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The diagnostic substrate tetramethylcyclopropane (TMCP) has been reexamined as a substrate with three
drug- and xenobiotic-metabolizing cytochrome P450 enzymes, human CYP2E1, CYP3A4 and rat CYP2B1.
The major hydroxylation product in all cases was the unrearranged primary alcohol along with smaller

Keywords: amounts of a rearranged tertiary alcohol. Significantly, another ring-opened product, diacetone alcohol,
Radical was also observed. With CYP2ET1 this product accounted for 20% of the total turnover. Diacetone alcohol
Rebound also was detected as a product from TMCP with a biomimetic model catalyst, FETMPyP, but not with a
g;;‘;i;g;m ruthenium porphyrin catalyst. Lifetimes of the intermediate radicals were determined from the ratios

of rearranged and unrearranged products to be 120, 13 and 1 ps for CYP2E1, CYP3A4 and CYP2B1, respec-
tively, corresponding to rebound rates of 0.9 x 10'°s™', 7.2 x 10'°s~! and 1.0 x 10'2s~!. For the model
iron porphyrin, FeTMPyP, a radical lifetime of 81 ps and a rebound rate of 1.2 x 10'° s~ were determined.
These apparent radical lifetimes are consistent with earlier reports with a variety of CYP enzymes and
radical clock substrates, however, the large amounts of diacetone alcohol with CYP2E1 and the iron por-
phyrin suggest that for these systems a considerable amount of the intermediate carbon radical is
trapped by molecular oxygen. These results add to the view that cage escape of the intermediate carbon
radical in [Fe'V-OH ‘R] can compete with cage collapse to form a C-O bond. The results could be signif-
icant with regard to our understanding of iron-catalyzed C-H hydroxylation, the observation of P450-

Hydroxylation

dependent peroxidation and the development of oxidative stress, especially for CYP2E1.

© 2010 Elsevier Inc. All rights reserved.

Introduction

Cytochrome P450 enzymes (CYP) comprise a large, important
and highly versatile class of heme-thiolate proteins [1]. Under-
standing the mechanisms of action of cytochrome P450 with its
substrates continues to be a central concern with regard to phase
I drug metabolism and xenobiotic toxicity [2,3]. Metabolites may
be toxic or they may have enhanced bioactivity [4]. Indeed, mod-
ern drug discovery requires the identification and characterization
of toxic metabolites early in the development pipeline [5,6]. CYP
enzymes are known to mediate a wide variety of oxidative trans-
formations, including N-, O- and S-dealkylations, heteroatom oxy-
genations, desaturations, deformylations and epoxidations.
However, the ability of CYPs to catalyze the oxygenation of even
strong C-H bonds, which is chemically the most extraordinary,
have received the greatest mechanistic [7] and theoretical [8]
attention. More generally, cytochrome P450 stands as a paradigm
of oxidative catalysis mediated by a first-row transition metal with
many lessons to offer regarding C-H bond activation and our basic
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notions of chemical reaction mechanisms, electronic structure and
reactivity [7-10].

The consensus mechanism for C-H hydroxylation by cyto-
chrome P450 is shown in Scheme 1. There is abundant evidence
for the early stages of the reaction cycle, leading from the resting
ferric form of the heme site through the reduced, oxygenated, per-
oxo and hydroperoxo states. The accumulated spectroscopic evi-
dence has been extensively reviewed [7,9,11].

The oxygen rebound mechanism for P450-mediated hydroxyl-
ations, involving C-H abstraction by a ferryl heme intermediate
(compound I) first emerged from our studies with model iron sys-
tems [12,13]. In 1978 [14], we showed in collaboration with Jud
Coon that a reconstituted P450 system hydroxylated the simple
but informative hydrocarbon substrate norbornane at C2 with sig-
nificant loss of stereochemistry at the oxygenation site [15-17].
We interpreted this outcome to be indicative of a hydrogen
abstraction-radical recombination mechanism. In subsequent
years, aliphatic hydroxylations by P450 enzymes were found to
be accompanied by a range of molecular rearrangements support-
ing the idea of intermediate, but transient, carbon-centered radi-
cals. Modes of rearrangements that were observed include allylic
rearrangement [18], cyclopropyl-carbinyl-homoallyl rearrange-
ments [19], C-C fragmentation [20], and epimerizations [21]. In
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Scheme 1. Cytochrome P450 catalytic cycle, with emphasis on the oxygen rebound
step, showing the rearrangement of the radical intermediate, which could occur
either within the initial cage or after cage escape.

parallel model studies, we showed that synthetic oxoiron(IV) por-
phyrin radical cation complexes [22,23], as well as oxochromium,
oxomanganese and oxoruthenium analogs [10,24], could be pre-
pared and spectroscopically characterized by a variety of techniques.
These studies showed that such species mimicked P450 reactivity in
a variety of ways. Significantly, recent studies with model, water-
soluble iron porphyrins have shown that a very reactive oxoiron(IV)
porphyrin radical cation [0=Fe!VP*] could be prepared via peroxy-
acid oxidation of iron(Ill) precursors that are able to hydroxylate
C-H bonds at extraordinary rates (>10° M~', s71) [25].

The reactive P450 intermediates after the ferric-hydroperoxo
state have proven to be much more elusive. Studies of P450 reac-
tions with peroxyacids by Egawa [26], Dawson and Ballou [27],
and Sligar [28] have supported the view that the oxidizing species
of P450 is a particularly reactive, thiolate-ligated, oxoiron(IV)
porphyrin radical cation [0=Fe'VP*] analogous to the well-charac-
terized compound I of chloroperoxidase [29], although the prepa-
ration of the P450 compound I intermediate in those studies was
difficult to characterize. Newcomb et al. have offered evidence that
a reactive CYP119 species with a visible spectrum very much like
the resting ferric protein could be generated by laser flash
photolysis [30]. However, there is debate over the nature of the
precursor that was photolyzed, since the method of production
via peroxynitrite oxidation could lead either to a compound II
species, PFe'V-OH [31], or a ferric nitrosyl, Fe''-NO [32]. There
has also been debate regarding the method of data analysis for

the UV difference spectra used in these studies. Green has presented
an analysis of these methods with the conclusion that the ferric-pro-
tein-like intermediate reported by Newcomb is not compound I of
P450 [33] Very recently, Rittle and Green have reported clear evi-
dence that the actual reactive intermediate of CYP119 does, indeed,
look like the oxoFe(IV) porphyrin radical cation (compound I) of
chloroperoxidase [34]. A high yield of the CYP119 compound I was
obtained by carefully tuning the peroxyacid oxidation of the resting
ferric enzyme. The authentic CYP119 compound I had a strongly
blue-shifted Soret band with diminished intensity and a broad
absorption near 700 nm, as is characteristic of oxoFe(IV) porphyrin
radical cations. The Mdéssbauer spectrum of freeze-quenched sam-
ples of the intermediate was similar to that of CPO compound I.
The EPR consistent with an S =1 ferryl [Fe(IV)=0] spin coupled to
a porphyrin radical to afford a net S = 1/2 ground state. Significantly,
this CYP119 compound I intermediate was able to hydroxylate unac-
tivated C-H bonds with very fast apparent rate constants in the
range of 10*-10” M~! s, Clearly, the study of the nature of active
oxygen species involved in cytochrome P450 catalysis continues to
be a lively and informative field.

In the present study we have compared the reactions of several
P450 isozymes with the diagnostic substrate probe, tetramethylcy-
clopropane (TMCP)'. CYP3A4 is the most abundant P450 enzyme in
the human liver and is responsible for the phase I metabolism of
~50% of prescription drugs [35]. The P450 enzymes CYP2C9, 2C19,
2D6 and CYP3A4 together account for 95% of drug metabolism [36].
Human CYP2E1, found largely in hepatocytes and epithelial cells, is
known to oxidize a wide variety of low molecular weight xenobiotics
as well as signaling fatty acids such as arachidonic acid. CYP2E1
metabolism is largely responsible of the cytotoxicity of acetamino-
phen and is implicated in oxidative stress and liver damage resulting
from alcohol exposure [37,38]. Similarly, CYP2B1 is a drug metaboliz-
ing, phenobarbital-induced isozyme of rat liver microsomes.

Tetramethylcyclopropane was first used as a P450 substrate by
Ingold et al. in their pioneering development of radical clock sub-
strates [39,40]. The ring-opening rate constant for the cyclopro-
pylcarbinyl radical from TMCP was found to be moderately fast,
2 x 10° s~ Rat liver microsomes and a reconstituted CYP2B4 sys-
tem both gave about 1% ring-opened, homoallylic alcohol, in that
study, corresponding to an inferred radical lifetime of 4 ps in the
oxygen rebound process.

The rationale for our reexamination of TMCP as a diagnostic P450
substrate was to see if this small substrate could afford evidence of
the radical cage phenomena we had seen in the non-heme diiron
hydroxylase AlkB [41]. In that case a slower radical clock produced
more rearranged product than the faster clock. Such a result can be
accommodated if cage-escape of an incipient radical is competitive
with rebound to afford hydroxylated product. The results show that
the apparent radical lifetime varies over two orders of magnitude
depending upon the particular P450 isozyme used. Significantly, a
new product, diacetone alcohol, was also detected. We compare
these results for the three CYP enzymes with a benchmark model
iron porphyrin/iodosylbenzene system, which afforded the same
products.

Results
Hydroxylation of tetramethylcyclopropane with CYP enzymes
1,1,2,2-Tetramethylcyclopropane 1 (TMCP) was reacted with

human CYP3A4 and CYP2E1, and rat CYP2B1 in a reconstituted sys-
tem that also contained P450 reductase and cytochrome b5 [42].

1 Abbreviations used: TMCP, tetramethylcyclopropane; NADPH, Nicotinamide ade-
nine dinucleotide phosphate; CYP, Cytochrome P450 enzymes.
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Nicotinamide adenine dinucleotide phosphate (NADPH) was used
as the electron donor. TMCP turned out to be a very good substrate
for the CYP enzymes employed here, with activities ranging from
90 to 2000 nmol/min/nmol P450, ~5-fold more active than is typ-
ical for standard substrates. The structures of TMCP and the ob-
served products are depicted in Fig. 1. Products 2 and 3 were
identified by comparison to synthesized authentic standards. Prod-
ucts 4 and 5 were identified by comparison to commercially avail-
able materials. Yields were determined by comparing response
factors of reaction mixtures to these standards vs. dodecane as
an internal standard.

Table 1 shows the results of oxidation of tetramethylcyclopro-
pane by the three CYP proteins. The GC-MS TIC traces of the indi-
vidual reactions are shown in Figs. 2 and 3. In the oxidation of
TMCP by CYP2E1, the unrearranged alcohol 2 was the major prod-
uct (80%). The only other product detected was a very significant
amount of diacetone alcohol 5 (20%). This product was completely
absent in control runs lacking NADPH (blue line). For the oxidation
of TMCP by rat CYP2B1, again the unrearranged alcohol 2 was the
major product (99.7%), along with 0.1% unrearranged aldehyde 3.
The rearranged alcohol 4 (0.2% relative yield) and diacetone alco-
hol 5 (trace) were also detected. As such, this run served as a neg-
ative control for the production of 5 since it had all of the
ingredients as the CYP2E1 run except a different P450 protein.
For the oxidation of TMCP by CYP3A4 (Fig. 3), the major product
was the unrearranged alcohol 2 (91%), accompanied by 1.5% unre-
arranged aldehyde 3. The rearranged alcohol 4 was present in 1.0%
relative yield, and 1.5% diacetone alcohol 5 was also detected.

In control experiments (full reaction mixture without NADPH),
products 4 and 5 were stable under the reaction conditions and
were not converted to any products. TMCP was filtered through ba-
sic alumina before use to ensure removal of oxygenated impurities.
Control reactions (either without enzyme, without NADPH or with-
out both) were free of any products including 5, which could be an
autoxidation product of TMCP. Each reaction was run in the pres-
ence of both catalase (1000 units) and MnSOD (1000 units). Under
these conditions the amount of diacetone alcohol product (5) was
reduced to 7.5% for the CYP2E1 reaction. There was no effect on the
CYP3A4 or CYP 2B1 reactions.

Iron porphyrin-catalyzed oxidation of 1,1,2,2-
tetramethylcyclopropane (TMCP)

The oxidation of TMCP (1) by a model iron metalloporphyrin was
also investigated. The reaction was carried out using iron(III)
tetrakis-5,10,15,20-(N-methyl-4-pyridyl)-porphyrin (Fe™-4-TMPyP)
catalystand iodosylbenzene as the oxidant in acetonitrile [25]. As a
control of the analytical method, carbonylruthenium(Il) tetrakis-
5,10,15,20-pentafluorophenyl-porphyrin (CO)Ru(TPFPP) was used
with 2,6-dichloropyridine N-oxide as the oxidant in methylene

NGNS,

Fig. 1. Oxidation products from tetramethylcyclopropane (TMCP, 1).

chloride solvent as we have previously described [43]. With the
Fe''-4-TMPyP catalyst the oxidation of TMCP gave 75% of the unrear-
ranged primary alcohol 2, 2% of the rearranged tertiary alcohol 4 and
12% of the autoxidation product 5 in a 1% overall conversion with ex-
cess substrate. A rearranged epoxide 6 (11%) was also detected
(Fig. 4). By contrast no diacetone alcohol (5) was detected with Ru(-
CO)TPFPP as the catalyst. These results afford an apparent radical
lifetime of 81ps and a radical rebound rate of 1.2 x 105!
(160 ps if 6 is counted as a rearrangement product).

Discussion

Tetramethylcyclopropane 1 (TMCP) was a good substrate for
the three P450 isozymes investigated and the model iron porphy-
rin FeTMPyP in this study, affording reaction mixtures with two
unrearranged products, the alcohol 2 and the corresponding alde-
hyde 3; and products derived from cyclopropylcarbinyl-homo-allyl
rearrangement, the homoallylic alcohol 4 and diacetone alcohol
(5). From the ratios of (4 +5)/(2 + 3) apparent radical lifetimes of
1-120 ps were calculated (Table 1), corresponding to radical re-
bound rates varying from 1.0 x 10'? to 0.9 x 10'° s, These values
closely match the reported range for other aliphatic cyclopropanes
for P450-catalyzed hydroxylation reactions: bicyclopentane
(~50 ps) [19], methylcyclopropanes (4-100 ps) [39,40], norcarane
(16-50 ps) [44], thujone (8~142ps) [21] and bicyclohexane
(74~252 ps) [45]. Our observed radical lifetime (1 ps) for rat
CYP2B1 was somewhat shorter than that reported by Ingold et al.
[39,40] (4.0 ps) for rat liver microsomes, which are known to con-
tain mostly CYP2B1 and CYP2B2. By contrast, the apparent radical
lifetimes reported for phenylmethylcyclopropanes are notably
shorter [46,47].

Diacetone alcohol (5) as an oxygen-trapped product

The appearance of diacetone alcohol (5) among the products
can be rationalized by trapping of the rearranged homo-allyl radi-
cal by molecular oxygen (Scheme 2). In the metalloporphyrin-
catalyzed oxidation of TMCP, product 5 was not formed in the
absence of oxygen or in the presence of oxygen-radical scavengers.
Control reactions without enzyme, without NADPH or without
both showed no or almost no production of 5, ruling out significant
contribution of autoxidation processes to its formation. Although,
diminished yields of 5 with CYP2E1 in the presence of catalase
and MnSOD suggest that some of this product may result from
uncoupling of the oxygen reduction process from substrate oxy-
genation (Scheme 1). However, TMCP is a rather stable substrate
and not prone to extensive spontaneous autoxidation due to the
strong methyl C-H bonds (97 kcal/mol) [48]. Indeed, the reaction
of CYP2B1 with TMCP in the presence of NADPH showed almost
no 5. Accordingly, the production of 5 is most probably due to
the action of the enzyme and not by non-enzymatic reactions or
side reactions.

The role of CYP2E1 in the production of radicals

CYP2ET1 is involved in the metabolism of low molecular weight
compounds such as ethanol, acetone, benzene and chlorobenzene
[49]. CYP2E1 is induced by ethanol, and is thought to be a major
contributor to liver disease among alcoholics via ethanol-induced
lipid peroxidation [38,50]. The observation of 5, the oxygen-
trapped product from the TMCP radical, among the CYP2E1 metab-
olites suggests that radicals are formed in the catalytic cycle of this
P450 enzyme. There is evidence that CYP2E1 is ‘leaky’, allowing
radicals to escape from the active site before the completion of
the oxygenation reaction. Radicals from a variety of substrates,
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Table 1
Results of P450 catalyzed oxidation of TMCP.
Enzyme Human CYP2E1 Human CYP3A4 Rat CYP2B1
Product Yield (%)? Yield (%)? Yield (%)°
2 80 96 99.7
3 nd® 1.6 0.1
4 nd® 1.1 0.2
5 20 1.6 Trace
Conversion 4% 17% 86%
Activity? 90 800 2000
U/R® 45+15 362 750 £ 250
Rebound rate 09x10'°£03 x 10"s" 72x10'°£04 x 105" 1x10”+1x 10" s
Radical lifetime 120+ 40 ps 13+1ps 1+0.3ps
2 Average of 3 runs.
b Average of 2 runs.
¢ nd, not detected.
4 nmol/min/nmol P450.
E Ratio of unrearranged (2 + 3) to rearranged (4 + 5) products.
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Fig. 2. GC-MS total ion traces for the TMCP oxidation product region for (A) CYP2E1,
(B) CYP2B1. In each trace the product run is in black and the control run, without
NADPH, is in blue.

including ethanol [51-53], propanol and butanol [54], carbon tet-
rachloride [55], and ciprofloxacin [56], have been trapped with
spin traps such as 4-POBN [o-(4-pyridyl-1-oxide)-N-tert-butylnit-
rone], as shown by EPR. It has been inferred that the ethanol-de-
rived radicals may derive from the iron dioxygen complex of
CYP2E1 (Fe''-0-0) [38]. However, it has also been suggested that
reactive oxygen species such as superoxide and hydrogen peroxide,
rather than substrate radicals, are escaping from the active site, as
evidenced by the fact that the addition of the antioxidant trolox
can suppress radical formation [56]. The present study does not al-
low a definitive assignment of the origin of the diacetone alcohol
product 5. However, carbon-carbon bond scission at the B-position
of alkoxy and peroxy radicals is a common process in olefin autox-
idation [57,58], which in this case would lead to 5 and formalde-
hyde. The presence of MnSOD and catalase did not prevent the
formation of 5 under conditions for which concentrations of both
superoxide and hydrogen peroxide should have been greatly

34 36 38 40 42 44 46 48 min

Fig. 3. GC-MS total ion trace for the TMCP oxidation product region for CYP3A4
(insets are 5x).

depressed. That observation, the fact that TMCP has strong C-H
bonds and the detection of 5 among the products with FeTMPyP/
iodosylbenzene argue that some of the substrate radicals derive
from turnover at the active site and may involve the reactive ferryl
species.

The crystal structure of CYP2E1 has been determined recently,
both with a small, coordinating molecule at the active site and a
longer fatty acid [59,60]. The substrate binding site is delineated
by the heme and five nearby phenylalanines (106, 116, 207, 298,
and 478) defining a volume of 190 A, A second, smaller cavity is
immediately adjacent, separated only by Phe?*® and Phe'®® and a
simple rotation of the phenyl appendage of Phe?®® with no change
in the I-helix, which was observed upon binding of fatty acids, more
than double the size of the active site [60]. TMCP, with a molecular
volume of 160 A2 fits within the active site cavity but not with much
room to spare (Fig. 5). However, rotation of Phe?° could explain the
apparent facility with which reduced oxygen species and substrate
radicals escape from the active site of CYP2E1.
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Fig. 4. Oxidation of TMCP oxidized by PhIO catalyzed by Fe-4-TMPyP in
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Scheme 2. Possible oxygen-trapping pathways to diacetone alcohol (5).

Suppression of intramolecular deuterium isotope effects for
4,4'-dimethylbiphenyl as compared to xylenes with CYP2E1 have
shown that there is not enough space in the active site for the long-
er molecule to turn, and therefore for the two ends were not full
competition with each other [61-63].

Thus, upon ring-opening of the substrate probe, the resulting
homo-allyl radical may encounter restrictions in turning to com-
plete the oxygen rebound process. Auclair et al. have reported that
for norcarane, CYP2E1 showed more rearrangement than did rat

Fig. 5. Active site of CYP2E1 with a modeled substrate, tetramethylethylene
(medium blue). The figure illustrates constrictions between the active site, the
small distal void, and the substrate access channel (top left). The phenyl substituent
of F298 in the I helix (dark blue) forms a cap above the active site. Rotation of this
group by about 90°, which has been observed for longer substrates, opens the active
site to the substrate channel. The heme (light blue), iron (orange), axial thiolate
ligand (yellow) and threonine hydroxyl (red) are also depicted. Created with
MacPyMol from 3E61.pdb, cf. Refs. [55,56].
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Scheme 3. Depiction of a cage recombination-cage escape scenario for oxygen
rebound by cytochrome P450. The intermediates, in sequence, are compound I
(oxoiron(IV) porphyrin radical cation) with the substrate and peroxide-derived
water at the active site; C-H encounter via = —approach to the ferryl; the hydrogen
abstraction (HAT) transition state; compound II with a hydrogen bond to the
incipient substrate radical R'; cage escape of the radical and rearrangement or
oxygen trapping; oxygen rebound to form either rearranged or unrearranged
product alcohol coordinated to the heme iron(III).

CYP2B1, bacterial P450can or P450gy3 [44], consistent with the re-
sults reported here.

Oxygen rebound as a cage recombination process

In light of the results presented here indicating that some
TMCP-derived radicals live long enough to be captured by diffusion
of molecular oxygen, especially for CYP2ET1, it is pertinent to dis-
cuss the P450 C-H hydroxylation process in terms of a hydrogen
abstraction-radical cage recombination process, as depicted in
Scheme 1. To frame this discussion, the time scale of molecular
vibrations is in the range of 10-100 fs and the frequency of passage
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Fig. 6. Apparent lifetimes of intermediate cyclopropylcarbinyl radicals as determined from rearranged products in reactions mediated by cytochrome P450 enzymes.

of a molecular reaction such as hydrogen abstraction through a
transition state is less than 200 fs [64]. A well-studied example
of cage recombination and cage escape is the rebinding of NO to
the heme iron of myoglobin after photodissociation [65,66]. The bi-
phasic kinetics have been interpreted to result from very rapid NO
recombination from the distal pocket within 10 ps and a slower
(200 ps) binding process of NO molecules that have diffused into
neighboring protein cavities. Thus, cage escape of NO competes
with NO rebinding even though there is a negligible barrier to
the rebinding process. Statistical mechanics simulations have
shown that 5% of the NO molecules were still found in the distal
pocket and in these cavities even after 1 ns. The kinetic barrier to
this slower recombination phase has been associated with entropic
considerations, solvent effects and the dynamics of conformational
gating for diffusive return to the distal pocket.

A similar scenario can be envisioned for C-H hydroxylation by
iron-containing oxygenases. The diiron alkane hydroxylase (AIkB)
is a non-heme iron enzyme that is thought to have a sterically re-
stricted active site, since it is designed to hydroxylate the terminal
methyl group of n-alkanes [67]. AIkB shows a large amount of rear-
ranged products with typical mechanistic probes such as norcarane
and bicyclohexane, indicating a long-lived (~10 ns) radical inter-
mediate [41]. A revealing aspect of that study was the observation
that bicyclohexane, which is a relatively slow radical clock, affor-
ded more radical rearranged product than norcarane. While this
result is inconsistent with the typical manner that radical clock
data is interpreted, the outcome is fully consistent with a compe-
tition between oxygen rebound and cage escape, or recoil
[68,69], of the incipient radical, since the recoil/rebound rate ratio
will determine the extent of radical rearrangement. Such a process
has the effect of masking the radical ring-opening rate. A similar
phenomenon is observed in the cage escape of ‘NO, from [Fe'V=0
‘NO,] at the active site of myoglobin during its reaction with per-
oxynitrite [70,71].

Applied to the cytochrome P450 enzymes in this study, CYP2B1
has shown a very short radical lifetime (1-4 ps) but with rear-
ranged products that were still detectable. Longer apparent radical
lifetimes of 13 ps for CYP3A4 and 120 ps for Cyp2E1, as well as
81 ps for the model iron porphyrin, FeTMyP, are all in the same
time zone for recombination as those observed for NO recombina-
tion to myoglobin. But it is important to recognize that these rad-
ical lifetimes are all averages, with some radicals that have escaped
the cage living very much longer, which could allow for trapping
by freely diffusing molecular oxygen.

A more detailed description of the oxygen rebound/cage es-
cape scenario is shown in Scheme 3. The sequence begins with
the formation of the oxoiron(IV) porphyrin radical cation (com-
pound I) intermediate (Scheme 1) with the substrate in place.
The nearby water molecule is the one that is mechanistically de-
rived from O-O bond heterolysis of the hydroperoxoiron(IIl) pre-
cursor (compound 0). The hydrogen abstraction is initiated by
aeproach of the scissile C-H bond to the singly-occupied Fe-O
7 orbital leading to the HAT transition state. Interestingly, the

depicted water molecule has been suggested to play a role in
lowering the barrier to the hydrogen atom transfer process
through hydrogen bonding [8]. Completion of the hydrogen
atom transfer from carbon to the ferryl oxygen will produce a
hydroxoiron(IV) intermediate (compound II) [72]. The strength
of the newly formed FeVO-H bond of P450 compound II can
be estimated to be ~100 kcal/mol based on the rates of hydro-
gen atom abstraction of a model oxoiron(IV) porphyrin cation
radical [25]. Such a mechanism would suggest that the incipient
substrate carbon radical would be hydrogen bonded to the oxy-
gen of compound II. Indeed, experimental [73] and computa-
tional evidence for hydrogen bonds to alkyl radicals, especially
acidic H-bond donors [74], has been reported. The major interac-
tion has been attributed to charge* transfer from the carbon rad-
ical into the H-bond donor O-H ¢ orbital. Thus, one expects the
substrate carbon radical to be stabilized by the hydrogen bond
to the hydroxyl of compound II as in [R—HO-Fe'VP]. Completion
of the oxygen rebound process would appear to require a dis-
ruption of this hydrogen bond, such as by cage escape of the
radical. As is typical of such stochastic processes, some radicals
would escape the cage and rearrange while others would not.
Further, the small confines of the active site, as is seen in
CYP2E1, may make reencounter of the escaped radical with com-
pound II unfavorable with respect to trapping by molecular oxy-
gen. A hydrogen bond to the intermediate substrate radical
could also explain the very short apparent radical lifetimes ob-
served for phenylmethylcyclopropane and similar substrates,
since a strong hydrogen bond could drastically change the
ring-opening rate.

Summary and conclusions

We have examined the behavior of tetramethylcyclopropane as
a diagnostic substrate with three important drug-metabolizing
cytochrome P450 isozymes - human CYP2E1, human CYP3A4
and rat CYP2B1. The ring-opening rate of TMCP (2 x 10° M~'s™1)
has revealed radical lifetimes over the range of 1-120 ps. Signifi-
cantly, the model iron porphyrin FeTMPyP/iodosylbenzene system
showed amounts of substrate rearrangement commensurate with
an 81 ps radical lifetime with this same substrate. The similarity
of the observed behavior of the model system and the active en-
zymes indicate that similar mechanisms and similar intermediates
are involved in both cases. These values compare well with radical
lifetimes on the order of 1-250 ps observed with a variety of en-
zymes and radical clock substrates (Fig. 6). The large variation in
apparent radical lifetime observed for TMCP with these CYP en-
zymes shows that subtle differences in the active sites can signifi-
cantly change the outcome. Both CYP2E1 and the model iron
porphyrin catalyst produced a significant amount of an oxygen-
trapped product, diacetone alcohol (5). Cage escape of the radical
intermediate competing with radical recombination is suggested
to explain these results.
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Experimental
General

Tetramethylcyclopropane and authentic standards for their oxi-
dation products 2-6 were purchased or synthesized by literature
methods.

Cytochrome P450 assays

Cytochrome P450 enzymes were purchased in insect cell micro-
somes from BD Biosciences (Woburn, MA). The microsomes also
contained cytochrome P450 reductase (activity 2200 nmol/
(min mg protein)) and cytochrome bs (610 pmol/mg protein). For
each reaction, 100 pL of Supersomes containing 100 pmol P450,
540 pmol cytochrome bs, cytochrome P450 reductase of
200 nmol/min activity as received was added to a mixture of buffer
(0.5 mL, 100 mM potassium phosphate, pH 7.4), NADPH (8 mg,
10 pmol), and substrate (1 pL, 7 pmol). This mixture was incu-
bated in a water bath at 37 °C for 30 min. The reaction was stopped
by the addition of dichloromethane (250 pL) and centrifuged for
three minutes at 13,750 rpm. The organic layer was separated
and dried with MgSO,4, then subjected to GC-MS analysis.

Oxidation of TMCP by synthetic metalloporphyrins

The substrate 1 (10 pL) in acetonitrile (200 pL) was added to a
stock solution of the porphyrin (65 pL of 5.6 mM in acetonitrile
[3.93 mg/mL Fe-4-TMPyP]), which was purchased from Mid-Cen-
tury Chemical. Solid iodosylbenzene (5 mg) was added in five por-
tions over 15 min with efficient stirring, then stirred for an
additional 15 min. The reaction mixture was filtered through a
short plug of silica and activated charcoal, which was rinsed with
dichloromethane (200 pL). The solution was diluted for GC-MS
(around 1:100). The ruthenium porphyrin catalyst, Ru(TPFPP)(CO),
was prepared and the oxidation carried out as previously described
[43].

GC-MS analysis

GC-MS analyses were run using an Agilent 7890A GC coupled to
a 5975C Inert MSD with a Rtx-5Sil MS (30 m length, 0.25 mm ID,
0.25 pm film) column. Two GC-MS thermal gradient methods were
used: Method 1 started at 30 °C, holding for 6 min, ramping to
230 °C at 10°C/min and Method 2 started at 50 °C, holding for
2 min, ramping to 230 °C at 10 °C/min. Dodecane (13 ng/mL) was
added as an internal standard.
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