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Cytochromes P-450 are ubiquitous in nature. The 
levels of these hemoproteins can be influenced by many 
chemicals and the enzymes in turn are capable of me- 
tabolizing many compounds.l Because of the diversity 
of substrates and the variety of transformations that 
these enzymes execute, this family of cytochromes has 
attracted the attention of workers in many fields, in- 
cluding organic and inorganic chemistry, biochemistry, 
endocrinology, nutrition, pharmacology, bacteriology, 
toxicology, and oncology. Interest in the latter two 
fields has been particularly great because of the ability 
of these enzymes to metabolize rather inert chemicals 
to electrophilic products that can bind irreversibly to 
cellular macromolecules and initiate the development 
of toxic or tumorigenic lesions.2 

Cytochromes P-450 carry out oxidative reactions with 
typical mixed-function oxidase stoichiometry: 
R + NAD(P)H + H+ + 0 2  + 

RO + H2O + NAD(P)+ 

We classify the oxidative reactions into six categories: 
(1) Carbon hydroxylation is the formation of an alcohol 
at a methyl, methylene, or methine position. (2) Het- 
eroatom release is the oxidative cleavage of the het- 
eroatomic portion of a molecule, which results from 
hydroxylation adjacent to the heteroatom generating 
a geminal hydroxy heteroatom substituted intermediate 
(e.g., carbinolamine, halohydrin, hemiacetal, hemiketal, 
or hemithioketal) that collapses with release of the 
heteroatom to form a carbonyl compound. ( 3 )  Het- 
eroatom oxygenation is the conversion of a heteroat- 
om-containing substrate to its corresponding hetero- 
atom oxide, such as the transformation of a tertiary 
amine to an N-oxide, an organohalide to a haloso de- 
rivative, a sulfide to a sulfoxide, or a phosphine to a 
phosphine oxide. (4) Epoxidation is the formation of 
oxirane derivatives of olefins and aromatic compounds. 
(5)  Oxidative group transfer involves a 1,2 carbon shift 
of a group with concomitant incorporation of oxygen 
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as a carbonyl at  the C-1 position. (6) Olefinic suicide 
destruction involves inactivation of the heme, in our 
considerations here, of cytochrome P-450 by an enzyme 
product or an enzyme intermediate. Other reactions 
catalyzed by cytochromes P-450, which will not be 
considered here, include the reduction of azo dyes, ep- 
oxides, N-oxides, and halomethanes, the reduction and 
scission of hydroperoxides (and propagation of lipid 
peroxidation), and relatively nonspecific oxidations in- 
volving forms of partially reduced oxygen that can be 
released from cytochrome P-450.173 

Elucidation of the chemical mechanisms by which the 
cytochrome P-450 enzymes catalyze their chemical 
transformations has been a challenge due to the diffi- 
culty in characterization of many of the critical inter- 
mediates involved in the catalytic mechanism and the 
variety of chemical reactions catalyzed by these en- 
z y m e ~ . ~ ~ ~ ~ ~  Two central questions of the catalytic cycle 
have had to be addressed: the mechanism of oxygen 
activation to the active intermediate and the mecha- 
nism of oxygen transfer from the enzymatic active ox- 
ygen species to the substrate. 

The early steps in the cytochrome P-450 catalytic 
cycle are shown in Figure l.3-6 The binding of the 
substrate to the ferric enzyme is rapid and stoichio- 
metric7 In some cases the iron is changed from the 
low- to high-spin state and the oxidation-reduction 
potential is raised upon binding! Our own studies with 
the liver microsomal cytochromes P-450 indicate that 
these changes are not always observed and are not re- 
lated to rates of cataly~is.~9~ The substrate-bound ferric 
enzyme accepts one electron from the flavoprotein 
NADPH-cytochrome P-450 r e d u c t a ~ e , ~ J ~  which con- 
tains one FMN and one FAD,ll and which donates the 
electron from the FMNH,/FADH. complex.6J2 The 
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, , oi FADH. 
/ FMNH2 ;-- * 

FADH-IFMNH. 

Fen- R FADIFMNH2 

FADH-IFMNHZ FAD /FMNH2 

FADHz/FMNH* ' JNADPH, H +  

NADP 4- 

Figure 1. Proposed catalytic cycle for reduction and oxidation 
of cytochrome P-450. 

substratebound ferrous enzyme binds molecular oxygen 
rapidly to form an oxygenated c0mp1ex.l~ Without the 
addition of another electron, the complex can decay to 
release superoxide anion (or hydrogen peroxide, after 
di~mutation)'~ or dismute to yield oxidized enzyme 
p r o d u c t ~ . ~ J ~ ~  Alternatively, this oxygenated complex 
can accept a second electron from the flavoprotein, or 
possibly cytochrome b5,6J5 generating an activated 
iron-oxygen complex. Several lines of evidence suggest 
that this complex is a perferryl oxygen, formally (FF 
O)3+.16 Oxygen is then added to the substrate. After 
oxygen addition, the oxygenated product dissociates to 
leave the iron in the original ferric state. Steps 2,4, and 
6 appear to be rate-limiting under different  condition^.^ 

The Account focuses on our efforts directed at  un- 
derstanding the detailed mechanism of enzymatic ox- 
ygen transfer. We have purified eight different rat liver 
microsomal cytochromes P-450 and examined the 
abilities of the various forms to catalyze certain reac- 
tion.17Js Common features must exist in all cytochrome 
P-450 oxidative reactions, since a single form of cyto- 
chrome P-450 can carry out many types of reactions. 
For instance, cytochrome P-450pB.B17 can catalyze all 
six types of oxidative reactions with certain substrates, 
i.e., carbon hydroxylation (e.g., cy~lohexane'~), hetero- 
atom oxygenation (e.g., azoprocarbazinem), heteroatom 
release (e.g., ben~phetamine'~), epoxidation (e.g., ara- 
chidonate21), oxidative group transfer (e.g., trichloro- 
ethylene22), and olefinic suicide destruction (e.g., vinyl 
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chloride23). Even the relatively specific bacterial cy- 
tochrome P-450, has been shown to catalyze carbon 
hydroxylation (e.g., camphora), heteroatom release (e.g., 
5-bromo~amphor~~), and epoxidation (e.g., dehydro- 
camphor26). As a basis for our initial studies on the 
mechanism of cytochrome P-450, we reevaluated earlier 
observations of U l l r i ~ h ~ ~  about the electrophilic nature 
of the active oxygen species and focused our attention 
on the most electron-rich moieties of cytochrome P-450 
substrates, particularly nonbonded and 7~ electrons. 
Our studies were initiated as a part of our work on the 
metabolism of halogenated ~ o m p o ~ n d s ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  and 
have been extended toward development of a unified 
view of the mechanism of oxidative catalysis. 

Carbon Hydroxylation 
The mechanism of hydroxylation of unactivated 

carbon-hydrogen bonds by cytochrome P-450 has re- 
ceived considerable investigation, due to the high ef- 
ficiency and specificity of this chemical process and to 
the critical role played by this transformation in the 
metabolism of numerous essential physiological com- 
pounds such as steroids, as well as in the metabolism 
of xenobiotic compounds. The mechanism of hy- 
droxylation was believed to be a concerted oxenoid 
process until the late 1970s. In 1978, Groves presented 
a series of experiments with deuterated norbornane 
derivatives which suggested that alkane hydroxylation 
proceeded by a stepwise process involving the formation 
of a carbon-centered free radical via hydrogen atom 
abstraction by the perferryl oxygen intermediate and 
collapse of the carbon radical-perferric hydroxide rad- 
ical pair.30 Data to support this mechanism was de- 
rived from the large isotope effect observed in the 
hydroxylation of tetradeuterated norbornane (kH/kD = 
11.5) and the loss of stereochemistry (postulated to be 
a result of radical epimerization) in the hydroxylation. 
Data from several laboratories, involving studies of both 
the enzyme and model porphyrin systems, now support 
the essential features of this m e c h a n i ~ m . ~ ~ , ~ ~ , ~ ~  The 
slow step in the oxygen-transfer sequence (not neces- 
sarily in the enzyme mechanism) is thought to be ab- 
straction of the hydrogen atom from the alkane carbon 
by the perferryl oxygen. Collapse of the intermediate 
carbon radical-perferric hydroxide radical pair is pre- 
sumably a cage reaction with a low-energy barrier. The 
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stereospecificity often observed in cytochrome P-450 
catalyzed hydroxylations is contrary to the expectation 
for such a radical process and has been attributed to 
physical factors associated with substrate binding in the 
enzyme active site. 

\ \ CFe013' 7 [CFeOH13+ + 7 C - I  - Fe3* t -COH 7 CH / 

Heteroatom Release 
Much of our research has been directed at elucidating 

the mechanisms of heteroatom release and heteroatom 
oxygenation. These processes are related conceptually 
by examination of the site in a heteroatom-containing 
substrate to which oxygen is transferred. In heteroatom 
oxygenation, oxidation occurs at  the heteroatom, 
whereas in heteroatom release, oxygen is transferred to 
the carbon adjacent (a) to the heteroatom. Hydroxy- 
lation of heteroatom-containing substrates normally 
demonstrates a marked regioselectivity for the a posi- 
tion as compared with 6, y, or more distant positions32 
and thus preference underlies several critical processes 
mediated by cytochrome P-450 (e.g., N- and O-de- 
alkylation). The relationship between these two bio- 
transformations is further underscored by the obser- 
vation that the predominant metabolic process of an 
isoelectronically substituted series of compounds tends 
to favor heteroatom oxygenation over heteroatom re- 
lease as the nonmetallic elements progress down a group 
in the periodic table. Thus, alkylamines produce pre- 
dominantly intermediate a-hydroxy amines, whereas 
the isoelectronic alkylphosphines generate phosphine 
oxides; alkyl ethers produce putative a-hydroxy ethers, 
whereas the isoelectronic alkyl sulfides generate sulf- 
oxides. Thus, two major questions have evolved con- 
cerning the metabolism of heteroatom-containing com- 
pounds by cytochrome P-450 what are the atomic or 
molecular features of a heteroatom-containing com- 
pound that promote heteroatom oxygenation or het- 
eroatom release, and what is the source of the regiose- 
lectivity observed for hydroxylation of heteroatom- 
containing compounds? 

CCH3CH zCHzCH(0H)XJ 
cytochrome P-450 

I - H X  

CH3CHzCHzCHz X CH3CHzCHzCHO \ 
\(heteroatom release) 

CHsCH zCHzCHzX=O 

(heteroatom oxygenation) 

Several feasible mechanisms for rationalizing re- 
gioselective hydroxylation adjacent to heteroatoms by 
cytochrome P-450 are possible. For example, carbon 
hydroxylation adjacent to a heteroatom via a stepwise 
radical hydrogen abstraction process would be facili- 
tated due to the established ability of a heteroatom 
(except fluorine) to stabilize an adjacent free radical (or 
an incipient species or a transition state resonance 
contributor). An alternate pathway for regioselective 
a-hydroxylation was suggested by Griffin, who proposed 
that cytochrome P-450 abstracts electrons from amines 
in sequential one-electron processes.33 Shono has also 

(32) B. Testa and D. M. Mihailova, J. Med. Chem., 21, 683 (1978). 
(33) B. W. Griffin, C. Marth, Y. Yasukochi, and B. S. S. Masters, Arch. 
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' Heme 

f l  Der"uction 

Figure 2. Possible mechanisms for suicidal inactivation of cy- 
tochrome P-450 with cyclopropylamines. 

considered the electrochemical oxidation of amines and 
compared the products to those obtained in enzymatic 
oxidations.34 The patterns of regioselectivity are sim- 
ilar, as are the kinetic deuterium isotope effects. These 
results are important, as the mechanism of electro- 
chemical oxidation of amines is believed to involve se- 
quential one-electron transfers from the nitrogen% and 
enzymatic N-dealkylation (heteroatom release) does not 
appear to result from simple two-electron oxidation and 
hydration.36 

We considered this data along with the knowledge 
that the nonbonded electrons of heteroatomic molecules 
should be most easily removed. Cyclopropyl systems 
appealed to us as mechanistic probes. Cyclopropyl 
amine and cyclopropoxyl free radicals are known to 
rearrange rapidly (k > lo8 s-l) upon formation, and if 
formed in the active site of an enzyme, such a species 
might be anticipated to be highly reactive and de- 
s t r u ~ t i v e . ~ ~  Indeed, cyclopropyl compounds have been 
used as diagnostic suicide inactivators to study several 
enzymes, including cytochrome P-450.38 The mecha- 
nism-based inhibition of these enzyme classes by cy- 
clopropylamines was postulated to be a consequence of 
a-hydroxylation to form cyclopropylcarbinolamines, 
which were proposed to react with enzyme-bound nu- 
cleophiles via reactive iminium ions (Figure 2, upper 
route). However, an alternate pathway for suicide in- 
activation, postulated to involve initial amine nitrogen 
oxidation to a radical cation via single-electron transfer, 
appeared possible (Figure 2, lower route). In order to 
distinguish between two possible mechanisms of in- 
hibition, we synthesized the cyclopropylamines la and 
lb.39 Amine l b  cannot be oxygenated at  the amine- 
bearing ring carbon or form a Schiff s base with the 
cyclopropyl group due to the unavailability of a cyclo- 
propyl hydrogen adjacent to the nitrogen. Both cy- 
clopropylamines la and l b  were equally efficient in 
suicide inhibition of the enzyme, providing strong 
support for the single electron transfer-ring opening 
pathway of suicide i n h i b i t i ~ n . ~ ~  In addition, the prin- 
cipal mode of cytochrome P-450 inactivation was de- 
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struction (presumably via alkylation) of the heme 
prosthetic group. 

In a similar group, we have examined an analogous 
series of cyclopropyl- and l-methylcyclopropyl-substi- 
tuted ethers, iodides, bromides, amides, and alcohols 
and cyclopropane hydrate. All of these compounds 
destroy cytochrome P-450 heme after oxidative me- 
tabolism by purified cytochrome P-450. Further, for 
this series, the log of the inactivation constant (log ki) 
was inversely related to the single-electron oxidation 
potential (ellz) (correlation coefficient = 4.89, n = 9),40 
which led us to propose an analogous single electron 
transfer-cyclopropane ring opening sequence for the 
mechanism of inactivation. Thus, the suicide inacti- 
vation that results with these cyclopropyl compounds 
and additional evidence provided by Ortiz de Montel- 
lano4I and others demonstrates that one-electron oxi- 
dation of heteroatom-containing compounds is the first 
step in the cytochrome P-450 catalyzed oxidation in 
many instances. In most cases, such initial electron 
transfer results in overall a-hydroxylation and subse- 
quent heteroatom release; cyclopropyl compounds 
represent a select subset of substrates for which this 
proceas results in ring opening and subsequent enzyme 
destruction. 

Heteroatom Oxygenation 
Many heteroatom oxygenations can be attributed to 

another mixed-function oxidase, the flavin-containing 
monooxygenase (EC 1.14.13.8, N,N-dimethylaniline 
N-oxidi~ing).~~ Several examples of sulfur oxidation 
by cytochrome P-450 are known,l and oxygenation of 
trivalent phosphorus has also been reported.43 While 
the literature attributes many N-oxygenations to cyto- 
chrome P-450, the only cases where strong evidence 
exists for the role of this enzyme involve the substrates 
2- (a~etylamino)fluorene,4~ 2-aminofl~orene,~~ azopro- 
carbazine,20 ~ h e n t e r m i n e , ~ ~  and certain tryptophan 
pyrolysis products.47 

A number of chemical studies have implicated hy- 
pervalent states of halogens in oxidation-dependent 
solvolysis and elimination  reaction^.^^^^^ The only ex- 
ample of the enzymatic formation of a stable haloso 
compound comes from work in this laboratory, where 
we used an exchange reaction to oxidize iodobenzene, 
with iodosobenzene as both the cytochrome P-450 ox- 
idant and a trap for the product.29 In this system, the 

cytochrome P-450 
PhIz5I + PhIO . PhIz5IO + PhI 
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(1980). 

oxygen of iodosobenzene exchanges rapidly with water 
in the presence of cytochrome P-45O.l9 As in the case 
of model metalloporphyrins, the perferryl oxygen ex- 
changes with the solvent in the absence of an oxidizable 
substrate but, if formed in the presence of a substrate, 
is committed to c a t a 1 y ~ i s . l ~ ~ ~ ~  

A series of studies on the metabolism of propyl hal- 
ides also suggest the intermediacy of haloso interme- 
diates.28f This study determined the total metabolic 
profile resulting from the cytochrome P-450 catalyzed 
metabolism of the propyl halide series (chloride, brom- 
ide, and iodide) and examined the influence of the 
halogen substituent in the halide series on the distri- 
bution and types of metabolic products. The distri- 
bution of propyl halide metabolites as a function of the 
halide and the chemical nature of the metabolites was 
interpreted to be a consequence of the partitioning of 
the initial metabolic transformation between hetero- 
atom release and heteroatom oxygenation pathways. 
The relative contribution of heteroatom oxygenation 
was suggested to increase as the halide progressed down 
the periodic table. 

Why does heteroatom oxygenation occur? We feel 
that the first step in heteroatom oxygenation is one- 
electron oxidation of the heteroatom, as in the case of 
heteroatom release. If a-hydrogens are available, they 
will tend to be abstracted before oxygen rebound can 
occur to give heteroatom oxygenation, and heteroatom 
release will eventually result. Heteroatom oxygenation 
is favored under two conditions: (1) no a-hydrogens are 
available (e.g., several of the aromatic amides,44 certain 
primary amines,**& and possibly pyridines5I), or (2) the 
radical system has properties that render it relatively 
stable (e.g., sulfides,l  phosphine^:^ azoprocarbazineZ0). 

a-Hydroxylation, the initial event in heteroatom re- 
lease, can occur via either of two possible pathways. 
The single electron transfer pathway proceeds identi- 
cally with the heteroatom oxygenation scheme to gen- 
erate a transient heteroatom cation intermediate, which 
rather than oxygen transfer undergoes proton (or hy- 
drogen atom) transfer to produce a transient hetero- 
atom-substituted carbon radical (or carbonium ion) that 
subsequently collapses to the intermediate alcohol. 
Alternatively, the postulated transient heteroatom- 
substituted carbon radical could be produced via hy- 
drogen atom abstraction from carbon by the perferryl 
oxygen species by analogy with the proposed alkane 
hydroxylation mechanism. The free energies for reac- 
tion of a heteroatomic substrate via the cytochrome 
P-450 catalyzed hydrogen atom or electron-transfer 
processes are interrelated by the energies of the inter- 
mediates. In order to make accurate a priori predictions 
about modes of reactivity of a given substrate with the 
enzyme, several unresolved parameters must be ad- 
dressed, including the single-electron potential of the 
activated oxygen complex (FeO)3+ and the strength and 
acidity of the oxygen-hydrogen bond in the preferric 
hydroxide (FeOH)3+ species. 

One way in which the ability of heteroatomic mole- 
cules to  participate in cytochrome P-450 mediated 
single electron transfer oxidations (both heteroatom 

(50) J. T. Groves and W. J. Kruper, Jr., J. Am. Chem. SOC., 101,7613 
(1979). 

(51) J. W. Gorrod in 'Microsomes, Drug Oxidations, and Drug 
Toxicity", R. Sato and R. Kato, Eds., Wiley-Interscience, New York, 1982, 
p 621. 
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Table I 
Ionization Potentials of Heteroatoms Found in 

Potential Cytochrome P-450 Substrates 
potential 

photoelectron electro- 
spectroscopy, chemical, V 

compd type eVSZ (vs. SCE)“ 
Me,P 8.2 0.85 

Me,S 8.7 1.4 
Me1 9.5 2.2 
Me,O 9.8 2.4 
MeBr 10.6 2.6’& 
MeCl 11.3 
MeF 13.1 

Me,N 8.5 1.0 

The half-wave potentials for oxidation of the indicated 
compounds vary slightly depending upon the source even 
when measured vs. SCE in CH,CN (e.g., MeI, E,,, = 2.12, 
2.37 V; Me,S, E,,, = 1.35, 1.60). The values presented 
here represent averages from three sourcesna“ unless indi- 
cated otherwise.’& 

oxygenation and release) can be estimated is by con- 
sideration of the ionization potentials of the heteroat- 
oms for one-electron oxidation. Table I presents such 
data. Clearly, this analysis will hold only if substrate 
oxidation is at  least partially rate determining in the 
enzyme mechanism and if physical factors such as the 
rates of binding to and orientation within the active site 
are relatively constant for a given series of heteroatomic 
compounds. A manifestations of the predominance of 
chemical differences in determining the differences in 
the rates of enzyme-catalyzed single electron transfer 
processes would be that the rates of oxidation of a series 
of homologous heteroatomic compounds would follow 
the order indicated in Table I R3P > R3N > R2S > RI 
N &O > RBr > RC1> RFF2B Strong indications that 
such an order may hold for heteroatom-containing close 
structural analogues have been presented in the liter- 
ature. For example, the rates of metabolism of a range 
of organohalides follows the “halide order”: RI > RBr 
> RC1> RF.” We have established that the maximum 
velocities (V-) for hydroxylation of aryl halides follow 
the halide order.55 Further, Oae has recently found a 
correlation between the ionization potentials of a series 
of sulfides and their rates of oxygenation by cytochrome 

In summary, heteroatom oxygenation preferentially 
occurs for those heteroatoms, [P, S, (Se, I?)] that form 
thermodynamically stable heteroatom oxides and that 
concurrently have relatively low first-electron ionization 
potentials. The primary reason underlying this meta- 
bolic preference is the stability of the heteroatom rad- 
ical cation (e.g., RCH2X+*) relative to the a-heteroatom 
radical (e.g., RCHsX). Heteroatom release occurs 

P-450.% 

(52) (a) T. A. Carlson, ‘Photoelectron and Auger Spectroscopy”, Ple- 
num Press, New York, 1975, and references therein; (b) D. W. Turner, 
C. Baker, A. D. Baker, and C. R. Brundle, ‘Molecular Photoelectron 
Spectroscopy”, Wiley-Interscience, London, 1970, and references therein; 
(c) A. D. Baker and D. Betteridge, ‘Photoelectron Spectroscopy”, Per- 
gamon Press., New York, 1972, and references therein. 

(53) (a) L. L. Miller, G. D. Nordblom, and E. A. Mayeda, J. Org. 
Chem., 37, 916 (1972); (b) L. Eberson and K. Nyberg, h o g .  Phys. Org. 
Chem., 12,l (1976), and references therein; (c) S. D. Ross, M. Finkelstein, 
and E. J. Rudd, “Anodic Oxidation”, Academic Press, New York, 1975, 
and references therein; (d) J. Y. Becker and D. Zemach, J. Chem. SOC., 
Perkin Trans. 2,914 (1979). 

(54) T. L. Macdonald, CRC Crit. Reu. Toxicol., 11, 85 (1982). 
(55) L. T. Burka, T. Plucinski, and T. L. Macdonald, submitted for 

publication. 
(56) Y. Watanabe, T. Iyanagi, and S. Oae, Tetrahedron Lett., 23,533 

(1982). 

preferentially for those heteroatoms (except fluorine) 
in which the a-carbon radical is more stable than the 
corresponding heteroatom radical cation [e.g., N, 0, Br, 
C1, (I)]. We believe that the single electron transfer 
pathway for a-hydroxylation and subsequent hetero- 
atom release is accessible for all heteroatomic com- 
pounds (except alkyl fluorides), although it is probably 
the dominant or exclusive pathway for heteroatoms 
with relatively low ionization potentials [e.g., P, N, S, 
(I)]. The hydrogen atom abstraction pathway may be 
preferred for heteroatoms with relatively higher ioni- 
zation potentials [e.g., C1, Br, (0, I)]. 

Epoxidation, Oxidative Group Migration, and 
Olefinic Suicide Inactivation 

These three processes are all considered in the me- 
tabolism of olefins and aromatic compounds. The 
metabolism of unsaturated compounds has traditionally 
been considered only in terms of epoxidation. The 
migration of groups from the para to the meta position 
of aromatic compounds was observed during the para 
hydroxylation of several aromatic compounds and 
termed the “NIH Shift”.57 Since similar migrations of 
para substituents were observed during the rearrange- 
ment of 3,4-oxides, the view was taken that epoxides 
are intermediates in aromatic hydroxylation. 

However, studies on suicidal inactivation of cyto- 
chrome P-450 by unsaturated compounds recently un- 
raveled the mechanism of alkene oxidation. Synthetic 
epoxides were shown not to destroy the heme of cyto- 
chrome P-450 in cases where destruction was observed 
during the oxidative metabolism of the parent ole- 
f i n ~ . ~ ~ ~ ~ ~ * ~ ~  Ortiz de Montellano has deduced the 
structures of several heme-olefin adducts,6O which 
correspond to the structures expected from attack of 
a porphyrin pyrrolic nitrogen upon an epoxide. How- 
ever, epoxides have been shown not to be involved and 
the adducts were explained by attack of a pyrrolic ni- 
trogen upon a transient enzyme intermediate. 

We have considered in detail the roles of epoxides in 
the metabolism of 1,1,2-trichloroethylene, vinylidene 
chloride (1,l-dichloroethylene), and trans-l-phenyl-l- 
butene. The major product arising from trichloro- 
ethylene is chloral (2,2,2-trichloroa~etdehyde).~~ Vi- 
nylidene chloride is metabolized to 2-chloroacetic acid 
and 2,2-di~hloroacetaldehyde.~~ In both cases, the 
distribution of these and other products varies consid- 
erably with the isozyme of cytochrome P-450 uti- 
lized.58i61 Although cytochrome P-450 heme is destroyed 
during the oxidative metabolism of trichloroethylene, 
the epoxide does not destroy the heme.58 Moreover, in 
four different enzyme systems, the level of the epoxide 
actually formed was 5-28-fold too low to support an 
obligatory role in chloral formation. Thus, trichloro- 
ethylene oxide does not appear to  be chemically or 
catalytically competent as an intermediate.22 Similar 

(57) J. W. Daly, D. M. Jerina, and B. Witkop, Experientia, 28, 1129 

(58) R. E. Miller and F. P. Guengerich, Cancer Res., 43,1145 (1983). 
(59) P. R. Ortiz de Montellano, G. S. Yost, B. A. Mico, S. E. Dinizo, 

M. A. Correia, and H. Kumbara, Arch. Biochem. Biophys., 197, 524 
(1979). 

(60) (a) P. R. Ortiz de Montellano, H. S. Beilan, K. L. Kunze, and B. 
A. Mico, J. B i d .  Chem., 256,4395 (1981); (b) P. R. Ortiz de Montellano, 
K. L. Kunze, H. S. Beilan, and C. Wheeler, Biochemistry, 21,1331 (1982); 
(c) P. R. Ortiz de Montellano, B. L. K. Mangold, C. Wheeler, K. L. Kunze, 
and N. 0. Reich, J. Bid. Chem., 258 4208 (1983). 

(61) D. C. Liebler and F. P. Guengerich, Biochemistry, in press. 

(1972). 
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Figure 3. Rationalization of the products of cytochrome P-450 
mediated trichloroethylene metabolism in terms of an interme- 
diate that decomposes in heterolytic or homolytic steps. Other 
resonance forms of the intermediate are possible and have been 
considered elsewhere.22~e0~61 

results were obtained in a study of vinylidene chloride 
metabolism.e1 The possibility can be considered that 
an epoxide is formed in a concerted manner and that 
the cytochrome P-450 acts as a Lewis acid to catalyze 
rearrangement to the observed products. However, 
studies with stable epoxides (which can be shown to be 
bound in the active site) indicate that neither model 
iron porphyrins nor cytochrome P-450 heme are good 
Lewis acids when compared to free ferric iron.61 Fur- 
ther, trans-l-phenyl-l-butene was metabolized to sig- 
nificant quantities of 1-phenyl-1-butanone and 1- 
phenyl-2-butanone in addition to trans-l-phenyl-l- 
butene oxide, under conditions where the epoxide is 
stable.61 

We rationalize the results in the following way. The 
FeV=O form of cytochrome P-450 adds to the double 
bond in a manner analogous to olefin radical addition 
to form an intermediate, which may have several reso- 
nance forms.22961 Since hydrogen exchange has been 
shown to occur between vinylidene chloride and water 
during the reaction, the intermediate may have some 
iron-carbon bond character.22,61 It  is possible that 
formation of the preferryl oxygen-olefin intermediate 
is preceded by a single electron transfer step that gen- 
erates a transient [FeW-O] 2+-olefin radical cation com- 
plex (vide infra). Subsequent collapse of the transient 
electron-transfer complex would generate the postulated 
[Fe-01-olefin addition intermediate. Such an electron 
transfer-recombination sequence parallels the proposed 
mechanism for heteroatom oxygnation and heteroatom 
release. The addition intermediate, shown in Figure 3, 
has several possible fates: (1) The electrons in the Fe-0 
bond may attack the carbonium ion (or radical) to form 
an epoxide. (2) The electrons in the Fe-0 bond may 
be shifted to form a carbonyl and 1,2-migration of a 
group (chlorine or hydrogen) may occur. (3) A pyrrolic 

L 

Figure 4. Possible mechanism for hydroxylation of monohalo- 
benzenes. 

nitrogen of the porphyrin may attack the electropositive 
center of the intermediate to produce an N-alkyl- 
porphyrin derivative. In the epoxidation of olefins, 
stereochemistry is often maintained; such findings are 
consistent with a nonconcerted mechanism in which 
orbital overlap* (iron-carbon bond formation) or en- 
zyme steric features prevent rotation. Ortiz de Mon- 
tellano has characterized alkyne-heme adducts and 
rationalized the mechanism of alkyne oxidation in a 
similar way.62 

We have also investigated the mechanism of hy- 
droxylation of halobenzenes by a cytochrome P-450 
system.55 The halophenol metabolites are postulated 
to be derived from rearrangement of intermediate arene 
oxides generated via cytochrome P-450 catalyzed arene 
epoxidation. We determined the kinetic parameters for 
hydroxylation of the halobenzene series and found the 
rate ( V,,/K,) to follow the halide order: PhI > PhBr 
> PhCl > PhF > PhH. In addition, an excellent cor- 
relation of V,, to the Hammett Q+ parametere3 was 
obtained with a p value of -1.1 and a correlation coef- 
ficient of 0.99. This correlation implies a positively 
charged transition state or intermediate in the hy- 
droxylation. In addition, a good correlation (r = 0.97) 
between K, for total hydroxylation and parameters 
associated with ease of oxidation and/or polarizability 
of the halobenzenes was found (e.g., the Hansch 7r pa- 
rameter;64 the Allred-Rochow electronegativity of the 
substituent atoms). 

Our data are inconsistent with a direct, intermedi- 
ateless mechanism for epoxidation of the aromatic ring, 
since little charge separation would be anticipated to 
occur in a concerted mechanism. We have considered 
two mechanisms, depicted in Figure 4, to be compatible 
with our data. The first mechanism (path 1) is essen- 
t i d y  electrophilic aromatic substitution of the perfenyl 
oxygen intermediate at the m-halobenzene position to 
give a tetrahedral intermediate that could close to give 
either of two epoxides. Alternatively, a 1,2 hydride shift 
could occur to give what would become the meta- 
hydroxylated product. Ortho- and para-hydroxylated 
products would arise from rearrangement of the 2,3- 
and 3,4-arene 0xides.6~ An alternate mechanism, which 
we favor, inserts a rate-determining one-electron oxi- 
dation of the halobenzene to give a radical cation and 
the one electron reduced oxygenated heme intermediate 

(62) P. R. Ortiz de Montellano and K. L. Kunze, Biochemistry, 20, 

(63) C.  D. Ritchie and W. F. Sager, Prog. Phys. Org. Chem., 2, 323 

(64) C. Hansch, A. Leo, S. H. Unger, K. H. Kim, D. Nikaitani and E. 

7266 (1981). 

(1964). 

H. Lien, J. Med. Chem., 16, 1207 (1973). 
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Figure 5. Minimal schemes for the rationalization of oxidative 
reactions of cytochrome P-450 in terms of perferryl oxygen and 
electron and hydrogen abstraction. The simplest pathways are 
shown with heavy arrows. 

[ F e N 4 ] ,  which has radical character (path 2). These 
radicals would collapse to give essentially the meta- 
substituted intermediate of the electrophilic aromatic 
substitution pathway. Whatever the precise mecha- 
nism, our studies, and the work of others, demonstrate 
that enzymatic oxidation by cytochrome P-450 of un- 
saturated compounds proceeds not by concerted oxygen 
delivery from the enzyme to the substrate but instead 
by stepwise processes involving discrete radical and/or 
cationic substrate intermediates. 

A Unified View 
A minimal unified mechanism for oxidative cyto- 

chrome P-450 catalyzed reactions is presented with the 
heavy arrows in Figure 5. In all cases we have utilized 
the formal perferryl oxygen as the species involved in 
catalysis, although the perferryl oxygen-cysteine-por- 
phyrin complex may be best viewed as a resonance 
h ~ b r i d . ~ ~ ~  In this regard, Groves has presented strong 
evidence in model systems that the formal FeV might 
better be represented as a FeIV porphyrin radical cat- 
ion.16 In all of the reactions of this complex, the first 
step is the abstraction of electrons (nonbonded or a) 
or hydrogen atoms (i.e., protonated electrons) or radical 
(odd-electron) addition to an olefin. 

In carbon hydroxylation, the perferryl oxygen ab- 
stracts a hydrogen atom. Oxygen rebound from the 
formal FeN-OH complex occurs with the carbon radical 
within a caged pair to give the alcohol. The heteroatom 
release mechanism may proceed via either of two 
mechanisms that result in net hydroxylation adjacent 
to the heteroatom. The perferryl oxygen could selec- 
tively abstract a hydrogen atom adjacent to the het- 
eroatom due to the stability afforded the radicaloid 
transition state by the heteroatomic substituent. Al- 

ternatively, single-electron transfer from the heteroatom 
to the perferryl species could occur producing an in- 
termediate heteroatom radical cation. The intermediate 
radical cation would transfer a labile proton (or hy- 
drogen atom) on the a-carbon to generate a carbon- 
centered radical (or cation). Oxygen rebound from the 
iron-hydroxide species to the carbon radical (or cation) 
produced either from the electron- or hydrogen-transfer 
mechanisms would produce the geminal hydroxy het- 
eroatom species and lead to heteroatom release. Het- 
eroatom oxygenation is initiated by single-electron 
transfer to generate a heteroatom radical cation and 
oxygen rebound occurs to the electrophilic heteroatom. 
Epoxidation, oxidative group migration, and olefin su- 
icide inactivation are all initiated by nonconcerted ox- 
ygen addition to an unsaturated substrate site; dispro- 
portionation of the intermediate according to substrate 
and isozyme active site structural factors leads to the 
observed outcome. 

Thus, all of the known oxidative reactions catalyzed 
by cytochrome P-450 can be described in the context 
of a general mechanistic scheme that involves stepwise 
electron abstraction and oxygen transfer (rebound) to 
electropositive atomic centers. The activated iron- 
oxygen complex, described here as a perferryl oxygen, 
can be viewed as an electrode of sorts. The lighter 
arrows of Figure 5 show an expanded view of the unified 
mechanism. Briefly, the expansion includes both ho- 
molytic and heterolytic mechanisms and also allows for 
carbonium ions and their heteroatomic analogues. 
Different substrates may exert some influence on the 
polarity of the mechanism, and some of the details may 
still be somewhat variable in this regard. 

What, then, really determines the rate and course of 
cytochrome P-450 mediated reactions? We feel that 
three factors are involved with each form of cytochrome 
P-450. (1) The binding of substrate has been shown in 
certain cases, but not others, to facilitate the kinetics 
of the first one-electron reduction.66 Conceivably the 
binding of certain substrates may also differentially 
regulate the kinetics of the entry of the second electron. 
(2) The ease of electron (or hydrogen atom) abstraction 
by the perferryl oxygen is a key factor. Factors such 
as the single electron oxidation potential of a hetero- 
atomic substituent and energies of the carbon-centered 
and heteroatom cation radical intermediates must be 
considered. In this regard, our preliminary work on 
cyclic voltammetry of cyclopropyl derivatives and model 
oxygenated metalloporphyrins suggests that the oxi- 
dation-reduction potential of the formal cytochrome 
P-450 (Fe=O)3+ complex is approximately 1.5-2.0 V. 
(3) The proximity of a given oxidizable site to the 
perferryl oxygen is determined by structural features 
specific to each cytochrome P-450, and this proximity 
effect is combined with the chemical potential at each 
site of a substrate to determine the regioselectivity and 
kinetics of catalysis. In the lack of structural infor- 
mation about the active sites of cytochrome P-450, 
specific features of binding are still unknown. Jerina 
has used data on the regio- and stereoselective metab- 
olism of a family of polycyclic aromatic hydrocarbons 
to begin mapping features of the active site of one form 
of cytochrome P-450.67 We have determined the rates 

(65) V. Ullrich, J.  Mol.  Catal., 7, 159 (1980). 
(66) T. Iyanagi, F. K. Anan, Y. Imai, and H. S. Mason, Biochemistry, 

17, 2224 (1978). 
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working hypothesis we have elaborated here. Further, 
if the general scheme is appropriate, many details re- 
main to be filled in, such as the physical description of 
the iron-oxygen complexes involved and the kinetic and 
thermodynamic parameters of the individual steps. The 
modeling of the active sites has only begun. When more 
information becomes available, the catalytic activity of 
cytochromes P-450 may ultimately be understood in 
molecular terms and of course of reactions with new 
substrates may be predicted. 

Support  for these endeavors has come f rom the National 
Institutes of Health under Research Grants ES 00267, ES 01590, 
ES 02205, ES 02702, and ES 03181. 

of regioselective metabolism of the R and S isomers of 
warfarin17 and test~sterone.l '*~~ by eight different rat 
liver cytochromes P-450 and are using these results to 
initiate model building studies of the active sites.68 

Concluding Remarks 
What does the future hold? Our own efforts are 

directed toward elucidation of the general aspects of the 

(67) D. M. Jerina, D. P. Michand, R. J. Feldmann, R. N. Armstrong, 
K. P. Vyas, D. R. Thakker, H. Yagi, P. E. Thomas, D. E. Ryan, and W. 
Levin in 'Microsomes, Drug Oxidations, and Drug Toxicity", R. Sato and 
R. Kato, Eds., Wiley-Interscience, New York, 1982, p 195. 

(68) L. S. Kaminsky, F. P. Guengerich, D. C. Waxman, and C. Walsh, 
unpublished results. 
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With few exceptions, all living cells take up oxygen.' 
In simple, small animals, in which body surface is large 
compared to the mass of the organism, the oxygen es- 
sential for respiration reaches the cells by diffusion from 
the external medium. In larger animals, however, the 
ratio of surface to bulk drops markedly. Furthermore, 
internal tissues are too far from the exterior to have 
access to sufficient oxygen if it is supplied only by 
simple, slow diffusion from the outer environment. 
Thus in the course of evolution in animals from annelids 
upwards, nature has developed blood vessels to trans- 
port oxygen into proximity to deeper cells and has 
created several different molecular devices to provide 
for oxygen accumulation in blood.' The oxygen content 
of sea water, 0.5 mL of 02/100 mL of solvent, has 
thereby been raised progressively to about 25 mL of 
02/100 mL of blood in warm-blooded mammals.' 

There is surprising diversity in molecular structure, 
particularly at the functional site, of the different 
naturally occurring carriers of d i~xygen.~-~  All are 
constituted of protein frameworks, but the molecular 
weights, subunit constitution, and symmetry in supra- 
molecular assembly vary enormously (Table I). Within 
the hemoglobins, which are the most familiar as well 
as the most ubiquitous O2 carriers, the tetrameric oli- 
gomer of 644ooo molecular weight is the best known, but 

1. M. Kbtz was born in Chicago and received his B.S. degree and Ph.D. 
(1940) from the University of Chicago. He then moved across town to 
Northwestern University where he is now Morrison Professor of Chemistry. 
He is a member of the National Academy of Sciences. 

D. M. Kurtz, Jr., is a native of Akron, Ohio. After obtaining a B.S. degree 
from the University of Akron he earned his Ph.D. (1977) at Northwestern 
University. Following a 2-year postdoctoral term at Stanford he joined the 
faculty of Iowa State University where he is currently Assistant Professor of 
Chemistry. 

monomeric myoglobin, of 16 OOO molecular weight, and 
multisubunit extracellular hemoglobins, as high as 4 X 
lo6 in mobcular weight, have also been studied exten- 
sively. Hemoglobins are distributed throughout the 
animal kingdom (Figure 1) and even among some 
plants. On the other hand, the non-heme O2 carriers 
hemerythrin and hemocyanin are found only among 
invertebrates, particularly annelids, molluscs, and ar- 
thropods. Most hemerythrins show molecular weights 
near 108000 and are constituted of eight subunits.2 
Nevertheless, smaller oligomers, with two, three, or four 
subunits, are also known,'+1° and even monomers have 
been found in some organisms. In contrast, in the he- 
mocyanins, the natural form of the pigment is multi- 
subunit in constitution, and functional monomers are 
unknown under physiological conditions. 

Despite their many differences, hemerythrin, hemo- 
cyanin, and hemoglobin all function effectively as ox- 
ygen carriers. To a chemist, relationships between 
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