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Abstract: Molecular dynamics simulations of ground and transition states have been carried out to 540 ps for
the Sy2 displacement of Cl from 1,2-dichloroethane (DCE) by the Aspl124-£(at the active site of the
haloalkane dehalogenase frofanthobacter autotrophicu€J10. The nucleophilic carboxylate of Asp124-

CO,™ is electrostatically stabilized in the enzymsubstrate (ES) complex by hydrogen bonding. OD1 of
Aspl124-CQ~ is hydrogen bonded to water396 and the backbone amide hydrogens of Glu56 and Trp125.
The nucleophilic oxygen (OD2) of Aspl124-GOis hydrogen bonded to water323. This is a stable but
nonreactive conformation. The kinetically essential near attack conformations (NACs) are formed when
water323 dissociates to allow the C(1) of the gauche conformation of DCE to be withi from the
nucleophilic OD2 of Asp124-Cg while CI(1) is hydrogen bonded to the indole NH of Trp125. By comparing

the molecular dynamics simulations for the ES complex and the enzyme transition-state (TS) structure, one
can observe the changes in the active site structure in the course of the reaction. In contrast to the NAC with
a single hydrogen bond between Trp125 and CI(1), the TS has two hydrogen bonds to the leaving CI(1), the
Trp125 hydrogen bond (2.48 0.29 A) and the Trp175 hydrogen bond (2.:240.19 A). Assistance of the

two tryptophan hydrogen bonds to lowering the activation energy may be about 2 kcal/mol. Certain hydrogen
bonds are critical to maintaining the tertiary structure of the active site and essential functions of water molecules
in the reaction. On comparing the NAC structures to the transition-state structures, hydrogen-bonding changes
are seen. These include the already-mentioned electrostatic interaction of Trp175 with CI(1) in the TS. Inthe
TS, we also observe the formation of a tight hydrogen-bonding matrix involving the water323, water392, and
water396. This matrix exactly positions water392 such that it (i) is a member of the triad Asp260-E>-
(0)N—His289-(¢)N---water392 and (ii) is aligned correctly to act as a nucleophile toward the carbonyl of the
alkyl-ester intermediate (Asp124-GOCH,CH,—Cl), formed upon departure of ClI In other words, the
ground state of the second enzymatic reaction is set up on reaching the transition state of the first reaction.
The hydrogen bond between OD2 of Asp260-C@nd H-(d)N of His289 exists in both ES and TS structures.
Aside from being a part of the catalytic triad for the second reaction, this hydrogen bond is responsible for
maintaining the active site structure. Disruption of this hydrogen bond by moving the imidazole proton from
H—(J)N to create H-(¢)N of His289 brings about deep-seated changes in the ES ground state such that NACs
are not formed. This hydrogen bond is similar to those between Asp and His in the serine esterases where it
may also play a role in the stability of the active site.

Introduction studied hydrolytic aromatic dehalogenase is 4-chlorobenzoyl
) coenzyme A (CoA) dehalogena&®. The reaction sequence
Halogenated organic compounds presently make up one Ofggems to be well understood (Scheme 2). The haloalkane
the largest groups of pollutants. They arise from a variety of gehaj0genase from the nitrogen-fixing bacteridemthobacter
sources, including but not limited to herbicides, pesticides, 5 iotrophicusGJ10 catalyzes the conversion of 1,2-dichloro-
solvents, hydraulic fluids, plasticizers, and chemical intermedi- gihane to 2-chloroethanol and chloride without the use of oxygen

ates. This fact has spawned an increasing interest in dehalo cotactors. The reaction sequence for this enzyme involves

genation mechanisms, and a concerted effort has been made tan Su2 displacement of chloride by Asp124-@Qproviding a
use and understand enzymatic dehalogenation for bioremediatiorbovmenﬂy bound ester intermediate (Schemeéag)d in a second

purposes. Seven general mechanisms are known for enzymatiGie the ester undergoes hydrolysis to yield 2-chloroethanol as
dehalogenation: (i) reductive dehalogenation, (ii) oxygenolytic

dehalogenation, (iii) hydrolytic dehalogenation, (iv) “thiolytic” (1) Fetzner, S.; Lingens, Microbiol. Rev. 1994 58, 641.
dehalogenation, (v) intramolecular substitution, (vi) dehydro-  (2) Zheng, ¥.-J.; Bruice, T. CJ. Am. Chem. Sod997 119, 3868.

. . ; (3) Liu, R.-Q.; Liang, P.-H.; Scholten, J.; Dunaway-Mariano JDAm.
halogenation, and (vii) hydration (Scheme!'1Yhe most well Chem. So0c1995 117, 5003.

(4) Taylor, K. L.; Liu, R.-Q.; Liang, P.-H.; Price, J.; Dunaway-Mariano,
*To whom correspondence should be addressed. E-mail: tcbruice@ D.; Tonge, P. J.; Clarkson, J.; Carey, P.Bfochemistryl995 34, 13881.
bioorganic.ucsb.edu. Fax: (805) 893-2229. (5) Crooks, G. P.; Xu, L.; Barkley, R. M.; Copley, S. D. Am. Chem.
T Abbreviations: DCE, 1,2-dichloroethane; ES, enzymaabstrate; TS, Soc.1995 117, 10791.
transition state; NAC, near attack conformation; MD, molecular dynamics; (6) Taylor, K. L.; Xiang, H.; Liu, R.-Q.; Yang, G.; Dunaway-Mariano,
rms, root mean square. D. Biochemistryl997, 36, 1349.
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product (Scheme 4). This hydrolysis is believed to involve the first step of catalysis by th¥. autotrophicushaloalkane
His289 and Asp260 as a catalytic diad, where His289 is involved dehalogenase (Scheme 3). Our choice of subject is dependent
in activating a molecule of water which hydrolytically cleaves upon the following: (i) existing experimental knowledge
the ester intermediate (Scheme84). concerning {2 displacements of anionic leaving groups by

This report describes molecular dynamics (MD) simulations @nionic nucleophiles and knowing that TS structures for such
of enzyme-substrate (ES) complexes and transition-state (TS) réactions are comparable in the gas and liquid phdgeSy2

structures associated with theSdisplacement of halogen in ~ displacements are associated with only one transition state (no
intermediates) such that use of quantum chemical calculations

(7) Verschueren, K. H. G.; Kingma, J.; Rozeboom, H. J.; Kalk, K. H.;
Janssen, D. B.; Dijkstra, B. \Biochemistry1993 32, 9031. (9) Shaik, S. S.; Schlegel, H. B.; Wolfe, Sheoretical Aspects of

(8) Pries, F.; Kingma, J.; Krooshof, G. H.; Jeronimus-Stratingh, C. M.; Physical Organic Chemistry. They® Mechanism John Wiley & Sons:
Bruins, A. P.; Janssen, D. B. Biol. Chem.1995 270, 10405. New York, 1992.
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are simplified, and (iii) a crystallographic structure Xt dichloroethane parameters and partial charges used for the ES

autotrophicushaloalkane dehalogenase is available at 1.9 A and complex were from Jorgensen et ®and the parameters for

a structure of this enzyme with 1,2-dichloroethane (DCE) at the enzyme were from Cornell et dl. Hydrogens were added

the active site is available at 2.4 A (Brookhaven Protein to the 2dhc crystal structure of the enzyme. The different

Database: lede and 2dhc, respectivéh: imidazoles foreN- and ON-protonated His289 were requested
As a model for the Asp124-CO attack on DCE, our inves-  through the use of Amber by distinguishing them as HID or

tigation began with the determination of transition-state struc- HIE histidines. In the ES Hi structure, thed-proton is

tures in the reactions of G0, (AcO~) with a number of hydrogen bonded to Asp260, while with the ESHtructure,

alkyl halides using ab initio (RHF/6-31G(d) and HF-SCRF/  thee-proton points away from Asp260 and toward Asp124. The

6+31G(d) levels of theory) and semiempirical (PN&nolec- starting structure to generate TS eHWwas obtained in the
ular orbital theory® The ab initio and semiempirical PM3 struc- ~ following manner. In a previous studg the transition state,
tures for the TS of the & displacement of Clfrom DCE by along with portions of the enzyme which include the 14 amino
AcO™, as judged by the extent of bond formation{(@I) and acid residues surrounding the substrate, were optimized using

breaking (C:-Cl), were quite comparable. Thus, for HF-SCRF/ PM3. In the PM3 optimization of the transition state and
6-31+G(d) and PM3, the ratios of bond breaking¢C---Cl)/ surrounding cavity, the peptide backbone atoms were held fixed
(C—ClI), equal 1.30 and 1.24, respectively, and the ratios of bond to the original X-ray crystallographic coordinates. Thus, it was
making,r(C—0)/(C:++0), equal 0.66 and 0.74, respectively. The a simple procedure to overlay the peptide backbones of the PM3-
use of ab initio molecular orbital theory to include the substrate optimized transition state and surrounding amino acids onto the
and surrounding enzyme amino acids is not feasible. However, peptide backbones of the crystal structure of the ES complex,
because our semiempirical and ab initio TS structures are quiteremove the overlapped structure, and join in place the PM3
comparable, we can use PM3 molecular orbital theory for this optimized structure carrying the TS. A 50-step steepest decent
purpose. In our second study using PM3 semiempirical minimization was performed to provide the starting structure
molecular orbital theory* we examined the reaction coordinate for TS Hle simulations in which the His288proton is directed

and transition-state structure for the reaction of Asp124-CO  slightly toward Asp260 and thé-nitrogen points away from
with DCE including the other surrounding 13 amino acids that Asp260. The TS H} structure was taken from the fully
make up the active site of. autotrophicushaloalkane deha-  composed TS R enzyme structure. Because His289 was
logenase. We found the transition state in the enzymatic modelrotated such that th&nitrogen was pointed away from Asp260,
reaction to be only slightly expanded when compared to the the His289 side chain was manually rotated 2160ch that the
simple reaction of AcO with DCE calculated with PM3 proton on thedN could hydrogen bond with a carboxylate
molecular orbital theory in the gas phase. Thus, the@and oxygen of Asp260. To maintain TS integrity throughout the
the G--Cl distances in the model active site as compared to MD calculations, we assigned large force constants to the
the gas phase are 1.965 vs 1.942 A and 2.228 vs 2.196 A transition-state bonds being made and broken and the associated
respectively. In our present report, we use MD simulations to O-+-C:--Cl angle. These parameters are provided in the
study the entire enzyme as the enzymsabstrate complex and ~ Supporting Information. The partial charges used for the TS
the transition-state structure. Observations have been madestructure were derived from ab initio calculations at the 6-31G-
which deal with the change of substrate orientation at the active (d) level of theory, using the electrostatic potential at points
site, the profound dependence of enzyme structure on theselected by the CHelpG scherfe.In all the simulations, a
protonation state of His28%N vs 6N), and the change in  spherical CAP of waters was requested to be added within 15
protein conformation and positioning of water molecules in the A of the nucleophilic oxygen (OD2) of Asp124-GOusing
ground-state attack conformation and the transition state. Of the EDIT module of AMBER 4.1°> However, crystallographic
particular concern is the integrity of a hydrogen bond between waters seem to have been sufficiently dense since no waters
Asp260-CO2 and 6H of the imidazole of His289 in both  were actually added. Water molecules were treated as TIP3P

catalysis and stabilization of the enzyme structure. residues? Once the enzyme structures were completed, 5000
steps of minimization were performed for all four enzyme
Theoretical Procedure structures. Molecular dynamics were started with a heating

) ] ) period of 20 ps where the temperature increased from 0 to 300

Molecular dynamics calculations were carried out to 540 ps K and was maintained at 300 K by coupling to a constant-
on Silicon Graphics computers using the AMBER 4.1 pro- temperature heat bath. The molecular dynamics simulations
grams:> Both enzyme-substrate (ES) complex and transition- \yere continued out another 520 ps with a time step size of 0.002
state (TS) molecular dynamics simulations were run with the ps. Nonbonded interactions were cut off at 10 A and were
N—H proton of the imidazole of His289 on thiN (ES Hi updated every 25 steps. The SHAKE algoriftmas used to
and TS Hb) and with the proton oeN (ES Hk and TS HE). constrain all bonds between pairs of atoms. Coordinates were
The crystal structure of an ES complex by Verschueren, 8t al.. saved for analysis every 100 steps. All plots are shown to 540
(Brookhaven Protein Database: 2dhc) was used as the startings which includes the heating period. On the basis of the rms
structures for the ES Hland ES Hé simulations. The 1,2- it of the amino acid side chains, the equilibration seems to occur

(10) Verschueren, K. H. G.; Franken, S. M.; Rozeboom, H. J.; Kalk, K. at within 150 ps for the four MD simulations (Figure 1).

H.; Dijkstra, B. W.J. Mol. Biol. 1993 232 856. (16) Jorgensen, W. L.; McDonald, N. A.; Selmi, M.; Rablen, PJR.
(11) Verschueren, K. H. G.; SééeF.; Rozeboom, H. J.; Kalk, K. H.; Am. Chem. Sod 995 117, 11809.

Dijkstra, B. W.Nature 1993 363 693. (17) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; K. M. Merz,
(12) Stewart, J. J. Rl. Comput. Cheml989 10, 209. J.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman,
(13) Maulitz, A. H.; Lightstone, F. C.; Zheng, Y.-J.; Bruice, T.R¥oc. P. A.J. Am. Chem. S0d.995 117, 5179.

Natl. Acad. Sci. U.S.AL997 94, 6591. (18) Breneman, C. M.; Wiberg, K. B.. Comput. Chen99Q 11, 361.

(14) Lightstone, F. C.; Zheng, Y.-J.; Maulitz, A. H.; Bruice, T.®oc. (19) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J.; Impey, R. W.;

Natl. Acad. Sci. U.S.AL997, 94, 8417. Klein, M. L. J. Chem. Phys1983 79, 926.

(15) Pearlman, D. A.; Case, D. A.; Caldwell, J. W.; Ross, W. S.; lll, T. (20) Berendsen, H. J. C.; Potsma, J. P. M.; Gunsteren, W. F.v.; DiNola,
E. C.; Ferfuson, D. M.; Seibel, G. L.; Singh, U. C.; Weiner, P. K.; Kollman, A. D.; Haak, J. RJ. Chem. Phys1984 81, 3684.
P. A. AMBER 4.1 University of California, San Francisco, 1995. (21) Gunsteren, W. F. v.; Berendsen, H. JIMol. Phys.1977 34, 1311.
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Figure 1. Plots of the rms fit vs time. Each structure in their respective molecular dynamics simulation is compared to the minimized initial

structure at time step 0 ps: (a) enzyamibstrate H molecular dynamics simulation; (b) enzymsubstrate H molecular dynamics simulation;

(c) transition-state HI molecular dynamics simulation; (d) transition-state: IHlolecular dynamics simulation. Leveling off of the plots indicate

equilibration.

Results and Discussion on thedN.2* The crystal structures of haloalkane dehalogenase

. are in accord with the histidine being hydrogen bonded to either
The haloalkane dehalogenase has a two-step mechanism folg550 or Asp124, as shown in Figuré®2This direct evidence

the hydrolysis of a saturated halogenated alkane. To understanqmly questions, more so, as to which nitrogen of His289 is

the first step of the mechanism (Scheme 3), the ES complex tonated for the active enzyme. Because His289 is believed

and the TS of the nucleophilic attack of Asp124-£L@n 1,2- to play a functional role in the mechanism, the positioning of

dichloroethane (DCE) have now been studied using MD 0 nroton on His289 is important. Therefore, MD simulations

simulations. When studying the ES complex, the interesting of e g5 complex and the TS were carried out with the proton
ground-state conformations are the ones that allow the reactiony, thes- and then on the-nitrogen of His289 (Hd or Hle).

to occur. The optimal activity of the haloalkane dehalogenase 1,,s 4 total of four dynamics simulations were run: two
is at pH 8.2° Assuming that the imidazole group of His289 enzyme-substrate complexes, ES dHand ES Hé, and two

is subject to the solvent pH, it should not be present as the 5 gjtion-state structures, TSdand TS H. Including the
protonated imidazolium ion. As shown in Scheme 4, His289 heating period, all four MD simulations were run for 540 ps.

is proposed to act as a general base and activate a molecule of 11,4 enzyme crystal structure contains the substrate at the

v;qatelrkin:he second step of thg';&echan?m hy(:]rolysis %f active site such that direct observation of the substrate orientation
the alkyi-enzyme ester intermediate.An affect on the ground- 5 hesible (Figure 2 One major point is the conformation

state conformat_ions is the position c_)f protonation_of_the neutral ¢ 1,2-dichloroethane (DCE). In the crystal structure, the
imidazole of His289. In the solution form of histidine, the nonleaving chloro group was assigned to be trans from the

neutral imidazole proton can be on either ther ¢ nitrogen. leaving chloro group. It should be noted that the electron density

The [Kq's of_t_he_ two nitrogens of_his_ti_dine are very _similar, of the nonleaving chloro group was weak, and the nonleaving
and the equilibrium between the individual tautomeric forms 510 group is determined to be very close to the nucleophilic

of histidine lies toward protonation of the\.?22% However, oxygen (2.97 A). Certainly, at this distance, the chloro group
histidyl residues in proteins have been found to be protonated,, 5.4 feel the repulsion from the negatively charged oxygen
of Asp124. Also, the substrate is not oriented for a back-side

(24) Fersht, AEnzyme Structure and Mechaniswi. H. Freeman and
Co.: San Francisco, CA, 1977.

(22) Farr-Jones, S.; Wong, W. Y. L.; Gutheil, W. G.; Bachovchin, W.
W. J. Am. Chem. S0d.993 115 6813.
(23) Gabitz, C. H. Acta Crystallogr.1989 B45 390.
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Figure 2. Stereoview of the active site from the X-ray crystal structdriotice thatoN-His289 is only 2.92 A from OD2 of Asp260 while
eN-His289 is only 2.68 A from the nucleophilic oxygen of Asp124. Both distances are short enough to represent hydrogen bonding. Also, notice
that DCE is in a trans conformation and the nucleophilic oxygen of Asp124 is only 2.97 A from the nonleaving chloro group of DCE.

attack by Asp124-C&. Hence, there seemed to be a need to
determine the conformation of the substrate in the active site.
From our calculations of the active site model with PM2he
substrate is present in a gauche conformation. Wiberg%t al.
have investigated the conversion of 1,2-dichloroethane from the
trans conformation to the gauche conformation in low-dielectric
media, showing the decrease in the gaudhans free energy

difference upon transfer from gas phase to cyclohexane. -

Jorgensen et af have shown that their parameters for 1,2-

dichloroethane reproduce these findings and should be relevant

to hydrophobic regions in proteins. Each of the ES complex
molecular simulations will address the conformation of the DCE.
Another observation from the crystal structure is the two
equidistant hydrogen bonds from Trp125 and Trpl75 to the
leaving chloro group! This issue will be addressed in each of

the four molecular dynamics simulations.

Enzyme—Substrate Complex. The starting structures for
the MD studies with both ES Kland ES H¢ were built with
a trans conformation for the DCE, as shown in the X-ray
coordinated! For the HB ES complex, DCE maintains a trans
conformation during the energy minimization. However, upon
heating to 300 K in the MD studies, the DCE rotates to a gauche
conformation at 2.4 ps. For most of the ensuing time of the
MD simulation, DCE remains in a gauche conformation. Only
during a short period from 417.2 to 423.4 ps does the DCE
rotate to a trans conformation (Figure 3). Much the same is
true for the HE ES complex where again the dichloroethane
stays in a trans conformation during the minimization. But,
within 0.4 ps of the heating period, the DCE changes from trans
to gauche and remains so for the remainder of the dynamics
simulation. Once the dichloroethane orients itself in a gauche
conformation, it does not revert to the trans conformation. From
our previous PM3 enzyme model calculations and these MD
simulations, the substrate must exist igaucheconformation
to form productive near-attack conformations.

In previous calculations, the concept of a near-attack con-
formation has been defined and obser¥el. With a histori-
cally important series of monophenyl ester intramolecular
reactions which mimic the rate enhancements of enzymatic
reactiong’®29 a near attack conformation (NAC) was defined
to be an energy minimum structure that geometrically must be
formed prior to reaching a transition state in a reaction path-
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Figure 3. Plot of the torsion angle (EIC—C—CIl) of 1,2-dichloro-
ethane (DCE) vs time for the enzymsubstrate H} molecular
dynamics simulation. DCE is in a gauche conformation whenga.3
+ 12.9 (position A) and 64.7 + 12.6° (position B). DCE is in a trans
conformation when at=180° (position C).

100 200

way 26:27:30 |n this intramolecular study, it was shown that the
log of the mole fraction of conformations existing as NACs
(P) was directly proportional to the log of the experimentally
determined relative rate constants. Sifités found to be a
function of AH®, the driving force of the rate enhancements in
these intramolecular reactions is enthalpic rather than entropic.
The question arises as to the applicability of these concepts to
enzymatic reactions. In reduction reactions involving NAD-
(P)H as a cofactor, MD simulations show that the planar
dihydropyridine moiety is in equilibrium with a unidirectional
guasi-boat conformation in which the hydrogen to be transferred
as hydride exists in an axial position. Bulky amino acid side
chains hinder quasi-boat formation away from the substrate. This
anisotropic motion creates productive conformations for the
reaction, i.e., NAC834 The ease of formation of a NAC
determines the number of NACs formed in a period of time
and, thus, the likelihood of reaction. This is also consistent
with the fact that close proximity of the electrophile and the
nucleophile increases the rate of reactidf? To apply these
concepts to the haloalkane dehalogenase, we were interested in
seeing if NAC formation occurs during the MD simulations of

(25) Wiberg, K. B.; Keith, T. A.; Frisch, M. J.; Murcko, Ml. Phys.
Chem.1995 99, 9072.

(26) Lightstone, F. C.; Bruice, T. @. Am. Chem. So4996 118 2595.

(27) Lightstone, F. C.; Bruice, T. Q. Am. Chem. So4997, 119, 9103.

(28) Bruice, T. C.; Pandit, U.KProc. Natl. Acad. Sci. U.S.A96Q 46,
402.

(29) Bruice, T. C.; Pandit, U.KJ. Am. Chem. S0d.96Q 82, 5858.

(30) Lightstone, F. C.; Bruice, T. @. Am. Chem. So€994 116, 10789.

(31) Almarsson, Q Karaman, R.; Bruice, T. C1. Am. Chem. So¢992
114, 8702. B

(32) Almarsson, Q Bruice, T. C.J. Am. Chem. S0d.993 115 2125.

(33) Almarsson, Q Sinha, A.; Gopinath, E.; Bruice, T. 3. Am. Chem.
Soc.1993 115 7093.

(34) Luo, J.; Bruice, T. C. To be published, 1998.
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HI6 molecular dynamics simulation. (a) Plot of the distance between the indole nitrogen of Trp125 and the departing CI(1) vs time. Hydrogen
bonding is observed from 0 t885 ps and from~511 to 540 ps. (b) Plot of the distance between the indole nitrogen of Trp125 and CI(2) vs time.
Hydrogen bonding is observed from approximately 87 to 510 ps.

6.5

the ES complexes and in which simulation (ESNE ES Hk)
they occur the most often. We will first consider the MD for 6.0 ]
the ES Hb complex since these results are descriptive of what
the ground state must closely resemble.

For the ES HI¢ Simulation, equilibration of the MD occurs
approximately at 100 ps. Trpl25 plays a critical role in properly
aligning the DCE for reaction with Asp124. A hydrogen bond

55F E

5.0

- C(1) (A)

4.5

1stance

between the chloro substituent of a chloroalkane and an indole & 3

N—H function must seem rather feeble, but in the hydrophobic %‘ 4.0 ]
pocket of the active site (Trpl25, Phel28, Phel72, Trpl75, < 35 ]
Leul79, Val219, Phe222, Val226, Leu262, Leu263, and His289),

the electrostatic forces are sufficient. During the entire dynam- 3.0 .
ics simulation, Trp125 is hydrogen bonded to either CI(1) or D
CI(2) of the substrate (Figure 4). This hydrogen bonding assists 23, 100 200 300 200 500

in guiding the substrate to the edge of the hydrophobic core to
the vicinity of Asp124. Trpl75 is never observed to hydrogen
bond to the substrate. The non-nucleophilic carboxylate oxygen .= o 124-CQ- and C(1) of 1.2-dichloroethane (DCE) vs time for
(OD1) of Aspl24-CQ is hydrogen bonded to two amide the er?zymesubstrateI—Eiznolecular dynamics simlglatiorz. Notice that
hydrogens throughout the MD, one of Glu56 and one of Trp125. ,gitions marked by A, B, C, and D are when the OD2 of Asp124-
During the heating period, water396 moves to hydrogen bond co,- is within attacking distance of C(1) of DCE. However, NACs
to the nucleophilic oxygen (OD2) of Asp124-@((0.8 ps) and  should also have hydrogen bonds between the indole nitrogen of Trp125
then moves to hydrogen bond to OD1 of Asp124.,CQ!t ps). and the departing chloro substituent. NACs are formed frefi1 to
All through the MD simulation, a strong hydrogen bond is 540 ps (position D).
observed between the OD2 of Asp260-£Cand HON of
His289. Only briefly during equilibration (60 to 90 ps) does of DCE is sterically prohibited by water323. To form a NAC,
this hydrogen bond become interrupted by water433 becomingwater323 must dissociate from Asp124-£0 From 510 ps to
the hydrogen bond partner, replacing His289. At this time, the completion of MD at 540 ps, water323 drifts away from
following cascade of events occur. Water323 remains hydro- Asp124-CQ~ and NACs are formed, as shown in Figure 5.
gen bonded teN-His289 while the imidazole ring of His289  The C(1) of DCE approaches the OD2 of Asp124,CQ@o
rotates from approximately 11@o approximately 200 The distances 0f~3.00 A. Also, this motion places electrophilic
hydrogen bond between water323 and the peptidic carbonyl of C(1) of DCE in line for an {2 reaction with OD2. The NAC
Glu56 is disrupted. By~85 ps, water323 has migrated to maintains the hydrogen bond between the indole H-N of Trp125
hydrogen bond with Asp124-GOwhich is the nearest charged and CI(1) of DCE (Figure 6).
group. At this point, equilibration of the MD simulation nears In the MD Simulation of the ES Hl e Complex, essentially
completion and water323 bridges the nucleophilic oxygen OD2 no NACs were observed in which Asp124-€Owould be
of Asp124-CQ~ and the indole NH of Trp175 by hydrogen positioned for an @ displacement of Clfrom DCE. Both
bonding to both. directly and indirectly, having the proton on tel of His289

The non-nucleophilic oxygen (OD1) of Aspl24-€0Ois changes the active site structure drastically. Similar to the ES
hydrogen bonded to water396 and two backbone amide hydro-HId simulation, equilibration occurs approximately at 120 ps.
gens, Glu56 and Trpl25. These four hydrogen bonds to After minimization of the structure, His289 is hydrogen bonded
Aspl124-CQ~ provide electrostatic stabilization to the carboxy- to the carboxylate of Asp124 and remains so for the first 190
late anion. However, approach of the nucleophilic OD2 to C(1) ps of MD (Figure 7). This hydrogen bond would, of course,

Time (ps)
Figure 5. Plot of the distance between the nucleophilic oxygen OD2
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Wat323

Figure 6. (a) Snapshot of the active site in a NAC during the enzyswbstrate H molecular dynamics simulations. (b) An orthogonal view of
a. Notice that water323 is dissociated from Asp124 (4.71 A). DCE is within attacking distance by the OD2 of Aspt2@0®A), and CI(1)
is hydrogen bonded to the indole of Trp125 (2.56 A). All distances are shown in angstroms.
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Figure 7. Plot of the distance between the OD2 of Asp124,Cénd Figure 9. Plot of the torsion angleyC—C—aC—C) of Asp124 vs
eH of His289 vs time for the enzymesubstrate Hi molecular dy- time for the enzymesubstrate HI molecular dynamics simulation.

namics simulation. From 0 to 193 ps, Asp124-C@ mostly hydrogen Aspl24 starts with its carboxylate group pointed into the active site at

bonded ta:H-His289 and pointed into the active site (position A). From 79.9 & 10.9 (position A). At~235 ps, the carboxylate group turns

193 to 540 ps, Asp124-GO is rotated away from the active site  Slightly away from the active site at 198.4- 13.09 (position B).

(position B). Finally, at~283 ps, the carboxylate group is completely turned away
from the active site at 296.6+ 8.3 ° (position C).
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Figure 10. Snapshot of the disrupted active site from the enzyme
Figure 8. Plot of the distance between the OD2 of Asp124,Cénd substrate Hd molecular dynamics simulation. Notice that GIu56 is
the electrophilic carbon of DCE vs time for the enzynseibstrate Hi turned into the active site while Asp124 is turned away from the active

molecular dynamics simulation. Notice that DCE drifts away from site. The indole nitrogen of Trp125 is hydrogen bonded to CI(1) of
Asp124. By 300 ps, DCE is approximated A away from Asp124. 1,2-dichloroethane. All distances are shown in angstroms.

decrease the nucleophilicity of the attacking carboxylate oxygen C(1) which undergoes nucleophilic attack in the enzymatic
and seemingly disrupts the integrity of the active site. Exami- reaction. With time, the substrate drifts away, and between 300
nation of Figure 8 shows that, as the MD simulation starts, the and 540 ps, the OD2 of Asp124-GOis approximately 9 A
OD2 of Aspl124-CQ is located 3.34 A from the DCE carbon away from both carbons of DCE, such that no reaction can occur
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Figure 11. Stereoview of a snapshot of the active site from the transition-statévil simulation. Notice that the indole nitrogens of Trp125 and
Trp175 are hydrogen bonded to the departing chloride from DCE (2.02 A and 2.07 A, respectively). His289 is hydrogen bonded to Asp260 (1.88
A). The hydrogen-bonding matrix is shown in the forefront. Water392 is shown between His289 and Asp124. Water392 is within attacking distance

of yC-Aspl24.
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Figure 12. Plot of the distance between the indole nitrogen of Trp125 Figure 13. Plot of the distance between the indole nitrogen of Trp175
and the departing chloride from DCE vs time for the TSOHID and the departing chloride vs time for the TSSHUID simulation. After
simulation. Trp125 is constantly hydrogen bonded to the substrate, DCE. equilibration, Trp175 is constantly hydrogen bonded to the substrate
CI(1) in the TS.
(Figure 8). Subsequently, the hydrogen bond between Asp124
and His289 is broken, and the Asp124 side chain is observedsimulation, Glu56 turns into the active site. Throughout the
to rotate out of the active site (Figure 9). The first rotation is remainder of the dynamics simulation involving ESeHBIU56
130 from its original orientation (as observed by the torsion IS completely stable with the carboxylate group remaining in
angle defined byC—5C—aC—C), and then the second rotation the active site. With Asp124 hydrogen bonded to His289, and
is 230 from its original orientation. These consecutive rotations the new Glu56 carboxylate group in the active site, the substrate
allows the carboxylate group of Asp124-€Qo hydrogen bond ~ becomes attracted to Glu56 and moves toward it (Figure 10).
to the amide group of GIn123 and directs the carboxylate group A Possible explanation available is that thi of His289 is
to the other side of the peptide backbone, taking it out of the hydrogen bonded to Asp124, changing the conformation of the
active site (Figure 10). enzyme to allow Glu56 to orient itself into the active site.
Trp125 is hydrogen bonded to CI(1) of dichloroethane. How- Alternatively, an alteration in the active site could hinge on the
ever, this bond does not persist throughout the course of thelack of a hydrogen bond between His289 and Asp260, the
simulation. Similar to the ES KHIMD, Trp175 never hydrogen  Proposed catalytic diad. In point mutation studies where Asp260
bonds to the substrate. There are only two snapshots at 104.4S changed to Asn, the enzyme is completely inactivévore
and 104.4 ps (before completion of equilibration) where Asp124 importantly, Krooshof et al. find the mutant to be highly
is within attacking distance (3.03 and 3.04 A) to C(1) of DCE unstable. However, by creating a double point mutation where
and where Trp125 has a hydrogen bond to the chlorine on C(1)Asp260 is changed to Asn and Asn148 is changed to Asp, this
(2.81 and 2.51 A). This happens when His289 is at non- mutant has a 220-fold decrease in activity from the wild type.
hydrogen-bonding distances of 3.46 and 3.81 A from Asp124. Here, the double mutant has a hydrogen bond between Asp148
The most detrimental change in the conformation of the active @nd His289, such that His289 is in a relatively similar position
site of the ES Hi complex is that the carboxyl group of Glus6 ~ as the wild type. Clearly, the position of His289 is essential to
turns into the active site. The starting (X-ray) structure has the the structure and stability of the enzyme, where His289 is
carboxyl group of Glu56 facing away from the active site, such Preferably hydrogen bonded to Asp260.
that Asp124-C@ is the only negatively charged group in the (35) Krooshof, G. H.; Kwant, E. M.; Damborsky.; Koca, J.; Janssen,
active site. Within 2 ps of the heating period of the MD D. B. Biochemistry1997, 36, 9571.
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Figure 14. Plots that describe the formation of the catalytic triad and the hydrogen-bonding matrix over time for thé ®lei¢ular dynamics
simulation. (a) Plot of the distance betweeh of His289 and a hydrogen of water323 vs time. (b) Plot of the distance between a hydrogen of
water323 and the oxygen of water396 vs time. (c) Plot of the distance between the oxygen of water392 and a hydrogen of water396 vs time. (d)
Plot of the angle of nucleophilic attack by water392 on Asp124 as defined by water392-O, Aspla#sd Aspl124-O vs time. (e) Plot of the
distance between the nucleophilic oxygen of water392 angt@ef Asp124 vs time. Considering a and b together, one hydrogen of water323 is
hydrogen bonded to water396 (under 2 A) while water323 moves to hydrogen bond to Hi&88%s (-2.2 A). Considering ¢, d, and e together,
water392 moves toward water396 (c) and Asp124 (e). Though water392 is close to Asp124 and is occasionally hydrogen bonded to water396, it
is not until ~456 ps that water392 is in the proper angle (112.2.9°) for nucleophilic attack on the electrophiljaC-Asp124 (d). At this time

the hydrogen bond between water392 and water396 becomes extremely tight and stable (c).

From the foregoing discussion, the choice of positioning the of 14 amino acids, Glu56, Asp124, Trp125, Phel28, Phel72,
proton on either théN or theeN of His289 produces drastically  Trpl75, Leul79, Val219, Phe222, Pro223, Val226, Leu262,
different simulations. The ES simulation with the proton on Leu263, and His289, which make up the active site for iz S
the ON of His289 (HV) provides a structure consistent with displacement of Cl, as well as the substrate DCE, were taken
experimental data. A hydrogen bond is observed betweenfrom the enzymesubstrate crystal structdfeand were opti-
Asp260 and His289, and Trp125 is constantly hydrogen bondedmized along with the transition state of the2Sdisplacement
to either chloro group of dichloroethane. Most importantly, of ClI=.14 This optimized transition-state structure in the active
productive NACs are able to form, allowing a reaction to take site has now been reconstituted into the whole enzyme structure
place. From these dynamics simulations, the only limiting factor for MD simulations. To maintain this transition-state structure
for the 2 displacement of chloride by aspartic acid seems to throughout the MD simulations, the making and breaking bonds
be precise substrate orientation, i.e., NAC formation. The ES in the TS, as well as the angle between the attacking and leaving
simulation with theeN protonated (Hd) results in a disrupted  group, were held fixed by large force constants. In this manner,
active site and essentially no productive conformations for the enzyme was free to adapt to the structural needs of the
reaction. transition state. Structural changes in the protein in order to

Transition-State Structure. An enzyme must be able to reach the transition state are our primary concern. Two sets of
change shape to accommodate the transition states and interdynamics simulations were carried out to 540 ps, one with the
mediate-state structures. From an earlier study, the coordinategproton on thedN of the imidazole of His289 (TS Hl) and the
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to the ON—H of the imidazole of His289 which in turn is in

position to hydrogen bond to a water molecule (Scheme 4). This

hydrogen-bonded water molecule is at an improper angle and

distance to attack the ester carbonyl carbon. In our MD

simulations, a catalytically significant change in the positions

of water323, water392, and water396 is seen on comparing the

simulated MD structure of the ES complex to the MD simulated

structure of the enzyme TS for theBdisplacement of Cl

Glys5 The formation of the triad consisting of Asp260, His289, and

) water392 for hydrolysis of the alkylenzyme ester intermediate

is seen to be present in the TS simulation. Thus, the triad

geometry is formed while 5 goes to ETS. This triad

resembles that seen in the serine esterases. A very constant

i ) ) ) hydrogen bond exists between Asp260 and His289 (2.8212

T i D oo o ek e ) Water3s2 stats-13.7 A away fom ASp124, aproaches

cleophilic water molecule for the ester hydrolysis and is located on Aspl24, and b.ecomt.as the nucleophlllc water for t.he second step
of the mechanism (Figure 14e). This transformation takes place

the axis between Asp124 and His289. The TS for DCE is not shown. ) h : h
All distances are shown in angstroms. during formation of the TS of the first step. Details follow.

From 25.6 to 107 ps, water392 approaches His289 and is
hydrogen bonded to other waters. After 107 ps, Trpl75 and
His289 move slightly away from each other allowing water392

transition state, whereas TS ¢dloes not. We will consider  (© Sdueeze by and approach Asp124 (Figure 14e). The state of
TS HIS first. affairs between 108 and 453 ps is (i) water392 and the

In the TS HId Simulation, both Trp125 and Trpl75 are carboxylate of Asp124-CO are on average 3.5% 0.47 A

hydrogen bonded to departing CI(1) of DCE, as shown in Figure apart, but water392 is not at a suitable angle for nucleophilic
11. Trp125 starts hydrogen bonded to CI(1) of the TS and staysattack onyC of Asp124 for the second step of the reaction
hydrogen bonded at an average distance of 2:48.29 A (Spheme 4), (||.) wat§r323 is orienting itself with water396 and
(Figure 12). The simulation starts with Trp175 hydrogen His289—the qnentaﬂons |nclud_e H(2) of water323 hydrogen
bonded to CI(1) of the TS. However, during heating and Ponded to His289, and H(1) is usually hydrogen bonded to
equilibration (from 3.2 to 19 ps and from 23.4 to 38 ps, as shown Water396 (Figure 14a and 14b), and (iii) on occasion H(1) of
in Figure 13), Trp175 temporarily loses this hydrogen bond. Water323 hydrogen bonds to His289. After 453 ps, a hydrogen-
After 38 ps, Trp175 is continually hydrogen bonded to Cl(1) at Ponding network of all three waters is formed (water 323, water
an average distance of 2.2 0.19 A. Comparing these 396, and water392) in a cluster with His289, Gly55, and GIn123
hydrogen-bonding distances with the respective calculated PM3(Figures 14 and 15). Itis at this time that water392 is positioned
transition-state distances, the general perception is that theto attack the carbonyl of Asp124-GOH,CH.CI upon ester
hydrogen bond formed between Trp175 and CI(1) of the TS is formation from the TS. As shown in Figure 14d, this is clearly
tighter than the like hydrogen bond formed with Trp125. evident because water392 moves to an appropriate angle (112.2
However, given the standard deviation for the hydrogen bonds £ 9.9°) for nucleophilic attack on the ester carbonyl which is
in the MD run, the chloride is essentially equidistant from the being formed from the TS. Water392 stays in this orientation
two tryptophans. from 455.8 ps to the end of the simulation. Here, we observe
In the X-ray structure of the alkylenzyme ester intermedi-  the catalytic apparatus for the second step of the catalytic process
atell Asp260-CQ~ is in position to allow hydrogen bonding  to be present in the enzyme TS structure but not in the structure

1.8,
Wat392,° Aspl24
p
2,:-5-1-'\2 386

1.70}

His289

2.35¢
Wa23f 169, 53
179, Wat396 .

other with the proton on theN (TS HlI¢). Analogous to the
ES MD simulations where ES Wlprovides a sensible ground
state and ES Hldoes not, TS Hi provides a satisfying enzyme
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Figure 16. (a) Plot of the distance between the indole nitrogen of Trp125 and the departing chloride of DCE vs time for tkeMBB dithulation.

(b) Plot of the distance between indole nitrogen of Trp175 and the departing chloride of DCE vs time for the M® Kimulation. Notice that

Trp125 never forms a hydrogen bond with the departing chloride of DCE, while Trp175 is constantly hydrogen bonded to the departing chloride
of DCE.
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5.5 . : tion state is unnecessary. The low dielectric hydrocarbon cavity
which surrounds the substrate provides the advantage and also
3:0¢ ] the pronounced expression of electrostatic effects. Moreover,
< 45h ] the bringing together of reactants in a NAC and this low
2 dielectric must be the main driving forces for the enzymatic
- . reaction, as compared to the reaction in water. Secondary is
g o sk the electrostatic assistance to the departure obglequidistant
.‘Qi s E hydrogen bonding of CI(1) to Trp125 and Trpl75 in the TS.
030t ] The mutagenesis studies of Kennes et al. established the
& importance of Trp125 and Trpl75 in cataly%isThe hydrogen
%“ 2.5 ] bond to Trp175 does not exist in the ground state such that it's
50 } A il b AL ‘ i presence in the TS provides for additional electrostatic stabiliza-
’ T AT N g et B tion. It has been determined by mutation experiments that
1.5 ‘ ‘ . s . exchange of Trp125 by Phe decreakgg¢Km by 20-fold (~1
0 100 200 300 400 500 kcal/mol)3” The equidistant hydrogen bonds from Trp125 and

Time (ps) Trpl75 are probably worth but2 kcal/mol in decreasing the
Figure 17. Plot of the distance between the OD2 of Asp124,CO  activation energy by assisting Clleparture. An additional role
andeH of His289 vs time for the TS KHIMD simulation. Notice that of the tryptophans is to hold the chloride ion during the
there is a strong and constant hydrogen bond between the OD2 ofsubsequent hydrolysis of the intermediate ester Asp124-CO
Asp124-CG~ andeH of His289 after equilibration (1.94 0.17 A). CH,CH,—CI (Scheme 4.

The carboxylate moiety of the Asp124-¢QUs stabilized by
of the ES NAC. It seems most reasonable to suppose that thenydrogen bonding to water323, water396, and the backbone

catalytic apparatus for the second step is formed along with ;.iqa hydrogens of GluS6 and Trpl25. Water323 is in an
the TS that then yields the substrate for the second step. equilibrium between hydrogen bonding to OD2 of Asp124,CO

For the TS Hle Simulation, Trp125 is never observed 10 504 not being so. When water323 moves away from OD2, the
hydrogen bond to departing ClI(1) of DCE (Figure 16a), while C(1) of DCE moves to~3 A distance of OD2 for an &

Trpl75 is continuously hydrogen bonded to CI(1) (Figure 16b). gigpiacement of CI. NACs with this characteristic prevail in

The ES HE MD simulations essentially never provide the o a5t 30 ps of MD simulation. A feature of the active site is

productive features 9f a NAC_' _HOW‘?Vef’ if we assume that the ihat the waters which stabilize Aspl24 in the ES complex are
ES Hle could result in a TS, it is unlikely that Trp125 orients part of the structure of the NAC for the second step of the
the DCE (ES H¢), and then only Trp175 assists the chloride to o chanism.

leave (TS He). As observed in the ES Hidynamics simula- — Ag the transition state for theyd reaction is formed, there
tion, the hydrogen bond between His289 and the nucleophilic ;s 4150 formed a triad of Asp260-GOhydrogen bonded to the
oxygen of Asp124 remains in the transition state (Figure 17). \y_s\ of His289 which is hydrogen bonded to water392. The
Obviously, a TS b(_aaring the imidazole of His289 hydrogen ASP260-CQ-+-H—(8)N—His289-(e)N-+-water392 catalytic
bonded to the entering OD2 of Asp124-€0s not acceptable. a4 provides for general-base catalysis of water392 attack on
In addition, the catalytic diad between Asp260 and His289 never o carbonyl of the eventual ester intermediate. It has been

forms. previously shown that changing His289 to GIn by mutagenesis
does not result in the abolishment of thg2lisplacement of
chloride by Asp12&but does result in the accumulation of the
By combining the information from all four dynamics Asp124-CQ—CH,CH,—Cl intermediate. Of considerable in-
simulations, we show that the proton of the neutral imidazole terest is that the triad required in the ground state of the enzyme
of His289, in both ground and transition states, is located on for hydrolysis of the Asp-C@-CH,CH,—Cl intermediate
ON. In the active site of haloalkane dehalogenase, DCE is no (second step of the mechanism) is created simultaneously with
longer solvated by water but is surrounded by a hydrophobic formation of the TS which leads to ester intermediate formation
milieu created by the aliphatie CH,CH,— moiety of GIlu56; (first step of the mechanism).
the aliphatic side chains of Leul79, Leu262, Leu263, Val219,
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