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The economy of dioxygen consumption by enzymes constitutes (a)
a fundamental problerThe enzyme cytochrome P450 catalyzes 2
the “insertion” of an oxygen atom into substrates by utilizing two
reduction equivalents (2¢ 1 mol of G,, and two proton equiva-
lents; the other [O] equivalent is converted to water. When the
stoichiometry of, e.g., a P450-catalyzed B hydroxylation follows
eq la, the monoxygenation reaction is called “tightly coupled”,
meaning optimal @consumptiort.
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Occasionally, the @ consumption follows eq 1bwherethe
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enzyme carerts all the dioxygen into watethereby acting as an
oxidasel® but at the same time it dehydrogenates the subétrate
and functions such as nonheme enzymes that catalyze fatty acids
metabolism. This mixed function of the enzyme is intriguing, and ®) o
constitutes the focus of this paper. Pre = -0.63 lﬂ + + +
A seminal studyof C—H hydroxylation of the antiepileptic drug P =002 P T, T, 2
valproic acid showed that the dehydrogenasgidase activity and porsS “HS
the normal monoxygenation function branch from the same P
oxidation mechanism that involves the high-valent iron-oxo species, b4
Compound | (Cpd 1) of the enzyme (see Figure 1). Thisd other
studie$*<6led to the conclusion that the mechanism involves an
initial hydrogen abstraction from the substrate by Cpd I. Subse- -
quently, the resultant radical may be partitioned between a few Q
possible pathways. In the normal route, the radical rebouteds
form an alcohol, while in the mixed oxidasdehydrogenase route,
the radical loses one more hydrogen atom (or a sequential loss of
electron and proton), thus producing olefin and water. Nevertheless, 0.5
the mechanistic details are not clear-cut and the desaturation reaction
is not very predictablé? so that theory may be helpful to elucidate
the mechanism. This work uses density functional theory (DFT) to
investigate the mechanism in order to trace its origins and the
requirements that lead to the mixed dehydrogenag@&ase activity T T
of P450. 1 1.8 2.6
The calculations used the B3LYP functional coupled with the (2Cpd I)*/AlkH 22emt
double¢ LACVP(Fe)-6-31G(H,C,N,0,S) basis set. JAGUAR#.2
was used for geometry optimization and calculations that include
the effect of medium polarity via a dielectric constant= 5.7 near these species indicate the followup processes to yield alcohol (AIkOH)
(specific interactions with the protein are not included). TDBFT  and alkene. (b) The excited sta®l¢) that correlates t82cxrand its orbital
calculations ascertained the crossing in Figure 1a. Technical detailspopulation. Underneath the description 8P* is a plot showing the
are given in Supporting Information, while the discussion focuses Variations of the spin density in the,arbital (opor,sH, and the charge on
on the chemical essence. the substrate@akn) as the_ excited stat%,lP_* evolve_s into the cationic
. . complex. The two data points corresponding to dielectric cons&ruf(
The model alkane (Alk-H) chosen for the calculationgrés-

5.7 show the effect of polarity. The break in the plot shows the initial
2-phenyliso-propylcyclopropane 1), which was shown befote electron transfer froni to fill the porphyrin “hole” in 2@+,
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Figure 1. (a) C—H abstraction profiles, in the reaction &pd | with 1,
leading to the radical and cationic compleX@s,q and 22.,. The arrows
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to lead to normal €&H hydroxylation with high-spin and low-spin
manifolds and to give both radical and cationic species. Figure 1a
shows the energy profile for the hydrogen abstraction step by Cpd
| on the low-spin manifold. The profile exhibits crossing of two
states that terminate at two structuf®s,y and?2.,. The alkyl group
spin density gax) and chargeQax) show tha€2,,q4is the LS radical
complex made from the alkyl radicaldx = —0.94;Qax = +0.06)
coordinated to the ferryl hydroxo complex. In contr&&t, has a
large positive charge on the alkyl moie®@4x = 0.53;+0.74 in¢
=5.7) and is hence more akin to the carbocationic complex, PorFe-
(1MOH~/Alk *. While the calculation revealed two-state crossing,
the crossing can most likely be weakly avoidedind as such,
electron transfer will induce passage from the radical to the cationic
state.

In a previous study? we showed that th&2.,4 Species underwent

by using an extra mole of the reductase that providesidahe
course of the reaction (i.e.,,G 4e~ + 4H" — 2H,0). As shown

by experiments,this “decoupling” of oxygen consumption from
substrate oxidation occurs when Cpd | accepts two electrons from
the reductase. Sligar et’ahave further demonstrated that whenever
the protein pocket is encumbered, e.g., to prevent approach of the
substrate’s €H to the FeO moiety of Cpd I, the result is increased
“decoupling” and heightened “pure” oxidase activity. Our present
study shows the same trend, namely, whenever the substrate is
sterically encumbered, as ih, so that the €O approach is
perturbed, the cationic intermediate will lead to a mixed oxidase
dehydrogenase reaction. Thus, the oxieadEhydrogenase function
requires substrates that combisteric inhibition of rebound and
stable carbocationic complexdsis further reasonable to speculate
that in the protein environment, release of the carbocation, away

normal rebound and spontaneously produced the alcohol product,from the iron hydroxo anion, may compete with dehydrogenation.

AIKOH (arrow in Figure 1a). By contrast, as shown by the arrow
near?2.,:in Figure 1a22.,;undergoes a spontaneous proton transfer
from the Alk" moiety to the ferric-hydroxo anion to form the
corresponding alkene and the ferriwater complex. In fact, the
22.4: Species is on the downhill slope en route to alkene product
complex. Indeed frequency analysis & exhibits a single

In such an event, the carbocation will either get hydroxylated (e.g.,
by rebound from a long €0 distancé® or simply by water) or
mediate “pure” oxidase activity by accepting electrons from the
reductase, while restoring the substrate by abstracting H

In sum: the oxidasedehydrogenase mixed activibgcurs from
the cationic intermediate species and requires electro-steric inhibi-

negative eigen-mode that corresponds to the second hydrogertion of the rebound proces3he carbocationic species correlates

transfer to the hem@&hus, theory reeals that the dehydrogenase
oxidase actiity is not associated with radicals of the substrates
but rather with the corresponding carbocatigrfermed through
electron transfer from the alkyl radical to the iron-hydroxo complex.
This is indeed one of the possibilities postulated in the experimental
literature2a.b.6

However, where does the carbocationic complex originate from?
Figure 1a shows that the LS ferric-hydroxo-carbocation formally
originates from an excited state of the Cpéslbstrate complex
(®®w*). This excited state is shown in Figure 1b along with key
orbitals. The species involves a porphyrin radieedtion (see a-
type orbital) and two singlet-coupled electrons in ttfeorbitals
of the Fe=O moiety, as opposed to the ground state that involves
triplet-coupled electrons in this moiety®1Thus, the mother state
of 224 is the excited state diCpd | and is analogous to tha,
singlet state of dioxygen, save the porphyrin radication. As
seen from the plot in Figure 1b, this state gradually loses its
porphyrin radicat-cationic character pporsy by accepting an
electron from the alkane (seeaf®)) and, at the same time, the
resultant alkane radical cation transfers anatbm to the heme-
oxo. It follows that the transformation to the carbocationic surface
involves two states witlsuccessie atom and electron transfers
from the substrate to Cpd I.

What is the reason for the oxidaséehydrogenase mode .,?
Inspection of the geometry of the species in Figure 1a shows that
the C—O distance is 2.6 A compared with a short 2.1 A for the
corresponding radical. The reason for this long@ distance is
rooted in steric bulk and charges of two moietieddg, The iron-
hydroxo is negatively charged, and it maintains-8+ interaction
with the nearby positively charged hydrogen ends of thg @tups
of the Alk moiety. Thus, due to this electro-steric factor, on one
hand, the?2., species is not set up for rebout¥,to form the
alcohol, and on the other hand, the-®* interaction causes a
spontaneous proton transfer from the alkyl cation to the iron-
hydroxo complex. The combination of these two factors results in
the oxidase-dehydrogenase activity.

The electro-steric factor links the process studied here to the
“pure” oxidase activity of P450, which converts all the t0 water,

with excited state of Cpd I, in which the F© moiety is singlet
coupled as in théAq state of dioxygen. The crossing of the radical
and carbocationic staf€ighlights once again the repeated findings
of our group that the reactivity of Cpd I-type reagents generally
involves a multistate scenario.

Acknowledgment. This research was supported by a grant by
the Israeli Science Foundation (ISF) to S.S.

Supporting Information Available: Three tables and seven figures.
This material is available free of charge via the Internet at http:/
pubs.acs.org.

References

(1) Mueller, E. J.; Loida, P. J.; Sligar, S. G.@ytochrome P450: Structure,
Mechanisms and Biochemistdnd ed.; Ortiz de Montellano, P. R., Ed.;
Plenum Press: New York, 1995; Chapter 3, pp-824.

(2) For reviews see, e.g.: (a) Ortiz de Montellano, P. RCltochrome
P450: Structure, Mechanism and Biochemist®nd ed.; Ortiz de
Montellano, P. R., Ed.; Plenum Press: New York, 1995; Chapter 8, pp
245-304. (b) Guengerich, F. Ehem. Res. Toxica2001, 14, 612-650.

(3) (a) Atkins, W. M.; Sligar, S. GJ. Am. Chem. Sod.987, 109, 3754~
3760. (b) Gorsky, L. D.; Koop, D. R.; Coon, M. J. Biol. Chem1984
259 6812-6817.

(4) See for example: (a) Aoyama, T.; Korzekwa, K.; Nagata, K.; Gillette, J.;
Gelboin, H. V.; Gonzalez, F. Eur. J. Biochem1989 181, 331-336.

(b) Lee, J. S.; Jacobsen, N. E.; Ortiz de Montellano, PBiechemistry
1988 27,7703-771Q (c) Guengerich, F. P.; Brian, W. R.; lwasaki, M.;
Sari, M.-A.; Barnhielm, C.; Berntsson, B. Med. Chem1991, 34, 1838—
1844.

(5) Rettie, A. E.; Boberg, M.; Rettenmeire, A. W.; Baillie, T. A.Biol. Chem.
1988 263 13733-13738.

(6) Wand, M. D.; Thompson, J. Al. Biol. Chem1986 261, 14049-14056.

(7) Groves, J. TJ. Chem. Educl985 62, 928-931.

(8) Jaguar 4.2 Schralinger, Inc.: Portland, Oregon, 2000.

(9) (a) E.g.: Stratmann, R. E.; Scuseria, G. E.; Frisch, M. Chem. Phys.
1998 109 8218. (b) The mixing is very weak due to the long distance
between the radical center state and the iron. The crossing could be weakly
avoided, but this would require a high-level multireference calculation.

(10) (a) Kumar, D.; de Visser, S. P.; Shaik,J5Am. Chem. So2004 126,
1907-1920. (b) In ref 10a, thé2., species was found to rebound in a
barrierless fashion after geometry alteration to a rebound conformation.
The optimized GO distance in this conformation is long, 3.2 A,
presumably due to steric repulsion.

(11) Harris, D. L.Curr. Opin. Chem. Biol2001, 5, 724-735.

JA0318737

J. AM. CHEM. SOC. = VOL. 126, NO. 16, 2004 5073



