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Abstract

This review considers reactions of enzymes with the cyclopropanoid radical/cation diagnostic probes norcarane, 1,1-dimethylcyclo-
propane, and 1,1-diethylcyclopropane as elaborated by the use of '*0, and '8OH, to trace the origin of O-atoms incorporated during
catalysis. The reactions of soluble and integral membrane diiron enzymes are summarized and compared to results obtained from cyto-
chrome P450 studies. Norcarane proved to be an excellent substrate for the diiron enzyme toluene 4-monooxygenase and its engineered
isoforms, with k.,; and coupling between NADH utilization and total hydroxylated products comparable to that determined for toluene,
the natural substrate. Results obtained with toluene 4-monooxygenase show that the un-rearranged and radical-rearranged alcohol prod-
ucts have a high percentage of O-atom incorporation (>80-95%) from O,, while the cation-derived ring-expansion products have O-atom
incorporation primarily derived from solvent water. Mechanistic possibilities accounting for this difference are discussed.

© 2005 Elsevier Inc. All rights reserved.
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The study of hydrocarbon metabolism began in earnest
during the late 1950s. Soil microbes were identified that
efficiently used these abundant compounds, which are ulti-
mately derived from photosynthesis, naturally converted
into petroleum, or subsequently modified by the chemical
industries. The work of Stanier and Hayaishi [1], Evans
[2], Dagley [3], and many others revealed an elaborate net-
work of regulated, specialized pathways evolved for this
process. Thus, the coordinated goal of hydrocarbon metab-
olism is to channel these metabolites toward major bio-
chemical pathways such as the tricarboxylic acid cycle,
glycolysis, and fatty acid B-oxidation.

As the specific enzymes became known, it was clear that
the first steps of these pathways were often the hardest
chemical transformations to accomplish, and that these
steps often required the use of O,. Furthermore, many of
the enzymes responsible contained non-heme iron at the
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catalytic center. Fig. 1 shows representative iron-dependent
reactions of significance in hydrocarbon metabolism,
including the scission of the aromatic ring of catechol
and the stereo- and regiospecific hydroxylation of aromat-
ics and alkanes, which all occur in aqueous solution and at
room temperature.

Fig. 1 also summarizes the fate of '®0, as a tracer of the
stoichiometry and fidelity of these reactions. This ground-
breaking approach originated with Mason’s studies of phe-
nolase ([4], see below) and Hayaishi’s studies of catechol
dioxygenase (CTD, Fig. 1A, originally called pyrocate-
chase, [5]). The CTD reaction is catalyzed by an Fe**-con-
taining enzyme that carries out intradiol cleavage of the
aromatic ring to yield a cis-dicarboxylic acid product.
Hayaishi’s use of %0, as a reaction tracer established the
dioxygenase stoichiometry by proving that both O-atoms
in the product arose from O, [5]. This high fidelity for O-
atom transfer is one of the hallmarks of oxygenase reac-
tions and their underlying mechanisms. Under exceptional
circumstances this high fidelity can break down, however,
as Que demonstrated by studies of CTD with the slow


mailto:bgfox@biochem.wisc.edu

L.A. Moe, B.G. Fox | Biochemical and Biophysical Research Communications 338 (2005) 240-249 241

A
@EOH CCOOH
o o, . CO®H

XylM

Fig. 1. Representative O,-dependent enzyme reactions with demonstrated
oxygen-18 transfer from 80, indicated by black spheres. (A) Dioxygen-
ases incorporate both atoms from O, into the product. Reactions shown
are catechol 1,2-dioxygenase (CTD, pyrocatechase, [S]) and toluene
dioxygenase (TDO, [7]). CTD requires no additional reactants. TDO
requires 2e~ provided from NAD(P)H via a protein electron transfer
complex. (B) Monooxygenases incorporate one O-atom from O, into the
product, while the other O-atom is converted into water. Monooxygenase
reactions also require NAD(P)H or another exogenous electron donor.
The reactions shown are methane monooxygenase (pMMO, [12]), toluene-
4-monooxygease (T4moH, [17]), alkane hydroxylase (AlkB), and xylene
monooxygenase (XylM). Oxygen-18 tracer studies have not been pub-
lished for AlkB and XyIM, and so the O-atoms are not shaded black in
these reactions.

alternative substrate pyrogallol [6]. This suggests the timing
or geometry of the access of solvent molecules to reactive
intermediates can be perturbed by an alternative substrate.

Also in the early years of oxygenase discovery, Gibson
showed that another class of dioxygenases gives stereospe-
cific cis-dihydrodiol products containing 2 mol of '*O de-
rived from O, [7,8]. Fig. 1A shows the product of the
toluene dioxygenase reaction, (+)-cis-2,3-dihydroxy-1-
methylcyclohexa-4,6-diene.  Naphthalene dioxygenase,
another enzyme of this versatile class, was capable of diox-
ygenation, monooxygenation, and desaturation when pre-
sented with the appropriate substrate [9]. This versatility
arises from the high reactivity of the enzyme-bound iron
oxidant coupled with the potential for minor positional
variations in the approach of the alternative substrate mol-
ecules. Thus, the outcome of the reaction can be dependent
on the nature of the substrate utilized and upon its interac-
tions with the enzyme active site.

Mason’s original work on phenolase (a multicopper en-
zyme) established that a single '*O-atom was transferred
from "0, during the hydroxylation of 3,4-dimethylphenol

[4]. This was originally termed a mixed function oxidase
reaction [10], but now is more commonly called a monoox-
ygenase or hydroxylase reaction. The 'O tracer approach
was subsequently used to establish the O-atom transfer
stoichiometry in collagen proline hydroxylase [11], particu-
late methane monooxygenase [12], the P450 enzyme 10-25-
hydroxycholicalciferol hydroxylase [13], and many others.

Our laboratory has worked on reactions of the diiron
enzyme toluene 4-monooxygenase. In this work, we consid-
er the reactivity of the hydroxylase component (T4moH,
Fig. 1B) of this four-protein complex and engineered
hydroxylase isoforms with comparable catalytic parame-
ters (keat, kcat/ K, coupling) but with distinct regiospecific-
ities for toluene hydroxylation [14-16]. During reaction in
the presence of '%0,, the O-atom transfer efficiency deter-
mined for the natural T4moH is greater than 95% [17].

T4moH uniquely gives ~96% para hydroxylation of
both toluene and the challenging alternative substrate
1,3-dimethylbenzene [14], while the relatively well-charac-
terized G103L isoform gives ~55% ortho hydroxylation
of toluene [16]. The mechanism of p-cresol formation has
been proposed to include a directed approach of toluene
to the diiron oxidant, formation of a transient 3,4-arene
oxide, and active site-directed opening of the arene oxide
to the final product [18]. Both the natural enzyme and
the G103L isoform give similar magnitudes of intramolec-
ular isotope effects and patterns of deuterium retention
during the hydroxylation of 4-H;- and 3,5-H,-toluene,
indicating that the active site mutation did not influence
the mechanism of hydroxylation. Consequently, alterations
in the directed approach of toluene to the diiron oxidant
were considered the most likely mechanism for promoting
the changes in regiospecificity.

The high substrate specificity and fidelity for O-atom
transfer established for T4moH has offered unique oppor-
tunities to study how the enzyme active site and various
substrates contribute to the outcome of diiron enzyme
catalysis. This review will focus on the results of T4moH-
catalyzed reactions with the alternative substrates
norcarane, 1,1-dimethylcyclopropane (1,1-DMCP), and
1,1-diethylcyclopropane (1,1-DECP), and on the origin of
O-atoms present in the diagnostic rearrangement products
obtained. Key results from reactions of soluble methane
monooxygenase (MmoH), the integral membrane diiron
enzymes alkane m-hydroxylase (AlkB) and xylene monoox-
ygenase (XyIM), and various cytochrome P450 isoforms
with these substrates are also considered.

Mechanisms of hydroxylation

By virtue of the presence of hydroxyl groups, activated
compounds (e.g., methanol, octanol, catechol, and methyl-
phenol) are relatively easily oxidized. In contrast, unacti-
vated hydrocarbons (e.g., methane, octane, benzene, and
toluene) present a more rigorous mechanistic challenge
arising from the stability of methyl and methylene C-H
bonds and aromatic rings. Thus, the aerobic metabolism
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of hydrocarbons (both aliphatic and aromatic) proceeds by
converting kinetically inert (but thermodynamically reac-
tive) O, into an oxidant capable of C-H bond breakage
or insertion into © bond systems [19]. These reactions typ-
ically require heme P450 or non-heme iron or copper cen-
ters in order to generate sufficiently oxidizing species.

In the consensus O, activation cycle proposed for the
diiron monooxygenases, an exogenous input of 2e~ and
protons is required for the reduction of O, to give an
iron-bound (hydroperoxide) intermediate [20,21]. Density
functional theory calculations suggest that hydroperoxo
intermediates will not be sufficiently electrophilic to per-
form C-H bond abstraction, but instead would more likely
be nucleophilic [22]. Thus, heterolytic cleavage of the per-
oxide O-O bond is required to generate an oxene-like spe-
cies suitable for C-H bond oxidation along with a water
molecule. As the O-atom transfer efficiency of monooxy-
genase reactions typically matches the isotopic content of
80, used in the reaction [23], a high fidelity for the trajec-
tory of interaction between the substrate and one of these
two atoms is likely. Furthermore, equilibration of the ox-
ene and water generated from the monooxygenase reaction
with solvent-derived water must not occur with normal
substrates in the timescale of catalysis. Since it is reason-
able to assume that the two chemically distinct species de-
rived from O, (oxene and water of reaction) will be
generated in close proximity within the active site during
the catalysis, experimental approaches that account for
the presence of both would seemingly shed further light
into oxygenase reaction mechanisms.

Fig. 2 summarizes plausible mechanisms for hydrocar-
bon oxidation. Fig. 2A shows stepwise le™ paths that begin
with an H-atom abstraction. On the left, recombination of
the substrate radical and oxidant corresponds to the “oxy-
gen rebound”” mechanism originally introduced by Groves
for P450 [24,25]. As the transferred O-atom arises from O,,
the isotopic content of the ROH product must correspond
to that established by 'O, tracer studies. On the right, a
second le™ oxidation of the substrate radical to generate
a substrate cation is suggested, with the redox potential
of the catalytic metal center and the electrophilic nature
of the nascent carbon radical contributing to whether oxi-
dation to the cation might occur. In order to achieve the
monooxygenase stoichiometry established by the '%0,
studies, the cation must capture a water molecule derived
from the monooxygenase reaction to yield an isotopically
labeled ROH.

Fig. 2B shows a concerted reaction arising from direct
insertion of an O-atom into the C-H bond, which would
generate the neutral product ROH with high fidelity for
isotopic content in the transferred O-atom. Alternatively,
Fig. 2C shows that the concerted insertion of "OH would
generate an R-"OH, intermediate that may release a pro-
ton to yield the isotopically labeled product ROH or may
release H,O (a “‘solvolysis” reaction) to yield a cationic
intermediate capable of reacting with water to again yield
product ROH. If the putative cationic intermediate can dis-
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Fig. 2. Plausible pathways of hydrocarbon hydroxylation. (A) Radical
“rebound” or 2e” oxidation and recombination of R™ with metal-bound
hydroxide. (B) Insertion of [O] into the C-H bond to yield R-OH. (C)
Insertion of [TOH] followed by either release of H' to yield R-OH or
release of H,O (“solvolysis) to yield R, which then reacts with water.

criminate between the water generated by the reaction (iso-
topically labeled, and presumably in close proximity to the
catalytic event) and solvent water (not isotopically labeled
but also within the active site), changes in the isotopic con-
tent of cation-derived products would indicate that the cat-
ion can access different sources of water depending on the
proximity to the oxidant.

Radical-clock mechanistic probes

Radical-clock compounds were originally developed to
probe the chemical mechanisms of radical processes in
organic chemistry [26], but were soon adopted by mecha-
nistic enzymologists for studies of hydrocarbon oxidation.
Recent efforts have identified additional radical-clock com-
pounds that extend the range of available radical rear-
rangement rates (e.g., the probe of Fig. 3E has a
rearrangement rate of 6 x 10" s~!, [27]). Probes that pro-
vide refined capabilities to undergo intramolecular
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Fig. 3. Radical-clock substrates discussed in this work. (A) 1,1-DMCP;
(B) 1,1-DECP; (C) bicyclo[2.1.0]pentane; (D) norcarane; (E) (trans, trans-
2-tert-butoxy-3-phenylcyclopropyl)methane. Except for C, the other

substrates yield diagnostic products from le™ (radical rearrangement) or
2e” (cation-derived ring-expansion) oxidation pathways.

=

rearrangements diagnostic of either radical or cation pre-
cursors have also been made [28]. Fig. 3 shows some of
the molecules used for these latter studies, where the substi-
tuted cyclopropyl ring is the critical functional group [29-
31]. Among this entire suite of radical-clock compounds,
1,1-DMCEP is the smallest molecule that can undergo diag-
nostic radical rearrangement and cation ring-expansion
reactions. Fig. 4 summarizes these diagnostic reactions.
Oxidation of 1,1-DMCP by le™ gives a primary cyclopro-
pylcarbinyl radical that can undergo either recombination
with a quenching agent (k;) or intramolecular rearrange-
ment (k,, 0.8x10%s7!, [32])) to produce a more stable
ring-opened 3-methyl-3-buten-1-yl radical before recombi-
nation with the quenching agent. Alternatively, oxidation
of 1,1-DMCP by 2e”~ gives a primary methylcyclopropyl
cation that can undergo ring-expansion to a more stable
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Fig. 4. Rearrangement of 1,I-DMCP. The cyclopropylcarbinyl radical
can undergo hydroxylation (k;) or rearrange into a more stable ring-
opened structure (k,). Upon O-atom transfer, the existence of the methyl
radical can be inferred from the presence of the radical-rearranged
product. The primary cyclopropylcarbinyl cation can undergo ring-

expansion to the more stable tertiary methylcyclobutyl cation. Both
cation species are quenched by water.

tertiary methylcyclobutyl cation before reaction with an
appropriate quenching agent. To the degree that products
arising from the le™ and 2e™ oxidations are distinct, the
partition between these reaction pathways is reflected in
the product distribution. Furthermore, since k, can be
independently determined in the gas phase, a radical life-
time can be calculated from the product distribution and
the rearrangement rate as

radical lifetime = ([ring — closed]/[ring — opened] x k)"

Radical-clock probes have been used to infer the presence
of radical intermediates in C—H bond oxidation reactions
and to estimate the lifetime of the radical. For example, Or-
tiz de Montellano and Stearns [33] found hydroxylation
products resulting from ring opening of the radical-clock-
type substrate bicyclo[2.1.0] pentane. However, a solvolysis
study indicated that the same diagnostic product could arise
from a 2e~ oxidation pathway [34], so an unequivocal
assignment to a radical precursor could not be made. Subse-
quent studies with a series of calibrated radical-clock sub-
strates failed to produce consistent values for the radical
lifetime during P450 catalysis, with some probe studies indi-
cating that hydroxylation occurred by a concerted process
on the same rate of bond vibrations [27], that only cations
were involved and radicals were not [35], or again, that rad-
icals were involved [23,36]. It is clear that an enzyme active
site is not necessarily well approximated by the gas phase,
and the evidence for the influence of active site residues on
the outcome of hydroxylation reactions continues to accu-
mulate. Consequently, the functional group alterations re-
quired to obtain the fastest radical rearrangements (e.g.,
Fig. 3) may present significant challenges to productive
binding and other essential spatial and temporal aspects of
efficient enzyme catalysis. This problem may be reflected in
the negligible rates of oxidation observed for many radi-
cal-clock probes, in addition to concerns about effects on
the coupling between the NADH consumed, O, utilized,
and hydroxylated products obtained [16].

By contrast, a study by Frey and co-workers [37] using
1,I-DMCP concluded that products derived from both
radical and cation reaction pathways could arise from the
same reaction. This study also provided the first use of oxy-
gen-18 to track the fate of O, in radical-clock studies of an
enzyme reaction. As expected for a monooxygenase, the
un-rearranged 1-methylcyclopropanemethanol had the
O-atom exclusively derived from O,, while the cation-de-
rived ring-expansion product 1-methyl-cyclobutanol had
the O-atom derived from both O, and solvent. The isotopic
content of O-atom in the radical-rearranged product 3-
methyl-3-buten-1-0l was not determined in this study.

Chemical reactions of norcarane

Fig. 5 shows the diagnostic radical/cation rearrange-
ments of norcarane, which can also be understood with ref-
erence to Fig. 4. Chemical studies of these reactions have
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Fig. 5. Products derived from hydroxylation of norcarane. Upon forma-
tion of either a transient radical or transient cation at the C-2 position,
intramolecular rearrangements can occur to produce more stable species.
The stable hydroxylated products are used to deduce the formation of the
transient species during the reaction. The diagnostic product of the le™
radical rearrangement and oxygen rebound pathway is cyclohex-2-enyl-
methanol. The un-rearranged norcaranol products shown in the center
are, from the top, 2-endo-norcaranol, 2-exo-norcaranol, 3-endo-norcara-
nol, and 3-exo-norcaranol. The diagnostic product of the 2e” cation-
derived ring expansion is cyclo-hept-3-enol.

provided important insight into the patterns of reactivity
that might be expected from the enzyme reactions. Treat-
ment of 2-chloronorcarane with tri-n-butyltin hydride
induced radical formation at C-2 and yielded 3-methyl-
cyclohexene, the product from reductive quenching of a
cyclohex-2-enyl-methyl radical. Thus, products derived
from rearrangement to a cyclohex-2-enyl-methyl moiety
are considered diagnostic for the formation of a norcarane
C-2 radical [38]. The radical rearrangement rate,
2x 10%s7!, is relatively slow when placed on the complete
timescale of radical-clocks [39]. Groves et al. [40] later
determined that homolytic C-H bond breakage at the
C-2 position of norcarane by a synthetic Mn-substituted
protoporphyrin complex yielded cyclohex-2-enyl-methanol
during a hydroxylation reaction.

Fig. 5 also shows that 2e™ oxidation at the C-2 position
would give the 2-norcaranyl cation, which is in resonance

with the ring-expanded cyclohept-3-enyl cation. Thus for-
mation of cyclohept-3-enol would be diagnostic for the for-
mation of a C-2 cation precursor. There is no measurable
“rate” for cation ring-expansion, however, numerous stud-
ies of the solvolysis of 2-norcaranol derivatives [41-43]estab-
lished that un-rearranged 2-norcaranol is the major product
derived from C-2 cation formation, with only ~5-10% of the
product balance resulting from ring-expansion. After
accounting for the majority fraction of un-rearranged
alcohol, it was also shown that acetolysis of 2-deuterio-2-
norcaranol [41] gave 96% of cyclohept-3-enol acetate from
ring-expansion and 4% of cyclohex-2-enyl-methanol acetate,
the product also observed from radical rearrangement. Due
to this possible overlap in products from the e~ and 2e™ oxi-
dation pathways, Newcomb et al. [43] suggested caution in
the use of norcarane as a mechanistic probe. With this caveat
acknowledged and discussed further below, the above-cited
solvolysis experiments suggest that formation of 2-norcara-
nyl cation will predominantly yield an un-rearranged alcohol
(90-95% of mass balance), and that the cation-derived ring-
expansion products (5-10% of mass balance) should exhibit
a ~25-fold excess of cyclohept-3-enol relative to cyclohex-2-
enyl-methanol. This distribution possibly corresponds to the
higher stability of a secondary cation as compared to a pri-
mary cation.

Enzyme reactions

We have proposed that the high regiospecificity of the
T4moH reaction with monosubstituted benzenes (e.g., tol-
uene, nitrobenzene, chlorobenzene, and methoxybenzene
[14-16]) involves a well-defined binding interaction be-
tween the substrate and enzyme active site. Furthermore,
this regiospecificity appears to be influenced by protein
interactions between T4moH and the catalytic effector pro-
tein, T4moD [16]. Upon consideration of the various radi-
cal-clocks, norcarane has a size and shape that most closely
matches that of toluene. Indeed, the solvent-exposed sur-
face areas are 399 A2 for toluene and 471 A2 for norcarane.
Based on this similarity, we hypothesized that norcarane
might bind in the T4moH active site in a manner like that
of toluene, and thus maintain crucial enzyme-substrate
interactions and distance constraints during catalysis [17].

The availability of purified, highly active enzyme was an
essential component of this work, as it provided well-de-
fined reaction mixtures and low background contamina-
tion during product analyses by GC/MS methods. Using
these preparations, norcarane was found to be an excellent
substrate for T4moH, as kg of 0.5s~! was remarkably
close to the ke, of ~2.0 s™' measured for toluene. More-
over, norcarane oxidations had a comparable percentage
of coupling between NADH utilized and hydroxylated
products (72% and 95%, respectively [17]). For compari-
son, T4moH has k., and coupling values of 0.2 s ! and
65% for the para hydroxylation of nitrobenzene, and
0.13 5" and ~3% for aliphatic hydroxylation of cyclohex-
ane [16].
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Table 1 shows product distributions obtained from reac-
tions of natural T4moH and three active site isoforms
(T201A, T201S, and G103L) with norcarane. The engi-
neered variants exhibited nearly equivalent k., and kc./
Ky values when compared to those of the natural enzyme
[14-16], but each of them also showed a unique regiospec-
ificity for toluene hydroxylation. Correspondingly, each of
the enzyme isoforms tested gave a distinct distribution of
the un-rearranged 2- and 3-norcaranol isomers as the
majority of products, indicating that changes in active site
architecture are relevant to both aromatic and aliphatic
hydroxylation reactions. Notably, the four isoforms also
gave distinct amounts of cyclohex-2-enyl-methanol ranging
between 1.4% and 5.8% of the total products. Furthermore,
none of the isomers yielded a detectable amount of the cat-
ion-derived ring-expansion product cyclohept-3-enol to the
limit of detection (~0.1% of total products). Based on the
gas-phase radical rearrangement rate of 2x 10%s™' [38]
and the observed variations in product distributions, a rad-
ical lifetime of ~100-400 ps could be calculated for reac-
tions of the various, catalytically comparable T4moH
isoforms. These results indicate that the enzyme active site
can indeed affect radical lifetime. Moreover, the absence of
the cyclohept-3-enol (expected in a 25-fold excess over
cyclohex-2-enyl-methanol derived from cationic pathways)
indicated that cyclohex-2-enyl-methanol arose exclusively
from a T4moH-generated radical intermediate.

Since T4moH was apparently unable to transform nor-
carane into a characteristic cation product, we were inter-
ested to learn whether other radical-clock probes might
allow products from both radical and cation precursors.
T4moH was able to oxidize 1,1-DMCP with
kear = 0.04 71, a ~50-fold decrease in rate relative to tolu-
ene, and the un-rearranged product 1-methylcyclopropane-

Table 1
Product distribution for enzyme-catalyzed hydroxylation of norcarane

methanol represented ~93% of the total products. In
addition, both 3-methyl-3-buten-1-ol (~0.2%) and
I-methyl-cyclobutanol (~2.1%) were detected from the
T4moH-catalyzed reactions. These products arise from rad-
ical-rearranged and cation ring-expansion intermediates,
respectively [37]. Likewise, T4moH oxidized 1,1-DECP
and the un-rearranged 1-(1-ethylcyclopropyl)-ethanol was
the major product (89.7%), while 3-methyl-3-penten-1-ol
(~1.8%) and 1-methyl-2-ethylcyclobutanol (8.5%) were also
observed. By analogy to the 1,1-DMCP assignments, these
products also arise from radical-rearranged and cation
ring-expansion intermediates, respectively.

Oxygen-18 tracer studies

Table 2 summarizes the results of T4moH reactions with
norcarane, 1,1-DMCP, and 1,1-DECP in the presence of
either %0, or '"®OH, as tracers of the origin of O-atom
incorporation [17]. For all three substrates, the enrichment
of O in the un-rearranged and radical-rearranged
alcohols matched that of the '®0, present in the reaction.
Significantly, this included the radical-rearranged product
cyclohex-2-enyl-methanol obtained from norcarane
oxidation. Complementary studies of the oxidation of nor-
carane, 1,1-DMCP and 1,1-DECP performed in 80OH,-en-
riched buffer showed negligible incorporation of '*0
(1-11%) into the un-rearranged and radical-rearranged
alcohols.

A contrasting result was obtained for the cation-derived
ring-expansion products. Thus, oxidation of 1,1-DMCP in
%0, gave ~70% enrichment of '*0 in the cation-derived
ring-expansion product 1-methyl-cyclobutanol, while a
similar oxidation of 1,1-DECP in '80, gave only ~1%
enrichment of 'O in the cation ring-expansion product.

Enzyme endo-2-Norcaranol exo-2- and endo-3-Norcaranol —exo-3-Norcaranol Radical-rearranged Cation-derived lifetime (ps) Ref.
T4moH 475 39.2 8.8 45 0 263 (17]
T201A% 35.5 48.5 10.2 5.8 0 343 [17]
T2018? 35.9 50.4 10.3 3.5 0 200 [17]
G103L? 37.6 49.8 11.2 1.4 0 80 [17]
MmoH (OB3b)® 57 29 7 1.4 1.1 20 [44]
MmoH (Bath)® 55 30 and 3¢ 6 3 3 n.d¢ [43]
AIkKB® 74 6 n.d. 15 2 1000 [54]
XylMPe 73.1 17.1 0 3.9 2.7 200 [55]
P450.qm° 56.7 19.8 9.1 0.9 0.3 52 [36]
P45050m3° 57.6 28.2 7.5 0.7 0.3 44 [36]
CYPA2E1® 25 68 and 4° 2 0.5 0.16 n.d. [43]
T303AF 41 38 and 14° 3 3.1 0.6 n.d. [43]
CYP2B4® 69 22 and 4° 5 0.3 0.4 n.d. [43]
CYPA2B4® 71 20 and 4° 4 0.4 0.5 nd. [43]
CYP2BI1® 56.7 33.4 6.2 0.3 0.3 16 [36]
CYP2E!1® 31.7 60 5.7 0.6 0 35 [36]

# Isoforms of T4moH created by site-directed mutagenesis.

® In addition, small amounts of 2- and/or 3-norcaranone were detected.

¢ Different GC/MS protocols were used for separation of the two isomers.

9 n.d., not determined.

¢ Results from studies of Pseudomonas putida mt-2; similar results were obtained for all other organisms tested.

f Isoform of CYPA 2E1 T303A created by site-directed mutagenesis.
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Table 2
Origin of oxygen incorporated during T4MO reactions®

Substrate Product percentage 130, reactions 180H, reactions
Toluene®

p-Cresol 96 >95 n.d.
Norcarane®* _

Total products 95.5 >95 <1
Norcaraneltoluene®

Un-rearranged 95.5 68 <1
Radical-rearranged 4.5 62 <1
p-Cresol 96 658 n.d.
1,1-DMCP**

Un-rearranged 92.9 99.1 £ 0.8 0.9
Radical-rearranged 0.2 79+ 6 5.3
Cation-derived ring-expansion 2.1 69+5 2342
Unidentified product 4.8 99.4 0.3
1,1-DECP

Un-rearranged 89.7" 63.5+0.5 10.6
Radical-rearranged 1.8 65 7.3
Cation-derived ring-expansion 8.5 ~1 91.3

# Reactions were performed as described in [17]. Standard deviations are the result of three or more separate determinations.

® Product percentages from [16]; %0 incorporation data from [58].
¢ not determined.
9 The isotopic enrichment of the 20, was 99%.

© The reported percentage incorporation values were corrected for an 85% isotopic enrichment of 30 in water.

f Isotopic contents of combined 2- and 3-norcaranols.

¢ The isotopic content of the '°0,/'0, mixture was determined experimentally to correspond to ~65% by reference to previous T4moH studies of

p-cresol incorporation [58].

" The reported percentage includes the contribution of corresponding ketone, ~17%.

For the complementary experiments performed in '*OH,-
enriched buffer, the cation-derived ring-expansion product
from 1,1-DMCP contained ~25% of 30 enrichment, while
the corresponding product from 1,I-DECP contained
~90% enrichment in '80.

These results can be rationalized in light of the different
types of O-atoms that might be found in a diiron monoox-
ygenase active site immediately prior to O-atom transfer.
Fig. 6 summarizes the possibilities with respect to a discrete
substrate radical or a discrete substrate cation. Radical and
cation intermediates will have different propensities for
reaction with different types of O-atoms. For example,
the spin-paired recombination of radicals (Fig. 6A) and
the reaction of a carbocation with water (Fig. 6B) are well
established.

T4MO-catalyzed reaction at C-2 of norcarane gives rise
to isomeric norcaranols and to cyclohex-2-enyl-methanol,
with both having the same '®O content as '*0,. The mini-
mum distance between the abstracted hydrogen atom and
carbon atom that will receive the transferred O-atom in
the radical-rearranged product is 2.8 A. Thus, the relative
positions of the C-2 radical and diiron oxidant relative to
the bridgehead carbon (which is ultimately hydroxylated
in the radical-rearranged product) may contribute to the
favorability of O-atom transfer as opposed to radical rear-
rangement prior to O-atom transfer. This distance con-
straint also suggests that partial rotation of the substrate
relative to the oxidant may be required to achieve the high
fidelity observed for O-atom transfer. By comparison, for a

A B
R OH, R, OH,
He® oH He* oH
3{ H /4+ 3+/ H 3+
Fe —~ O/ Fe Fe ’\ O/ Fe
el X
Pd \
-7 \
,/ \
./ X
A” +
R R—OH
y PR 9
H® R —OH

Fig. 6. A schematic representation of O-atoms in the diiron hydroxylase
active site. The black spheres represent O-atoms derived from O, that may
be either incorporated into substrate or converted to water or hydroxide
according to the monooxygenase reaction stoichiometry. The open spheres
represent solvent water sequestered in the active site. Oxidized substrate
intermediates potentially have access to each of these three different types
of O-atoms. (A) Rebound reaction of a substrate radical giving rise to the
hydroxylated product with high fidelity for O-atom transfer from O,. (B)
Reaction of a substrate cation with any water present in the active site.

cation ring-expansion reaction leading to cyclohept-3-enol
(not observed from the T4moH reactions), the minimum
distance between the abstracted hydrogen atom and carbon
atom that would receive the transferred O-atom is 4.9 A.
Moreover, this carbon atom lies on the opposite side of
the substrate. These geometric considerations suggest that
substantial motion might be required to incorporate the
isotopically labeled water of reaction and instead a solvent
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water molecule might be incorporated with high efficiency
into this product.

When the less-well-matched substrates 1,1-DMCP and
1,1-DECP were oxidized, the product distribution included
un-rearranged, radical-rearranged, and cation ring-expan-
sion products. These different classes of products undoubt-
edly arise from alternative binding configurations available
relative to a strong oxidant and intrinsic differences in the
chemical properties of the substrates. For example, 1,1-
DMCP has an elevated fraction of the water of reaction
in the cation ring-expansion product, suggesting formation
of cation must occur close to the catalytic center. Also, 2e™
oxidation of the mechanistically relevant methylene posi-
tion in 1,1-DECP to a cation should be easier to achieve
than the methyl position in 1,1-DMCP, accounting for
the increase in cation ring-expansion product observed
from 1,1-DECP. However, this product also has an O-at-
om content derived entirely from solvent. It is reasonable
to conclude that small adjustments of the orientations
and distances between substrates, intermediates, and oxi-
dants can have profound influence on the favorability of
le”, 2e”, and O-atom transfer reactions. By reference to
Fig. 6, it is also plausible that these small adjustments
may give access to the different types of O-atoms during
the lifetime of a discrete radical or cation intermediate be-
fore recombination.

Other enzymes

Table 1 summarizes results obtained from the oxidation
of norcarane by other oxygenases. In combination with
results obtained from the T4moH isoforms, these studies
reveal considerable variability in the distribution of
the un-rearranged 2-norcaranol isomers, in the percentage
of cyclohex-2-enyl-methanol, and in the appearance of
cyclohept-3-enol. This variability emphasizes the influence
of the different active sites on the outcome of reaction with
norcarane. Table 1 also shows that similar product distri-
butions were obtained from the MmoH-catalyzed oxida-
tion of norcarane in two different laboratories [43,44]. As
discussed above, differences in interpretation have arisen
from the assessment of whether cyclohex-2-enyl-methanol
arises from a radical rearrangement or from a cation-de-
rived process. The near equivalence of the amounts of
cyclohex-2-enyl-methanol and cyclohept-3-enol obtained
from the MmoH studies seems incompatible with the 25-
fold excess of cyclohept-3-enol expected from the acetolysis
of 2-deuterio-2-norcaranol [41]. Thus, it is reasonable that
radical rearrangement is responsible for most, if not all, of
the cyclohex-2-enyl-methanol in the MmoH reactions.

MmoH has yielded a surprising level of detail about the
nature of intermediates in the diiron catalytic cycle [45],
including the role of a diferrous state [46,47], a peroxodif-
erric precursor [48], and the kinetically competent high-va-
lent oxidant named compound Q [49]. This detail now
includes high level computational studies [23,50]. Transient
kinetic studies of the MmoH reaction with norcarane have

given important insight into the oxidation of this radical-
clock probe. Lipscomb and co-workers [44] showed that
hydroxylation of norcarane occurs exclusively through
the action of the compound Q, the diiron intermediate that
is also responsible for the hydroxylation of methane [45]. In
contrast, compound P did not react with either norcarane
or methane and thus seems incompetent for aliphatic
hydroxylation reactions.

Studies of the reactions of two integral membrane diiron
hydroxylases with norcarane have also been undertaken
(see Fig. 1B; alkane w-hydroxylase, AlkB; and xylene
monooxygenase, XylM). AlkB catalyzes the oxidation of
linear C-6 to C-10 alkanes to the corresponding n-alcohols
[51]. Méssbauer studies of AlkB provide the best physical
evidence that this entire class of integral membrane en-
zymes contain a diiron center [52]. XyIM catalyzes the
hydroxylation of the methyl groups on methylbenzenes
[53]. This reaction initiates a different pathway for toluene
metabolism than that used by T4moH, and thus provides
an interesting comparative focus. Owing to the difficulty
in obtaining purified preparations of these enzymes, meth-
ods to perform the oxidation studies in whole cells were
developed, and include both the native pseudomonad
strains and recombinant Escherichia coli cells expressing
the complete gene clusters. With AlkB [54], the majority
of products arose from reaction at the C-2 position, and
yielded ~85% of 2-norcaranol and ~15% of cyclohex-2-
enyl-methanol. As with T4moH, no cyclohept-3-enol was
detected, suggesting that catalysis likely proceeds through
H-bond abstraction and oxygen rebound. Based on the
product distribution, a remarkable radical lifetime of
1000 ps was calculated for the 2-norcaranyl radical. XylM
also gave oxidation at the C-2 position [55], with un-rear-
ranged 2-norcaranols providing the majority of products.
Furthermore, cyclohex-2-enyl-methanol (~4%) and cycloh-
ept-3-enol (~2%) were also detected, and an average radi-
cal lifetime of ~200 ps was calculated. Again, it is notable
that an excess of cyclohex-2-enyl-methanol relative to
cyclohept-3-enol was observed, supporting the radical-de-
rived origin for the cyclohex-2-enyl-methanol.

The previous results discussed have all been obtained
with non-heme, diiron enzymes. Table 1 also includes re-
sults from studies of P450-catalyzed oxidations of norcara-
ne. Among the P450 isozymes tested by several different
laboratories, all gave measurable amounts of both radi-
cal-rearranged and cation-ring-expansion products with
the exception of CYP2EI1, which did not give detectable
amounts of the cation-derived ring-expansion product. Ta-
ble 1 shows that the radical lifetimes, as calculated by Ortiz
de Montellano and Groves [36], varied between 16 and
52 ps, consistent with previous studies implicating a
short-lived radical intermediate in P450 catalysis [56,57].

A surprising feature of the results presented in Table 1 is
the difference in amounts of radical-rearranged products
observed from the diiron systems, MmoH, and the P450
systems. In majority, the diiron systems accumulate higher
levels of the radical-rearranged products. This may imply a
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longer radical lifetime, less favorability of the 2¢™ oxida-
tion pathway, a lower redox potential for the oxidizing
metallocenter, or a combination of these and other factors.
In contrast, MmoH, which is arguably the most powerful
biological hydrocarbon oxidation catalyst, and the P450
systems, which have long been regarded as powerful bio-
logical oxidants, give lower levels of radical-rearranged
products and higher levels of the cation ring-expansion
products. Thus, it seems likely that these differences reflect
the continuum of oxidative capability available from evolu-
tion of these highly specialized catalytic systems.
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