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The hydroxylase component (MMOH) of the multicomponent

soluble methane monooxygenase (MMO) system catalyzes the

oxidation of methane by dioxygen to form methanol and water
at non-heme, dinuclear iron active sites. The catalytic cycle of
MMOH is well established:? Following reduction of the Fe(lll)-
Fe(Ill) resting enzyme to the Fe(ll)Fe(ll) state, two spectroscopi-
cally observable intermediatesddx and Q, are formed upon
reaction with dioxygen. Q is a high-valent Fe(IV)Fe(lV) species
that oxidizes methan& Previously, we described the construction
of a large-scale theoretical modet100 atoms) of the MMOH
active site that energetically and structurally reproduced the
species in the catalytic cycteln the present paper, we use ab
initio quantum chemical density functional (DFT) methods
employing the B3LYP function&f to examine the reaction by
which intermediate Q converts methane to methanol. Computa-
tional methods and structural modeling strategies closely follow
those of ref 5; computational details of the present work (e.qg.
basis sets) are given in Table S1.

The theoretical structure determined previously for Q (Figure
S1) resembles others in the literature in having @a-gixo core
with both iron atoms in the Fe(lV) oxidation st&t&? Our Q
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Figure 1. Core structure of the minimized lower energy, isomeric Q
model. Numbers indicate bond distances (A) and dashed lines indicate
hydrogen bonding interactions. The-Fee distance is 2.700 A.
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Figure 2. Core structure of the minimized transition state resulting from
hydrogen atom abstraction. The numbers indicate distances (A) from the
Fe atoms to thg-oxo atoms, and from the carbon atom of methane and
oneu-oxo atom to the “shared” hydrogen atom. ThefFe distance is
2.979 A. Dashed lines represent hydrogen bonds.

an approach to the core via a path opposite the two histidine
residues, since a hydrophobic substrate binding cavity exists at
this location in the full protein structuf@ After many alternatives

failed to provide an energetically reasonable result, we concluded,
as in refs 8 and 9, that the only way in which a reaction can take

structure differs from others in thg Iiteratpre, however, in that place is for methane to approach a bridging oxo atom in the core
the water molecule bound to Fel is not displaced by GI#243,  gtraight on. We rule out any possibility of direct involvement of
yielding a much lower energy than the alternatives. While the jron atoms in the catalytic process. The transition state is
modeling the reaction of Q with methane, we identified another gepicted in Figure 2. Our calculations predict an activation energy
structure for this intermediate that is 8.8 kcal/mol lower in energy of 13.2 kcal/mole for the reaction, including an estimated zero
than that reported previoustyThe new alternative Q structure, point correction of 4.8 kcal/mole computed in ref 11.
depicted in Figure 1, is nearly identical to the previous one except ' Qyer the past several years, a considerable amount of data have
that the water molecule on Fel is hydrogen bonded to the otherpeen accumulated concerning the kinetics of the methane reac-
oxygen atom of Glu243. The new structure has key properties, tjon 24 A key issue, raised by the structure in Figure 2 as well as
including spin, charge, and Fée distance, that are comparable the experimental data and in previous theoretical modeling of
to those of the previous structure. Our investigation of the methane MMO,8911js whether a radical rebound or a concerted mechanism
reaction reveals little difference when using either structure; g operative. Experiments with radical clock substrate probes
below, we employ the structure in Figure 1 because it is lower in employing MMOH from theM. capsulatugBath) system suggest
energy. ) i ) ) that a radical rebound mechanism is not feasible, since the lifetime
The calculations began by first docking methane into the of the radical would have to be shorter tharl50 fs to be
complex to form a transition state that would lead to methanol ¢onsjstent with the failure to observe radical-derived ring-opened
product. In contrast to earlier calculatichsje considered only productsi213Alternative experiments with ethane made chiral by
virtue of the three isotopes of hydrogen yield a retention of
configuration of~70%2415Although the majority product argues
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against a radical rebound mechanism, the results do not mandate

a completely concerted reaction since the stereochemistry in Glu24s 0.

~30% of the products is lost. In addition, experiments with the ©

radical clock 1,1-dimethylcyclopropane in the MMO system from Cffo\\o,‘
M. trichosporiumOB3b suggest that a radical-type mechanism N 04 &

is operative some of the tinté. (cif\,% 01\563( j\© (‘?
i i i i i W %ZSQLQSS e2 C
Our first step in understanding the reaction mechanism was to His246 \(Fm/, — C( O/O\©
’ N Glut44

search for a radical intermediate. We did locate a radical

intermediate state, the core of which is shown in Figure S2, in G'”ZOQJCAJJ & cf\:\f””
which the carbon moves 0.44 A back from, and the H moves g@‘”}'&\(o
toward, the oxo bridge, yielding a standard-B bond. This Glu144 o
structure is similar to that determined by Morokuma and co- ©

workers? As in that work, methanol formation can most easily Figure 3. Core structure of the minimized transition state in the concerted
proceed from the radical intermediate by rotation of theHD reaction pathway. The numbers indicate distances (A) from the Fe atoms
group to make a ¥3angle with the G-O axis, whereupon the to theu-oxo atoms and from the carbon atom of methane anguemeo
carbon will spontaneously move toward the O atom to form atom to the “shared” hydrogen atom. The-ffee distance is 3.041 A.
methanol bound to the diiron core. This molecule can then leave Dashed lines represent hydrogen bonds.
the core in a barrierless fashion, as discussed below. The barrier . . . . .
to rotation of the G-H group to an appropriate position, computed &S re;quwed by the ph|ral ethane experiment, and with the velocity
by us to be 3.9 kcal/mol, is significantly lower than the 6.8 kcal/ implied by the radical clock experiments. ] i
mol obtained in ref 9, but it is still too large to explain the chiral We have also analyzed the distribution of unpaired spins for
ethane results. The time scale for the rotation is estimated to belh€ reactant, transition state, radical intermediate, and various
~5—10 ps, sufficient for the ethyl radical to racemize completely. geometries along the concerted reaction and radical intermediate
The energies for these states are summarized in Table S2(b). pathvv_ays; this information is presented in Table S3. Inthe reactant
There is another path that the system can take from the each iron atom haS = 2 and the two are coupled antiferromag-

transition state in Figure 2, however, that affords methanol with netlc?llty. InftNhS st.rctelhnsmoln s_tate the n:ethyl Car.tzof‘ ?ﬁs a d_Splln
a negligible barrier. The first key observation is that, if the system population oi~U.o; this valué incréases o near unity in the radica
can reach a geometry (by whatever means) in which th@HC intermediate and for the early stages of the concerted pathway,
angle is~80—90° and the O-H distance is~0.97 A (the O-H with a decay to zero as m_e_tha_mol |s'formed.

bond length), methanol forms with no barrier. This finding led Computation O.f the partitioning ratio of the two pathways ar]d.
us to inquiré whether there is a direct barrierless (or nearly concomitant prediction of experimental results requires an explicit
barrierless) path from the transition state to that point in phase dynam|cs calculat|op on the potential energy .surface of the
space. We have located such a path having the following reaction. Here, we simply propose the hypothesis that the chiral
characteristics. Starting from the structure in Figure 2, in the first ethane results can be explained by the presence Of. both a _rad_lcal
step the hydrogen forms an-@ bond of 0.97 A with minimal rebognd andla concerted ghannel (see Figure 85.)' with partitioning
movement of other atoms. The carbon atom does not recoil. asconsistent with the experimental data for retention of configura-

in the radical path described above. This process has no barriertion' For the radical clock exper_iments, the rz_:ldic_al rebo_und
and is 2.6 kcal/mol downhill. channel is less favorable energetically and/or kinetically, since

The next step is for the hydrogen to rotate out o the 8 the larger, heavier molecules might have more trouble reversing

. : . .~ . trajectory to move backward once the transition state is reached.
angle described above. Rotation of the H in the opposite direction Thus, the radical contribution to the reactive pathway might be
is very high in energy, as Is rotation prior to formation of the too small to be observed given the detection limits of the
O—H bond; thus, there is only one low-energy path to products. experiment
As the H rotates, the carbon also moves, rotating in the opposite - P

N ’ L . . As mention Ve, an energy minimization protocol reveal
direction. Table S2(a) presents a series of states in which the H s mentioned above, an energy ation protocol revealed

. S : that, once the hydrogen rotates out of the plane ane-@ Gond

't?] rolt:ateg_tcl):war? 90 the CI 0 d[stance and”angltehof tthte IC with is formed, the resulting methanol moiety spontaneously leaves
e re € plane are aiso given, as well as the tolal energy. y,o giiron core in a barrierless fashion. Interestingly, the-Ge

The key elements of the reactive core for each of these states ar

. e - ; %onds remain essentially symmetric during such optimization.
deplcted in Figure S3. The transition state for the process (Flgure.l.able S2(c) presents ene);gigs and-Bebond Igngths foEa series
3) is at a hydrogen rotation angle of approximately 46d the

barrier to the hydrogen rotation is on the order of 1.0 kcal/mol. of structures along the trajectory, and Figure S4 depicts the final

. stage of this trajectory where the O atom of methanol is bound
Note that the pathway we have described connects a metastabl%my loosely in a bridging position between the iron atoms.

state (the transition state) with the products and hence the highest
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