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Abstract: A novel computational protocol based on free energy perturbation (FEP) simulations on both
the free enzyme and transition state structures has been developed and tested to predict the mutation-
caused shift of the free energy change from the free enzyme to the rate-determining transition state for
human butyrylcholinesterase (BChE)-catalyzed hydrolysis of (—)-cocaine. The calculated shift, denoted by
AAG(1— 2), of such kind of free energy change determines the catalytic efficiency (k.a/Km) change caused
by the simulated mutation transforming enzyme 1 to enzyme 2. By using the FEP-based computational
protocol, the AAG(1 — 2) values for the mutations A328W/Y332A — A328W/Y332G and A328W/Y332G
— A328W/Y332G/A199S were calculated to be —0.22 and —1.94 kcal/mol, respectively. The calculated
AAG(1 — 2) values predict that the change from the A328W/Y332A mutant to the A328W/Y332G mutant
should slightly improve the catalytic efficiency and that the change from the A328W/Y332G mutant to the
A328W/Y332G/A199S mutant should significantly improve the catalytic efficiency of the enzyme for the
(—)-cocaine hydrolysis. The predicted catalytic efficiency increases are supported by the experimental data
showing that k.a/Kw = 8.5 x 108, 1.4 x 107, and 7.2 x 107 min~* M~ for the A328W/Y332A, A328W/
Y332G, and A328W/Y332G/A199S mutants, respectively. The qualitative agreement between the
computational and experimental data suggests that the FEP simulations may provide a promising protocol
for rational design of high-activity mutants of an enzyme. The general computational strategy of the FEP
simulation on a transition state can be used to study the effects of a mutation on the activation free energy
for any enzymatic reaction.

Introduction tyrylcholinesterase (BChE), the principal plasma enzyme that
catalyzes cocaine hydrolysis into its biologically inactive
metabolites, is an ideal target for this purpose. There are some
glear advantages of using this enzyme to accelerate the cocaine
metabolisnt.18 First, the metabolites of cocaine catalyzed by
this enzyme are all biologically inactive and, therefore, the
metabolites produced in this pathway have no toxic effects as

Cocaine is well-known for its high potential of addiction and
the significant consequences of its abliseThe disastrous
medical and social consequences of cocaine addiction have mad
the development of an effective pharmacological treatment a
high priority#=¢ It is commonly believed that cocaine mediates

its reinforcing and toxic effects by blocking neurotransmitter . . e
g y g cocaine!® Second, human BChE has a long history of clinic

reuptake in the central nervous system (CNS). However, the -
classical pharmacodynamic approach, which means to deSignﬁ;fee,r::tdngﬁj;(Ijlveorz(?u?rfifr?(:trnﬁzn?ses?h:(r)rt](;(rj]. B%Zi%ﬂ?g%‘geio
small molecules to target the related transporters or receptors y 9

in CNS, has failed to yield a really useful antagonist due to the

(9) Carrera, M. R.; Ashley, J. A.; Wirsching, P.; Koob, G. F.; Janda, K. D.

difficulties inherent in blocking a blockér.#6 An alternative Proc. Natl. Acad. Sci. U.S./2001, 98, 1988.
approach is to interfere with the delivery of cocaine to its (10 Deno. S. X.; de Prada, P.; Landry, D. Wimmunol. Method2002 269,
receptors or accelerate its metabolism in the bty Bu- (11) Carrera, M. R.; Kaufmann, G. F.; Mee, J. M.; Meijler, M. M.; Koob, G.
F.; Janda, K. DProc. Natl. Acad. Sci. U.S.£2004 101, 10416.
. . ) . . (12) Dickerson, T. J.; Kaufmann, G. F.; Janda, K.Expert. Opin. Biol. Ther.
T Present address: College of Engineering, Chosun University, Gwangju 2005 5, 773.
501-759, South Korea. (13) Gorelick, D. A.; Gardner, E. L.; Xi, Z. XDrugs 2004 64, 1547.
(1) Mendelson, J. H.; Mello, N. KN. Engl. J. Med1996 334, 965. (14) Kantak, K. M.Expert. Opin. PharmacotheR003 4, 213.
(2) Paula, S.; Tabet, M. R.; Farr, C. D.; Norman, A. B.; Ball, W. J.,3Jr. (15) Meijler, M. M.; Kaufmann, G. F.; Qi, L.; Mee, J. M.; Coyle, A. R.; Moss,
Med. Chem2004 47, 133. J. A.; Wirsching, P.; Matsushita, M.; Janda, K..DAm. Chem. So2005
(3) Singh, SChem. Re. 200Q 100, 925. 127, 2477.
(4) Gorelick, D. A.Drug Alcohol Depend1997, 48, 159. (16) Zhan, C. G.; Deng, S. X.; Skiba, J. G.; Hayes, B. A.; Tschampel, S. M;
(5) Redish, A. D.Science2004 306, 1944. Shields, G. C.; Landry, D. WJ. Comput. Chen2005 26, 980.
(6) Sparenborg, S.; Vocci, F.; Zukin, Brug Alcohol Depend1997, 48, 149. (17) Landry, D. W.; Zhao, K.; Yang, G. X. Q.; Glickman, M.; Georgiadis, T.
(7) Baird, T. J,; Deng, S. X.; Landry, D. W.; Winger, G.; Woods, J.JH. M. Sciencel993 259, 1899.
Pharmacol. Exp. Ther200Q 295, 1127. (18) Kamendulis, L. M.; Brzezinski, M. R.; Pindel, E. V.; Bosron, W. F.; Dean,
(8) Carrera, M. R.; Ashley, J. A.; Parsons, L. H.; Wirsching, P.; Koob, G. F.; R. A. J. Pharmacol. Exp. Ther1996 279, 713.
Janda, K. DNature1995 378 727. (19) Zhan, C. G.; Zheng, F.; Landry, D. W.Am. Chem. So2003 125, 2462.
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identified, and there is no evidence that these mutants areScheme 1. Schematic Representation of the First Reaction Step
antigenic?® However, the catalytic activity of the native form fg{é;s)-mi;ir&yydrolyss Catalyzed by a BChE Mutant with an
of this plasma enzyme against naturally occurring-¢ocaine HaG

is low. For example, the plasma half-life time of}-cocaine \+-H
is ~45—90 min, long enough for cocaine crossing the blood- o]
brain barrier (BBB) to reach central nervous system (CNS) to GlyT16-N-H

make its reinforcing effect&:22Some mutants of human BChE
reported in literature have an improved catalytic efficiergyy/(

OCH; His438 o

GIy117-N-H o) (( - )I\

N—H----- O Glu325

Ku) against ¢)-cocaine?®=26 It is still highly desirable for CH,-O-H = |
development of a more efficient anti-cocaine medication to | © er198 ES
design and discover BChE mutants with a significantly improved Se"%_ﬁ_U
catalytic efficiency against{)-cocaine. A high-activity mutant @
of human BChE is expected to serve as an exogenous enzyme
for injection so as to accelerate-)-cocaine hydrolysis before HSC\N+_H
(—)-cocaine crossing BBB to reach CNS. o

Generally speaking, for rational design of a mutant enzyme Gly116-N-H och His438 o
with a higher catalytic activity for a given substrate, one needs : % 1) )l\
to design a mutation that can accelerate the rate-determining ~ GY"17-N-H o P T e
step of the entire catalytic reaction process while the other steps CH,-O-H O===C-"""" (I}
are not slowed down by the mutation. Reported computational | @ Ser198 TS1
modeling and experimental data indicated that the formation Se”gg_ﬁ_U

of the prereactive BChE-()-cocaine complex (ES) is the rate-

determining step of-{)-cocaine hydrolysis catalyzed by wild- HiC

type BChE. Further computational modeling also suggests that \+-H

the formation of the prereactive BChE-f-cocaine complex o]

(ES) is hindered mainly by the bulky side chain of Y332 residue Gy11E-N-H OCH, His438

in wild-type BChE, but the hindering can be removed by the 2
Y332A or Y332G mutatior?* Therefore, starting from the GyH7-N-H _ ? g — H-O)l\GIu325
A328W/Y332/43 or A328W/Y332G* mutant, the rational CHy-0-H O_C_T"""H’NJ

design of furt_her mutatlo_n(s) to improve the catalytic efficiency Sor199—C—NH @ 198 INT1

of BChE against{)-cocaine can aim to decrease the free energy H \/

barrier for the first reaction step without significantly affecting
the ES formation and other chemical reaction steps. The analysi§y
of previous experimental and computational data available in
literaturé®23.27clearly shows that the rate-determining step of structure?>26 without a quantitative evaluation of the shift
(—)-cocaine hydrolysis catalyzed by the A328W/Y332A mutant (corresponding to a mutation) of the free energy barrier
is the first step of the chemical reaction process. Thus, the associated with TS1.
modeling of the transitional state of this first reaction step (TS1, In the present study, we aimed to develop a new, efficient
see Scheme 1) is important for rational design of high-activity computational design strategy and protocol which can be used
mutants of BChE. Furthermore, our recently reported MD to theoretically evaluate the shift of the catalytic efficiency from
simulations show that the hydrogen bonding between the one BChE mutant to another. Our protocol is based on an
carbonyl oxygen of{)-cocaine benzoyl ester and the oxyanion extension of the well-known free energy perturbation (FEP)
hole in the TS1 structure is a crucial factor affecting the approack which, in principle, can only be used to simulate
transition-state stabilization and the catalytic actigfy628.2° the change of a stable structure associated with local minima
Our reported design of BChE mutants have been based on theon the potential energy surface. By using an appropriate
qualitative understanding of the catalytic mechanism and the computational strategy, we were able to simulate the mutations
TS1 structure. The mutants were designed to enhance theof both the stable structure of the free enzyme and the rate-
hydrogen bonding between the carbonyl oxygen-gt¢ocaine determining transition state structure by using the FEP proce-
benzoyl ester and the oxyanion hole of BChE in the TS1 dure. The FEP simulations on the mutations of both the free
enzyme and transition state allow us to calculate the mutation-
(20) Lockridge, O.; Blong, R. M.; Masson, P.; Froment, M. T.; Millard, C. B.;  caused shift of the free energy change from the free enzyme
Broomfield, C. A.Biochemistry1l997, 36, 786. .. ", i
(21) Gatley, S. JBiochem. Pharmacoll99y, 41, 1249. (BChE) to the rate-determining transition state (i.e., 7&dnd,

(22) Gatley, S. J.; MacGregor, R. R.; Fowler, J. S.; Wolf, A. P.; Dewey, S. L.; therefore, to theoretically evaluate/estimate the mutation-caused
Schlyer, D. JJ. Neurochem199Q 54, 720. ' y

(23) Sun, H.; Pang, Y. P.; Lockridge, O.; Brimijoin, Bol. Pharmacol.2002 shift of the catalytic efficiency K.afKn). For validation, the
220 computational protocol has been employed to examine the
perturbations corresponding to the mutations A328W/Y332A

(25) Gao, D.; Cho, H.; Yang, W.; Pan, Y.; Yang, G.; Tai, H. H.; Zhan, C. G. — A328\W/Y332G— A328W/Y332G/A199S. The computa-
Angew. Chemlnt. Ed. 2006 45, 653. . L. . . . i X

(26) Pan, Y.: Gao, D.; Yang, W.; Cho, H.; Yang, G.; Tai, H. H.; Zhan, C. G. tional predictions are consistent with the kinetic data obtained
Proc. Natl. Acad. Sci. U.S./2005 102, 16656. : ; }

(27) Zhan, C. G.: Gao, DBiophys. J 2008 89, 3863. from the wet experiments, suggesting that the FEP-based

(28) Gao, D.; Zhan, C. GProteins2006 62, 99.

(29) Gao, D. Q.; Zhan, C. Gl. Phys. Chem. B005 109, 23070. (30) Kollman, P.Chem. Re. 1993 93, 2395.

25199 should be A199 for the-)-cocaine hydrolysis catalyzed by wild-
pe BChE and other mutants considered in this study.

(24) Hamza, A.; Cho, H.; Tai, H. H.; Zhan, C. G. Phys. Chem. R005 109,
4776
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computational strategy and protocol are valuable for rational type BChE' The partial charges of the cocaine atoms were calculated

design of high-activity mutants of an enzyme. by using the restrained electrostatic potential-fitting (RESP) protocol
implemented in the Antechamber module of Amb&rigllowing the
Computational Methods electrostatic potential (ESP) calculation at ab initio HF/6-31G* level

) . . ) . using Gaussian 03 prograth.The geometries used in the ESP
General Consideration of the Transition-State Simulation.The calculations came from those obtained from previous ab initio reaction

computational protocol used in the present study is based on the oo ginate calculation. The charges of the atoms of the oxyanion
combined use of molecular dynamics (MD) simulation and free energy 1,jq and catalytic triad remain the same with those available in Amber7
perturbation (FEP). A critical isséfe?®3! should be addressed before package.

describing how we performed any MD or FEP simulation on a transition All of the MD simulations were performed by using the Sander

state structure. In principle, the standard MD and FEP simulation . .
. : ) . module of Amber7 package with the same procedures as used in our
approaches using a classical force field (molecular mechanics) can only . . 29
previous computational studiés?® For free enzyme structures, the

simulate a stable structure corresponding to a local minimum on the "1 charge of the enzyme was neutralized by adding one chloride
potential energy surface, whereas a transition state during a reaction .
process is always associated with a first-order saddle point on the counterlon. For T.Sl structurez the2 charge of the system was
potential energy surface. Hence, MD or FEP simulation using a classical neutralized by adding two chlorlde_counterlons. Both the free enzyme
force field cannot directly simulate a transition state without any restraint and TS1 ? trgctures were SOIVgted In a rectangular box of TIP3P water
on the geometry of the transition state. Nevertheless, if we can moleculé® with a s.ollute-wall distance of 10 A Th.e solvated systems
technically remove the freedom of imaginary vibration in the transition were carefully equilibrated Td fully energy-mlnlmlzed. These sys_tems
state structure, then the number of vibrational freedoms (normal were grad_ually heated froM= 10 to 298.15 K in 40 ps before_runmng
the MD simulation aflf = 298.15 K for 1 ns or longer, making sure

vibration modes) for a nonlinear molecule will decrease from-3H. . . ;
) that we obtained a stable MD trajectory for each of the simulated

The transition state structure is associated with a local minimum on . . - o
the potential energy surface within a subspace of the reduced vibrationaIStrUCtures' The time step used for the MD simulations was 2 fs. Periodic
boundary condition was used in the NPT ensembl& &t 298.15 K

freedoms, although it is associated with a first-order saddle point on ) o )

A . . with Berendsen temperature coupling a@d= 1 atm with isotropic
the potential energy surface with all of the 3N\6 vibrational freedoms. molecular-based scalif§. The SHAKE algorithr® was used to fix
Theoretically, the vibrational freedom associated with the imaginary I covalent bonds conta{inin hvdro engatoms The nonbonded pair
vibrational frequency in the transition state structure can be removed ? " dated o5 gt Y T%] il ’ h Ewald PI\EE
by appropriately freezing the reaction coordinate. The reaction coor- IS hwa; upcate devery | SIEps. elpar Icle mesh Ewal _(10’&)
dinate corresponding to the imaginary vibration of the transition state method™ was used to treat long-range electrostatic interactions;
is generally characterized by a combination of some key geometric was used as the .nonbo.nded cutoft. )
parameters. Thus, we just need to maintain the bond lengths of the ~Free Energy Simulation. Free energy perturbation (FEP)° can
forming and breaking covalent bonds during the MD or FEP simulation € performed to evaluate free energy change caused by a small structural
on a transition state. Technically, we can maintain the bond lengths of change. The FEP method, in combination with MD simulation, has
the forming and breaking covalent bonds by simply fixing all atoms P€en used to study proteifigand interactioft** and protein stabil-
within the reaction center, by using some constraints on the forming 'ty-44'45A”_0f the previously reported FEP simulations on the mutation
and breaking covalent bonds, or by redefining the forming and breaking of a protein were carried out on the stable strugtures _of the systems. In
covalent bondd! The forming and breaking covalent bonds in the the present study, we performed the FEP simulations on the rate-
transition state will be called “transition” bonds below, for convenience. determining transition state structure (i.e., TS1), in addition to the stable
It should be pointed out that the only purpose of performing such type free eqzym_e_structures, to predict the mutatioq—caused c_hange of the
of MD or FEP simulation on a transition state is to examine the dynamic catalytic efficiency for BChE-catalyzed hydrolysis ef)cocaine. We
change of the protein environment surrounding the reaction center and@imed to develop an FEP-based computational protocol which can be
the interaction between the reaction center and the protein environment US€d to predict the catalytic efficiency change from thg-¢ocaine
Specifically for the transition state structure TS1 depicted in Scheme hydrolysis catalyzed by a BChE mutant (or wild-type) to that catalyzed
1, the reaction coordinate is mainly related to the transition bonds PY a@nother BChE mutant.
formed within the catalytic triad (including Ser198, Glu325, and His438)  Depicted in Figure 1 are the free energy changes associated with
and the transition bond between the hydroxyl oxygen of Ser198 side two reaction systems: one is the)tcocaine hydrolysis catalyzed by
chain and a carbonyl carbon of the cocaine. a BChE mutant (or the wild-type), denoted by Enzyme 1 or E(1); the

For predicting the mutation-caused shifts of the free energies for other is the ¢-)-cocaine hydrolysis catalyzed by another BChE mutant,
both the free enzyme and the corresponding TS1 structure, we first denoted by Enzyme 2 or E(2). As seen in Figure 1, the catalytic
performed MD simulations on the unperturbed systems to obtain the
dynamically stable initial structures required for performing the FEP (34) Case, D. A.; et aAMBERTY University of California: San Francisco, 2002.
simulations. Below, we will briefly describe how we carried out the (39 ggggh' M. J. T.; et alGaussian O3revision A.1; Gaussian: Pittsburgh,
MD and FEP simulations on the free enzyme and TS1 structure. (36) Jorgénsen, W. L.; Chandrasekhar, J.; MadurAa, J.; Klein, M. Chem.

MD Simulation. The initial structures of both the free enzyme and @7 ggﬁ#d?e% 7& %2% - Postma. 3. P. M. van Gunsteren W. F.: DiNola. A.
transition state TS1 used in MD simulations were prepared based on Haak, J. R.J. Chem. Physl984 81, 3684. T T
our previous MD simulations on wild-type BChE and its mutants (38) Ryckaert, J. P.; Ciccotti, G.; Berendsen, H. JJCComput. Phys1977,
A328W/Y332A and A328W/Y332G that were derived from the X-ray (39) ZEzs:?nzgnn U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H.; Pedersen,
crystal structur® deposited in the Protein Data B&Akvith pdb code L. G. J. Chem. Phys1995 103 8577.
1POP. The lengths of the transition bonds in the TS1 structure were (40) Bgvféifge! D. L.; Dicapua, F. Minnu. Re. Biophys. Biophys. Cher989

constrained as those obtained from our previous ab initio reaction (41) Jarmula, A.; Cieplak, P.; Les, A.; Rode, W.Comput. Aided Mol. Des.

coordinate calculations on the cocaine hydrolysis catalyzed by wild- 2003 17, 699. ) )
(42) Udier-Blagovic, M.; Tirado-Rives, J.; Jorgensen, WJLMed. Chem2004
47, 2389.

(31) Eksterowicz, J. E.; Houk, K. NChem. Re. 1993 93, 2439. (43) Zhang, W.; Hou, T. J.; Qiao, X. B.; Huai, S.; Xu, X.J. Mol. Model.
(32) Nicolet, Y.; Lockridge, O.; Masson, P.; Fontecilla-Camps, J. C.; Nachon, 2004 10, 112.

F. J. Biol. Chem2003 278 41141. (44) Danciulescu, C.; Nick, B.; Wortmann, F.Biomacromolecule2004 5,
(33) Bernstein, F. C.; Koetzle, T. F.; Williams, G. J. B.; Meyer, E. F.; Brice, 2165.

M. D.; Rodgers, J. R.; Kennard, O.; Shimanouchi, T.; TasumiJ MJol. (45) Funahashi, J.; Sugita, Y.; Kitao, A.; Yutani, Rrotein Eng.2003 16,

Biol. 1977 112, 535. 665.
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- L L
’ Ky(1) kea(1) l
E()+S === ES(I) —— TSI(1) —N—CT—C— —N—CT—C—
0 Ky(2) k() s HD—HI]—DH CH—C—HC
EQ)+S (2) ——— TS1(2)
| ! DH HC-DH
m2 . .
. - @ (A) Gly332 after perturbation  (B) Ala199 after perturbation
Figure 1. Relationship between different free energy changes for the = )
reactions catalyzed by two enzymesi)E the free enzyme, EB(epresents Figure 2. (A) Structure and atom types of residue #332 after the

the enzyme-substrate complex, and TS)L¢efers to the transition state. ~ Perturbation associated with A328W/Y332A- A328W/Y332G; (B)
structure and atom types of residue #199 after perturbation corresponding

efficiency, that iskea(i)/Kwm(i), for the (-)-cocaine hydrolysis catalyzed 0 A328W/Y332G/A199S—~ A328W/Y332G.
by enzyme H is determined by the Gibbs free energy chang#i)

of the reaction system from B(plus substrate S, that is:-J-cocaine,
to the corresponding rate-determining transition state i) SAG(i) is

the sum of the enzymesubstrate binding free energyGes(i) and the
activation free energAGay(i):

the dummy atoms were given a new atom type “DH” to define their
new properties, in which the charges and the nonbond parameters of
the dummy atoms were set to zero so that the dummy atoms did not
have electrostatic and van der Waals interactions with other atoms.
Furthermore, all of the bond and angle parameters involving the
AG(i) = AGed(i) + AG, (i), i=1and2 1) dummy atoms were the same as their counterparts in the initigl
structure to keep the structural skeletons unchanged. The default choice
Assuming that a mutation on an amino acid residue can change the!/NTPRT = 0 was used to make sure that the bonded interactions of

enzyme from E(1) to E(2), we want to know the corresponding free the dummy atoms were excluded from the fin_al cal_culation on th_e
energy change fromG(1) to AG(2) for the computational design of total energy of the pe_rturbed system. The FEP S|_mu|at|on§ were (;arrled
the high-activity mutants of the enzyme. There are two possible paths Ut by using the Gibbs module of Amber7 with the “fixed width

to determine the free energy chantyAG(L — 2) = AG(2) — AG(1). window growth” method* The simulation process was similar to
One path is to directly calculataGes(i) and AGa(i) associated with that in the aforementioned MD simulation, except that the time step
E(1) and E(2), which is very computationally demanding in terms of Was 1 fs. .

the level of theory. For an alternative path, the relatively less-demanding 10 enlarge the phase space searched by the FEP calculation, for
FEP simulations allow us to estima¥AG(1 — 2) by determining the each perturbation, 10 different conformations extracted from the

free energy changeAGe and AGrs; from E(1) to E(2): stable MD trajectory were used as the initial structures of the
perturbation simulations. The final calculatA@rs; or AGg value is
AAG(1— 2) = AGqg; — AGE ) the average of the 18Grs; or AGe values associated with the 10 initial

structures. Each initial structure was first energy minimized for 1000

whereAGe and AGrs; are the free energy changes from E(1) to E(2) cycles, followed by 40 ps MD simulation for the heating and
for the free enzyme and TSI, respectivelyGe and AGrs; were equilibration, prior to the FEP calculation. For each FEP calculation,
estimated by performing the FEP simulations in the present study. By We used 51 windows with 1250 steps of equilibration and 1250 steps
using the calculated AG(1 — 2), the ratio of the catalytic efficiency ~ for data collection, with both forward and backward directions. Thus,

associated with E(2) to that associated with E(1) can be evaluated, viafor the FEP simulation on each mutation, we performed the MD
simulations for a total of 2500« 51 x 10 = 1275000 steps or

k.o 2)/Ky(2) 1275 000x 0.001= 1.275 ns. Some FEP simulations were also carried
AAG(1—2)=—RTn —kc (DK, @) ®) out for a doubled length of time to verify that the simulations were
a M sufficiently long.
Equation 3 can also _be used tq derive the experim_e_mgﬁ(l — 2)_ Results and Discussion
value from the experimental ratio of the catalytic efficiency associated ) ) o
with E(2) to that associated with E(1). To predict theAAG(1 — 2) value and the catalytic efficiency

We tested the above FEP-based approach for two mutations change for the A199S mutation associated with the change from
associated with A328W/Y332A> A328W/Y332G and A328W/Y332G the A328W/Y332G mutant to the A328W/Y332G/A199S
— A328W/Y332G/A199S. The mutation associated with the BChE mutant of BChE, the actual perturbation of our FEP simulations
mutant change from A328W/Y332A to A328W/Y332G is the change s the change from A328W/Y332G/A199S BChE to A328W/
of residue #332 from Ala to Gly, whereas the mutation associated with y335G BChE. So, we first performed MD simulations on both
the BChE mutant change f_rom A328W/Y332G to A328W/Y332(_3/ the A328W/Y332G/A199S BChE and the corresponding TS1
A199S is the change of residue #199 from Ala to Ser. For technical structure in water. A stable MD trajectory was obtained for each

reason, it is always more convenient to perform an FEP simulation MD simulati A le the ti d d f
from a larger side chain to a smaller side chain. So, for A328W/Y332G Simulation. As an example, the Ume-depenaence of some

— A328W/Y332G/A199S, we actually carried out our FEP simulation !(ey in'FernU(?Iear distances in the MD-simulated TS1 §tructure
from A328W/Y332G/A199S to A328W/Y332G and used the following 1S depicted in Figure 3A. Ten snapshots of the MD-simulated

energy relationship: TS1 structure within the stable trajectory were used as the
starting structures to perform the FEP simulations on the
AAG(1—2)=—-AAG(2—1) 4) transition state. Ten snapshots of the MD-simulated A328W/

L . S . Y332G/A199S BChE structure within the stable trajectory were
For the diminishing atoms during the perturbation simulation from . . .
a larger side chain to a smaller side chain, the dummy atoms were used as the starting struc.tures.to perform the FEP simulations
added to the perturbed residue to keep the number of atoms constanP? the free enzyme. Depicted in Figure 3 are the unperturbed
(see Figure 2). Thus, some normal atoms in the starting residue were@nd perturbed structures during the FEP simulations on the TS1
gradually mutated to the dummy atoms in the perturbed residue. As structure. As seen in Figure 3, a remarkable difference between
seen in Figure 2, for the atom types before and after the perturbation, the unperturbed and perturbed TS1 structures is the hydrogen
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Figure 3. (A) Plots of the key internuclear distances vs the time in the MD-simulated TS1 structure f@mo¢aine hydrolysis catalyzed by A199S/
A328W/Y332G BChE. Traces D1, D2, and D3 refer to the distances between the carbonyl oxygercotéine and the NH hydrogen of G116, G117,

and S199, respectively. Trace D4 is the internuclear distance between the carbonyl oxygegrcotdine benzoyl ester and the hydroxyl hydrogen

of the S199 side chain. rmsd represents the root-mean-square deviation of the simulated positions of the protein backbone atoms from those in the
initial structure. (B) Superimposing of the TS1 structure corresponding to the A328W/Y332G mutant (after the perturbation, green) with pguatdinges

to the A328W/Y332G/A199S mutant (before the perturbation, magenta). The colors of the atoms in residue A199 (after the perturbation) or S199 (before
the perturbation) are showed according to their atom types. (C) TS1 structure with the A328W/Y332G mutant after the perturbation. The dashed lines in
yellow indicate the hydrogen bonds betweer)-cocaine and the oxyanion hole of the mutant. The simulated average distances are given for the hydrogen
bonds. The dashed lines in white refer to the transition bonds. The atoms highlighted as balls include several key H atoms (gray balls) fromthe oxyanio

hole of the protein and the O atom (red ball) of the){cocaine carbonyl group. (D) TS1 structure with the A328W/Y332G/A199S mutant before the
perturbation.

Table 1. FEP-Calculated Free Energy Changes (in kcal/mol) in Comparison with the Experimental Kinetic Data for (—)-Cocaine Hydrolysis
Catalyzed by BChE Mutants

calc.2 expt.

mutation AGe AGrs; ADG(1—2) ADG(1—2)
A328W/Y332A— A328W/Y332G —5.11 (0.41) —5.33(0.29) —0.22 —0.29
A328W/Y332G— A328W/Y332G/A199S —9.30 (0.44) —11.24 (0.69) —1.94 —0.98

Experimental kinetic parameters

mutant Kea (Min~?) Ky (uM) Kead Ky (Min~tM~1) relative KeadKy ¢
Wild-type BChE® 4.1 4.5 9.1x 10° 1
A328W/Y332A° 154 18 8.5x 108 9.4
A328W/Y332G 240 17 1.4 107 15
A328W/Y332G/A199S 389 5.4 7210 79

a AGe andAGgs; are the mutation-caused free energy changes for the free enzyme and transition state, respectively. The number in the parenthesis after
the AGg or AGrg; value refers to the root-mean-square fluctuation (rmsf) of Ak or AGrs; values calculated starting from the 10 initial structures.
b ExperimentaAAG(1 — 2) values were derived from the experimerkalKy values.c Experimental data from ref 23.Relativek.o/Kwy refers to the ratio
of the catalytic efficiency of the BChE mutant to that of the wild-type.

bond between the«)-cocaine carbonyl oxygen and the hydroxyl water. For each MD-simulated structure (the free enzyme or
group of the unperturbed S199 residue. Such a hydrogen bondTS1), 10 snapshots of the MD-simulated structure within the
exists only in the TS1 structure for the Y-cocaine hydrolysis stable trajectory were used as the starting structures to perform
catalyzed by A328W/Y332G/A199S BChE, as the hydroxyl the FEP simulations. There were no dramatic changes in terms
group disappears in the perturbed TS1 structure. Thus, the TS1of hydrogen bonds from the unperturbed structures (associated
structure associated with A328W/Y332G/A199S BChE is with A328W/Y332A BChE) to the perturbed structures (as-
expected to be more stable than that with A328W/Y332G BChE. sociated with A328W/Y332G BChE) during the FEP simula-
Similarly, to predict theAAG(1 — 2) value and the catalytic  tions on both the free enzyme and TS1.

efficiency change for the A332G mutation associated with the ~ Summarized in Table 1 are the energetic results obtained from
change from the A328W/Y332A mutant to the A328W/Y332G the FEP simulations. As seen in Table 1, thRAG(A328W/
mutant of BChE, we performed MD simulations on both the Y332A — A328W/Y332G) and AAG(A328W/Y332G —
A328W/Y332A BChE and the corresponding TS1 structure in A328W/Y332G/A199S) values were predicted to-b@.22 and
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—1.94 kcal/mol, respectively, according to the FEP simulations. kcal/mol. The experimentally deriveiAG(A328W/Y332A—
We also repeated the FEP calculations on the structural changeA328W/Y332G) value of —0.29 kcal/mol is in excellent
from A328W/Y332G/A199S BChE to A328W/Y332G BChE agreement with the FEP-calculatdd\G(A328W/Y332A —
with the double length of the simulation in each window and A328W/Y332G) value of-0.22 kcal/mol. The experimentally
obtained a newAAG(A328W/Y332G — A328W/Y332G/ derivedAAG(A328W/Y332G— A328W/Y332G/A199S) value
A199S) value of—2.02 kcal/mol. The difference between the of —0.98 kcal/mol is also reasonably close to the FEP-calculated
two AAG(A328W/Y332G— A328W/Y332G/A199S) values  AAG(A328W/Y332G — A328W/Y332G/A199S) value of
is smaller than 0.1 kcal/mol, suggesting that the length of the —1.94 kcal/mol. The agreement between the computational
simulation is adequate. Further, a careful check of the energeticpredictions and the experimental kinetic data suggests that the
data obtained from the FEP simulations revealed that the FEP simulations on both the free enzyme and the corresponding
calculatedAAG(A328W/Y332A— A328W/Y332G) value of rate-determining transition state may provide a promising
—0.22 kcal/mol is mainly attributed to the change of the van protocol for rational design of high-activity mutants of an
der Waals interactions in the TS1 structure. In contrast, the enzyme.
calculated AAG(A328W/Y332G — A328W/Y332G/A199S) The above data demonstrate that the novel computational
value of —1.94 kcal/mol is mainly attributed to the formation protocol based on the FEP simulations is not only convenient,
of the additional hydrogen bond with the hydroxyl group of but also reliable to directly evaluate the minor difference
S199 side chain in the perturbed TS1 structure. So, the FEPbetween two enzymes (i.e., the perturbed and unperturbed
calculations predict that the catalytic efficiench{Ky) of enzyme structures) in the catalytic activity. As well-known, one
A328W/Y332G BChE should be slightly higher than that of can also perform appropriate quantum mechanical/molecular
A328W/Y332A BChE and that the catalytic efficiencl4/ mechanical (QM/MM) or QM/MM-free energy calculations on
Km) of A328W/Y332G/A199S BChE should be significantly two reactions catalyzed by both the two enzymes (i.e., the
higher than that of A328W/Y332G BChE against){cocaine. perturbed and unperturbed enzyme structures) and predict their
It is important to compare the calculateSAG(A328W/ catalytic activities with certain accuracy. The activity difference
Y332A — A328W/Y332G) and AAG(A328W/Y332G — between the two enzymes can then be evaluated based on the
A328W/Y332G/A199S) values with the corresponding experi- Predicted catalytic activities of the two enzymes. However, the
mental results. The catalytic parameters of A328W/Y332a Sign of the small activity difference predicted in this way could
BChE against-{)-cocaine were measured to kg = 154 mirrt be wrong'when the actual activity dlfference between two
and Ky = 18 uM.23 A328W/Y332A BChE has a-9.4-fold enzymes is smaller than the computational error of the QM/

improved catalytic efficiencyks/Ky) compared to wild-type ~ MM or QM/MM-free energy calculations.
BChE against £)-cocaine ke = 4.1 mir® and Ky = 4.5 This is the first time FEP simulations are performed on the

uM).% The catalytic efficiency KealKw) of A328W/Y332G mutation of a transition state of an enzymatic reaction, although
BChE was estimated to be slightly higher thiga/Ky of the FEP method has been used in combination with QM/MM

A328W/Y332A BChE against{)-cocaine in our previous work calcglations.to calculate the freg energy changes of the QM-
(although the specifikea andKy values were not determined MM interactions along the reaction pathw&’ The general
yet) 24 which is qualitatively consistent with theAG(A328W/ computational strategy of the FEP simulation on a_transmon
Y332A — A328W/Y332G) value determined by the FEP staf[e can be used to study the effects_of a m_utatlon on the
simulations. The experimental catalytic efficiency of A328W/ activation free energy for any enzymatic rgactlon. As Well-.
Y332G/A199S BChE has not been reported previously in known, the exper'lmental §tud|§s on mechan|sm§ of enzymatic
literature. To know whether the catalytic efficiency of A328W/ rea_cﬂons %’S”a”Y include site-directed m‘%tage”es's on some key
Y332G/A199S BChE is really higher than that of A328W/ amino acid residues so as t_o_ determine the effects o_f_ the
Y332G BChE against—)-cocaine as predicted by the FEP mutatlt_)ns on the cata_lytlc act|V|ty._The FEP-bas_ed transition-
simulations, we carried out wet experiments including the site- state .S|mulat|ons provide a convenient computatlonal approach
directed mutagenesis, protein expression, and the enzymeto, reliably eva!uate the effects that can directly be compared
activity assays on the A328W/Y332G and A328W/y332G/ With the experimental data.

A199S mutants of human BChE. The activity assays for these conclusion

two mutants were performed in comparison with A328W/
Y332A BChE against<)-cocaine. The experimental procedure
is described in supporting material. The catalytic parameters
determined by the wet experimental tests are summarized in
Table 1. As seen in Table kgat = 240 mir! andKy = 17

uM for A328W/Y332G BChE against«)-cocaine, andka: =

389 mim ! andKy = 5.4uM for A328W/Y332G/A199S BChE
against {-)-cocaine. Thus, compared to wild-type BChE against
(—)-cocaine, A328W/Y332G BChE has~al5-fold improved
catalytic efficiency and A328W/Y332G/A199S BChE has a
~79-fold improved catalytic efficiency.

By using the experimental catalytic parameters, eq 3 can be

To reliably predict the mutation-caused shift of the free energy
change from the free enzyme to the rate-determining transition
state for human butyrylcholinesterase (BChE)-catalyzed hy-
drolysis of ()-cocaine, we have developed and tested a novel
computational protocol based on free energy perturbation (FEP)
simulations on both the free enzyme and transition state
structures. The calculated shift, that ssAG(1 — 2), of such
kind of free energy change determines the catalytic efficiency
(keafKm) change caused by the simulated mutation transforming
the enzyme 1 to enzyme 2. By using the FEP-based protocol,
the AAG(A328W/Y332A— A328W/Y332G) andAAG(A328W/

used to determine the corresponding\G(1 — 2) values: (46) Guimaraes, C. R.; Repa.?]ky, M. P.; Chandrasekhar, J.; Tirado-Rives, J.;
. — _ Jorgensen, W. LJ. Am. Chem. SoQ003 125, 6892.

AAG(A328W/Y332A — A328W/Y332G)= —0.29 kcal/mol (47) Ragaghan, K. E.; Ridder, L.; Szefczyk, B.; Sokalski, W. A.; Hermann, J.

andAAG(A328W/Y332G— A328W/Y332G/A199S= —0.98 C.; Mulholland, A. J.Org. Biomol. Chem2004 2, 968.
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Y332G — A328W/Y332G/A199S) values were calculated to strategy of the FEP simulation on a transition state can be used
be —0.22 and—1.94 kcal/mol, respectively, thus predicting that to study the effects of a mutation on the activation free energy
the change from A328W/Y332A BChE to A328W/Y332G for any enzymatic reaction.
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