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Abstract: The catalytic pathway of cytochrome P450cam is studied by means of a hybrid quantum
mechanics/molecular mechanics method. Our results reveal an active role of the enzyme in the different
catalytic steps. The protein initially controls the energy gap between the high- and low-spin states in the
substrate binding process, allowing thermodynamic reduction by putidaredoxin reductase and molecular
oxygen addition. A second electron reduction activates the delivery of protons to the active site through a
selective interaction of Thr252 and the distal oxygen causing the O—O cleavage. Finally, the protein
environment catalyzes the substrate hydrogen atom abstraction step with a remarkably low free energy
barrier (~8 kcal/mol). Our results are consistent with the effect of mutations on the enzymatic efficacy and
provide a satisfactory explanation for the experimental failure to trap the proposed catalytically competent
species, a ferryl Fe(IV) heme.

Introduction substrate binding and displacement of a loosely bound water
ligand, one-electron reduction of the iron occurs, after which
molecular oxygen binds forming the last quasi-stable P450
intermediaté’ 18 Subsequent formation of the supposed catalyti-
cally active compound | requires a second reduction and the

Among heme proteins, the cytochrome P450 monooxygenase
family plays a vital role in the metabolism of xenobiotic
substances in plants, fungi, bacteria, insects, and maminfals.
In mammals, for example, hydroxylation metabolites of poly-

cyclic aromatic hydrocarbons have long been of interest to additi;nleof two protons? There is substantial indirect evi-
researchers because of their relevance to chemical carcinod€nce>"" that the hydroxylation mechanism proceeds via

genesig® Many of the detailed studies of P450 have focused abstraction of a hydrogen from the camphor substrate, analogous
on the bacterial P450cam (for which camphor is the substrate), {0 that operative in methane monooxygenase (MMBgwever,
the first soluble P450 protein to have its sequence and X-ray there |s_I|ttIe dlrer_;t experimental (_jata concerning the ferric
structure determinetiThe complex pathway from the inactive _supgromde reduction and protonation mechanism, steps
resting species to the putative catalytically active ferryl species N Figure 1 (throughout the text, the bold numbers refer to
(compound 1 is believed to be common across different P450 SPECies in Figure 1), and the substrate hydroxylation, Sters

members and involves sequential changes in oxidation state," Figure 1. These aspects of the catalytic cycle have been the
ligand composition, and spin state of the hein®. In the

principal focus of our effort.
consensus mechanism, shown in Figure 1, following the initial In this paper, an exhaustive theoretical study of the hydroxy-

lation catalytic pathway of cytochrome P450cam is obtained
T Present address: Department of Biochemistry and Molecular Biophys- by means of a mixed quantum mechanics/molecular mechanics

'C(Sl) V;’grstg:”gfogl,Ugg‘éirs&y'ﬂstétﬁugﬁe’\rfﬁg%ilggé (21), 13468 13472, (QM/MM) technique. The paper is organized in the following
(2) Cytochrome P450: Structure, Mechanism and Biochemistnd ed. manner. We first give a brief overview of the various steps in
Plenum: New York, 1995. the catalytic cycle, emphasizing recent experimental data as well

(3) Guengerich, F. Rl. Biol. Chem1991, 266 (16), 10019-10022. | . .
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(5) Nickay, 3. A; Metvin, W- T Ahses, A K. Ewdn, &, W B.;Greenlee, w, 0dS: the QM/MM systems and the protocols employed are

F.; Marcus, C. B.; Burke, M. D.; Murray, G. Febs Lett.1995 374 (2), introduced. The Results section is then presented. In the
270-272.
(6) Savas, U.; Christou, M.; Jefcoate, C. Barcinogenesisl993 14 (10), (13) Davydov, R.; Makris, T. M.; Kofman, V.; Werst, D. E.; Sligar, S. G;
2013-2018. Hoffman, B. M.J. Am. Chem. So@001, 123 (7), 1403-1415.
(7) Poulos, T. L.; Finzel, B. C.; Howard, A. J. Mol. Biol. 1987 195 (3), (14) Ogliaro, F.; De Visser, S. P.; Shaik, &B.Inorg. Biochem2001, 86 (1),
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Figure 1. Catalytic cycle common in most cytochrome P450s. (1) Ferric resting state. (2) Substrate binding displaces coordinated water. (3) Ferric
superoxide: first reduction results in,®@inding. (4) Second reduction and distal oxygen protonation with the proposed ferric hydroperoxo. (5) Second
protonation, G-O cleavage producing a water molecule and the active oxyferryl compound I. (6) Substrate hydroxylation and resting state regeneration by
water coordination.

Discussion, we analyze the results to obtain physical insight ment on P450café and a theoretical study on P450&fyf
from the calculations. Finally, the Conclusion summarizes what indicated the need for reduction prior to proton addition.
we have learned and briefly discusses future directions. Through-Cryogenic crystallographic studiésave indicated the presence
out the Results and the Discussion, we follow the same of a water, W901, and a threonine OH group, Thr252, in
enzymatic cycle scheme used in the Introduction, sfepg, hydrogen-bonded distance to the dioxygen heme ligand in the
3—5, and5—6. ferric superoxide species. Isotopic labeling studies have revealed
Overview of Catalytic Cycle. Substrate Binding. Steps  that the proximal oxygen, directly bound to the heme iron, is
1—2. The first question in the catalytic pathway is the origin  transferred to substrates, while the distal oxygen is involved in
of the low-spin resting state, which is unusual in a ferric aquo tne concurrent formation of watét26 These results suggest a
heme complex? The main controversy is in the role of the  sejective distal oxygen protonation mechanism. The crystal
protein in modulating the spin state, a property of the heme gy ,ctyre also reveals the existence of a water channel linking
unit that is central to the maintenance of the enzymatic function. 1,052 and GIu366, which is stable throughout molecular
Semiempirical INDO calculations support an active role of the dynamics simulation&’ Davydov et al2® using EPR spectra
protein?! More recent'ly, however, such an unusual low-spin and ENDOR techniques, pointed to a hydroperoxo-ferric-
stat_e has been gxplamed by means of amore accqrate (large(ntermediateAQ in Figure 1) as the species trapped in cryogenic
basis set) description of the thiolate axial ligd&dlhis last conditions (77 K). Thus even at this temperature one proton
result, obtained using a reduced model for the heme active Site’can be delivered upon reduction of the ferric superoxo. The
reproduces the low-spin state without the need of the protein same study investigated the importance of Thr252. Muiation

environment. . . .
The first catalytic step from the low-spin resting state involves of Thr252 to Ala (T252_A) did no_t yield any product,_ buta S|gnal
for the hydroperoxo intermediat# was still obtained. This

camphor binding, which displaces the water molecule from the i . .
heme pocket. This binding produces a shift from low-to-high results suggests thatis a key intermediate close to the branch-

spin, accompanied by a 130-mV increase in the reduction point leading eit.her to prod.uct formgtion or to yncoupling and
potential, which allows thermodynamic reduction by putidare- ydrogen peroxide production. Previous experimental resuilts,
doxin reductase. After this one-electron reduction, molecular With @ methoxy group in place of the Thr252 hydroxy group,
oxygen binds, forming the last quasi-stable P450 intermediate. showed a retention of the monooxygenase activity although with
The crystal structure of the ferric superoxo in P450cam has & considerable decrease of @nsumption rate. Thus, the role
recently been obtained by means of cryogenic temperatures and®f Thr252 as an acid catalyst has been reconsidered, and
rapid data collection techniqués.

i i (23) Sjodin, T.; Christian, J. F.; Macdonald, I. D. G.; Davydov, R.; Unno, M.;
Ferric SUperOXO Pr.Otonatlon and'O—O Bond C'?Ieavage.' Sligar, S. C.; Hoffman, B. M.; Champion, P. N\Biochemistry2001, 40
Steps 3—-5. The stepwise transformation of the ferric superoxide (23), 6852-6859.

H i i it (24) Guallar, V.; Harris, D. L.; Batista, V. S.; Miller, W. H. Am. Chem. Soc.
to compound I, involving a reduction and an addition of two 2002 124 (7). 1430-1437.

protons, is sufficiently rapid to have eluded direct experimental (25) Jones, J. P.; Rettie, A. E.; Trager, WJFMed. Chem199Q 33 (4), 1242~
S 1246,

characterization. Recently, a resonance Raman and EPR experl(ze) Atkins, W. M.; Sligar, S. GBiochemisiryl988 27 (5), 1610-1616.

(27) Harris, D. L.; Loew, G. HJ. Am. Chem. Sod 994 116 (26), 11671+

(20) Lipscomb, J. DBiochemistry198Q 19 (15), 35906-3599. 11674.
(21) Harris, D.; Loew, GJ. Am. Chem. Sod.993 115 (19), 8775-8779. (28) Kimata, Y.; Shimada, H.; Hirose, T.; Ishimura, Biochem. Biophys. Res.
(22) Green, M. TJ. Am. Chem. Sod.998 120 (41), 10772-10773. Commun.1995 208 (1), 96-102.
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alternative paths linking Asp251 with the active site have been
proposed?.2 THR,s5, W CAMPHOR
Substrate Hydroxylation. Steps 5~6. The cryogenic crystal e Y0
study also yielded a crystallographic structure initially assigned
to compound I, the oxyferryl catalytically active intermediate.
In addition to the X-ray results, there is evidence, from
transient spectr@l and isotopic studie®, of the involvement
of an Fe-O bound species in the monooxygenase reaction.
There is, therefore, substanti@ihdirect evidence that the
hydroxylation reaction proceeds via abstraction of a hydrogen
by 5 from the camphor substrate. Furthermore, this mechanism
is analogous to that operative in methane monooxygenase
(MMO), in which a similar hydrogen atom abstraction is carried
out via a non-heme diiron species, with the iron atoms in the Figure 2. Active site for the ferric superoxo species. Water 902, 566, and
Fe(IV) oxidation state as in compound I. Recent computational 523 connect Thr252 with the Glu366. Water 901 and the alcohol side chain
tudi f the MMO tion b d oth . of Thr252 are in hydrogen bond distance with the distal oxygen of the O
studies or the r_eac 1on by O_ur group and o ers_are N axial ligand. Hydrogens are not shown for clarity.
excellent agreement with the experimental data and confirm that
a Classical radical abStraC_tion_tranSitio'_" state, fOHOYVGd b_y the protein structure is significant for selectivity, binding affinity, and
formation of a bound radical intermediate (competing with a reaction kinetics and cannot be incorporated to any great degree with
concerted channel bypassing this intermediate), is the only conventional quantum chemical techniques. A QM/MM methodology
plausible pathway for hydroxylation to occur. In the present is well suited to addressing this problem with relatively modest
case, it is similarly difficult to suggest a sterically and computational resources. _
energetically reasonable alternative. When the hydroxylation = We have investigated different QM/MM systems for each catalytic
dynamics are studied, the EPR and ENDOR experin&fa pathway step. The basic structure includes the full protein, obtained
to obtain a signal corresponding to an Fe(IV) ferryl species, as TOM experimental X-ray structures, combined with different QM
would be expected for compound I. The ENDOR data show regions. For the ferric substrate binding, stdps2, the QM region

. . . . includes the heme group, Cys357, the water molecule (only,iand
that the first detectable intermediate afies a hydroxycamphor camphor (only in2). For the ferric superoxo protonation, stess,

Fe(lll) bound species. Moreover, the camphor proton Whose e oum region includes the heme group with the oxygen molecule

bond is broken during hydroxylation appears to be trapped in jigand, Cys357, Thr252, and the crystallographic waters 901, 902, 566,
such an intermediate. These observations indicate that theand 523. To study the camphor hydroxylation, st&ps6, the QM
reactive hydroxylating species in P450cam is indeed the high- region includes the heme group with the oxygen atom ligand, Cys357,
valent intermediate compound I. There is, however, no direct and camphor. The different QM regions can be identified with Figures
observation of this intermediate. 1 and 2. The total system consists of approximately 7500 QM/MM

The most straightforward explanation of the failure to observe atoms, with a maximum of 129 QM atoms. Besides the QM/MM
a ferryl intermediate in the cytochrome P450 catalytic cycle is studies, we ha\(e built dlﬁgrent QM active site _model;. These reference
that the barrier to hydrogen atom abstraction is sufficiently low systems, enabling modeling of the core reactive region in the absence
to enable rapid interconversion of this intermediate to a of the protein, are |r1tended to facilitate Fhe assignment of specific
hydroxylated species. Previous theoretical studies have reportecf tructural or energetic effects to the protein.

’ . ) - . . All crystallographic waters are incorporated into in the QM/MM
high barriers and large endothermic reactions associated W'thsystem. Surface polar amino acids, Lys, Arg, Glu, and Asp, are

reduced model studies of the hydroxylation process. The neutralized if they do not form a salt bridge, which yields a zero net
activation energy obtained in these calculations was larger thancharge of the overall system. Their position is then constrained through
20 kcal/mol, far too large to explain the experimental results, the minimization. Such a protocol introduces approximate solvation
even when adding a zero-point correction comparable to that effects (i.e., screening of ionized groups on the protein surface by high
calculated for MMO. Theoretical calculatiofihave proposed dielectric water) and is justified by the buried nature of the active site.
the existence of a quartetioublet two-state mechanism, the Geometry optimizations are carried out using the B3y% functional
hydrogen abstraction activation barrier being the same for both " combination with the 6-31G* basis set (basis 1). Iron is represented
states. By using larger reduced models, Yoshizawa s using an LACVP** basi& % that includes an effective core potential.

. . . Several single-point energy calculations are performed using Dun-
questioned the two-state mechanism, obtaining a lower hydrogenning,s40 correlation consistent tripl€-basis cc-pVTZ(-f) to recompute

atom abstraction barrier for the quartet spin state. Kinetic isotope energies (basis 2). All QM calculations have been performed with

effect studies by Newcomb et #.have recently reported  the jaguar suite of ab initio electronic structure programs. The QM/
evidence of a two-oxidant model in contrast to the two-state MM calculations are carried out with the QSite progrénuhich was

model.

; (32) Newcomb, M.; Aebisher, D.; Shen, R.; Chandrasena, E. P.; Hollenberg, P.
Computational Methods F.; Coon, M. JJ. Am. Chem. So@003 125 (20), 6064-6065.
The complicated reaction at the metal center that includes bond (33) Slater, J. CQuantum Theory of Molecules and Solids, Vol. 4: The Self-

. Consistent Field for Molecules and SoliddcGraw-Hill: New York, 1974.
formation and cleavage, as well as electron transfer, mandates a(34) Becke, A. D.J. Chem. Phys1993 98 (7), 5648-5652.

guantum chemical treatment of the active site. On the other hand, the(35) Lee, C. T,; Yang, W. T; Parr, R. ®hys. Re. B 1988 37 (2), 785-789.
(36) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58 (8), 1200~
(29) Kamachi, T.; Yoshizawa, K. Am. Chem. SoQ003 125 (15), 4652~ 1211.
4661. (37) Hay, P. J.; Wadt, W. RI. Chem. Phys1985 82 (1), 270-283.
(30) Taraphder, S.; Hummer, @. Am. Chem. SoQ003 125 (13), 393t (38) Wadt, W. R.; Hay, P. JI. Chem. Phys1985 82 (1), 284-298.
3940. (39) Hay, P. J.; Wadt, W. RI. Chem. Phys1985 82 (1), 299-310.
(31) Egawa, T.; Shimada, H.; Ishimura, Biochem. Biophys. Res. Commun.  (40) Dunning, T. H.J. Chem. Phys1989 90 (2), 1007-1023.
1994 201 (3), 1464-1469. (41) QsSite Schralinger, Inc.: Portland, OR, 2001.
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l;ablﬁll- QQM/MM Orétiglized éént_i QSM Sinc}gle-ioiné En_ergigs for(tlh)e experimental and theoretical work, a reduction is required prior

oublet, Quartet, an extet Spin States for the Resting State ; ; H :

and the Substrate Binding (2) Structures? to the d|s_tal oxygen p_rotonatlon. We proceed by inserting one
electron in both the wild type and the T252A mutant QM/MM

QUMM oM models. Upon reduction, substantial changes of the hydrogen
RODFT (Fe/S) UDFT (FelS) RODFT (Fe/S) bond network around the active site are observed. In the wild
1 doublet 8.02(2).90//3.24)) g.O ((CZJ.Sgllg.lgg «11%298;8.;23 type, the hydrogen bond distance from W901 and Thr252 to
1 quartet .5(2.47/0.25 4 (2.49/0.4 4.8/(2.40/0. ; ; ;
1 sextet 20.8 (4.09/0.25)  3.5(3.95/0.42)  4.5(4.03/0.39) the distal oxygen IS reduced by 0.5 ar_md 0.3 A, r_especnvely_, as
2doublet  5.6(0.88/0.05) 4.3(0.90/0.08) 2%/(0.85/0.10) aresult of an increase of gle_ctro_n density at the dioxygen moiety.
2 quartet 0.0(2.38/0.30)  0.0(2.41/0.47)  0.0/(2.30/0.43) In the T252A mutant, eliminating the hydroxyl group opens
2 sextet 2.0(4.02/0.30)  0.3(3.92/0.44) 0.2 (4.00/0.38) the space for W902 to move toward the heme group. Therefore,

a QM single-point energies on active site models are at both the RODFT/ we have to equilibrate the structure by running simulated

UDFT methods. The QM model geometries are directly extracted from the annealing coupled with the QM/MM minimization as described
QM region of the QM/MM minimized structures. Sulfur and iron spin  pelow.

densities are shown in parentheses. Energies are in kcal/mol. The lowest . .
energy state for each structure is used as the energy origin. In bold numbers, Protonation from W901 does not result in a stable structure.

for the QM RODFT system, energy reevaluation of the lowest and highest |f we build a reaction coordinate for the protonation, where we
energy state using basis 2. constrain the proton with a 1.0-A distance to the distal oxygen
as a final point, we obtain a 40-kcal/mol continuously increasing
modeling program of Levy and co-workers. The QM/MM methodology energy pr_Oflle' Rglgas_lng_ this constraint regengrates the reactant
and protocol, as well as extensive validation studies demonstrating structure '_n the minimization protocgl. P_rotonatlon from Thr252,
excellent agreement with fully QM calculations for peptides and protein NOWeVer, is 2.87 kcal/mol exothermic with a 3.9-kcal/mol energy
active sites, have been described extensively elsevihé&rd@hese barrier. Figure 3 shows the energy profile and associated core
studies suggest that the errors in the QM/MM methodology are typically geometries for the wild-type distal oxygen protonation from
less than 2 kcal/mol, likely a smaller contributor to the error than  Thr252. The energy barriers have been estimated with a 0.1 A
uncertainties in relative energies obtained with the DFT protocol increment reaction coordinate. For this initial step, the®2

developed via a close coupling of Jagidand the IMPACT? protein

(estimated for metal containing systems to be on the order-8fkzal/ distance at the transition state estimate is 1.4 A, with the 02

mol). O(Thr252) distance being reduced to 1.61 A. The proton
transferred from the threonine is replaced with an almost

Results negligible barrier (1.0 kcal mot, H(W902)-O(Thr252) and

O(W902)-0(Thr252) distances being 1.30 A and 1.47 A,

Substrate Binding. Steps 1-2. Before focusing on the major respectively), by migration of a proton down the water channel
unknown aspects of the catalytic pathway, st&fs6, we tested ’ . . . .
P ytic p y s that connects the active site with Glu366. Rotation of the new

our methodology on the substrate binding step. The resting state . .
and the camphor binding structures have been modeled fromThr252 protor, to reszt%r?( thle/: hyldrl;)ge_n bpnd Wlm; t(he I?'St?l
1phc.pdb and 1dz4.pdb, respectively. After neutralization of the 0Xygen, INVOIVes a c.c-kcalimo! barrer in- a 1.c-kcalmo
system, as described in the methods section, a QM/MM eXOthem,"C process..AIthoggh the.er?grgy mvolyed in this
minimization was performed for the doublet, quartet, and sextet rotation is not large, it requires a S|gn|f|cant readjustment of
spin states for both the resting statand the substrate binding thhezwgter network. ,A second protongtfn If/roml the replaced
structure2. Table 1 shows the optimized energies and relevant Thr2s proton.reqmres an energy14.0 kea mor. We were
spin densities. From each optimized spin state, an active siteunable tp obtain & s'table structure correqundlng to a second
model has been extracted directly from the QM region (where protonation of the distal oxygen (brackets in Figure 3). Our
Cys357 has been modeled by an SQfoup). These models results, thus, indicate that this last step, cleaving thed®ond

are used as reference systems to assign specific effects to th nd forming a wgte_r _mOIGCL_“e’ IS a concert_ec_i step. T_he 14.0-
protein. Table 1 also shows the energy differences and relevan cal/mol barrle_r limit is obtained by constramm_g the dlst_ance
spin densities for the QM models at the QM/MM geometries. between the distal oxygen and the hydrogen involved in the

To calibrate the QM/MM RODFT method, the QM model second protonation to 1.05 A. From this point, an optimization
calculations have been performed at bdth RODFT/UDET leads to the formation of water and is exothermic by 80 kcal/

methods (Table 1). Single-point energies, using basis 2, havemOI (the minimization was stopped after reaching 1e-04 in an

also been performed for the highest and lowest energies at theRMS gradient).

RODFT level of theory for the QM systems. The activation energies have been estimated using a reaction
O—0 Bond Cleavage. Steps 35. To study the redox  coordinate along which the proton is promoted from the reactant

reaction of the ferric superoxo speci@sirf Figure 1), we have  t0 the product state in five intermediate steps. Based on the
used the recent experimental structure, 1D8Z.pdb. From thisSmall observed energy differences, as seen in Figure 3, this
experimental structure, we have also derived a ferric superoxoreaction coordinate introduces a reasonably quantitative ap-
model for the T252A mutant by deleting the hydroxyl group, Proximation. An analysis of the charge on the transferring

which is consistent with the mutant X-ray structure (2CP4.pdb) hydrogen confirms that a proton is being transferred

for the substrate bindin@. As demonstrated by previous Through all the steps shown in Figure 3, single-point
calculations of a large QM model of the active site, including
42) Jaguar 4.1 Schralinger, Inc.: Portland, OR, 2000. i i i
§43§ e Schmngegn R 3000, a heme model (without the propionate substituients), Thr252,
(44) Murphy, R. B.; Philipp, D. M.; Friesner, R. A. Comput. Chen200Q 21 the water channel, and Glu366, did not present any qualitative
(16), 1442-1457. differences with the QM/MM results and were in quantitative

(45) Philipp, D. M.; Friesner, R. AJ. Comput. Cheml1999 20 (14), 1468~ L
1494, agreement within 2 kcal/mol.
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Figure 3. Energies and main geometric distances for theGbond cleavage process. Hydrogen bond distances are in blue, and oxygen bond distances,
in black. Energies are measured in kcal/mol, and distances in angstroms. Single-point calculations at optimized geometries using basis 2fgitheot mod
energy differences by more than 1.0 kcal/mol.

A B
i Wses
GLUjg6 GLU3¢6
. - - 2- 1- 1-
HOHggy + [HEME-O5” [Hogo,]1 [HEME-0H]" HOHgg + [HEME-Oj)] [HOggz|* [HEME-OH]
AE=0.6 AE=-1.5
AE"=2.4 AE"=1.7

Figure 4. Two different snapshots during the annealing molecular dynamics simulation of the T252A mutant. At the bottom of each panel, main energies
involved in the proton transfer from the water directly hydrogen bonding the distal oxygen.

The role of the Thr252 mutation has been studied through the network connecting W902 with W566 is broken. Figure 4
an annealing protocol of the MM region. Starting from the also shows the reactant and product relative energies and an
minimized reduced ferric superoxo, we freeze a QM region estimate for the energy barrier for a protonation reaction from
consisting in the heme unit and the Cys357 side chain. The the water hydrogen bonding to the distal oxygen. These energies
remainder of the protein is then treated as the MM region and were obtained from a reduced QM model involving the heme
is slowly heated to 300 K in six stages of 2 ps. From the 20 group, W901, W902, Ala252, and an Sggtoup as a cysteine
trajectories analyzed, the results clearly indicate a breaking of mimic. The coordinates were directly extracted from the QM/
the water channel. In approximately 50% of the trajectories, MM annealing trajectory, and only the water hydrogens, the
W902 loses its hydrogen bond interaction with W566 and moves oxygen ligand, the Fe, and the S were allowed to move during
closer to the heme group, establishing a close interaction with the minimization. The transition state energy estimate was
the dioxygen ligand. In the other half of the trajectories, W902 obtained from a minimization, where the transferring hydrogen
recoils back and forms a strong interaction with W566, losing was constrained at half distance between the reactant and the
its connection with the heme unit. When the same annealing product.
procedure is performed with the wild type, the water channel ~ Camphor Hydroxylation. Steps 3—6. Table 2 shows the
remains stable at all times. Figure 4 shows two different QM/MM energy profile, spin densities, and geometries along
snapshots during the T252A mutant annealing simulations, in the camphor hydrogen atom abstraction reaction path, focusing
which a close interaction of both W901 and W902 with the only on the reactive core. For this catalytic step, we have focused
heme unit can be observed. In panel A, W901 directly hydrogen on the quartet spin state, for which lower abstraction barriers

bonds to the distal oxygen while W902 is involved in a hydrogen have been observéfl. The starting coordinates have been
bond with W901. In panel B this role is inverted and W902

now directly hydrogen bonds to the distal oxygen. In both cases, (46) Yoshizawa, KJ. Organomet. Chen2001, 635 (1—2), 100-109.
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I;ab/e 2. gg)rgiTes, Spin Dsensitit(eTs,S;md l(\jllé}ijin gista?ssf ftIJr theh heme oxygen does not present any spin density for the rotated

eactant , Transition State , an roduct along the ~ : .

Hydrogen Abstraction Reaction? prc_)lfiutﬁt a;)both €O distances (0.12 before the rotation as seen
in Table 2).

There is no stable rotamer when releasing theQCdistance
constraint. The system spontaneously minimizes into a camphor
hydroxylated species in an60-kcal/mol downhill process (the
minimization was stopped after reaching 1e-04 in an RMS
gradient), breaking the FeO bond irreversibly. When the
minimization is started from the 2.6-A€0 distance, however,
the system spends several optimization cycles (20 approxi-
mately) in a low gradient regiom{2.0e-03 RMS) around the
initial structure before it finds an effective downhill path. This

spin density distance optimization indicates the existence of a metastable rotamer at
E Fe O C S 0 Por rn 1 Feo Fes large C-O distances, with a lifetime that might be strongly
RE 00 120 070 00 007 020 070 206 109 165 244 coupled to the radical substrate stretching.
TS 11.7 0.92 045 0.52 0.08 0.10 0.81 1.20 1.38 1.75 2.41 Discussion

PR 45 0.86 0.13 0.92 0.06 0.12 0.79 0.97 2.10 1.81 2.39 o
Substrate Binding. Steps =2. The results for the doublet,
2 Energies are in kcal/mol, and distances, in angstroms. quartet, and sextet spin states for the resting state clearly indicate
the role of the protein. Both the QM/MM system and the QM
obtained from the recent experimental putative oxo complex, model reproduce the low-spin experimental restifiee energy
1DZ9.pdb. The relative reactant/product energy difference, on difference between the low- and high-spin states, however,
the order of 24 kcal/mol endothermic in the prior QM model changes considerably when considering the protein. The main
studies cited above, is reduced to 4.5 kcal/mol. The activation source for the low-spin stabilization agrees qualitatively with
barrier is now only 11.7 kcal/mol. If we estimate the zero-point previous theoretical studi@swhere a reduced active site model
contribution to the barrier as being comparable to the value we was used. Antibonding interactions of the Fe with the axial
have obtained for an MMO model system, on the order of 3.5 ligands (Cys357 and D) stabilize the doublet with respect to
kcal/mol, the free energy of the barrier reduces to 8.2 kcal/ the quartet and sextet states. For example, such an interaction
mol. In using the MMO zero-point result to estimate the zero- translates into a larger F€(H,0) distance for the optimized
point energy for P450, we are making the assumption that this QM/MM structures, 2.10 and 2.46 A in the doublet and sextet
quantum correction is dominated by the mode associated with States, respectively. In absence of the protein, these optimized
the C-H—O degrees of freedom, very similar in both systems. distances are 2.18 and 2.65 A (these distances have been
Single-point calculations at optimized geometries of the reac- obtained with a reduced QM model as the one used in ref 22).
tants, products, and transition state using basis 2 affect the resultd here is, therefore, a larger repulsive steric interaction between
by less than 8%. The main difference of the QM/MM spin the protein active site pocket (residues in close proximity to
density analysis with prior QM model studies is the nature of the water) and the water axial ligand in the high-spin state.
the third unpaired electron (the first two being located in the ~\When camphor binds, it displaces the axial ligand and
Fe—O atoms). In particular, we observe some radical character €liminates the annbondlng u_nteractl(_)ns between the Fe and the
in one of the carboxylic oxygens of the heme that will play a water, as well as the steric interactions between the water and

key role in the overall hydroxylation process as discussed below, € active site pocket. For this second structure along the
enzymatic cycle, both QM/MM and the QM methods produce

The distances, charges, spin densities, and energies of th‘:’{/ery similar results. We observe a clear inversion of the spin

main atom_s mv_olved In the abstraction reaction are similar to state, in perfect agreement with experimental observations. The
those_obtalngd In the analogous e_thane hydroxylation bY MMO. slightly larger stabilization of the QM/MM high-spin state, when
Also in qualitative agreement with the MMO results is the comparing both QM/MM and QM RODFT results, could be
rotation of the transferred hydrogen out of the-O—Fe plane, o, hained by electrostatic interactions of the protein with the
which opens the oxygen for a-€D recombination. Due to the ¢y qteine sulfur decreasing the spin density in the sulfur atom
computational cost of the QM/MM calculations, the analysis oy 41| the spin states. Such effect is caused by hydrogen bonds
of the rotation has been less extensive than that in our previousg.qm Gly359 and Leu358 to the sulfur. Therefore high-spin
MMO study?® Our study has been limited to two different  states, with a larger component of-F® antibonding interaction,
constrained C(campher)O(oxo ligand) distances, 2.6 and 2.3 \ould experience a larger stabilization. In particular, we observe
A. As in the MMO study, the results clearly indicate a large 4 Jarger sulfur spin component decrease in the quartet spin states.
dependence of the rotation on the-O distance. Rotation of A more detailed study of the orbital levels for the different
the hydrogen involves 5.6- and 6.0-kcal/mol energy barriers for catalytic structures, ongoing in our laboratory, supports this
the 2.6- and 2.3-A €0 distances. The rotated product is 4.6 initial qualitative analysis.

kcal/mol endothermic at a 2.6-A distance but is largely  The overall results for this first catalytic step indicate an active
exothermic, 14 kcal/mol, for the 2.3-A-€0 distance. An role of the protein in regulating the lowhigh-spin energy gap,
interpolation of these results indicates that, for-a@distance which is essential in the first electron transfer preceding the
of the order of the hydrogen abstraction transition state, the molecular oxygen binding. The results for the QM subsystem
rotation becomes exothermic and requires less energy than thalemonstrate a good description of the system with RODFT as
barrier of the abstraction process. Interestingly, the carboxylic well as the use of the basis set 1.
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O—-0 Bond Cleavage Steps 3—5. Our calculations dem-  previously?* The alcohol group of the threonine plays an active
onstrate that the first proton must come from Thr252 through a role in the enzymatic cycle, not only for the purpose of proton
3.9-kcal/mol barrier with an overall thermodynamic driving delivery, but also because of its specific interaction with the
force of —3.0 kcal/mol. Protonation from W901 is energetically distal oxygen, which, in absence of Thr252, has a larger
unfavorable. The main differential element between both proton autonomy to reorient itself with the different water configura-
donors is the stabilization of the negative oxygen atom that tions.
remains after the proton is transferred. Water 901 and 902 are Mutation of the Thr252 hydroxy group with a methoxy
ideally positioned to assist the Thr252 after protonation. These grou?® might block the access of water 902 to the active site.
results are consistent with previous studies on P456¢wifiere The enzyme, however, retains monooxygenase activity with a
the role of a water network is crucial for the distal oxygen considerable decrease of Gbnsumption rate. Thus, an alterna-
protonation. The proton transferred from the threonine is tive path involving a second oxidant could be responsible of
replaced with an almost negligible barrier (1.0 kcal/mol), by the monooxygenase retained activity, in agreement with the
migration of a proton down the water channel that connects Newcomb et al. two-oxidant mod&. The involvement of
the active site with Glu366. This second energy profile indicates Asp251 seems less plausible, since its carboxylic side chain is
that both transfers, from Thr252 to the distal oxygen and from involved in a strong salt bridge with Argl186. We have
W902 to Thr252, might happen in a concerted step. This performed multiple Asp251 side chains sampling along a
constitutes an important structural feature differentiating between molecular dynamics trajectory without obtaining any significant
proton donation by Thr252 and W901 for this second protona- large motion of Asp 251 leading to a rupture of the salt bridge.
tion step. To establish a similar mechanism for W901, we would The side chain sampling method, recently developed in our lab,
need to redirect Thr252 to force a hydrogen bond with W901. incorporates an all-atom force field (OPLS-AA) associated with
Such a move would involve a large reorganization in the active a continuum solvation model employing the surface Generalized
site and would break the Thr25®, hydrogen bond, which, Born (SGB) methodology that we have developed several years
after the reduction 08, appears to be a very strong interaction. ago. Hence it represents an improvement in respect to previous

The Thr252 new hydrogen rotation and the second proton Asp251 sampling results where electrostatic terms were ne-
transfer to the distal oxygen both involve a major hydrogen bond glected® The strength of this Asp-Arg salt bridge does not favor
rearrangement and a relatively large proton-transfer barrier. @ protonation of Asp251 as proposed recefitly.

These processes will require several picoseconds, which trans- Camphor Hydroxylation. Steps 5-6. Our QM/MM study

lates into a stabilization of the single proton proddctvhich reveals that the failure to observe compound | in the EPR study
would account for the recently observed EPR signal of an “H- is due to the rapid reaction of this intermediate with camphor.
bonded ferric hydroperoxo” speciés. Compared with previous reduced theoretical models, the energy

Our results are consistent with isotopic labeling studies, where Profile for the H-atom abstraction changes drastically when the
the proximal oxygen is transferred to substrates, while the distal full system is included, as illustrated in Table 2. The energy
oxygen is involved in the concurrent formation of wate?® barrier is exceptionally small and would permit r§p|d formgtlon
One question arises from this mechanism: the ultimate source®f the hydroxylated product from the ferryl intermediate.
of protons. The water channel connects Thr252 with Glu3ee. Furthermore, molecular dynamics studies in progress in our
However, mutations of Glu366 do not affect the enzymatic laboratory indicate that the Fe& s_tretchlng mode is acu_vated
reaction. It is therefore necessary to study the protein responsedfter the G-O cleavage described above, shortening the
to the first distal oxygen protonation, possibly involving major €a@mphor-O distance, which promotes the H abstraction reac-
conformational changes. Present work in our laboratory is trying 10N
to address this question. The critical question, then, is how the enzyme manages to

Protonation of the distal oxygen in the T252A mutant is achieve such a low reaction barrier. The main component of
energetically favorable. As observed in Figure 4, both W901 this stabilization is based on an electrostatic interaction between

and W902 might now be involved as proton donors. There is the heme carboxylate substituents and the positive residues in
however, a clear breaking of the water channel and, as :,jlclose contact with them. Figure 5 summarizes the mechanism,

consequence, a disruption of further proton delivery to the active "WHich has been described in detail elsewlfér@ompound |
site. Along the annealing simulation, the wat@, interaction can be envisioned as the product of an intramolecular single-

is now less selective. For example, water 902 exhibits a |argerelectron transfer reaction from the porphyrin ligand to a putative

mobility than the alcohol group in Thr252, which is largely Fe(Vf)} c.enlt.er, fjo glvte]' the Fe(IV) mmity ang a lradlgalmdt
constrained by the protein structure. This combination of factors, porphyrin ligand. In t IS _enwronment,_ the car OXy ate_ IS no
the disruption of the water network and the high mobility of _strong enough to m_al_ntalr_l fully occupied Ione_ pair or_blta_ls on
both waters, increases the possibilities of an enhancement oftS OXygen atoms, giving rise to the excess spin polarization of
the yield of a decoupling channel. In particular, the presence of Oi2 ?n one ofche t\g]o Of-a:onj%.Upor';.hydroge?htransfsr arlldt
the two waters is consistent with the net reaction for hydrogen electron injection, the nrst step In Figure 5, the carboxylate
peroxide production, 240 + O, — 2H,0,, and is in agreement ligand removes 0.08 electron units and becomes more negative
with experimental results. Thus, mutation of Thr252 opens a ) ) _ )

. .. . 47) Guallar, V.; Baik, M.; L| d, S.J.; F , R.Aroc. Natl. Acad. Sci.
path for a direct nonselective interaction of the W901 and W902 @0 U_%?A"f‘éooa 13'0 (12), égggﬁmoa, ”esr:rb haik et LAm. Ch '

i i i i 48) While correcting the proofs, a QM/MM study by Shaik et a.Am. Chem.
channel V_Vlth the dloxygen “gand' In the mUtat_ed _SpeCIeS’ both (48) S0c.2004 126, 3017—4034) has qqestioned the role of the_heme carboxylic
waters might now assist each other, as shown in Figure 4. Large  groups in the hydrogen abstraction. Work in progress in our lab further
changes in protonation energies, when adding a second water confirms our initial results (manuscript in preparation). We are also working

X L . with Prof. Shaik and Prof. Thiel to address the different results observed
in very similar environments, have been already reported by the two groups.
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Figure 5. Electron transfer scheme for the hydrogen atom abstraction and hydrogen rotation in the hydroxylation process. Blue numbers show the spin
densities of the heme carboxylate oxygen.

by 0.06 units. This additional negative charge interacts favorably and low-spin state, which is a key factor in the reduction
with the positively charged Arg299, in hydrogen bond distance potential of the heme group. In the distal oxygen protonation
with the carboxylate, and translates into a differential electro- of the ferric superoxo species, Thr252 has an active and selective
static stabilization. The same process is observed upon therole in the delivery of protons. Such a protonation mechanism
hydrogen rotation, the second step in Figure 5, where a seconds only possible with the support of a water channel. Finally,
electron injection into the heme core entirely restores the the protein environment of the active site plays a central role
electronic charge of the carboxylate oxygens. Therefore, the in the reactivity of the active species, compound 1.

presence of pOSitiVG residues in the ViCinity of the active site The models deve|0ped here find exp|anation for most of the
stabilizes both the hydrogen abstraction and rotation productscontroversal experimental data in the wild type and the Thr252
(as well as the barriers), leading to an open channel for thetp Ala mutant. They can be used to obtain further detailed
substrate’s carbon second oxidation and tk€dGecombination. Comparisons with experimenta| results and to Suggest new
The existence of a metastable rotamer, as indicated Whenexperiments with this and other proteins that emp|oy protopor-

releasing the €0 constrain in the rotated product, might phyrin IX, as well as enabling predictions for active site
explain different experimental EPR and ENDOR sigtaddter mutations of the enzyme.

the hydrogen abstraction process.
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