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ABSTRACT: Rice α-(di)oxygenase mediates the regio- and stereospecific oxidation of
fatty acids using a persistent catalytic tyrosyl radical. Experiments conducted in the
physiological O2 concentration range, where initial hydrogen atom abstraction from the
fatty acid occurs in a kinetically reversible manner, are described. Our findings indicate
that O2-trapping of an α-carbon radical is likely to reversibly precede reduction of a 2-
(R)-peroxyl radical intermediate in the first irreversible step. A mechanism of concerted
proton-coupled electron transfer is proposed on the basis of natural abundance oxygen-
18 kinetic isotope effects, deuterium kinetic isotope effects, and calculations at the
density functional level of theory, which predict a polarized transition state in which
electron transfer is advanced to a greater extent than proton transfer. The approach
outlined should be useful for identifying mechanisms of concerted proton-coupled
electron transfer in a variety of oxygen-utilizing enzymes.

Rice fatty acid α-(di)oxygenase (RαO) is a member of the
pathogen-inducible oxygenase (PIOX)2 family of mem-

brane-associated heme proteins.3 As such, it is recruited to
produce oxylipins4,5 that function in cell signaling, wound
healing, and the protection of plants from infection.6−11 The
proteins are also recognized for their structural homology1,12−14

to the mammalian cyclooxygenases (COX-1 and COX-2),15,16

which utilize a Tyr• to oxidize arachidonic acid in the first
committed step of prostaglandin biosynthesis. The detailed
mechanisms of such fatty acid oxidations remain incompletely
understood, especially with regard to the coupling of proton
and electron transfer steps during the formation of various
radical intermediates. These events are critical to understand
because they control the activation and deactivation of enzymes
implicated in oxidative stress.
RαO contains a conserved Tyr• that has been proposed to

effect the insertion of O2 into the Cα−H bonds, adjacent to the
carboxylate group, in saturated and unsaturated fatty acids.17,18

Upon release from the enzyme, the 2-R-hydroperoxide product
undergoes spontaneous decarboxylation to form a linear
aldehyde.1 Although RαO has not been crystallographically
characterized,19 homology modeling predicts the active site
depicted in Figure 1, where the conserved Tyr379 resides ∼6 Å
away from the FeIII protoporphyrin IX (Por) and <4 Å away
from His311.17,20 Another pairing of His and Tyr is observed
in photosystem II, where the catalytic Tyr• is generated

photochemically by a mechanism which is believed to involve
electron transfer prior to proton transfer.21,22 In general, it is
difficult to determine how proton and electron motions are
coupled due to the absence of suitable isotopic probes.
Multiple proton-coupled electron transfer (PCET) steps are

involved in the catalytic cycle of RαO, providing a fruitful
testing ground for how protein structures discourage the
formation of high-energy intermediates and facilitate lowering

Received: July 1, 2011
Revised: July 18, 2011
Published: July 26, 2011

Figure 1. Homology model depicting a proton-coupled electron
transfer pathway in RαO.
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of as well as tunneling through thermal activation barriers. In
the initiating step, Tyr379 donates an electron to the oxidized
prosthetic group, either FeIV=O(Por•þ) or FeIV=O(Por), prior
to proton transfer to a nearby base, possibly His311.17,18 It is
not known whether this reaction occurs by concerted or
sequential PCET. In fact, there is very little precedent for
concerted PCET in redox enzymes in general.23 RαO contains
two other His residues proximal and distal to the prosthetic
group. Such structures are typically found in peroxidase
enzymes;24 however, RαO exhibits no such activity.18,25

Instead, the enzyme catalyzes H2O2 disproportionation, in a
manner that protects the protein from autoxidation.
The stability of the Tyr379• in RαO has allowed for its

characterization by electron paramagnetic resonance (EPR)
spectroscopy at ambient temperature as well as in frozen
solutions.17,18 Treatment with H2O2 amplifies the Tyr379•-
associated EPR signal, which is reduced by many fatty acid
substrates with the exception of those lacking Cα−H bonds.17

An increase in α-dioxygenase activity is also detectable upon
addition of substoichiometric H2O2 equivalents. Under these
conditions, FeIII(Por) accumulates because of the slow rate of
forming FeIVO(Por•þ) and FeIVO(Por) relative to their more
rapid rates of reduction. As a result, it is not known which of
the ferryl species directly oxidizes Tyr379. A reducing
equivalent remains unidentified and only 25−30% of the
unpaired spin can be accounted for after decay of the primary
FeIVO(Por•þ) intermediate to FeIII(Por).17,18 The Tyr379Phe
mutant also undergoes prosthetic group oxidation, albeit much
slower, while acting as a H2O2 disproportionation catalyst. No
persistent EPR signal nor α-dioxygenase activity is detected in
the mutant, implicating Tyr379• as the active catalyst.17,18

Cα−H bond oxidation by the Tyr379• in RαO has recently
been examined at pH 7.2 and 22 °C with hexadecanoic (16:0),
dodecanoic (12:0), and decanoic (10:0) acids or fatty acids
(FAs).18 Kinetic studies expose apparent second-order rate
constants, apkcat/KM(FA) and apkcat/KM(O2), which depend
upon the concentration of the corresponding cosubstrate; these
values exhibit a hyperbolic increase to limiting values of kcat/
KM(FA) and kcat/KM(O2). These results, together with the
hyperbolic increase in the deuterium kinetic isotope effects
(KIEs) on fatty acid oxidation to Dkcat/KM(FA) at saturating
O2 concentration, are uniquely consistent with the mechanism

in Scheme 1, where it is predicted that Tyr379•-mediated
hydrogen atom transfer transitions from irreversible to
reversible upon lowering the concentration of O2. In the low
O2 limit, the turnover rate constant is determined by reversible
O2-trapping of the α-carbon radical in a suprafacial manner
followed by reduction of the 2-R-peroxyl radical intermediate.
This study utilizes DFT calculations to understand how RαO

directs the reactivity of O2 in the physiological concentration
range (<50 μM).26 Under these conditions, PCET determines
the regio- and stereochemical fidelity of the products formed,
while preventing accumulation of damaging oxygen radical
intermediates. Although such reactions occur widely in
nature,26,27 little is known about the factors that dictate barrier
heights and the accompanying electron/proton transfer proba-
bilities. The combined experimental and computational approach
featured in this study illuminates the reactivity of a tyrosyl radical
utilizing dioxygenase through the analysis of competitive oxygen-
18 KIEs, together with primary deuterium KIEs. As demonstrated
for the first time, high-level density functional theory (DFT)
calculations reproduce 18O KIEs while providing insight as to the
mechanism and transition state for PCET.28

■ EXPERIMENTAL SECTION

General. Chemical and biochemical reagents used in this
study were obtained commercially in the highest purity
available and used as received. The procedures for spectros-
copic and kinetic characterization of RαO have been described
earlier.17,18 A brief summary of how 18O KIEs are determined
from natural abundance O2 is presented below.
Protein Preparation. Following published proce-

dures,1,17,18 wild-type (wt) RαO was overexpressed as an N-
terminal His6-tagged homodimeric protein with a molecular
weight of 145 kDa and a tightly bound FeIII(Por). Preparations
were of >98% purity, as indicated by polyacrylamide gel
electrophoresis and amino acid analysis at the Texas A&M
University sequencing center. The protein’s structural integrity
was confirmed by circular dichroism measurements on a Jasco
J-810 polarimeter between pH 7.2 and 10.0 as well as at
temperatures from 5 to 40 °C.a

Holoprotein Stock Solutions. Concentrations of RαO
were determined from the optical absorption spectrum

Scheme 1. Free Energy Diagram for RαO Catalysis (Solid Curve); Effect of Increasing the O2 Concentration to Saturating
Levels, i.e. ∼1 mM (Dashed Curve)
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recorded on an Agilent 8453 diode array spectrophotometer.
The characteristic Soret band of the FeIII(Por) was observed
together with distinctive Q-bands in the 500−600 nm region.17

The molar extinction coefficient of the Soret band, ε412 nm =
123 000 M−1 cm−1, was determined by the pyridine hemochrome
assays under oxidizing and reducing conditions.29 A standard assay
was then developed assuming one Tyr379• per equivalent of
FeIII(Por). This standard assay was undertaken at pH 7.2 in air-
saturated solutions containing h31-16:0 (50−100 μM) and O2

(∼272 μM) to determine V/[E] = 9.0 s−1 at 22 ± 0.2 °C.18 A YSI
Clark-type electrode was employed for measurements of O2

consumption rates.
Consistent with earlier EPR spectroscopic studies using an

X-band Bruker EMX spectrometer, wt-RαO exhibited a
multiline signal centered at g = 2.0054, which was absent in
the Tyr379Phe mutant.17 The distinctive radical signature,
generated upon addition of H2O2 to wt-RαO, persists for
minutes at ambient temperature. The radical is also detectable
at lower concentrations in freshly isolated protein solutions.
Enzyme turnover can, therefore, be achieved without the
addition of H2O2, which amplifies the EPR signal as well as the
α-dioxygenase activity without affecting the steady-state kinetic
parameters.
Steady-State Kinetics. Initial rates at variable O2

concentrations were determined at pH 7.2 and 22.0 ± 0.2 °C
unless noted otherwise. Reactions initiated by introducing the
enzyme or the fatty acid, dissolved in ethanol, gave essentially
the same results. When H2O2 was added to optimize enzyme
activity, care was taken to ensure that O2 evolution due to the
catalytic H2O2 disproportionation had ceased before recording
the rates. In general, a correction for the background drift of
the O2 electrode was applied when it exceeded 5% of the initial
rate.
Analysis of the kinetics using Kaleidagraph 4.0 (Synergy

software) was routinely performed by fitting initial rate data to
the Michaelis−Menten expression. In some cases, linear
regression was used to fit the data at very low concentrations,
i.e., less than one-half the KM(O2).

30 Apparent rate constants,
determined at subsaturating concentrations of O2 or fatty acid,
were fitted to hyperbolic expressions to obtain the limiting rate
constants: kcat, kcat/KM(FA), and kcat/KM(O2) ± 2 standard
errors.

Viscosity Effects. Relative solution viscosities (ηrel) were
measured using an Ostwald viscometer and referenced to a
buffer-only solution (η0) at 22 ± 2 °C. Increasing solution
viscosity slows rates of diffusion-limited processes in a manner
predicted by the Stokes−Einstein relation: [kcat/KM(O2)0/kcat/
KM(O2)] = (ηrel/η0)exp, where “0” designates the absence of
added viscosogen and an exponent of 1 corresponds to a
diffusion-limited process.31 An empirically derived exponent of
∼0.5 has been suggested for reactions of O2 because of devia-
tions from Stokes−Einstein behavior.31−34 Viscosity experiments,
therefore, employed solutions with high ηrel values. Control
experiments were conducted using micro- and macro-viscos-
ogens, glycerol, and Ficoll 400, respectively, in order to detect
nonspecific effects arising from protein structural perturbation.
Solvent Kinetic Isotope Effects. The following buffers

were used to test for solvent deuterium KIEs upon kcat/
KM(O2) at an ionic strength of μ = 0.1 M: 0.0566 M sodium
phosphate at pH 7.2 and 0.0107 M sodium pyrophosphate at
pH 10. Deuterated buffers were prepared from D2O and

deuterium-enriched salts in an analogous manner. The pH and
the pD of solutions were determined at 22 °C using an
Accumet pH meter and the relation: pHreading = pD − 0.4.35

Deuterium Kinetic Isotope Effects. Substrate deuterium
KIEs upon kcat/KM(O2), designated Dkcat/KM(O2), were
measured noncompetitively with the isotopically pure forms
of the fatty acids. Earlier studies18 demonstrated the retention
of a single hydrogen from the α-position of the fatty acid by
Tyr379•, which after reduction does not undergo detectable
exchange with the solvent on the time scale of catalysis. The
α-hydrogen from the fatty acid was, therefore, used to generate
Tyr379(O−H) or Tyr379(O−D) for the determination of
Dkcat/KM(O2). To minimize systematic errors, multiple trials
were performed using different sources of enzyme and fatty
acids. The aggregate data from multiple researchers were
averaged and are reported with propagated ±2 standard errors.
Measurement of Oxygen-18 Kinetic Isotope Effects.

Competitive 18O KIEs reflect the ratio of second-order rate
constants corresponding to kcat/KM(16;16O2) and kcat/
KM(16;18O2) at natural abundance levels. Samples of O2 were
collected using a specialized vacuum apparatus and published
methodology36,37described here briefly. Fatty acid solutions,
saturated with O2 or O2/He, were sampled, and the pressure of
O2 and its isotope content was determined before and after
introducing RαO. Each procedure required entraining the O2

in a helium carrier gas so that it could be purified of all
condensable gases, especially CO2, by passage through a series
of cold traps. The O2 was then isolated on 5 Å molecular sieves
at −196 °C. Following the removal of He, the O2 was
combusted quantitatively to CO2.

36,37 As a result of combustion
proceeding to 100% completion, the pressure and isotopic
content of the CO2 are identical to the O2 from which it was
formed. The CO2 samples were condensed into dry glass tubes
and flame-sealed for later analysis by dual-inlet isotope ratio mass
spectrometry (IRMS) at the University of Waterloo, Environ-
mental Isotope Laboratory.
Multiple trials were performed to determine the 18O KIEs

from the 18O/16O of the unreacted O2 at time 0 (R0) and the
18O/16O of the O2 remaining (Rf ) after some fractional
conversion (f). Typically, the desired O2 consumption was
achieved by controlling the amount of fatty acid in the reaction
solutions. As in the kinetics experiments, multiple sources of
RαO and fatty acids were employed. The 18O KIEs, analyzed
numerically by solving eq 1, are quoted as the average of at least
seven independent trials with errors of ±1 standard deviation
about the mean. Isotope fractionation plots of the data fitted to
eq 1 are used to illustrate the quality of the results.

(1)

Density Functional Theory (DFT) Calculations. Enzy-
matically relevant processes were modeled using the reduced
and oxidized forms of 4-methylphenol and methyl butanoate
(i.e., the carboxylate ester of the four carbon fatty acid). Results
with the deprotonated form of the parent fatty acid, butanoate,
indicated that the negative charge on the carboxylate group led
to optimized geometries with internal hydrogen bonding. This
interaction within the 2-hydroperoxide structure transforms
a pure O−H(D) stretching mode into lower frequency
combination modes. The result is unlikely to be representative of
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an actual conformation in the enzyme where active site residues
and/or solvent molecules stabilize the carboxylate charge.
All molecular structures were optimized, either fully or subject

to certain key distance constraints, at the density functional level
of theory (DFT).38 Using the Gaussian09 electronic structure
suite,b the local generalized-gradient approximation (GGA)
mPW functional39−41 was employed together with the 6-
311+G(2df,p) basis set for all atoms.42 Vibrational frequencies
were computed for the optimized structures and used to establish
the nature of all stationary points along the reaction coordinate.
The vibrational frequencies determined for the ground-state

structures were essentially indistinguishable from those
calculated using mPW with a reduced basis set, namely 6-
311G*(O), 6-31G (C), and STO-3G or 6-31G (H).b The
trends in isotopic frequencies for the mPW calculations were
also in reasonable agreement with those computed using the
hybrid GGA B3LYP functional, but resorting to the B3LYP
functional was not otherwise contemplated because it over-
estimates the O−O stretching frequency of O2 as well as the
isotope shift upon substituting 16O with 18O.
Calculations representative of the gas phase are used as a

frame of reference in this study to assess the impact of a
polarized enzyme active site. Electrostatic microenvironments
within proteins have been proposed to cause catalytic rate
accelerations in enzymes that react with O2 by outer-sphere
electron transfer.43,44 Structural optimization and full vibra-
tional frequency analyses were computed in the gas phase and
with an aqueous dielectric continuum characterized by εs = 78.3
at 22 °C.45,46 These limits were chosen, not because enzyme
active sites are expected to be characterized by so low or high a
dielectric constant, but rather to assess the effects at the two
extremes. The aqueous SMD solvation model was used at the
mPW/6-311+G(2df,p) level.47−49 Although the active site of
RαO is believed to be buried within the protein,17−20

calculations undertaken with and without a dielectric
continuum model offer insights as to how local polarization
impacts the energetics and the 18O isotope effects.50

Calculations of Oxygen-18 Isotope Effects. Oxygen-18
equilibrium isotope effects (18O EIEs) representing the ratio of
isotopic equilibrium constants were calculated according to the
Bigeleisen and Goeppert−Mayer formalism.51 The usual ideal
gas, rigid-rotator, harmonic-oscillator approximation was
assumed. The 18O EIE is defined as the product of reduced
partition functions corresponding to the isotopic zero point
energy (ZPE), vibrational excitation energy (EXC), and the
mass and moments of inertia (MMI). Each term was calculated
from full sets of vibrational frequencies (ν) of the reactant and
product states,c;52,53 in accord with the Redlich−Teller product
rule.54 Alternatively, the classical contribution designated
MMIrot was computed from molecular masses and the principal
rotational moments of inertia. Favorable agreement of the MMI
and MMIrot calculated using two independent approaches
serves as a check on the quality of the DFT-derived structure.55

The oxygenated intermediates and products formed by RαO
contain chemically inequivalent oxygen atoms in positions
directly attached to or one atom removed from the α-carbon.
Thus, a small intramolecular effect exists, which can be computed
by considering the relative energies of the two isotopomers.
Such effects were neglected in earlier studiesc;52,53,55,65−70 by
assuming a 50/50 distribution of 18O in the two positions. This
averaging is depicted in the isotope exchange reaction in eq 2,
where the asterisk denotes the site of the heavy isotope and the

18O EIE = 16;16K/(16;18K + 18;16K)/2. In view of the small
isotope effects observed in this study, isotopomeric population
differences are explicitly considered for the 18O EIE and 18O
KIEs described below.c

Wolfsberg and Bigeleisen developed an approach to
calculating 18O KIEs based on the tenets of transition state
theory (TST) and utilizing the vibrational frequencies of the
isotopic reactant and transition states. In eq 3, the 18O KIE is
the product of terms corresponding to the isotope effect on the
reaction coordinate frequency (18ν‡) and the isotope effect on
the pseudoequilibrium constant for attaining the transition state
(18KTS). The 18ν‡ is defined by the ratio of imaginary modes
reflecting the decomposition frequency of the TS. The 18KTS is
calculated in the same manner as the 18O EIE (eq 2);c however,
the isotope exchange takes place between the reactant O2 (A)
and the transition state (B), which possesses 3N − 7 vibrational
modes. The asterisk designates the site of the heavy isotope in
A and B. Other terms in eq 3 include Boltzmann’s constant (k),
Planck’s constant (h), and temperature (T).

■ RESULTS

Previous studies of RαO demonstrated that the reversibility of
initial hydrogen atom abstraction from the fatty acid is influenced
by the concentration of O2.

18 Reported here are new findings
under physiologically relevant conditions, which indicate that O2-
trapping of the α-carbon radical is also reversible, and reduction of the
2-(R)-peroxyl radical by the catalytic Tyr379 is the turnover limiting
step in enzyme catalysis. The results described below reflect upon
the mechanism of proton-coupled electron transfer (PCET) as it
relates to the turnover-limiting step that generates the 2-(R )-
hydroperoxide product and regenerates the catalytic Tyr379•.
Substrate and Solvent Deuterium Kinetic Isotope

Effects. Experiments with three saturated fatty acids were
undertaken to probe the microscopic steps contributing to the
bimolecular rate constant, kcat/KM(O2). Values determined for
each of the protiated fatty acids approximate 3 × 105 M−1 s−1.
In contrast, the kcat/KM(FA), defined at O2 saturation,
decreases by orders of magnitude upon shortening the fatty
acid chain length. Moreover, the corresponding Dkcat/KM(FA)
increases from ∼30 to 120, in a manner that is similar to the
KIE on the turnover rate constant, Dkcat. These values, taken to
represent intrinsic deuterium kinetic isotope effects, are proposed
to be consistent with the increasing Cα−H−O tunneling
distances and weakened binding affinities of the fatty acids.18

In view of this kinetic mechanism, the deuterium KIEs upon
kcat/KM(O2) defined at saturating fatty acid concentrations
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contain a small contribution from the isotope effect on the pre-
equilibrium hydrogen transfer step, DKeq ∼1.4.18 The larger
observed Dkcat/KM(O2) values are most readily explained by
reoxidation of Tyr379 by a mechanism of concerted PCET or a
sequential variant, where reversible electron transfer precedes
rate-limiting proton transfer. As predicted on the basis of slow
solvent isotope exchange with Tyr379 under anaerobic
conditions, Dkcat/KM(O2) derives from the hydrogen retained
from the fatty acid.
Measurements comparing the oxidation of h31-16:0

to d31-16:0 and α,α-d2-16:0, shown in Figure 2, indicate

Dkcat/KM(O2) = 2.5 ± 0.2 at pH 7.2 and 22 °C. This is the
result of the large Dkcat ∼30 and a diminished KM(O2) for
the deuterated substrate relative to the protiated substrate.
Although the KM(O2) is close to the detection limit of the O2
electrode, the reported results were consistently obtained by
multiple researchers using different preparations of RαO as well
as fatty acids. In addition, it was verified that preincubation of
RαO with H2O2 increased the enzyme’s dioxygenase activity
but did not affect the kinetic constants for 16:0.
For comparison to the ambient temperature results, Dkcat/

KM(O2) was evaluated at a lower temperature, where KM(O2)
is larger.17 At pH 7.2 and 6 °C, Dkcat/KM(O2) = 1.8 ± 0.5
results from kcat/KM(O2) values of (6.07 ± 0.86) × 104 M−1

s−1 for h31-16:0 and (3.31 ± 0.86) × 104 M−1 s−1 for d31-16:0.
Although the rate constants are smaller than those at 22 °C, the
KIE is decreased slightly suggesting the possibility of kinetic
complexity.56,57

The solvent kinetic isotope effect, D2Okcat/KM(O2), was
initially examined with h31-16:0 at 22 °C to assess the
involvement of exchangeable protons bound to Tyr379 in
peroxyl radical reduction. The results in Figure 4 reveal

D2Okcat/KM(O2) = 1.3 ± 0.1 at pH 7.2 and 1.1 ± 0.1 at pH
10.0. These values are significantly smaller than the Dkcat/
KM(O2) determined under the analogous conditions. The results
are consistent with slow solvent isotope exchange with Tyr379 on
the time scale of enzyme turnover.18 In addition to the somewhat
larger solvent isotope effect at pH 7.2, kcat/KM(O2) is reduced
upon lowering the pH. This behavior suggests the involvement of
an active site base; however, conclusive experiments could not be
performed due to limited fatty acid solubility. His311 would seem
to be a good candidate for the base because of its proximity to
Tyr379. This residue could facilitate proton transfer from the
reduced tyrosine to the fatty acid-derived 2-(R)-peroxide
intermediate.

Experiments with 12:0 at a concentration of 300 μM, i.e.
∼6KM(O2), uncover a somewhat larger Dkcat/KM(O2) than
that observed with 16:0 at pH 7.2 and 22 °C. The data
depicted in Figure 5 indicate kcat = 13.7 ± 0.8 s−1 and

KM(O2) = 51 ± 12 μM for h23-12:0, whereas kcat = 0.147 ±
0.005 s−1 and KM(O2) = 2.6 ± 0.4 μM for d23-12:0. The
derived kcat/KM(O2) = (2.7 ± 0.3) × 105 M−1 s−1 for h23-12:0
and kcat/KM(O2) = (5.7 ± 0.3) × 104 M−1 s−1 for d23-12:0 result

Figure 2. Determination of Dkcat/KM(O2) for the oxidation of h31-
16:0 (a) and d31-16:0 as well as α,α-d2-16:0 (b) at pH 7.2 and 22 °C.

Figure 3. Determination of Dkcat/KM(O2) for h31-16:0 (a) and d31-
16:0 (b) at pH 7.2 and 6 °C.

Figure 4. Determination of D2Okcat/KM(O2) at 22 °C with h31-16:0 at
pH/pD 7.2 (a) and pH/pD 10.0 (b).

Table 1. RαO-Catalyzed Oxidation of 16:0 (100 μM) at
Variable pH and Temperature

temp (°C) pH Dkcat/KM(O2)
a D2Okcat/KM(O2)

b

22 10.0 2.1 ± 0.4 1.1 ± 0.1
22 7.2 2.5 ± 0.2 1.3 ± 0.10
6 7.2 1.8 ± 0.3 n.d.c

aThe ratio of kcat/KM(O2) determined with h31-16:0 to kcat/KM(O2)
determined with d31-16:0 or α,α-d2-16:0.

bThe ratio of kcat/KM(O2)
for h31-16:0 in H2O to that in D2O.

cNot determined.

Figure 5. Comparison of kcat/KM(O2) for (a) the oxidation of h23-
12:0 in H2O (filled diamonds) and in D2O (open diamonds) to (b)
the oxidation of d23-12:0 in H2O at pH/pD 7.2 and 22 °C.
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in Dkcat/KM(O2) = 4.7 ± 0.5. In addition, rate constants
determined for h23-12:0 in H2O and D2O indicate D2Okcat/
KM(O2) = 1.2 ± 0.2 (Figure 5). As with 16:0, the Dkcat/KM(O2)
significantly exceeds the D2Okcat/KM(O2), consistent with isotope
effects originating from separate physical processes.
Viscosity Effects as Probes of Diffusion-Controlled

Steps. Diffusion-controlled reactions of small molecules such
as O2 can be a challenge to detect because of deviations from the
Stokes−Einstein relation.33,34 Experiments to test the contribu-
tion to kcat/KM(O2) from an encounter-controlled reaction of
O2 or release of the hydroperoxide product were, therefore,
conducted at high relative solution viscosities (ηrel = 4.0). These
conditions allow for the detection of diffusion-controlled processes
in spite of the fractional (∼0.5) exponent33 that has been shown to
empirically relate the ratio of rate constants to ηrel. These experi-
ments could also expose the contribution to kcat/KM(O2) from
product release,58 if all preceding steps were reversible.
Linear regression analysis of the data collected at O2

concentrations sufficiently below KM(O2) indicate kcat/
KM(O2) = (3.0 ± 0.2) × 105 M−1 s−1 for a buffer-only solution,
in good agreement with the full Michaelis−Menten analysis (cf.
Figure 1). This rate constant is indistinguishable from kcat/
KM(O2) = (2.9 ± 0.4) × 105 M−1 s−1 determined for solutions
containing 7% Ficoll 400 and kcat/KM(O2) = (3.1 ± 0.3) × 105

M−1 s−1 for solutions containing 30% glycerol, for which
ηrel = 4.c That kcat/KM(O2) at pH 7.2 and 22 °C is unaffected
by increased solution viscosity argues against diffusion-
controlled O2-trapping of the α-carbon radical or release of
the hydroperoxide product.
Competitive Oxygen-18 Kinetic Isotope Effects. The

competitive 18O KIE probes the same steps which contribute to
kcat/KM(O2), beginning as O2 enters the catalytic cycle, leading
up to and including the first kinetically irreversible step. The
methodology used to prepare samples has been described
earlier36,37 and is discussed briefly in the Experimental Section.
Per the standard protocol, the O2 isolated before and after the
enzymatic reaction was quantitatively recovered and then
combusted to CO2. The resulting sample is of identical isotopic
content and pressure to the O2 from which it formed. IRMS
analysis of the CO2 samples provides the isotope ratios, R0 and
Rf , needed for the determination of 18O KIEs at specific
fractional conversions, f. The isotope fractionation plots in
Figure 6 reveal normal 18O KIEs for reactions of the protiated
and perdeuterated fatty acids.
The 18O KIEs are summarized along with kcat/KM(O2) and

KM(O2) determined for each of the fatty acids in Table 2. The
18O KIEs vary from 1.0061(7) to 1.0068(8) with the three
protiated fatty acids. A slight decrease in the 18O KIEs is

indicated by comparison to the perdeuterated fatty acids, which
are between 1.0038(9) and 1.0048(10). These results provide
evidence that the shortest chain substrate, 10:0, is oxidized by the
same mechanism as 12:0 and 16:0, in the absence of measurable
kcat/KM(O2) and Dkcat/KM(O2) values.
Computational Analysis. DFT calculations using the

modified Perdew−Wang functional (mPW91) and the 6-311+G-
(2df,p) basis set were undertaken to locate various intermediate
and transition state structures. This functional/basis set choice was
motivated by its ability to quantitatively reproduce the experimental
O−O stretching frequency, and the associated 18O isotope shift, of
molecular O2. In addition, the DFT method has been calibrated
and shown to reproduce 18O EIEs on reactions of O2 that
reversibly produce transition metal superoxo, peroxo, and hydro-
peroxo structures.c;52,53

The 18O EIEs were computed for the 2-peroxyl, 2-peroxide,
and 2-hydroperoxide derivatives of the methylbutanoate ester,
which serve as models of potential intermediates during RαO
catalysis (Table 3). Separate calculations were performed for
the reactions in the gas and condensed phases at 22 °C to
assess the influence of a dielectric environment (εs = 78.3 for
H2O). The unlabeled esters were selected to avoid intra-
molecular hydrogen bonding of the 2-hydroperoxide moiety to
the carboxylate group noticed for the parent fatty acid. The
resulting 18O EIEs are characteristic of the ground state
structures and in the above-mentioned cases differ significantly
from the measured 18O KIEs; normal 18O EIEs characterize the
formation of 2-peroxide compounds, whereas inverse effects
characterize the formation of 2-peroxyl and 2-hydroperoxide
compounds. Increasing the dielectric of the environment had a
negligible effect on the computed 18O EIEs in contrast to the
computed 18O KIEs (described below).

Figure 6. Isotope fractionation plots for protiated (circles) and perdeuterated (squares) fatty acids. The y -axis represents 18O enrichment while the
x-axis represents the O2 remaining in solution. Curves are fitted to Rf /R0 = 1 − f ð1=α−1Þ where α is the competitive 18O KIE.

Table 2. Limiting Kinetic Constants and Competitive 18O
KIEs Determined for the RαO-Mediated Oxidation of Fatty
Acids at pH 7.2 and 22 °C

substrate
kcat/KM(O2) ×
105 (M−1 s−1)

KM(O2)
(μM) 18kcat/KM(O2)

a

h31-16:0 3.5 ± 0.2 27 ± 2.6 1.0068 ± 0.0008 (10)
d31-16:0 1.4 ± 0.1 2.1 ± 0.3 1.0048 ± 0.0010 (10)b

h23-12:0 2.7 ± 0.3 51 ± 12 1.0061 ± 0.0007 (13)
d23-12:0 0.57 ± 0.03 2.6 ± 0.4 1.0047 ± 0.0007 (7)
h19-10:0 >1.8c 31 ± 5.0 1.0066 ± 0.0007 (18)
d19-10:0 >0.64d n.d.e 1.0038 ± 0.0009 (15)b

aThe number of independent measurements used to determine the
18O KIE is given in parentheses. bIncludes data measured by
preincubating RαO with H2O2.

cThe apkcat/KM(O2) at 750 μM h19-
10:0 is taken as a lower limit. dData collected at 200 μM d19-10:0.
eNot determined.
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To test the effect of external hydrogen-bonding, the 2-peroxyl
and 2-hydroperoxide bound to h6- and d6-butanoate fragments
were considered to interact with isotopically labeled 4-
methylphenol.c The interaction was found to confer stabilization
and increase the 18O EIEs in both cases. Only in the case of the
2-peroxyl radical did hydrogen bonding increase the 18O EIE
from inverse to slightly above unity; the 18O EIEs for the 2-hydro-
peroxide compounds remain inverse.

18O KIEs were computed at the same level of theory as the
18O EIEs.b In each case, the TS was defined by a single isotopic
imaginary mode. It has been widely assumed that 18O EIEs
represent upper limits to 18O KIEs on reactions where the O−
O bond is not made or broken.c;52,53,59−62 This assumption can
be traced back to the statistical mechanical formulation of KIEs
according to transition state theory as well as the analogies
often drawn between heavy atom isotope effects and secondary
isotope effects.59−64 While such approximations appear to hold
for certain types of reactions, such as the coordination of O2 to
a redox metal,c;52,53,65,66 failures are expected when O−O
vibrations contribute to the reaction coordinate.67 In the
present studies, small normal 18O KIEs are observed for
concerted PCET reactions characterized by inverse 18O EIEs. It
remains to be seen how the theoretically predicted relationships
between 18O KIEs and 18O EIEs apply to other types of PCET
reactions, such as those involving transition metal−O2
adducts.68,69

The goal of this study, in part, was to determine how
perturbations in the distance between reacting components and

the environmental polarity influence 18O KIEs on concerted
PCET reactions from Tyr379 to an O2-derived 2-(R)-peroxyl
radical, forming the Tyr379• and the 2-(R)-hydroperoxide
product. The computed 18O KIEs summarized in Table 4 are
associated with concerted mechanisms, with both proton and
electron transfer occurring in a single step, as opposed to
sequential mechanisms which proceed via high-energy inter-
mediates.
One example of sequential PCET involves reversible

endoergic electron transfer from Tyr379 to the 2-(R )-peroxyl
radical, followed by rate-limiting proton transfer to form the
Tyr379• and 2-(R)-hydroperoxide product. Because of the
inverse contribution from the KIE on proton transfer, such
reactions are expected to exhibit normal 18O KIEs that are
somewhat smaller than the 18O EIEs on the pre-equilibrium
step. Another example involving reversible endoergic proton
transfer from Tyr379 to the 2-(R)-peroxyl radical, followed by
rate-limiting electron transfer, should be characterized by an
18O KIE that is larger than the 18O EIE of ∼0.985 estimated
from values in Table 3. This hypothetical reaction is
inconsistent with both the significant deuterium KIEs and
normal 18O KIEs observed. Other alternatives, occurring by
initial irreversible electron or proton transfer, are also
inconsistent with the observed deuterium and 18O KIEs.
Arguably, none of the sequential mechanisms is consistent

with the lack of variation in kcat/KM(O2) when the pH is raised
from 7.2 to 10.0. The kinetics of concerted PCET is unlikely to
be influenced by changing solution pH as long as no residues
are protonated or deprotonated. Such mechanisms are much
more favorable than the sequential alternatives, regardless of
whether the electron localizes on the transferring proton, as in
“hydrogen atom transfer”, or whether the proton and electron
exhibit separate trajectories but transfer in the same kinetic
step, as depicted in Figure 1.
To simulate the influence of a polarized active site environ-

ment upon the kinetic 18O KIEs, the dielectric constant was
changed from gaseous to aqueous phase. This variation is not
meant to imply that the enzyme active site is characterized by
such a small or large dielectric constant, but merely to assess
the effects at the nonpolar and polar extremes. Geometric
constraints were also imposed on the donor−acceptor distance.
18O KIEs were calculated in the gas phase for separations of
oxygen atoms (RO−O) from 2.7 to 3.3 Å,c which are signi-
ficantly greater than the optimized distance in the uncon-
strained gas and aqueous transition state (TS) structures, where
the separations between the distal peroxyl and the tyrosyl
oxygen atoms are 2.409 and 2.425 Å, respectively.
Calculations designed to explore the influence of reactant

separation reveal that when RO−O is lengthened from 2.7 to 3.3
Å, the 18O KIE increases from ∼0.998 to ∼1.004, in a manner
that depends weakly upon the transferring hydrogen isotope.c

Table 3. 18O EIEs upon Formation of Peroxyl, Peroxide, and
Hydroperoxide Structures from O2 and R• (R = Methyl
Butanoate), Computed at the mPW/6-311+G(2df,p) Level
of Theory

product phasea ZPEb EXCb MMIb MMIrot
c EIEd

ROO• gas 0.9498 0.9489 1.1078 1.1074 0.9978
H2O

e 0.9484 0.9479 1.1106 1.1075 0.9979
d6-ROO• gas 0.9486 0.9481 1.1099 1.1095 0.9975

H2O
e 0.9473 0.9475 1.1120 1.1096 0.9976

ROO− gas 0.9471 0.9535 1.1132 1.1128 1.0051
H2O

e 0.9551 0.9505 1.1098 1.1069 1.0065
d6-ROO− gas 0.9458 0.9527 1.1153 1.1150 1.0048

H2O
e 0.9538 0.9498 1.1118 1.1090 1.0061

ROOH gas 0.9350 0.9555 1.1088 1.1085 0.9901
H2O

e 0.9379 0.9404 1.1260 1.1083 0.9926
d6-ROOD gas 0.9274 0.9559 1.1117 1.1114 0.9852

H2O
e 0.9303 0.9415 1.1281 1.1113 0.9876

aThe gaseous and aqueous phases represent two extreme limits.
bReduced isotopic partition functions defined in the Supporting
Information. cNewtonian expression for MMIrot is provided in the
Supporting Information. dProduct of columns 3, 4, and 5. eAqueous
solvation within the SMD model.

Table 4. 18O KIEs Derived from Transition States for Net Hydrogen Atom Transfer from 4-Methylphenol (ArOH or ArOD) to
2-Peroxyl Methylbutanoate (h6- or d6-ROO•)a

TS structureb ZPE EXC MMI MMIrot 18KTS
18ν‡ (cm−1) 18O KIE

ROO•--HOAr 0.9295 0.9358 1.1411 1.1431 0.9923 1.0018 0.9941
d6-ROO•--DOAr 0.9285 0.9363 1.1418 1.1439 0.9924 1.0019 0.9942
ROO•--HOAr (H2O) 0.9393 0.9372 1.1354 1.1434 0.9991 1.0058 1.0049
d6-ROO•--DOAr (H2O) 0.9393 0.9371 1.1367 1.1442 1.0002 1.0058 1.0060

aOptimized structures were calculated at the mPW/6-311+G(2df,p) level of theory in the gas phase or an aqueous continuum model (SMD). The
18O KIEs are the products of 18νRC and 18KTS (eq 3). bComparisons to constrained structures are provided in the Supporting Information.
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The computational results demonstrate that both the high
dielectric environment and increased distance between the
peroxyl radical and the reduced tyrosine, beyond the ∼2.4 Å
associated with the optimized TS structure, lead to increasingly
normal KIEs. Thus, if interactions within the enzyme were to
hold the reacting species at a larger separation distance than
computed for an isolated system (i.e., 2.7−3.3 Å), this would
counter any tendency toward decreasing the 18O KIE in associ-
ation with decreasing the active site dielectric.
In addition, the calculated 18O KIEs on concerted PCET

consistently follow the trend d1 > d7 > h7 as a result of
competing influences due to the RO−O distance and deuterium
substitution of the carbon backbone. The trend is maintained
over all distances investigated in the gas phase where 0.9984
(d1) > 0.9980 (d7) > 0.9978 (h7) at 2.7 Å, 1.0019 (d1) >1.0016
(d7) > 1.0014 (h7) at 3.0 Å, and 1.0044 (d1) > 1.0040 (d7) >
1.0038 (h7) at 3.3 Å.c The same trends are observed for the
unconstrained structures in the gaseous and aqueous phases,
even when corrections for intramolecular isotope effects are
applied.c

Calculations of 18O isotope effects have typically neglected
intramolecular isotope effects, which derive from the
population differences due to the preferred coordination
mode of 16;18O2.

c;52,53,55,59−62,67−69 Given the small differences
in 18O KIEs observed experimentally and computationally, an
analysis was undertaken to correct for the relative isotopomeric
energies of intermediates and transition states. As expected, the
intramolecular isotope effects are found to be minor compared
to the intermolecular isotope effects when appropriately
weighted by the isotopomeric energy differences.c Localization
of 18O at Cα, the position associated with the greatest force
constant, is consistently observed for all oxygenated species
with the exception of the hydroperoxide products in which the
18O bonded to the H dominates. The other 18O EIEs and KIEs
are uniformly decreased relative to the values computed assuming
a 50/50 distribution of the isotopomers (cf. Tables 3 and 4).
Interestingly, the correction is largest for the anionic peroxide
intermediate, with the magnitude depending on whether its
structure was optimized in the gas phase or in a dielectric
continuum.c

Summary of Computational Results. The computa-
tional results are described in more detail below, but it suffices
to note here a few of the trends. (i) The 18O EIEs for species in
Table 3 all increase slightly with increasing polarity. This effect
derives from the O−O bonds all being shorter (and stronger)
for the structures optimized in the aqueous medium, presum-
ably owing to better stabilization of the partial negative charge
that concentrates on and otherwise decreases the bonding
interaction between the electronegative oxygen atoms. (ii) The
18O EIEs on formation of deuterated peroxyl radicals or per-
oxides are slightly smaller than the 18O EIEs on reactions of the
protiated derivatives. The opposite is predicted for the 18O KIEs,
where the deuterated transition states exhibit isotope effects
larger than the protiated transition states. The slight trends
between h7, d7, and d1 isotopologues characterize all of the 18O
KIEs calculated in this study. (iii) Compared to the gas phase,
the fully optimized transition state structure in condensed
phase (H2O) reveals that electron transfer is more advanced
than proton transfer. In the condensed phase, the breaking
O−H bond is 1.130 Å and the forming O−H bond is 1.303 Å.
By contrast, in the gas phase, the breaking O−H bond is 1.205
Å (0.075 Å longer) and the forming O−H bond is 1.210 Å

(0.093 Å shorter), leading to a more symmetric structure than
those in aqueous medium. This difference results in the
prediction that 18O KIEs are inverse in the gas phase and
normal in solution. The ratio of 18O KIEs for solution phase
reactions versus gas phase reactions, which is ∼1.01, can be
almost entirely attributed to a less inverse ZPE contribution in
the condensed phase. Thus, the 18O KIE is predominantly
associated with bound normal modes and, to a lesser extent, the
imaginary mode defining the reaction coordinate. (iv) Effects
similar to those noted above lead to increasingly normal KIEs
as the O−O separation in the precursor complex increases.
This variable is considered only for the gas phase structures but
should result in the same trend in solution, increasing the KIE
by ca. 0.01 over the range of almost 0.9 Å considered. (v)
Finally, the calculations reveal a slight trend where 18O KIEs on
concerted PCET decrease in the order d1 > d7 > h7. This
behavior, seen in both gas and condensed phases, arises from
competing effects where the size of the 18O KIE due to
increased O--(H/D)--O separation is attenuated by deuterium
substitution of the carbon backbone. It is important to note,
however, that the computed trends are at least an order of
magnitude smaller than the experimental variations compiled in
Table 2.

■ DISCUSSION

RαO is an ideal model system for examining the PCET mecha-
nisms by which fatty acids are regio- and stereospecifically oxidized
using a tyrosyl radical. These reactions produce oxylipins which
control numerous physiological processes, from cell signaling,
wound healing and pathogen resistance in plants to inflamma-
tion and immunity in mammals. The reactivity of other fatty
acid dioxygenases, such as the cyclooxygenases70,71 and lip-
oxygenases,72,73 is more complicated due to allosterism, multiple
reactive configurations of substrates, and deactivation events that
result from accumulation of the hydroperoxide products required
to initiate catalysis. By comparison, RαO exhibits simple kinetic
behavior partly because of the spontaneous (nonenzymatic)
decarboxylation of the 2-hydroperoxide product upon its release
from the active site.
Previous studies of RαO illuminated the kinetic mechanism

and the quantum mechanical features of the Tyr379•-mediated
Cα−H homolysis step at saturating O2 concentrations.

17,18 The
large intrinsic substrate deuterium KIEs due to nuclear
tunneling undergo a hyperbolic decrease, from limiting values
of 30 (16:0) to 120 (10:0), upon decreasing the con-
centration of O2 in the physiological range (<30 μM). This
behavior indicates that initial hydrogen atom abstraction from
the fatty acid is reversible and a downstream step limits enzyme
turnover.
The kcat/KM(O2) exhibited by RαO of ∼3 × 105 M−1 s−1 is

comparable to those reported for the fatty acid dioxygenases
mentioned above.70−77 On the basis of DFT calculations, small
inverse 18O EIEs are expected for O2-trapping steps leading to
peroxyl radicals. Subsequent reduction to an anionic peroxide is
characterized by a moderately sized normal 18O KIE closer to
the values of 1.0110(16) and 1.0133(20) reported for the
oxidation of linoleic acid by soybean lipoxygenase75,76 and
cyclooxygenase-1.77 These 18O KIEs are within error of one
another but significantly larger than those observed in RαO,
suggesting a fundamental difference in the PCET mechanism.
Proton-Coupled Electron Transfer in RαO. Scheme 2

depicts two possible reaction sequences that account for the
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observed Dkcat/KM(O2) and 18O KIEs observed in RαO. In the
upper pathway, concerted PCET occurs in the first kinetically
reversible step (k7), followed by more rapid release of the 2-(R)-
hydroperoxide product (k9) than the rate constant for reverse
PCET (k8). In the lower pathway, a sequential mechanism is
considered involving reversible electron transfer (k7 ′/k8′) prior
to proton transfer (k9′) in the first irreversible and rate-limiting
step. Although there are other types of sequential PCET
mechanisms, the sequence shown above uniquely accounts for
the observations of normal 18O KIEs and deuterium KIEs on
kcat/KM(O2) in RαO.
Interpretation of Deuterium Kinetic Isotope Effects.

Two types of deuterium KIEs, Dkcat/KM(O2) and D2Okcat/
KM(O2), defined at saturating fatty acid concentrations have
been determined in this study. The Dkcat/KM(O2) observed
upon comparing rate constants for protiated substrates to
perdeuterated or α,α-dideuterated substrates provides the main
evidence that reversible O2-trapping of a fatty acid-derived
α-carbon radical precedes peroxyl radical reduction by Tyr379
in the first irreversible step.
Several trials with the native substrate (16:0) at pH 7.2

consistently demonstrated a small but significant Dkcat/KM(O2) =
2.5 ± 0.2 at 22 °C. Upon lowering the temperature to 6 °C,
Dkcat/KM(O2) = 1.8 ± 0.3 is marginally reduced. This result is
more likely to signal kinetic complexity than an inverse tem-
perature dependence of the primary deuterium KIE.56,57 Under
the same conditions, a small solvent deuterium KIE of D2Okcat/
KM(O2) = 1.3 ± 0.1 is observed on the oxidation of h31-16:0.
The effect becomes negligible as the pH/pD is raised to 10.0, i.e.,
D2Okcat/KM(O2) = 1.1 ± 0.1, whereas the Dkcat/KM(O2) = 2.1 ±
0.4 remains significantly larger than the equilibrium isotope effect
upon the initial hydrogen abstraction step, for which DKeq ∼ 1.4
has been calculated.18

The disparate substrate and solvent KIEs are consistent with
results of earlier studies, which suggested slow solvent exchange
with the active site Tyr379, resulting in the retention of the
hydrogen atom abstracted from the α-position of the fatty acid.

This hydrogen is rapidly transferred to the 2-(R)-peroxyl radical
intermediate accounting for the apparent inhibition of isotope
scrambling between the fatty acid and solvent in the presence
of O2.

18

Experiments with the intermediate chain-length fatty acid
(12:0) indicate Dkcat/KM(O2) = 4.7 ± 0.5 at pH 7.2. Again, the
Dkcat/KM(O2) is substantially larger than D2Okcat/KM(O2) =
1.2 ± 0.1, confirming that the substrate and solvent deuterium
KIEs have different origins. While Dkcat/KM(O2) reflects
reduction of the 2-(R)-peroxyl radical by Tyr379(O−H/D),
the D2Okcat/KM(O2) suggests a contribution from an as yet
unidentified solvent exchangeable site.
The determination of Dkcat/KM(O2) with 10:0 has not been

possible because KM(h19-10:0) is inflated above the limit of
fatty acid solubility and KM(O2) with d19-10:0 is diminished to
the point of immeasurability. Though earlier studies have
indicated that Dkcat/KM(10:0) = 120 arises from an increased
C−H/D--•OTyr transfer distance relative to 12:0 and 16:0,
each of these reactions becomes reversible at subsaturating O2

concentrations, resulting in kcat/KM(O2) values that are
indistinguishable for the protiated substrates. The presence of
similar mechanisms is further corroborated by the 18O KIEs,
where 18kcat/KM(O2)H and 18kcat/KM(O2)D show similar
values for 10:0, 12:0, and 16:0 (Table 2).
The Dkcat/KM(O2) expressed according to eq 4 is interpreted

for the pathways presented in Scheme 2. In the (upper)
concerted PCET pathway, the intrinsic DkPCET = Dk7 and the
forward commitment to catalysis Cf = (k7/k6)(1 + k5/k4). For
the (lower) sequential PCET pathway, DkPCET = Dk9 ′ and Cf =
(k9 ′/k8 ′)(1 + k7 ′/k6 + k5/k4). The reverse commitment to
catalysis (Cr) that modifies the equilibrium constant associated
with the first irreversible step (KPCET) is negligible under the
reaction conditions. This assumption is validated by the
observed deuterium KIEs and 18O KIEs upon kcat/KM(O2),
together with the absence of viscosity effects on this parameter.

Scheme 2. Mechanisms of Concerted and Sequential Proton-Coupled Electron Transfera

aNote that steps leading up to formation of the 2-(R)-peroxyl radical are the same in both pathways.
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It follows that eq 4 can be simplified as shown below:

(4)

According to Scheme 2, the observed Dkcat/KM(O2) from
2.5 to 4.7 may be attributed to intrinsic differences in the
hydrogen/hydronium ion transfer probability or kinetic
complexity in either the concerted or sequential PCET
pathways. Although the kcat/KM(O2) values are indistinguish-
able for the protiated fatty acids (Table 2), the Cf in eq 4 could
result in significant changes in Dkcat/KM(O2). Such kinetically
complex behavior may explain why 18kcat/KM(O2)H exceeds
18kcat/KM(O2)D; however, the variation is small in comparison
to those predicted for the rate-limiting formation of peroxyl and
peroxide intermediates. Furthermore, the minor differences in
18O KIEs can be reproduced computationally by varying the
active site dielectric constant as well as the RO−O.
Analysis of Oxygen-18 Kinetic Isotope Effects.Com-

petitive 18O KIEs are predicted here for the first time using
transition state structures from high-level DFT calculations.
Three different fatty acids have been examined experimentally
and average values of 18kcat/KM(O2)H ∼ 1.0065 and 18kcat/
KM(O2)D ∼ 1.0044 determined for three fatty acid substrates.
Although the isotopic differences barely exceed the limits of
error, they are observed consistently, as expected for rate-
limiting hydrogen atom or hydronium ion transfer. The 18O
KIEs, which lie outside the range of calculated 18O EIEs on
formation of peroxyl and peroxide intermediates by sequential
PCET, are reproduced using a DFT-derived transition state for
concerted PCET in a polarized (high dielectric) medium. The
differences are, however, anticipated to be irresolvable for
protium versus deuterium transfer.
Because this is a first-of-a-kind analysis of O2 reactivity, the

“multiple isotope method” outlined by Cleland, O’Leary, and
co-workers78 is applied to estimate potential contributions from
kinetic complexity. Solving simultaneous equations, using the
heavy atom KIEs for the protiated and deuterated substrates,
intrinsic values are approximated assuming the rule of the geo-
metric mean.64 This rule states there are no isotope effects
upon isotope effects because of their independent and
cumulative nature.
The relationship between 18O KIEs for protiated and

deuterated substrates reacting with RαO depends on whether
the isotope effects arise from a single step or from multiple
steps related by sequential equilibria.79 Considering the first
situation, deuteration of the substrate should make the isotope-
sensitive step more rate-limiting, causing the 18O KIE to be more
fully expressed. Alternatively, if the hydrogen-isotope sensitive
step were to occur before the oxygen-isotope sensitive step,
substrate deuteration is expected to decrease the expression of
the 18O KIE.
The analysis below considers whether isotope effects

resulting from kinetic complexity are reconcilable with the
differences in 18O KIEs observed for the protiated and deute-
rated substrates, together with the primary deuterium KIEs of

2.5 (16:0) and 4.7 (12:0). Equation 5 was previously derived
for a linear multistep mechanism where more than one reaction
step gives rise to 18O/16O discrimination.80,81 The result is a
product of intrinsic pre-equilibrium and kinetic isotope effects
(18K 18k).83 With regard to Scheme 2, 18K 18k reflects the pre-
equilibrium isotope effect on O2 trapping the α-carbon radical
followed by reduction of the putative peroxyl radical by PCET.
The corresponding isotope effects are 18(k5/k6)(18k7) and
18(k5 ′/k6 ′)18(k7 ′/k8 ′)(18k9′) for concerted and sequential
mechanisms, respectively.

(5)

Application of the multiple isotope effect approximation is
most accurate when the variation in Dkcat/KM(O2) is large and
the error in this parameter is relatively small.81 Solving eq 5
using Dkcat/KM(O2) = 2.5 ± 0.2, 18kcat/KM(O2)H = 1.0068 ±
0.0008, and 18kcat/KM(O2)D = 1.0048 ± 0.0010 obtained for
16:0 oxidation indicates 18K 18k = 1.0035 ± 0.0014. Extending
the analysis to 12:0 using Dkcat/KM(O2) = 4.7 ± 0.5, 18kcat/
KM(O2)H = 1.0061 ± 0.0007, and 18kcat/KM(O2)D = 1.0047 ±
0.0007 results in 18K 18k = 1.0043 ± 0.0008. These values are
slightly smaller than the 18O KIEcalc ≈ 1.0055 for reversible O2-
trapping of the α-carbon radical followed by concerted PCET.
Considering the intramolecular isotope effect reduces the 18O
KIEcalc from 1.0049 (H) and 1.0060 (D) to 1.0047 (H) and
1.0058 (D), consistent with the experimental results.
In contrast to concerted PCET, the boundary limits of 18O KIEs

on O2 coordination and sequential PCET are estimated based on
18O EIEs for the pre-equilibrium formation of intermediates from
O2. The 18O EIEcalc, reflecting reversible 2-peroxyl radical
formation, is isotopically insensitive, with values of 0.9979 (H)
and 0.9976 (D). The isotope effect on subsequent proton
transfer to form the peroxyl radical cation is expected to be
even more inverse.78 On the basis of the Dkcat/KM(O2), peroxyl
radical formation preceding reversible proton transfer and rate-
limiting electron transfer can be excluded in RαO. Although
this is not rigorously true for peroxyl radical formation
preceding reversible electron transfer and rate-determining
proton transfer, the upper limit to the 18O KIE is expected to
be the 18O EIEcalc on forming the 2-peroxide intermediate. The
18O EIEcalc, corrected for intramolecular isotope effects, range
from 1.0055(H) and 1.0051(D) in aqueous phase to
1.0048(H) and 1.0045(D) in the gas phase.
It may be surprising that the 18O KIEs calculated for concerted

PCET transition from normal to inverse upon decreasing the
medium dielectric. This behavior derives from charge redistribution
in the transition state, as described below. A similar transition state
might be expected for proton transfer subsequent to reversible
electron transfer; however, this could not be addressed by the DFT
calculations. Such a charge-separated species corresponds to an
electronically excited adiabatic state derived from the peroxyl radical
and tyrosine (i.e., ROO•/HOAr → ROO−/HOAr•þ). It follows
that the 18O KIE should contain a pre-equilibrium contribution
estimated for electron transfer, as above, along with a contribution
from proton transfer that is inverse and quite small, given its early
nature resulting from highly favorable thermodynamics. Although
sequential PCET cannot be distinguished from concerted PCET on
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the basis of the 18O KIE, this mechanism is unlikely because it
requires extensive stabilization of a high-energy intermediate.
Thermodynamic Considerations. The predominance of

concerted over sequential PCET mechanisms has been
rationalized on thermodynamic grounds.83,84 Calculating the
free energy for reversible electron transfer between Tyr379 and
an α-peroxyl radical in RαO gives a pH-independent redox
potential of E°′ ≅ 0.77 V vs NHE for production of the peroxide
intermediate.85 This potential is much less positive than the
E°′ ≅ 1.5 V needed to oxidize Tyr to a Tyr•þ.86 Initial electron
transfer is, therefore, disfavored by ΔE°′ = −0.73 V, which
amounts to ΔG° = 16.8 kcal mol−1. Although thermodynami-
cally prohibitive, hydrogen bonding of tyrosine to a nearby base
may attenuate the barrier to O−H homolysis.87

In RαO, the kcat/KM(O2) is associated with a ΔG‡ = 7.5 kcal
mol−1.d This value is comparable to the activation free energy of
∼8.4 kcal mol−1 computed for concerted PCET over a 2.7 Å
O−O separation distance in the gas phase. Further lowering of
the ΔG‡ for outer-sphere oxidation of Tyr379 may derive from
hydrogen bonding87 or from electrostatic stabilization by a
negatively charged residue. While such effects are difficult to
quantify, electrostatic “work” terms for the reactant and pro-
duct complexes (wr or wp) are typically used to estimate the effect-
ive free energy for electron transfer according to ΔG°′ = ΔG° +
wp − wr. Because the peroxyl radical and tyrosine are neutral,
wr = 0 kcal mol−1 and the stabilizing effect must derive from wp.
A simple electrostatic model frequently used in electron

transfer theory88 predicts that wp = (e 2z1z2f12)/(εsr12). In this
treatment, the terms include the electron permittivity in
vacuum (e 2 = 332.1 kcal mol−1), the point charges of the
products (z1 and z2), the screening factor for these charges
(f1;2), the static dielectric constant of the surroundings (εs) and
the inter-reactant distance (r1;2). The wp is smaller in a medium
of higher dielectric. Therefore, a low εs is required to make the
electrostatic correction large enough so that initial electron
transfer is not thermodynamically prohibited. Reducing εs to a
reasonable value of 10, while assuming f1;2 = 1 and r1;2 = 3.3 Å,
results in a −10 kcal mol−1 correction, making ΔG°′ almost
equal to ΔG‡.
Despite the possibility that electrostatics stabilize an initial

intermediate formed by reversible electron transfer, neither the
magnitude of kcat/KM(O2) nor Dkcat/KM(O2) changes
substantially upon raising the solution pH from 7.2 to 10.0.
These conditions would be expected to facilitate some degree
of Tyr379 deprotonation, thus making electron transfer to the
2-(R)-peroxyl radical from the tyrosinate significantly more
favorable. The insensitivity of the kinetics argues that the pKa
of Tyr379 is inaccessible at pH 10.0. While this is somewhat
unexpected, it may be the result of a hydrophobic active site,
which is sequestered from the aqueous solvent. The possibility
that another residue provides electrostatic stabilization of a
high-energy intermediate is also unlikely because of the pH/pD
independent kinetics in the neutral to basic regime.
Overall, the experimental observations are more readily

explained by a concerted PCET mechanism. In this case,
comparable bond dissociation free energies of the catalytic
tyrosine, D(TyrO−H) = 85−90 kcal mol−1 and of the 2-(R)-
hydroperoxide product, D(ROO−H) = 87−92 kcal mol−1,
make ΔG° for hydrogen atom transfer close to thermoneu-
tral.89 The resulting ΔG° ≅ 0 kcal mol−1 is fully consistent with
the observed ΔG‡.

Additional Characterization of the Transition State. It
is instructive to examine how the proton and electron are
coupled in the optimized transition state (TS) for concerted
PCET and to characterize how a high dielectric medium affects
the TS geometry and its electronic structure. Figure 7 depicts

the spin density in the gas-phase TS structure. It is apparent
that electron transfer decreases the unpaired spin density on the
peroxyl fragment with concomitant buildup of such density in
the π system of the incipient tyrosyl radical. Moreover, negligible
spin density is associated with the transferring proton.
The net spin populations on the tyrosyl and peroxyl radical

structures from Mulliken analysis in the gas phase (which
should be robust here as the overlap between the two structures
is essentially zero) are 0.56 and 0.44, respectively. Thus, in light
of the optimized gas phase TS structure, it is appropriate to
describe this reaction as a proton-coupled electron transfer,
where the Hþ and e− are transferred to or from different sites,
rather than as a hydrogen atom (H•).87,90−92

Considering next the impact of an aqueous medium (εs =
78.3), a Mulliken analysis of spin density carried out for the
reoptimized TS structure reveals no change in the net spin
populations on the two fragments in solution, though an
analysis of the total charge separation across the two fragments
suggests a substantially more polarized transition state. In the
gas phase, the fatty acid peroxyl radical is computed to have a
charge that is ∼0.08 electrons more negative than the tyrosine.
In this treatment, neither fragment includes the proton in flight.
In the aqueous medium, the difference between the two

fragments increases to 0.21 electrons. As a result, the solvated
TS for concerted PCET has substantially more net charge
transfer, even though the spin population is relatively unchanged.
This effect is depicted in Figure 8, where the electrostatic
potential of the two TS structures is visualized using a common
color-mapping scale. Substantially greater polarity is evident in
the solvated case.
Noting the comparisons above in relation to the computed 18O

KIEs, it is apparent that reactions in the high dielectric medium
are more advanced along the electron transfer coordinate than the
proton transfer coordinate, leading to normal as opposed to
inverse isotope effects. It should be further noted that, in an
enzyme, polarity derives more from the proximity of charged
residues than from a bulk dielectric effect.93 That is, the variation
in this study of a homogeneous dielectric constant from 1 to ∼80
simply provides a convenient way to probe the degree to which
proton and electron transfer are subject to decoupling in the
reactive configurationin an enzyme with optimally positioned
charged residues, larger electric fields than those induced through
the solvent dielectric response are possible.88,93 Therefore, the

Figure 7. Computed spin density (0.004 au) for the mPW91 gas-phase
TS structure for concerted PCET; the tyrosyl fragment is shown to the
left of 2-peroxymethyl butanoate. The blue and green contours denote
regions of positive and negative spin density, respectively.
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analysis here is directed to the general question of the role charge
separation, due to proton and electron transfer, may play in
determining heavy atom isotope effects.
The computational results support the assignment of the first

irreversible step as concerted PCET in an aqueous continuum
with a TS characterized by greater progress along the electronic
coordinate than the protonic coordinate. Although enforced
separation of the peroxyl radical and reduced tyrosine/
tyrosinate could lead to more normal 18O KIEs in a lower
dielectric environment, this comes at the expense of an
increased activation barrier along the Born−Oppenheimer
surface, making it more difficult to explain the transfer of a
hydrogen atom.
Although a sequential PCET mechanism where the electron

transfers rapidly and reversibly prior to the proton cannot be
rigorously excluded,87 such a reaction would require the
existence of a large stabilizing influence due to hydrogen
bonding or electrostatics.93 The details of such effects have been
predicted theoretically but remain difficult to verify experimen-
tally within enzyme active sites.43,44 Importantly, experiments
performed in this study over a range from neutral to basic pH/
pDs provide no indication of electrostatic influences or
prototropic equilibria.

■ CONCLUSIONS

The molecular oxygen reactivity of a tyrosyl radical-utilizing
fatty acid α-dioxygenase has been experimentally and computa-
tionally examined under physiologically relevant conditions.
The second-order rate constant, kcat/KM(O2), reflecting all
steps beginning as O2 enters the catalytic cycle, up to and
including the first irreversible step, exhibits normal oxygen-18
kinetic isotope effects and a pH/pD-independent normal
primary deuterium kinetic isotope effects. The latter arise
from retention of the α-hydrogen atom abstracted from the
fatty acid substrate. This observation, requiring slow solvent
isotope exchange, corroborates earlier findings that hydrogen
isotope scrambling from the solvent into the α-position of the
fatty acid is inhibited by O2.
The results rule out certain sequential proton-coupled

electron transfer mechanisms for tyrosine oxidation by a
substrate-derived peroxyl radical intermediate. Reversible proton
transfer followed by electron transfer, as well as initial proton
or electron transfer in the rate-limiting step are inconsistent
with the observed deuterium and 18O kinetic isotope effects.
Reversible electron transfer prior to rate-limiting proton transfer
is not rigorously excluded by the isotope effects, yet this
alternative is difficult to reconcile with the pH/pD-insensitive
kinetics and the ground state thermodynamics. In the absence of

hydrogen bonding or electrostatic stabilization, the tyrosyl
radical cation and fatty acid peroxide-containing intermediate
lies >15 kcal mol−1 higher in energy than the separated
reactants. Concerted proton-coupled electron transfer is,
therefore, proposed to predominate in experiments performed
at variable solution pH. This reaction is close to thermoneutral
(ΔG° = 0 kcal mol−1) on the basis of the similar tyrosine and
hydroperoxide O−H bond strengths, consistent with the
observed ΔG‡ = 7.5 kcal mol−1 derived from the kcat/KM(O2).
This study has shown that concerted proton-coupled

electron transfer from the reduced tyrosine cofactor to the
α-peroxyl intermediate likely controls the selective formation of
2-(R)-hydroperoxide products in RαO at physiological O2
concentrations. Importantly, the oxygen kinetic isotope effects
are reproduced by analysis of the vibrational frequencies of the
DFT-derived transition state in an aqueous medium, which is
polarized such that there is greater progress along the
coordinate for electron transfer than the coordinate for proton
transfer. These findings illustrate the utility of density func-
tional calculations and natural abundance oxygen-18 isotope
effects in probing reactivity patterns of O2 as well as identifying
mechanisms of proton-coupled electron transfer.
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■ ADDITIONAL NOTES
aData are provided in the Supporting Information of ref 17.
bCalculations performed with Gaussian 09 and Gaussian03 are
described in greater detail in the Supporting Information.
cSee the Supporting Information for details.
dAssuming a pre-exponential factor of 1011 M−1 s−1 as
suggested in ref 88.
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