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Abstract

Soluble methane monooxygenases utilize a carboxylate-bridged diiron center and dioxygen to convert methane to methanol. A diir-
on(IV) oxo intermediate Q is the active species for this process. Alternative substrates and theoretical studies can help elucidate the
mechanism. Experimental results for reactions with derivatized methanes were previously modeled by a combination of quantum
mechanical/molecular mechanical techniques and the model was extended to predict the relative reactivity of fluoromethane. We there-
fore studied reactions of Q with CFnH4�n (n = 1–3) to test the prediction. The kinetics of single-turnover reactions of Q with these
substrates were monitored by double-mixing stopped-flow optical spectroscopy. For fluoro- and difluoromethane, conversion to the
alcohols occurred with second-order rate constants less than that of methane, the values being 28,700 (CH4) > 25,000 (CFH3) > 9300
(CF2H2) M

�1 s�1. KIE values for C–H versus C–D activation above the classical limit were observed, requiring modification of the
theoretical predictions.
� 2005 Elsevier Inc. All rights reserved.
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Elucidating the mechanisms of catalysis of metalloen-
zymes benefits from information about the structures of
reactive intermediates. The transient nature of these species
usually prohibits their study by X-ray diffraction, and
structural information must be gleaned from spectroscopic
studies of freeze-quenched intermediates when available.
Theoretical analyses of metalloenzyme catalytic cycles pro-
vide additional insight into transition state and intermedi-
ate geometries, as well as their energies [1–3], but
corroborative experimental data are required to calibrate
the computational models. Soluble methane monooxygen-
ase (sMMO) has proved to be an enzymatic system well
suited for this type of work, because its intermediates are
amenable to stopped-flow and rapid-freeze quench spectro-
scopic analysis [4]. sMMO has therefore been the focus of
much theoretical work [5–7]. Recently, quantum mechani-
cal/molecular mechanical (QM/MM) calculations have
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afforded activation barriers and rate constants [8] that
agree with stopped-flow studies of the reactions of substi-
tuted methanes with the diiron(IV) oxo intermediate (Q)
in the catalytic cycle of sMMO [9]. In addition, the theoret-
ical study predicted results for the reaction of Q with fluo-
romethane [8].

Studies using sMMO isolated from Methylococcus cap-
sulatus (Bath) (Mc) and Methylosinus trichosporium OB3b
(Mt) reveal that substrate hydroxylation occurs at a car-
boxylate-bridged diiron center residing in the a subunit
of the hydroxylase protein MMOH, a 251-kDa a2b2c2 het-
erodimer [4,10]. In addition, two other proteins are re-
quired for activity in vivo, a 38.5-kDa reductase MMOR,
which receives electrons from NADH and then transfers
them to MMOH, and a 16-kDa regulatory protein
MMOB, which is necessary for efficient catalysis. Various
spectroscopic techniques revealed the existence of interme-
diates in the reaction of reduced MMOH (Hred) with diox-
ygen in the presence of 2 equiv. of MMOB (Fig. 1). In the
absence of substrate, the first observable intermediate
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Fig. 1. Species observed in the catalytic cycle of soluble methane
monooxygenase. Note that Hperoxo and Q are both capable of reacting
with substrates.
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Hperoxo rapidly converts to Q, which slowly decays to af-
ford oxidized protein (Hox) [4]. Although the independent
reactivity of Hperoxo has only recently been demonstrated
[11,12], extensive data have been reported for reactions of
Q with a wide range of substrates [9,13].

Studies of MMOH reactions with substrates other than
methane provide valuable information for understanding
the hydroxylation mechanism. Reactions with radical clock
substrate probes indicate that no discrete alkyl radical
forms during the hydroxylation of hydrocarbon substrates
[5]. Reactions of Q with methane analogs CH3X, where
X = CH3, OH, CN, and NO2, can be divided into two clas-
ses [14] depending upon whether C–H activation (Class I)
or substrate binding (Class II) is rate-limiting [8,9,13,15].
Reactions of Q with methane and acetonitrile exhibit kinet-
ic isotope effects (KIEs) larger than the classical limit, indi-
cating that C–H activation occurs with tunneling at the
transition state, whereas the KIE for nitromethane is typi-
cal for classical C–H bond activation. For ethane and
methanol, the KIE = 1, which signals substrate binding
as the rate-limiting step. These results have been analyzed
by QM/MM techniques in which the QM model incorpo-
rated �100 atoms and the MM model approximately
7200 atoms within 35 Å of the active site [8]. The theoreti-
cal study revealed that the barrier for substrate binding is
larger than that for C–H bond activation for ethane and
methanol, and there was a large barrier for C–H activation
of nitromethane, which would give rise to a classical value
for the KIE. In addition, the barrier for C–H activation of
fluoromethane was calculated to be larger than for meth-
ane due to an unfavorable electrostatic interaction with
the carbonyl oxygen atom of Gly113 in the enzyme active
site and a large entropy loss upon substrate binding. Given
the large barrier to reaction and the endothermicity for the
formation of the �CH2F radical from CH3F, which is nearly
equal to that of �CH2NO2 from CH3NO2, it was predicted
that the KIE for fluoromethane would approach the classi-
cal value of 8.1 observed for nitromethane.

To test this prediction and extend the range of fluori-
nated methanes, we investigated by transient spectrosco-
py the reactions of Q with CFnH4�n (n = 1–3) and their
deuterated analogs. Kinetic data are presented in this re-
port and discussed in terms of the QM/MM model.
Methods and materials

Materials. The hydroxylase protein was purified from Mc cells as
previously described [12,16]. The regulatory and reductase proteins were
expressed recombinantly in Escherichia coli and purified as reported
elsewhere [17,18]. High activity enzyme was employed for these studies
[12]. Distilled water was deionized with a Milli-Q filtering system. Other
reagents were of commercial origin and used as received.

Stopped-flow optical spectroscopy. Transient kinetics experiments
were performed with a Hi-Tech Scientific (Salisbury, UK) SF-61 DX2
stopped-flow thermostatted spectrophotometer described previously [11].
The hydroxylase enzyme was reduced with dithionite and methyl viol-
ogen in the presence of 2 equiv. of MMOB in 25 mM potassium
phosphate (pH 7.0) solution. The concentration of Hred:2B in the optical
cell was 25 lM. Intermediate Q was generated by rapidly mixing fully
reduced hydroxylase (Hred) in anaerobic buffered solution containing 2
equiv. of MMOB with O2-saturated buffer in the initial push of a
double-mixing experiment. After a specified time delay that coincides
with the maximal concentration of Q, substrate-containing buffered
solution was introduced in a second push to initiate the hydroxylation
reaction. Reaction time courses were monitored at 420 nm with a pho-
tomultiplier detector. Data collection and analysis were performed by
using KinetAsyst 3 (Hi-Tech Scientific) and KaleidaGraph v. 3.51
(Synergy Software) software. The data were fit to rate constants for
single-exponential decay.

Substrate solutions were prepared by exposing vacuum-degassed buffer
solutions to substrate and stored in gas-tight bombs. Before each set of
experiments, the substrate concentration was determined by 19F NMR
spectroscopy employing NaF as an internal standard, except for fluoro-
form. The saturation concentration of fluoroform at 25 �C was calculated
from the published solubility data [19]. The substrate solutions were
diluted to achieve the desired concentration by using gastight syringes
fitted with three-way valves.

NMR spectroscopy. 19F NMR spectra were recorded on a Varian
Mercury 300 MHz spectrometer in 25 mM potassium phosphate (pH 7.0)
solution and chemical shifts are reported versus CFCl3. A solution of
29 mM NaF was used as an internal shift (d = �133, s) [20] and concen-
tration standard. All spectra were recorded at 20 �C. The chemical shifts
for the substrates were CH3F (d = 279, q), CD3F (d = 280, m), CH2F2

(d = �156, t), and CD2F2 (d = �157, m), in close agreement with previ-
ously reported values for the protio-substrates [21].
Results

The decay rate of intermediate Q is substantially acceler-
ated in the presence of fluoromethane and difluorome-
thane, and the observed rate constants for Q decay
exhibit first-order dependence on substrate concentration
(Fig. 2). The second-order rate constants for these reac-
tions (Table 1) were obtained from the slopes of the respec-
tive kobs versus [S] plots. At 20 �C and pH 7, KIE (kH/kD)
values of 16 and 14.1 were obtained for fluoromethane and
difluoromethane, respectively. The temperature depen-
dence of Q decay was monitored for these substrates and
linear Eyring plots were obtained (Fig. 3). The derived acti-
vation parameters are given in Table 1. The decay rate of Q
is not affected by the presence of fluoroform (Fig. 2), indi-
cating that no reaction occurs. This result agrees with pre-
vious kinetic studies, which report no degradation of
fluoroform by sMMO under steady-state conditions [22].



Fig. 2. Substrate concentration dependence of the kinetics of Q decay
obtained from double-mixing experiments monitored at 420 nm with
fluoromethane (red circles), fluoromethane-d1 (blue circles), difluorome-
thane (green diamonds), difluoromethane-d2 (purple diamonds), and
fluoroform (black squares) at pH 7.0 and 20 �C.

Fig. 3. Eyring plots for decay of the optical signal of Q after mixing with
4.5 mM fluoromethane (red circles), 2.1 mM fluoromethane-d1 (blue
circles), 5.3 mM difluoromethane (green diamonds), and 5.8 mM difluo-
romethane-d2 (purple diamonds) at pH 7.0.
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Discussion

Steady-state kinetic studies reveal that fluoromethane
and difluoromethane, but not fluoroform, react with
sMMO [22–24]. The putative product of fluoromethane
oxidation is fluoromethanol, which is unstable and can
undergo several decomposition reactions [25]. Double-mix-
ing stopped-flow optical spectroscopic measurements yield
a second-order rate constant for the reaction of Q with flu-
oromethane that is nearly identical to the one observed for
methane (Table 1) [9]. Difluoromethane exhibits a smaller
second-order rate constant for reaction with Q, and fluoro-
form does not react at all.

The QM/MM calculations predicted the KIE and acti-
vation free energy for reaction of Q with fluoromethane
to be similar to those observed for nitromethane, but the
present stopped-flow data reveal a large KIE indicative
of tunneling at the transition state, and an Eyring analysis
returns an activation free energy close to that of methane.
The primary explanation for the computed large energy
barrier was an unfavorable electrostatic interaction with
Table 1
Rate constants and activation parameters for reactions of fluoromethanes wit

Substrate C–H BDE (kcal/mol)a k (M�1 s�1)b

CH4
d 104 28700 ± 900

CD4
d 1240 ± 50

CFH3 101 25000 ± 3000
CFD3 1600 ± 100
CF2H2 103 9300 ± 400
CF2D2 660 ± 50
CF3H 107 no rxn

a Data taken from [26].
b Second-order rate constants determined from double-mixing stopped-flow
c Substrate concentrations for Eyring analysis: CFH3 (4.5 mM), CFD3 (2.1
d Data taken from [9].
a backbone carbonyl oxygen atom, which one would ex-
pect to be at least of the same magnitude in difluorome-
thane. Although difluoromethane does react more slowly
than fluoromethane and methane, the activation enthalpy
is only marginally closer to the 11.2 kcal/mol value ob-
served for nitromethane [9], and the KIE is indicative of
tunneling at the transition state. Taken together, these re-
sults indicate that fluoro- and difluoromethane are Class
I substrates in their reactions with Q.

It is possible that the predicted electrostatic interaction
between the fluorine and the carbonyl oxygen atoms does
increase the free energy of activation but that this effect is
partially offset by the lower homolytic bond dissociation
energies for fluoromethane and difluoromethane (Table
1) compared to methane [26]. Apparently, the combination
of electrostatic interactions and the much larger BDE of
fluoroform are enough to prohibit reaction. Given the sim-
ilar sizes of the three substrates to methane and their
BDEs, this result is not surprising. For the other two fluo-
rinated methanes, it would be possible in some rotameric
conformers of the substrate to avoid the unfavorable elec-
trostatic interaction with the Gly113 backbone carbonyl
h Q

KIE (kH/kD) DH� (kcal/mol) DS� (cal/molÆK)c

23 ± 1 8.5 ± 0.3 �24 ± 1

16 ± 1 7.4 ± 0.4 �24 ± 1
8.27 ± 0.04 �27.5 ± 0.2

14.1 ± 0.5 9 ± 1 �20 ± 3
8.5 ± 0.2 �27.0 ± 0.9

experiments at pH 7.0 and 20 �C.
mM), CF2H2 (5.3 mM), and CF2D2 (5.8 mM).



Fig. 4. (A) Proposed mechanism for the reaction of fluoromethanes with Q. In the first step, an electron is transferred to Fe2 with formation of a O–H
bond and a bound fluoroalkyl radical. In the second step, the C–O bond forms with concomitant electron transfer to the second iron atom, Fe1. (B)
Stereoelectronic details of the second electron transfer step depicting the metal-based LUMO of Fe1. If an a spin is transferred to Fe2 in the first step, the
spin remaining on the bound alkyl radical is b. Since the iron atoms are coupled antiferromagnetically, the empty acceptor orbital on Fe1 has b character
and will accept a b spin electron from the lone pair on the bridging oxygen atom. The a spin remaining on that oxygen pp orbital will pair with the beta
spin on the radical. Rotation of the O–H bond is essential for electron transfer to Fe1, positioning the oxygen pp orbital for bond formation. A sub-
picosecond lifetime of the fluoromethyl radical is anticipated for such a process.
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oxygen atom. In these cases, the rate constant will also be
influenced by the C–H BDEs, which correlate reasonably
well with relative rates for similar substrates such as
CFnH4�n (n = 1–3) in gas-phase H-atom abstraction reac-
tions with the hydroxyl radical [27,28].

The KIEs observed for fluoromethane and difluorome-
thane are large and, like those observed for the reaction
of Q with methane and acetonitrile [9], indicate that C–H
activation is the rate-limiting step. Thus, a mechanism sim-
ilar to that previously proposed for reactions of Q with
methane is expected, in which substrate hydroxylation oc-
curs via two sequential single electron transfer events
(Fig. 4) [5,8]. The first electron transfer results in reduction
of one Fe(IV) center, Fe2, to Fe(III) and formation of a
bound fluoromethyl radical; it is the rate-determining step.
Studies of MMO reactions with cyclopropane radical clock
substrate probes and chiral ethane reveal a sub-picosecond
radical lifetime, supporting this assignment [5]. Rotation of
the H–O bond allows the b-electron of the oxo lone pair to
transfer to the other Fe(IV) atom, Fe1, affording Fe(III)
and positioning the oxygen atom for the formation of a
C–O r-bond (Fig. 4). Further details are provided in the
figure caption.

This study was carried out to test a prediction of the
QM/MM modeling of Q reactivity and to identify any
areas in which the theoretical treatment might be inade-
quate. The results suggest that protein and substrate con-
formational changes accompanying hydrocarbon binding
are quite important. Recent QM/MM calculations opti-
mize the substrate fit with the active site pocket [29], and
use of this technique for modeling the reactivity of Q
may provide more accurate predictions. Moreover, the
structure of Hox was used as a starting model for the
QM/MM optimizations. Since several protein residues dis-
tant from the active site differ between the reduced, diiro-
n(II) and oxidized, diiron(III) structures [30,31], these
residues should be optimized during the QM/MM calcula-
tions involving the structurally uncharacterized peroxo and
Q intermediates. Finally, we note that the structure of the
MMOH:MMOB complex is yet unknown. In the absence
of MMOB, the hydroxylase is not an efficient catalyst.
Although specific geometric differences that might occur
between the H and H:B structures remain to be deter-
mined, a recent crystal structure analysis of product-bound
Hox protein revealed that a p-helix, composed of residues
202–211 in the four-helix bundle housing the catalytic diir-
on center, reorganizes upon bromohexanol binding such
that residues 212–216, which were previously a-helical,
are now part of the p-helix [32]. This conformational
change increases the active site cavity volume, directs differ-
ent residues toward the center of the bundle, and may pos-
sibly augur structural changes in MMOH induced by
MMOB binding. Thus, further QM/MM studies should
consider such possibilities.

In conclusion, although QM/MM calculations have
done an excellent job modeling reactions of Q with most
substrates, accuracy may be gained by probing additional
protein and substrate conformations. Further reactions of
the MMOH intermediates with a variety of substrates are
currently in progress since they offer a valuable window
on the chemical mechanisms of oxidative enzymes.
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