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ABSTRACT: Soluble methane monooxygenase is a bacterial enzyme that converts methane to methanol at a
carboxylate-bridged diiron center with exquisite control. Because the oxidizing power required for this
transformation is demanding, it is not surprising that the enzyme is also capable of hydroxylating and
epoxidizing a broad range of hydrocarbon substrates in addition to methane. In this work we took advantage
of this promiscuity of the enzyme to gain insight into the mechanisms of action of Hperoxo and Q, two oxidants
that are generated sequentially during the reaction of reduced protein with O,. Using double-mixing stopped-
flow spectroscopy, we investigated the reactions of the two intermediate species with a panel of substrates of
varying C—H bond strength. Three classes of substrates were identified according to the rate-determining step
in the reaction. We show for the first time that an inverse trend exists between the rate constant of reaction
with Hperoxo and the C—H bond strength of the hydrocarbon examined for those substrates in which C—H
bond activation is rate-determining. Deuterium kinetic isotope effects revealed that reactions performed by Q,
but probably not Hperoxo, involve extensive quantum mechanical tunneling. This difference sheds light on the
observation that Hperoxo 18 not a sufficiently potent oxidant to hydroxylate methane, whereas Q can perform
this reaction in a facile manner. In addition, the reaction of Hye;ox, With acetonitrile appears to proceed by a
distinct mechanism in which a cyanomethide anionic intermediate is generated, bolstering the argument that

Hieroxo 1s an electrophilic oxidant that operates via two-electron transfer chemistry.

Soluble methane monooxygenase (sSMMO)' isolated from
Methylococcus capsulatus (Bath) catalyzes the selective conver-
sion of methane to methanol at room temperature and atmo-
spheric pressure (/). This difficult transformation requires the
coordinated effort of three protein components: a dimeric hydroxy-
lase (MMOH) that houses two copies of a diiron catalytic
center, a reductase (MMOR) that accepts electrons from NADH
and transfers them to the hydroxylase, and a regulatory protein
(MMOB) that couples electron transfer to substrate oxidation
in a complex manner. Although its physiologically relevant
substrate is methane, SMMO can oxidize a wide variety of
substrates, including alkanes, alkenes, alkynes, aromatics, hetero-
cycles, halogenated compounds, and small inorganic molecules
such as carbon monoxide (2—4). Substrates range in size from
methane to the relatively large radical clock probe 2,2-diphenyl-
methylcyclopropane (5). The oxidation reactions of MMOH
proceed by multiple mechanisms, including hydroxylation,
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epoxidation, and oxygen atom transfer depending on the sub-
strate (2—4).

The catalytic cycle of MMOH in the presence of MMOB is
well-established (Scheme 1). In the first step, the diiron(III)
resting state of H,, is reduced to an O»-reactive diiron(II) species,
H.q, by two electrons originating from NADH. Following re-
action of H,.q with dioxygen, the first intermediate observed
spectroscopically is P*, a putative peroxodiiron(I1I) species (6, 7).
The Mossbauer spectrum of P* is consistent with two antiferro-
magnetically coupled high-spin iron(III) centers with similar
coordination geometries (8). P* rapidly converts to Hperoxo, @
distinct peroxodiiron(III) species characterized by optical bands
at 420 and 725 nm, in a proton-driven process (7, 9). Because of
similarities in the spectroscopic parameters of P* and Hperoxo
these two intermediates are expected to have similar iron—oxygen
cores (7). On the basis of analogy to peroxo intermediates from
other diiron proteins (/0—14) and theoretical calculations (15),
Hperoxo 1s most likely a gauche u-1,2-peroxo species; however, a
nonplanar u-n*n° peroxide diiron(III) binding mode has also
been proposed (16—18).

In the absence of substrate, Hyeroxo decays to intermediate Q in
a second proton-driven process (7, 9). Q features a broad
absorption band centered at 420 nm (8, /9—21). Spectro-
scopic characterization of this intermediate revealed that is a
diiron(IV) cluster with a diamagnetic ground state due to anti-
ferromagnetic coupling between the iron atoms (8, 79), and
analysis by EXAFS spectroscopy revealed a short Fe—Fe distance
of 2.46 A (22). The reactivity of Q with various substrates has
been extensively investigated, and it is generally accepted that this
species is responsible for methane oxidation (6, 20, 23, 24). Stud-
ies employing high-level density functional theory suggested that

©2010 American Chemical Society



Article

Scheme 1: Current Working Model of Catalysis by the
MMOH Diiron Center
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Scheme 2: Proposed Mechanisms of Methane Hydroxylation
by Q (a) and Diethyl Ether Oxidation by Hperoxo (b)
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the hydroxylation of methane by Q is initiated by a proton-
coupled outer-sphere electron transfer from a C—H o bond of
methane involving a bridging oxygen atom to one of the iron
atoms, generating a transiently bound, substrate-derived radical
intermediate (Scheme 2a) (25). Although the rate-determining
step in the reaction mechanism is thought to involve hydrogen
atom transfer, multiple studies have revealed that there is no
correlation between the rate constant for reaction of a given
substrate with Q and the homolytic bond dissociation energy
(BDE) of that substrate. These findings indicate that that there
are aspects of the reaction mechanisms that are incompletely
understood. In the absence of substrate, Q decays slowly to H
by a mechanism that proceeds through a recently identified
intermediate Q* of unknown composition (7).

Most of the literature on the hydroxylation mechanisms of
MMOH has focused on reactions of Q because this species is
responsible for methane oxidation, but recent findings suggest
that Hperoxo also reacts with hydrocarbon substrates (20, 26).
Early evidence that the Hperoxo and Q intermediate species of
MMOH operate as distinct oxidants was provided by reports that
different product distributions were obtained for certain sub-
strates depending on whether the oxidized form of the enzyme
was activated with NADH and O, or with hydrogen peroxide in
the absence of MMOB (27, 28). More recently, double-mixing
stopped-flow spectroscopy demonstrated that the rate constant
for Hperoxo decay is increased in the presence of the electron-rich
substrates propylene, ethyl vinyl ether, and diethyl ether (20, 26).
Both ethyl vinyl ether and diethyl ether react more rapidly with
Hperoxo than with Q under pre-steady-state conditions. A com-
parison of rate constants for these reactions indicates that Hyeroxo
is a more electrophilic oxidant than Q. On the basis of these
results, we suggested that the mechanism of oxidation by Hperoxo
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involves an initial two-electron transfer event from substrate to
form a transient, substrate-derived cationic species that rebounds
with the two-electron reduced iron core to form H,, and an
epoxidized or hydroxylated product (Scheme 2b) (26). The
proposed mechanism is also supported by the presence of
cation-derived products observed in the steady-state reactions
of radical clock substrate probes with sMMO (29—32).

To elaborate on the mechanisms of substrate reactivity in
MMOH, we conducted a systematic study investigating struc-
ture—activity relationships for hydroxylation reactions promoted
by Hperoxo and Q and describe the results in this report. These
experiments, enabled by the promiscuity of the enzyme, demon-
strate that Hpeoxo and Q interact and react with different
substrates by distinct mechanisms in a manner that depends
largely on the molecular dipole of the substrate. Three classes of
substrates are defined: (i) those for which substrate binding is
rate-determining at all substrate concentrations, (ii) those for
which C—H bond cleavage is rate-determining at all substrate
concentrations, and (i) those for which the rate-determining step
is dependent on substrate concentration. An analysis of the
substrates belonging to the three classes is presented, and
mechanistic findings regarding the reactions of the two inter-
mediates are discussed.

MATERIALS AND METHODS

General Considerations. The hydroxylase (MMOH) enzyme
was purified from M. capsulatus (Bath) as described previously
(26). The protein obtained had a specific activity in the range of
300—450 milliunits/mg, as measured for propylene oxidation at
45 °C (20). Iron content was determined using the ferrozine
colorimetric iron assay and ranged from 3.4 to 4.0 iron atoms per
protein dimer (20). The regulatory (MMOB) and reductase
(MMOR) proteins were expressed recombinantly in Escherichia
coli and purified as described elsewhere (33, 34). The buffer
system employed in all experiments was 25 mM potassium
phosphate (pH 7.0). Distilled water was purified with a Milli-Q
filtering system. Other reagents were purchased from Sigma
Aldrich and were used as received.

Stopped-Flow Optical Spectroscopy. Kinetic experiments
were performed on a Hi-Tech Scientific (Salisbury, U.K.) SF-61
DX2 stopped-flow spectrophotometer as described in detail
elsewhere (20). Solutions of 200 uM MMOH and 400 uM
MMOB were prepared in 25 mM potassium phosphate buffer
(pH 7.0). The hydroxylase was reduced with excess sodium
dithionite using stoichiometric methyl viologen as a redox
mediator. Excess reducing agent was removed by dialysis.

Double-mixing stopped-flow experiments were performed by
rapidly mixing the reduced protein solution with O,-saturated
buffer. After a specified time delay corresponding to the maximal
accumulation of Hperoxo 01 Q, substrate-containing buffer was
introduced in a second push to initiate the reaction and trigger the
start of data collection. The delay times between the first and
second mixing events were determined by monitoring the reac-
tion kinetics at 420 and 720 nm in the absence of substrate, 12 s
for Q and 2 s for Hperoxo (7). All experiments were performed at
4 °C using a circulating water bath. The concentration of
MMOH:2B in the sample cell after mixing was 50 uM in all
experiments. Data for monitoring the reactions of Q and Hyperoxo
were collected at 420 and 720 nm, respectively, using a photo-
multiplier tube. Data were collected in duplicate or triplicate,
using different protein preparations for each experiment,
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using KinetAsyst 3 (Hi-Tech Scientific) and Kinetic Studio (Hi-
Tech Scientific).

All substrates used in double-mixing stopped-flow experi-
ments were purchased from Sigma Aldrich and used as received.
Substrate purity was assessed by 'H NMR spectroscopy. Sub-
strate solutions were prepared in volumetric flasks containing a
weighed amount of material. For volatile liquid substrates, the
volumetric flask was fitted with a rubber septum and the
substrate was injected through the septum into buffer maintained
at 4 °C. Protein stability was not compromised in the presence of
any of the substrates at the concentrations employed in the exp-
eriments, as noted optically by the absence of protein precipita-
tion over the course of a 30 min incubation with substrate.

Data Analysis. Data analyses were performed with KinetA-
syst 3 (Hi-Tech Scientific), Kinetic Studio (Hi-Tech Scientific),
and/or KaleidaGraph version 3.51 (Synergy Software), and the
programs provided the same results in all cases. In fitting primary
data, we deemed only results that displayed an R* value of >0.998
acceptable. Data were evaluated on the basis of this value, the fit
residuals, and the parameter errors.

Data for monitoring Q decay in the presence of substrate were
fit well to a single-exponential function, as described previously
(Figure Sla of the Supporting Information) (6, 20, 23, 26). This
procedure is justified by the fact that Q represents most of the
active diiron centers (89%) at the age time employed in these
experiments (7). Additionally, Q reacts with all substrates emp-
loyed, presumably to form H,y and product; therefore, kinetic
terms representing Q* formation and decay did not have to be
included in any fits.

Data for monitoring Hyeroxo decay in the presence of substrate
were fit well by a two-exponential function, as described pre-
viously (Figure S1b of the Supporting Information) (26). At 2 s,
the age time employed in the experiments, the active diiron sites
comprise 22% P*, 51% Hperoxo, and 26% Q (7); therefore, it is
necessary to account for a significant population of Q that is
present in the reaction mixture. For most substrates, it was
sufficient to fix the value of ks> at that measured independently
in experiments monitoring substrate-promoted Q decay. How-
ever, for some substrates, satisfactory fits were not obtained when
kopso Was fixed. These substrates include CH;CHO and CHs-
CH,CHO at concentrations above ~10 mM. In both cases, kgps>
was smaller than the value of substrate-promoted Q decay
observed independently in experiments probing reaction of Q.
This finding is most likely due to optical contributions from
Hieroxo to Q conversion, which are not explicitly accounted for in
the exponential fitting model and can arise if a population of
Hieroxo decays by conversion to Q rather than by reaction with
substrate. These processes should have a more dominant effect
on the rate constant measured for Q decay when reaction with
Hperoxo is rapid, because substrate-promoted Hperoxo decay
separates in time from Hpeoxo to Q conversion and substrate-
promoted Q decay. This phenomenon causes Q formation to be
incorporated into the exponential term for Q decay, thereby
making ks> appear smaller than it is when the rate constant for
reaction with subsrate (ks in Q experiments) is larger than that
of Hperoxo to Q conversion. For all other substrates, this problem
did not arise because the rate constant for reaction with Hyeroxo
was not significantly faster than that for Q, except for CD;NOs.
For this substrate, reactions with Hperoxo Were least 100 times
faster than those with Q at each substrate concentration when at
>200 mM CD;NO,. At these concentrations, the exponential
phases corresponding to Hpeoxo and Q decay were well separated
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when a 2 s age time was employed. These data were fit well by
truncating and analyzing each phase separately using indepen-
dent single-exponential processes (Figure S2 of the Supporting
Information).

RESULTS AND DISCUSSION

Soluble methane monooxygenase is a remarkable enzyme
system that selectively oxidizes methane to methanol even in
the presence of cellular metabolites and active site amino acid
residues having much weaker C—H bonds. Studies from our
laboratory suggest that two sequential oxidants in the system,
Hperoxo and Q, are responsible for its broad reactivity with a
variety of substrates. To characterize the reactive properties of
this enzyme, we undertook a systematic study employing single-
and double-mixing stopped-flow optical spectroscopy to demon-
strate conclusively that Hpeoxo is reactive and to monitor the
reactions of the oxygenated iron intermediates with substrates of
varying C—H bond strength. Structure—reactivity correlations in
enzyme systems are often hindered by the substrate binding
specificities; however, the broad substrate reactivity pattern of
MMOH enabled us to perform such a study in this system.

Single-Mixing Stopped-Flow Studies: Proof That H e oxo
Is a Hydrocarbon Oxidant. The evidence that Hperoxo reacts
with substrates is substantial (20, 26). However, to further
evaluate this hypothesis, we used the unique approach of investi-
gating the reaction of MMOH,y with a mixture of O, and a
substrate known to react with Hp,e;ox, in the presence of 2 equiv of
MMOB by single-mixing stopped-flow spectroscopy. The sub-
strate chosen for these studies was CH;CH,CHO, because this
aldehyde was identified as a substrate that reacts rapidly with
Hperoxo in double-mixing studies (vide infra). Similar studies
performed in the presence of methane, which reacts with Q but
not Hyeroxo, demonstrated a rise and decay in absorbance at
420 nm and high substrate concentrations. Because Q does not
accumulate under these conditions, the observed absorbance
profile was attributed solely to accumulation of Hperoxo and its
precursor, P*, both of which absorb at this wavelength (7). We
reasoned that if Hyeroxo and/or P*, which is believed to have an
oxygen—iron core similar to that of Hpeox, and therefore might
exhibit similar reactivity properties, react with CH;CH,CHO,
then we should observe no rise and decay in absorbance at
420 nm when the concentration of substrate is sufficiently high to
prevent accumulation of these species due to rapid reaction. If no
reaction occurred, the results would be identical to those for the
reaction with methane (7).

Reactions of MMOH, 4 with a mixture of O, and CH;CH,-
CHO in the presence of 2 equiv of MMOB are shown in Figure 1
(420 nm) and Figure S3 of the Supporting Information (720 nm).
In the absence of substrate, the time-dependent formation and
decay of intermediates P*, Hyeroxo. and Q are responsible for a
rise and decay in absorbance at 420 nm (Figure la). As the
substrate concentration was increased, the amplitude of this
signal diminished and the time of maximal accumulation de-
creased, indicating that components contributing to the signal are
depleted faster than in the absence of substrate. At the highest
substrate concentrations employed, the rise and decay in absor-
bance were not observed because the intermediates do not
accumulate. At these concentrations, the time-dependent profiles
did not change significantly with an increase in substrate concen-
tration. Only a slight decay in absorbance was seen, presumably
due to depletion of H,.q (Figure 1b). Data collected at 214.9 mM
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FiGure 1: (a) Representative absorbance profile for the reaction of 50 uM MMOH, 4 with a mixture of excess O, and CH;CH,CHO in the
presence of 2 equiv of MMOB at 4 °C and 420 nm. CH3;CH,CHO concentrations plotted are 0 (blue), 5.8 (cyan), 24.9 (green), 69.7 (yellow), 122.3
(orange), and 214.9 mM (red). Data collected on separate occasions with different batches of protein yielded similar results. (b) Representative fit
of data (red line) depicted in panel (a) collected in the presence of 214.9 mM CH;CH,CHO to a single-exponential decay process (black line). Fit

residuals are shown below the plot.

Table 1: Classification of Substrates

Table 2: Rate Constants for Class I Substrates of Q

substrate substrate dipole
substrate class (Hperoxo) class (Q) moment (D)“

CH, nr 11 0
C,H¢! nd¢ I 0
Et,0/ 11 11 1.10
HCOONa 111 nr¢ 1.41%
CH;CH,OH 11 1 1.69
CH;OH 11 I 1.70
CH;CH,CHO 111 Lor IT" 2.52
CH;CHO 111 11 2.69
CH;NO, 111 111 3.46
CH;CN 111 11T 3.92

“Data from ref 62. "Data from ref 23. “No reaction. “Data from ref 38.
“Not determined. /Data from ref 26. This value was determined for
HCOOH but should approximate that of HCOONa. "For CH;CH,CHO,
the KIE was not determined but a linear dependence on substrate concen-
tration was observed, designating this substrate as class I or class II.

CH;CH,CHO, the highest substrate concentration employed, fit
well to a single-exponential decay with a rate constant of 5.6 0.1
s™' at 420 and 720 nm (Figure 1b and Figure S3b of the
Supporting Information). This value is within error of that
measured previously for H,.q decay/P* formation (7), confirming
conclusively that P* and possibly Hperoxo do not accumulate
under these conditions. These observations are distinct from
those probing the reaction of the enzyme with methane, and
reactivity with P* and probably Hperoxo is the only plausible
explanation for these results.

Double-Mixing Stopped-Flow Studies: Delineating the
Reactivities of Diiron(I1I) Peroxo versus Diiron(IV) Oxo
Intermediates. To gain insight into the reaction mechanisms of
Hperoxo/P* and Q with substrates, we used double-mixing stopped-
flow spectroscopy to generate Hyeroxo Or Q, and then we intro-
duced a substrate of interest and followed the ensuing optical
events. Previous reports have taken the rate constant for Hperoxo
or Q decay in the presence of a given substrate as a measure of the
rate at which the intermediate of interest reacts with that
substrate (6, 8, 19, 20, 23, 26, 35). A definitive study employing
stopped-flow Fourier transform infrared spectroscopy confirmed
that this method appropriately describes the rate of reaction with

substrate kops M™'s7h) KIE, "
CH;CH,OH 35.74+0.1
CD;CD,OH 3443 1.05+£0.9
CH;0OH 218+ 8
CD;0D 206+ 16 1.06+0.9

“Apparent kinetic isotope effect, kyy/kp.

substrate; the rate constant for Q decay, measured by optical
spectroscopy, in the presence of the alternative substrate CD;NO,
was the same as that for substrate consumption, measured by
Fourier transform infrared (FT-IR) spectroscopy (36). A similar
conclusion was reached in an early study employing nitrobenzene
as a substrate (/9). These findings allowed us to employ stopped-
flow spectroscopy to measure the decay rate constants for Hperoxo
and Q in the presence of various substrates to gain information
about the reactions of these intermediates.

Reactions of Hperoxo and Q monitored at 4 °C and pH 7.0 in
this manner fit into one of three categories based on the nature of
the rate-determining step in the reaction, as determined by the
dependence of the rate constant of intermediate decay (kops) on
substrate concentration and by the effects of substrate deutera-
tion (Table 1). Substrates were classified according to the
following criteria: (i) linear dependence of ks on substrate
concentration and a kinetic isotope effect (KIE), ky/kp, of unity,
(i) linear dependence of ks on substrate concentration and a
KIE of > 1, and (iii) hyperbolic dependence of ks on substrate
concentration (23, 37).

Class I Reactions. Reactions of Q with class I substrates
display a linear dependence of rate on substrate concentration and
a KIE near unity, results suggesting that for these substrates C—H
bond breaking is not rate-determining (Table 2). Rather, access of
the substrate to the active site appears to determine the kinetics,
even at high substrate concentrations. Second-order rate con-
stants for these reactions were determined by fitting the data to eq 1,

kobs — ko = K[S] (1)

where ks 18 the observed rate constant at a given substrate
concentration, kg is the rate constant of intermediate decay in the



7906  Biochemistry, Vol. 49, No. 36, 2010

35

30

25

20

-1
kobs (S )

0 56 l(I)O 15IO 200
[CH,OH] (mM)

FI1GURE 2: Plot of kops vs [CH30H] (O,—) or [CD;OH] (O, ———) for
reaction with Q at 4 °C and pH 7.0. A solution of 200 uM MMOH 4
and 400 uM MMOB was mixed rapidly with excess O,; the reaction
mixture was aged for 12 s, and then buffer containing the appropriate
concentration of methanol was introduced. Data were analyzed as
noted in the text. Error bars represent one standard deviation at the
95% confidence level.

absence of substrate, and & is the second-order rate constant for
the overall reaction. Class I substrates for Q include only the
alcohols methanol (Figure 2) and ethanol (Figure S4 of the
Supporting Information), where the former reaction yields for-
maldehyde exclusively (23). An additional substrate that falls into
this class for reaction with Q is ethane (38).

For class I substrates, approach to the active site, rather than
C—H bond activation, might be rate-determining. In MMOH,
hydrocarbon substrates are thought to access the active site
diiron center via a series of five hydrophobic cavities that feature
only a few polar amino acid side chains (39). Favorable hydro-
phobic interactions between nonpolar substrates such as ethane
and the hydrophobic side chains of residues in the active site
pocket and possibly those that line the protein cavities could
prevent rapid access to the active site. High-level QM/MM
density functional theory studies probing the reaction of Q with
ethane support this mechanism (40). In the case of alcohols,
favorable hydrogen bonding or van der Waals interactions bet-
ween the substrate hydroxyl group and polarizable residues in the
active site and possibly the other cavities could lead to the
observed effect by stabilizing the transition state for C—H
bond activation relative to that for substrate binding. In this
manner, such interactions could lower the barrier height for
the former process and render the latter rate-determining at all
substrate concentrations. Computational studies predict that
this type of mechanism is operative during the reaction of
methanol with Q (40). During this reaction, the active site
cavity orients the substrate in such a way that a hydrogen bond
forms between the alcohol group and the backbone carbonyl
of an active site glycine reside, G113, stabilizing the transition
state for C—H bond activation relative to that of substrate
binding (40). A similar interaction is expected to occur with
ethanol.

Surprisingly, class I-type behavior was not observed for
Hieroxo among the substrates employed in the study. Even metha-
nol and ethanol, class I substrates of Q, displayed KIEs greater
than unity for reaction with Hperoxo (vide infra). These findings
reveal that there is a disparity in the manner in which the two
intermediates react with these substrates, a conclusion derived
from differences in the rate-determining steps of the reaction. For
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F1GURE 3: Plot of kqps vs [CH3CH,OH] (O, —) or [CD;CD,OH]
(3, ———) for reaction with Hperoxo at 4 °C and pH 7.0. A solution of
200 uM MMOH,.4 and 400 uM MMOB was mixed rapidly with
excess O,; the reaction mixture was aged for 2 s, and then buffer
containing the appropriate concentration of ethanol was introduced.
Data were analyzed as noted in the text. Error bars represent one
standard deviation at the 95% confidence level.

reactions of alcohols with Hperoxo. the rate-determining step is
C—H bond activation instead of substrate binding. It is likely that
structural changes occur at the diiron center during conversion of
Hperoxo to Q, which might alter the manner by which substrates
can approach the active site, thereby influencing the rate-deter-
mining step. Of relevance is the finding that significant KIEs were
observed in pre-steady-state reactions of ethane with Q when
mutant forms of MMOB were employed, but not when wild-type
MMOB was used (38, 41). Although these results do not speci-
fically inform us about the differential reactivity of the two
MMOH intermediates, they suggest that geometric differences at
the active site in the MMOH—MMOB complex, in this case
imparted by amino acid substitutions in MMOB, can alter the
relative thermodynamics of the substrate binding and C—H bond
activation steps. Differential steric constraints imposed by the
geometries of the iron—oxygen intermediate species could have a
similar effect on the reactions. For the reaction of methanol with
Heroxo» @ favorable interaction of the alcohol group with the
carbonyl of G113 to lower the barrier height for reaction with Q
(vide supra) might not provide the same stabilizing force for
reaction with Hpox, due to stereochemical differences, leading
to the observed effects.

Class II Reactions. Reactions of Hy,;oxo and Q with class IT
substrates depend linearly on substrate concentration and have a
KIE of >1, suggesting that C—H bond activation is fully or
partially rate-determining for these substrates, even at low
substrate concentrations. For these substrates, there does not
appear to be a discrete substrate-binding step, and the kinetics
best resemble those for a small molecule catalyst rather than an
enzyme, which requires a traditional Michaelis—Menten treat-
ment. Diffusion to the active site is rapid and in all cases faster
than the C—H bond activation chemistry. For Hperoxo, these
substrates include methanol (Figure S5 of the Supporting In-
formation), ethanol (Figure 3), and diethyl ether (26) (Table 3).
For Q, only diethyl ether (26) and methane (6, 20, 23) exhibit
such behavior.

The second-order rate constants for reaction of class II
substrates with Hp,erox0 correlate with the strength of the weakest
C—H bond (Table 4). For diethyl ether, which has two types of
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Table 3: Rate Constants for Class II Substrates of Hyeroxo

substrate ops M7 KIE, "
(CH5CH,),0" 17+1
(CD5CD,),0° 8.740.1 2.0240.2
CH;CH,OH 12.1340.01
CD+CD,OH 3.93+0.06 3.094+0.05
CH;O0H 24406
CD;0D 1.5440.02 1.6+ 0.4

“Apparent kinetic isotope effect, kyy/kp. “Data from ref 26.

Table 4: Correlation between k., and BDE for Class II Substrates of

Hperoxo

Kobs D(R+H-) _AGhydride(R+)S D(RH)
substrate? M7's™h (keal/mol)? (kcal/mol)© (kcal/mol)?
(CH;CH,),0°¢ 1741 214 94.8 93.0
CH;CH,OH  12.13+£0.01 231.9 110.9 94.6
CH;0H 24+0.6 255 131.8 96.06

“D(R"H7) and D(RH) are given for the bolded C—H bond. For diethyl
ether, this position is the sole C—H bond activated by sMMO in steady-
state assays (26). “Data from ref 63. “Calculated using the relationship
*AGhydride(RJr)s = 0.904D(R"H™) — 98.7 kcal/mol from ref 64. This
relationship was originally derived for aromatic molecules in acetonitrile
and DMSO but should provide a good approximation for nonaromatic
systems in aqueous solution. “Data from ref 46. “Data from ref 26.
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FiGure 4: Plot of ks vs [CH3CH,CHO] for the reaction with
Hperoxo at 4 °C and pH 7.0. A solution of 200 uM MMOH, .4 and
400 uM MMOB was mixed rapidly with excess O,; the reaction
mixture was aged for 2 s, and then buffer containing the appro-
priate concentration of propionaldehyde was introduced. Data
were analyzed as noted in the text and fit to eq 3. Data collected at
low CH3CH,CHO concentrations (kj,;) are depicted in the inset.
Error bars represent one standard deviation at the 95% confidence
level.

C—H groups, the weakest C—H bond is the one that becomes
hydroxylated during steady-state assays (2, 26). Substrates with
the lowest homolytic [D(RH)] and heterolytic [D(R"H™)] bond
dissociation energies display the fastest reaction rates. These
results indicate that abstraction of hydrogen from substrate, in
the form of a hydride or hydrogen atom, is involved in the rate-
determining step of reactions of Hperoxo-

Class I1I Reactions. Reactions of Hpeoxo and Q with class
IIT substrates display a hyperbolic dependence on substrate
concentration typical of classical enzyme kinetic mechanisms.
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FIGURE 5: Linear inverse correlation between kg, and C—H BDE for
class III substrates of Hperoxo- For the reactions, we employed final
concentrations of 50 uM MMOH and 100 uM MMOB and per-
formed them at 4 °C and pH 7.0.

0.6 T T T T T

0.55

0‘25 L I I L 1
0 50 100 150 200 250 300

[CH3CN] (mM)

FIGURE 6: Plot of ks vs [CH3CN] (O, —) or [CD3;CN] (0, ———) for
reaction with Hperoxo at 4 °C and pH 7.0. A solution of 200 uM
MMOH, 4 and 400 uM MMOB was mixed rapidly with excess O;
the reaction mixture was aged for 2 s, and then buffer containing the
appropriate concentration of acetonitrile was introduced. Data were
analyzed as noted in the text. Error bars represent one standard
deviation at the 95% confidence level.

For these substrates, binding is rate-determining at low substrate
concentrations but C—H bond activation chemistry is rate-
determining at high substrate concentrations. These substrates
include propionaldehyde (Figure 4), acetaldehyde (Figure S6a),
nitromethane (Figure S7a), sodium formate (Figure S8a), and
acetonitrile (Figure 6) for He;ox, and nitromethane (Figure S7b)
and acetonitrile (Figure S9) for Q (Table 5). Data belonging
to this class follow the behavior described by eq 2 and can be
fit to eq 3 where k,,, is the observed rate constant at a defined

ky sat
[+S==18 ™ Hoy+ Sy, 2)
-1
ksat[S]
kops — kg = ——= 3
ko = ] (3)

substrate concentration, ky is the rate constant of intermediate
conversion in the absence of substrate, k,, is defined in eq 2, and
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Table 5: Class 111 Substrates of Hyeroxo and Q

substrate species ko 571 Ky (mM) ki M1 71y KIEapph
CH;CH,CHO Hperoxo 6.0+0.2 4444 85.5+0.1 nd®
CH;CHO Hperoxo 7.6+£0.2 4343 110.08 £ 0.03 nd®
HCOONa Hperoxo 0.714+0.01 458 £ 65 0.91 +£0.01 nd®
CH;CN Hperoxo 0.2727 £ 0.0003 39+6 2.93+0.01
CD;CN Hperoxo 0.3524+0.001 78+3 2.02 0.775 £+ 0.002
CH;NO, Hperoxo 0.91240.002 403 £ 11 nd® na’
CH;CN Q 126+8 617+71 180 £ 1
CD;CN Q 2.0240.03 130 +3 12.4 62+4
CH;NO, Q 1.54+0.2 13+1 nd®
CD;NO, Q 0.005 £ 0.0005 11£5 nd® 31+£3

ki values were calculated by fitting the linear portion of the curve at low substrate concentration to eq 1. “Apparent kinetic isotope effect, Ksarna/
ksarp- “Not determined. “Not applicable. For CD3NO,, KIE,,, could not be determined for the reaction of H,;oxo because ko displayed a linear dependence

on substrate concentration.

Table 6: Correlation between k., and BDE for Class IIT Substrates of

Hpcroxo

Table 7: Apparent KIEs and Correlation of kg, with Thermodynamic
Parameters for Class III Substrates of Q at 4 and °20 C

DR'H)  ~AGyaiaeRY)s  D(RH) DRH) TP
substrate? ks 71 (keal/mol)® (kcal/mol)* (kcal/mol) substrate T (°C) kg 571 KIE, " (kcal/mol)® (eV) pK,©
CH;CH,CHO 6.0+0.2 224 103.8 87.5 CH;CN 4 126+ 8 97.0 12.209 25.0
CH;CHO 7.6+0.2 2314 110.5 94.3¢ 20°¢ 282410
CH;NO, 0.912+0.002 - - 96.3¢ CD;CN 4 2.024+0.03 62+4
HCOONa 0.71 £0.04 267¢ 142.7 96.6¢ 20¢ 6.1+0.1 46.4 £2.3
CH;NO, 4 1.5440.02 96.3 11.28 102

“D(R"H ") and D(RH) are given for the bolded C—H bond. “Data from
ref 63. ‘Calculated using the relationship 7AGhyd,ide(R+)s = 0.904D-
(R"H™) — 98.7 kcal/mol from ref 64. This relationship was originally
derived for aromatic molecules in acetonitrile and DMSO but should
provide a good approximation for nonaromatic systems in aqueous solu-
tion. “Data from ref 46. “These values were originally determined for
HCOOH but should approximate that of HCOONa. “Data from ref 65.

Ky is the apparent Michaelis constant describing the inter-
mediate—substrate complex, defined as (k_; + kg )/k;.

For both Hyeroxo and Q, all of the substrates that fit into class
III contain highly polarizable double bonds involving a hetero-
atom. The molecular dipole moments of these molecules are
higher (>2.5 D) than those of class I and class II substrates
(Table 1). This property provides a means by which these
substrates can participate in dipole-induced interactions with
protein amide bonds and polar side chains that line the hydro-
phobic cavities leading from the protein exterior to the active site.
Whereas Hperoxo displays class III behavior with substrates
having D values greater than ~2.5, Q displays class 11 behavior
only with the two substrates for which D is greater than ~3.5.
These findings reinforce the conclusion that the mechanisms by
which Hperoxo and Q interact with substrates differ. The results
also provide some guidance for predicting the behavior of a given
substrate.

The values of kg, provide a direct measure of the C—H bond
activation step for the substrates employed and can therefore be
used to obtain information about the details of the reaction
mechanism for the intermediate species. A comparison of gy
values for Hperoxo Class III substrates reveals a correlation

2According to this finding, the value of kg for reaction of
CH3CH,CHO with Hperoxo i expected to be larger than that of all
other substrates examined but was slightly smaller than that for
CH;CHO. This result does not necessarily negate the conclusion that
a trend between reaction rate and C—H bond strength exists because
propionaldehyde is expected to react at its methyl group in addition to
its aldehydic position, for which the C—H bond strengths are compared.
Reactivity at multiple sites having different C—H bond strengths
partially invalidates the comparison for this substrate.

20 5.34+0.02
CD;3;NO, 4 0.050£0.0005 31+£3
20 0.66+0.2 8.1+0.2

“Apparent kinetic isotope effect, kg 11/ksat.p- [’Da_ta from ref 46. “Data
from ref 48. “Data from ref 66. “Data from ref 23. /Data from ref 67.

between the rate constant and the heterolytic and homolytic
C—H bond strengths of the substrate (Table 6 and Figure 5).”
Substrates with lower C—H bond strengths react more rapidly
with Hperoxo, bolstering the argument that the rate-determining
step in the reaction involves C—H bond cleavage.

Two substrates display class I1I behavior for reaction with Q,
acetonitrile, and nitromethane (Table 5). The large, nonclassical
magnitudes of the isotope effects for reactions of Q with these
substrates suggest that they proceed with extensive quantum
mechanical tunneling through the transition state at both 4 and
20 °C (Table 7). Although the two substrates are expected to
exhibit both primary and secondary isotope effects, secondary
effects should lie within semiclassical limits (less than ~2). The
large effects observed are therefore likely to be dominated by
primary effects arising from hydrogen atom tunneling (42). The
significant temperature dependence of the observed KIEs, which
are larger at lower temperatures, also necessitates the involve-
ment of H atom tunneling as defined by semiclassical transition-
state theory. This model predicts that both zero-point energy
considerations and hydrogen tunneling effects lead to a smaller
free energy for hydrogen than for deuterium in a temperature-
dependent manner (42, 43). Similar effects were previously
observed for methane (23, 44).

For reactions with Q, there is no correlation of kg, with the
reported C—H bond activation energies; acetonitrile and nitro-
methane have similar homolytic and heterolytic BDEs but dis-
play a 62-fold difference in their reaction rates with Q at 4 °C,
acetonitrile reacting much more rapidly than nitromethane.
Similarly, the rate constants do not correlate with the pK, values
or ionization potentials (IPs) of the substrates (Table 7). These
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Table 8: Comparison of Second-Order Rate Constants for Reactions of Hy,eroxo and Q with Substrates

substrate? species kops M 1s™HYP kperoxolkiq D(RH™) (kcal/mol)* ~AGhygrige(R7)s (kcal/mol)? D(RH) (kcal/mol)

(CH;CH,),0° Hoperoxo 17+1

Q 2241 7.7 214 94.8 89.0/
CH;CH,CHO Hperoxo 85.5+0.1

Q 14.10+0.02 6.06 224 103.8 87.5%
CH;CHO Hperoxo 110.08 + 0.03

Q 81.7+0.1 1.35 231.4 110.5 94.3/
CH;CH,OH Hperoxo 12.13+0.01

Q 35.7+0.1 0.34 231.9 110.9 94.6/
CH,0H Hoperoxo 24406

Q 21848 0.011 255 131.8 96.1

“D(RTH) and D(RH) are given for the bolded C—H bond. “Second-order rate constants for class IIT substrates are given by the measured kiy;; values. Only
class I11 substrates for which k;,; values were discretely measured by collecting more than five data points at low substrate concentrations in the linear region of
the curve are shown. “Data from ref 63. “Calculated using the relationship 7AGhydride(R+)s = 0.904D(RTH™) — 98.7 kcal/mol from ref 64. This relationship
was originally derived for aromatic molecules in acetonitrile and DMSO but should provide a good approximation for nonaromatic systems in aqueous

solution. “Data from ref 26. /Data from ref 46. ¢Data from ref 65.

results suggest that classical hydrogen atom transfer or hydride
transfer featuring no quantum tunneling effects, proton transfer,
and/or electron transfer from the substrate to the oxygenated
diiron core is not a determinant in the rate-limiting step in the
reaction mechanism. However, the observation that extensive
quantum mechanical tunneling is operative in the reaction mechan-
ism of Q (vide supra) suggests that C—H bond activation could be
rate-determining via a nonclassical mechanism. Differential con-
tributions of quantum tunneling to the overall reaction processes
for the two substrates could therefore lead to the observed effects.

Implications for the Reaction Mechanisms of H peroxo and
Q. The data presented here suggest that the mechanisms by
which Hyeroxo and Q react with substrate differ in both the nature
of the C—H bond breaking process and the physical interaction
with the substrate. Although reactions of Herox seem to proceed
by a classical hydrogen atom or hydride transfer mechanism,
those of Q involve extensive nonclassical character. Substrates
with lower C—H bond strengths react preferentially with Hperoxo,
although there is no correlation between bond energy and Q
reaction rates, most likely because of nonclassical character
involved in the latter. This conclusion is especially evident from
inspection of Table 8, which compares the second-order rate
constants for the overall reactions to substrate C—H bond
strengths. For class I and II substrates, the rate constants provided
in Table 8 were determined by fitting the data to eq 1. For class II1
substrate reactions, the rate constants were measured by fitting the
linear portion of the curves at low substrate concentrations to eq 1
to obtain a second-order value (k;,;, in Table 5).

The second-order rate constants provided in Table 8 account
for all processes involved in the reactions, including substrate
binding and C—H bond activation. Therefore, a direct compar-
ison of rate constants to thermodynamic parameters is inap-
propriate given that the rate-determining steps of the reactions
can differ among the substrates employed. A comparison of the
ratio of the rate constants for reaction with Hperoxo and Q
normalizes the substrate binding contributions in the limit that
the binding affinities for the Hpeoxo and Q protein complexes are
the same for a given substrate. It is clear that, for some substrates,
this situation does not exist because these substrates belong to
different classes of reactions with Hyeroxo and Q. However, the
presence of a clear correlation between the rate constant ratio and
the C—H bond strength (vide infra) justifies the approximation.

A comparison of the ratio of the second-order rate constants for
Hperoxo and Q reactions with the heterolytic and homolytic C—H

bond strengths of the substrates clearly reveals an inverse trend
between these parameters (Table 8). Substrates with weak C—H
bonds are characterized by large rate constant ratios, consistent with
substrates having weak C—H bonds preferentially reacting with
Hperoxo versus Q. Given this trend in reaction rate with C—H bond
strength, it is understandable why methane, with high heterolytic
and homolytic bond strengths of 312.2 (45) and 104.0 kcal/mol (46),
respectively, reacts rapidly with Q but not at all with Hperoxo-

One major difference between the reactions of Hperoxo and Q
with hydrocarbons is that large kinetic isotope effects, implicat-
ing hydrogen atom tunneling, are observed for Q but not Hperoxo
for both class IT and class I1I substrates.’ In all cases, the KIEs
observed for reaction with Hperoxo Were within the semiclassical
limit (less than ~7). This finding sheds light on the lack of
reactivity of Hperoxo With methane. Because methane is kinetically
stable, a large barrier height for its reaction is expected. For Q,
extensive tunneling across this barrier leads to progression along
the reaction coordinate; for Hperoxo, little or no tunneling is
involved, the barrier is too high to penetrate, and the reaction
cannot proceed.

Reactions of Herox, with CH3;CN. The inverse isotope
effect observed for reaction of CH3CN with Hyox, (Table 5 and
Figure 6) suggests a distinctive reaction mechanism for this
substrate. Because the sole oxidation product is glycoloni-
trile (47), the mechanism necessarily involves C—H bond activa-
tion. This reaction could occur by hydrogen atom abstraction to
form a radical that recombines with a hydroxyl radical to form
the hydroxylated product, by hydride abstraction to form a
carbocation that is attacked by hydroxide, or by proton abstrac-
tion to form a carbanion that undergoes electrophilic addition
with an electron-deficient oxygen group. All three of these
mechanisms could potentially provide sufficient driving force
for peroxide O—O bond cleavage and hydrocarbon oxidation.

The observed isotope effect (ky/kp) could arise from the
product of primary and secondary kinetic contributions on the
rate-determining step of the reaction and/or from equilibrium
isotope effects involved prior to or during the first irreversible
step of the reaction. The magnitude of the observed isotope effect

3The KIE value for reaction of Hperoxo With CH3NO; could not be
determined, because reaction with CD3NO, depends linearly on sub-
strate concentration but the protio analogue displays class I1I saturation
behavior. A similar phenomenon was observed for reaction of this
substrate with Q at 20 °C and was attributed to a difference in the rate-
determining step for the protio and deutero substrates in ref 68.
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Scheme 3: Proposed Mechanism of CH;CN Hydroxylation by Hperoxo
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is consistent with two interpretations: (i) inverse kinetic effects
arising from secondary contributions and (ii) inverse equilibrium
effects involving a fast but disfavored reversible proton transfer
reaction happening before an irreversible oxidation reaction.
Both possibilities, discussed below, are consistent with a mechan-
ism in which an initial proton transfer occurs to form the
cyanomethide anion. This species can then attack, in a nucleo-
philic manner, an electrophilic oxygen atom of the iron-bound
(hydro)peroxide, resulting in O—O bond cleavage and formation
of the oxidized product, glycolonitrile (Scheme 3).

The observed effects could result from secondary kinetic
considerations. Primary kinetic contributions are expected to
yield normal KIEs, whereas secondary effects can be inverse or
normal depending on the nature of the transition state. The
inverse nature and relatively large magnitude of the isotope effect
measured for the reaction of Hperoxo With CH3;CN indicate a
significant involvement of secondary effects if the isotope effect is
entirely kinetic. Inverse secondary KIEs are caused by an increase
in the out-of-plane bending force constant of the heavy isotope
that may result from sp” to sp’ rehybridization in the transition
state (48). Secondary KIEs arising from this type of mechanism
typically range from 0.8 to 0.9 (48), consistent with the observed
value of 0.77. These values support the proposed reaction
mechanism in which acetonitrile is first deprotonated to form
the cyanomethide anion, the structure of which involves signifi-
cant sp” character at the a-carbon atom (49). Formation of the
sp*-hybridized product could lead to the observed inverse isotope
effects. Assuming that the isotope effect results entirely from
kinetic effects, generation of a radical intermediate is not expect-
ed, because such a mechanism would not involve significant
rehybridization at carbon and would therefore lead to a small and
normal secondary kinetic isotope effect (42, 48, 50). For the same
reason, hydride abstraction is also expected to produce a small
and normal KIE. Similar conclusions were reached in a related
study probing the mechanism of [1,1-°HaJnitroethane anion
oxidation by p-amino acid oxidase (57).

Alternatively, the observed inverse isotope effect can arise
from inverse equilibrium contributions (EIEs) if the initial proton
transfer event is reversible and the deuterium enriches preferen-
tially in the product; that is, the fractionation factor of the aceto-
nitrile reactant is greater than that of the (hydro)peroxide
product. This interpretation is also consistent with the proposed
mechanism of Scheme 3. EIEs are not expected to play a role in
radical or hydride transfer mechanisms, both of which should not
be reversible.

The proposed reaction mechanism, which is supported by both
interpretations of the observed inverse isotope effect, necessarily
involves deprotonation of the acetonitrile molecule and forma-
tion of the cyanomethide anion prior to the irreversible O—O
bond cleavage step. Although the pK, of acetonitrile is ~25 (48),
this value is most likely reduced by coordination to transition
metals, which behave as Lewis acids. Additionally, the cyano-
methide anion can be readily generated via deprotonation of
acetonitrile by a strong base (52). These results imply that Hyeroxo

! N
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I 11T F i F I
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is highly basic. Indeed, we recently provided evidence that this
peroxide moiety might acquire a proton during conversion to Q,
an event that leads to O—O bond cleavage, a necessary step for
reaction with substrate (7).

These results differ significantly from the proposed carbo-
cation-based mechanism for reaction of H,e;ox, With diethyl ether
(Scheme 2b). A mechanism in which a diiron(IIl) peroxide
moiety undergoes electrophilic attack on the substrate carbanion
in the rate-determining step to account for the inverse isotope
effect seems to contradict the finding that C—H bond activation
is rate-determining for diethyl ether and the other substrates
employed in the study. Nevertheless, we favor such a mechanism
and argue that, because kg, for acetonitrile is very slow, the
reaction pathway could differ significantly from that of diethyl
ether and other much more rapidly reacting substrates.

The mechanistic disparities observed between acetonitrile and
diethyl ether are direct consequences of the chemical differences
between these two substrates. Diethyl ether reacts with Hperoxo
to form a resonance-stabilized oxocarbenium ion intermediate
(Scheme 2b), whereas abstraction of a proton from acetonitrile
by Hperoxo yields the cyanomethide anion transient. Two under-
lying chemical principles cause the mechanisms to differ. (i)
Transfer of hydride from diethyl ether faces a far lower energy
barrier than that from acetonitrile, suggested by the significantly
lower heterolytic bond dissociation energy for the former, and
(i) the pK, of acetonitrile is expected to be significantly lower
than that of diethyl ether. The oxocarbenium ion resulting from
transfer of hydride from diethyl ether is stabilized by back-
bonding from two p orbitals of the oxygen atom. Such hydride
transfer is energetically disfavored in the case of acetonitrile.
Back-bonding from the nitrogen atom is impossible because the
empty methyl p orbital is orthogonal to the nitrogen p orbitals
and 7 back-bonding by the triple bond would lead to a
coordinatively unsaturated nitrogen in the resonance hybrid.
Therefore, transfer of hydride from acetonitrile is most improb-
able. Proton ionization of diethyl ether in an enzymatic site is
probably equally difficult because of the high pK, of this sub-
strate. Consequently, the two mechanisms differ. When consid-
ered together, however, the two distinct two-electron mechanisms
proposed for reaction of Hp,eroxo With diethyl ether versus aceto-
nitrile indicate collectively that (i) Hperoxo prefers two-electron
rather than one-electron transfer mechanisms and (i) Hperoxo 18
an electrophilic oxidant.

Implications for Other Systems with Multiple Oxidizing
Species. The observation from this work and others (20, 26) that
Hieroxo can oxidize organic substrates contributes to a growing
body of evidence that two oxidants are operative in MMOH.
Because the metabolic capabilities of methanotrophic organisms
are restricted to the C; growth substrates methane and methanol,
itis likely that the reactivity of Hperox, is an adventitious result of
being on the pathway of formation of Q, a potent methane
oxidant. However, given the ability of Hperoxo to effect hydroxy-
lation and epoxidation reaction chemistry, it is possible that
some of the bioremediaton applications of the sSMMO system,



Article

such as removal of trichloroethylene from polluted ground-
water (3), arise from its activity.

Similar evidence for two oxidizing species has been provided
for the hydrocarbon-reactive, O,-activating cytochrome P450
monooxygenases, which contain heme iron active sites. The
results of numerous studies employing kinetic isotope measure-
ments and product analyses of wild-type and mutant enzyme
reactions indicate the presence of a second electrophilic oxidant
in addition to Cpdl, the reported Fe(IV)=0 porphyrin cation
radical species (53—61). The observed behavior is thought to arise
from reactivity of a peroxo- and/or (hydro)peroxo-iron(III)
species, similar in electronic arrangement to Hperoxo, Which form
after reaction of ferrous enzyme with O, and one electron. The
mechanism proposed here for the reaction of Hperoxo With
CH;CN provides a benchmark for calibrating mechanisms
imparted by iron peroxide species in P450 as well as other enzyme
systems.

CONCLUDING REMARKS

This study conclusively demonstrates that both Hperoxo and Q
react with substrates in the soluble methane monooxygenase
system. Although both species are capable of performing oxida-
tion reactions, they do so by distinct mechanisms. Reactions with
Q involve extensive H atom tunneling and significant radical
character, whereas reactions with the electrophilic intermediate
Hperoxo may not invoke tunneling and seem to occur by two-
electron carbocation or carbanion-based mechanisms.
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