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The mechanisms of activation of O, and CH, by methane monooxygenase (MMO) are
discussed. A new concept for the catalytic cycle of MMO is suggested, and approaches to its

chemical modelling are considered.
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Methane is the most inert and abundant alkane. On
the other hand, the stability of the whole organic world
toward an oxygen-containing atmosphere is caused by
the kinetic inertness of O,. However, there are enzymes
in nature, monooxygenases, which activate CH, and O,
to such an extent that a rather fast reaction becomes
possible between them at ambient temperature and pres-
sure. This reaction occurs via the transfer cf one atom of
oxygen molecule to the C—H bond of a methane mol-
ecule to form methanol and water:

28, 2H*
CH, + Oy
m-monooxygenase

MeOH + H,0.

Owing to the use of the energy stored by the reducing
agent, the reaction occurs at low temperature with ex-
tremely high selectivity. A fairly energy-saving expendi-
ture of the reducing agent is achieved due to a perfect

structural organization of the active center and the
specific mechanism, which provides a highly efficient
process.

Studies of the structure and mechanism of action of
methane monooxygenase (MMO) have progressed con-
siderably in recent years. The structure of the soluble
form of MMO is established by X-ray diffraction analy-
sis. The first data on the nature of active intermediates
are available now. Attempts at chemical modelling of
structural and functional features of MMO are being
made. To advance in this direction, it is very important
to develop concepts about the methods for activation of
molecular oxygen and methane and about the nature of
the active form of an oxidant on the basis of new data on
the structure and functioning of MMO. The purpose of
this work is to consider briefly the newest data on the
structure and mechanism of action of MMO, to under-
stand what factors of the structure or mechanism are
determining for mild and selective oxidation of methane
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to methanol, and to analyze the possibilities of the
chemical modelling of this great creation of nature.

MMO can be isolated from methanotrophic bacteria,
which use methane for their vital activity by the unique
transformation of methane into methanol by means of
this enzyme at the first stage.!»2 Depending on the
conditions of microorganism growth, MMO can be ob-
tained in the membrane-bound or solnble forms. Iron-
containing soluble MMO from Methylococcus capsulatus
(Bath)3 and Methylosinus trichosporium® are the most
studied. Although enzymes isolated from these cultures
have many common features, they also have significant
differences in activity, selectivity, spectral and other
parameters (up to the mechanism) that remain to be
studied. Enzyme systems can be arranged in the follow-
ing series by their activities in methane oxidation (in
mmol min~! mg™! of protein): Ms. trichosporium (1700)
> Mec. capsulatus (150—36) > M. bacterium (93). The
substrate selectivity for water-soluble MMO from
Mec. capsulatus is the most studied. In the oxidation of
n-alkanes (o- and @-1-hydroxylation), a terminal me-
thyl group and adjacent methylene group are oxidized.
When branched alkanes are oxidized, the part of a
molecule that is the most distant from the branching
point is oxidized evidencing significant steric hindrances
near the active center. In other cases, the weakest
ternary C—H bond is oxidized (iso-butane, adamantane,
cis-1,4-dimethylcyclohexane).5 In addition to the oxida-
tion of C;—Cjg alkanes, MMO can hydroxylate aromatic
compounds and epoxidize olefins.

MMO consists of three tightly connected proteins: A
(monooxygenase itself or hydroxylase consisting of two
halves each of which contains two iron atoms), B (regu-
latory protein), and C (reductase).3# The transfer of
electrons from NADH to hydroxylase is performed by
reductase and controlled by protein B.

Until recently, the information on MMO structure
has been based on the spectroscopic and magnetic stud-
ies of this enzyme.2 It was shown that the active center
of MMO included a binuclear iron p-oxo-p-carboxylate
complex and was similar to the active centers of the
oxygen-binding protein hemerythrin (Hr), which is a
non-heme analog of hemoglobin, and the redox-enzyme
ribonucleotide reductase (RNR), which participates in
the synthesis of RNA. It is known that strong antiferro-
magnetic exchange interaction via the O-bridge with the
constant —J = 120 to 130 cm™! (H = —2J S, - S,) exists
between the iron atoms in these latter centers. This
interaction results in the shortening of the Fe—O dis-
tance and appearance of a characteristic absorption in
the visible region of the optical spectra. In addition, the
characteristic v,(Fe—O—Fe) line in the Raman spectra
is related to the p-oxo bridge.

The presence of the Fe,O center, similar to Hr and
RNR, follows first of all from the ESR studies of
reduced hydroxylase. Hydroxylase is usually isolated
from cell structures in the oxidized FelUFelll form. The
reduced FellFell and semireduced Fel'Felll forms can

be obtained by reduction of the oxidized form by
dithionite in the presence of the corresponding media-
tors. The action of dithionite results primarily in the
appearance of three intense signals with g < 2 (g,, = 1.85)
related to the partially reduced FellFelll state,® which
then transforms into the FellFell state with g = 16 that
originates from the ferromagnetic coupling of two Fell
(S = 4). A similar signal is observed for azidodesoxy Hr,
which also exists in the FellFell ferromagnetically
coupled state.

The most detailed information about the structure of
the MMO active center is obtained by the EXAFS
method, which allows one to establish the mutual ar-
rangement of iron atoms in the binuclear cluster and to
estimate the number of types of atoms near the iron
atoms and their distances from the iron atoms. These
measurements confirmed the existence of two iron atoms
linked by u-oxo-u-carboxylate bridges as in Hr and RNR.
According to the EXAFS data,”8 each iron atom in
MMO has four to six O or N ligands. The Fe...Fe
distance is equal to 3.4 A both in oxidized and partially
reduced hydroxylase. The absence of any indications of a
short Fe—O distance, as in the case of Hr, testifies that
there is no oxo bridge between the iron atoms. The OH
bridge, whose formation should be accompanied by weak-
ening of the antiferromagnetic interaction of the iron
atoms, is suggested as an alternative. This is confirmed by
the absence of any changes in the range
>300 nm in the absorption spectra of oxidized hydroxy-
lase and the absence of vy(Fe—O—Fe) in the Raman
spectrum. The value of the constant of antiferromagnetic
interaction found from the saturation curve of the ESR
signal of the FellFel! form is J = —32 ¢cm™!. The ESR
signal at g = 8 of the excited (S = 2) state of the Fe,O
cluster has recently been observed in the oxidized hy-
droxylase.? The analysis of the temperature dependence
of this signal gives the value J = 8 cm™!, which is more
than an order of magnitude lower than those for Hr and
RNR and agrees with the existence of the OH bridge.
The parameters of the NGR spectra,® AEG =
1.05 mm s! for oxidized and 3.014 mm s™! for reduced
MMO, agree well with the assumption about the exist-
ence of both O and OH bridges. The bridging OH ligand
in the FellFe!!l form is identified unambiguously and the
terminal H,O molecule is found on the basis of the
spectra of proton ENDOR of semireduced hydroxylase.1?
Since Fe...Fe distances in the oxidized and partially
reduced forms of hydroxylase are the same, one can
believe that the OH bridge is retained in the oxidized
form as well. At the same time, its retention is hardly
probable in the reduced form in which the H,O molecule
can be expected to act as a bridge or any bridge other
than a carboxylate one is absent. Indirect data are avail-
able that one imidazole group of histidine is coordinated
to each iron atom in the active center of MMO.11:12

While the existence of the OH bridge in the FellFelll
state is beyond doubt, the spectral and magnetic data for
the FelllFelll state can also be interpreted in terms of
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the assumption about the formation of a strong intramo-
lecular H bond involving the water molecule Ifl{t the

a-position of the p-oxo bridge of the u-O..H—O—Fe
H H

or p-0..H—O0..H—O—Fe type.13 In fact, a consider-

able weakening of antiferromagnetic exchange inter-

action of the iron atoms occurs as the result of the

H-bonding of the water molecule with the p-oxo bridge

of the binuclear Fe!!ll complex.14

A comparison of the sequence of amino acids in
MMO and RNR based on the conception about the
resemblance of their active centers makes it possible to
advance some suggestions concerning the structure of
hydroxylase,!5 which agree with the conclusions drawn
from the spectral and magnetic data and confirmed by
the X-ray diffraction analysis of MMO.

The data of the X-ray diffraction analysis on the
structure of MMO from V. capsulatus (Bath)1617 not
only confirmed the conclusions based on the spectral
and magnetic studies, but also demonstrated the reliabil-
ity of these methods at the modern level for obtaining
data on the structures of active centers of enzymes. As
expected, the structures of MMO and RNR turn out to
be rather similar, including the same NOjs coordination
of ligands around each iron atom, where the N atom
belongs to the imidazole group of histidine and the O
atoms belong to the carboxylate groups of glutamic or
aspartic acids. The X-ray data show unambiguously the
existence of two Fe,O centers in the hydroxylase
component A. They are spaced symmetrically at 45 A
from one another, and each of them is in the four-spiral
package, which supplies amino acid groups for coordi-
nation with the iron ions. The distance between the iron
atoms in cluster Fe,0 is 3.4 A, in agreement with EXAFS
data. The iron atoms are bonded to four glutamine
carboxylate groups, one of which acts as the bridge
between the iron atoms and the three others act as
monodentate ligands, and three imidazole groups of
histidine (one group is at each iron atom). In addition,
exogenic HO™ and AcO™ anions act as bridges, and an
H,0 molecule at one of the iron atoms is at the cis-
position relative to them. Each iron atom is in pseudo-
octahedral coordination surroundings. The binuclear iron
complex occurs in the hydrophobic cavity, which is
suitable for binding CH,4. The regions of binding reduc-
tase and regulatory protein B in the immediate vicinity
of the Fe,O cluster are also identified. This allows one
to explain the effect of protein B on the ESR spectrum
of hydroxylase. Exogenic acetate bonded to the Fe,O
center can indicate the point of interaction of O,,
methane, or the methoxide formed with the core of the
enzyme.

The structures of MMO and RNR molecules can be
compared on the basis of X-ray data. The hydrophobic
cavity in MMO is considerably larger than that in RNR,
in agreement with the capability of the first enzyme to
bind hydrophobic substrates. The e&-N atoms of the

Hr RNR
0 OHy OH, O
o]
yd / |
N—F Sreln < >Fe/ Nl o™
NN JAN 071N /1Mo o
o) o] Y Y
MMO
OH H (O
2 O O
NN/
fo} O-;Fe e‘-\-O O
\( N \\ // N Y
0 (o]

imidazele groups are bonded by a hydrogen bond to the
anions of aspartic acid, increasing the pK, of the bridge
hydroxide ligand in MMO compared to that in RNR,
which has only one H-bonded residue of aspartic acid.
The site occupied by tyrosine in RNR is occupied by
cysteine in MMO, which allowed the authors!® to ad-
vance an unconventional hypothesis about the catalytic
mechanism of MMO involving the SH group. Thr 213 is
the only protonated group except cysteine in the vicinity
of the hydrophobic cavity. It is probable that Thr 213 is
necessary for proton transfer during the catalytic cycle,
similar to the so-called charge-transfer system in eyto-
chrome P450.

The kinetic analysis of methane oxidation involving
soluble MMO1? indicates that the reduced enzyme-
substrate complex binds an O, molecule to form a triple
complex, which decomposes at the limiting stage to
vield methanol and water.

CHy4 0,
E === E-CH,"NADH === EH,~CH, === EH,"CH,*Op —»P

It is still impossible to explain the capability of
MMO to bind methane efficiently (Michaelis constant
Ky = 31078 mol L™!). The measure of the enzyme
affinity to a substrate, which is determined by the ratio
of the maximum rate to the Michaelis constant, is ~10
times higher for methane than for other alkanes. This
shows that MMO is highly suitable for the oxidation of
CH,. Although the active center of MMO is highly
hydrophobic, the hydrophoby itself cannot explain the
stronger binding of methane as compared to other al-
kanes. In addition, the Michaelis constant for CH,
increases with temperature and decreases for the hydro-
phobic binding (for example, in the case of cytochrome
P450). In this context, the binding of CH, with the
metal ion in the active center of MMO was suggested
but has still not been confirmed.

Hydroxylase reduced by dithionite can oxidize meth-
ane with oxygen stoichiometrically (one cyele) in the
absence of reductase. This proves that the function of
the latter is only the transfer of electrons to hydroxylase.
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Hydroxylase can catalyze the oxidation of hydrocarbons
by hydrogen peroxide in the absence of a reducing
agent, but with a lower efficiency.

Regulatory protein B plays an important and in many
respects puzzling role in the oxidation process.17—19
This protein controls the transfer of electrons from reduc-
tase to hydroxylase in such a way that the transfer occurs
only in the presence of substrates. It also shifts the redox
potential of the enzyme-substrate complex, favoring two-
electron reduction of hydroxylase. And finally, it in-
creases the rate of substrate oxidation and changes sub-
stantially the regioselectivity of the oxidation. The X-ray
diffraction studies show that protein B binds the part of
hydroxylase that is in the immediate vicinity of the Fe,O
center and probably changes the coordination surround-
ings of iron atoms. This conclusion is confirmed by the
observed perturbation of the ESR spectrum of semi-
reduced hydroxylase when it binds protein B.

The considerable success achieved in recent years in
studying heme monooxygenase of cytochrome P450 and
its structural functional modelling by metalloporphyrin
complexes2? evoked a certain interest to extend to MMO
the concepts about the mechanism of functioning of
cytochrome P450, especially as similar selectivities in
the hydroxylation of some substrates were observed. In
fact, despite sufficient differences in the structures, cy-
tochrome P450 and MMO have certain functions that
resemblie those of monooxygenase and a series of com-
mon substrates. However, there are obvious differences
in the mechanisms of binding and activation of O,. In
addition, methane cannot be oxidized by cytochrome
P450 and its iron porphyrin models. Therefore, one may
assume that the binuclear nature of the active center
plays a significant role in the mechanism of MMO
functioning. It is accepted for cytochrome P450 (and it
is reliably proven for its metalloporphyrin models)2® that
the heme monooxygenase oxidation of hydrocarbons
involves ferryl intermediates. The mechanism of the
activation of O, by iron porphyrin complexes?0:21 in-
volves the formation of the Fe—O, complex and its
stepwise reduction to a peroxide state followed by
heterolytic elimination of 02~ to form an active inter-
mediate bearing an oxene O atom.

8 o) 8, HY *
PFe’ S PFe! 25 PFel0, " ——» PFa'_00H —"»

— P*'FeV=0

The transformation of the peroxide intermediate into
the active carrier of the O atom requires an acceptor of
02~. The ions M?**, Ac*, or H* can act as such accep-
tors. Thus, the stage of activation of 02, accompanied
by detachment of O2?~ precedes the key reaction of
monooxygenase enzymes, the transfer of the O atom to
the substrate: O?7/0.

Shteinman
c .9,
Fe—O: FeOH R’ Fe H Fe-0—CH,
~ ~ 4
H R
1 2 4

The problem of the reaction between the ferryl inter-
mediate and the C—H bond of alkane has long been
discussed in the literature. The early views about the
synchronous insertion of the O atom vie a mechanism
including the three-centered transition state 1, which is
in accordance with the predominant retention of the
configuration at the carbon atom, has later given way to
the idea of a detachment-recombination mechanism
with the intermediate formation of radical pair 2. This
made it possible to explain the partial racemization and
the large isotope effect. Based on the analogies with
alkane activation by complexes of high-valence metals,
similar high negative values of the activation entropies,
large isotope effects, and probable tunneling, the reac-
tion route via four-centered transition state 3 has been
suggested.2! This route is characterized by an important
role of the metal in the activation of the C—H bond. In
this mechanism, unlike 2, the formation of the radical
pair as one of the reaction routes after the transition
state is possible, which is realized in the case of a
relatively weak C—H bond and more stable radicals.
Recently?? all these mechanisms have been critically
revised, and the mechanism of synchronous insertion of
the oxygen atom supplemented with the preliminary
formation of ferryl—alkane complex 4 containing the
pentacoordinate carbon atom has been preferred. In this
latter mechanism, the metal acts as the ligand at the O
atom rather than the center of a complex formation.

The following mechanism of alkane oxidation in-
volving MMO is presently accepted as the most prob-
able.5:23 Alkane binding is followed by fast two-electron
reduction of u-hydroxo-Fel!l to the p-hydroxo-Fell state.
One-electron reduction can result in the formation of
the p-hydroxo-FellFe!ll intermediate, which can be de-
tected under special conditions. It is shown that this
intermediate reacts slowly with oxygen. On the contrary,
the Fell state rapidly binds O, to form a hydroperoxide
intermediate, which is probably similar to
oxyhemoerythrin. Then the heterolytic breaking of the
O—O0 bond can take place to form the active Fe0Fe=0
intermediate. The homolytic breaking of the O—O bond
to form the " OH radical has not previously been ruled
out at this stage, but the absence of an ~OH radical in
the catalytic cycle of MMO has recently been proved by
ESR traps.24 It is also noteworthy that the active inter-
mediate includes an O atom from molecular oxygen
almost without an exchange with water, which is typical
of ferryl. It is assumed that the binuclear ferryl interme-
diate formed is capable of reacting with alkanes via a
detachment-recombination mechanism, and the second
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stage (recombination) is rather slow, which leads to the
lack of complete retention of the configuration in the
oxidation of stereoisomers of dimethylcyclohexane and
makes it possible to detect alkyl radicals by ESR traps.
In fact, the study of the oxidation of (S)- or (R)-[1-2H,,
1-3H,]ethane to ethanol catalyzed by MMO from
Ms. trichosporium shows?¥ that the hydroxylation occurs
with the predominant retention of configuration. At the
same time, the relatively high degree of inversion (35 %)
agrees well with the intermediate formation of ethyl
radical. It should be mentioned that these results can
also be explained?? by mechanism (4), taking into ac-
count the possibility of rearrangement in the intermedi-
ately formed complex with pentacoordinate carbon. The
intramolecular kinetic isotope effect ky/kp is equal to
4.2t00.2.

The intramolecular isotope effect for the hydroxyla-
tion of exo,exo,exo0,exo0-2,3,5,6-d4-norbornane by MMO
from Ms. trichosporium is equal to or greater than 5.5.25
The authors pointed out the resemblance of the distribu-
tion of products to cytochrome P450 of liver and as-
sumed a similar mechanism.

Substrate probes, which are called radical clocks, are
used to prove the presence of radical intermediates in
reactions of O atom transfer. Such reagents can be
rapidly rearranged after the elimination of the H atom to
yield racemized products. The use of the fastest radical
clock tested for cytochrome P450 and other mono-
oxygenases!8:26 shows no products, which is in agree-
ment with the formation of hydrocarbon radicals, in the
case of MMO from Mec. capsulatus, although these prod-
ucts are found for MMO from Ms. trichosporium. The
authors?% conclude that no unified mechanism can ex-
plain all data on MMO and it is likely that different
mechanisms are probable, depending on the origin of
MMO, steric and energy requirements of the substrate,
and probably other factors. Based on studying the prod-
ucts of oxidation of various substrates, including al-
kanes, other authors?3 also arrive at the same opinion
about the dual mechanism of MMO, which includes
both two- and one-electron routes.

The absence of an intermolecular isotope effect in
alkane hydroxylation shows that the breaking of the
C—H bond is not the limiting stage in the overall enzy-
matic reaction. At the same time, a considerable intra-
molecular isotope effect indicates a substantial stretching
of the C—H bond in the transition state or the tunneling
of a proton. Taking into account that the tunneling is
observed in the reactions of carbenes with alkanes, it is
also possible for similar processes of the transfer of the O
atom to the C—H bond. The intramolecular isotope
effect ky/kp is equal to 5.1 for the oxidation of the
methyl group of phenylmethylcyclopropane in the pres-
ence of MMO from Mec. capsulatus (Bath)?6 and 4.2 in
the oxidation of ethane in the presence of MMO from
Ms. trichosporium.2 1t should be mentioned that ky/kp
= 5 for the oxidation of alkanes by dimethyloxirane via a
three-centered transition state.18

The heme monooxygenase oxidation (with cyto-
chrome P450 and its models) is considered to occur with
the participation of ferryl complexes containing the
terminally bonded O atom (P*"MIV=0 or PMV=0). It
is assumed that the non-heme monooxygenase oxidation
also includes the mononuclear (FeV=0) or binuclear
(FelY—O—Fe!V=0 for MMO) analog of the heme com-
plex.

The first ferryl complex with the radical cation of the
non-heme ligand has recently?” been characterized, and
its reactions with alkanes have been described. In this
mononuclear complex, pyridine ligands act as the elec-
tron buffer similar to porphyrin in cytochrome P450.
Although the imidazole group of histidine or the second
iron atom could play the role of such a buffer in MMO,
it is hardly probable that they could provide sufficient
stability for the existence of such a particle as a signifi-
cant intermediate. The possibility of the formation of
ferryl particles under biological conditions has been
questioned in the literature for non-heme systems in the
absence of a sufficiently polarized ligand. Tt is shown?8
that activated bleomycin, a natural antibiotic containing
a non-porphyrin mononuclear iron complex, which is
capable of oxidizing hydrocarbons with the transfer of
an O atom similarly to cytochrome P450, is in fact the
peroxide FeOOH complex rather than ferryl as assumed
previously.

Various donors of an O atom such as PhIO, NalOy,,
and Bu!OOH that are active in the case of cytochrome
P450 and its models, are inefficient for MMO, although
H,0, can be used instead of O,/NADH in the oxidation
of n-alkanes, but with a low efficiency and different
regioselectivity. These results cast some doubt on the
possibility of including ferryl as the active intermediate
of MMO. The studies?® show that the peroxide precur-
sor of ferryl FeOX containing the bridging O atom is
sufficiently active to transfer this O atom to the C—H
bonds of alkanes. These active intermediates seem to be
considerably more preferable for functioning under physi-
ological conditions than the energetically less favorable
ferryl intermediates, especially in the case of non-heme
systems. 13:21

Based on the X-ray studies!® and the comparison!s
of the sequence of amino acids in RNR and MMO, the
presence of cysteine-151 is established at the same site
relative to Fe,O, which is occupied by the tyrosyl radical
in RNR. Assuming that this is not accidental and taking
into account the large resemblance of the structures and
functions of MMO and RNR, the authors!® proposed a
new mechanism for methane oxidation involving the
RS’ radical of cysteine at the stage of methane activa-
tion. They assume that O, binds a reduced hydroxylase
to form n,,n,-peroxide, which reacts with the SH group
of cysteine-151 to transform to the radical pair. The
breaking of the C—H bond occurs vie a concerted
mechanism via the reaction with this radical pair to
form a coordinated alcohol and regenerate the SH group
of cysteine.
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Modern concepts about the mechanism of MMO
action cannot explain the oxidation of methane, nor the
inverse series of reactivities of alkanes with maxima for
methane and ethane, nor the unusual regioselectivity of
the oxidation of alkanes.

Ferryl can be considered as the complex of an O
atom with Fell, and perferryl can be considered as the
complex with Felll,

Fe':0: «—» Felll =0’ «— FeV=0

Fe“lzo: -~ Fe|V -0 > Fev=0

In the case of binuclear iron complexes, the O atom can
be bonded to two Fe atoms in the structure of the bis-p-
oxo complex of FelV 1, which is an oxenoid reagent in
this case, similar to peroxides and peracids, and is an
alternative to ferryl. It is likely that carboxylate should
be the third bridge connecting two iron ions, and the
bis-p-oxodiferryl fragment can be nonplanar. The pro-
cess of the transfer of the O atom from 1 should be
favored by the extreme stability of binuclear p-oxo
complexes of iron(1) at physiological pH.

/O\ /O\ -~ O\ m
Fel Fe' «——Fell  Fe'' + s—»Fe" Fell +80
N N
0 1 10!
- S — substrate

Similar binuclear complexes of Mn!Y are strong oxidants
capable of evolving O, from water or hydrogen peroxide
and the oxidizing alkanes.2? These complexes are still
unknown for iron, probably due to their high reactivities
as oxidants. Although 1 should be thermodynamically
more stable than ferryl, especially in nonpolar media, its
chemical reactivity can be even higher due to the par-
ticipation of two Fe atoms in the transition state of the
transfer of the O atom. In fact, it is shown for the
analogs of molybdenum O-transferases3? that the rate of
transfer of the O atom from MoY!=0 to the substrate
increases when the terminal O atom is bonded by one
more Mo atom to become a bridging atom, Mo=0:—>Mo.
This is clear, because the electrophilicity of the O atom
is enhanced by two electron-withdrawing iron ions.
Similarly to ferryl, 1 can react with the C-—H bond via a
two-electron insertion or one-electron elimination of
the H atom. The latter process is more probable in the
case of sterically hindered and weak C—H bonds, i.e.,
its probability increases in the series CH, < primary
CH < sec-CH < tert-CH.

Active intermediate 1 can be obtained from molecu-
lar oxygen via the stage of p-1,2-peroxide,
Fe—O—0O—Fe. However, the n,,n,-peroxide complex
(2) is its most reasonable precursor, and we assumed it
to be the first product of the reaction of reduced MMO
with O,, while other authors26 consider it as one of the
probable active intermediates.

Shteinman
0 O, O
Fe'l Fell cut cu!! Mnf! I /Mn"'
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The oxygen complex of hemocyanine (3) has a simi-
lar structure,3! and it follows from the theoretical calcu-
lations of manganese complex 4 that the binding of O,
to form this complex is energetically favorable and
probably irreversible.32 The side binding of peroxide is
often realized in the case of mononuclear peroxide
complexes of Felll, and there are no grounds to deny the
possibility of similar structures for binuclear complexes.
Compound 2 is attractive as the first product of the
reaction with O,, because 1 can be formed from 2 by a
simple electron transfer without a substantial rearrange-
ment of nuclei. Thus, a fundamentally new mechanism
of O, activation that is possible only for binuclear com-
plexes can be suggested.

0]

PAEN
Fell —x—Fe!t 22, Fe'"/ \Fe"' A L FeV FelV.
-X ~No” ~No”

In fact, in the case of iron porphyrin complexes, the
peroxide intermediate should react at first with the
external electrophilic acceptor (H*, CH,CO™) 24 to
remove 02~ and form an active intermediate.

PFe"—OOH + HY — P*"FeV=0 + H,0

In the case of binuclear complexes, two:iron ions are
likely to be capable of accepting the O2~ anion without
the participation of an external electrophile, as occurs in
the case of Ph,Sn0,.33 The accepted O?~ anion leaves
the reaction center in the form of H,O at the subsequent
stage of the reduction of the Fe,O complex, after the
completion of the substrate oxidation, or it is displaced
by the O, molecule at the next stage of the catalytic
cycle.

fo) 28, 2H", X
s N, ———— Fe—-X—Fe
Fe Fe  -HO

Thus, the different sequence of the detachment of the
fragments of the activated oxygen molecule is assumed
in the new mechanism: O2~/0O in the case of iron
porphyrin complexes and O/0?" in the case of binuclear
iron complexes. A similar mechanism can also act in the
case of RNR, which has many common features with
MMO.

The inclusion of bis-u-oxo complex 1 in the catalytic
cycle of MMO makes it possible to explain the unusual
regioselectivity and specificity of the oxidation of al-



Mechanism of methane monooxygenase

Russ.Chem.Bull., Vol. 44, No. 6, June, 1995 981

kanes by this enzyme. Taking into account the capability
of the C—H bond of forming H bonds with the O atom
of ether,34 one can assume the occurrence of H-bonding
of methane and other alkanes with the p-oxo bridge,
which can exhibit a noticeable basicity in the non-
solvating hydrophobic cavity of the active center of
MMO. A stronger binding of methane in the active
center of MMO as compared to other alkanes can be
explained by the formation of such an enzyme-substrate
complex due to one or two L-oxo bridges, because the
acidity of methane is the highest: CH, > primary CH >
sec-CH > tert-CH. The O atom can be transferred to the
C—H bond via a concerted mechanism by the electro-
philic attack of one of the bridge atoms, as assumed
previously35 for solvated oxenoid. The process as a
whole can be considered as an electrophilic attack on
the C—H bond with nucleophilic assistance via the
multi-centered cyclic transition state.36

H H

~c”

RN

H H | t CHj
0. 0 SN 0

Fe// RN FelV Mo »Fell el

\ / \ /N \0/
(¢] O O--H q

hel /

5

The determining role of nucleophilic assistance and/or
taking into account steric hindrances (see below) make
it possible to explain the highest value of the rate
constant in the case of methane compared to other
alkanes.

Complex 5 between the enzyme and the reaction
product is similar to the well-known bis-p-hydroxo com-
plexes of iron(in). These complexes are typical of equi-
librium (1).

Q
-
Fo  Fe == Fé Fe +Hy0

(o}
Fe Fe =—= Fe/ \Fe + ROH
N 2

Similar equilibrium (2) can also result in the formation
of the same reaction product.

The analysis by molecular models shows that the
mechanism involving the transfer of an O atom is suit-
able only for CH; and a terminal CHj group (the
primary C—H bond). For secondary and ternary C—H
bonds this mechanism is less probable due to steric
hindrances of adjacent alkyl groups. In this case another
mechanism is probable, which includes electron trans-

fer, with the assistance of a proton to form an alkyl
radical at the initial stage.3® Although the reaction of
intermediate 1 with alkane is related to spatial restric-
tions, the estimations show that they are not so pro-
nounced as to make this mechanism improbable. On the
other hand, the existence of steric hindrances explains
well the selectivity of alkane oxidation by MMO and the
possibility of two mechanisms.

The hypothesis about the new type of O, activation
can be verified by two cycles of the reaction with MMQ
using labeled oxygen under the conditions when the
exchange with the p-bridge is impossible. As a result of
the first cycle, the label should be equally distributed
between the product (alcohol) and the u-oxo bridge.
The label should go into water after the second cycle. A
similar experiment, which has recently been carried out
for RNR, shows37 that molecular oxygen is the source of
the p-oxo bridge in the reaction between FellFell of
RNR and O,. The authors assumed that yi-1,1-peroxide
and ferryl are intermediates. However, taking into ac-
count the aforesaid, the scheme involving p-n,,n,-per-
oxide and bis-p-oxo complex seems to be more reason-
able. In principle, the aromatic C—H bond has no
serious steric hindrances to its reaction with the p-oxo
center followed by the insertion of the O atom. How-
ever, possible positions of the aromatic ring of tyrosine-
122 in RNR are restricted by the requirements imposed
by the protein structure. Therefore, its reaction with the
suggested bis-p-oxo intermediate can involve only an
electron transfer rather than the insertion of u-O into
the aromatic C—H bond. The p-O " intermediate formed
has previously been observed by spectral methods.38

Let us consider some recent observations which tes-
tify in favor of the new concept of the catalytic cycle of
MMO. The formation of three intermediates P, Q, and
T during one cycle of MMO from Ms.trichosporium has
been detected3? by kinetic methods of studying fast
reactions. A colorless intermediate P is formed immedi-
ately after mixing reduced MMO with O,, and then it is
transformed slowly to Q (Aya = 330, 430 nm, £=8000
M lcm™1), The rate of disappearance of Q depends on
the nature and concentration of a substrate, thus indi-
cating that Q is an active intermediate. Finally, the
intermediate T formed in the reaction between Q and a
substrate gives the product at that stage, which deter-
mines the rate of the whole process. According to NGR,4¢
compound Q is a diamagnetic binuclear complex con-
taining two indistinguishable FelV atoms (S=2). This
means that the active oxygen occupies the symmetric
position in the cluster and the iron atoms are
antiferromagnetically bonded. The value of the exchange
coupling constant J>—60 cm™! (H = J-§;-S,) corre-
sponds to the p-oxo bridge between the iron atoms and
agrees with structure 1 for intermediate Q. Structures 2
and 5 can be assigned to intermediates P and T. In fact,
it is unlikely that the highly symmetric and weakly
polarized complex 2 can absorb noticeably in the visible
spectral region, and the decomposition of complex 5 to
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the final product is related to the drastic rearrangement
of the structure and, hence, should be a relatively slow
process.

These results were developed4! for MMO from
Mec. capsulatus (Bath) using the same methods. An in-
termediate similar to Q with A, 350, 420, and 520 nm,
which, however, has non-equivalent iron atoms, is char-
acterized in this work. The authors mention that the
average isomeric shift 3 in the NGR spectrum of this
intermediate, which characterizes the oxidation state of
iron, is close, but nevertheless, differs from the values
characteristic of both heme and non-heme Fe=0O. The
information for intermediate L is the most interesting.
This intermediate has one quadruple doublet in the
NGR spectrum, which indicates that two iron atoms are
in identical coordination surroundings. The parameters
of the NGR spectrum for L (8 = 0.66 mm s™! and AEg
= 1.51 mm s~1) are very unusual for carboxylate-bridge
Fe, clusters. These parameters agree well with structure
2 for L.

The stoichiometric oxidation of methane, CO, and
benzene has been found4? at room temperature on the
so-called a-centers of iron-containing zeolites ZSM-5,
which, according to theoretical estimations,43 are sur-
face hydroxide iron clusters with structure 1.

The dissociation of N,O on the a-centers results in
the addition of an O atom to form an active oxidant of
the suggested structure 2, which stoichiometrically oxi-
dizes methane to methanol at room temperature:

o
~ N,O PN CH
HO-F§  Fe{ ——> JFd Fe{ —T'»MeOH
No~ TOH 0/ No~ TOH
Ho 4 R oo

Taking into account the results in Ref. 30, a bridging
oxygen should be active rather than a terminal one.
However, if the bridging OH is more acidic than the
terminal oxygen, the real structure of the active center
should rather correspond to the isomeric bis-p-oxo com-
plex. It is likely that this is the best functional model of
MMO known at the present time. It is interesting that
no other transition metals except iron can form similar
a-centers.

The first FeJ'(n-OH)(u-O) iron complex, which is
capable of dehydrogenating 1-Me-1,4-cyclohexadiene
to toluene and transferring an O atom to transform PPhy
into phosphine oxide, has recently been synthesized.44
There are no grounds to assume that the change in the
coordination surroundings of iron cannot make such a
complex capable of transferring the p-oxo O atom to the
C—H bond of an alkane molecule.

The existence of monooxygenase processes of alkane
oxidation, especially the oxidation of methane, which is
the most inert alkane, is a serious challenge for chemists
in the development of similar chemical systems that can

selectively oxidize these hydrocarbons under ambient
conditions.* The attempts to model biological methane
oxidation have failed so far. Further study of methane
oxidation on the a-centers of iron-containing zeolites
ZSM-5 should show whether this system is a structural
model of the active center of MMO. In the past 10 years
many p-oxo-p-carboxylate iron complexes have been
synthesized, 43 which satisfactorily model structural, spec-
tral, and magnetic properties of Hr, but they model to a
lesser extent those properties of RNR and MMO. It is
assumed that many of these complexes are unable to
catalyze oxidation processes due to the absence in the
coordination sphere of free or labile sites that bind O, or
donors of oxygen. In this connection, the synthesis of
similar complexes has been carried out recently.46 How-
ever, it becomes clear that many other factors should
also be taken into account. Since high-valentce iron
complexes formed in the reduction of activated O, are
strong oxidants, they can react with the Fell and Felll
forms that simultaneously exist in solution and thus lose
the capability of oxidizing of alkanes. To use these active
intermediates only in reactions with alkanes, bimolecu-
lar reactions of iron complexes should be ruled out, e.g.,
by supporting the complexes onto a surface. This possi-
bility has recently been realized.4? It is shown that
methane can be oxidized by molecular oxygen with low
efficiency with the participation of complexes obtained
by self-assembly on the surface of silica gel modified by
imidazole groups.

The oxidation of methane and other alkanes by
hydrogen peroxide catalyzed by the complex
[Fe,O(bpy),(0OBz),(H,0),](Cl10y), in acetonitrile has
been studied.#® The mechanism of oxidation includes
the replacement of a water molecule by an H,0, mol-
ecule followed by the heterolytic decomposition of a
peroxide intermediate. The observed value of KIE (kg/
kp = 3.0) and selectivity in the oxidation of hexane,
cyclopentane, and cyclohexane allow one to assume the
participation of FeO, which is formed in the decomposi-
tion of the FeOOH intermediate. Similar complexes
with labile coordination spheres are more active in
alkane oxidation than complexes with closed coordina-
tion spheres. Reliable proofs for the metal complex
nature of the active intermediate in alkane oxidation by
tert-butyl hydroperoxide in MeCN, involving binuclear
complexes of the [Fey(TPA),0(0Ac)](C10,); type, have
recently appeared.®® The replacement of tris-2-
pyridylmethylamine in the complex by similar tridentate
ligands affects the KIE value in the functionalization of
the C—H bond, which directly indicates that the iron
complex participates in the transfer of an O atom. The
authors succeeded in distinguishing the contributions of

* The simple and rather efficient models of non-heme
monooxygenases (so-called Gif systems) for selective alkane
oxidation have recently been found. For detailed information see
the review by D. Barton and D. Taylor in Izv. Akad. Nauk, Ser.
Khim., 1995, 595 [Russ. Chem. Bull., 1995, 44, 575 (Engl.Transl.)].
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the radical and oxenoid reactions in the formation of the
reaction products. The addition of dimethyl sulfide com-
pletely suppresses the formation of ketone and alcohol
but exerts no effect on the formation of Bu'OO—CgHy,.
In addition, KIE, which is equal to 7.7£0.5 in the
formation of ButOO—CgH ||, is independent of the na-
ture of the complex used, i.e., in this case the C—H
bond breaking is not related to the metal complex
intermediate.

Binuclear $-0X0 iron complexes
[Fey0L4(H,0),]1(C104)4, where L = bpy, phen, or their
substituted derivatives, which do not contain carboxylate
bridges but have labile water molecules in the coordina-
tion sphere, also catalyze the transfer of an O atom from
ButOOH or H,0,.5%:51 The yield of the products, turn-
over number, and stability of the catalyst depend on the
nature of ligand L. The observed rate of oxidation of
cyclohexane (16 turnovers/min) is one of the highest for
similar systems. KIE in the oxidation of cyclohexane
(ky/kp) is equal to 3 to 4.8, depending on the ligand.
Epoxide is the main product in the oxidation of trans-
stilbene. The common disadvantage of similar systems is
the instability of binuclear iron complexes in the cata-
Iytic transformation, which prevents reliable information
on the nature of active intermediates from being ob-
tained. In addition, the ligand surroundings of the iron
atoms in these complexes are established much less
reliably than those of the active center of MMO.

Thus, only the first steps in modelling of MMO have
been taken. The problem as a whole is still far from
solution. There are few systems in which the participa-
tion of well characterized binuclear complexes in alkane
oxidation is proved, and reliable proofs of the nature of
active intermediates are almost lacking. At the same
time, the available information shows that the creation
of efficient analogs of MMO is a problem of the nearest
future. The stabilization of binuclear complexes during
the catalytic cycle is one of an important problems. The
preliminary data show that great progress can be ex-
pected for the immobilization of complexes on a solid
substrate. The large amount of new information on
MMO accumulated in the last several years and the
appearance of new hypotheses concerning methane and
oxygen activation allow a new mode of thought with
regard to this problem. In particular, it is of interest to
synthesize bis-p-oxo complexes and n,,n,-peroxides,
which are still unknown for iron, and to study their
reactivity. The establishment of the structure of MMO
provides reliable grounds for its structural functional
modelling. However, the proficiency of chemists will be
required for designing efficient structural functional ana-
logs. It is likely that, as in the case of cytochrome P450,
the design and synthesis of more complicated model
complexes, which take into account more precisely the
structure of the binuclear iron complex and the charac-
ter of its surroundings in the protein globule, will be
significant.
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