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Abstract: In this paper we present computational studies directed at elucidating the mechanism of the oxidation
of benzyl alcohol by liver alcohol dehydrogenase (LADH). This enzyme reaction involves a hydride transfer
from the alcohol substrate to the nicotinamide adenine dinucleotide coenzyme and a proton relay that
deprotonates the alcohol substrate. Electronic structure calculations at various levels of theory were performed
on a 148-atom model of the active site, and classical molecular dynamics simulations were performed on the
entire solvated LADH dimer. These calculations support the hypothesis that alcohol deprotonation occurs
prior to the hydride transfer step and that the alcohol deprotonation facilitates the hydride transfer by lowering
the barrier for hydride transfer. In this postulated mechanism, the alcohol deprotonation leads to a zinc-bound
alkoxide ion, and the subsequent hydride transfer leads to the benzaldehyde product. The calculations indicate
that the zinc-bound alkoxide forms a strong hydrogen bond to Ser48 and that hydride transfer is accompanied
by a weakening of this hydrogen bond. The results also suggest that the barrier to hydride transfer is lowered
by the electrostatic interaction between the substrate alkoxide oxygen and the zinc counterion in the active
site. The interaction of the alkoxide oxygen lone pair orbitals with the zinc competes with the formation of the
double bond required for the aldehyde product, resulting in an earlier, more alcohol-like transition state and
thus a lower activation energy barrier. In addition, the interaction between the alkoxide oxygen and the zinc
restricts the dynamical motion of the substrate, decreasing the average-doneptor distance for hydride
transfer and hence lowering the activation energy barrier.

Introduction o

Liver alcohol dehydrogenase (LADH) catalyzes the reversible His 67 N
oxidation of alcohols to the corresponding aldehydes or ketones \[/>
by the coenzyme nicotinamide adenine dinucleotide (NAD Cys 174 N cysae
The active enzyme has a molecular weight of 80 000 and is a \S_ZL__S/ !
dimer of two identical subunits. Each subunit contains one ? Ser48 M
coenzyme-binding site, one active site, and two zinc ions, one  gustrate A °\PT3) H
of which is in the active site and is essential for catalysis. (Benzyl Alcohol) Y H\O | N_H....o/
Numerous three-dimensional structures of horse liver alcohol Hydride NR2 P”IN\/ Ny

dehydrogenase (HLADH) with the coenzyme and different Transfer
substrates have been determined crystallographically. Figure 1
provides a schematic picture of the active site of HLADH based Ph>,,+...O
on the X-ray crystallographic structure of Ramaswamy, Eklund,

and Plapg. This crystal structure indicates that the substrate is /
coordinated to the catalytic zinc ion, which is also coordinated o""H
to Cys46, Cysl74, and His67. The most widely accepted

mechanism for alcohol oxidation by LADH is as follow3{1) 3A:a7§
binding of the coenzyme NAD (2) binding of the alcohol
substrate by coordination to Zinc; (3) deprotonation of the Figure 1. Schematic illustration of the active site of LADH with a
alcohol, leading to a zinc-bound alkoxide ion; (4) hydride _ber_lzyl alcohol s_ubstrate and an _NAEEofactor._The dark arrows
transfer from the alkoxide ion to NAD leading to NADH and indicate the hydride transfer reaction and the first three steps of the
a zinc-bound aldehyde or ketone; (5) release of the product proton refay (denoted PT1, PT2, and PT3).]

aldehyde; (6) dissociation of NADH. In this paper we will focus
on the third and fourth steps of this mechanism, namely, the
proton and hydride transfer reactions.

Experimental studies have revealed a wealth of information
about the proton and hydride transfer reactions involved in the
LADH mechanism. Estimates of the relevant rate constants have

* Corresponding author. E-mail: hammes-schiffer.1@nd.edu. been obtained from kinetic studiésThe hydrlde transfer is

52%)) Ramaswamy, S.; Eklund, H.; Plapp, B. Biochemistry1994 33, known to occur directly between the substrate and the NAD
(2)- Klinman, J. PCrit. Rev. Biochem.1981, 10, 39. (4) Shearer, G. L.; Kim, K.; Lee, K. M.; Wang, C. K.; Plapp, B. V.
(3) Pettersson, CCrit. Rev. Biochem. Mol. Biol1987, 21, 349. Biochemistry1993 32, 11186.
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but the mechanism of proton transfer is not as well characterized.NAD* and found that the hydride transfer step is rate limiting.
The crystal structures of Eklund and co-workeand of Vanhommerig and co-workéisperformed semiempirical AM1
Ramaswamy and co-workérsuggest a proton relay pathway and PM3 calculations on similar model systems with a different
in which the proton is transferred to His51 through a hydrogen- treatment of the cysteine ligands. Their studies also indicate
bonded system containing the hydroxyl groups of Ser48 and that the pentacoordinated zinc intermediate would be energeti-
the nicotinamide ribose. (See Figure 1.) Reference 1 proposescally unfavorable. Tapia and co-workers performadd initio
several mechanisms by which the proton could be transferredcalculations on somewhat smaller models to investigate the role
from His51 to the aqueous solvent. of zinc, the geometry and electronic structure of the transition
Experiments have also provided insight into the relationship state for hydride transfer, and the effects of Sef48.These
between the proton relay and the hydride transfer. Kvassmantheoretical studies suggest that the alcohol substrate replaces a
and Petterssdri studied the pH dependence of the LADH zinc-bound water molecule upon binding, leading to a four-
reaction and found that their data are consistent with a coordinate zinc for the catalytic reaction.
mechanism in which the deprotonation of the alcohol occurs  Molecular dynamics simulations of LADH are consistent with
prior to the hydride transfer. They postulate that tkg pf the the conclusions from the semiempirical aabl initio calcula-
alcohol substrate is lowered due to coordination to zinc, tions. Ryde performed molecular dynamics simulations on a
hydrogen bonding to Ser48, and electrostatic interaction with portion of LADH (including up to 1224 atoms) with a four-
NAD*. Most important, they suggest that the formation of the and a five-coordinate catalytic zinc ion. These simulations
alkoxide lowers the barrier for hydride transfer. According to indicate that a four-coordinate catalytic zinc ion is more stable
this hypothesis, the deprotonation of the alcohol substrate than a five-coordinate one in LADM. More recently Ryde
facilitates the hydride transfer reaction. Schmidt and co-watkers reached similar conclusions based on mixed quantum mechan-
found that there is no solvent deuterium isotope effect on the ical/molecular mechanical simulations of LADH.
hydride transfer step during aldehyde reduction, implying that  Qlson and co-worket8 investigated the oxidation of an
the proton and hydride transfer steps are stepwise rather thargldehyde to a carboxylic acid catalyzed by LADH. They
concerted. In contrast, recently Ramaswamy, Park, and Plapp performed semiempirical PM3 calculations on small model
found a significant inverse solvent deuterium isotope effect on systems of the active site of LADH and molecular dynamics
the hydride transfer step during oxidation of benzyl alcohol, simulations on the LADH dimer. Their results suggest that the
indicating that hydride transfer is accompanied by proton proton shuttle shown in Figure 1 represents a stepwise reaction
movement. In ref 9, these experimental data are interpreted asyhich occurs subsequent to hydride transfer for aldehyde
suggesting that the reactant state of LADH-catalyzed oxidation oxidation. Note that these conclusions are not directly relevant
of benzyl alcohol involves a zinc-bound alkoxide ion with a to the reaction studied in this paper (i.e., the oxidation of an

low-barrier hydrogen bond to the hydroxyl group of Ser48.

alcohol to an aldehyde or ketone).

A number of theoretical methods have been used to study The theoretical studies presented in this paper are directed at

alcohol oxidation in LADH-18 Semiempirical anb initio

further elucidating the mechanism of proton and hydride transfer

calculations on small model systems have centered on the rolesy | ADH-catalyzed alcohol oxidation. The specific reaction

of zinc, the Ser48 residue, and water. Onciul and CPanlave

studied is the HLADH-catalyzed oxidation of benzyl alcohol

performed semiempirical AM1 calculations on small model to penzaldehyde. The proton and hydride transfer steps are
systems of the active site including derivatives of Ser48, His51, jj|ustrated in Figure 1. The hydride is transferred directly from
and NAD*" and a zinc ion coordinated to derivatives of Cys46, the alcohol substrate to the NATtoenzyme. We include only
Cysl74, His67, and ethanol. They studied a proton relay the first three steps of the proton relay mechanism suggested
mechanism involving proton transfer from the ethanol to HisS1 py the crystal structure in ref 1. This proton relay mechanism
through Sel’48, without the |-nCIUS|On of the n|th|nam|de ribose involves the fo”owing proton transfer Steps: (1) the nicotina-
hydroxyl group shown in Figure 1. Their studies suggest that mide ribose to His51, (2) Ser48 to the nicotinamide ribose, and
the alcohol proton is transferred directly to Ser48 rather than (3) the substrate alcohol to Ser48. Note that this is the same

by way of a water molecule. The latter mechanism would pathway studied in ref 19 for aldehyde oxidation but differs
involve a pentacoordinated zinc intermediate in which both the from the pathways previously studied for alcohol oxidation

water and substrate are coordinated to zinc. They also studiedcatalyzed by LADH.013

hydride transfer from ethanolate to a model compound for

(5) Euklund, H.; Plapp, B. V.; Samama, J.-P.; Branden].®iol. Chem.
1982 257, 14359.

(6) Kvassman, J.; Pettersson, Bur. J. Biochem198Q 103 557.

(7) Kvassman, J.; Pettersson, Eur. J. Biochem198Q 103 565.

(8) Schmidt, J.; Chen, J.; DeTraglia, M.; Minkel, D.; McFarland, J. T.

J. Am. Chem. Sod.979 101, 3634.

(9) Ramaswamy, S.; Park, D.-H.; Plapp, B. Biochemistry1999 38,
13951.

(10) von Onciul, A. R.; Clark, TJ. Comput. Cheml993 14, 392.

(11) de Kok, P. M. T.; Beijer, N. A.; Buck, H. M.; Sluyterman, L. A.
A.; Meijer, E. M. Eur. J. Biochem1988 175 581.

(12) Beijer, N. A.; Buck, H. M.; Sluyterman, L. A. A.; Meijer, E. M.
Biochim. Biophys. Actd99Q 1039 227.

(13) Vanhommerig, S. A. M.; Meier, R. J.; Sluyterman, L. A.; Meijer,
E. M. J. Mol. Struct.. THEOCHEML996 364, 33.

(14) Tapia, O.; Cardenas, R.; Andrel.; Krechl, J.; Campillo, M.;
Colonna-Cesari, Ant. J. Quantum Cheml991, 39, 767.

(15) Cadenas, R.; Andi® J.; Krechl, J.; Campillo, M.; Tapia, @nt. J.
Quantum Chem1996 57, 245.

(16) Ryde, U.Proteins: Struct., Funct., Genet995 21, 40.

(17) Ryde, U.J. Comput.-Aided Mol. De4.996 10, 153.

(18) Ryde, U.Eur. Biophys. J1996 24, 213.

We utilize a variety of theoretical methods to investigate these
charge-transfer steps. We performed semiempirical PAl3,
initio, and density functional theory (DFT) calculations on both
a 43-atom model and a 148-atom model of the active site. The
latter model is significantly larger than previously studied
models. Localized molecular orbital (LMO) and partial charge
analyses based on these electronic structure calculations provide
useful insight into the mechanism. In addition, we performed
molecular dynamics simulations on the entire solvated LADH
dimer with both an alcohol and an alkoxide substrate. The results
of these calculations support the hypothesis that the proton
transfer occurs prior to the hydride transfer and that the alcohol
deprotonation facilitates the subsequent hydride transfer. More-
over, these studies provide insight into the electronic and
dynamical factors that lead to a lowering of the hydride transfer
barrier after alcohol deprotonation.

(19) Olson, L. P.; Luo, J.; Almarsson,.(Bruice, T. C.Biochemistry
1996 35, 9782.
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Cp Cys 46, Ser 48
substrate Cys 174
S—CH, H;N——CH—C——OH
CH,
His 51, CHs
His 67 OH
XcH
*H N\\ l Substrate
benzyl alcohol
o —NH (benzy )
O—H*
Ala 317, lle 269,
Phe 319, Val 292 H—C—H"*
)
gig}:} nitrogen oxygen H,N——CH—C——OH
Figure 2. Transition state for the smaller 43-atom model of the LADH CHa
active site. Bond lengths and angles are labeled for use in Table 1.
NAD*/NADH

The donor and acceptor carbon atoms for the hydride transfer are
denoted G and G, respectively.

Methods

Electronic Structure Calculations. Electronic structure
calculations were carried out using the semiempirical PM3
method, the restricted Hartre&ock (RHF) method, and DFT.
Basis sets utilized are the standard doubkguality basis sets
3-21G% 22 and 6-31G**23-25 The 6-31G* basis set for Zn was
recently developed and includes f polarization functi#hi
addition, a triple basis set with d and p polarization functions
(no f polarization on Zn) denoted TZV(d,Y,%° was employed. , o

Calculations were performed on two different models of the larger model are _dep|cted in Figure 3. The overall charge for
active site of LADH. The smaller 43-atom model includes the larger model IsH1. ) )
analogues of three protein residues (Cys46, His67, and Cys174), Calculations on the 43-atom model were carried out to give
the catalytic zinc ion, the substrate benzyl alcohol, and a an indication of the reliability of the basis sets and methods
coenzyme NAD analogue. This model has no overall charge used for the larger 148-atom model. Transition-state searches
and is shown in Figure 2. The larger 148-atom model includes at the PM3, RHF/3-21G, RHF/6-31G**, RHF/TZV(d,p), and
analogues of nine protein residues (Cys46, Ser48, His51, His67 DFT/B3LYP/6-31G** levels of theory were performed to

Cys174, 1le269, Val292, Ala317, and Phe319), the catalytic zinc investigate basis set and electron correlation effects on geometry.
ion, the substrate benzyl alcohol, a coenzyme N/sDalogue, The PM3 and 3-21G transition-state structures were confirmed

and a water molecule. The water molecule was included to @S such by calculation of the energy second derivative (Hessian)
prevent the His51 ring from flipping. The hydrophobic side followed by diagonalization to yield one negative eigenvalue.

chains of protein residues which do not participate in the reaction For PM3 the Hessian was determined numerically (double
were truncated to reduce the number of atoms in the model. displacement); for RHF/3-21G it was determined analytically.

The analogues used for the amino acids and coenzyme in thdn addition, optimizations of constituent anion and cation minima

Figure 3. Analogues for the amino acids, the NARoenzyme, and

the alcohol substrate used in the larger 148-atom model of the LADH
active site depicted in Figure 1. The asterisks denote the hydrogen atoms
that may be transferred. The angliesoc, andow are labeled for use

in the text and tables.

(20) Binkley, J. S.; Pople, J. A.; Hehere, WJJAm. Chem. S0d.98Q
102 939.

(21) Gordon, M. S.; Binkley, J. S.; Pople, J. A.; Pietro, W. J.; Hehre,
W. J.J. Am. Chem. S0d.983 104, 2797.

(22) Dobbs, K. D.; Hehre, W. d. Comput. Chenil987, 8, 861.

(23) Ditchfield, R.; Hehre, W. J.; Pople, J. A. Chem. Physl971, 54,
724.

(24) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Physl972 56,
2257.

(25) Francl, M. M.; Petro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon,
M. S.; DeFrees, D. J.; Pople, J. A. Chem. Phys1982 77, 3654.

(26) Rassolov, V.; Pople, J. A.; Ratner, M.; Windus, TILChem. Phys.
1998 109 1223.

(27) Dunning, T. HJ. Chem. Physl1971, 55, 716.

(28) McLean, A. D.; Chandler, G. S. Chem. Phys198Q 72, 5639.

(29) Wachters, A. J. HJ. Chem. Phys197Q 52, 1033.

(30) Rappe, A. K.; Smedley, T. A.; Goddard, W. A., UL.Phys. Chem.
1981, 85, 2607.

(31) Becke, A. D.J. Chem. Phys1993 98, 1372.

(32) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, NI J.
Phys. Chem1994 98, 11623.

(33) Becke, A. D.Phys. Re. A 1988 38, 3098.

(34) Lee, C.; Yange, W.; Parr, R. ®hys. Re. B 1988 37, 785.

and single-point energy calculations were performed at various
levels of theory to test the sensitivity of relative energies to the
basis set, electron correlation, and geometry.

Due to the large size of the 148-atom model, the PM3
semiempirical method was utilized to generate initial potential
energy surfaces for the hydride and three proton transfer
reactions. This was done by first determining transition state
structures and then generating minimum energy paths (MEPS)
to their associated reactant and product using the intrinsic
reaction coordinate method of Gonzales and Schi#ég€he
starting point for these calculations was the determination of
the transition state for the hydride transfer step. Initial coordi-
nates for this transition-state geometry search were obtained
from the crystal structure in ref 1. Initial structures for
subsequent proton transfer transition-state geometry searches
were obtained from relevent minima generated as described
above. All stationary points found at the PM3 level were

(35) Gonzales, C.; Schlegel, H. B. Chem. Phys1989 90, 2154.



4806 J. Am. Chem. Soc., Vol. 122, No. 19, 2000 Agarwal et al.

characterized by numerical (double displacement) calculation a maximum of 0.0005 hartree/bohr and an RMS of one-third
of the Hessian, diagonalization, and inspection of the eigenvaluesof this.)
(where one negative eigenvalue indicates a transition state and Molecular Dynamics Simulations. Molecular dynamics
no negative eigenvalues indicates a minimum). The PM3 simulations were performed on the solvated LADH dimer with
parametrization was chosen over the AM1 parametrization sincethe GROMOS biomolecular simulation progrd#iThe model
the PM3 model has been found to be much better at reproducingfor each monomer included all 374 amino acid residues, the
hydrogen bond geometri€sMoreover, a previous comparison coenzyme NAD, the substrate benzyl alcohol (or intermediate
of AM1 and PM3 for small model systems of the LADH active benzyl alkoxide), and the water molecules found in the crystal
site indicates that although the energies differ, the optimized structure. The initial coordinates were obtained from the crystal
geometries are almost identical with AM1 and PM3. structure presented in ref 1. The system was placed in a
RHF/3-21G geometry searches for the 148-atom model wererectangular water box with periodic boundary conditions, and
performed for the hydride transfer step only. The relevant PM3 the dimensions of the box were chosen such that the minimum
stationary point geometries were used as initial structures for distance between the solute and the side of the box was 8 A. A
computational efficiency. In addition, single-point RHF/6-31G**  cutoff radius of 14 A was used for the nonbonded interactions.
and DFT/B3LYP/6-31G** energies at the RHF/3-21G-opti- All atoms in the system were allowed to move during the
mized structures (denoted RHF/6-31G**//3-21G and DFT/ minimizations and the molecular dynamics simulations. The
B3LYP/6-31G**//3-21G, respectively) were carried out. bonds involving hydrogens were constrained using the SHAKE
Interpretation of the wave functions resulting from these algorithm?3
electronic structure calculations was aided by the determination ~The standard GROMOS parameters were used for the protein
of partial charges and the localization of molecular orbitals. The residues, and the SPC/E model was used to describe the water
CHELPG method was used to calculate the partial chafges. molecules. The partial charges for the substrate (benzyl alcohol
The Boys method® which involves maximization of the sum  and benzyl alkoxide) were obtained from CHELP@nalyses
of the distances between orbital centroids, was used to localizebased orab initio calculations at the RHF/6-31G** level. Polar
the canonical molecular orbitals generated at the RHF/3-21G hydrogens were added to the protein residues, coenzyme, and
level. This enabled an analysis of the bonding in terms of the substrate. The two hydrogen atoms on teearbon of the
more physically intuitive LMOs. alcohol were also added. The united atom approach was used
Several different electronic structure packages were utilized for the remaining atoms. The protonation states of the histidines
for these calculations. All PM3 calculations, 43-atom model and the cysteines were chosen to be the same as in ref 16. A
RHF calculations, and 148-atom model RHF/3-21G transition- bonded approach was used to describe the interaction of the
state searches were carried out using the electronic structuredmino acid ligand atoms and the zinc ions to maintain
package GAMESS® The 43-atom model DFT calculations plus appropriate geometries around the zinc ions. The substrate
the 148-atom model RHF/3-21G minimum geometry searches ligands were allowed to interact solely by nonbonded potentials.
were carried out using Gaussian®8he RHF/6-31G**//PM3, The equilibrium bond lengths and angles, as well as the force
DFT/B3LYP/6-31G**//[PM3, RHF/6-31G**//RHF/3-21G, and  constants, for the zineligand bonds were obtained from the
DFT/B3LYP/6-31G**//RHF/3-21G single-point energy calcula- Parametrization of the zinc ion in HLADH developed by Ryée.
tions for the 148-atom model were carried out using Q-Ckem.  For simplicity the noncatalytic zinc bonding terms included only
All energy and energy gradient convergence criteria used weredistance restraints.
defaults in the particular software package used except for the The system was equilibrated prior to the collection of
RHF/3-21G transition-state geometry searches, where the energynolecular dynamics data. Each equilibration step consisted of
gradient convergence criterion was relaxed an order of magni- @ steepest descent energy minimization (with an energy threshold
tude to a maximum of 0.001 hartree/bohr and an RMS of one- 0f 0.024 kcal/mol) followed % a 5 psmolecular dynamics
third of this. (In addition, one of the transition states was also Simulation. Harmonic positional restraints were applied during

obtained with the energy gradient convergence criterion set to these equilibration steps. The initial force co_n_stan_t was 100 kcal/
mol and was scaled by 0.5 after each equilibration step. After

11§Sg)g§§hmer’ S.; Daggett, V.; Koliman, Rl. Am. Chem. Sod 991 four equilibration steps of this type (with force constants of 100,
(37) Breneman, C. M.; Wiberg, K. B. Comput. Chen.99Q 11, 361. 50, 25, and_ 12.5 kcal/mo_l)_, the final _eqwhbratlon step was
(38) Boys, F. SThe Quantum Theory of Atoms, Molecules and Splids performed without any positional restraints. The duration of this

Academic Press: New York, 1966. final step was chosen to ensure equilibration. The time step for

(39) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.; ; ; :
Gordon, M. S. Jensen. J. H.: Koseki. S.: Matsunaga. N.: Nguyen. K. A.: all molecular dynamics simulations was 1 fs, and the temperature
Su, S.; Windus, T. L.; Dupuis, M.; Montgomery, J. A. Comput. Chem. was 300 K.

1993 14, 1347.

(40) Gaussian 98, Revision A.6: Frisch, M. J.; Trucks, G. W.; Schlegel, Results and Discussion
H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.;

Montgomery, J. A., Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam,  The aim of the computational studies presented in this paper
J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; s tg elucidate the mechanism of proton and hydride transfer in

B ,V.; Cossi, M.; C i, R; M i, B.; Pomelli, C.; Adamo, C.; o .
Cliford. S+ Octterski. 1- Petorsson. G A - A;’;ﬂae B cul Q.. the LADH-catalyzed oxidation of benzyl alcohol. First we

Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, describe electronic structure calculations on the 43-atom model
%’Bk'; C'0F§|0V}¥Sk', i O'rt;Z'é' Vi SttefaSOVMB'tB';lliluﬁ GI-:; Llaghink}% '/{'\H; system to provide an indication of the reliability of the basis
Iskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; FOX, D. J.; Kelln,
T.. AlLaham, M. A.. Péng, C. Y.. Nanayakkara, A.. Gonzalez, C.. sets angl methods for thesel types of systems. Then we present
Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; €lectronic structure calculations on the larger 148-atom model

Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, J. of the enzyme active site. In addition to discussing the entire
A., Gaussian, Inc., Pittsburgh, PA, 1998.

(41) Johnson, B. G.; Gill, P. M. W.; Head-Gordon, M.; White, C. A.; (42) Scott, W. R. P.; Huenberger, P. H.; Tironi, I. G.; Mark, A.; Billeter,
Baker, J.; Maurice, D. R.; Adams, T. R.; Kong, J.; Challacombe, M.; S. R.; Fennen, J.; Torda, A. E.; Huber, T.;"igar, P.; van Gunsteren, W.
Schwegler, E.; Oumi, M.; Ochsenfeld, C.; Ishikawa, N.; Floria.; F. J. Phys. Chem. A999 103 3596.

Adamson, R. D.; Dombroski, J. P.; Graham, R. L.; Warshel, A., Q-Chem, (43) Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H. JJQComput. Phys.
Inc., Export, PA, 1997. 1977, 23, 327.



Proton and Hydride Transfer in LADH J. Am. Chem. Soc., Vol. 122, No. 19, 20807

Table 1. Relevant Geometrical Values for the Transition State of the 48-Atom Model Obtained at Various Levels ofTheory
r(Co—Ca) (&) r(Co—H) (R) r(H-Ca) (R) r(Co—O)(A) r(0—zn)(A) O(Co—H—Ca) (deg) [(Co—O—2n) (deg)

PM3 2.86 1.32 1.55 131 2.05 173.8 131.7
RHF/3-21G 2.60 1.29 1.34 131 1.85 163.8 167.3
RHF/6-31G** 2.67 1.29 1.42 1.28 1.97 161.5 165.3
RHF/TZV(d,p) 2.68 1.29 1.43 1.28 2.00 162.5 165.0
DFT/B3LYP/6-31G** 2.70 1.26 1.47 131 1.97 162.9 152.8

aThe parameters are defined in Figure 2.

Table 2. Energy of the Transition State of the 48-Atom Model Relative to the Separated™M&Rlogue [GHON;]" and Zinc-Bound
Alkoxide [C7H12ONZnS]~ lons for Various Levels of Theory

AE (kcal/mol) AE (kcal/mol)
PM3 54.0 RHF/6-31G**//RHF/3-21G 48.3
RHF/3-21G 60.2 DFT/B3LYP/6-31G**//PM3 57.2
RHF/6-31G** 50.6 DFT/B3LYP/6-31G**//RHF/3-21G 71.0
DFT/B3LYP/6-31G** 72.3 DFT/B3LYP/6-31G**//[RHF/6-31G** 71.1
RHF/6-31G**//PM3 24.7

minimum energy path for the three proton transfer reactions geometrical differences between RHF/3-21G and higher levels
and the hydride transfer reaction generated at the PM3 level,of theory do not appear to have a large effect on relative
we describe higher leveab initio studies of the hydride transfer  energetics. In contrast, PM3 geometries do not provide an
step. We present a detailed analysis of the geometries, energeticadequate basis for higher level single-point energy calculations.
and localized molecular orbitals for the hydride transfer step. To summarize, we conclude that, while it is preferable to use
Furthermore, after the discussion of these electronic structuregeometries determined at the RHF/6-31G** level for higher
calculations, we describe classical molecular dynamics simula-level single-point energy calculations, the RHF/3-21G level
tions of the solvated LADH dimer. All of these computational provides reasonable geometries for such calculations in the case
studies provide insight into the mechanism of proton and hydride of the 43-atom model. Furthermore, given the chemical nature
transfer in LADH. of the 43-atom model, we expect similar behavior in the 148-
We performed electronic structure calculations on the 43- atom model.

atom model system to determine the reliability of a range of  The electronic structure calculations presented in the remain-
basis sets and methods for the description of intramolecular der of this paper are on the 148-atom model of the LADH active
chemical interactions similar to many of those seen in the larger site. We used this 148-atom model to investigate two possible
148-atom model. Table 1 presents relevant geometrical valuesmechanisms for alcohol oxidation: in mechanism A the proton
for hydride transfer transition states obtained for the 43-atom relay occurs prior to the hydride transfer, and in mechanism B
model using various levels of theory. As expected, PM3 pro- the hydride transfer occurs prior to the proton relay. Although
vides the least reliable description, exhibiting considerable these two mechanisms assume the proton and hydride transfer
differences in geometry compared to the higher levels of reactions are sequential, we also analyzed the motion of the
theory. With respect to basis set effects, comparison of RHF/ protons during the hydride transfer step to investigate the
3-21G to RHF/6-31G** illustrates that the lower quality basis possibility of a concerted reaction. In addition, we emphasize

set leads to some geometrical differences: the-Ca dis- that numerous transition states and minima with small geo-
tance is shorter by 0.07 A, the+C, distance is shorter by  metrical differences at the periphery of the system exist for this
0.08 A (while the G—H distance is unchanged), and the-ZD relatively large model. Since these small geometrical differences

distance is shorter by 0.12 A. Comparison of calculated are not expected to alter the overall qualitative mechanism, the
parameters at the RHF/6-31G** and RHF/TZV(d,p) levels structures presented in this paper can be viewed as representative
suggests that the 6-31G** basis set provides a good descriptionof this large group of structures.
of this system. With respect to electron correlation effects, Despite the evident limitations of the PM3 method (see Tables
comparison of RHF/6-31G** to DFT/B3LYP/6-31G** indicates 1 and 2), we used it to generate MEPs for mechanisms A and
that there is a small effect on the transition-state geometry, mostB. The relative inexpensiveness of the PM3 method allowed
notably for the G—H—Ca bond lengths, where thesSH and us to calculate the entire minimum energy path, including the
H—Ca distances are shortened and lengthened by 0.03 and 0.0%hree proton transfer reactions and the hydride transfer reaction,
A, respectively, and the $-0—Zn angle, which is reduced by  thereby providing a useful starting point for our study. The
12.5. MEPs obtained with the PM3 semiempirical method for
In addition to establishing the basis set and correlation effects mechanisms A and B are shown in Figure 4. (Note that both
on the geometry of the 43-atom model, we also determined the MEPs are relative to the same zero of energy.) For both
sensitivity of the energies to the geometrical differences. For mechanisms, the MEPs for the individual reactions joined
this purpose we calculated the energies of the transition statesogether in a way that resulted in the overall smooth MEP shown
relative to the separated NADanalogue [GHgON,]* and zinc- in Figure 4. In both cases the proton relay studied was stepwise
bound alkoxide [GH1,0NZnS] ~ ions for the various levels of  with the three steps in the order indicated in Figure 1. These
theory. The relative energies presented in Table 2 illustrate thattwo mechanisms do not represent all possible ways in which a
geometries determined at the RHF/3-21G level provide an hydride and three protons can be transferred. For example, two
adequate basis for higher level single-point energy calculations or more of the steps could be concerted, and different orderings
for the 43-atom model. The calculated relative energies for RHF/ of the various steps could occur. Our search for other mecha-
6-31G**//RHF/3-21G and RHF/6-31G** differ by only 2.3 kcal/  nisms involving concerted steps or a different ordering of the
mol, and those for DFT/B3LYP/6-31G**//RHF/3-21G and DFT/ proton transfer steps, however, resulted in very high energy
B3LYP/6-31G** differ by only 1.3 kcal/mol. Thus, the intermediate structures. The intermediate with only PT3 trans-
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80 Table 3. Relevant Geometrical Values for the Reactant, Transition
(a) State, and Product Structures Obtained at the RHF/3-21G Level for
PT3 Hydride Mechanism A and Mechanism B with the 148-Atom Mddel

mechanism A mechanism B

66 crystal
reactant TS product reactant TSstructure
62 Cp—Ca distance (&) 3.74 259 4.18 459 2.58 3.35

Cp—Hdistance (&) 1.09 1.30 349 109 1.35
140.75 141.25 141.75 H—Cadistance (A) 3.62 130 1.08 513 124

D
o

PT1

E (kcal/mol)
8

Cp—H—Ca angle 879 1679 1231 55.1 165.9
(deg)
20 Zn—Odistance (A) 1.88 1.93 192 337 511 2.05
PT1 distance (A) 266 2.69 2.68 261 2.63 3.10
PT2 distance (A) 244 255 263 260 254 2.76
PT3 distance (A) 244 268 4.00 261 248 2.63
0 — . X 6 angle (deg) 108.4 112.6 116.2 1089 1156
0 100 200, 300 ac angle (deg) 10 130 142 22 147 07
Reaction coordinate (amu “bohr) o angle (deg) 0.4 76 10.7 1.0 88 -13
80 a2Cp and G represent the donor (substrate) and acceptor (NAD
(b) carbon atoms, respectively, H represents the transferring hydride, and
32 O represents the substrate oxygen ligated to the zinc in Figure 1. The
PT1, PT2, and PT3 distances refer to the distance between the proton
60} 28} donor and acceptor for each proton transfer reaction, as labeled in Figure
. . 1. The angle®), oc, andoy are defined in Figure 3. The values from
B 8825 8875 89.25 PT2 the crystal structure presented in ref 1 are given for comparison.
E PT
© 40 100 .
(x) Hydride Mech. B
w 80 |
20
= 60Ff
(=]
E
w40
0 . £
0 100 200 300 o
. . 172 20
Reaction coordinate (amu “bohr)
Figure 4. Minimum energy paths calculated with the semiempirical 04
PM3 method for the 148-atom model for (a) mechanism A and (b)
mechanism B. The transition states for the four reaction steps are labeled 20 .
as in Figure 1. The insets depict magnifications of the hydride transfer Reactant T.S. Product
step. Figure 5. Relative energies for the reactant, transition state, and product

. . . . . for the hydride transfer reaction optimized at the RHF/3-21G level.
ferred is 24.6 kcal/mol higher than the intermediate with only 1. circles and squares represent the points for mechanism A and

PT1 transferred, and the intermediate with only PT2 transferred mechanism B, respectively.
could not be located. The preference for the initial proton trans-

fer step corresponding to PT1 rather than PT3 may be due t0|inear for both mechanisms. The Z@ distance is significantly
the high energy of a protonated alcohol (SegOHrelative to larger for mechanism B than for mechanism A, as expected
a protonated imidazole (His51). In addition, we observed that gince for mechanism A the oxygen atom is deprotonated (i.e.,
for each proton or hydride transfer step the other three non- e hydrogen on the oxygen for mechanism B decreases the
reactive hydrogen atoms did not move significantly, suggesting g|ectrostatic attraction between the oxygen and the zinc). Note
a sequential mechanism at the PM3 level. (The average changgnat the zr-O distance would not be allowed to become so
in bond length for the nonreactive hydrogen atoms was found large in the presence of the remainder of the enzyme (i.e., the
to be 0.01 A)) A more detailed analysis of the energetics of |arge zn-O distance for mechanism B is due to the limited
these MEPs is problematic since, as shown in Tables 1 and 2,gj7¢ of the model system). Finally, we observed that the NADH
the PM3 energies are unreliabl_e and the PM3 structures do NOting puckering anglesic and oy in the product structure are
appear to be adequate for higher level single-point energy gjightly larger than those calculated for substituted 1,4-dihy-

calculations. ) ~ dropyridines by Wu and Houk This difference may be due
To obtain more reliable structures, we performed calculations o the inclusion of a portion of the enzyme active site

at the RHF/3-21G level. (As described above, calculations on apvironment in our 148-atom model.

the smaller 43-atom model indicate that the RHF/3-21G  pg rejative energies at the RHF/3-21G level for the hydride
geometries are reasonable.) Due to the substantial computationa), ; nsser steps of mechanisms A and B are shown in Figure 5.

cost, we determined only the reactant, transition state, andThe RHF/6-31G*//RHF/3-21G and DFT/B3LYP/6-31G**//
product structures for the hydride transfer step. Table 3 providesgyir/3.51 G relative energies for reactants, transition states, and
the important geometrical values for the reactant, transition State'products are shown in Figure 6. The numerical values of the
and product structures for the hydride transfer step for both \ojative energies for the various levels of theory are given in
mechanisms at the RHF/3-21G level. The donor (substrate) andrgpie 4. Note that we were unable to find a minimum
acceptor (NAD) carbon atoms for the hydride transfer are o, osenting the intermediate product for mechanism B (i.e., a
denoted @ and G, respectively. As expected, theo€Ca structure in which the hydride is transferred but the protons

distaljce in the transition state for hydriqle transffer is shorter i olved in the proton relay are not transferred). Instead, we
than in the crystal structure (where this distance is 3.35 1A

addition, the G—H—Cx angles in the transition states are nearly (44) Wu, Y.-D.; Houk, K. N.J. Am. Chem. Sod.991, 113 2353.




Proton and Hydride Transfer in LADH J. Am. Chem. Soc., Vol. 122, No. 19, 20809

100 " bond, the order of the hydride transfer and the PT3 reaction is
not well-defined. Moreover, we found that the distance between
80 | 1 the proton and the Ser48 oxygen is 1.06, 0.99, and 0.98 A for

the reactant, transition state, and product structures for mech-
anism A. These results are consistent with the suggestion in ref
9 (based on the experimentally measured inverse solvent
deuterium isotope effect) that the reactant is a zinc-bound
alkoxide with a strong hydrogen bond to Ser48 and that the
hydride transfer is accompanied by some proton motion (in this
case, only~0.08 A). Note that, in related work, Turner, Moliner,
and Williamg” found that the transition state for the reduction
of pyruvate by lactate dehydrogenase suggests proton motion
during the hydride transfer. We emphasize that a more rigorous

(solid line) and DFT/B3LYP/6-31G**//RHF/3-21G (dashed line) levels '”Vesf“gat'on of the relation b?twee” thz '?rOtOrr]'. "‘;:‘d lhydrl'def
for the reactant, transition state, and product geometries. The circlestransfer reactions requires a larger model, a higher level o

and squares represent the points for mechanism A and mechanism Belectronic structure theory, and the quantum mechanical treat-
respectively. ment of the transferring hydrogen nuclei. This is a direction

for future research.

found that the proton relay occurred spontaneously after the  Tg elucidate the electronic differences between mechanism
transition state (i.e., there are no barriers to the proton relay, soA and mechanism B, we analyzed the LMOs obtained with the
the system progresses straight to a product similar to that inBoys method® Figures 7 and 8 illustrate the LMOs for
mechanism A, where all protons in the proton relay are mechanism A and mechanism B, respectively. In each figure,
transferred). The differences in the energies of the products forthe left and right columns depict LMOs for the reactant and
mechanism A and mechanism B are due to geometrical transition state structures, respectively. Although not shown, this
differences in other parts of the model. (Such relatively large analysis was also performed for the product structures.
systems contain numerous transition states and minima that rigyre 7 presents the relevant LMOs for mechanism A. Parts
differ mainly in the periphery of the model.) Note also that the 5_p, of Figure 7 depict the four LMOs involving the oxygen
calculated energies given in Table 4 do not include zero-point 5¢om ligated to the zinc. Parts a and b of Figure 7 depict the
energy or entropy effects. Unfortluna'tely, these effects cannot | \j0s representing a lone pair on this oxygen atom. These
be included since an exact Hessian is unavailable at the RHF/gppitals are virtually identical for the reactant and transition state
3-21G level due to computational expense. structures. In both cases the lone pair is directly oriented toward

Atall three levels of theory, mechanism A follows the lower  the zinc. Parts ¢ and d of Figure 7 depict the LMOs representing
energy path, and the activation energy barrier for hydride transfer 5nother Ione pair on the oxygen atom. These orbitals are
is lower for mechanism A. Thus, all of these results suggest sjgnificantly different for the two structures. For the reactant
that mechanism A is more favorable than mechanism B. (NOte gicture this orbital is partially oriented toward the zinc, while
that computer simulations have supported a similar mechanismyor the transition state structure this orbital represents the early
for another enzyme, malate dehydrogerf@s@s illustrated by stages of a §-0  bond. Parts e and f of Figure 7 depict the
the calculations on the 43-atom model, although the struc- | mOs representing a £-O o bond and are very similar for
tures obtained at the RHF/3-21G level are reasonable, thethe reactant and transition state structures. Parts g and h of Figure
energetics are unreliable without inclusion of electron correla- 7 gepict the LMOs representing the hydrogen bond to Ser4s.

tion. One indication of this unreliability is the prediction of an - These LMOs are similar for the reactant and transition state
exothermic hydride transfer at the RHF/6-31G**//RHF/3-21G  gtryctures, although small differences are observed due to the

level, which is inconsistent with the experimental evidence that \yeakening of the hydrogen bond during the reaction. (This
the alcohol reactant is favored at equilibridfnThe DFT/ weakening of the hydrogen bond is consistent with the
B3LYP/6'31(3**/_/RHF/3'2_16 level of theory, Wh'Ch_ includes hypothesis that proton motion accompanies the hydride trans-
electron correlation, predicts an endothermic reaction and thusfgr 9) parts i and j of Figure 7 depict the LMOs directly involved
is qualitatively consistent with experiment. Moreover, neglecting i the hydride transfer reaction. In the reactant this orbital
the effects of zero-point energy and entropy, the barrier height yopresents a standarg€H bond, while in the transition state
and endothermicity obtained at the DFT/B3LYP/6-31G**//  tnis orbital represents a two-electron three-centgrB—Ca
RHF/3-21G level for mechanism A (21.9 and 4.9 kcal/mol, hond, To summarize, this LMO analysis indicates that in the
respectively) agree qualitatively with the experimental free yansition state one of the lone pairs on the oxygen atom forms
energies of activation and reaction (15 and 1 kcal/mol, {4 early stages of ag=-O  bond. Although not shown, in
respectively). _ _ _ the product the -0 double bond is completely formed, and
We have analyzed the motion of the protons involved in the the G,—H—C, bond in the transition state becomes g
proton relay during the hydride transfer step for mechanism A. 5.
The average change in bor_1d length for the three protons duri_ng In contrast to mechanism A, in mechanism B the zinc is far
the hydr!de transfer reaction was founc_i to be 0'03_) A. This from the oxygen atom and thus is not involved in the hydride
observation suggests that the deprotonation and hydride transfet,, \ofar step. As above, partsa of Figure 8 depict the four
steps are sequential rather than concerted. As shown in Taqu_MoS involving the OX);gen atom. Parts a and b of Figure 8
3, however, the distance be_tween the su_bstrate oxygzn_and th(fiepict the LMOs representing a lone pair on this oxygen atom.
Ser48 oxygen (corresponding to PT3) is only 2.44 A in the pege orpitals are virtually identical for the reactant and
reactant state for mechanism A. Due to this very strong hydrogeny»ition state structures. Moreover, these orbitals differ from
(45) Cunningham, M. A.; Ho, L. L.; Nguyen, D. T.; Gillilan, R. E.; Bash,  those for mechanism A in that they do not interact with the

P. A. Biochemistry1997 36, 4800.
(46) Sekhar, V. C.; Plapp, B. \Biochemistry1l99Q 29, 4289. (47) Turner, A. J.; Moliner, V.; Williams, I. HPCCP 1999 1, 1323.
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Figure 6. Single-point energies at the RHF/6-31G**//RHF/3-21G
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Table 4. Relative Energies for the Hydride Transfer Reaction Calculated at the RHF/3-21G, RHF/6-31G**, and DFT/B3LYP/6-31G** Levels
for Geometries Optimized at the RHF/3-21G level for Mechanism A and Mechanism B with the 148-Atom?Model

RHF/3-21G RHF/6-31G**//RHF/3-21G DFT/B3LYP/6-31G**//RHF/3-21G
mech A mech B mech A mech B mech A mech B exptl
reactant 0.0 0.0 0.0 0.0 0.0 0.0 0
TS 43.2 (38.6) 67.1 37.7 (38.2) 48.7 23.6 (21.9) 34.6 15
product 5.2 9.5 -8.3 -8.9 4.9 2.8 1

a Experimental values are free energies obtained by the application of transition-state theory to the rates given in ref 4. The calculated values do
not include zero-point energy or entropy effects. The values given in parentheses are for the transition state obtained with the tighterroptimizatio
criteria. All energies are given in kilocalories per mole.

zinc. Parts ef of Figure 8 depict the LMOs of the oxygen by the smaller angle) for the secondary hydrogen on the
atom that are significantly different for the reactant and transition substrate alcohol in the transition state for mechanism A (212.6
state structures. For the reactant structure, (c) represents a lonéhan for mechanism B (115’6 This angled, which is defined
pair on the oxygen atom and (e) represent$a 0 o bond. In in Figure 3, provides an indication of the hybridization aof,C
contrast, for the transition state structure (d) and (f) represent awhere smaller values indicate a more alcohol-like transition
nearly fully formed G—O double bond (i.e., two nearly state. Typically an earlier transition state indicates a lower
equivalent LMOs including botlo and r character). Parts g  energy barrier for reaction. Thus, this earlier transition state,
and h of Figure 8 depict the LMOs representing thekbond which is caused in part by the interaction of the substrate oxy-
and are similar for the reactant and transition state structures.gen with the zinc, provides an explanation for the lower bar-
Parts i and j of Figure 8 depict the LMOs directly involved in rier in mechanism A than in mechanism B. In addition to
the hydride transfer reaction. As for mechanism A, in the energetic considerations, experimental studies indicating an
reactant this orbital represents a standage-8 bond, while in early, alcohol-like transition state for benzyl alcohol oxidation
the transition state this orbital represents a two-electron three-by yeast alcohol dehydrogenase support mechanism A over
center G—H—Cx bond. To summarize, this LMO analysis mechanism B?&-52

indicates that in the transition state one of the lone pairs onthe  To examine the dynamical effects of the solvent and enzyme,
oxygen atom combines with thex€O o bond to formanearly e performed classical molecular dynamics simulations on the
complete G—O double bond. This observation provides an solvated LADH dimer prepared as described above. We
explanation for our inability to find an intermediate product state performed two different types of classical molecular dynamics
for mechanism B in which the proton relay has not yet occurred. simulations. In the first type of simulation (MD1), which is
In other words, the completion of the double bond occurring relevant to mechanism A, the hydride is still on the substrate
very soon after the transition state induces the deprotonation ofpyt the proton is no longer on the substrate (i.e., subsequent to
the alcohol. the proton relay but prior to the hydride transfer). In the second
These calculations provide an explanation for the lower type of simulation (MD2), which is relevant to mechanism B,
overall energy of the reaction path in mechanism A than in poth the hydride and the proton are still on the substrate (i.e.,
mechanism B. In mechanism A the lone pair orbitals on the prior to both the proton relay and the hydride transfer). As shown
oxygen atom interact favorably with the zinc throughout the in Figure 9, for MD1 the average g=Ca distance for the
reaction, while in mechanism B the lone pair orbitals on the hydride transfer step is 3.56 A, while for MD2 the average
oxygen atom do not experience such favorable interactions. ThisC,—C, distance for the hydride transfer step is 4.03 A. We

difference is confirmed by a CHELPG charge analysis for the also observed that for MD1 the average-Zn distance is 1.84
transition state structures. For mechansim A the charge on zincA, while for MD2 the average zrO distance is 2.01 A.

is 0.795 and the charge on the ligating oxygen atomds540. (Note that these distances are shorter than those observed in
For mechanism B the charge on zinc is 0.586 and the chargesthe electronic structure calculations described above due to
on the substrate oxygen and hydrogen-afe364 and+0.211, inclusion of the entire solvated enzyme.) The shorter-@n

respectively. In addition, the ZrO distance is 1.93 A in  distance for MD1 is due to the stronger interaction of the
mechanism A and 5.11 A in mechanism B. Thus, the stabilizing alkoxide than the alcohol with zinc. This stronger -Z0

electrostatic interaction between the zinc and substrate is muchinteraction restricts the motion of the substrate and thus leads

greater for mechanism A than for mechanism B. This effect is to a shorter averagedS Ca distance. Furthermore, the shorter
found in the reactant and product structures as well as the C,—C, distance decreases the barrier for hydride transfer. Thus,
transition state structures. These calculations suggest thathese molecular dynamics simulations are consistent with the

stabilization by the zinc is at least partly responsible for the hypothesis that the deprotonation of the substrate facilitates the
lower overall energy of the reaction path of mechanism A hydride transfer step.

relative to that of mechanism B. ) We also analyzed the NADbending motion during the
These results also provide an explanation for the lower y,jecylar dynamics simulations. We found that for mechanism
activation energy barrier for hydride transfer in mechanism A 5 ac = 1.4 + 4.6° anday = 2.6 + 4.5 (where these angles
than in mechanism B. Figures 7 and 8 indicate greaier@ are defined in Figure 3 and the estimated errors are the standard
double bond character in the transition state for mechanism B rms deviations). These values are close to those obtained from
than for mechanism A. This difference suggests that mechanismg, - gectronic structure calculations on the reactant structure

A exhibits an earlier, more alcohol-like transition state than for the 148-atom model. as shown in Table 3. Note that our
mechanism B. (Note that the smaller degree of double bond ’

character in the transition state for mechanism A is due in part (48 Klinman, J. PJ. Biol. Chem1972, 247, 7977.

to the competing interaction of the lone pair oxygen orbitals  (49) Klinman, J. PBiochemistry1976 15, 2018. '

with zinc in mechanism A.) The earlier transition state is also 19(23)0%"6'3“ K. M.; Creighton, D. J.; Klinman, J. Biochemistry198Q
indicated by the smaller £-H distance in the transition state (51) Cha, Y.; Murray, C. J.; Klinman, J. Bciencel989 243 1325.
for mechanism A (1.30 A) than for mechanism B (1.35 A) and  (52) Rucker, J.; Klinman, J. . Am. Chem. Sod.999 121, 1997.
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Figure 7. Localized molecular orbitals obtained at the RHF/3-21G  Figure 8. Localized molecular orbitals obtained at the RHF/3-21G
level for mechanism A. The left and right columns depict LMOs for level for mechanism B. The left and right columns depict LMOs for
the reactant and transition state structures, respectively. The LMOs areth€ reactant and transition state structures, respectively. The LMOs are
identified as follows: (a) and (b) represent lone pairs on the substrate 'dentified as follows: (a) and (b) represent lone pairs on the substrate
oxygen directed at the zinc; (c) and (d) represent a lone pair on the ©Xygen; (c) and (d) represent a lone pair on the oxygen and half of a
oxygen and a partial -0 x bond, respectively; (e) and (f) represent double G—0 bond, respectively; (e) and (f) represent© o bond
Co—O o bonds; (g) and (h) represent lone pairs on the oxygen and half of ad_ouble §_:—O bond, respectively; (g) and (h) represent
hydrogen-bonding to Ser4s; (i) and (j) representsa-8 bond and a O—H bonds; (i) and (j) represent aD.eH bond and a two-electron
two-electron three-centersS H—C, bond, respectively. three-center §-H—Ca bond, respectively.

molecular dynamics simulations involved only NADPwhich Conclusions
is expected to be nearly planar, in contrast to the ring puckering
of NADH, which has been studied by Wu and Hétiand by
Almarsson and Bruice?

In this paper we presented calculations aimed at elucidating
the mechanism of the oxidation of benzyl alcohol by LADH.
Our calculations support the hypothesis that alcohol deproto-
(53) Almarsson, Q Bruice, T. C.J. Am. Chem. S0od.993 115, 2125. nation (i.e., the proton relay) occurs prior to the hydride transfer
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5.0 , - - of the aldehyde product. This competition results in an earlier,
(@) more alcohol-like transition state and thus a lower activation

A8 1 energy barrier for the alkoxide substrate than for the alcohol
< substrate.

g 42 The classical molecular dynamics simulations on the entire
g .5 solvated LADH dimer indicate that the average distance between
I the donor and acceptor carbon atoms for the hydride transfer
& step is significantly smaller after the proton relay than before

[
'S

the proton relay. The shorter doneacceptor distance after the
proton relay is due to the stronger electrostatic interaction of

I

0 20 40 60 80 100 the alkoxide than the alcohol with the zinc, which restricts the
Time {ps) motion of the substrate. The activation energy barrier for hydride

50 transfer decreases as the donacceptor distance decreases.
’ ®) Thus, .the classical mo!ecular dynamics simulations are consis-
a6 tent with the hypothesis that the alcohol deprotonation lowers

‘ y the barrier for hydride transfer.

a2 M m I ) ‘ ) ( In this paper we have neglected nuclear quantum effects,
=|*‘ \ \ ‘H‘ m J which have been shown to be important for alcohol dehydro-

‘ /“ A \ ‘ Wb genase reactiortd:5458 In another paper we use the active site

| ‘ W model introduced in this paper to investigate the nuclear quan-

|
h

C,-C, distance (A)
w
o

34 | | tum effects for the hydride transfer step of the LADH-catalyzed
alcohol oxidatiorP® Future work will focus on mixed quantum/
3.0 : . - - classical molecular dynamics simulatiéhsf this reaction in
0 20 4T°ime (p:)o 8 100 the presence of the entire solvated LADH dimer.
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