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Abstract

Cocaine esterase (CocE) has been known as the most efficient native enzyme for metabolizing the
naturally occurring cocaine. A major obstacle to the clinical application of CocE is the
thermoinstability of native CocE with a half-life of only ~11 min at physiological temperature
(37°C). It is highly desirable to develop a thermostable mutant of CocE for therapeutic treatment
of cocaine overdose and addiction. To establish a structure-thermostability relationship, we carried
out molecular dynamics (MD) simulations at 400 K on wild-type CocE and previously known
thermostable mutants, demonstrating that the thermostability of the active form of the enzyme
correlates with the fluctuation (characterized as the RMSD and RMSF of atomic positions) of the
catalytic residues (Y44, S117, Y118, H287, and D259) in the simulated enzyme. In light of the
structure-thermostability correlation, further computational modeling including MD simulations at
400 K predicted that the active site structure of the L169K mutant should be more thermostable.
The prediction has been confirmed by wet experimental tests showing that the active form of the
L169K mutant had a half-life of 570 min at 37°C, which is significantly longer than those of the
wild-type and previously known thermostable mutants. The encouraging outcome suggests that
the high-temperature MD simulations and the structure-thermostability may be considered as a
valuable tool for computational design of thermostable mutants of an enzyme.

Introduction

Cocaine is considered to be the most addictive substance abused by millions of people
worldwide.12:34 The devastating medical and social consequences of cocaine addiction
have made the development of an effective pharmacological treatment a high priority.3 It
has been found that cocaine exerts its effects on the central nervous system (CNS) through
its blocking the re-uptake of neurotransmitter dopamine, thus potentiating the effects of
dopamine in the synapse.8:78 The classic pharmacodynamic approach has failed to produce
a feasible small-molecule antagonist of dopamine transporter (DAT) because of the
difficulties inherent in blocking a blocker like cocaine without affecting the normal function
of DAT.248 Alternatively, pharmacokinetic approach has become the most promising
strategy, because this strategy aims at accelerating the hydrolysis of cocaine and, therefore,
eliminating cocaine quickly from the peripheral circulation. 9:10.11.12.13.14 Eor this purpose,
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the principal plasma butyrylcholinesterase (BChE), 11:12.13.15 the bacterial cocaine esterase
(CocE),10.14.16,17,18,19,20,21,22,23.24 5 anti-cocaine catalytic antibody®-2%:26.27 gre the
promising choices to be developed as a potential anti-cocaine agent for therapeutic treatment
of cocaine overdose and abuse. Among them, CocE22:24 is the most efficient natural enzyme
against the naturally occurring cocaine, i.e. (—)-cocaine. Native CocE is capable of
protecting against cocaine-induced lethality, but its duration of effectiveness is very short,
with a half-life (t1/2) of only ~11 minutes at physiological temperature (37 °C).1722 |t is
highly desirable to develop thermostable mutants of CocE for the treatment of cocaine
toxicity.

In general, protein thermostabilization has become a hot topic in the field of protein
engineering. During the last decade, extensive experimental and computational studies have
been performed to search for possible structural determinants of stability. 28:29.30.31 Several
rational design methods have been developed, and successfully applied to design
thermostable proteins and mostly single domain enzymes.32:33.34,35,36,37,38,39,40,41,42,43,44,45
Among these various rational design methods, high-temperature molecular dynamics (MD)
simulations have been shown to be a robust protocol to explore the structure-
thermostability-activity relationship and the effects of environmental factors like pH and
solvent on the stability.46:47:48.49.50 Compared with rational design of non-catalytic proteins,
the design of a thermostable enzyme is more challenging, because the active site structure of
an enzyme and its dynamic behavior during the catalytic reaction are finely tuned for the
optimum catalytic efficiency.40-51:52 To thermostabilize an enzyme without losing its
catalytic efficiency, one needs to understand the structure-thermostability-activity
relationship of the particular enzyme, and then develop a reliable computational strategy and
protocol to predict thermostable mutations. The predicted mutants are expected to have
minimal shift in the backbone structure of the enzyme, and not to disrupt the active site
structure or quench its flexibility. When an enzyme becomes inactive, it does not necessarily
mean that the enzyme is unfolded or partially unstructured, because the inactivation could be
merely due to some minor structural changes on the active site of the enzyme.32:50.51 There
is no direct correlation relationship between the free energy of folding and half-life of the
catalytic activity. A mutation lowering the folding free energy does not necessarily result in
a longer half-life of the catalytic activity. For these reasons, it is very important to
understand the inactivation mechanism when designing thermostable mutants of an enzyme.

CocE consists of three distinct domains with totally 574 amino acids.10 The fold of domain |
(amino acid residues from #1 to #144 and from #241 to #354) is similar to the fold of
canonical a/p-hydrolase. The seven a-helices of domain Il (amino acid residues from #145
to #240) is inserted between strands 6 and 7 of domain I, and domain Il (amino acid
residues from #355 to #574) takes a jelly roll-like topology. The most particular feature of
CocE structure is that the active site is located at the interface of these three domains, i.e. all
three domains contribute to the active site pocket. Such particular location of the active site
and the large size of CocE have made unprecedented challenges to our rational design of
thermostable mutants. In our previous studies, 2223 we designed and discovered several
thermostable mutants of CocE through computational design, followed by in vitroand in
vivo studies. The designed CocE mutants, i.e. T172R, G173Q, and T172RG173Q, have
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significantly increased the thermostability of the enzyme in vitro and in vivo. Results
obtained from our molecular modeling and molecular dynamics (MD) simulations revealed
that the enzyme was stabilized by enhanced intra-molecular interactions resulting from these
specific mutations. For example, the G173Q mutation brings in additional hydrogen bonding
between the side chain of Q173 and the backbone of P43. However, it is theoretically
uncertain whether or not these enhanced intramolecular interactions also help to stabilize the
active site of CockE. If so, how are the effects of the enhanced intramolecular interactions
relayed to the active site of CocE? Answers to these questions are very important for us to
better understand the thermostabilization mechanism of CocE, and such understanding will
also help us to rationally design more thermostable mutants of CocE with a longer in vivo
half-life in the treatment of cocaine overdose.

In the present study, we first performed high-temperature MD simulations on our previously
designed T172R, G173Q, and T172R/G173Q mutants of CocE in order to find structural
determinants for thermostability of CocE. The results indicated that these CocE mutants had
much smaller structural fluctuations for the catalytic residues (including the catalytic triad
S117-H287-D259 and oxyanion hole consisting of Y44 and Y118) during the MD
simulation, compared to wild-type CocE. In light of the structure-thermostability correlation
for these CocE mutants, further high-temperature MD simulation and analysis revealed that
the L169K mutant had even smaller structural fluctuations for the same catalytic residues,
predicting that the L169K mutant should be more thermostable. The computational
prediction has been confirmed by wet experimental tests in vitro and in vivo studies in the
labs of our collaborators. Here we report the computational studies, whereas the
corresponding experimental studies have been reported elsewhere (the computational studies
described in this report were actually completed before the experimental studies described in
ref. 24, but the submission of this report for publication was delayed considerably due to
some unexpected reasons). The agreement between our computational results and
experimental data suggests that the high-temperature MD simulation is a valuable approach
for computational design of novel, thermostable mutants of proteins as the therapeutic
candidates.

Computational Methods

High-temperature MD simulations were performed on wild-type CocE and its mutants
involved in this study by using the Sander module of the Amber 8 program package.>3 All
MD simulations started from the X-ray crystal structures (PDB entry codes 312J for wild-
type CocE, 3121 for T172R mutant, 312G for G173Q mutant, and 312F for T172R/G173Q
mutant).24 For all of the high-temperature MD simulations, the lengths of covalent bonds
involving hydrogen atoms were constrained with the SHAKE algorithm.>* The particle
mesh Ewald (PME) method 5556 was used to treat long-range electrostatic interactions. A 12
A cutoff for non-bonded interactions was used, and the non-bonded list was updated every
25 steps. The motion of the center of mass of the system was removed every 1,000 steps.
The Berendsen temperature coupling method®’ was used to couple the system to a thermal
bath of a target temperature. Periodic boundary conditions with isotropic molecule-based
scaling were applied. All the high-temperature MD simulations at T = 400 K were carried
out at constant temperature and volume (NTV ensemble), and the time step was 1 fs.
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Each system (wild-type CocE or its mutant) was solvated in a rectangular box of TIP3P
water molecules®® with a minimum solute-wall distance of 10 A, and the original water
molecules and chloride ions (CI7) from the X-ray crystal structure?* were kept. Sodium
counter ions (Na*) were added to neutralize the solvated system. Each of the solvated
systems was energy-minimized by using the Sander module of Amber8 with a nonbonded
cutoff of 12 A and a conjugate gradient energy-minimization method.>3 After 20,000 steps
of energy minimization for all atoms in the system, 80 ps MD simulations were performed
for water molecules and ions (Na* and CI™) with constant temperature and constant volume
(NTV ensemble) at T = 298.15 K. After another 5,000 steps of energy minimization, the
whole system was gradually heated from 10.15 K to 298.15 K by weak-coupling method,5”
and equilibrated for 500 ps at constant temperature and constant pressure (NTP ensemble).
After that, the system was heated to 400 K and equilibrated for 80 ps at NTV ensemble.
Finally the MD simulation at 400 K was kept running to the targeted length of production.

Results and Discussion

It is extremely challenging to study the thermostability of CocE by carrying out MD
simulations. This is because the half-life of wild-type CocE at body temperature (~11 min)
is too short for use as a drug, but too long for performing a MD simulation to simulate the
inactivation process. A practical, fully relaxed MD simulation (with a required time step of 1
or 2 fs) on a protein system like CocE can be performed for as long as nanoseconds using
currently available supercomputers. Instead, we carried out high-temperature MD
simulations on the protein structures based on an analysis of the kinetic relationship between
the inactivation rate constant (kj,,) and the temperature (T) for a given inactivation free
energy barrier (AG;p,) of the inactivation process,?? i.e.

kina:(kR T/h)exp(—AGma/RT> @

where kg is the Boltzmann’s constant, h is Planck’s constant, and R is the gas constant. As
discussed in our previous report,22 Eq. (1) is based on an extended use of the well-known
vibrational transition state theory. It is also based on an implicit assumption that the rate-
determining step of the inactivation process is vibration-like. According to Eq. (1), the rate
constant k;j,, of the enzyme inactivation is dependent on the temperature for a given
inactivation free energy barrier. The higher the temperature, the larger the rate constant and,
therefore, the half-life of the active enzyme is shorter. This kinetic understanding enabled us
to uncover the inactivation pathway of CocE through performing MD simulation at an
appropriately high temperature. The high temperature used in the MD simulations is
physiologically irrelevant, but can considerably shorten the time of the protein inactivation
process and, thus, allows us to observe the protein inactivation process within a much
shorter period of time. An implicit hypothesis used in this approach is that the relative
stability of various proteins (wild-type CocE and its mutants) at the high temperature
correlates with the relative stability of the same proteins at the body or room temperature.

Our previously designed T172R, G173Q, and T172R/G173Q mutants?2 of CocE were
expected to be more thermostable than the wild-type without losing the catalytic activity. By
performing high-temperature MD simulations, we were able to see whether these designed
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CocE mutants are more structurally stabilized. Our previous MD simulation and
computational analysis?2 focused on the changes of the overall protein structure and
intramolecular interactions involving the mutated amino acid residues, but did not account
for the effects of the structural fluctuations on the protein thermostability. In the present
study, we focused on the effects of amino acid mutations on the structural fluctuations of the
active site and computationally correlated the structural fluctuations with the protein
thermostability for the first time. For this purpose, we first performed MD simulations on
the wild-type CocE and three known thermostable mutants (i.e. T172R, G173Q, and T172R/
G173Q) at 400 K and tracked the changes of root-mean square deviation (RMSD) of atomic
positions from the corresponding initial positions for catalytic residues including the
catalytic triad (consisting of S117, H287, and D259) and oxyanion hole (consisting of Y44
and Y118) during the MD simulations. We are particularly interested in the fluctuations of
the catalytic residues, because their overall fluctuation is expected to correlate with the
thermostability of the active form of the enzyme. Depicted in Fig. 1A are the results of
tracked RMSD curves for the five catalytic residues during the MD simulations. As shown
in Fig. 1A, these catalytic residues of wild-type CocE have the largest (average) RMSD
value during the MD simulations after ~1.5 ns. The average RMSD values for the CocE
mutants simulated are all smaller than that for the wild-type after ~1.5 ns, suggesting that all
of the simulated mutants should have a more stable active site structure.

To understand why the T172R and G173Q mutations can help to stabilize the active site
structure of the enzyme, we analyzed the modeled structure of the T172R/G173Q mutant.
Depicted in Fig. 1B is the active site structure of the T172R/G173Q mutant. Domain 11
(residues #145 to #240) of CocE is the least stable part of the protein. As depicted in Fig.
1B, the side chain of Q173 is hydrogen bonded with the backbone of P43, whereas the side
chain of R172 interacts with the side chain of F189 through typical cation-m interactions. All
of these enhanced local intramolecular interactions stabilize the secondary structure of
domain 1l of CocE. The effect of the local stabilization is relayed to the active site through
the neighboring residues and/or simply through the secondary structure of domain Il. For
example, as both P43 and Y44 are located at the same loop, the catalytic residue Y44
becomes more stable when P43 is stabilized through the hydrogen bonding with Q173. The
relay of stabilization effect makes the active site structure of CocE more persistent during
the MD simulation at 400 K compared to the wild-type enzyme and, therefore, more stable
at physiological temperature (37°C).

Compared to the single mutants T172R and G173Q, the local intramolecular interactions
(Fig. 1B) in the T172R/G173Q mutant should be stronger. However, the stronger local
intramolecular interactions are not reflected in the RMSD values depicted in Fig. 1A
because the overall RMSD for the T172R/G173Q mutant is actually similar to those for the
T172R and G173Q mutants. It should be pointed out that the RMSD depicted in Fig. 1A are
all relative to the deviations of the atomic positions of the catalytic residues from those in
the corresponding starting structures. Whereas the RMSD from the starting structure is the
most important indicator (primary factor) of the active site stability of the enzyme, another
significant indicator (secondary factor) of the active site stability might be the root-mean
square fluctuation (RMSF) of the atomic positions of the catalytic residues relative to the
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MD-simulated average structure during the high-temperature MD simulations. The
secondary factor associated with RMSF favors the T172R/G173Q mutant in comparison
with the T172R and G173Q mutants. The average RMSF value during the high-temperature
MD simulation is 1.12 A for the T172R mutant, 1.02 A for the G173Q mutant, and 0.93 A
for the T172R/G173Q mutant. The relative RMSF values help us to better understand why
the T172R/G173Q mutant should be more thermostable than the T172R and G173Q mutants
when their RMSD values depicted in Fig. 1A are comparable.

To summarize the computational results, the RMSD values depicted in Fig. 1A indicate that,
compared to the active form of wild-type CocE, the active forms of the T172R, G173Q, and
T172R/G173Q mutants all should be more thermostable than the wild-type. The calculated
average RMSF values further suggest that the T172R/G173Q mutant should be more
thermostable than the corresponding single mutants. The computational results are
qualitatively consistent with the experimental data at 37°C in both the in vitro and in vivo
experimental activity tests.22 For example, the in vitro half-lives of the active enzymes at
37°C were ~11 min (wild-type), ~78 min (T172R), ~75 min (G173Q), and ~305 min
(T172R/G173Q). The half-life mentioned here refers to the time required to decrease the
enzyme activity by 50%. The qualitative agreement between the computational and
experimental data suggests that the high-temperature MD simulations may be used as a
valuable tool to predict new mutants of CocE with an improved thermostability.

Beyond the reported T172R, G173Q, and T172R/G173Q mutants, we carried out further
computational design of thermostable mutants of CocE, leading to the prediction that the
L169K mutant of CocE should be more thermostable. Our computational modeling for the
mutant design was a two-step approach. The first step is the initial screening, in which the
energetic effects of possible mutations on amino acid residues were estimated by using our
previously reported fast computational approach.22 This fast approach?? calculates the shift
in the interaction energy between the mutated residue and the remaining part of the enzyme,
through the combined application of the Amber®3 and Delphi®® programs, without
performing any MD simulations. The structures of both native CocE and mutants were
optimized (through energy minimization) prior to the interaction energy calculations. The
second step was based on the MD simulations at 400 K on the mutants selected in the first
step. The initial screening with the fast computational approach revealed that the L169K
mutant should be more stable compared to the wild-type and the above-mentioned mutants.
We further examined the L169K mutant by performing the MD simulation at 400 K in the
same way as we did for the wild-type and the T172R, G173Q, and T172R/G173Q mutants.
The simulated results are also depicted in Fig. 1A, C, and D.

As shown in Fig. 1A, the L169K mutant is associated with the smallest (average) RMSD
value for the five catalytic residues during the MD simulation at 400 K after ~1.5 ns. The
average RMSF value (0.92 A) is also the smallest within the proteins simulated. As seen in
Fig. 1C, the cationic head of K169 side chain has the favorable cation-m interaction with the
phenyl ring of catalytic residue Y44 and, therefore, directly stabilizes the active site
structure. Associated with the cation-m interaction, the other interactions with Y44 also
become more stable in the L169K mutant. As shown in Fig. 1D, the hydrogen bond between
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the hydroxyl group of Y44 side chain and the NE atom of W166 side chain was persistent
during the MD simulation even at 400 K.

The data from the MD simulations at 400 K further suggested that the L169K mutant should
have a higher thermostability compared to wild-type CocE and its T172R, G173Q, and
T172R/G173Q mutants. The high thermostability of the active form of the L169K mutant
has been confirmed by wet experimental tests in vitro and in vivo based on our
computational prediction. The detailed experimental procedure and data have been described
in a separate report.24 In particular, the activity data2 revealed that the active form of the
L169K mutant had a half-life of 570 min at 37°C. The half-life of 570 min observed for the
L169K mutant is significantly longer than those observed for the T172R, G173Q, and
T172R/G173Q mutants.

Conclusion

The molecular dynamics (MD) simulations on wild-type cocaine esterase (CocE) and our
previously reported thermostable mutants (i.e. T172R, G173Q, and T172RG173Q) of CocE
at 400 K revealed that the thermostability of the active form of the enzyme correlates with
the fluctuation of the active site structure in the simulated enzyme. The fluctuation of the
active site structure is represented by the RMSD and RMSF of atomic positions in all of the
catalytic residues that form the catalytic triad (S117, H287, and D259) and oxyanion hole
(Y44 and Y118). All of the thermostable mutants examined have significantly smaller
RMSD values compared to the wild-type. Based on the simulated structures, the
thermostable mutations enhanced the local intramolecular interactions that stabilize the
secondary structure of domain Il of CocE. The effect of the local stabilization is relayed to
the active site through the neighboring residues and/or simply through the secondary
structure of domain Il. The relay of stabilization effect makes the active site structure more
persistent during the MD simulation at 400 K compared to the wild-type and, therefore,
more stable at physiological temperature (37°C).

In light of the correlation between the RMSD/RMSF of the simulated atomic positions in the
catalytic residues and the thermostability of the active form of the enzyme, further
computational modeling including MD simulations at 400 K predicted that the active site
structure of the L169K mutant should be more stable. In the simulated structure, the cationic
head of K169 side chain had the favorable cation-m interaction with the phenyl ring of
catalytic residue Y44 and, therefore, directly stabilizes the active site structure. The
computational prediction has been confirmed by wet experimental tests showing that the
active form of the L169K mutant had a half-life of 570 min at 37°C, which is significantly
longer than those of wild-type CocE and the previously known thermostable mutants. The
encouraging outcome suggests that the high-temperature MD simulations and the correlation
between the RMSD/RMSF of the simulated atomic positions in the catalytic residues and the
thermostability of the active form of the enzyme may be considered as a valuable tool for
computational design of thermostable mutants of an enzyme.
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Fig. 1.

(Ag Time-dependence of the root-mean square deviation (RMSD) of the high-temperature (T
=400 K) MD-simulated atomic positions of all heavy atoms of the catalytic residues (Y44,
S117, Y118, D259, and H287) from those in the starting structure. (B) Energy-minimized
structure of the T172R/G173Q mutant. The enzyme is represented as colored ribbon. Amino
acid residues including the catalytic triad (S117-H287-D259) are shown as stick and colored
by atom types. The hydrogen bonding and cation-m interactions are represented as dashed
lines with distances labeled. (C) Energy-minimized structure of the L169K mutant, which is
shown in a similar way as that in (B). (D) Time-dependence of important internuclear
distances from the high-temperature (T = 400 K) MD-simulated L169K mutant. Y44HH-
W166NE represents the distance between the hydroxyl hydrogen (HH) of Y44 side chain
and the nitrogen (NE) atom of W166 side chain, K169NZ-Y44 stands for the cation-n
distance between the nitrogen (NZ) atom on the cationic head of K169 side chain and the
center of the phenyl ring of Y44 side chain, and K169HZ-Y440H refers to the shortest
distance between the hydroxyl oxygen of Y44 side chain and the protons on the cationic
head of K169 side chain. All of the data are based on the production MD.
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