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The newest experimental data concerning soluble forms of methane monooxygenase 
(MMO) were analyzed taking into account the bridge mechanism of O 2 activation by this 
enzyme proposed earlier. The results confirm that the scheme suggested and the structures of 
the key intermediates are valid and show a basic difference between the mechanisms of 
activation for heine (cytoehrome P-450) and non-heine (MMO) monooxygenases. The X-ray 
diffraction analysis of MMO allowed us to develop a more detailed scheme that reflects the 
dynamics of O 2 activation and the role of ligands in this process. 
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The mechanism of methane and dioxygen activation 
by the i ron-containing non-heine  center of methane 
monooxygenase (MMO) from methanotrophic bacteria 
is of interest for researchers due to the unique selective 
oxidation of methane by this enzyme, l - s  The structures 
of the two most studied soluble forms of MMO from 
Methylococcus capsulatus (Bath) and Methylosinus 
trichosporium OB3b have been reliably determined. 6 ' 's  
The enzyme consists of three protein components (A, B, 
and C), the main of which is hydroxylase (A), which 
contains a binuclear iron cluster and is responsible for 
dioxygen activation and methane oxidation. Similarly to 
other monooxygenases, MMO requires reductase (C), 
which contains flavin and Fe--S  cofactors and transfers 
electrons from NADH (reduced nicotinamide dinucle- 
otide) to hydroxylase. There is also protein B (with a 
small molecular weight), which contains no cofactor 

and performs a regulatory function: when it is absent, 
hydroxylation is either inefficient or does not occur at 
all. The transfer of electrons from reductase to the Fe- 
center results in the reductive activation of O 2, which 
leads to the formation of an active oxidant capable of 
attacking a strong C--H bond. The overall process 
(Scheme 1) is conjugated oxidation completed in the 
formation of two products: alcohol and water. 

Scheme 1 
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~ C - - H  "+ -02+2e ,  2H + ~ - - C - - O H  +H20  / / 

This route of dioxygen activation is the same for all 
monooxygenases, but the nature of the intermediates 
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and the individual features of  this process depend on the 
structure of  a given active center and need to be revealed 
in each particular case. 

The sequence of  catalytic stages has been established 
for M M O  (Scheme 2). The molecular  structures of  the 
initial (ferri-) and reduced (ferro-) M M O  were deter- 
mined 7 from the X-ray diffraction data for crystals of the 
corresponding forms. The interaction o f  fe r ro -MMO 
with 0 2 results in the formation of  several intermedi-  
ates: 1,z O, P, Q, R, and T, which were characterized by 
spectral and kinetic methods for studying fast reactions 
(since they accumulate in noticeable concentrations be- 
fore decay). The reaction with O 2 is accompanied by the 
disappearance (k = 22 s - l ,  4 ~ of  the characteristic 
ESR signal of the ferro-form (g = 16) corresponding to 
the appearance of  intermediate  P. The rate of  this 
process is independent of  the concentrat ion of O 2 in a 
wide range. This points to the very fast and, in fact, 
irreversible formation of  a precursor of  intermediate P,  
oxygen complex O, which retains the ESR signal with 
g = 16 and has no other  distinctions from the ferro- 
form. The Mrssbauer spectrum of  intermediate P (5 = 
0.66 mm s - I ,  zXEQ = 1.55 mm s - l )  indicates that  the 
iron in this intermediate exists in the ferri-state, but 
possesses unusual properties.  A band at 905 cm -z, which 
is typical of  peroxides, was observed by resonance Raman 
spectroscopy. Compound P spontaneously transforms 
(k = 1.2 s -1, 4 ~ into yellow intermediate Q (krnax = 
330, 430 rim). The rate of formation of  compound Q is 
independent  of the addit ion of methane,  and the rate of  
its disappearance is proport ional  to the concentration of  
CH4. From this it was concluded that Q is an intermedi-  
ate interacting with methane.  In the absence of  a 
substrate, compound Q can accumulate  to a concentra-  
t ion sufficient for spectral studies. The M/sssbauer spec- 
trum of  intermediate Q (5 = 0.17 m m s  - l ,  ~XEQ = 
0.53 mm s - t )  indicates that  the iron in this intermedi-  
ate exists in the high-spin FeW-state. The disappearance 

of  complex Q in the react ion with me thane  (k = 
16 L mmo1-1 s -1) is de tec ted  by a decrease in the 
intensity of  its characteristic absorption.  The published 
data 1 contain arguments in favor of  the fact that com-  
pound Q reacts with methane by  the e l iminat ion of  H to 
form radical intermediate R. However,  as shown below, 
other  data favor the inclusion o f  a nonradical  in termedi-  
ate at this stage. The use of  an alternative substrate 
(nitrobenzene) for studying the reactivity of  compound 
Q makes it possible to use the stop-flow technique to 
observe the formation o f  colored m- and p-ni t rophenols .  
Thus, the formation o f  a complex between the product  
and M M O  (T) was shown. The  decomposi t ion o f  this 
complex to the free product  and fe r r i -MMO is the rate- 
limiting stage of  the whole process. 

Based on numerous  studies of  a soluble form of 
M M O  from various cultures o f  microorganisms, it has 
been shown that the i ron-conta in ing active center  of  
hydroxylase is a binuclear  complex,  in which Fe atoms 
are bound by oxo and carboxylate  bridges. I - 3 , a - 4  Two 
types of 02 activation are possible,  in principle,  at this 
center, activation due to the te rminal  coordinat ion of  
oxygen to one Fe a tom or activation as a result of  bridge 
coordinat ion of oxygen between two Fe atoms, i.e., 
terminal and bridge activation o f  dioxygen, respectively. 
Since only terminal activation o f  dioxygen is possible for 
hydrocarbon oxidation by i ron-porphyr in  complexes,  
which model heine monooxygenase  (cytochrome P-450), 
and terminal binding of  oxygen by the binuclear  Fe 
center  of  hemerythrin is well s tudied,  it has been con-  
sidered for a long t ime that  the mechanisms  of  dioxygen 
activation and hydrocarbon oxidat ion by M M O  resemble 
the mechanism proposed for cy ' tochrome P-450, i.e., 
they involve terminal act ivat ion of  0 2 . It has been 
assumed that the intermediate  hydroxyhemerythr in- l ike  
peroxide is cleaved with the par t ic ipat ion of  a proton to 
yield water and to form an active ferryl intermediate  that 
is capable of  attacking the C - - H  bond (Scheme 3, A). 

Recently we suggested 9 a basically new, bridge mecha- 
nism for activation of  dioxygen by  M M O  that  takes into 
account the binuclear structure o f  its active center  and 
agrees  be t te r  wi th  the  k n o w n  e x p e r i m e n t a l  da ta  
(Scheme 3, B). This mechanism has been accepted by 
many researchers and, as shown below, is in accordance 
with recent experimental  results. 

This work is a imed at analyzing recent achievements 
in this intensely developed field that  confirm that the 
bridge mechanism is valid and suggest a more detailed 
scheme based on the data of  X- ray  structural studies of  
two oxidized and one reduced form of  MMO.  This 
scheme demonstrates clearly the dynamics  of  O 2 activa- 
tion and the role o f  ligands in th is  process. 

The main point of  the br idge mechanism 9 is the 
following. In the case of  a harder (according to Pearson "s 
classification) non-he ine  center  o f  MMO,  the terminal 
stabilization of an O atom at one F e  atom in the form of 
ferryl (Fe=O) ,  as in i ron-porphyr in  models  of  cyto- 
chrome P-450, seems improbable .  In this case, the 
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bridge stabilization of  an O atom by its binding with two 
Fe atoms is considerably more  favorable. This concept 
has found strong experimental  support: 1~ it has been 
established that  both Fe ~' a toms are indiscernible in the 
Mrssbauer spectra of  the active intermediate Q (see 
Scheme 2) detected in M M O  from Methylosinus tricho- 
sporium by the stop-flow method  and rapid freezing. The 
Massbauer spectra of M M O  from Methylococcus capsu- 
larus indicate that the Fe atoms are nonequivalent, 1~ 
which, however, can be related to a change in the ligand 
surroundings. These studies l~  also observed interme- 
diate P, which is a peroxide precursor of intermediate Q 
(see Scheme 2). 

The concept  of bridged oxo intermediate Q logically 
resulted in a bridged structure for a peroxide precursor 
formed by the coordinat ion of  O~ between two Fe 
atoms, contrary to the concept  on a terminal peroxide 
intermediate similar to hydroxyhemerythrin. Examples 
for the bridge activation of  0 2 with the formation of  
la-l ,2-peroxide are well known for model iron(m) com- 
plexes, lZ-14 

Scheme 4 

A O B 

\ , ~ j  O w~ ~ v /  (""  N N - - - - - .  -'] 2(3,+ 

O 

L = 5-Me 3, 6-Me3TPA 

[Fe202L2](CIO4)2(3) 

(TPA is tris(2-pyridylmethyl)arnine) 

In the case of  the bridge mechanism, the high-valent 
FelV2(.u-O)2 cluster (Scheme 4, A), in which both O 
atoms are generated from an 0 2 molecule, was sug- 
gested 4,9 as an alternative to ferryl. Since at that t ime 
clusters with two O-bridges were unknown for binuclear 
iron complexes ,  we a t t emp ted  to synthesize these 
complexes. However, soon the report 15 of  the first 

bis(g-oxo)diiron(;[0 cluster (see Scheme 4, B) appeared. 
Somewhat  later ,  16 a s imi la r  s t r uc tu r e  o f  the 
FeIlIFerV(g-O)2 cluster was established for an interme- 
diate isolated at low temperature in a model  chemical 
system. This intermediate was capable  of  oxidizing weak 
C - - H  bonds. The latter result is expected,  and it can be 
assumed that the postulated FerV2(g-O)2 cluster should 
be more active, because two-elect ron transfer involving 
the insertion of  the O atom into the C - - H  bond,  which 
is thermodynamically more favorable than  any one- 
electron process of abstraction o f  the  H atom,  becomes 
possible for this cluster.  In fact ,  the  r eac t ion  of  
FeHlFerV(g-O)2 cluster with e thylbenzene is 3,000,000 
times slower than that of  in termediate  Q with methane: 
the second-order  rate constants are equal to 5 �9 10 -6 and 
16 L mmo1-1 s -1, respectively. When  FelIIFerV(~-lsO)2 
reacts with the tertiary C - - H  bond o f  isopropylbenzene 
in acetonitrile at - 4 0  ~ lsO is incorpora ted  into the 
alcohol formed with 88% efficiency. 17 For  the hydroxy- 
lation of the secondary C - - H  bond by this species, the 
kinetic isotope effect (KIE) is equal to 20. However,  the 
study of the reaction mechanism showed that ,  as should 
be expected, FelllFelV(/a-O) 2 behaves as a one-elect ron 
oxidant abstracting H atom and generat ing a hydrocar-  
bon radical at the first limiting stage; the react ion of this 
radical with a second equi'~alent o f  the oxidant  gives 
alcohol and olefin. The formation o f  alcohol  resembles 
the function of MMO,  and the format ion  of  olefin 
models the function of  a desaturase,  for example,  
stearoyl-,~9-desaturase, 15,19 which also contains  an ac- 
tive F e - - O - - F e  center, has spectral characteris t ics  simi- 
lar to those of  MMO,  and is capable of  catalyzing the 
dehydrogenation of  saturated hydrocarbon chains. Al- 
though the FeXllFerV(g-O)2 intermediate from the chemi- 
cal model system has one electron more  than  intermedi-  
ate Q of the MMO enzyme, the M6ssbauer parameters  
of  both intermediates are very similar,  16 which is prob- 
ably not a coincidence. 

The lower limit for the constant o f  antiferromagnetic 
interaction coupling of  two paramagnet ic  Fe  atoms in 
intermediate Q was estimated l~ as 60 cm - l ,  which is 
outside the range of  values known for b inuclear  ~t-oxo 
bridged iron complexes (90--120 e r a - l ) ,  but is close to 
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values of  this pa ramete r  for bis(la-oxo)diiron(111) is 
(61 cm -~) and bis(.u-oxo)dimanganese(rv) z~ (44 cm - ! )  
clusters. In the light of  the hypothesis of the FerV2(g-O)2 
intermediate of  M M O  as an alternative to ferryl, it is of  
interest that no resonance Raman band corresponding to 
stretching of the FelV=O bond is detected for compound 
Q.n  By and large these observations agree with the 
suggested structure of  active intermediate Q as the 
FerV2(.u-O)2 cluster. 

The transfer of  an O atom from the FelV2(g-O)2 
center accompanied by its insertion into a C - - H  bond 
should occur as a synchronous two-electron process and 
involve an intermediate 4'9 similar to that with penta- 
coordinated carbon that has been suggested recently for 
the reactions of ferryl with alkanes, zz In the  case of a 
methane molecule,  which has the smallest size, addi-  
tional nucleophitic assistance by a second bridged O 
atom is possible due to the formation of  a hydrogen 
bond. This assumption could explain the strong proton 
tunneling effect observed for MMO only in methane 
hydroxylation, z3 In this case, for methane homologs, 
the increasing sizes of  the molecules could prevent the 
formation of  a hydrogen bond with the second O atom 
due to the steric hindrances created by the ligands at the 
Fe atoms. The electronic and steric requirements for the 
interaction between the active FerV2(la-O)2 intermediate 
and the C - - H  bond explain the fact that  the rate of  
oxidation of  methane and lower alkanes is greater than 
that of  higher alkanes and that the at tack of  primary, 
secondary, and tert iary C - - H  bonds observed in the 
oxidation of  lower alkanes is almost nonselective. 4-9 
Similar tendencies were observed for a chemical  model 
system using binuclear  iron complexes. For  this system, 
a two-electron mechanism of  the transfer of  an O atom 
with insertion at the C - - H  bond of  alkanes has been 
proved recently. ~ A detailed study of this system sug- 
gests that it involves a bis-~t-oxo bridged intermediate,  z5 
A similar intermediate  probably participates in the oxi- 
dation of  methane in the purely inorganic model of  
MMO based on binuclear iron oxo complexes immobi-  
lized on a zeolite matrix. 26 

In order to explain the differences in the KIE values 
calculated from the ratio of the rate constants of  the 
consumption of  intermediate Q in its reactions with 
CH 4 and CD4 (kH/k D = 50--100) and from the data of  
analysis of the products of  this reaction (kH/k D = 19), 
the authors of  Ref. 23 assumed an equil ibrium between 
the bis-ta-oxo form and a more reactive form of  interme- 
diate Q (Q ' ) ,  which can shift to the lat ter  in the 
reversible interaction with methane. Ferryl  or, more 
probably, an oxene complex in which the O atom is 
bound to two Fe HI centers, may be this reactive form. In 
this case, the greater isotope effect corresponds to the 
reaction of  methane with Q, and the smaller  one corre- 
sponds to that with Q ' .  At the same time, the concept 
that the reaction CH 4 + Q" occurs via an intermediate 
with pentacoordinated carbon 2z allows one to  explain 27 
the different values of  KIE obtained z3 for the  ratio of  

the reaction rate constants at the C - - H  and C - - D  bonds 
in different molecules ( C H j C D 4 )  and within the same 
molecule  (CHD3, CH2D 2, or CD3H)-  

The bridged structure of peroxide intermediate  P in 
M M O  is confirmed by the existence of  a sharp and 
symmetr ic  doublet in the M6ssbauer spectrum of  this 
intermediate,  which indicates b inding of  0 2 to both Fe 
a t o m s )  1 The formation of  the active Ferr inter- 
mediate  due to the rearrangement  of  the bridged perox- 
ide makes it possible to avoid the part icipation of  a 
proton and release of  a water molecule  at this stage. This 
is one of  the important advantages of  the bridge mecha-  
nism, which takes place due to t he  binuclear  structure of 
the active center and is character ized by the fact that the 
cleavage of the O- -O  bond is faci l i tated by the participa- 
t ion of  two Fe atoms. The bridged peroxide intermediate 
can have the structure of  a g -1 ,2 -perox ide  correspond- 
ing to the "end" (end-on)  coordina t ion  o f  O 2 to two Fe 
atoms or a tt-rt2:rl2-peroxide corresponding to the "side" 
(s ide-on)  coordination of  0 2 . Evidently,  the side-on 
g-rl2:rl2-peroxide, which is as much  as possible ready for 
further transformation into the FerV2(!a-O)2 structure, is 
more preferable as a precursor o f  active intermediate Q.9 
The rearrangement of  the s ide-on  la-n2:rl2-peroxide into 
the bis- .u-oxodirnetal lo-intermediate has been recently 
demonstrated zs for the first t ime  for the corresponding 
copper  complexes. An interest ing feature of  this trans- 
formation is its reversibility depending  on the solvating 
nature of  the solvent. By analogy,  one can propose a 
possible regulatory, mechanism for  the  effect of protein 
B on the hydroxylase active site due to the variation of 
its surroundings (adjacent res idues  of  amino acids) 
through several conformational changes  in the polypep- 
tide framework that occur  after binding of  protein B. 
Favorable surroundings could s t rongly increase the rate 
of transformation of the s ide-on g-rl2:@-peroxide into 
the active bis-~t-oxo intermediate .  

/ O  
Fem/'O~ /Fem Fem I ~'Fe ttl 

end-on side-on 

The high activation entropy (147 J moI -I  deg - l )  
determined zl for the t ransformat ion of  intermediate P 
into  Q probably agrees  b e t t e r  wi th  the  end -on  
~t-1,2-structure for peroxide in te rmedia te  P (see below). 
On the other hand, if the t ransformat ion of  the side-on 
g-rl2:rl2-peroxide into the active bis-~t-oxo-intermediate 
is related to strong desolvation, th is  also can increase the 
activation entropy. 

The model ~t-l ,2-peroxide i ron  complex,  14 whose 
M6ssbauer spectral parameters  a r e  very similar to the 
corresponding parameters of  peroxide  intermediate P, 
has been synthesized recently. Th is  can be considered to 
be a proof  14 of a similar s tructure o f  intermediate P. 
However, the coordination surroundings of  iron in MMO 
and in the model indicated are different ,  and the coinci- 
dence of  the M6ssbauer spectra m a y  be random_ 
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Accepting the p- l ,2 -s t ruc ture  for peroxide interme- 
diate p14,2~ it is necessary to analyze the mechanism of 
its transformation into intermediate Q. Two routes are 
most probable (Scheme 5, a and b). Since the route 
involving the high-energy diferryl intermediate 13 is less 
favorable, the transformation P --, Q should evidentIy 
include the la-rl2:rl2-peroxide as a still shorter-lived side- 
on intermediate formed from end-on intermediate P. 
The intertransformation of  the side-on and end-on per-  
oxides has been demonstrated recently z9 for binuclear  
copper(H) complexes.  The end-on p.-1,2-peroxide is 
formed more rapidly, but then rearranges to the final 
product,  s ide-on  la-q2:rl2-peroxide. In the case o f  
.u-l,2-peroxides, the M.. .M distance changes by up to 
4.4 ~,, while it cannot be longer than 3.7 .~, for the 
~-rlz:r12-structure. The rearrangement of the initially 
formed end-on peroxide to the side-on one is postulated 
for the oxygen-binding Cu~-center of  hemocyanine z9 
and a close analog of  M M O ,  ribonucleotide reductase. 

Scheme 5 
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An X-ray diffraction study of the hydroxylase com-  
ponent of MMO from Methylococcus capsulatus revealed 7 
two types of organization of  its active sites with different 
distances between the Fe atoms, which are transformed 
into each other when the temperature is varied between 
-160  and +4 ~ The study of  hydroxylase from 
Methylosinus trichosporium by X-ray absorption spectros- 
copy (XAS) and then by X-ray diffraction analysis also 
showed the existence of two forms in a ratio of  60 : 40 
with the distances between the Fe atoms (presumably in 
equilibrium with each other) equal to 3.0 and 3.4 A.s 
The existence o f  this equilibrium reflects the capabil i ty 
of the binuclear center of  MMO to adapt to several 
structures formed during 0 2 activation. 

Direct exper imenta l  evidence for the bis-~t-oxo 
bridged structure of  active intermediate Q has been 
obtained 3~ recently using EXAFS spectroscopy. Analysis 
of the spectra indicate that  the structure of Q contains 
one short (1.77 A) and one long (2.05 A) F e - - O  bond 
per each Fe atom, and the Fe. . .Fe distance is unusually 
short (2.46 fi,). This value of  the Fe. . .Fe distance agrees 
with the fact that  the active center contains a carboxy- 
late bridge along with two oxygen bridges, which is in 
accordance with the structure predicted previously. 4,9 
The observation of  two different distances to the bridged 

O atoms and asymmetry of F e - - O - - F e  allowed one to 
consider the bis-/~-oxo bridged structure to be a dimer of 
two ferryl species. 3~ 

The results of studies of MMO performed over the 
past two years confirm reliably the bridge mechanism of 
O 2 activation in its binuclear active center  and make it 
possible to describe in detail (Scheme 6) the previously 
suo~gested 4,9 scheme of the catalytic cycle o f  MMO.  The 
most convincing evidence for the bridge mechanism was 
obtained from X-ray diffraction studies ~I,7 of  the initial 
Fern-form of  M M O  and its reduced FOl-form.  The 
analysis of these structures shows that  another  product 
of  the monooxygenase reaction (H20)  leaves from the 
active center at the stage of reduction in accordance 
with the bridge mechanism (see Scheme 2, B). In the 
case of the terminal mechanism (see Scheme 2, A), 
which occurs in cytochrome P-450 and its i ron-porphy-  
rin models, an H20 molecule is released at the stage of 
the formation of  an active intermediate.  

The detailed version of the catalytic cycle of  MMO 
(see Scheme 6), which reflects the dynamics  of O 2 
activation, allows one to understand the role of  carboxy- 
late and water shifts 31 during the transformations postu- 
lated. When reduced hydroxylase reacts with 02, the 
removal of the monooxygen-bridged carboxylate and a 
water molecule is accompanied by the simultaneous 
formation of a hydrogen bond between them and releas- 
ing four coordination sites necessary, for s ide-on  binding 
of  O 2. At subsequent stages, - - C O 0 -  must occupy the 
bridge position again to displace the react ion products 
(methanol and water) from the active center  with the 
assistance of  protons. 

The above-ment ioned process of  shifting bridged 
ligands, carboxylate, and water can occur not  synchro- 
nously, but in stages. The 02 act ivat ion probably 
includes the initial formation of a ~t-1,2-peroxide (end- 
on, see Scheme 5), because releasing rotat ional  degrees 
of  freedom of  carboxylate and water at the next stage of 
the P --, Q transformation could explain the high activa- 
tion entropy found for this stage, zl However,  as indi- 
cated previously, the high values of  the activation en- 
tropy also can be related to desolvation at the stage of 
cleavage of  the O - - O  bond. The proton transfer trans- 
forms methoxyl into coordinated MeOH,  which can be 
expelled to the hydrophobic medium surrounding the 
active center of M M O  under the action of  a more polar 
water molecule fixed near the active site by the H bond 
with carboxylate. Then this carboxylate with the assis- 
tance of  a proton displaces another product  of  the 
monooxygenase reaction (H20) at the stage of  reduc- 
tion. 

Thus, the bridge mechanism of O 2 activation by the 
binuclear center of M M O  agrees well with the recent 
experimental results. EXAFS spectroscopy o f  intermedi-  
ate Q 30 confirmed the structure of  the three-bridged 
FerV2(la-O)2(~t-COO) cluster suggested previously for 
this intermediate. The data of X-ray diffraction analysis 
of  MMO 6,7 and information on the kinetics of the 
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reaction of active intermediate Q with methane z3 made 
it possible to consider  in detail the scheme of the 
catalytic cycle o f  MMO,  to show the dynamics of  02 
and methane  activation,  to suggest a mechanism for the 
release of  products  from the active center,  and to dem- 
onstrate the role of  ligands in these transformations. 

The intense development  of  studies in the field of 
MMO in recent  years allows one to believe that the 
suggested bridge mechanism of  dioxygen activation and 
selective methane  oxidation by this enzyme will be 
comple te ly  proved and refined in the near future 
and adequate  chemical  models of  the process will be 
developed. 
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