations in
our own laboratory.

Results and Discussion

Binding structures

Depicted in Figures 1 to 4 are the schematic representations of the MD-simulated structures
of mAb 15A10 binding with the four different ligands, including cocaine, TS1pen-Re,
TS1pen-Si, and TS1met. As shown in the figures, the antibody binds with cocaine, TS1pen-Re,
TS1pen-Si, and TS1nye mainly through some of four potential hydrogen bonds with the side
chains of residues TyrH35, TrpL96, AsnH33, and TyrH50 (D1 to D4, see Figures 1 to 4). The
representative snapshots of the MD-simulated complexes are shown in Figures 5 to 8, giving
the average Heee+O distances involved in the hydrogen bonds between the antibody and ligand.
Depicted in Figures 9 to 12 are the time-dependence of the Hese«O distances (D1 to D4)
involving TyrH35, TrpL96, AsnH33, and TyrH50.

A survey of these figures reveals two hydrogen bonds for the antibody binding with cocaine,
four hydrogen bonds with TS1pe,-Re, three hydrogen bonds with TS1pe,-Si, and two hydrogen
bonds with TS1t. For the antibody binding with cocaine, as seen in Figures 1, 5, and 9,
although there were three hydrogen bonds between the antibody and the carbonyl oxygen of
cocaine benzoyl ester in the initial structure (obtained from molecular docking) used for the
MD simulation, only two of the three hydrogen bonds (i.e. with the side chains of TyrH35 and
TrpL96) were kept during the MD simulation. The average Heee+O distances, denoted by D1
and D2 in the figures, for these two hydrogen bonds are 1.92 and 1.93 A, respectively. For the
antibody binding with TS1pe,-Re, as seen in Figures 6 and 10, all of the four hydrogen bonds
(associated with D1 to D4 in Figure 2) in the initial structure were kept during the MD
simulation, with the simulated average distances of 1.93, 1.99, 1.89, and 1.90 A for D1, D2,
D3, and D4, respectively. Compared to the two hydrogen bonds of the antibody binding with
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cocaine, the overall strength of the four hydrogen bonds in the antibody binding with TS1pep-
Re should be much stronger. For the antibody binding with TS1ye,-Si, as seen in Figures 7 and
11, three hydrogen bonds associated with D1 to D3 (see Figure 3) existed in both the initial
structure and the MD-simulated structure. The MD-simulated average D1, D2, and D3 values
are 1.64, 1.83, and 193 A, respectively. Compared to the antibody binding with TS1pe,-Re,
the antibody binding with TS1pe,-Si did not involve a hydrogen bond between TS1pe,-Si and
TyrH50. The overall strength of the three hydrogen bonds in the antibody binding with
TS1pen-Si should also be stronger than that with cocaine. Thus, the transition states TS1pen-
Re and TS1pe-Si are expected to be stabilized by the antibody relative to the cocaine binding
with the same antibody.

However, for the antibody binding with TS1et, the MD simulation only revealed two weak
hydrogen bonds (corresponding to D1 and D3 in Figure 4) with the side chains of TyrH35 and
AsnH33. The overall strength of the two hydrogen bonds in the antibody binding with
TS1met Should be weaker than that of the two hydrogen bonds in the cocaine-antibody binding,
due to the longer Heee«O distances (2.09 and 2.12 A in the TS1,e-antibody binding versus
1.92 and 1.93 A in the cocaine-antibody binding). Thus, the transition state TS1 e is not
expected to be stabilized by the antibody relative to the cocaine binding with the antibody.

A remarkable feature of the simulated structures is that, in addition to the previously recognized
residues TyrH35, TrpL96, and AsnH33 that could form the oxyanion hole, TyrH50 is also
important for stabilizing the transition state TS1,e,-Re as TyrH50 forms a strong hydrogen
bond with transition state TS1pen-Re.

Binding free energies

Summarized in Table 1 are the binding free energies calculated with the MM-PBSA approach
for the antibody binding with cocaine, TS1pen-Re, TS1pen-Si, and TS1met. As seen in the table,
the calculated entropy contributions for the four complexes are close to each other, with values
ranging from 13.03 to 13.83 kcal/mol. This is reasonable, because the entropic contribution is
mainly determined by the sizes and shapes of the antibody and ligand involved in the binding.
The calculated van der Waals contributions to the binding free energies for all of the complexes,
except for TS1et, are also very close to each other, ranging from —27.56 to —28.24 kcal/mol.
This is because the binding modes in the three complexes (with cocaine, TS1pen-Re, and
TS1pen-Si) are similar. For the complex with TS1pet, the van der Waals contribution (=35.79
kcal/mol) is significantly different due to the remarkably different binding mode. In TS1pet,
it is the methyl ester group (rather than the benzoyl ester group) with the hydroxide ion that
interacts with the binding site of the antibody. The calculated electrostatic contributions to the
binding free energies for the four complexes are quite different, with —93.09, —44.57, —65.91,
and —11.45 kcal/mol for cocaine, TS1pen-Re, TS1pen-Si, and TS1yet, respectively.
Correspondingly, the solvation shifts calculated for the four complexes are also very different,
ranging from 32.71 to 103.19 kcal/mol. Overall, the binding free energies calculated for the
antibody binding with cocaine, TS1pen-Re, TS1pen-Si, and TS1yet are —4.97, —11.30, —9.61,
and —0.79 kcal/mol, respectively. The calculated binding free energy of —4.97 kcal/mol for the
antibody binding with cocaine is consistent with the binding free energy of —4.97 kcal/mol
estimated from the experimental Ky, value of 220 uM.

Free energy barriers and rate acceleration

Based on the calculated binding free energies, the free energy barrier shift, AAG,,, from the
cocaine hydrolysis in water to the antibody-catalyzed cocaine hydrolysis was evaluated for
each reaction pathway. As seen in Table 2, the free energy barrier shifts calculated for the
reaction pathways associated with TS1pen-Re, TS1pen-Si, and TS1 et are —6.33, —4.64, and
4.18 kcal/mol, respectively. So, mAb 15A10 significantly stabilizes the transition states for
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the hydrolysis of cocaine benzoyl ester, whereas it significantly destabilizes the transition state
for the hydrolysis of cocaine methyl ester, relative to the cocaine-antibody binding. Based on
our previous first-principles electronic structure calculations accounting for the solvent effects,
19 the free energy barriers for the reaction pathways associated with TS1pen-Re, TS1pen-Si,
and TSy, of the cocaine hydrolysis in water in the physiologic pH (7.4) should be 25.9, 28.6,
and 20.1 kcal/mol, respectively. Based on the previously calculated free energy barriers and
the barrier shifts calculated in the present study, the free energy barriers for the reaction
pathways associated with TS1pen-Re, TS1pen-Si, and TS1 e of the antibody-catalyzed cocaine
hydrolysis are predicted to be 19.6, 24.0, and 24.3 kcal/mol, respectively. These energetic
results show that the dominant reaction pathway for the antibody-catalyzed cocaine hydrolysis
is associated with transition state TS1pen-Re, although the dominant reaction pathway for the
cocaine hydrolysis in water is associated with transition state TS1 .

Further, when you only consider cocaine hydrolysis at the benzoyl ester, the reaction pathway
with the lowest free energy barrier is always associated with transition state TS1pen-Re for both
the cocaine hydrolysis in water and the antibody-catalyzed cocaine hydrolysis. Hence, for the
hydrolysis of cocaine benzoyl ester, the calculated free energy barrier shift of —6.33 kcal/mol
can directly be compared with the experimental rate acceleration (kgai/ko = 23,000).6 According
to Eq.(11), when the rate acceleration (kcat/'ko) is 23,000, the corresponding free energy barrier
shift should be —5.93 kcal/mol at T = 298.15 K. The experimentally-derived free energy barrier
shift of —5.93 kcal/mol is close to the calculated free energy barrier shift of —6.33 kcal/mol. In
light of the good agreement between the calculated energetic results and available experimental
data, it should be interesting to employ the same computational protocol to calculate the free
energy barriers for the cocaine hydrolysis catalyzed by various mutants of the anti-cocaine
catalytic antibody for future rational design of possible high-activity mutants of the catalytic
antibody against cocaine.

For further validation, the same computational protocol (with the above-calibrated w value of
0.6871 kcal/mol) was also used to examine the cocaine hydrolysis catalyzed by two antibody
mutants (i.e. AsnH33Ala and TyrH35Phe) for which the relative experimental activity data are
available. Here, mutation AsnH33Ala means that Asn33 residue of the high chain is changed
to Ala residue, whereas mutation TyrH35Phe refers to that Tyr35 residue of the high chain is
changed to Phe residue. The MD trajectories and the simulated binding structures are provided
as supporting information. The calculated energetic results are summarized in Tables 3 to 5,
in comparison with available experimental data. As seen in Table 5, the calculated shift of the
free energy barrier from the wild-type antibody to the TyrH35Phe mutant is 0.55 kcal/mol,
which is close to the experimental free energy barrier shift, 0.85 kcal/mol, derived from the
reported activity change from 100% to 24%.5 The calculated shift of the free energy barrier
from the wild-type antibody to the AsnH33Ala mutant is 3.50 kcal/mol, which is also consistent
with the experimental observation® that the catalytic activity of the AsnH33Ala mutant was
0% (i.e. < 0.5%) of the wild-type against cocaine. The activity change from 100% to < 0.5%
is associated with a free energy barrier change of > 3.14 kcal/mol. Hence, the calculated
mutation-caused shifts of the free energy barrier are also reasonably close to the available
experimental activity data.

Conclusion

The free energy barriers for the competing reaction pathways of the cocaine hydrolysis
catalyzed by an anti-cocaine catalytic antibody, mAb 15A10, were predicted, in the present
study, by using a novel computational strategy based on the binding free energy calculations
on the antibody binding with cocaine and the transition states. On the basis of the calculated
binding free energies, we were able to evaluate the free energy barrier shift from the cocaine
hydrolysis in water to the antibody-catalyzed cocaine hydrolysis for each reaction pathway.
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The free energy barriers for the antibody-catalyzed cocaine hydrolysis were predicted to be
the corresponding free energy barriers for the cocaine hydrolysis in water plus the calculated
free energy barrier shifts. Based on the predicted free energy barriers, the dominant reaction
pathway for the antibody-catalyzed cocaine hydrolysis was determined. The calculated free
energy barrier shift of —6.33 kcal/mol from the dominant reaction pathway of the cocaine
benzoyl ester hydrolysis in water to the dominant reaction pathway of the antibody-catalyzed
hydrolysis of cocaine benzoyl ester is in good agreement with the experimentally-derived free
energy barrier shift of —5.93 kcal/mol (corresponding to the experimental rate acceleration
Kcar'ko = 23,000), while the calculated binding free energy of —4.97 kcal/mol for the cocaine-
antibody binding is consistent with the experimentally-derived binding free energy of —4.97
kcal/mol (estimated from the experimental Ky, value of 220 uM). The calculated mutation-
caused shifts of the free energy barrier are also reasonably close to the available experimental
activity data.

In light of the good agreement between the calculated energetic results and available
experimental kinetic data, the computational protocol for calculating the free energy barrier
shift from the cocaine hydrolysis in water to the antibody-catalyzed cocaine hydrolysis may
be useful in future rational design of possible high-activity mutants of the catalytic antibody
as anti-cocaine therapeutics. The general computational strategy for calculating the free energy
barrier shift may also be valuable for studying a variety of chemical reactions catalyzed by
other antibodies or proteins through non-covalent bonding interactions with the substrates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic representation of cocaine binding with the antibody. The dashed lines refer to the
key distances between cocaine and the antibody.
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Figure 2.
Schematic representation of TS1pe,-Re binding with the antibody. The dashed lines refer to
the key distances between TS1peq-Re and the antibody.
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Figure 3.
Schematic representation of TS1pen-Si binding with the antibody. The dashed lines refer to the
key distances between TS1pe,-Si and the antibody.
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Figure 4.
Schematic representation of TS1yet binding with the antibody. The dashed lines refer to the
key distances between TS1et and the antibody.
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Figure 5.
The MD simulated structure of cocaine binding with the antibody. The key distances indicated
in the figure are the simulated average distance (A).
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Figure 6.
The MD simulated structure of TS1ben-Re binding with the antibody. The key distances
indicated in the figure are the simulated average distance (A).
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Figure 7.
The MD simulated structure of TS1ben-Si binding with the antibody. The key distances
indicated in the figure are the simulated average distance (A).
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Figure 8.
The MD simulated structure of TS1met binding with the antibody. The key distances indicated
in the figure are the simulated average distance (A).
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Plots of the key internuclear distances versus the simulation time for cocaine binding with the
antibody. See Figure 1 for the definitions of distances D1, D2, D3, and D4.
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Figure 10.
Plots of the key internuclear distances versus the simulation time for TS1ben-Re binding with
the antibody. See Figure 2 for the definitions of distances D1, D2, D3, and D4.
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Figure 11.
Plots of the key internuclear distances versus the simulation time for TS1ben-Si binding with
the antibody. See Figure 3 for the definitions of distances D1, D2, D3, and DA4.
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Figure 12.
Plots of the key internuclear distances versus the simulation time for TS1met binding with the
antibody. See Figure 4 for the definitions of distances D1, D2, D3, and D4.
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Table 2

Free energy barriers (AGyy in kcal/mol) calculated for three competing reaction pathways of the cocaine
hydrolysis.

Reaction pathway AGy(aq) | AG,(aq) AAG,C AG,4 (antibody)
(SRS)® | (pH 7.4)0 (pH 7.4)d
cocaine + HO™ — TS1pe-Re 16.9 25.9 —6.33 (-5.93) 19.6
cocaine + HO™ — TS1pe,-Si 19.6 28.6 —4.64 24.0
cocaine + HO™ — TSl 111 20.1 4.18 24.3

aFree energy barriers determined by the first-principles electronic structure calculations (ref. 19) for the cocaine hydrolysis in water using the standard
reference state (SRS), i.e. 1 M, for all molecular species, including [HO™] =1 M, at T = 298.15 K.

bFree energy barriers determined for the cocaine hydrolysis in water at the physiologic pH (7.4) at T = 298.15 K. The free energy barrier shift from
the standard reference state of [HO™] =1 M to pH 7.4 is 9.0 kcal/mol when T = 298.15 K.

CThe free energy barrier shift from the cocaine hydrolysis in water to the antibody-catalyzed cocaine hydrolysis (determined by using the data in Table
1). The value —5.93 kcal/mol in parenthesis was the free energy barrier shift derived from the experimental rate acceleration (kcat/ko = 23,000) using

Eq.(12).

dFree energy barriers calculated for the antibody-catalyzed cocaine hydrolysis at the physiologic pH (7.4) at T = 298.15 K.
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Table 5

Mutation-caused shifts of free energy barrier (AG,y, in kcal/mol) calculated for cocaine hydrolysis catalyzed by
the antibody mutants in comparison with available experimental data.

Calc. Expt.

antibody AAG,2 | Relative AG,,P | Relative activity® | Relative AG4,P

Wild-type —6.33 0 100% 0
AsnH33Ala —-2.83 3.50 0% (i.e. < 0.5%) >3.14
TyrH35Phe -5.08 0.55 24% 0.85

aThe free energy barrier shift from the cocaine hydrolysis in water to the antibody-catalyzed cocaine hydrolysis corresponding to the wild-type antibody
and its mutants.

Mutation-caused shift of the free energy barrier, i.e. AAGay — AAGay (wild-type). The experimental shifts are derived from the experimental relative
activity data (i.e. < 0.5% and 24%).

cExperimental activity of the mutant relative to the wild-type antibody (data from ref. 6).
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