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ABSTRACT: OleT};, a cytochrome P4S0, catalyzes the
conversion of fatty acids to terminal alkenes using
hydrogen peroxide as a cosubstrate. Analytical studies
with an eicosanoic acid substrate show that the enzyme
predominantly generates nonadecene and that carbon
dioxide is the one carbon coproduct of the reaction. The
addition of hydrogen peroxide to a deuterated substrate—
enzyme (E—S) complex results in the transient formation
of an iron(IV) oxo 7 cation radical (Compound I)
intermediate which is spectroscopically indistinguishable
from those that perform oxygen insertion chemistries. A
kinetic isotope effect for Compound I decay suggests that
it abstracts a substrate hydrogen atom to initiate fatty acid
decarboxylation. Together, these results indicate that the
initial mechanism for alkene formation, which does not
result from oxygen rebound, is similar to that widely
suggested for P450 monooxygenation reactions.

he generation of hydrocarbons from fatty acid metabolites

has received intensive interest for the sustainable
production of fuels that are compatible within the existing
energy infrastructure.”” Several biosynthetic strategies for
alkane and alkene production have been recently identified.>°
A common mechanistic feature of many of these pathways is
the cleavage of the terminal carbon from a fatty acid (or
aldehyde)” of chain length 1 to produce an n — 1 alkane (or
alkene) respectively. Intriguingly, the enzymes involved in this
carbon scission react1on each utlhze an iron-containing
cofactor, nonheme mono-° or dinuclear®’ iron, or cytochrome
P450,%° that typically activates O, or H,O, for substrate
oxygenations. The elucidation of the mechanism of these
carbon—carbon scission reactions, often cryptic, may offer the
opportunity for the efficient production of liquid transportation
fuels in a recombinant organism.

OleT}g, a cytochrome P450 from Jeotgalicoccus sp. ATCC
8456, metabolizes n chain length fatty acids to produce n — 1
alkenes, utilizing hydrogen peroxide (H,0,) as a cosubstrate in
the reaction.* The overall reaction, shown in Scheme 1A,
involves the loss of a hydride (from the fatty acid beta carbon
(Cp)) and production of a one carbon coproduct, which has yet
to be identified. Notably, cytochrome P450 enzymes are not
typically known to catalyze hydride abstraction chemistry or
decarboxylation reactions. Although a few P450s have been
implicated in the oxidative decarboxylation of substrates,'”"!
the reactions are often the result of the metabolism of non-
native substrates,'” or are nonenzymatically derived."® The
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Scheme 1. Comparison of OleT); Alkene Production and
Prototypical P450 Hydroxylation Reactions
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canonical mechanism for the P450 catalyzed monooxygenation
of unactivated hydrocarbons is depicted in Scheme 1B for
comparison. The commonly accepted reaction coordinate
involves abstraction of a substrate hydrogen atom by a highly
reactive iron(IV)-oxo heme sz-cation radical intermediate
termed Compound I, recently characterized by Green and
colleagues.'*  Subsequent recombination w1th a substrate
radical, in a process termed oxygen rebound,'® produces an
alcohol product and regenerates the ferric resting state of the
enzyme.

The recent X-ray crystal structure'® of OleT}; bound to an
eicosanoic acid substrate has confirmed the remarkable
similarity of its active- 51te and substrate binding mode to
P450 peroxygenases BSB'” and SPa.'® BSf and SPa do not
appreciably produce n — 1 olefin products, but instead primarily
hydroxylate fatty acids at the C, or Cj position. While
providing a rationale for the ability of the enzyme to efficiently
utilize hydrogen peroxide, in which the substrate carboxylate
serves a general ac1d that is obligatory for the heterolytic
cleavage of H,0,," it does not immediately clarify the origin of
its capacity for C—C scission.

In order to elucidate the divergence of OleT}; from P450
monooxygenation chemistry, we have characterized its reaction
with eicosanoic acid, a chain length which approximates that of
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the native substrate based on identification of the alkenes found
in Jeotgalicoccus.* Analytical studies have determined that the
enzyme generates alkene as the major reaction product and that
the one-carbon coproduct of the reaction is carbon dioxide.
Transient kinetic studies show that the decarboxylation reaction
is initiated by Compound I, mechanistically linking OleT}z
catalysis to other P450 oxidations.

The subcloning, heterologous expression, and purification of
OleTy; are described in Materials and Methods in the
Supporting Information. The partial high-spin content of the
enzyme following purification indicated the presence of
adventitiously bound compounds in the active site. These
contaminating small molecules, most likely E. coli derived fatty
acids, were removed by treating the enzyme with H,O, to
initiate turnover and subsequent desalting. This treatment
resulted in complete conversion of the enzyme to the low-spin
state (Figure S1) and restored its ability to bind exogenously
added eicosanoic acid. The titration of the substrate to the
peroxide treated enzyme indicated a near complete conversion
(~90%) of the enzyme to the ferric high-spin state upon
saturation, with a measured dissociation constant K4 ~ 0.3 yuM
(Figure S2). As a result of this high affinity, a nearly
stoichiometric enzyme—substrate (E—S) complex could be
generated by poising the enzyme at concentrations well above
(typically >10 yM) the observed Kj.

Previous multiple turnover studies performed in vitro and in
vivo have established that the reaction of OleTy with eicosanoic
acid and H,0, generates nonadecene.*¢ Single turnover
studies were utilized to directly evaluate the chemoselectivity
of the enzyme for alkene formation. An E—S complex was
mixed with a 3-fold molar excess of H,0,, and the hydrocarbon
products of the reaction were extracted. Gas chromatography
mass spectrometry (GC-MS) (Figure S3) of the organic phase
confirmed formation of nonadecene at a yield of 0.9 + 0.1
equiv of alkene produced per OleTy, indicating that alkene
formation is the major reaction channel. Attempts to detect
possible hydroxylated fatty acid minor products through
derivatization methods were unsuccessful (Figure S4). The
reaction of an E—S complex, prepared instead with a
perdeuterated C,, substrate (CD,;(CD,);sCOOH), produced
deuterated nonadecene with comparable yields to the protiated
substrate (Figure S5). No appreciable metabolic switching®®
occurs upon substrate isotopic substitution, substantiating the
use of deuterated eicosanoic acid for the mechanistic studies
described below.

Having demonstrated that the OleT); reaction with
eicosanoic acid produces nonadecene as a major product, we
tested for the one-carbon coproduct of the reaction. In analogy
to other metalloenzymes, including P450s that perform C—C
bond scission, either formate or CO, might be anticipated.
Headspace FTIR measurements were conducted in an N,
purged and sealed reaction vial containing OleT); and excess
substrate. The addition of H,0, resulted in the immediate
formation of a doublet at 2340 and 2360 cm ™" (Figure 1A, blue
trace), deriving from the asymmetric stretch of carbon dioxide,
which was not observed when the enzyme was omitted from
the reaction (Figure 1A, gray trace). In order to more directly
assign that the CO, produced derived from the cleavage of the
fatty acid carboxylate, single turnover reactions were performed
with an isotopically labeled substrate in which the terminal
carboxylate was *C labeled (CH;(CH,),s"*COOH). GC-MS
of the headspace from reactions containing the labeled
substrate identified a new signal from 13COZ at m/z = 4S5 in
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Figure 1. Carbon dioxide production by OleTj;. Headspace FTIR
spectra of the reaction headspace of an OleT); multiple turnover
reaction with eicosanoic acid and H,0, (A). Mass spectra of the
reaction headspace of single turnover reactions with a terminally *C
labeled substrate. A control reaction in which OleT was omitted (B), a
reaction containing OleT + H,'%0, (C) and OleT + H,"0,.

addition to a signal at m/z = 44, originating from environ-
mentally derived '*CO, (Figure 1C). The intensity of the
BCO, signal, ~25% of the total (environmental and enzymati-
cally generated CO,) was significantly larger than that predicted
for natural isotopic abundance (1.1%). Significant levels of
3CO, were not observed in reactions in which the enzyme was
omitted (Figure 1B), or in reactions containing an unlabeled
2CO, substrate (Figure S6). The amplitude of the *CO, is
unchanged when using H,'%0,. Taken together, these results
establish that OleTy; performs an oxidative decarboxylation
reaction. Oxygen was not inserted into either major reaction
product when eicosanoic acid was used as a substrate.

The oxidant responsible for initiating the OleT); decarbox-
ylation reaction is currently unknown. Based upon the fact that
the substrate is a fatty acid (rather than aldehyde), and that
CO, is the reaction coproduct, a mechanism involving
nucleophilic attack by a ferric peroxide intermediate, such as
that postulated for P450 deformylation®' and alkane synthesis
by aldehyde deformylating oxygenase,” would seem highly
unlikely. Rather, the loss of hydrogen from a relatively
unactivated Cf position and the structural similarity of OleT}g
to hydroxylases that presumably utilize a Compound I oxidant
suggest that a high-valent intermediate may be involved.
Previously advanced mechanistic proposals for OleT}; catalysis
have speculated that a Compound I intermediate, if formed,
may initiate decarboxylation through hydrogen abstraction
from the fatty acid Cf3 position,” or electron abstraction from
the substrate carboxylate.'® Having established a competent
single-turnover system with protiated and deuterated fatty acid
substrates, we tested whether such an intermediate could be
isolated. A 20 uM OleTg-perdeuterated eicosanoic acid (E-
CyD) ternary complex was rapidly mixed with excess H,0, at
5 °C in stopped flow absorption studies. Within 15 ms, the
high-spin E—S complex (4, at 392 nm) had completely

decayed, and a new intermediate with decreased absorptivity, a
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blue-shifted Soret maximum with a Soret maximum of 370 nm,
and an additional absorption band at 690 nm, had appeared
(Figure 2A red trace, and inset). The absorption characteristics
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Figure 2. Reaction of OleTj:eicosanoic acid with H,0,. A 20 uM E:S
complex prepared with a perdeuterated substrate (A) or protiated
substrate (B) was rapidly mixed with S mM H,0, at 5 °C. (C) Single
turnover time course for the decay of Compound I in reactions with
perdeuterated eicosanoic acid. A two summed exponential fit (red) is
shown superimposed on the data.

of this species are diagnostic of an iron(IV)-oxo 7 cation radical
intermediate (Compound I) and are nearly identical to those
observed in rapid mixing studies of a thermostable P450-
(CYP119)"*** with mCPBA and similarly prepared species in
other thiolate-ligated heme enzymes (ex. Aae-APO, CPO).>>**
The Compound I intermediate could not be formed when the
fatty acid was omitted from the reaction (Figure S7). Spectral
deconvolution procedures, and comparison to other Com-
pound I species, indicated that this intermediate had
accumulated to a high level (>70%) at 15 ms. Within 1 s, the
intermediate completely decayed to a species that is
indistinguishable from the ferric-low spin substrate free form
of the enzyme (Figure 2A, blue trace). The time course for its
decay at 370 nm (Figure 2C) required two summed
exponentials for adequate fitting, suggesting a complex
decomposition process that may involve multiple steps. The
faster of these two phases, which comprises ~90% of the
spectral amplitude at 370 nm, indicates a decay rate of 80 s™".
This decay rate of OleTy; Compound I (which we designate
hereafter as Ole-I) is invariant to H,O, concentration (Figure
S8), consistent with the fact that it is formed as a result of O—O
heterolysis, an irreversible process.

Results from rapid mixing studies of an E—S complex,
prepared with a protiated substrate, and H,0, are shown in
Figure 2B for comparison. Rapid decay of the E—S complex
was again observed within 15 ms (red trace). However, no
appreciable accumulation of Ole-I could be detected prior to
formation to the ferric low-spin state, suggesting that its

4942

previous stabilization was attributable to a *H kinetic isotope
effect (KIE). This apparent KIE for Ole-I decay strongly favors
a mechanism in which alkene formation is initiated by hydrogen
abstraction, most likely originating from Cp, the position from
which it is ultimately lost to generate an alkene. This rules out a
previous proposal that the atypical reaction catalyzed by OleTj
may be initiated by abstraction of an electron from the fatty
acid carboxylate by Compound L.'°

The kinetics studies and observed reaction products in this
study support a proposed catalytic mechanism for alkene
synthesis that is shown in Scheme 2. The mechanistic strategy

Scheme 2. Proposed Catalytic Cycle for OleT} Alkene
Formation Based on Identification of the Carbon Dioxide
Coproduct and Stopped-Flow Absorption Spectroscopy
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for carbon—carbon bond scission appears to be identical, in its
first steps, to the bulk of P450 oxidation reactions by
Compound I. Based on the widely accepted mechanism for
P450 hydroxylation of inert hydrocarbons, and the demon-
strated incapacity of iron-oxo porphyrin 7-cation radical
intermediates to perform hydride transfer in model systems,*
Ole-I most likely abstracts a substrate hydrogen atom. This
would result in the formation of a substrate radical and the Fe
(IV)-hydroxide Compound II. The subsequent steps for OleTg
decarboxylation necessitate a divergence from the monooxyge-
nation reaction coordinate, particularly as oxygen rebound is
largely abrogated. One logical route for alkene formation could
involve single electron transfer, to Compound II or another
oxidant, to produce either an unstable substrate carbocation or
a substrate diradical. Subsequent loss of the CO, leaving group
would generate the n — 1 alkene. Mechanisms involving the
generation of substrate carbocations have been invoked to
rationalize the ability for some P450s to catalyze desaturation
reactions,%_28 to generate cationic rearrangement products,29
including those from radical clock substrates, and to promote
C—C bond cleavage during the third step of androgen
formation by P450 aromatase.’'

The apparent conservation of decarboxylase and hydroxylase
mechanisms hints toward an elegant adaptation that enables
OleT}; to efficiently sidestep the monooxygenation reaction
coordinate. Does the inability to finalize oxygen rebound stem
from an alteration in Ole-I structure or reactivity? It is perhaps
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noteworthy in this regard that Ole-I (unlike CYP119-I or
AaeAPO-I) can be generated in high yields in a reaction with a
prebound deuterated substrate and H,O,, suggesting that it
may be more sluggish in its hydrogen abstraction proficiency
than hydroxylating Compound I species. Unfortunately, this
difference in how Ole-I is prepared undermines a pairwise
evaluation of its reactivity to other metal-oxo intermediates,
particularly as pseudo-first-order decay rate constants with
exogenously added substrates cannot be determined. Assuming
that the formation rate of Ole-I is insensitive to fatty acid
isotopic substitution, and that no traces of the intermediate can
be observed at 10 ms at 690 nm, we place a lower estimate for
its reaction rate with a protiated substrate at k ~ 300 s™', and a
lower bound for an apparent KIE = 3. Semiclassical KIE limits
(ky/kp = 7) may position the value for its reaction rate with a
protiated substrate higher. In either case, this estimated rate is
within the range projected by Green and colleagues'* for the
reaction of CYP119-I and a prebound substrate with similar
bond dissociation energy, suggesting that Ole-I is similarly
reactive. Instead, the capacity for OleTj; to produce minor
aliphatic hydroxylated products*** in reactions with shorter
chain length substrates suggests that there may be additional
structural factors that are important in steering the enzyme
toward alkene production. An evaluation of each of these
potential contributions is currently under investigation.

The highly reactive nature of P450-I has limited direct
interrogation of its chemical reactivity to an extremely small
subset of substrates. Here, stopped flow and analytical studies
provide evidence that such an intermediate is formed and can
catalyze a decarboxylation reaction that does not result from
oxygen insertion.
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