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ABSTRACT. Molecular dynamics simulations employing combined quantum mechanical and molecular
mechanical (QM/MM) potentials have been carried out to investigate the reaction mechanism of the
hydrolysis of paraoxon by phosphotriesterase (PTE). We used a dual-level QM/MM approach that
synthesizes accurate results from high-level electronic structure calculations with computational efficiency
of semiempirical QM/MM potentials for free energy simulations. In particular, the intrinsic (gas-phase)
energies of the active site in the QM region are determined by using density functional theory (B3LYP)
and second-order Mgller-Plesset perturbation theory (MP2) and the molecular dynamics free energy
simulations are performed by using the mixed AM1:CHARMM potential. The simulation results suggest
a revised mechanism for the phosphotriester hydrolysis mechanism by PTE. The reaction free energy
profile is mirrored by structural motions of the binuclear metal center in the active site. The two zinc ions
occupy a compact conformation with an average zirioc distance of 3.5 0.1 A in the Michaelis
complex, whereas it is elongated to 5:30.3 A at the transition state and product state. The substrate is
loosely bound to the more exposed zinc ion /&Z at an average distance of 3.8440.3 A. The P=O

bond of the substrate paraoxon is activated by adopting a tight coordination to fte &beasing the
coordinate to the bridging hydroxide ion and increasing its nucleophilicity. It was also found that a water
molecule enters into the binding pocket of the loosely bound binuclear center, originally occupied by the
nucleophilic hydroxide ion. We suggest that the proton of this water molecule is taken up by His254 at
low pH or released to the solvent at high pH, resulting in a hydroxide ion that pulls #3& iom closer

to form the compact configuration and restores the resting state of the enzyme.

Organophosphorus compounds are extensively used astill not fully understood especially on the nature of the
pesticides and insecticides which can accumulate in soil andbimetallic zinc center in the active site. In this work, we
aquatic organisms under conditions of low temperature, high employ molecular dynamics (M simulations and com-
acidity, and reduced natural light,(2). These species are bined quantum mechanical and molecular mechanical (QM/
structurally related to compounds used as chemical warfareMM) methods (9, 20) to examine the catalytic mechanism
agents, such as sarin, soman, and VX, which affect the of PTE in paraoxon hydrolysis.
nervous system by covalently inhibiting acetylcholinesterase  The three-dimensional structures of PTE with and without
(1, 3). Therefore, there is great interest in developing substrate-analogue inhibitors have been determined by X-ray
bioremediation technologies to facilitate the degradation of crystallographic diffraction41, 22). The enzyme consists
organophosphate contaminants including the disposal ofof a homodimer of 329 amino acids in each monomer, related
chemical weapons. Phosphotriesterase (PTE) catalyzes théy aC, symmetry. The monomer folds into anf)s-barrel
hydrolysis of a wide range of phosphoesters (for paraoxon, motif, with two additional antiparallgs-strands at the amino
Keat ~ 2400 s* andkea/Ku ~ 3 x 100M~* s7%) (1, 4). The terminus. The active site is positioned at the carboxyl-
enzyme PTE is particularly attractive as a biocatalyst becauseterminal end of the centrgd-sheet core, and it contains a
a large number of phosphotriesters can be hydrolyzed, andbinuclear metal center, in which two zinc cations are bound
the enzyme has been immobilized covalently on a number within a cluster of four histidine residues (Figure 1). One of
of carriers, including macroporous glasses, nylon, cryogels, the divalent cations, ZA" (Figure 1), is coordinated to two
and fabric materials5-7). There have been considerable
expe_rlmental and theoretical studies of PTE enzymat_lc 1 Abbreviations: AM1, Austin model 1; AMBER, assisted model
activity (1, 4—18). Nevertheless, the enzyme mechanism is puilding with energy refinement; B3LYP, Becke-8ee—Yang—Parr
density functional; CHARMM, chemistry at Harvard macromolecular
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Ficure 1: Key interactions of the Michaelis complex of paraoxon substrate and phosphotriesterase. The structure is taken from the last
configuration of the molecular dynamics simulations of the Michaelis complex state during the umbrella sampling calculations. (A) The
QM subsystem (109 atoms) is displayed in a ball-and-stick representation without hydrogen atoms and the nitro group of paraoxon for
clarity. The color codes are carbon in cyan, nitrogen in blue, oxygen in red, phosphorus in tan, and zinc in silver. (B) Schematic illustration
for clarity of discussion and notations in the text.

histidine residues (His55 and His57) and an aspartic acid Scheme 1. Hydrolysis of Paraoxon

residue (Asp301). The second divalent cation;?Z1fFigure H3C\_0_(IF?,_O <:> No, 20 H3C\_O_<'P)'_OH . <:> NO
1), is bound to two other histidines (His201 and His230). 5 : o ?
Zn,2* is buried in the binding site, whereasZhis exposed L L

. .. CH CH.
to the solvent when the substrate is absent. In addition, the ¢ ®

two metal jons are bridged by a hydro>_<ide ion (or a water The substrate specificity of PTE is rather broad; the best
molecule), and by a carbamylate functional group, formed substrate identified so far is paraoxon (Scheme4l)1g,

from post-translational carboxylation of Lys169. The bi- 55 The Brgnsted plots of the enzymatic kinetic parameters
nuclear metal center, bridged by a carboxylate group, hasfoy 5 series of substituted phenyl ester leaving groups are
been found in the active sites of a number of enzymes thatgnjinear, suggesting a change in rate-limiting st 25).
cleave phosphate esters such as in cAMP esterases. Ifor substrates with a leaving groufgpgreater than 7, the
encompasses a growing family of enzymes that employ achemical step of phosphate-P bond cleavage is rate-
similar constructZ3, 24). Experimentally, it was found that  |imiting and shows a typical Brensted plot, whereas those
the zinc metals can be replaced with a variety of other of pK, < 7 are likely limited by product release and the rate
divalent cations without significant loss of enzymatic activity constants are independent of leaving grog 25, 26). The
(e.g., cadmium and manganesé) (8). Thus, it is of leaving group of paraoxon has &pof 7.1, lying right at
particular interest to understand the nature of the metal the intersecting point in the Brgnsted pl@6). The stereo-
centers in catalysis. selectivity of PTE is also of interest, which has been
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subjected to several studie27( 28). PTE prefers an  model @42—44) during MD simulations. The generalized
enantiomer in which the largest group is in the @pesition hybrid orbital (GHO) method 45, 46) was employed to
and the smallest group is in the pRoposition , 11, 28). couple the QM region with the MM region through six
On the theoretical side, several groups have applied atoms, which are the {atoms of residues His55, His57,
molecular dynamics (MD) simulations and quantum chemical Lys169, His201, His230, and Asp301. We used the
calculations to explore various properties of PTE-17). CHARMM22 all-atom empirical force field47) and the
These studies were carried out either for the stable specieghree-point-charge TIP3P modetd) to represent the rest
in MD simulations, or for model reactions constructed as Of the protein and water molecules, respectively. Hereafter,
clusters mimicking the enzyme active site using electronic this combined QM/MM potential is denoted as AM1:MM22.
structure methods. Useful insights have been obtained into In general, ab initio molecular orbital theog) or density
the dynamics of the enzyme and the intrinsic reactivity of functional theory (DFT) §0) would be ideal for electronic
the hydrolysis steps. For example, ab initio molecular orbital structure calculations, but these methods are still too time-
calculations were carried out to show that the hydrolysis of consuming, limiting applications to small systengs)(or
paraoxon occurs by a concerted process),(which is simplified active site models$@), and short simulations for
consistent with the conclusion based on kinetic studi€s (  €nzyme systemsb@). Yet, it is essential to carry out free
Moreover, the computed structures from either density energy simulations to obtain the potential of mean force to
functional theory using B3LYP/6-31G(d) leved@32) on study enzyme mechanismdg 37, 38). Consequently,
a active site model or MD simulations on the solvated PTE- semiempirical models4@—44, 53, 54) provide a practical
substrate complex show that a hydroxide ion coordinates toapproach for performing MD simulations on-the-fly using
both zinc ions, while a water molecule coordinates only to combined QM/MM potentials9, 55). However, it is often
one zinc ion 13). Thus, the computational results provide hecessary to correct the energies of the semiempirical model
ample evidence that the identity of the bridging ligand is a employed 19). Here, we use a dual-level procedure in free
hydroxide ion. Additionally, the role of substrate orientation €nergy simulations with a semiempirical AM1-QM/MM
and the flexibility of amino acids in catalysis are also Potential to achieve high-level accuracy for studying enzy-
examined by MD simulationsl(). In these calculations, the ~ matic reactions.
opening for the “leaving-group” pocket depends on the In the dual-level method39—41), we use the combined
substrate and may range from 11 to 18 A. Nevertheless, theAM1:MM22 potential to sample enzyme configurations, and
free energy profile has not been obtained and the effects ofthen, we use an ab initio method to correct the energies of
protein dynamics have not been incorporated into the the AM1 model. Thus, these two aspects are justified
mechanistic model. separately: (a) Since the AM1:MM22 potential was used in
In this study, we propose a revised mechanism for the con.figuration samp'ling,_the structures of this model ought
hydrolysis of paraoxon by PTE. A main feature in the be in agreement with high-level results. (b) Because AM1

mechanism is the absence of a phosphodiester bridge to botfg"€rgies are replaced by “higher-level” results from ab initio
zinc ions as the product intermediate, which is accompanied¢@/culations, the *high-level” energies for a large QM
by the change of the distance between the two zinc ions alongSUPsystem (109 atom system) should be justified in com-
the reaction pathway of the formally3 displacementi(g). parison with even higher levels of theory or prerlment. We
Similar structural variations of metal ions have been observed c10se the AM1 method because the equilibrium structure of
in the hydride transfer reaction catalyzed by xylose isomerase,[n€ active site of PTE was found to be in good accord with
although unlike the latter case, the changes in metal XT@y crystal structures2() and in good agreement with
separation during the reaction catalyzed by PTE and reactiond’T€Vious MD studies using the AMBER force field (Sup-
in the amidohydrolase superfamily have not been determinedPrting Information) 41, 12). We have also examined the
by X-ray crystallography. It would be interesting to inves- PM3 method %3), but each zinc ion was tetracoordinated,

tigate experimentally the dynamics of phosphotriesterase and™ contrast to the pentacoordination observed in the X-ray

the structural changes during the enzyme reaction. crystal structure and either MD simulations using the
AMBER force field or quantum chemical calculatioris3).

1. THEORETICAL BACKGROUND AND Although energies for zinc and phosphorus compounds from

COMPUTATIONAL DETAILS semiempirical models can have significant err@s, 67),
they are replaced by ab initio results at the MP2 level (see

Molecular dynamics (MD) simulations using combined below). Thus, the use of the combined AM1:MM22 potential
quantum mechanical and molecular mechanical (QM/MM) is mainly for configurational sampling of a reactive system.
potentials 19, 20, 33—38) have been carried out in the The present dual-level approach combines the efficiency
present study. Below, we describe a dual-level computational of semiempirical QM/MM simulations with the accuracy of
procedure §9—41), which synthesizes results from high- high-level ab initio MO and DFT calculation8¢—41, 58—
level electronic structure calculations with computational 63). The approach is akin to the ONIOM model developed
efficiency for enzyme configurational samplings. by Morokuma and co-workers64, 65). The dual-level

A. Dual-Level QM/MM Potential Energy Surfack/e used approach has been used in previous QM/MM simulations
a combined QM/MM method20, 33—36) to construct the (40,41, 59—62). In particular, the total energy is partitioned
potential energy surface for the hydrolysis reaction of into three terms41):
paraoxon by PTE. The active site (Figure 1), which consists
of His55, His57, Lys169, His201, His230, Asp301, the E = [Woy,[Hoyl Wiyt [WoylHay +
bridging hydroxide anion, two zinc cations, and a paraoxon 0 W, O [0 [, (W2, ]+ E 1
(atotal of 109 atoms), was treated by the semiempirical AM1 QMMM+ QM QMIT QM QM MM
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where Hg,\,, and HQM,MM are the Hamiltonians of the QM  for the model compound of the product complex. Further
subsystem and the interactions between the QM and MM dgtails are given.as Supporting Information. In the following
regions, respectivelyl’y,, andWoy are the wavefunctions  discussion, we simply denote B3LYP and MP2 calculations
associated with%,, and [A2y, + Hownaw], and Evw is the without further specifying the details of the basis sets. All

energy of the MM region. Equation 1 is simplified as follows: ab initio and DFT calcul_ations were carried out wit_h the
software package Gaussian 03), whereas all calculations

Eo = EXS + AEommm t+ Ewm (2) at the AM1:MM22 level were performed using the CHARMM
(version c32al) progranv4).

where the first term is the energy of the QM subsystem in  B. Potential of Mean Forcelhe free energy of activation
the gas phase, and the second term is the interaction energjor the nucleophilic substitution of paraoxon by a hydroxide
between the QM and MM regions, corresponding to the ion in phosphotriesterase is obtained by computing the
energy change of transferring the QM subsystem from the potential of mean force (PMF)76—77), W(2), along the
gas phase into the condensed-ph&. ( reaction coordinate, which is defined as the difference

Equation 2 is especially useful in that the total energy of between the distances of the breaking and forming bonds
a hybrid QM and MM system is separated into two (Figure 1) @8):
“independent” termsthe gas-phase energy and the interac-
tion energy-which can now be evaluated using different QM Z=Tpop~ lonp 4)
methods. Noticing that the deficiency in semiempirical QM/ . .
MM methods is mainly due to a lack of accuracy in the first Whereéreop @ndrone are the distance of the leaving group

term of eq 2, we substitute a high level (HL) theory for that P-nitrophenyl oxygen and the distance of the nucleophile
term €y = Egk,'). Then, we use the lower level (LL) hydroxide oxygen from the phosphorus atom respectively.

AM1:MM22 model to determine the interaction energies ghignMFan%?é?Zesigom]r?g)leeﬁutlg;ndggiﬂir? simulations
(AEqwmm = AEgquuy)- The latter has been validated y using pling P '

through extensive s_tudies_ of a variety of properties a_nd W(2) = —RTIn p(2) + W, (5)
molecular systems, including computations of free energies

of solvation and polarization energies of organic compounds \yhereR is the gas constand, is a normalization constant,
(35, 66, 67), the free energy profiles for organic reactions anq (2 is the probability density of finding the system at
(68-70), and the effects of solvation on molecular structures the reaction coordinate value(79). The value ofz at the

and on electronic transition$9, 71). By this substitution, highestW(2) is called Z, and the TST free energy of
we can obtain a highly accurate dual-level (DL) total energy gctivation AG* is obtained as

for the enzyme reaction:
AG'=WZ) —Wz) — G 6
k= Bt AR T B ) &)~ W) = G ©
Here,zz specifies the reaction coordinate at the reactant state,
and Ggp is the classical free energy of the internal degree
of freedom that correlates with the reaction coordirz&90).
Using the dual-level (DL) potential energy surface (eq 3),
the PMF can be expressed as follows (see also Appendix):

In the present study, the HL energies are determined by
using the B3LYP hybrid density functional theoi30-32)
and the second-order Mgller-Plesset perturbation theory
(MP2) 49), and their performance was validated against
previous ab initio studies1@—15, 17). Cramer and co-
workers showed that the computed activation enthalpies aty,pL,_y _ \aAL HL (MEPy _
the MP2/6-3%-G(d)/DFT/MIDI! level for the alkaline W = W@ + [Egu(@t")
hydrolysis of sarin are in excellent agreement with experi- Equ@D] + AW (7)
mental results 7). In that work, five different density
functionals were tested, including the hybrid B3LYP func- whereWP-(2) is the dual-level PMF, andt*(2) is the lower-
tional. Adopting their approach, we used a mixture of the level PMF, determined by using the AM1:MM22 potential
6-31G+(d,p) basis 49) for the oxygen atom attached to the (eq 5). The reaction coordina@,-~ emphasizes that the
nitrophenyl group, the phosphorus atom, and the hydroxide correction term (in square brackets) is made along the
anion, the 6-31G(d) basis for the three remaining oxygen minimum energy reaction path at the lower-level of theory,
atoms of the phosphate group and the two zinc ions, and theand AW? is the energy difference between high and lower
MIDI! basis (72) for the rest of atoms in the active site. For levels of theory at the reactant state (a constant value
the MP2 calculations, we have replaced the MIDI! basis by accounting for the difference in absolute electronic energies).
the 6-31G(d) basis set, and compared our results with those An important feature, as shown in the Appendix, is that
for a series of model phosphotriester hydrolysis reactions the high-level correction to the lower-level potential of mean
examined by Zhan and co-workers at the MP2/6-&(d) force only needs to be made by computing the potential
level, who have used a number of other QM methdds}. ( energy difference between the HL and LL theory along the
The agreement between our approach and Zhan'’s reportedninimum energy path in the enzyme obtained from the latter
work is good with an average error of less than 1 kcal/mol. potential. Thus, the free energy profile determined using a
We used a mixed basis set because the size of the QMsemiempirical combined QM model can be improved by a
subsystem (109 atoms) is still large for multiple reaction path small number of high-level energy calculations to achieve
calculations. The comparison with previous full MP2/6- the desired accuracy for enzymatic reactions. Indeed, refine-
31+G(d) results 12—15) indicates that the use of this mixed ments of semiempirical QM/MM simulations have been
basis function is reasonable. Additional studies were madeapplied to condensed phase reactioB8—41, 61) and to
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Ficure 2: Stereoview of the active site configuration from a snapshot of the transition state ensemble (A) and the-praguct complex

(B) obtained from umbrella sampling simulations for the phosphotriesterase catalyzed hydrolysis reaction. The transition state structure was
taken from the simulation at= 0.28 A, in which the 109 QM atoms are displayed in ball-and-stick. His254 and Trp131 are displayed in
thick sticks. The product complex was from the simulation window=at1.4 A, in which a water molecule enters the binding site between

the two zinc ions. All hydrogen atoms are omitted for clarity except the hydroxide anion, His254, Trp131, and the water molecule. The

color scheme is the same as that in Figure 1.

enzymatic reactions, including the work by Martin et al. for
the acetohydroxy acid isomeroreductase reacti®), @nd

by Marti et al. 61, 62). Of course, the approach of
Morokuma and co-workers, which is similar in spirit by
addition and subtraction of energy terms obtained from

Newton—Raphson method’@) until the gradient change was
less than 0.01 kcal mot A~L In Figure 2, we illustrate two
stereoviews of a snapshot of the last configurations corre-
sponding to the transition state (Figure 2A) and the product
state (Figure 2B). To help identifying atoms and interatomic

different levels of theory, has been applied to numerous largedistances in the discussion and in tables, a schematic diagram

molecular systems4).

In the present study of the paraoxon hydrolysis by PTE,
we performed umbrella sampling through a total of 22

is depicted in Figure 3.
Since the high-level B3LYP correction terdWoy,(2)
was determined along the minimum energy path (MEP)

separate simulations, spanning the entire reaction coordinatepbtained using the AM1:MM22 potentids;, (1), the

each of which was equilibrated for at least 20 ps followed
by an additional 100 ps of configurational sampling. Overall,
a total of 6.6 ns of molecular dynamics simulations were
performed using the low-level combined AM1:MM22 po-

tential, which was then corrected by B3LYP and MP2 results

in the dual-level approximation. The MEP was determined
by optimizing the structure of the solvated enzyrsebstrate
complex as a function of the reaction coordinaeat the
AM1:MM22 level. The starting geometry for the optimiza-
tions is from the final configuration in the 100 ps equilibra-
tion. Atoms that are 10 A away from the phosphorus atom

deviation between the optimal structures of different levels
of theory can lead to non-smooth energy profile at the high-
level method. For example, aschanges from—0.32 to
—0.31 A, the distance between the bridging hydroxide
oxygen and thg-zinc ion (OH:0-Zng) changes from 2.48
to 3.27 A using the AM1:MM22 optimization. Although the
AM1 energy only has a small variation, the B3LYP energy
changes by 5 kcal/mol. To make the potential smooth, we
performed partial geometry optimizations for —0.33 and
—0.32 A with OH:0-Zny; fixed at 3.27 A and foz = —0.31,
—0.30,—0.29, and—0.28 A with OH:0-Zny fixed at 2.48

were kept frozen, and the total energy of the system wasA. Then, we used a linearly scaled average to smooth out
minimized with step size 0.01 A using the adopted basis the high-level potential at values of about-0.32 A. The
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iH Ficure 5: Computed average and individual potential energy
e, ;OE‘ profiles of three separate minimum energy paths for the paraoxon
o d \ O—pg—OFt hydrolysis in the active site of phosphotriesterase. Energies are
Mp3°1\fe '|:|Hf,,j 5'6 §O computed using the B3LYP//AM1:MM22 dual level potential.
o~ M0..
\_ 2@ b /+ . . .
et % z.-.é\ corresponding to pH 7. The protonation state of each histidine
/ \ o / \ residue was determined by considering the possible hydrogen-
O‘\T/'O bonding network with its neighboring groups in the crystal
AN Lys169 structure. Consequently, His123, His201, and His257 are
®) neutral with the proton at the epsilon nitrogen NE2 atom.

. . » His254 is treated as protonated in the present study, although
FIGURE 3: Schematic illustration for the transition state (A) and i is feasible that His254 is already deprotonated prior to the
product-enzyme complex (B) that are shown in Figure 2, along

with labels for interatomic distances used in the text and tables. nucleophilic attack on the phosphorus center at pH 7 in view
of the Bransted plot18, 25). The rest of the histidine

45 residues are also neutral but with the proton at the delta
— Gas phase (min. energy) nitrogen ND1 atom. As a result, there are 36 positively
— Enzyme (min. energy) charged residues (26 Arg, 9 Lys, and 1 His), 35 negatively
— B3LYP dual-level PMF charged residues (19 Asp and 16 Glu), one carbamylate group
(CG%), one hydroxide anion, and two zinc cations in the
first monomer. We added two chloride counterions to bring
the total charge of the simulation system neutral. Although
the second monomer of PTE does not have direct functional
connections to the first active site, we have kept it during
our simulation and similarly set its total charge to be neutral.
For solvating the Michaelis complex, stochastic boundary
conditions 81, 82) were used to mimic the aqueous
environment surrounding the enzyme. In this method, a water
sphere of a radius of 30 A was used to immerse the entire
-15 first monomer of PTE substrate complex along with 262
3 2 -1 0 1 2 crystal water molecules. The center of the water sphere was
Reaction coordinate z (A) placed to coincide with the geometric center of the QM
FiGURe 4: Computed potential of mean force and the minimum Subsystem (Figure 1). Water molecules that are within 2.8
energy profiles in the gas phase and in the active site for the A of any other non-hydrogen atoms were deleted. To avoid
hydrolysis reaction of paraoxon catalyzed by phosphotriesterase.cavity in the system, this process was repeated three more
same approach was used for smoothing out the potential atimes by randomly rotating the water sphere to another
z values of+0.62 A. This resulted in a reasonably smooth arbitrary orientation. As a result, a total of 1806 water
transition in these two regions. molecules were added. Then we selected two water mol-
C. The Satated Michaelis ComplexThe X-ray crystal ecules, whose oxygen coordinates was used for the two
structure of the enzymeinhibitor complex (at pH 7.5 and chloride counterions. In all, the solvated Michaelis complex
4 °C) determined at 2.1 A resolution (PDB ID: 1DPM) is contains a total of 16364 atoms including 2066 water
used as the starting geometry for constructing the Michaelis molecules.
complex @1). The paraoxon-analogue, diethyl 4-methylben-  D. Molecular Dynamics SimulationStochastic boundary
zyl-phosphonate, which is an inhibitor to PTE, was used as molecular dynamics3({, 82) (SBMD) simulations have been
a template for building the substrate structuté, 21). All used in the present study, in which we divided the entire
ionic amino acid residues are set in a protonation state enzyme-solvent system into three regions, namely, the

35

25

15

Energy (kcal/mol)
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reaction region, the buffer region, and the reservoir region. T e 1 Computed Energy Barriers (kcal/mol)
Residues and water molecules that have at least one atom

within 24 A from the geometric center of the QM subsystem Egtzg gﬁ;ypn:lg% gg%
are included in the reaction region. The buffer region consists B3LYP//AM1:MM22 DL-PMF® 183
of residues in the layer between 24 and 30 A from the center. MP2//AM1:MM22 DL-PMP 21.4
All remaining atoms are assigned to the reservoir region. experimertt 128

To imitate the effect of bulk solvent beyond the edge of the  2Along the minimum reaction energy path (MEP) of the solvated
solvation sphere, a 30 A deformable boundary potential was Michaelis complex model using the dual level approxima_tkj?notential
imposed on all water molecule8, 83). All atoms in the  ©f el force (PMF) using the dual level approximatioRrom ke

. . . . . ~ 2400 st andT = 298 K in ref @).
reservoir region are fixed throughout the MD simulations.
For the reaction region, the dynamic trajectory was propa- reflects the stabilizing effects of the enzyme on the transition
gated according to Newtonian mechanics, while Langevin state. Significantly, the potential of mean for&&-(2), in
equations were used to describe buffer atoms with an Figure 4 shows a free energy barrier of 18.3 kcal/mol (eq
additional harmonic restraining force to maintain the struc- 6), corresponding to a further reduction of 10.4 kcal/mol by
tural integrity of the system8(, 82). The harmonic force  including entropic contributions from dynamics simulations.
constants in units of kcal mol A-2 are 1.22 for backbone  The location of the transition state is further shifted to the
oxygen atoms, 1.30 for all other backbone atoms, and 0.73reactant side, consistent with the Hammond postulgi}e (
for all side-chain atoms. The friction coefficients are 200 The results in Figure 4 demonstrate that it is essential to
ps?! and 62 ps! for all heavy atoms of protein and the carry out free energy simulations to investigate the mecha-
oxygen atoms of water molecules respectively. nism of enzymatic reactions, whereas it is insufficient only

Nonbonded interactions were truncated using a force t0 examine one minimum energy or free energy path in a
switching function between 13 and 14 A and a potential fixed (minimized) enzyme environment.
shifting function at 14 A for electrostatic terms and van der ~ The computed free energy barrier at the B3LYP//AM1:
Waals terms respectively4). The truncations were based MM22 dual level (Figure 4) is somewhat greater than the
on the center-of-mass separation between interacting groupséxperimental value of 12.8 kcal/mo#,(15, 24), but the
Bond lengths involving hydrogen atoms were constrained agreement is reasonable in view of the computational
with the SHAKE algorithm 84). Dynamics of atoms were ~ complexity involved in the study. If one is interested in
propagated using the leapfrog-Verlet integrating algorithm examining the results from other high level methods, such
(85) with a time step of 1 fs. All MD simulations were s MPZ2, it can be performed simply by replacing the intrinsic
performed using the CHARMM (version c32al) program €nergy corrections with the new high level data (Table 1).
(74). Throughout the MD simulations, the atom lists for the The DFT calculations yield a slightly lower barrier than the
frictions and random forces in the buffer regions were MP2 method for the PTE reaction, which is typically the
updated in every 5 time steps. The parameters and proceduréase in previous studied, 92-94). Table 1 summarizes
of the SBMD simulations have been describ68, 86—88). the computed barrier heights by using various dual-level

E. Visualization.The two software packages used to combinations.

visualize the calculated data and to generate the figures in Since the dual-level apprpximation makes use Of. the
this paper were Visual Molecular Dynamic89 and structures along the MEP, it is necessary to examine if the

GaussView 90) conformations explored during the umbrella sampling simu-
' lations are significantly different from the optimized struc-
2. RESULTS AND DISCUSSION tures. We find that the fluctuations of atoms in the QM region

have average rmsd values of 0.7 A for the transition state

A. Free Energy ProfileShown in Figure 4 is the dual- ensemble relative to the transition structure of the MEP.
level potential of mean force or free energy profile (eq 7) as Greater deviations are found at largealues, corresponding
a function of the reaction coordinatdeq 4), determined at  to the product of the reaction. Here, the bond between the
the B3LYP/6-3%G(d)/MIDI//AM1:MM22 level of theory, hydroxide oxygen atom and tlezinc atom (i.e., ain Figure
where the double slash indicates that the geometry used inlB) becomes detached in free energy simulations, in contrast
energy corrections is determined at the AM1:MM22 level. to the configurations optimized along the MEP, where the
In addition, the minimum energy profiles for the nucleophilic bond remains in the range of 2.1 to 2.6 A. For this region,
substitution reaction of the QM subsystems in the gas phasewe averaged the high-level results over different reaction
and in the enzyme are displayed. All three profiles have beenpaths. We computed two additional MEP reaction paths on
anchored with an energy of zero at= —1.92 A, which the product side by fixing OH:6Zn, at 3.6 A and 4.9 A,
corresponds to the value found in the X-ray crystal structure. respectively. These two values were used because we found
Since the energy profiles are used only for the dual-level [ that OH:0-Zn, fluctuates around these two regions during
Egk,l@‘fp) — E(LQL,\A(ji"LEP)] correction to obtain the PMF (eq the umbrella sampling simulations and they correspond to
7), we decided not to convert these quantities into free the average results when the structures are clustered. The
energies in this figure. Nevertheless, it is of interest to notice average results oEgk,,(z) over these three reaction paths,
that the energy barrier height of the QM subsystem is reducedstarting fromz = 0 to 2.0 A, were used in eq 7 as the final
from 35.1 kcal/mol in the gas phase to 28.7 kcal/mol in the correction terms. In Figure 5, we illustrate the three individual
enzyme along the MEP. This is accompanied by a small shift curves and the average HL-profile as a function zof
in the location of the transition state from= 0.53 A in the Interestingly, the average profile is similar to the MEP curve.
gas phase t@ = 0.43 A in the enzyme. The difference B. Transition StateA snapshot of the transition state for
between these two energy barriers is 6.4 kcal/mol, which the phosphotriester hydrolysis is shown in Figure 2A, which
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Table 2: Selected Average Interatomic Distances and Bond Angles at the Michaelis Complex State, Transition State, Transition Plateau, and
Water-Recycle State in the Active Site of Phosphotriestérase

labeP (ligand:atom) reactant stédte transition staté transition plateati water-recycle state
Distance (A)

interaction witha-Zn

& (OH:0—Zn,) 2.1+0.1 444+ 0.1 4.2+ 1.2 594+ 0.3

a (Lys169:0T2-Zn,) 24+04 2.1+ 0.1 2.4+ 0.6 2.1+ 0.1

8 (H20:0-2Zn,) 454+ 0.5 4.9+ 0.7 52+1.0 3.3£0.3
interaction with3-Zn

b; (OH:0—Znp) 21+0.1 3.8£0.2 3.8+ 0.3 45+0.1

b, (P:0—2Zny) 3.84+0.3 2.1+ 0.1 2.1+0.1 2.1+ 0.1

bs (Lys169:0T1Zn) 2.1+0.1 2.2+ 0.1 2.2+ 0.1 2.24+0.1

bs (H20:0—Zny) 6.8+ 0.5 7.1+ 05 7.2+ 0.6 45+ 0.4
zinc—zinc interaction

¢ (Zne—2np) 3.5+01 5.3+ 0.3 5.3+ 0.3 5.2+ 0.2
water-His254 interaction

C; (H20:0—His254:NE?2) 6.3 0.4 52+ 1.0 51+ 1.6 4.2+ 0.4
bond forming/breaking

reop (P:Op'—P) 1.6+ 0.0 1.94+0.0 1.740.1 3.1+ 0.1

ronp (OH:O—P) 3.6+ 0.0 1.6+ 0.0 1.7+0.1 1.6+ 0.0
H-bond (donot-acceptor)

d; (OH:H—Asp301:0D2) 2.4 0.7 3.1+ 0.9 3.4+1.0 48+ 0.4

dy (His254:HE2-Asp301:0D2) 2.2:0.5 3.2+ 13 3.0+ 1.0 3.5+ 0.5

d; (His254:HE2-P:(¥) 5.4+05 4.4+ 0.6 45+ 05 4.3+0.3

ds (Trpl31:HEL-P:(¥) 3.7£0.8 4.0+ 0.4 4.1+ 0.5 4.4+ 0.3

ds (H20:H—Asp301:0D2) 3.6:0.6 3.4+ 0.7 3.6+1.3 2.0+ 0.2

ds (OH:H—H20:0) 4.6+ 0.5 3.4+ 0.6 3.7£0.8 2.2+0.3

H-Bond Angle (deg)

dy 137+ 20 1134+ 22 97+ 34 1254+ 15
d, 127+ 18 104+ 19 101+ 21 92+ 11
ds 116+ 14 130+ 20 127+ 17 1274+ 14
ds 141+ 14 146+ 19 144+ 17 116+ 8
ds 101+ 30 99+ 33 98+ 40 161+ 10
ds 99+ 9 96+ 33 90+ 29 139+ 16

2 All distances are given in angstroms, and angles in degbe®ee Figures 1 and 3 for the schematic diagrams representing the interatomic
distances® Average values over the configurations in the umbrella samplings corresponding t61.96+ 0.01 A.d Average values over the
configurations in the umbrella samplings corresponding+00.284+ 0.01 A. e Average values over the configurations in the umbrella samplings
corresponding ta between—0.33 and 0.33 Af Average values over the window of umbrella samplings with the harmonic force centered at
1.4 A for the first 50 ps? P:O denotes the phosphoryl oxygen atémR:Op denotes the oxygen atom attached to the nitrophenyl leaving group.
' The average values may not be meaningful since they also depend on the number and the size of windows to sample in this plateau.

is the last configuration from the umbrella sampling simula- 7
tions, corresponding to= 0.284+ 0.01 A. This configuration — al (OH:0—Zno)
is as arbitrary as any structures in the transition state
ensemble. For clarity, we also present a schematic diagram 6 [ — bl (OH:0—Znf)
along with key geometrical parameters in Figure 3A. Figure — b2 (P:0—Znp)
2A reveals that the side chain indol ring of Trp131 points
toward the zinc-coordinating phosphoryl oxygen. In Table
2, we summarize the average hydrogen bond distances and
angles of active site interactions in the Michaelis complex,
or the reactant state & —1.96+ 0.01 A), in the transition
state ¢ = 0.28 + 0.01 A) and the plateau region near the
top of the free energy barriez & —0.33 to+0.33 A), and
in the product state. In the following, we highlight some key
interactions that undergo significant changes from the
Michaelis complex to the transition state.

Bimetallo-Zinc Centerln the Michaelis complex, the 1
active site of PTE contains two zinc ions that are located at -3 -2 -l .0
an average distance of 350.1 A and are bridged by the Reaction coordinate z (A)
carbamylate group of Lys169 and a hydroxide ion (Figure FIGURE 6: Variations of interatomic distances of the nucleophile
1). The key issue underlying the catalytic mechanism of PTE g.ydrox'de ion from both zinc atoms, and the distance between the
: . . ivalent phosphoryl oxygen and tikzinc ion, as a function of
is the_ struc_tural motions of the bmuclear_ center and the o hydrolysis reaction coordinate.
associated ligands accompanying the chemical process. Table
2 lists the average values of some key geometrical variablesloses its coordination to the binuclear center as a result of
in the reactant (Michaelis complex) state, and in the transition the substitution reaction at the phosphorus center. Comparing
state, while Figures-68 depict the variation of some of these with the PMF in Figure 4 and the interatomic distances
average distances as a function of the reaction coordinateshown in Figure 6, we notice that the coordination of the
The present study shows that the nucleophile hydroxide ion nucleophile hydroxide oxygen to 247 (OH:0—Znp) breaks

L5} E =N Ln

Interatomic distances (A)

[
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6 this transition occurs rather early as well along the reaction
coordinate. The thermofluctuations and structural changes
of the phosphoryl group, leading to early tight-binding to
##Mw the metal, is important for activation of the phosphorus
center, and this is in good accord with experimental findings
« ¢l (Zno—2nf) . by Raushel and co-workers, who observed enhanced effects
s on thiophosphotriester substrate, which requires greater P
N S bond activation 18, 95). A further benefit is that as the
‘.‘ phosphoryl oxygen binds more strongly to fhwinc ion, it
A facilitates the dissociation of the bridging hydroxide ion
:‘ (Figure 6), hence increasing its nucleophilicity.
tmwm While this article was being prepared, Chen et al. reported
DFT calculations for a model PTE active site, consisting of
the substrate and inner sphere ligané8).( The B3LYP
3 functionals along with 6-31G(d,p) and LANL2DZ basis sets
3 2 1 0 ) ’ were used for organic species and zinc ions, respectively.
Reaction coordinate z (A) The results provide further assessment of the potential
FiGure 7: Variation of the bimetallo center zirzinc distance as function u_sed in the present simulations. Chen et al. followed
a function of the hydrolysis reaction coordinate. the reaction path proposed by Raushel and co-workers,
obtaining a final product complex that has a phosphodiester
6 bridged to both zinc ions along with a protonated Asp301
from the hydroxide nucleophile. The £nZng separation
changes from 3.54 A in the reactant to 4.34 A in the product
complex. Inspecting the structures from ré8), we noticed
that the nitro group (an oxygen atom) pfitrophenolate
ion is only 1.65 A from one of the immidazole hydrogen
atoms 08), whereas in the dynamics simulations, the leaving
group is located in a different region of the active site at
3 leag 7 A away, and is exposed to the solvent. This illustrates
the potential problems often encountered by geometry
optimization of active site models in the gas phase. We have
2 | — d1 (OHH—Asp301:0D2) further examined the product complex structure, excluding
— d4 (Trp131:HE1—P-0) thel p—ln|tr9phenolate leaving group, by B3LYP/6-31G(d)
— d6 (OHH—H20:0) optimizations, and located two minimum structures, corre-
1 sponding to the proton located on Asp301, and on the
3 2 -1 0 1 2 nucleophile hydroxyl group. The optimized £nZng dis-
Reaction coordinate z (A) tances are 4.42 and 4.78 A, respectively (Supporting
FIGURE 8: Variations of the hydrogen-bond distances between the Information). The latter corresponds to the protonation state
hydroxide ion and Asp301, between Trp131 and phosphoryl oxygen, of the product complex found in the present QM/MM
and between the hydroxide ion and a water molecule, as a functiongjmy|ations. When this complex (unprotonated Asp301) was
of the hydrolysis reaction coordinate. optimized by the AM1 model, we obtained a ZZng
rather early along the reaction pathzat —0.6 A, as soon separation of 4.86 A. Moreover, the bond betweeg Znd
as the free energy shows steep increase. The average distan€@H:O in this complex is broken for both B3LYP (3.33 A)
of the bridging oxygen increases from 2£10.1 A in the and AM1 (3.42 A) structures. Overall, the AM1 structure is
Michaelis complex to 3.8 0.2 A in the transition state. As  similar to the B3LYP structure for this product complex
a result, electrostatic coordinating forces are weakened(Supporting Information). These results, together with the
between the hydroxide ion and 2n. Concomitantly, the ~ AM1:MM22 Michaelis complex discussed earlier, suggest
Zn,—Zny distance increases to 5430.3 A at the transition ~ that the AM1 geometries from the simulation study are
state (Figures 2 and 7). adequate from the reactant to product states, in comparison
Figure 9 compares the structures between the Michaeliswith the experimental and DFT data.
complex and a snapshot of the transition state complex by His254.In the Michaelis complex, His254 is hydrogen
superpositioning backbone coordinates within 25 A of the bonded to the anti lone pair of OD2 of Asp301, whose other
reaction center. The relatively large change in zinc separationcarboxyl oxygen is coordinated to Zf, at an average
is easily accommodated by collective shifts of the side chain distance of 2.1 A (Table 2). As the reaction coordinate
conformations, while the backbone structures show relatively reaches the transition state, the side chain of His254 moves
smaller changes. The present results show that the averagaway from Asp301 toward the oxyanion of the leaving group,
motions of the two zinc ions are directly correlated to the decreasing the distance His254:HE2:O by more than 1
reaction coordinate motion, a similar feature also found in A to a value of 4.4+ 0.6 A in the transition state.
xylose isomerase both from X-ray structural determination Concomitantly, His254:HE2Asp301:0D?2 is lengthened to
(96, 97) and from QM/MM simulation studies3{, 88). 3.2+ 1.3 A, accompanied by a rotation of the imidazole
The phosphoryl oxygen shortens its distance frong?Zn  ring by about 15. Notice that His254 is rather mobile with
ion to a value of 2.1 A (P:©Zn; in Figure 6). Interestingly,  large thermofluctuations along the entire reaction coordinate,

Interatomic distances (A)

Interatomic distances (A)
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Ficure 9: Comparison of the structures between snapshots of the Michaelis complex and the transition state by superpositioning the
backbone atoms within 25 A from the active center. The Michaelis complex is shown in color for the active site residues, and the zinc ions
are in black. The transition state structure is shown in gold with zinc atoms highlighted in pink. Residue identities can be located by
comparison with the structure in Figures 2 and 3.

suggesting that His254 does not play a precisely defined rolethose obtained for structures in the “bin” with the highest
in catalysis. Throughout the simulations, His254 retains ion energy, the transition state. The greatest variation is associ-
pair interactions with Asp233 on the opposite side. QM/MM ated with the hydrogen atom of the nucleophilic hydroxide
electrostatic energy decomposition analy88s ihdicate that ion. In particular, the distance between the hydrogen atom
His254 interacts more favorably with the transition state by of the bridging hydroxide ion and the OD2 oxygen of Asp301
—9 kcal/mol than the interaction energy in the Michaelis (OH:H—Asp301:0D2) is about 0.3 A longer in the average
complex; however, the rmsd is larg&Z9 kcal/mol). Thus over the plateau structures than that at the transition state,
the change in interaction energy does not have quantitativeand the hydrogen bonding angle is bent by ftém linearity
significance. as it is found in the transition state (Table 2). This suggests
Trpl131 The role of Trpl31 is less obvious simply by that the analyses of structural and energy contributions to
considering its energy contributions because there is little the transition state stabilization from His254 and Trp131
variation in the computed QM/MM electrostatic energy along using structures at the top of the reaction barrier are
the reaction path (& 30 kcal/mol). The average hydrogen reasonably representative.
bond distance between Trp131 and the phosphoryl oxygen C. The Water-Recycle Resting Stafthe PMF from
O1 (Trpl31:HEXP:O) only has small variations between umbrella sampling simulations were not extended further
the reactant state (3% 0.8 A) and the transition state (4.0 beyond the reaction coordinate= 1.8 A (Figure 4) because
+ 0.4 A). However, it is interesting to point out the trends the overall active site dynamics can no longer be adequately
of its change along the reaction pathway (Figure 8), and the described byz. The chemical step has been considered to
average distance reaches the minimurz at —1 A at the be irreversible because of the large free energy of hydrolysis
footstep of the free energy bottleneck. As a result, we propose(25). In particular, as the nucleophile hydroxide ion forms a
that the role of residue Trp131 is not for TS stabilization, chemical bond with the phosphorus center, a greater cavity
but it is mainly for substrate binding and positioning its is generated in the active site, and a water molecule from
orientation in the active site. the bulk solvent gradually enters the binding site between
Transition PlateaulUnlike typical $2 reactions in solu-  the two zinc ions (Figures 2B and 3B). This “dynamical”
tion, which shows a sharp and unimodal free energy profile exchange of water molecules in the active site occurs in the
(70, 100), the present phosphotriesterase-catalyzed reactionlast two simulation windows centeredzat 1.4 and 1.7 A.
has a rather flat free energy profile near the highest point At first, one water molecule resides in the zinc ion bridging
along the PMF. Interestingly, similar features have been position for more than 50 ps in the 1.4 A window before it
observed in the dianionic methanolysis of cyclic phosphates diffuses away and is substituted by another water molecule.
in solution (L01). In a recent study of the active site cluster In the next window (az = 1.7 A), the initial water molecule
complex using B3LYP/6-31tG(2d,2p) calculations, Chen  diffuses back into the ligand position and stays for the entire
et al. reported a very similar reaction profile that shows a simulation. Figure 10 shows the histogram of the oxygen
remarkably similar, broad plateau region for the transition zinc distances for the two water molecules over the 100 ps
state 08). We call this region the transition plateau, which trajectory during the umbrella sampling simulations, which
spans the range from= —0.33 to 0.33 A (Figure 4). We reflects the dynamic feature of the solvetiand binding/
have averaged the key structural parameters for all structuresoordinating interactions in the active site. Specifically, the
sampled during the free energy simulations over this entire average distances between the first water molecule and the
range, which are also given in Table 2. Interestingly, the a-zinc ion (H20:0-Zn, or & in Figure 3B) orS-zinc ion
average values over the transition plateau are very close to(H20:0—Zn; or bs in Figure 3B) are 3.3t 0.3 and 4.5+
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9 3. AN ASSESSMENT OF ENZYME MECHANISM
a6 (H20:0—Zna) for Ist water \ BASED ON CRYSTAL STRUCTURE AND

—— b6 (H20:0—Znp) for 1st water .l COMPUTATION

w | i H’IW A key result of this study is a revision of the proposed
mechanism of the PTE catalyzed phosphate hydrolysis
reaction (8). Based on kinetic data, mutations, and crystal
: A Al | structures of homologous enzymes and enzymes belonging
| | il to the same superfamily, Raushel proposed a sequence of
; MWNU‘MW HM ’mm W events that feature a key binuclear-bridged intermediate
between the product and the zinc ioris)( Although the
mechanism of refi8) is very reasonable, it is not clear how
this potentially very stable intermediate is further hydrolyzed
1 and removed from the active site. This poses a kinetic
0 20 0 ime @5)60 80 100 difficulty for this nearly diffusion controlled reaction. The
® revised mechanism does not involve this binuclear-bridged
intermediate as a result of the combined QM/MM dynamics
9 simulation, and provides a process for the release of the
26 (H20:0—Zno) for 2nd water phosphodiester product (see below). This involves the
delicate balance in coordination number and net charge of
the ligands that coordinate the metal ions. In this section,
.t " |'| ' | we address the issue of interpretation of X-ray crystal
“..'1-'\ | -'| il K T \ ’w structures in assessing enzyme mechanisms.
5 |4l ||I||' i ot L ! ’|l| " i w[ e In the Michaelis complex, each zinc ion enjoys a total of
' Il ﬂl( ' five ligands (two are shared through the ligand bridges) with
H a distorted trigonal bipyramidal geometry. The question of
i

Interatomic distances (A)

— b6 (H20:0—Znp) for 2nd water

Interatomic distances (A)

coordination number to zinc ions has been extensively
investigated, through molecular dynamics simulations and
molecular orbital DFT calculations of active site modélg)(
1 The present results, which utilize a combined QM/MM
0 20 40 60 80 100 potential in molecular dynamics simulations, are in excellent
Time (ps) agreement with the conclusions from the thorough investiga-
©) tions by Zhan et al. 12), and with all existing X-ray
FicURE 10: Histogram of the distances between a water molecule structures 4, 21, 22), supporting that the AM1:MM22

and the two zinc ions in the active site of phosphotriesterase during potential is a reasonable model for the PTE system (Sup-
the umbrella sampling simulations. (a) One water molecule is seen orting Information)

to migrate away from j[he active site after 50 ps in 'the window at P g /" ) N

z=1.4 A (b) As the first water leaves the active site, the second ~ As the nucleophilic reaction reaches the transition state,

water enters the binding site to the two zinc ions. the separation between £ and OH:O also becomes greater

(OH:0—-Zn, in Figure 6). At this stage, a water molecule
0.4 A, respectively, over the first 50 ps (Table 2 and Figure enters the metal binding pocket, replacing the hydroxyl
10a), and these were replaced by the second water in thdigand. The zinc ion retains its pentacoordination number.
last 20 ps as they exchange positions (Figure 10b). Interestingly, its distance to the carbamylate OT2 (Lys169:
OT2-Zn,) oxygen is reduced by 0.3 A, gaining stronger
interactions with one of its ligands (Table 2).

The PTE phosphotriester hydrolysis reaction has a rather
late transition state where the chemical bond between the
phosphorus and the oxygen atom of the hydroxide ion is
formed ¢orp = 1.61 A), and the bond of the leaving group

Several key hydrogen bonding interactions are found to
help stabilizing the water molecule in the active site, and
analyses of these hydrogen bonding interactions prompt us
to propose that the nucleophilic hydroxide ion is generated
by a proton transfer from this water to His254 either directly

or via a proton relay through another water _molec_ule. is largely cleavedreop, = 1.88 A). This reaction profile is
Alternatively, the proton transfer may take place.dlre.ctly |_nto in good accord with®0 isotope effectsa9) and Bransted
the _bl_Jlk solvent as thek of Water boun(_jed to zinc lons Is analyses 18, 25), supporting a late transition state in the
sufficiently low, e.g., about 7 in carbonic anhydrase3). PTE hydrolysis reaction of paraoxon substrate. Another
Figure 8 illustrates that the entrance of this water molecule \giiceable change is the hydrogen bond between the hydroxyl
into the active site is highly correlated with the reaction hyqrogen of the nucleophile and Asp301 (OH:@sp301:
coordinate by hydrogen bonding interactions with the hy- oDp2), which is elongated by 0.7 A to a value of 3.1 A as
droxyl hydrogen of the nucleophile (OH:H,0:0 or d; in the hydroxyl group moves away toward the phosphate
Figure 3B). In addition, one of the hydrogen atoms of the supstrate in the transition state (Table 2 and Figure 8). It is
water molecule is hydrogen bonded to Asp301 at an averageimportant to emphasize that both at the transition state and
distance of 2.0+ 0.2 A, which is present in the Michaelis in the hydrolyzed produetenzyme complex, the oxygen
complex. These findings allow us to propose a revised atom originating from the nucleophile hydroxide ion is no
mechanism for the phosphotriesterase catalytic cycle, whichlonger coordinated to the bimetallo-centers (Figures 2B and
also points to the directions for further studies of PTE. 3B), and only one oxygen from the phosphate diester product
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is coordinated to Zg#" ion. This configuration is a key new We performed additional simulations to examine the
aspect of the revised mechanism, different from that proposedpossibility of forming a stable bridged complex if we prepare
previously @, 18, 21). our simulations with a phosphodiester anion as the substrate.

An anonymous referee pointed out that a binuclear-bridged e constructed this configuration by removing the proton
crystal structure has been determined for dimethyl thiophos- from the nucleophile and neutralizing the leaving group
phate (DMTP) with the PTE fronAgrobacterium(103), a p-nltrophenol,_ makmg use of the pr(_)duc_t structure from the
homologous enzyme with 90% sequence identity, and thatfre,e energy S|mula_t|ons. Aft_er equilibration, this bmuc_lear-
similar structures have been determined in several otherPridged conformation remains stable after 100 ps with an
enzymes containing two metal centers, including urease 2verage ZrZn distance of 4.2 0.2 A (additional data are
(PDB ID: 3UBP) (L04), iso-aspartyl dipeptidase (PDB [D;  9Iven in Supporting Informatlon). To compare with the
10NX) (105, and dihydroorotase (PDB ID: 1J7995). crystal structure of DMTP with tha.-PTE (PDB ID: 2D2G)
Although different metals are involved, a common feature (103, we also performed a simulation using the DMTP

in these crystal structures is that the distances between thegrt‘bStr"’_lte gyﬁt{he presgﬁseu%(_)mqnas d'm'n#t%TEl' Des%Ltg
two metal ions in the active site do not undergo significant \ne major difference in coordinations (octahedral to twg'Co

change in comparison with the apoenzymes, and theselOns in theA-PTE (103 structure versus twisted bipyrimid

“ ;
structures have been proposed as evidence representing thi 27 ) (21), a stable structure was also obtained after 100

reaction intermediates of these enzymatic reactions. ThePS dyngmics simulations (Supp_orting Informati_on). Thes_e
difficulty of correlating analogous crystal structures with 3|mu|at|ons ShO.W that th_e potential energy functllon.s used in
enzyme mechanism is a struggle that we constantly face th|s ;tudy can llndeed yle!d a reason_able_ descrlp_uon of 'ghe
computationally and otherwise: how and to what extent Can’blndlng properties of the binuclear active site, consistent with

we use the stable structures of enzyme complexes, observem?”)](_'ray Structu_re](OB)t. t and | i .
under crystallization conditions, as models to interpret the IS raises an important and general question concerning

mechanism and transient species generated during achemicaﬂ1e use of crystal structures to interpret the enzyme mech-

transformation? The main difficulty is that these structures anism. Undoubtedly, the structural information provides key

are too stable to be useful for catalyzed reactions, often athight into the binding and function of the enzyme activity.
rates approaching the diffusion limit, whereas the native However, as noted before, these complex structures must

substrates are typically transformed into the products beforegf E}abllignot’r?; f?r: é('r?c’) d;f;t[a(c::tcl)??eixgﬁgmtimt?\'ear:a?(gclts
the Michaelis complex structures can be determined (exceptin?er%ediati species |}rl1 the enzvmatic process For the PTE
a few rare cases). On the other hand, these model structures P y P :

determined by X-ray crystallography provide the best fnzym_e,th? al(thho”rsgf reIéQS) IudC|dIy pﬁ!n:]e_d OUtgl]at the h
structural information relevant to the reaction mechanism ormation of & dually bound product, which is stable enough,

L o X ; ., and its departure slow enough, to be observed in a complex
However, their interpretation is best achieved with the aid

of computation by modeling the free energy profile along with the enzyme isinconsistent(italic by us) with the

. : ; ) diffusion limited hydrolysis of parathion.” They further
the reaction path. To address this question, we carried out redicted that “if no dually bound product forms durin
further simulations of the binuclear-bridged complexes. P Y P 9

parathion hydrolysis, ... this weak coordination would permit
First, we mention a related work on the dynamic motions the rapid departure of the products and the extremely high
of metal ions in the active site. Although the structures noted catalytic rates observed during catalysi08. The present
above show little metal variations in these enzymes, careful study has not addressed the question of the free energy barrier
experiment and design of transition-state analogues can yieldfor removing a bridged diethyl phosphate anion ligand. Other
remarkably informative insight as illustrated in the study of experiments show that the hydrolysis rate is determined by
xylose isomerasedg, 97), an enzyme containing two metal  the pKa value of the leaving group for a series of substituted
ions bridged by a carboxylate similar to that in PTE. Lavie phenyl groups Z5).
et al. reported two positions for the second, mobile’?Mg Our combined QM/MM simulation shows that the bi-
ion in thep-xylose complex with distances of 3.8 and 5.4 A nyclear-bridged intermediate is not formed as a result of the
from the first metal ion 96). The authors attributed this nucleophilic attack by the hydroxide ion if the hydroxyl
observation to a mixture of the substrate and product complexproton is not lost to the solvent as the product is immediately
in the crystal and the longer metal separation correspondsformed (Figures 2 and 3). Yet, a stable binuclear-bridged
to the product structure. Subsequently, Allen at al. designedcomplex can be produced when the product anionic substrate
a transition state analogue, whose structure shows anis coordinated to the zinc centers as the starting structure.
elongated metal separation of 4.2 87), intermediate of  The difference appears to be due to the protonation state of
the Michaelis and product complexes. Employing the same the phosphodiester. It has been proposed that a proton transfer
computational technique, we obtained exactly the same trendoccurs from the nucleophile hydroxyl group to Asp3a8)(
of metal ion migrations, which we called a breathing but this would neutralize the ligand to a metal ion witi2
mechanism in xylose isomeras@7( 89). Interestingly, in au charge. The acidity of this Zh-coordinated Asp residue
another crystallographic study@), the coordination pattern  would be too high to accept a proton from a phosphodiester
of the mobile Md@* ion was found to be different from that if a bridged enzyme-product complex is not formed. Impor-
in ref (96). Our computational results87, 89) were only tantly, a water molecule diffuses into the active site to
consistent when the latter coordination arrangemets) ( coordinate with the metal ion and to donate a hydrogen bond
were used, but the mechanistic interpretation is a combinationto Asp301 (Figures 2B, 6, and 10). Experimentally, although
of both sets of crystal structures and computational resultsthe bridged DMTP complex structure can be obtained by
(96, 106). soaking the enzyme crystal with the slow substrate dimethoate,
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Scheme 2: Proposed Mechanism for the Hydrolysis of Paraoxon by Phosphotriesterase
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it was not possible to obtain any trace of DMTP in the crystal geometry. The structural features of the Michaelis complex
if the substrate parathion is soaked and hydrolyzed to yield are identical to that proposed in refg).

DMTP (103. The difference in the X-ray structures between  The chemical step occurs through nucleophilic attack on
these two substrates suggests that the product of the slowlye phosphorus center by the bridging hydroxide anion.
hydrolyzing substrate has sufficient time to lose a proton gynerimentally, Raushel and co-workers concluded that, for
and to form a stable bimetallo-bridged complex. In previous good leaving groups such gsnitrophenol with a [ of

studies, we have discussed this difference between the7 y he chemical step is not entirely rate-limiting, but the

enzyme-subsrate com_plex produce_o! dP”“g t_he_enzymanc step to regenerate the resting state accompanied by a proton
process and that obtained by equilibrium binding of the 5pqraction of the nucleophilic water is the rate-limiting
productundercrystalhzau_on conditiory( 107, 10@' Here, process 18). In the nucleophilic substitution reaction, a
we d°°“”.‘e”t computational result_s, suggesting that Fhenumber of interactions undergo significant changes along the
difference in PTE enzyme can be attributed to the protonation reaction pathway. First, the phosphoryl oxygen forms a
state of the phosphodiester product: the p“’?"” remains.onstronger coordinafion by'shortening its distance tqatznc

the nucleophile |mmeQ|§tQIy after th_e rgacnon,' and it is ion (Figure 6), which provides polarization activation of the
deprotonated from equilibrium solvation in solution. P=0 bond, a proposal originally suggested by Raushel and
co-workers, and it is confirmed by their elegant experiments
(18, 25). Second, the enhanced phosphoryl coordination to

Based on the mechanism proposed by Raushel and coihe zinc ion weakens its interactions with the bridging
workers (L8), and through the analyses of the potential of hydroxide ion, but increases the nucleophilicity of Q&
mean force, the changes in hydrogen bonding interactionsproposal also made in refl§). The §2 attack by the
of active site residues, and the dynamical interactions of hydroxide ion is accompanied by loss of its bridging
water molecules in the bimetallo-zinc binding site, we coordinations to both zinc ions (Figure 6). Third, a water
propose a detailed mechanism for the catalytic cycle of molecule, originally having hydrogen bonding interactions
phosphotriesterase (Scheme 2). In this model, the substratavith Asp301, occupies the space of the hydroxide ion by
paraoxon first binds to the active site by loosely coordinating forming a coordinating interaction with the-zinc ion
its divalent phosphoryl oxygen to th&zinc ion, which is (Figures 2B and 3B), and this water molecule can exchange
more solvent exposed in the apoenzyme. At this stage, thewith other bulk water molecules dynamically. Although the
two zinc ions in the active site are bridged by the carbamylate coordination numbers are retained by both zinc ions, a
group (Lys169) and the nucleophile hydroxide ion, and each consequence of losing the bridging hydroxide coordination,
zinc has five coordinates in a distorted trigonal bipyramidal effectively transferring a net of 1 au charge to the leaving

4. PROPOSED MECHANISM
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Scheme 3
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group away from the two dinuclear metal center, is elonga-
tion of the inter-zinc distance from 3.5 to 5.3 A due to
electrostatic repulsion (Table 2 and Figure 7).

The third major step in the PTE catalytic cycle is to
regenerate the active nucleophile, hydroxide ion, in the

Biochemistry, Vol. 46, No. 46, 200713365

solvent as the leaving group departs from the active site. In
the following step, His254 acts as a base to activate and
deprotonate the water nucleophile; however, we emphasize
that its role as a specific or general baseds essentialn

our mechanism because th&pof a zinc-bound water is
sufficiently low to be ionized by the solvent (&pof about

6 was found for the PTE enzyme)§ 101). In the early
model, His254 is neutral in the Michaelis complex and serves
a role to relay the proton from the hydroxide ion through
Asp301 (8). Although in principle the proton relay mech-
anism is possible, it must involve (a) the neutralization of
Asp301, which is a poor base due to its coordination to a
divalent metal cation, and (b) an additional step of torsional
rotation of the hydroxyl group from the syn-conformation
to the anti-conformation to orient the proton toward His254.
Asp301 is an important residue for the PTE enzyme because
it plays the role of charge balance in the binuclear metal
active site. Mutations of Asp301 to Ala and Asn reduce the
rate constant by 200 and 5000, respectively. The activity of

resting state, and this is accomplished by a proton transferthe mutants may be due to rescue by a hydroxide ion as the

from the water molecule in the active site to His254 either
directly or through an intervening water relay. Since this
binuclear-bridged water is highly acidic, it is likely that the

proton is directly lost to the solvent without the assistance

ligand to the zinc ion X8). In the present mechanism, the
role of Asp301 is primarily coordinating the more buried
metal ion.

The variations irk., upon His254 mutations are particu-

of His254. As the proton transfer takes place, the hydroxide |arly intriguing. When His254 was replaced by an alanine

ion forms bridging coordinating interactions with both zinc
ions, which results in (1) the shortening of the ziminc

or an asparagine, the rate constant weducedby 1—2
orders of magnitude for hydrolysis of thast substrate

distance to the compact form at an average value of aboutparaoxon 18). This is consistent with the present mechanism

3.5 A and (2) the displacement of the phosphoryl oxygen
ligand at thep-zinc center. The latter process is further
facilitated by an anionic ligand replacing a neutral ligand,
which allows the hydrolyzed phosphoryl diester to depart
from the active site. This restores the active form of the
apoenzyme for the next turnover.

Although the overall process is similar to the mechanism
proposed by Raushel and co-workerE8)( the present
mechanism also differs from the previous model in several
aspects18). In the early model, the hydroxide ion loses its

because the rate-limiting step for paraoxon is after the
hydrolysis, and is associated with the proton abstraction and
regeneration of the resting stafi8). If His254 actively acts

as a base, it shall directly affect the rate-limiting step of the
fast substrates, reducing the observed rate constant. On the
other hand, the rate constant is slightigreasedoy a factor

of 1.3 and 33 with the Ala and Asn mutation relative to the
wild-type enzyme, respectively, whersiower substratéby

a factor of 64,000 compared to paraoxon), diethyl
chlorophenyl phosphate, is uselB). In this case, the rate-

proton to Asp301 as it attacks the phosphoryl center. It was |imiting step is the chemical transformation, and the mutation
proposed that the resulting phosphatediester anion forms aof His254 on the proton abstraction rate has an insignificant
bridge (Scheme 3), using two phosphate oxygen atoms tocontribution to the observely (a factor of 100 in the

coordinate both zinc ions as the produehzyme complex.
This poses a difficult situation for product release in that a

paraoxon substrate, which is much smaller than the change
to a slower substrate). Currently, it is not clear about the

negatively charged phosphate ion must be separated fromorigin of the small increase in the kinetic parameter, which

two divalent cation centers with the overall charge of the
inner ligand sphere being always positivé1( au in the
Michaelis complex, and-2 au in the product complex). In
our model, we propose that only the=P oxygen is ligated

may be due to long-range electrostatic effects. We are in
the process of addressing the resting-state regeneration step,
which may help to explain these findings.

Finally, the proposed mechanism is also consistent with

to one zinc ion, ZpF*. We suggest that the phosphodiester yhe ghserved solvent isotope effects, which is greater for
product is neutral in the enzyme active site (supported by paraoxon (2.0) than diethy-chlorophenyl phosphate (1.3)

both DFT and QM/MM calculations), but it is possible to
lose a proton to the bulk solvent prior to, during, or after
diethyl phosphate departs from the active site. In our model

since proton transfer from the nucleophilic water is more
rate-limiting in the former than the latter. It is also consistent

with the slight increase in solvent isotope effects for paraoxon

the proton transfer from the nucleophilic water is coupled ,y the mytants (2.5 for H254A) because of increased barrier
with the product release step, which is further assisted by pgjght of the rate-limiting step to result in greater isotope

the formation of the hydroxide ion, bridging the two zinc

ions. This coordination process helps to displace the phos-

phate ligand to thes-zinc ion (Scheme 2). This process
competes with the chemical step as the overall rate-limiting
step.

In our mechanism, His254 is protonated at or below pH 7

effects.

5. CONCLUSIONS

Molecular dynamics simulations employing combined
QM/MM potentials have been carried out to investigate the

throughout the chemical step, and it loses its proton to the reaction mechanism of the hydrolysis of the phosphotriester
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substrate paraoxon by phosphotriesterase (PTE). The enzym@&CKNOWLEDGMENT

PTE has the ability to hydrolyze a wide range of organo- i
phosphate triester compounds including pesticides andtat\ilx ﬁatlh:;];s[t)a:h(:sehl:r]]lcjjaagﬂv&ilcznd Dr. Yao Fan for compu
insecticides as well as chemical warfare agents, and it has a '

great potential for use in bioremediation of environmental AppENDIX. POTENTIAL OF MEAN FORCE

contaminants. To determine the potential of mean force for | ygNG DUAL-LEVEL POTENTIAL FUNCTIONS
the paraoxon hydrolysis, we used a dual-level QM/MM

approach that synthesizes accurate results from high-level The PMF corresponding to the dual-level (DL) potential
electronic structure calculations with computational ef- energy surface (eq 3) can be obtained by free energy
ficiency needed for enzyme configurational samplings. In perturbation theory7g):

particular, the intrinsic (gas-phase) energies of the active site

in the QM region are determined by using density functional WD) = W (2) + AWoy(2) (A1)
theory (B3LYP) and second-order Mgller-Plesset perturba-
tion theory (MP2) and the molecular dynamics free energy
simulations are performed by using semiempirical QM/MM AWHE @) =

interactions. This resulted in a computed PMF for the QM

paraoxon hydrolysis by PTE at an accuracy of the B3LYP —RTIn@ Een@—Egu (Z)]’RTQL + AW (A2)

or MP2 level of theory.

A key feature of the active site of PTE is a binuclear zinc- In egs Al and A2\WP(2) is the dual-level PMPW(2) is
center, in which each zinc ion is coordinated to five ligands the lower-level PMF, which is determined directly by using
in a distorted trigonal bipyramidal structure. A carbamylate the semiempirical AM1:MM22 potential in the present study,
group from Lys169 and the nucleophile hydroxide ion both AW is the energy difference between high and lower levels
form bridged coordinations to the two zinc ions in a compact of theory at the reactant state (a constant value accounting
conformation with an average zineinc distance of 3.5- for the difference in absolute electronic energies), and the
0.1 A. The P=0O bond of the substrate paraoxon is activated bracketll.[, indicates that the ensemble average is carried
by adopting a tight coordination to thé-zinc ion, and  out using the potentigE-- (eq 2).
releases the coordinate to the hydroxide ion, increasing its An important feature of eqs Al and A2 is that one can
nucleophilicity. This resulted in a loose binuclear conforma- obtain theexactDL-PMF with highly accurate treatment of
tion, characterized by an average zitminc distance of 5.3  the QM subsystem by running statistical samplings using
+ 0.3 A at the transition state, a feature also found in xylose the LL potential. If the structures sampled by the LL potential
isomerase by X-ray structures and computati@7s &8, 96, surface have a large overlap with that from HL calculations,
97). We propose that His254 is protonated in the Michaelis the ensemble average for calculating\t'(z) can be fast
complex at or below pH 7, forming hydrogen bonds to converging. However, in the present case, it is still a
Asp301 (a ligand of the Z#* atom). As the chemical step  formidable task to enumerate the energies for the QM
takes place, His254 is reoriented toward the oxyanion of the subsystem, which contains 109 atoms, at the B3LYP and
leaving group, and we suggest that its proton is released toMP2 levels of theory for th&gy, term in eq A2 “on the fly”
the solvent as the leaving group departs the active site. ltduring MD simulations. To circumvent this computational
was also found that a water molecule subsequently entersgifficulty, we adopt the local harmonic approximatidsiy,
into the binding pocket of the loosely bound bimetallo-center, in which the ensemble average of eq A2 is taken in a
originally occupied by the nucleophilic hydroxide ion. yeference system where the difference betWEéh and
Although further computational studies, specifically on the gLL harmonically oscillates about its minimum-energy

product release step, are ongoing, we suggest that the protorpng"ction path (MEP) in the LL system with an angular
of this water molecule is taken up by His254, and, concomi- frequencya.

tantly, the resulting hydroxide ion pulls tifezinc ion closer

to form the compact configuration and displaces the phos- ®—[ES'M(Z)—E'Q|7\4(Z)]/RT ~

phodiester product ligand, which retains the overall coordi- - " N

nation to both zinc ions to be five. This restores the resting (@ [EQu()~Equ (L”)]/RT@ (A3)

state of the PTE enzyme for the next turnover. We note that

the role of His254 as a base is not essential in view of the Where the coordinate, refers configurations sampled by

relatively low K, of a zinc-bound of water molecule. the harmonic approximation, and the ensemble average on
The present mechanism suggests that the structural motionghe right-hand of the equatidii.[} is over these configura-

of the two zinc ions are closely correlated to the motion of tions.

the reaction coordinate. This feature has been observed ina By Wick's rule (109, we can express the ensemble

previous study of the hydride transfer reaction catalyzed by average as follows:

xylose isomerase, which consists of a bimetallo-magnesium ] - 1 "

center, involving a similar breathing dynamic motion in the  AWqy(2) ~ AE™(z,) + ﬁ[ﬂAE (z,) —

catalytic cycle 87, 88, 96, 97). It would be interesting to _

design experiments to investigate such structural motions AE™(2,)1%0) (A4)

involving metal ions during catalysis to test the present _

computational results. To further quantify our proposed Where AE"(z,) = Eqy(z,) — Eqy(z.), and AE-(z,) =

mechanism, we are currently investigating the free energy EEgk,,(LU) - EELM(ZW)DJ- Since the system harmonically

profile for the product-release step. oscillates about its MEPAEY-(z,) equals AEF-(Z1™")

where
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where 2" specifies the coordinates along the lower-level
minimum energy path. If we omit the second order correction
in eq A4, we obtain the following simple expression:

AWGH(2) ~ AET (T = EG @1 —
Equ(@1™) (A5)

Therefore, the high-level correction to the lower-level

potential of mean force only needs to be made by computing 16

the potential energy difference between the HL and LL
theory along the minimum energy path obtained from the
latter potential. Note that the local harmonic approximation

was made to estimate the correction term, whereas the free

energy simulations are performed without any approxima-

tions.

SUPPORTING INFORMATION AVAILABLE

Comparison of structures and energies using the AM1,
combined AM1:CHARMMZ22 potential, ab initio, or DFT
methods in the dual-level calculations, and proeigstzyme
complex simulations along with information on an animation
of the reaction pathway (12 pages). This material is available
free of charge via the Internet at http://pubs.acs.org.
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