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Dioxygen Activation and Methane Hydroxylation by Soluble Methane
Monooxygenase: A Tale of Two Irons and Three Proteins**

Maarten Merkx, Daniel A. Kopp, Matthew H. Sazinsky, Jessica L. Blazyk, Jens Miiller,

and Stephen J. Lippard*

Methanotrophic bacteria are capable
of using methane as their sole source of
carbon and energy. The first step in
methane metabolism, the oxidation of
methane to methanol, is catalyzed by a
fascinating enzyme system called
methane monooxygenase (MMO).
The selective oxidation of the very
stable C—H bond in methane under
ambient conditions is a remarkable
feat that has not yet been repeated by
synthetic catalysts and has attracted
considerable scientific and commercial
interest. The best studied MMO is a

complex enzyme system that consists
of three soluble protein components,
all of which are required for efficient
catalysis. Dioxygen activation and sub-
sequent methane hydroxylation are
catalyzed by a hydroxylase enzyme
that contains a non-heme diiron site.
A reductase protein accepts electrons
from NADH and transfers them to the
hydroxylase where they are used for
the reductive activation of O,. The
third protein component couples elec-
tron and dioxygen consumption with
methane oxidation. In this review we

examine different aspects of catalysis
by the MMO proteins, including the
mechanisms of dioxygen activation at
the diiron site and substrate hydroxy-
lation by the activated oxygen species.
We also discuss the role of complex
formation between the different pro-
tein components in regulating various
aspects of catalysis.

Keywords: bioinorganic chemistry
C—H activation - oxidoreductases -
O—O activation - oxygenation
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1. Introduction

Methane monooxygenases (MMOs) catalyze the selective
oxidation of methane to methanol [Eq. (1)].[9

CH,+NADH + H* + 0, — CH;OH + NAD* + H,0 1

This reaction is the essential first step in a metabolic
pathway used by methanotrophic bacteria to consume meth-
ane as their sole source of carbon and energy (Scheme 1).1]
Methanotrophs reside at the boundary of aerobic and
anaerobic environments, where both methane and dioxygen
exist. Methane is produced by methanogenic bacteria, which
reduce CO, to CH, in various anaerobic surroundings such as
oceans, lakes, and wetlands.’l Methanotrophs play an essen-
tial role in the global carbon cycle by limiting the amount of
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methane, a more potent greenhouse gas than carbon dioxide,
that reaches the atmosphere.]

Virtually all methanotrophs express a membrane-bound,
particulate form of MMO (pMMO).['> 1!l This 94-kDa enzyme
contains about 1215 copper atoms distributed between two
distinct kinds of sites. It has been hypothesized that one of the
copper clusters serves as the active site for methane hydrox-
ylation and the other as an electron carrier.’”1l Detailed
characterization of pMMO has been hampered by its
instability and by difficulties in purification. Some methano-
trophs can also express a second, soluble type of MMO
(sMMO) under conditions of low copper availability. sMMO
is much more stable and easier to purify, and has therefore
attracted considerable attention. The active site of sMMO
contains a non-heme diiron center and, in contrast to pMMO,
can accommodate a wide variety of hydrocarbon substrates
besides methane. Included are saturated and unsaturated,
linear, branched, and cyclic hydrocarbons up to about Cg, as
well as aromatic, heterocyclic, and chlorinated com-
pounds.” 17221 Because of this broad spectrum of oxidizable
substrates, methanotrophic bacteria can assist in bioremedia-
tion of the environment, such as in the removal of petroleum
products from beaches contaminated by oil tanker spillage.?’]
The efficient conversion of methane into methanol, the
signature reaction of MMOs, is also of commercial interest.
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methane methanol formaldehyde formate logical studies could guide
monooxygenase dehydrogenase dehydrogenase dehydrogenase

CH.+ 0, = ~~ CH,OH HCO —>= ~ HCOOH 7N €0 catalysts.

NADH NAD* H,0 NAD* NADH NAD* NADH Soluble MMO is a complex
three-component system (Fig-

Scheme 1. Metabolic pathway for methane oxidation in Methylococcus capsulatus (Bath).

A liquid derivative of natural gas would be more economical
to transport, an important consideration for the exploitation
of natural gas resources in remote areas. Whereas the
successful application of the MMO enzyme on an industrial
scale is doubtful, chemical insights gathered from enzymo-

ure 1).24?21 sMMO systems

carbon

the

development of better synthetic

iso-

assimilation lated from Methylococcus capsu-

latus (Bath) and Methylosinus

trichosporium OB3b have been

investigated extensively and two of their three component
proteins have been structurally characterized.”®3¥ Oxidation
of methane by dioxygen occurs at a carboxylate-bridged
diiron center located in the a subunit of the hydroxylase
protein MMOH, a 251-kDa a,f3,y, heterodimer. Electrons

-
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Figure 1. Schematic view of the three protein components that form the
soluble methane monooxygenase enzyme and their roles in catalysis. Only
one of two non-heme diiron centers in the MMOH dimer is depicted.

for this reaction are provided by a reductase protein, MMOR,
which oxidizes NADH and transfers its electrons to MMOH.
Efficient catalysis requires the presence of a third protein,
MMOB, which serves several regulatory roles.

An important reason for the scientific interest in sMMO is
its unique ability to oxidize the very stable C—H bond in
methane. This feat distinguishes sMMO from other mono-
oxygenase enzymes such as cytochrome P450.54 Cyto-
chrome P450 and sMMO represent two different solutions
to the problem of dioxygen activation for hydrocarbon
oxidation.l*! Cytochrome P450 enzymes activate dioxygen at
a cysteine-ligated Fe—porphyrin unit, whereas non-heme
diiron centers are employed by sMMO and related multi-
component monooxygenases. Similar carboxylate-bridged
dinuclear iron centers occur in other proteins, where they
perform a wide variety of functions. Included are the
reversible binding of O, in hemerythrin, formation of a stable
radical in class I ribonucleotide reductase, desaturation of
fatty acid chains by stearoyl-ACP A° desaturase, oxidation
and storage of iron in ferritin, and possibly dioxygen sensing
in the bacterial chemotaxis protein DerH.[ 3401 The diversity
of chemical reactivity displayed by non-heme diiron centers
rivals that of heme groups, and both often serve similar
functions in metalloproteins.’® Understanding the factors
that tune these iron centers to perform a specific function is of
fundamental importance.[*!]

Another aspect of sMMO catalysis that has attracted much
attention is the mechanism by which catalysis is regulated.
The activation of unreactive C—H bonds requires the gen-
eration of a potent activated oxygen intermediate, which
necessitates the tight regulation of electron, proton, and
substrate delivery. An important method of regulation
employed by multicomponent enzyme systems such as sMMO
is to separate physically the site of electron entry from the
site where molecular oxygen is reductively activated. In
addition, several more subtle types of regulation have been
identified.

Soluble MMO thus represents a wonderful system for
studying the fundamental chemistry of dioxygen activation

Angew. Chem. Int. Ed. 2001, 40, 2782 -2807

and of methane hydroxylation at the diiron site, as well as the
regulatory mechanisms employed by a multicomponent oxy-
genase, including long-range electron transfer. Both aspects of
MMO catalysis are discussed in this review. In Section 2, we
take a closer look at the three components of sSMMO with
emphasis on their structures. Section 3 presents key informa-
tion obtained by time-resolved spectroscopic techniques on
the nature of several catalytic intermediates, both for the
reductive activation of dioxygen and for electron transfer
from NADH through MMOR to MMOH. The mechanism of
substrate hydroxylation has been evaluated both with the use
of molecular reporter probes and by calculations at the
density functional theory (DFT) level (Section 4). Section 5
describes the role of component interactions in the regulation
of various aspects of catalysis. As we shall see, biological
methane oxidation is very much a tale of two irons and three
proteins.

2. Protein Components of Soluble Methane
Monooxygenase

The three protein components that form the soluble MMO
enzyme system, MMOH, MMOR, and MMOB, have been
characterized by a variety of kinetic, spectroscopic, and
structural techniques. Before we describe structures of these
components in more detail, some general features of sMMO
and related multicomponent oxygenases warrant discussion.

The hydroxylase enzyme MMOH is a 251-kDa dimer of
three subunits in an a,f,y, configuration (a, 60.6 kDa; f3,
45.0kDa; vy, 19.8kDa).?*2! Each « subunit contains a
carboxylate- and hydroxo-bridged dinuclear iron center,
where dioxygen activation and methane hydroxylation occur.
MMOR is a 38.5-kDa iron—sulfur flavoprotein that shuttles
electrons from NADH through its flavin adenine dinucleotide
(FAD) and [2Fe—2S] cofactors to the hydroxylase active
site.?” 42 ¥ MMOB (15.9 kDa) contains no prosthetic groups
and modulates MMO reactivity by forming specific com-
plexes with the hydroxylase that indirectly affect the structure
and reactivity of the diiron site.?*2* %9 In M. trichospori-
um OB3b, MMOH, MMOB, and MMOR represent 12, 0.5,
and 0.1-0.3 wt %, respectively, of soluble protein in a cell-
free extract prepared under low copper concentrations.
Therefore, on a molar basis, approximately equivalent con-
centrations of MMOH and MMOB are present in the cell,
whereas the reductase concentration is only 10 % that of the
other components.?! Similar results have been reported for
soluble cell extracts from Methylocystis sp. strain WI14.051

The genes encoding the sMMO proteins of M. capsulatus
(Bath),P>>4 M. trichosporium OB3b,B% 3381 Methylocystis sp.
strain M7l Methylocystis sp. strain WI14,51 and Methylomo-
nas sp. strains KSPIII and KSWIII have been identified and
sequenced.’®! These genes are clustered on a 5.5-kb operon,
comprising mmoX, mmoY, mmoB, mmoZ, orfY, and mmoC,
which code, respectively, for MMOH,, MMOH;, MMOB,
MMOH,, a protein of unidentified function (OrfY, 12 kDa),
and MMOR (Figure 2). Expression in M. capsulatus (Bath) is
controlled by a single ¢’’-dependent, copper-regulated pro-
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Figure 2. Organization of the sMMO operon (A) and operons of related
multicomponent monooxygenases (B,C). Arrangement B occurs for phe-
nol hydroxylase and benzene/toluene-2-monooxygenase, whereas arrange-
ment C is found for toluene-3-monooxygenase, toluene-4-monooxygenase,
and Xanthobacter alkene monooxygenase. The components are encoded as
follows: a, B, and y: hydroxylase (or epoxidase) subunits; B: coupling
protein; Red: reductase; Fd: ferredoxin; orf: open reading frame (DmpK
protein in phenol hydroxylase). Reprinted with permission from ref. [54].
Copyright (2000) Blackwell Science.

moter located upstream of the mmoX gene, such that in the
native bacterium the sMMO system is produced only under
conditions of low copper concentration.’! Transcription of
the M. trichosporium OB3b sMMO genes is directed from a
o-like promoter upstream of mmoX and a ¢”’-like promoter
located in the intercistronic region between mmoX and
mm 0Y.[59, 60]

Amino acid sequences of these six sets of SMMO proteins
are universally conserved as follows: MMOH,, 73.6%;
MMOH;, 46.8%; MMOB, 55.6%; MMOH,, 35.7%; OrtY,
19.4%; and MMOR, 374%. The function of OrfY has
remained unclear; the protein has not been isolated from
any of the native organisms and exhibits no significant
homology with other known proteins.’* ¢l Although the
overall percent identity for the putative OrfY products is
fairly low (19.4 %), there is a central region with a significantly
greater number of conserved residues (44.4 % ). Very recently
we have expressed OrfY from M. capsulatus (Bath) in E. coli.
In contrast to an earlier report,l'l Western blot analysis of
M. capsulatus (Bath) soluble cell extracts with an antibody to
OrfY clearly showed the presence of the OrfY protein, albeit
at much lower levels than that of MMOH (1-2%). Re-
combinant OrfY inhibits the MMO-catalyzed epoxidation of
propene, probably by binding directly to MMOH.[2 These
results clearly suggest that OrfY plays a functional role in the
sMMO system. One possibility is that the protein participates
in the assembly of the hydroxylase diiron centers, a function
assigned to a protein of similar size but no apparent sequence
homology, DmpK, in the related phenol hydroxylase from
Pseudomonas sp. CF600.1%] Despite our new evidence for a
fourth component, the title of this review is still appropriate,
for we have no reason at present to suspect that OrfY
functions in SMMO catalysis.

Several monooxygenases, including benzene/toluene-2-
monooxygenase,[™ toluene-3-monooxygenase,[® %! toluene-
4-monooxygenase,[7 phenol hydroxylase,”'4 and alkene
monooxygenase,[ are quite similar to sMMO. All of these
protein systems contain a hydroxylase with two or three
subunits housing a non-heme carboxylate-bridged diiron
center, a reductase, and a coupling protein. In addition,
dioxygen is the oxidant in each of the hydroxylation or
epoxidation reactions they catalyze. Sequence alignments
demonstrate that many amino acid residues are highly
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conserved across this set of proteins, especially at the diiron
active site of the hydroxylase o subunit.[3* 6 688082 SMMO 1is
thus far the best studied member of these oxygenases.
High-yield recombinant expression systems have been
developed for both MMOB and, more recently, MMOR in
E. coli.31: 54 61.83. 84 The ability to express MMOR in high yield
is particularly important for structural studies because only
small amounts of this protein can be isolated from the native
organism. Recombinant expression of MMOH has proved to
be more challenging. MMOH expressed in E. coli does not
fold properly, which results in the formation of inclusion
bodies.' 33 Plasmids carrying the M. trichosporium OB3b
MMOH genes yield active enzyme when expressed in certain
strains of Pseudomonas or in native M. trichosporium OB3b
cells in which the chromosomal copy of the mmoX gene has
been disrupted.®*®! Purification and characterization of
recombinant MMOH and mutant MMOH proteins from
these expression systems have not been reported, however.

2.1. MMOH

Although all three components of sMMO are necessary for
efficient catalysis, MMOH alone can activate dioxygen and
hydroxylate various hydrocarbons in the absence of the other
components when it is chemically reduced to the diferrous
state.?* 3 Therefore, the chemistry of dioxygen activation and
substrate hydroxylation takes place at the diiron centers in the
o subunits of MMOH. Much effort has been devoted to the
characterization of the structural features of the diiron site in
its various oxidation states and in the transient intermediates
of the dioxygen activation reaction. In this section we first
present the most important structural insights gained from
spectroscopic studies. This discussion is followed by an
examination of X-ray crystal structure determinations of
MMOH in a variety of crystal forms, oxidation states, and
substrate analogue and product complexes, which together
provide insight into the dynamics of the MMOH active site.

2.1.1. Spectroscopic Characterization of MMOH

The diiron center of MMOH has been thoroughly charac-
terized by a variety of spectroscopic techniques including
EXAFS’[‘)O—‘)S] EPR’[44, 46, 47, 92, 96-100] ENDOR/ESEEM,[47’ 99, 101-107]
optical,?* %2 MCD,108-110] and Maossbauer tech-
niques.?* 4% 3. 92,111 The spectroscopic properties of non-heme
iron sites in enzymes, including those of MMOH, have
recently been reviewed.?” Here we focus on studies most
relevant to enzyme catalysis (see Table 1).

The diiron site of MMOH can exist in three stable oxidation
states, Fe"Fe™ (MMOH,,), Fe"Fe' (MMOH,,,), and Fe"Fe"
(MMOH,.y). In MMOH,,, the high-spin ferric irons are
antiferromagnetically coupled to form a diamagnetic ground
state that is EPR silent.’> % 1111121 Unlike hemerythrin,
ribonucleotide reductase, and stearoyl-ACP A° desaturase,
proteins that have a bridging oxo group in the diferric
oxidation state,[?* 81 113116 antiferromagnetic spin exchange in
MMOH,, is mediated by more weakly coupling bridging
ligands. EXAFS studies of MMOH,, showed no evidence for

Angew. Chem. Int. Ed. 2001, 40, 2782 -2807
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Table 1. Spectroscopic properties of MMO hydroxylase (H) in the presence and absence of MMOB (B).

Sourcel? EPR/ENDOR Maossbauer EXAFS
EPR g values Hyperfine coupling J O0(Fel) AEg(Fel) O(Fe2) AEg(Fe2) Fe—Fe distance Other distances
[em ] [mms™'] [mms™'] [mms™'] [mms]
H,, MCB 1.94,1.87,1.72 0.51 1.12 0.50 0.79 3.42 Alnl 1st O/N shell at
1.82, 1.77, 1.68><I 0.72[n0l 14601 (4700l 1,330l 2.06-2.09 A
H,, MTO 1.94, 1.86, 1.79 — 7431 0.511 1.16l1 0.5011 0.8711 60% 3.01 A 2 O/N at 1.96 A
1.85, 1.75, 1.7 40% 3.36 Al 30/N at2.09 A
H,+B MCB 194,186,179 3.39 Al same as MMOH,,

1.82,1.77, 1.680¢
H,+B MTO 197,186,175
1.90, 1.79, 1.5911
H,, MCB 194,187,172  14-30 MHz (u-OH) — 321
8 MHz (FeOHy))l!
MTO  1.94,1.86, 17541 13-23 MHz (u-OH) —30&  0.4800
8 MHz (FeOH )¢

H

my

H,,+B MCB 1.88,1.77, 1.63

H,,+B MTO 1.86, 1.77, 1.62!tl — 5lel
H,q MCB 15 1.3lmel
H,.q MTO 16ltel 0.350m] 1.31tn)
H,.,+B MTO 16 (sharper than

Hred)[gh]

same as MMOH,,[4!
3.42 Alvrsl

—1.3[pd] 1.19(p] 2.4l

2.8l 1 3lmol D glnol no Fe—Fe scattering("*!
300l 30l 7l

[a] MCB: Methylococcus capsulatus (Bath); MTO: Methylosinus trichosporium OB3b. [b] EPR parameters for cryogenically reduced MMOH,, species.
[c] Ref. [100]. [d] Ref. [98]. [e] Ref. [111]. [f] Ref. [47]. [g] Ref. [44]. [h] Ref. [92]. [i] Ref. [46]. [j] Ref. [102]. [k] Ref. [103]. [I] Values are reported using the
convention H=—2JS,S,. [m] Ref. [97]. [n] Measured at 4 K. [o] Ref. [S0]. [p] Measured at 150 K. [q] Ref. [94]. [r] Ref. [93]. [s] Ref. [91].

short 1.75-1.80 A Fe—O bonds characteristic of {Fe,-
(u-0x0)}** units, and optical spectra similarly lacked absor-
bances at 350 and 500 — 600 nm that are typical of oxo-bridged
diferric complexes.[?* 3% 91 %4 Analysis of one-electron reduced
analogues of MMOH,,, obtained after cryoreduction of
frozen MMOH,, samples by vy-irradiation, has allowed
characterization of small molecule-bound and protein com-
ponent-bound forms of MMOH,, by EPR spectrosco-
py.[%8: 100, 171181 Thege studies demonstrate that the diiron site
of MMOH,, is affected by binding of MMOB but not of
MMOR. Product alcohols such as methanol and phenol bind
to the dimetallic center, whereas glycerol and DMSO, an
inhibitor, bind only in the presence of MMOB. Binding of
phenol to MMOH,, has also been observed by resonance
Raman spectroscopy.!'!’)

Structural studies of the mixed-valent oxidation state are of
limited direct relevance to the catalytic mechanism, because
MMOH,,, does not react with dioxygen. Moreover, two-
electron transfer to MMOH,, is favored in the ternary
MMOH-MMOB-MMOR  complex.[>#:% 1201 Antiferro-
magnetic coupling between high-spin Fe! and high-spin Fe!!
results in an S = 1/2 ground state, which gives rise to a rhombic
EPR spectrum with g<2.47% 121 Advanced pulsed EPR
techniques have been used to study the binding of substrate/
product-like small molecules to the diiron center in MMOH,,,
and to monitor the effects of component interactions on its
structure. Signals corresponding to a bridging hydroxo group
and water or hydroxide ion bound at a terminal position have
been identified with ENDOR/ESEEM spectroscopy.!'-10
Hyperfine couplings between the diiron center and *H- and
BC-labeled DMSO, '*C-labeled MeOH, and acetate reveal

that all three molecules bind directly to the diiron cen-
ter.[99. 101, 106]

Angew. Chem. Int. Ed. 2001, 40, 2782 -2807

Maossbauer spectroscopy demonstrates that both iron atoms
are high-spin ferrous and weakly ferromagnetically coupled in
the reduced diiron(i) oxidation state.[*>°> ] The resulting
integer spin system has a low-lying doublet that is split in zero
applied field by an energy with an average value in the
microwave range, giving rise to a very characteristic EPR
absorption around g=16.%105181 The ¢=16 signal of
MMOH,., has proved to be very useful for monitoring the
reaction of MMOH, .4 with O, (see Section 3). MCD spectra
are consistent with the presence of two five-coordinate,
square-pyramidal ferrous centers.'*''1 MMOB binding af-
fects primarily the coordination geometry of one of the two Fe
atoms. In contrast to MMOH,,, substrate/product-like mol-
ecules such as MeOH, DMSO, and MeCN do not seem to bind
to MMOH, 4. Products such as MeOH and phenol that bind
to MMOH,, are thus released when MMOH,(, is reduced to
MMOH,., which facilitates substrate binding in the next
catalytic cycle.

2.1.2. Crystal Structures of MMOH

The crystal structure of MMOH,, from M. capsulatus
(Bath), reported in 1993, provided the first high-resolution
view of the MMOH protein structure and the details of its
diiron site.”® I The elucidation of the MMOH structure laid
the foundation for much of our current knowledge about
transient intermediates in the activation of dioxygen, allowed
for the calibration of theoretical calculations on MMOH, and
suggested modes for substrate access and component inter-
actions. Since then, crystal structures of MMOH have been
reported for MMOH,, from M. trichosporium OB3b,*! and
for MMOH from M. capsulatus (Bath) in different crystal
forms, oxidation states, and in the presence of various
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substrates and products.l?® 233 1211123 Taple 2 lists 19 MMOH
samples for which structures have been crystallographically
determined. Since the two afy protomers from the M. cap-
sulatus (Bath) crystals are not related by crystallographic
symmetry, the 17 M. capsulatus (Bath) structures represent a
collection of 34 independent active site geometries. Such a
collection of structures of the same protein provides impor-
tant information about the flexibility of amino acid side chains
at the active site. These structures reveal conformational
changes that may occur during catalysis and its regulation.
Rather than describing all of these structures in detail, we
focus here on their common features and discuss differences
that may be relevant to MMOH function. In general, the
global conformation of the protein remains unperturbed
among the various forms of MMOH, with changes concen-
trated at the diiron center and a few residues at or near the
active site. We restrict our discussion to structures obtained
for MMOH from M. capsulatus (Bath), but the M. trichospor-
ium OB3b active site geometry and overall protein structure
are quite similar.

The architecture of MMOH is that of a heart-shaped
0,05y, dimer (Figure 3) and consists almost entirely of a-
helical secondary structure. The subunits are arranged as two
afy protomers that are related by a noncrystallographic,
twofold symmetry axis. Extensive helical contacts between
the o and 3 subunits of each protomer are responsible for
dimer formation. At the interface between each of the
monomers, a canyon region with dimensions of approximately
80 A x40 A x 20 A is formed. The y subunits flank the two
sides of the hydroxylase and are not involved in dimer
formation.

The diiron centers reside in four-helix bundles that are
formed by helices B, C, E, and F in the core of the a subunit
(Figure 3). Helices B and E each contribute a glutamate
residue (Glu114, Glu209) to the diiron center, whereas
helices C and F each donate two iron-coordinating residues in
the form of a Glu-Xxx-Xxx-His motif. The remainder of the
coordination sphere is occupied by solvent-derived ligands.

Table 2. Crystal structures of MMOH.

F1aa

Figure 3. Three structural levels in MMOH from M. capsulatus (Bath).
Top: Overall fold of MMOH with the twofold symmetry axis running
vertically. a.: purple; : red; y: green. Middle: ribbon diagram of four-helix
bundle with Glu (E) and His (H) ligands depicted in ball-and-stick form.
Bottom: ball-and-stick model of the diiron center in MMOH,,. This figure
was produced with the programs Molmol,”'l Molscript,?*?l and Ras-
ter3d.1%

Very similar structures occur in other enzymes that use a
carboxylate-bridged diiron center to activate dioxygen, in-
cluding the R2 subunit of class I ribonucleotide reductase and
stearoyl-ACP A’ desaturase.[l13 124 129]

Speciesl Redox statel®! Experimental conditions Crystal form Resolution [A] PDB reference
MCB ox 277K Form I 2.20 1IMMOPR]
MCB ox 113K Form I 1.70 pending?
MCB 0x 100 K Form II 1.96 1FZ13
MCB red 100 K Form I 1.70 IMTY!22
MCB red reduced in crystal, 100 K Form 11 2.15 1FYZP]
MCB red grown from MMOH,,, 100 K Form 11 2.40 1FZ53)
MCB mv reduced in crystal, 100 K Form 11 2.15 1FZ23
MCB mv grown from MMOH,,,,, 100 K Form 11 2.07 1FZ0
MCB ox methanol soaked, 100 K Form 11 2.05 1FZ6123]
MCB ox ethanol soaked, 100 K Form 11 1.96 1FZ7023)
MCB ox DMSO soaked, 100 K Form I 1.70 pending!??¥
MCB ox 100 K, xenon pressurized Form I 3.30 1FZ1?]
MCB ox 100 K, xenon pressurized Form 11 2.60 1FZH!*)
MCB ox dibromomethane grown, 100 K Form 11 2.10 1FZ811»
MCB ox iodoethane grown, 100 K Form II 2.30 1FZ9119)
MCB ox pH 8.5 soaked, 100 K Form 11 2.38 1FZ43
MCB ox pH 6.2 soaked, 100 K Form II 2.03 1FZ33
MTO ox 291 K Form I 2.00 IMHYP
MTO ox 291 K Form II 2.70 1MHZB

[a] MCB: Methylococcus capsulatus (Bath); MTO: Methylosinus trichosporium OB3b. [b] Oxidation states: ox, Fe"Fe!l; red, Fe'Fe''; mv, Fe"Fe!l.
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Figure 4 illustrates the diiron center geometries as they
appear in crystallographically characterized forms of MMOH.
In all MMOH,, structures (Figure 4 A-D), both iron atoms
have distorted octahedral environments. Fel is invariably
coordinated by His 147, monodentate Glu114, and a terminal
water molecule, while Fe2 is coordinated by His246 and
monodentate Glu209 and Glu243. Flexibility occurs in the
positioning of Glu243, which can form hydrogen bonds to the
bridging hydroxide ion or to the terminal water coordinated
to Fe 1. The iron atoms are bridged by Glu144 (unsymmetri-
cally), a hydroxide ion, and a third ligand. The identity of the
third bridging ligand, and with it the Fe—Fe distance, is
variable. Bridging water,*! hydroxide,?! H;0,,*¥ acetate,*®!
and formateP¥ groups have all been reported in this third
position, depending on crystal form, protomer, species, and
temperature of data collection. Different ligands can even
occupy this bridging position for two protomers in the
same molecule of MMOH, indicating that subtle conforma-
tional differences between the two protomers can affect the
binding affinity of this site. Such flexibility is consistent with
this site being the locus of dioxygen activation and methane
hydroxylation,” a hypothesis supported recently by the
finding that both MeOH and EtOH bind at this position
(Figure 41-7).0%

Significant changes occur at the diiron center upon
reduction to the diferrous state.’® >33 The most notable
change is in Glu243, which undergoes a carboxylate shift that
displaces the bridging hydroxide ion and forms a bidentate
chelating interaction with Fe2 and a single bond to Fel
(Figure 4E, F). A similar carboxylate bridging mode has
recently been observed for the corresponding diferrous
centers of D84E and azide-soaked F208 A/Y122F mutants of
the R2 protein of ribonucleotide reductase.l'?>'?1 Some
variability is observed for the water/hydroxide ligand that
occupies the bridging site distal to the two histidine residues,
the coordination of which can change from symmetric to
weak, asymmetric binding. The distance between the Glu144
oxygen atom and Fe2 decreases from 2.6 A to 2.3 A, thereby
shifting the carboxylate coordination mode of this ligand from
semi-bridging in MMOH,, to bridging in MMOH,,.

Based on these structures, dioxygen binding most likely
occurs by substitution of the weakly coordinating bridging
water molecule distal to the histidines. This site directly faces
a hydrophobic cavity adjacent to the diiron center. It should
be remembered, however, that MMOH,, is not very reactive
in the absence of MMOB,®! and that the geometry of the
MMOH,, active site that reacts with O, may differ from that
seen in any of the crystal structures.

The diiron centers in MMOH,,, and MMOHy,,50, formed
by soaking MMOH,, crystals with the inhibitor DMSO
(10 Vol. %), are similar and severely distorted compared to
those of MMOH,, and MMOH, ; (Figure 4G, H).?>31 Al-
though neither structure is directly relevant to MMO catalysis,
they provide additional insight into the geometric variability
that is possible for the carboxylate-bridged diiron centers in
MMOH. In both structures the coordination at Fe 1 remains
unperturbed, whereas that of Fe?2 differs markedly, with Fe2
moving 1A perpendicular to the Fe—Fe vector. In the
MMOH,,, structure, Fe2 is four coordinate, with Glu209,

Angew. Chem. Int. Ed. 2001, 40, 2782 -2807

Glu243, His246, and 4-OH serving as monodentate ligands.
Bidentate coordination of Glu243 and the coordination of a
terminal water molecule afford octahedral geometry at Fe2 in
MMOHs0-

A recurring observation is that the coordination environ-
ment at Fe2 is much more flexible than that at Fel.
Comparison of individual B factors reveals considerably more
thermal motion at Fe 2, and recent work indicates that, under
certain conditions, Fe2 is bound less tightly than Fe 1.3 We
therefore conclude that Fe 2 is most likely the iron atom that is
more affected by MMOB binding. As argued previously from
CD/MCD data,l'%-'1%l only one of the two iron atoms is
significantly affected when the coupling protein interacts with
the hydroxylase. MM OB may affect the conformation of Fe2
by altering the conformation of the surface-exposed helices E
and F, which contain all of the amino acids (Glu243, His246,
and Glu209) that coordinate to Fe2.

The MMOH protein serves not only to supply ligands for
the two iron atoms. In order for chemistry to occur at the
diiron center, electrons, dioxygen, and hydrocarbon substrates
all need to be provided through processes that are tightly
regulated. A sequence alignment analysis of sMMOs, toluene
monooxygenases, alkene monooxygenases, and phenol hy-
droxylases reveals a universally conserved hydrogen-bonding
network extending outward from the diiron site to the
hydroxylase surface.’* This network includes the iron-coor-
dinating histidine residues as well as Tyr67 and Lys74 at the
protein exterior on helix A in the MMOH canyon and located
~10 A from the diiron site (Figure 5). A similar hydrogen
bonding network is present in the R2 protein of ribonucleo-
tide reductase, where it is proposed to be involved in electron
transfer.['8! It is possible that electron injection into MMOH
from MMOR occurs along this pathway.

The MMO active site contains a hydrophobic substrate-
binding pocket at a site distal to the histidines with a volume
of approximately 185 A3. This pocket favors the binding of
hydrophobic guests, such as methane and dioxygen. Several
possibilities have been considered for substrate entry into and
product egress from the active site cavity.'?> 1%l The shortest
and most direct route for substrate entry into the cavity is
through a gap between helices E and F. Conformational
changes in these helices, altered side-chain rotamer confor-
mations due to normal protein breathing, or MMOB binding
may potentially allow substrate to “wiggle” its way into the
active site. A comparison of the structures of MMOH,, and
MMOH,4 does reveal slight conformational differences for
these helices.?’!

A different mode of entry for substrates into the active site
would involve a series of movements through some of the five
hydrophobic cavities identified in the o subunit (Figure 6). A
potential route would traverse cavities 3 and 2 running from
the surface of the protein through the hydrophobic core of the
a subunit to active site cavity 1.5% 122 Crystallographic studies
with xenon-pressurized form I and form I MMOH,, crystals
revealed localization of ordered Xe in cavity 2.1l Because
the van der Waals radius of Xe is almost identical to that of
methane (~2.15 A), its binding in cavity 2 indicates that the
buried hydrophobic pockets of the o subunit should be
accessible to the natural substrate. Leu110, which acts as a
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Figure 4. Coordination geometries for the diiron center of MMOH in various states: A) MMOH,,, form I at 160 K; B) MMOH,,, form I at 277 K
C) MMOH,,, form II; D) MMOH,, from M. trichosporium OB3b, form I; E) MMOH,., form I; F) MMOH, ., form II; G) MMOH,,,; H) MMOH,, soaked

in 10% DMSO; 1) MMOH,, soaked in 1M MeOH; J) MMOH,, soaked in 1M EtOH. All structures are for the enzyme from M. capsulatus (Bath), except (D)
which is from M. trichosporium OB3b. The amino acid numbering for all structures is that of the enzyme from M. capsulatus (Bath). Dashed lines represent
Angew. Chem. Int. Ed. 2001, 40, 2782-2807

hydrogen bonds or very weak Fe—O interactions
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Figure 5. Structure of MMOH showing the hydrogen-bonding network of
conserved residues that are proposed to be involved in electron transfer.
The network extends from the two iron-coordinating histidines to the
surface residues Tyr67 (Y67) and Lys74 (K74). This figure was produced
with the programs Molscript and Raster3d.[?> 23] Reprinted with permis-
sion from ref. [234]. Copyright (2001) Wiley.
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Figure 6. Ribbon diagram of MMOH a subunit showing five hydrophobic
pockets that may be involved in substrate binding and transport to the
active site. The figure was generated with the program O.’®! Reprinted
with permission from ref. [122]. Copyright (1997) Wiley-Liss.

barrier between cavities 1 and 2, shifts from a “closed” to an
“open” position upon reduction of MMOH in crystal form I
(Figure 7). Only the opened rotamer is observed in the
reduced and oxidized structures of form II MMOH from
M. capsulatus (Bath), however.’> 122l Another conserved

Figure 7. A closer look at the MMOH active site. Two conformations
(“closed” in blue, “open” in gray) are depicted for Leu 110, which may act
as a gate that separates the hydrophobic cavities 1 and 2 (shown in yellow).
This figure was produced with the programs Molscript and Raster3d.13> 23]

Angew. Chem. Int. Ed. 2001, 40, 2782 -2807

residue that adopts different conformations is Asn214. The
side chain of Asn214 points outward to the solvent in
MMOH,,, but is oriented inward toward the diiron site in
all MMOH,, structures.?* This residue may therefore help to
mediate the effects of MMOB on the redox properties of
MMOH. Events such as reduction of the diiron center or
binding of the other MMO components may control the
conformation of Leu 110 and other residues in order to “gate”
the entry of substrate or solvent into the active site. Such a
“leucine gate” was originally proposed to regulate access of
O, to the diiron center in hemerythrin,!** 31 but recent
studies are more consistent with a role for Leu98 in gating
access of solvent and not O,.[13% 133

2.2. MMOB

Addition of MMOB to the other sMMO components
affects both the rate and the regioselectivity of hydroxylase-
catalyzed reactions as well as the redox potentials of the
MMOH diiron center (see Section 5 for additional discus-
sion).[2 24 #4-46,48-50, 1341 - Similar effector proteins occur in
other multicomponent monooxygenases such as toluene,
phenol, and alkene monooxygenase.’* 131 A variety of
spectroscopic techniques suggest that MMOB exerts its
effects on MMOH by binding in the vicinity of the diiron
site and slightly altering its structure.[* 4693 98,100, 108-110] Dye.
tails of how the small, cofactorless MMOB protein regulates
various aspects of MMO catalysis remain enigmatic. The
recent elucidation of the three-dimensional structure of
MMOB by NMR spectroscopy has yielded important geo-
metric insights into the possible nature of the MMOH-
MMOB interaction, however, and provides a good starting
point for further studies of the mechanism of regulation by
MMOB.

The structures of MMOB from both M. capsulatus (Bath)
and M. trichosporium OB3b (Figure 8) have been solved by
NMR spectroscopy, with average backbone root-mean square
deviation (RMSD) values for the protein core of 0.46 A and
1.1 A, respectively.®! 3 The core of MMOB, residues 35—127
in M. capsulatus (Bath), consists of seven [} strands arranged
into two antiparallel 3 sheets oriented almost perpendicular to
each other (Figure 8 A). Three o helices bridge the cleft

\\'.

£ o

2y

Figure 8. Ribbon diagrams of MMOB structures from A) M. capsulatus
(Bath) (File in the protein data bank (PDB): 1CKV) and B) M. tricho-
sporium OB3b (File in the PDB: 2MOB). This figure was produced with
the programs Molscript and Raster3d.[?3> 23
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between the two f3 sheets to create the globular core of the
protein. The first 35 and the last 12 amino acids of MMOB are
not well defined in the NMR structure, but NMR and CD
experiments suggest that a part of the N terminus may form a
helical structure." 32 %1 Proteolytic cleavage in the N-termi-
nal region completely inactivates MMOB.[83 134 13¢]

Structures have been determined by NMR spectroscopy for
effector proteins of two other multicomponent hydroxylases,
P2 in phenol hydroxylase from Pseudomonas sp. CF600 and
T4moD in toluene-4-monooxygenase from Pseudomonas
mendocina.l'* 3] The secondary structures of both effector
proteins are similar to those found in MMOB, and the tertiary
structure of T4moD is similar to that of MMOB from
M. capsulatus (Bath) as well. Differences between MMOB
and P2, which has a flatter structure with a “doughnut hole” in
the center of the protein, may be explained by a lack of
constraints in the latter structure, as indicated by a backbone
RMSD of 2.48 A. In addition, whereas NMR spectroscopy
indicates that P2 interacts with substrate, such interactions
have not been observed for MMOB.B 1371

NMR experiments with MMOB in the presence of the
hydroxylase have identified several conserved surface resi-
dues that may be involved in binding to the larger hydroxylase
protein.[”l Mapping those residues that show line-broadened
NMR signals in the presence of MMOH onto the three-
dimensional structure of MMOB indicates that most are
located on the side of the protein that also contains the
conserved residues E53, E94, 1.96, G97, F100, and D108
(Figure 9). Both the N and C termini extend from the other
side of MMOB. In addition, NMR signals of a highly
conserved region at the N terminus, residues22-26, also
experience line broadening at 25 °C. These results suggest that
the lower half of MMOB is buried in some region of the
hydroxylase, presumably the “canyon”, whereas the upper

Figure 9. A surface diagram model for docking of MMOB (top) into the
canyon of MMOH (bottom). Residues on MM OB that are most affected by
binding to MMOH are colored blue and those least affected are colored
red. For clarity, MMOB has been translated away from its proposed
docking site on the surface of the hydroxylase and rotated clockwise about
the y-axis by 90° to expose the residues on the “lower” half of MMOB most
affected by MMOH binding. This figure was produced with the program
Grasp.1?**] Reprinted with permission from ref. [32]. Copyright (1999)
National Academy of Sciences.
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half remains exposed to solvent. Interaction of the N terminus
with surface residues of MMOH may explain the line
broadening observed for residues 22 —26.12% 3331 This model
is consistent with results from chemical cross-linking experi-
ments that show MMOB interacting with the a subunit of
MMOH.#

2.3. MMOR

MMOR is the one MMO component for which no three-
dimensional structure has yet been determined. MMOR
contains one [2Fe—2S] cluster and one FAD cofactor, which
both facilitate electron transfer from NADH to
MMOH.[2425.27.42,43.138.139] [ the absence of MMOH, the
protein can transfer electrons from NADH to a variety of
electron acceptors, including K;[Fe(CN)y] and 2,6-dichloro-
indophenol (2,6-dichloro-N-(4-hydroxyphenyl)-1,4-benzoqui-
nonimine), or it can reduce O, to hydrogen peroxide.?” 138!

The [2Fe—2S] cluster is located in the N-terminal portion of
MMOR and exhibits significant sequence homology with
ferredoxins of plants, cyanobacteria, and archaebacteria.”® Its
optical,?? ¥l EPR,[43.47. 138, 1401 and Mossbauer®”) spectra are
typical of those found for other [2Fe—2S]-type ferredoxins.
The FAD cofactor is located in the C-terminal domain of
MMOR, as is the NADH binding region. Upon one-electron
reduction of the FAD cofactor, optical bands at 590 and
650 nm appear that are characteristic of a neutral semi-
quinone radical intermediate.?> 2484 The redox potentials
of the MMOR cofactors are such that electron transfer in
the physiological direction is favored: NADH(E” =
—320mV) — FAD (E” = — 266/ — 176 mV) —[2Fe—2S] (E* =
—209 mV) - MMOH (E* ~+ 100 mV for ternary MMOH -
MMOB-MMOR complex). [ 42, 45.84,120. 140l The MMOR
redox potentials are not significantly affected by the presence
of MMOH or MMOB.[*4

In the absence of a high-resolution structure for MMOR,
some structural insights may be gleaned from the X-ray
diffraction results for related proteins, phthalate dioxygenase
reductase (PDR) (Figure 10) and a complex between maize
leaf [2Fe—2S] ferredoxin (Fd) and FA—-NADP* oxidoreduc-
tase (FNR).[4-143] [ ike MMOR, PDR shuttles electrons from
NADH through flavin and [2Fe—2S] cofactors to an iron-
containing oxygenase. The organization of the flavin and
[2Fe—2S] domains is reversed, however, and PDR uses a flavin
mononucleotide (FMN) instead of FAD.*!] In PDR, the
[2Fe—2S]- and NADH-binding domains adopt the shape of a
kidney bean, with the isoalloxazine group of FMN optimally
positioned in the central cleft to mediate electron transfer
from NADH to the [2Fe—2S] center. The distance between
the closest Fe of the [2Fe—2S] center and the 8-methyl group
of FMN is only 7.2 A.

[*] The MMOR potentials listed are the ones most recently determined in
our laboratory for the recombinant protein.*¥ Similar values have been
reported previously for native MMOR .2 140 Al potentials are relative to
the normal hydrogen electrode.

Angew. Chem. Int. Ed. 2001, 40, 2782 -2807



Soluble Methane Monooxygenase

REVIEWS

Figure 10. Ribbon diagram representation of the crystal structure of
phthalate dioxygenase reductase showing the [2Fe—2S] and FMN cofactors
in ball-and-stick representation (File in the PDB: 2PIA). The [2Fe—2S],
FMN, and NADH-binding domains are colored in green, purple, and blue,
respectively.'*! This figure was produced with the programs Molscript and
Raster3d.?22%

The complex between maize leaf [2Fe—2S] ferredoxin and
Fd—NADP™" oxidoreductase functions like MMOR and PDR,
but the ferredoxin and flavin/NADP* binding parts are
separate proteins instead of domains of the same protein. The
overall folds of both proteins in this complex are similar to
those of the corresponding domains in PDR, which indicates a
common electron transfer pathway that is likely to exist in
MMOR as well. One difference between the Fd—FNR
complex and PDR is the orientation of the ferredoxin domain,
which is rotated by about 180° around the axis from the closest
Fe of the [2Fe—2S] center and the 8-methyl group of the flavin
cofactor. It remains to be established which orientation is
present in MMOR, but both result in approximately the same
distance between the [2Fe—2S] center and the flavin cofactor.

3. Snapshots of the Catalytic Cycle

Knowing the three-dimensional structure of every inter-
mediate on the enzymatic pathway is an enzymologist’s
ultimate dream, because it would allow a molecular movie to
be compiled that illustrates how the enzyme works. The

NADH

NADH NADH
EFAD K3=38pv FAD K, =350 &1 EFAD k=190 51
[2Fe-25]2* [2Fe-2S]2* [2Fe-2S]2*

MMOR o MCH CT1

Scheme 2. Intermediates formed upon reaction of MMOR, with NADH.
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multicomponent nature of the MMO system makes the
application of time-resolved crystallography difficult,'* but
time-resolved spectroscopic techniques have been remark-
ably successful in identifying and characterizing several
intermediates in the catalytic cycle of MMO.[7 30 145-148] Ty
aspects of MMO catalysis have been studied by using time-
resolved spectroscopy, the MMOR-promoted reduction of the
diiron center by NADH and the dioxygen-activation and
methane-hydroxylation steps at the MMOH diiron center.

3.1. Electron Transfer from NADH through MMOR to
the Diiron Center in MMOH

Soluble methane monooxygenases employ a sophisticated
electron transfer system with NADH-oxidizing and methane-
hydroxylating sites on two separate proteins. This physical
separation limits futile cycles whereby only NADH rather
than NADH and methane are oxidized. Related systems
can be found in bacterial monooxygenases, dioxygenases,
and photosynthetic and respiratory electron transport
chains.3 3+ 1491511 Understanding all aspects of electron trans-
fer within the MMO system and its regulation by component
interactions may prove to be complex. Nonetheless, some
intermediates of both the intramolecular (reduction of
MMOR by NADH) and intermolecular (reduction of
MMOH by MMOR) electron transfer steps have been
identified by using stopped-flow optical spectroscopy.?” 1]

Scheme 2 depicts intermediates that form during the
reaction of MMOR,, with NADH.[?” 8 The first observable
intermediate, termed CT1, is assigned as a charge-transfer
complex between the nicotinamide moiety of NADH and the
isoalloxazine ring of FAD. The rate of formation of CT1
becomes saturated as the concentration of NADH is in-
creased, which indicates that NADH binding occurs in two
steps. The initial Michaelis complex (MC1) is spectroscopi-
cally silent. A second charge-transfer intermediate, CT2,
forms upon hydride transfer from NADH to FAD. CT2 has a
more intense and lower energy absorbance band than CT1,
because the m-stacking interaction now occurs between the
NADT cation and the FADH™ anion. Release of NAD™ and
partial electron transfer from FADH- to [2Fe—2S],, are
observed to occur simultaneously. This single-electron trans-
fer step yields a flavin semiquinone and [2Fe—2S],4.

When NADH is mixed with a 1:1 complex of MMOH,, and
MMOR,,, the early steps of NADH binding to MMOR and
hydride transfer are largely unchanged.’”? NAD* release and
electron transfer from FADH™ proceed at rates similar to
those seen for MMOR alone, although this state comprises a
mixture of complexes with two electrons in MMOR and
complexes with one electron in MMOR and the other

EFADH‘
[2Fe-2S]2*

+

CT2 SQ
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electron in MMOH. Further electron-transfer steps to
MMOH, ultimately to afford MMOH, 4, proceed at slower
rates. Addition of MMOB increases the rate of these
intermolecular electron-transfer reactions, with maximum
rates observed when one equivalent of MMOB is present
per MMOH. Methanol retards intermolecular electron trans-
fer, whereas methane has no effect.

The presence of additional electron-transfer steps occurring
among cofactors of MMOR complicates the spectral analysis
for the intermolecular electron-transfer reaction. Studies
using prereduced MMOR or studies using just the N-terminal
ferredoxin-like domain of MMOR should resolve this prob-
lem and allow a better understanding of intermolecular
electron transfer from MMOR to MMOH.[%2]

3.2. Transient Intermediates in the Activation of O,

Methane monooxygenase has proved to be a rewarding
system for studying the molecular details of dioxygen
activation at a non-heme diiron center. Two critical properties
of sSMMO are responsible for this success. First, chemically
reduced MMOH can react with O, and substrate to afford
hydroxylated products and MMOH,, in the absence of the
other MMO components.?! Although the yields for this
single-turnover reaction are variable and below 40 %, this
result nonetheless proves that activation of dioxygen and the
actual hydroxylation reaction both take place at the MMOH
protein.?* > Even more important is that, in the presence of
MMOB, the energetics of the reaction pathway are such that
several intermediates build up in significant amounts before
they decay.

Figure 11 displays species in the catalytic cycle that have
been detected during the single-turnover reaction of
MMOH,, with O, in the absence and presence of sub-
strate.[’% 145,147 1481 The reaction can be monitored continuously
by using stopped-flow optical spectroscopy to detect colored
intermediates or discontinuously by using the freeze — quench
method in combination with EPR, Mossbauer, and EXAFS
spectroscopy. The decay of MMOH, 4 has been followed by
EPR (decay of the g=16 signal) and Mdssbauer spectro-
scopy.[# 30 120.143] Iy the presence of MMOB, the g = 16 signal
of MMOH, ., from M. trichosporium OB3b decays at a rate of
22+5s7! at 4°C. No new EPR signals appear on this time
scale.”] The decay of MMOH,, is independent of the
dioxygen concentration between 0.3 and 0.7 mMm, which
indicates the formation of a transient Michaelis complex
between MMOH,4 and O, prior to the decay of the g=16
signal. No such complex forms between MMOH,,, and O,,
however.'>] A fact that is not often mentioned in reviews and
discussions on the mechanism of dioxygen activation by
MMOH is that a substantial portion of MMOH,., seems to be
inactive and is converted into MMOH,, on a timescale that is
too slow to be catalytically relevant.[3: 95 146, 147,154,155 The
presence of these two populations of MMOH,, is a compli-
cating factor in the spectroscopic characterization of inter-
mediates.

The first intermediate that is observed spectroscopically
following the decay of MMOH,,q is MMOH,,. First
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Figure 11. Schematic overview of the catalytic intermediates observed for
the single turnover reaction of MMOH,., with O,. Techniques used to
characterize the various intermediates are indicated. Structures other than
those shown here have been proposed for the MMOH,,,o,, and MMOH,
intermediates. The rate constants are from studies of both the M. capsulatus
(Bath) and the M. trichosporium OB3b enzymes and were determined in
MOPS buffer (MOPS = 3-(N-morpholino)propanesulfonic acid; pH 7.0)
at 4°C.

detected for M. capsulatus (Bath), MMOH,,., has optical
bands at 420 (¢=4000m~'cm™') and 725nm (e=
1800 M~'cm )0 147 154 1551 A gimilar intermediate has recently
been reported for the enzyme from M. trichosporium OB3b
with A, =700 nm (& =2500M'cm 1), although the inten-
sity of the absorption band at 420 nm may be lower.'>”) The
Mossbauer spectrum of MMOH,,,., consists of a sharp
quadrupole doublet with ¢=0.66 mms~! and AE,=
1.51 mms~!, which is consistent with two high-spin iron(ii)
centers having a similar coordination geometry.P% 34
MMOH,,,ox, is diamagnetic at 4 K as a result of antiferro-
magnetic coupling between the two Fe'! jons. Intermediates
with similar optical and Mossbauer properties have been
detected in a number of other diiron proteins that activate O,,
including stearoyl-ACP A’ desaturase, the D84E mutant of
the R2 protein of class I ribonucleotide reductase, and frog
ferritin. No reliable resonance Raman data have yet been
obtained for MMOH,,.,,,[*> 1! although resonance Raman
spectroscopy has identified all of the other peroxo intermedi-
ates as u-1,2-peroxo diiron(iif) complexes. Table 3 compares
the spectroscopic properties of these species with those of a
structurally characterized u-peroxo diiron(i11) model complex.
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Table 3. Spectroscopic properties of peroxo-bridged diiron(i11) centers in proteins and a model complex.

Vis Resonance Raman Maossbauer (4.2 K)
Amax [NM] e[mMtem™] O—-O [em™] Fe—O [cm™] 0 [mms™] AEo [mms™]

MMO (M. caps.) 700 180011471 - - 0.66 1.5100. 1541
MMO (M. trich.) 725 250011301 - - 0.67 1.510%
R2-D84E 700 1500122 8901 - 0.63 1.580%
R2-D84E/W48F220] 700 - 870 458 - -
A° desaturase 700 12000227 228] 898 442227) 0.68 1.90

0.64 1.062281
frog M ferritin 6501221 - 851 485(s) 0.62 1.08122

499(as)l

cis-u-1,2-peroxo Fell! 694 2650015 8881591 - 0.66 1.400159

This diiron(t1) synthetic model with optical and Mossbauer
properties that are very similar to those of MMOH,,,, Was
structurally characterized and shown to contain a cis-u-1,2
peroxo group.'! The peroxo intermediate found for frog M
ferritin is the only one thus far characterized by EXAFS
spectroscopy.l'®? A surprisingly short Fe—Fe distance of
253 A, compared to the value of 4.004 A in the synthetic
model complex,!> implies the presence of two single-atom
bridges in addition to the u-1,2 peroxo bridge. The structure of
the ferritin peroxo intermediate is not necessarily similar to
peroxo intermediates in other diiron proteins, however.
Ferritin is the only protein listed in Table 3 that is not
involved in the oxidation of organic substrates. Its peroxo
intermediate also has somewhat lower values for A,
(650 nm), AE, (1.06 mms™'), and the O—O stretching fre-
quency (851 cm™!) than those of the other diiron proteins.
Although time-resolved optical and Mossbauer studies
were initially interpreted with a model in which a single
peroxo intermediate forms directly from MMOH,, and O,,
more recent stopped-flow optical studies on enzymes from
both M. capsulatus (Bath) and M. trichosporium OB3b have
provided evidence for the formation of one or more species
preceding MMOH,,o,. The rates for formation and decay of
MMOH,,,0x, from the latter organism are pH dependent, both
being faster at low pH values.'*l A single pK, value of 7.6 was
reported for both reactions. The formation rate of MMOH ¢,
is significantly lower than the decay rate of the g=16 EPR
signal of MMOH, 4, and the decay of the g =16 signal is pH
independent. Both observations can be explained by the
presence of an intermediate that lacks both the g=16 EPR
signal and the optical characteristics of MMOH,,,. Re-
cently, it was shown that a model incorporating a species
between MMOH,.,; and MMOH,,, (named P*) better
describes the absorbance changes, especially at early time
points.l*”] The formation rate of P* is equal to the decay rate
of MMOH,, as determined by EPR spectroscopy, whereas its
decay rate corresponds to the formation rate of MMOH, ., ox,-
Recent stopped-flow optical studies on M. capsulatus (Bath)
MMOH found a formation rate constant for MMOH,,;,., of
only 1-2s7! at 4°C, which is lower than that of 25 s~! which
was originally reported.['¥] This result was also interpreted as
indicative of the presence of an intermediate preceding
MMOH,,ov,, Which could be a different peroxo species or a
superoxo complex. In contrast to the M. trichosporium OB3b
enzyme, formation and decay of MMOH,., is pH inde-
pendent for the enzyme from M. capsulatus (Bath).>
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A different approach to probe the nature of early steps in
the activation of dioxygen is to measure the oxygen kinetic
isotope effect (KIE) for MMO catalysis. A KIE of 1.016
(VIK(*O%0)/v/K(1BO0), v=velocity, K=Michaelis con-
stant) was obtained for the enzyme from M. capsulatus
(Bath), both in the presence and absence of acetonitrile as
the substrate.l'] A KIE of 1.016 indicates a significant
decrease in O—O bond order up to the first irreversible
step in the activation of dioxygen and argues against the
formation of a tight, irreversible MMOH,,,—O, complex. The
magnitude of the KIE is consistent with one-electron reduc-
tion of O, to superoxide as the first irreversible step in
dioxygen activation. Other possibilities cannot be ruled out,
however. Formation of a superoxide species has also been
proposed to be the first irreversible step in the reductive
activation of dioxygen in a number of other oxygen-activating
metalloenzymes. [0 162]

Most peroxo complexes prepared as synthetic models are
stable only at low temperature and tend to decay directly to
form diferric species.l" 19161 In contrast, the protein matrix
surrounding the diiron center in MMOH allows MMOH,,., o,
to be converted into a high-valent oxo intermediate, termed
MMOH,,. Formation and decay of MMOH, can be moni-
tored conveniently by stopped-flow spectroscopy due to its
bright yellow color  (&50m=23600M"'cm™;  eppm=
7200M 'em 1) B0 14141541571 T the absence of substrate,
MMOH,, decays slowly (approximately 0.05s7!) to form
MMOH,,. Unlike the decay of MMOH,,,..,, which is not
affected by the presence of most substrates (see Section 4 for
an important exception), the decay rate of MMOH,, increases
in the presence of hydrocarbon substrates.’* 451471571 Thig
observation identifies MMOH,, as the active oxygen inter-
mediate that reacts with methane and other substrates. For
methane and most other substrates, the decay rate of
MMOH, depends linearly on the substrate concentration,
which suggests that substrates are not tightly bound in the
active site.P? 1451421571 The Eyring plot for MMOH,, decay in
the presence of methane is linear for M. capsulatus (Bath), but
nonlinear behavior has been reported recently for the enzyme
from M. trichosporium OB3b. Curiously, the latter result was
interpreted by a two-step model for MMOH,, decay in which
the rate-limiting step changes from C—H bond scission at low
temperatures to substrate binding at high temperatures.!'s”)
No intermediates have been identified in the reaction of
MMOH,, with methane and other hydrocarbon substrates.
Only for nitrobenzene has formation of a distinct product
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complex been spectroscopically observed.P" %] For this sub-
strate, product release from the hydrophobic active site can be
observed because of the distinct color difference between the
protonated p-nitrophenol in the hydrophobic active site and
the deprotonated p-nitrophenolate ion in the bulk solution. In
this particular case, the rate of product release is similar to the
turnover rate from steady-state measurements, consistent
with product release being the rate-limiting step in the
oxygenation of nitrobenzene.

Characterization of MMOH, by rapid freeze—quench
(RFQ) Maossbauer spectroscopy revealed that both iron
atoms have isomer shifts that are significantly smaller than
those typical of diiron(it1) complexes and more consistent with
a diiron(tv) assignment.P® %1 The sharp quadrupole doublet
observed for the M. trichosporium OB3b enzyme (6=
0.17 mms~! and AE,=0.53 mms) suggests similar ligand
environments for both iron atoms, whereas two slightly
different iron environments were detected for the M. capsu-
latus  (Bath) enzyme (Fel: d=021mms™, AE,=
0.68 mms~!; Fe2: d=0.14 mms~!, AE;=0.55 mms~!). The
absence of splitting in these quadrupole doublets at high
applied magnetic field strongly supports the formulation of
MMOHj, as a diiron(1v) cluster having a diamagnetic ground
state due to antiferromagnetic coupling between the iron
atoms.

Important structural information has also been obtained
from analysis of the EXAFS spectra of RFQ samples
containing high amounts (40-60%) of MMOH,,.™ A very
short Fe—Fe distance of 2.46 A was reported, together with
one short (1.77 A) and one long (2.0 A) Fe—O bond. The short
Fe—Fe distance strongly indicates the presence of at least two
single oxygen bridges. An additional carboxylate bridge was
proposed to explain the short Fe—Fe distance in MMOH,
compared to model complexes with similar structures. An
EXAFS analysis of the enzyme from M. capsulatus (Bath)
supports the presence of a short Fe—Fe distance in
MMOH,,.['%]

An important mechanistic question is whether the O—-O
bond in MMOH,,,,,, is cleaved homolytically or heterolyti-
cally to form MMOH,,. Figure 12 depicts two possibilities for
the conversion of MMOH,,.,o,, into MMOH,,. In the hetero-
lytic mechanism, a monodentate peroxo complex may form in

(|)H
+H*
o) - . o
Fe'”/ \Fe'” _ HZO Felv/ \FeIV
+H*
heterolytic O-O cleavage
A
Felll Eell
—
o)

homolytic O-O cleavage

Figure 12. Comparison of the heterolytic and homolytic cleavage mech-
anisms for the conversion of MMOH,,..,, into MMOH,,.
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which one of the oxygen atoms is protonated. Addition of a
second proton to this oxygen facilitates heterolytic cleavage of
the O—O bond and formation of a high-valent diiron complex
in which one of the dioxygen-derived oxygen atoms forms an
oxo bridge, while the other is released as water. This
mechanism resembles those proposed for the P450 monooxy-
genases and heme-containing peroxidases, in which proto-
nation of a ferric hydroperoxo complex also results in
heterolytic O—O bond cleavage and the release of water.
The oxidation state in the FeV=O(P'*) intermediate (com-
pound I, where P = porphyrin) that is believed to be formed in
this step is equivalent to that in MMOH,,. In the heme-
containing enzymes, oxidizing equivalents are stored on both
the iron and the porphyrin ring, whereas the same oxidation
state is reached in MMO by oxidizing two iron atoms to the
+4 level. The pH dependence observed for the formation and
the decay of MMOH,,,., for the M. trichosporium OB3b
enzyme is consistent with such a mechanism.['*®l The
linear proton inventory plots reported in the same study
imply transfer of a single proton in the transition states of
both reactions. Finally, the formation of MMOH,, shows a
positive entropy change, which could be due to release of
Water.[SU, 147]

A fundamentally different mechanism is one in which the
O—O bond is cleaved homolytically resulting in a bis(u-
oxo)diiron(1v) species. Oxygen-oxygen bond cleavage by
dicopper centers is believed to proceed by such a mecha-
nism.['97-19] Tn this case, both dioxygen-derived oxygen atoms
become bridging oxide ligands of the diiron center, and water
is released in some step following the decay of MMOH,,.

Distinguishing between these mechanistic possibilities
would benefit from more detailed knowledge of the MMOH,,
structure. Although EXAFS spectroscopy indicates the pres-
ence of at least two single-atom bridges, it cannot distinguish
between two oxo bridges, a structure that is most easily
explained by homolytic cleavage of the O—O bond in
MMOH,,,ox,, and a structure with one oxo and one or more
single-oxygen glutamate bridges. The latter structure would
support heterolytic cleavage of the O—O bond. The EXAFS
spectrum of MMOH,, is remarkably similar to that of
intermediate X, a high-valent intermediate that is formed
transiently during the reaction of the diferrous R2 protein of
ribonucleotide reductase with O,.17" Like MMOH,,, inter-
mediate X has a short Fe—Fe distance of 2.5 A, and thus a
structure with at least two single-atom bridges. In contrast to
MMOH,,, intermediate X is best described as a mixed-valent
Fel'Fe!V species.l'!] Antiferromagnetic coupling between Fel!
and Fe!V gives rise to an S=1/2 ground state, which has
allowed its structure to be characterized thoroughly by using
EPR and ENDOR spectroscopy.l'’?l Labeling studies using
170, and H,"O show that one of the oxygen atoms of the O,
molecule forms an oxo bridge, while the other oxygen atom
forms a terminal aqua ligand to Fe™.['’2 173 This result in turn
implies that one of the single-atom bridges in intermediate X
is provided by a carboxylate ligand.

To probe further the relationship between the structures of
intermediate X and MMOH,,, we recently employed radio-
lytic reduction at 77 K to produce a one-electron reduced
form of MMOH,, (called MMOH,, ). MMOHy,,_is expected to
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retain the structure of MMOH,, because of the low temper-
ature at which it is generated.['’" The M6ssbauer parameters
of MMOH,, are remarkably similar to those reported for
intermediate X: Fel: =048 mms~!, AE, 0.9 mms1;
Fe2: =014 mms~, AE;=—0.6 mms .71 EPR/ENDOR
studies on MMOH,,, similar to the ones done on intermedi-
ate X with 70, and H,"7O could help to distinguish between
the homolytic and heterolytic O—O bond cleavage mecha-
nisms. Such studies are difficult because of the presence of
intense EPR signals from free radicals that are generated by
the high-energy y-rays used for radiolytic reduction.

Recently several groups have applied DFT to calculate the
MMO catalytic pathway.l'’>'3 DFT calculations can afford
insights into reasonable structures for the spectroscopically
detected oxygen intermediates and suggest species that have
remained undetected so far. In addition, they provide a
powerful tool to probe the nature of the reaction between
MMOH,, and substrates (see Section 4). MMO is especially
amenable to the DFT approach because most of the important
chemistry involving dioxygen activation and substrate oxy-
genation occurs at the diiron center. Models with a relatively
small number of atoms may therefore describe the active site
satisfactorily.
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The most extensive DFT study reported thus far uses a
model based on approximately 100 atoms.['*? Such a relatively
large model was required for these calculations to reproduce
faithfully the structures of MMOH,, and MMOH,.,, both
known from X-ray crystallography. Figure 13 provides a
“DFT view” of the catalytic cycle of MMO from this work,
and shows those structures for MMOH;perox0, MMOH 1005
and MMOH,, intermediates having the lowest energy. A
remarkable finding of these calculations is the suggestion that
a coordinated water remains ligated to Fel in a terminal
position throughout the catalytic cycle. The energies of the
superoxo and peroxo complexes are comparable. The asym-
metric nature of MMOH,,,., is somewhat surprising in view
of the sharp quadrupole doublet observed in the Mdssbauer
spectrum of this intermediate. A recent DFT study that used a
smaller model of 40 atoms suggests a slightly more stable,
symmetric u-1*:1* nonplanar (butterfly) peroxo structure as
an alternative for the MMOH,,, structure depicted in
Figure 13 (see also below).['84

The DFT structure of MMOH,, is reasonably consistent
with spectroscopic data, including the presence of a short
Fe—Fe distance of 2.67 A and an antiferromagnetically
coupled spin state. In contrast to the EXAFS study that

. H-0
e
d s
y
Ciladdl
= T3}
abey | L
I P b
Qe . -&\u--: P
- 1__&“; € o & ki
. \ f o
—'L"H. I_I..-""

B a1l
£ .
- g o, "-||-'
:_:;rﬁ Lo "
i LEmind
il I"]I Ji
"
el
MM OH paron

Figure 13. A “DFT view” of the catalytic cycle of MMO. Note that the positions of Fel and Fe2 are reversed compared to
other figures in this paper, to allow a better view of the dioxygen activation reaction. Adapted with permission from ref. [182].

Copyright (2000) American Chemical Society.
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reported the presence of one short
(1.77 A) and one long (2.0 A) Fe—O

MMOHq

AN

bond, however, the DFT structure
of MMOH,, shows more symmetri-
cally bridging oxo groups, as reflect-
ed in Fe—O bond distances of 1.76
and 1.81 A. The recent DFT study
that used a smaller set of 40 atoms
confirmed that this MMOH,, struc-
ture, with one bridging carboxylate
and one water directly coordinated
to one of the iron atoms, is signifi-
cantly more stable than the struc-
tures with two bridging carboxylates
found in earlier DFT calcula-
tions.'®! The same study also inves-
tigated the mechanism of O—O
bond cleavage in the conversion of

MMOH into MMOH,. A

homolytic mechanism was pro-
posed starting from a u-n%:%* non- F
planar  (butterfly) MMOH,,
structure. Only one of the iron
atoms was invoked as being actively
involved in the cleavage reaction.
DFT calculations using the 100-
atom model confirm the existence
of this u-n*:n? peroxo structure in
the transition from MMOH,,oy, in-
to MMOH,,.['®1 Additional DFT
calculations are required to clarify
further the nature of this and other
steps in the dioxygen activation
reaction.
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4. Mechanism of
Hydrocarbon Hydroxylation

The spectroscopic studies of transient species described in
the preceding section have yielded key insights into the nature
of intermediates involved in dioxygen activation and have
identified MMOH,, as the intermediate that reacts with
methane and other hydrocarbons. The next question is to
understand how MMOH,, hydroxylates substrate molecules.
Since no intermediates have been observed for this step by
using rapid-mixing spectroscopic methods, more indirect
methods have been applied. Substrate probes have helped
to delineate the chemical characteristics of the hydroxylation
steps, and theoretical studies have been employed to probe
the mechanistic details.

Mechanistic proposals for the hydroxylation of the C—H
bond have been thoroughly reviewed.[l 3% 181921 The possi-
bilities depicted in Figure 14 illustrate some of the important
issues: What is the structure of MMOH,, that reacts with
methane? Is the reactive species best formulated as a bis(u-
oxo)diiron(1v) moiety, as proposed by EXAFS studies, or as an
Fe™-O—FeY=0 species? Are the iron atoms coordinatively
saturated, or are they five-coordinate, to allow the formation
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Figure 14. Some of the mechanisms proposed for hydroxylation of methane by MMOH,,.

of Fe—C bonds? Are (short-lived) substrate radicals involved,
in a mechanism that is similar to the widely cited oxygen-
rebound mechanism proposed for cytochrome P450 monooxy-
genases? Or is hydroxylation better described by a concerted
mechanism in which an activated oxygen atom inserts directly
into a C—H bond?

Most of the experimental approaches that can distinguish
between these mechanistic proposals rely on the use of
reporter substrates, molecules that yield different products
depending on the type of reaction they undergo. MMO has a
broad substrate selectivity, and many different compounds
have been used in such studies. One method is to investigate
alkane substrates made chiral by isotopic substitution. Con-
certed mechanisms would predict either complete retention
or complete inversion of stereochemistry at the hydroxylated
carbon atom, whereas the formation of radical or carbocation
intermediates should result in full racemization. Hydroxyla-
tion of (R)- or (5)-[1-°H,1-*H]ethane occurs predominantly
(64-74%) with retention of configuration for both M. cap-
sulatus (Bath) and M. trichosporium OB3b,['% 1] and with
approximately 90% retention for [2-*H]butane.'”’] Initially,
the observation of a measurable amount of racemization was
taken as evidence for a radical-based intermediate species.!'8
Others pointed out, however, that 70 % retention corresponds
to a rebound rate for the putative ethyl radical of
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1 x 1013 s~L[%) Such a large rate constant is inconsistent with
the formation solely of a discrete radical intermediate.

A substantial amount of work has been devoted to the use
of radical-clock substrate probes."+'% These compounds
undergo rearrangement of their carbon skeletons following
hydrogen-atom abstraction. Because rate constants for such
rearrangements have been experimentally determined, anal-
ysis of product ratios from MMO-catalyzed hydroxylation
allows calculation of lifetimes for any substrate radical
species. The vast majority of the radical-clock substrates
tested with the M. capsulatus (Bath) enzyme yield only
unrearranged products; this finding argues against discrete
radical species occurring during MMO catalysis.['” 18l From a
series of cyclopropane-based radical-clock substrates that
were studied for the M. trichosporium OB3b enzyme, most
again showed no rearranged products.l'””! Such results place
an upper limit of 150 fs on the lifetime for a radical species,
too short to account for the formation of a discrete radical
intermediate.

Rearranged products have been reported for four specific
substrates, however, all of which can discriminate between
radical- and carbocation-type rearrangements.l'*>2%1 The
three best-studied cases are depicted in Figure 15. Oxidation
of 1,1-dimethylcyclopropane gives mostly the unrearranged
product (1-methylcyclopropyl)methanol, but also small
amounts of the radical-type rearrangement product (3-
methyl-3-buten-1-o0l, 6 %) and the carbocation-type product
(1-methyleyclobutanol, 13%).2% Similar results were ob-
tained by using (trans,trans-2-methoxy-3-phenylcyclopropyl)-
methane as the substrate,?”l and the carbocation-type prod-
uct 1-homocubanol was obtained as the major product from
the oxygenation of methylcubane.?:-20%

An alternative method to test for the involvement of radical
intermediates is applying spin traps. Steady-state oxidation of
methane, methanol, and acetonitrile in the presence of such
spin traps and subsequent analysis by EPR spectroscopy
showed the formation of adducts with substrate radicals.?* 203
It is difficult to assess whether these species are due to some
minor formation of radicals or represent true catalytic
intermediates, however.

Studies of the 'H/?H kinetic isotope effect can provide
information about the nature of a transition state in which the
C—H bond is broken. Large kinetic isotope effects have been
correlated with a linear O—H—C geometry and substantial
C—H bond cleavage in the transition state.’>207) The series
CH,, CH;D, CH,D,, CHD;, and CD, was investigated to
probe kinetic isotope effects for the MMO enzyme from
M. trichosporium OB3b. Both the rate of MMOH, decay and
product ratios were analyzed.?®! A surprisingly large isotope
effect of 50—100 was found for MMOH,, decay for CH, versus
CD,, whereas a significantly smaller but still large value of 28
was reported for M. capsulatus (Bath).l'¥"] For M. trichospor-
ium OB3b no kinetic isotope effects were observed for
MMOH,, decay using larger substrates (C,Hy versus C,Dy
and C;Hg versus C;Dg), however, which was rationalized by
assuming that a substrate-binding step determines the rate of
MMOH,, decay for these substrates rather than C—H bond
breakage.[™” A similar lack of kinetic isotope effect for ethane
has been observed for M. capsulatus (Bath).?*
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Figure 15. Three substrates that react differently depending on the type of
hydroxylation reaction (radical intermediate, carbocation intermediate, or
concerted). Products from more than one type of reaction have been
observed with all three substrates.

Intramolecular kinetic isotope effects for methane obtained
by studying product ratios yield smaller values, which also
depend on the specific methane isotopomer (19.3 for CH,
versus CD,, but only 3.9 for the intramolecular effect in
CD;H). Experiments using chiral ethane gave intramolecular
isotope effects in the range of 3-4.1181] For comparison,
typical ky/kp values of 7-10 were reported for P450
hydroxylation.* The reaction of CD, with *O, results in
100% CD;'80OH, and shows no exchange of oxygen or methyl
hydrogen atoms with the solvent.?®! Hydrogen tunneling was
proposed as the most likely reason for the large isotope effect
on MMOH,, decay. The discrepancies between the different
KIEs indicate the presence of a complex mechanism of
MMOH,, decay, and/or substrate oxidation by pathways other
than MMOH,, decay.

Several theoretical studies have been employed to probe
the mechanism of the hydroxylation reaction, most of them
using DFT methods (see also Section 3). Initially a simple
model was investigated for MMOH,, involving a bis(u-0xo)-
diiron(1v) core with a bridging formate and terminal hydroxo
and water ligands.?'”! In this model, which has an all-oxygen
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atom donor set, the most stable configuration has five-
coordinate iron atoms. MMOH, abstracts a hydrogen
atom from methane to give an Fe'l(u-O)(u-OH)Fe!V species
with an iron-bound methyl group, although the precise
outcome of the reaction depends on the spin state assigned
to the starting iron complex. Later work using a larger model,
a bis(u-oxo)diiron(1v) with two bridging formates, two termi-
nal formates, and two imidazole ligands, also favors hydrogen-
atom abstraction as the pathway for methane activation.['7”]
Attempts to find a transition state corresponding to another
mechanism failed. By using a similar model for MMOH,,,
evidence was again presented for hydrogen-atom abstraction
by a diiron(iv) species.'’ The resulting methyl radical
interacts weakly with the iron atoms, which could explain
the apparent short lifetime of radical intermediates calculated
from radical-clock and chiral-ethane studies. It should be
noted that, in the latter model, methane approaches the diiron
core from a position that is not accessible in the protein active
site.

A two-step concerted mechanism was proposed on the basis
of a simple model for MMOH, that is coordinatively
unsaturated, a bis(u-oxo)diiron(iv) core supported by a
bridging formate with a hydroxide ligand on one iron and
two hydroxides on the other iron atom.[”® 1812112121 This
diiron complex first forms a complex with methane, which is
followed by hydrogen-atom abstraction via a four-center
transition state to give an intermediate with a bridging
hydroxide and an iron-bound methyl group. The methyl
group then migrates to form a C—O bond with the bridging
hydroxide and afford a methanol complex.

Most recently, DFT calculations were performed with the
intention of trying to understand the mechanisms of both
dioxygen and methane activation in sMMO.['82-184 By using a
much larger model of the active site than previous studies,
structures were predicted for the MMOH,¢4x,, MMOH,,, and
putative MMOH,,,o, intermediates (see Section 3). The
model of MMOH,, used in this study has a bis(u-oxo0)di-
iron(1v) core, but it differs from other models in that the water
molecule bound to Fel is not displaced by Glu243 (see
Figure 13). The site distal to the two histidine ligands, which
faces the hydrophobic substrate binding site, was the only
position that was acceptable for methane approach to the
diiron center. The only energetically reasonable reaction
pathway for methane was a straight-on approach to the
bridging oxygen atom (Figure 16). The calculated activation
energy for this reaction is 13.2 kcalmol~!, which is in
reasonable agreement with the 9-12 kcalmol™' obtained
experimentally.% 147 15%. 201 In this transition state, the hydro-
gen atom facing the bridging oxide is partially bound to both
oxygen and carbon (Figure 16). Interestingly, two different
reaction pathways were identified that emerge from this
starting point.

One pathway involves methyl radical recoil and formation
of the O—H bond yielding a (u-hydroxo)diiron center ((D,
Figure 16). In order for the methyl radical to rebound, the OH
group must rotate and make a 93° angle with the C—O bond
axis, a process calculated to take 5-10ps. This time is
sufficient for an ethyl radical in solution to racemize
completely, but DFT calculations indicate that a steric clash

2800

between the CH, fragment and the newly formed O—H bond
in the active site can significantly retard rotation around the
C—C bond.?!

A second, nonsynchronous concerted pathway was also
identified that affords methanol from the transition state with
a negligible energy barrier (2), Figure 16). In this mechanism,
the O—H bond first shortens to 0.97 A without breaking the
partial bond to the methane carbon atom. Next the hydrogen
atom rotates to make a 80 -90° angle with the C—O axis while
the carbon rotates in the opposite direction towards the
oxygen atom. This entire process has a reaction barrier of only
1 kcalmol .

The presence of two reaction channels with comparable
activation energies can explain the partial retention of
configuration observed with chiral ethane.?’¥ Products de-
rived from the radical rebound channel undergo partial
racemization, while those deriving from the concerted chan-
nel retain their configuration. The partitioning between these
two reaction channels quantitatively accounts for the chiral
ethane results and should be substrate dependent. Larger
radical-clock substrates will favor the concerted mechanism
because they have more difficulty reversing their trajectory to
form a separate radical once the transition state is reached. A
second study using a smaller set of 40 atoms also suggested the
presence of two different pathways after initial hydrogen-
atom abstraction, depending on the substrate.'**! Methylcy-
clopropane and ethane were computed to be immediately
ionized after hydrogen atom abstraction to form a carboca-
tion. The activation energy for final recombination of this
carbocation to form a hydroxylated product is small. The
reaction may even be described as nonsynchronous concerted.
How important the radical recoil/rebound pathway is for
methane remains to be established, but the finding that
methyl radicals can be detected by using spin traps suggests
that at least some methane oxidation may occur by this
pathway.

Comparing the different calculational studies reveals that
the predicted mechanism of methane activation is strongly
dependent on the model selected for MMOH, and the
number of atoms used to describe it. Critical in the evaluation
of these models is how well they relate to experimental results.
In addition to reproducing the crystal structures for MMOH,,
and MMOH,,, the largest DFT model does well in predicting
reasonable values for the activation energy and in providing a
rationale for seemingly contradictory results with mechanistic
probe substrates.

Not only may substrates react with MMOH,, in different
ways, but it is also possible that different substrates react with
different oxygen intermediates, or that a single substrate
reacts with different oxygen intermediates by different
mechanisms. A linear relationship between the decay rate of
MMOH,,., and propene concentration has been observed
for M. capsulatus (Bath), indicating that propene reacts
directly with MMOH,,.,,.l'¥”! No evidence for reaction of
MMOH,.,x, With propene was found in a study using the
M. trichosporium OB3b enzyme, but the propene concentra-
tion used in this study may have been too low to observe its
effect on the MMOH,,,,,, decay rate.l’”1 Additional support
for propene oxidation by MMOH,,.,,, comes from the finding
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Figure 16. Model for the hydroxylation mechanism of MMO. The recoil/rebound and (nonsynchronous) concerted mechanisms ((1) and (2), respectively) are
those suggested by recent DFT calculations.'$3253] In addition, a mechanism for the involvement of MMOH,,,,, in epoxidation and hydroxylation is
suggested (3)) based on related cytochrome P450 chemistry. The outcome of experiments with mechanistic probe substrates as predicted for each pathway is
also depicted (First row: expected stereochemistry; second row: mechanistic probes).

that epoxidation of propene remains tightly coupled to
NADH consumption, even at high MMOR:MMOH ratios,
whereas uncoupling is observed with methane at
MMOR:MMOH > 0.2.7] Uncoupling probably occurs when
MMOR provides additional electrons to either MMOH,, or
MMOH,,;0x, to form H,O and MMOH,,. Propene reacts with
MMOH,,.,ox, and can thus compete with the oxidase reaction,
whereas methane, which reacts only with MMOH,,,!'*7)
cannot.

Recent studies on cytochrome P450 have also provided
evidence for the presence of more than one active oxygen
intermediate.?'*28 Epoxidation of cyclohexene and 2-butene
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is enhanced at the expense of hydroxylation in site-directed
mutants in which the proton transfer pathway responsible for
the formation of the high-valent FelY=0 species is disrupted.
The ferric hydroperoxide intermediate, which is still formed in
these mutants, can epoxidize alkenes but is less active in
hydroxylation reactions, which proceed primarily via the high-
valent intermediate. It has been argued that the ferric
hydroperoxide inserts OH" into substrates.?'> 2! Insertion
of OH" into a C—H bond results in formation of a C—OH,*
unit, which can deprotonate to form an alcohol product or
solvolyze to yield the carbocation product that has been
detected with various substrate probes. Consistent with this
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hypothesis is the finding that P450 mutants defective in
forming compound I yield more carbocation-derived rear-
rangement products. Therefore, one explanation for the
carbocation-derived products sometimes observed for
MMO is that they react with a protonated peroxide inter-
mediate prior to the formation of MMOH, (), Fig-
ure 16).150- 143 147]

5. Regulation of Catalysis by Component
Interactions

The three protein components that comprise the soluble
methane monooxygenase system orchestrate a series of
electron-transfer and oxygen-activation reactions that result
in the efficient and sustainable conversion of methane and
dioxygen into methanol and water. The dynamic interactions
between MMOH, MMOB, and MMOR are complex, and a
detailed understanding of them is still incomplete. In this
section we examine the various roles of component inter-
actions in MMO catalysis and discuss what is known about the
spatial and temporal relationships between the individual
components.

An early and important illustration of the complexity of
component interactions was the finding that steady-state
hydroxylation rates increase with increasing MMOB concen-
tration to a maximum at MMOB:MMOH =2:1, but decrease
at higher MMOB:MMOH ratios.”” * 31 Recently several
aspects of component interactions for the M. capsulatus
(Bath) enzyme were investigated by using a combination of
steady-state kinetic, calorimetric, and spectroscopic meth-
0ds.”’l MMOR catalyzes the reduction of O, by NADH to
H,O, at relatively low rates in the absence of other MMO
components. Addition of either MMOH, or MMOH and
MMORB, increases the rate of oxidase activity but abolishes
H,O, formation, and O, is probably reduced completely to
water. In the presence of methane, NADH oxidation and O,
consumption are completely coupled to substrate hydroxyla-
tion at MMOR:MMOH < 0.2, whereas higher MMOR con-
centrations result in leakage of reducing equivalents in the
form of oxidase activity. The steady-state hydroxylase and
oxidase activities at various MMOB:MMOH and MMOR:
MMOH ratios are best described by a model in which MMOB
and MMOR bind noncompetitively at distinct sites on
MMOH, both with a 2:1 stoichiometry.’”! This model yields
K, values for MMOB and MMOR binding in the 0.1-1 um
range, in good agreement with K, values obtained by
isothermal titration calorimetry. Kinetic information on
MMOB and MMOR binding to MMOH has been obtained
by stopped-flow fluorescence spectroscopy. Binding of
MMOB and MMOR occurs in two steps, a rapid preequilib-
rium followed by a much slower isomerization equilibrium.
Dissociation rate constants for the preequilibria of MMOH
with MMOR (60 s~! at 45°C) and MMOB (26 s~! at 45°C) are
significantly faster than the steady-state turnover rate for
MMO.

Several important differences with regard to component
interactions seem to exist between the enzymes from M. cap-
sulatus (Bath) and M. trichosporium OB3b. Fluorescence
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titration studies on the enzyme from M. trichosporium OB3b
showed the formation of a tight MMOB -MMOR complex
(K4=0.4 um),*™ whereas neither fluorescence spectroscopy
nor isothermal titration calorimetry showed any evidence for
complex formation between MMOB and MMOR for M. cap-
sulatus (Bath).?l Steady-state kinetic data for the M. tricho-
sporium OB3b enzyme were interpreted by using a model in
which MMOB and MMOR compete for binding sites on
MMOH at high MMOB:MMOH ratios,* but a noncompe-
titive model was favored for M. capsulatus (Bath).””) It is
important to remember that M. trichosporium OB3b and
M. capsulatus (Bath), although both methanotrophs, belong
to evolutionarily distinct classes of bacteria. Differences
between the two sSMMO systems may be most prominent in
component interactions.

MMOB and MMOR not only affect the rate and efficiency
of catalysis by MMOH, but they also determine the regiose-
lectivity of hydroxylation reactions.*>3 A study on the
M. trichosporium OB3b enzyme found distinct product dis-
tributions for the oxygenation of isopentane by three different
systems capable of oxygenation: I: MMOH, MMOR, NADH,
and O,; II: MMOH and H,0,; III: MMOH,., and O, (single
turnover).l*! Addition of as little as 0.1 molequiv of MMOB
changed the product distributions of systems I and III to one
common outcome. Maximal rates for systems I and III were
reached only at 1.5-2.0 MMOB per MMOH, however. In
contrast, the hydrogen peroxide catalyzed system II was fully
inhibited by MMOB at a 1:1 MMOB:MMOH ratio. Similar
results have been reported for the hydrogen peroxide
sustained hydroxylation by MMOH from M. capsulatus
(Bath).[?20

There are several examples of the effect of component
interactions on specific catalytic steps. MMOB enhances
electron transfer rates between MMOR and MMOH.P" As
mentioned before, MMOB affects the kinetics of the dioxy-
gen-activation reaction in such a way that several intermedi-
ates can be observed in its presence, whereas none are seen
for the reaction of MMOH,,, alone with O,. Reaction of
MMOH,4 with O, is 1000-fold faster in the presence of
MMOB.# The effect of different MMOB:MMOH ratios on
the kinetics of MMOH,, formation and decay were interpret-
ed to indicate that the presence of MMOB increases the
formation rates of both MMOH,,, and MMOH,, while
decay of MMOHj, is relatively unaffected.” Various kinetic
steps are also influenced by mutation of several amino acids in
MMOB. Substitution of the conserved His33 by alanine
decreases the formation rate of MMOH,,.x, by more than 50-
fold. The quadruple mutant (N107G/S109A/S110A/T111A)
has no effect on the formation rates for MMOH,,,., and
MMOH,,, but instead leads to a threefold increase in
MMOH,, decay in the presence of larger substrates such as
furan.??!l Studies on the enzyme from M. trichosporium OB3b
also indicated that the presence of either 1.0 or 0.1 equivalents
of MMOR decreases the O,-induced decay rate of MMOH, 4
in the MMOH:MMOB complex from 22 to 1.2 s7.1%) The
rate of MMOH,, formation increases in the presence of 0.1
mole equivalents of MMOR, however, which means that,
even in the presence of small quantities of reductase,
formation of MMOH,,,,, is no longer observed.[']
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The profound effects of MMOB and MMOR observed in
both single-turnover reactions and in steady-state catalysis
imply that component interactions affect the diiron active site.
Both components affect the redox potentials E7 and Ej of
MMOH. 245 48,9.120.22] Binding of MMOB decreases the
potential for both equilibria equally and substantially, which
means that MMOB binds more tightly to MMOH,, than to
MMOH,,,. Binding of both MMOB and MMOR increases
both potentials sharply in such a way that two-electron
transfer becomes favored (M. capsulatus (Bath): E5 > E} ~
100 mV; M. trichosporium OB3b: E{ =76 mV E; =125mV,
all potentials are relative to the normal hydrogen electrode).

Spectroscopic evidence for structural changes in the diiron
site has been obtained only for MMOB binding. MMOR
binding does not affect the spectroscopic properties of the
diiron site. MMOB binding has only a subtle effect on EXAFS
spectra.l’® MCD studies on MMOH,; showed that MMOB
disturbs the coordination geometry of one iron, probably that
corresponding to Fe2 in the crystal structure of MMOH (see
Section 2).['%-110 Binding of MMOB has been detected by
EPR spectroscopy for all three oxidation states of
MMOH. [ 46, 9%, 100 Titration of MMOB to MMOH,,, showed
full conversion into the spectrum of the MMOH:MMOB
complex after addition of 1.7 MMOB per MMOH, which
indicates a 1:2 binding stoichiometry. Surprisingly, only
0.6 mol equivalents of MMOB are needed to reach the same
point for MMOH, 4,14 providing yet another example of a
component effect that is maximal at substoichiometric ratios.
Other illustrations of the same phenomenon include the effect
of MMOB on substrate hydroxylation regioselectivity and the
effects of MMOR on both the MMOH redox potential and
the rate of MMOH,., oxidation by O,.*¢ 1201 A]l of these
effects are indicative of hysteresis, which could occur when
binding and dissociation of, for example, MMOR to
MMOH,,, are faster than relaxation within MMOH from a
complexed structure to its free conformational state. There-
fore, a single molecule of MMOB or MMOR can service
several molecules of MMOH. The 1:1:0.1 molar ratio of
MMOH:MMOB:MMOR found in methanotrophic bacteria
indicates that such hysteresis may be functionally important in
vivo as well.4 31

A detailed structural picture of the component complexes is
currently unavailable, because no X-ray structure has yet been
obtained. Chemical cross-linking experiments revealed that
MMOB and MMOR bind to the a and 3 subunits of MMOH,
respectively.[*l Small angle X-ray scattering experiments have
been performed on M. capsulatus (Bath) sMMO to address
whether or not significant conformational changes occur upon
MMOB or MMOR binding to MMOH.??l A major distortion
of the MMOH structure was observed only when a 1:10:10
stoichiometry of MMOH:MMOB:MMOR was employed,
ratios that are physiologically and functionally unreasonable.
Addition of MMOB or MMOR, alone in a 1:2 ratio or
together in a 1:2:2 stoichiometry, did not lead to structural
distortions large enough to be detected by this technique. The
model for the MMOH - MMOB complex that was discussed
in Section 2.2 on the basis of NMR experiments is consistent
with the X-ray scattering experiments, because binding of
MMOB in the canyon region of MMOH is not expected to
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distort the overall ellipsoid form of MMOH. X-ray structure
determinations of component complexes will be necessary to
reveal the structural basis for component effects, however.

6. Summary and Outlook

A wide variety of methodologies derived from the disci-
plines of microbiology, enzymology, structural biology, and
inorganic, physical, organic, and quantum chemistry have
contributed to our current understanding of catalysis by the
soluble methane monooxygenase system. High-resolution
structures are available for two of the three protein compo-
nents, MMOH and MMOB. Structural information about the
diiron center in a variety of redox and complex states has
provided important insights into the geometric flexibility that
allows it to accommodate readily oxidation states ranging
from Fe!'Fe!! to Fe!VFe! . A unique feature of sSMMO is that
several intermediates in the dioxygen activation reaction
build up sequentially before they decay, even in the absence of
substrate, which has enabled a still incomplete molecular
movie of dioxygen activation to be compiled. DFT calcula-
tions have begun to contribute new suggestions for the
structures of oxygen intermediates and to provide insights
into the reactions of these intermediates with substrates.

Although the basic sequence of events in dioxygen activa-
tion and substrate hydroxylation is now known, especially
with regard to the role of the diiron center, other aspects of
catalysis are less clear. One of these is the role of protein
residues in formation of oxygen intermediates, electron and
proton transfer, and substrate binding/access to the diiron
active site. A high-yield recombinant expression system for
MMOH would help to answer these questions by the
application of site-directed mutagenesis. The recent finding
that a fourth protein component (OrfY) exists in M. capsu-
latus (Bath) cells and interacts with MMOH raises the
important question of its function in vivo.

Component interactions tightly control various reactions in
the sMMO system. High-resolution structural information on
MMOR and component complexes is required, however, to
understand how component interactions regulate catalysis.
For example, what structural changes in the vicinity of the
MMOH,,, active site make it much more reactive toward
dioxygen, and how does binding of MMOB at the surface of
MMOH lead to those structural changes? More sophisticated
programs and faster computers will allow the application of
DFT and quantum mechanical molecular dynamics calcula-
tions using larger active site models and probing different
aspects of MMO catalysis. More detailed structural informa-
tion on MMOH,,.x,, MMOH,, and perhaps still undiscov-
ered intermediates is crucial for providing well-defined
starting structures for these calculations, however. An ulti-
mate test for our understanding of MMO catalysis would be
the successful design of a synthetic MMO model that
catalyzes the hydroxylation of methane with an efficiency
and specificity similar to that of the native enzyme.

This work was supported by a grant from the National
Institute of General Medical Sciences. M.M. is a Human

2803



REVIEWS

S.J. Lippard et al.

Frontier of Science Program postdoctoral fellow. D.A.K. is
supported by a National Institutes of Health Biotechnology
Training Grant. J.L.B. is a Howard Hughes Medical Institute
predoctoral fellow, and J.M. is a Feodor-Lynen postdoctoral

fellow.

7. Appendix: Abbreviations

CD:

CT1:
CT2:
DFT:
DMSO:
E°":
ENDOR:
EPR:
ESEEM:
EXAFS:
FAD:

Fd:
FMN:
FNR:
KIE:
MC1:
MCD:
MMO:
MMOB:
MMOH:
MMOHs0:
MMOH,,,,:

MMOH,,:
MMOH

peroxo:
MMOH,:

MMOHj, :

MMOH,.:
MMOH, s
MMOR:
NAD*:

NADH:
NADP*:
P2:
PDR:
pMMO:
RFQ:

sMMO:
SQ:
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circular dichroism

charge-transfer complex 1

charge-transfer complex 2

density functional theory

dimethyl sulfoxide

formal redox potential at pH 7.0
electron-nuclear double resonance

electron paramagnetic resonance
electron-spin echo envelope modulation
extended X-ray absorption fine structure
flavin adenine dinucleotide

ferredoxin

flavin mononucleotide

Fd-NADP* oxidoreductase

kinetic isotope effect

Michaelis complex 1

magnetic circular dichroism

methane monooxygenase

regulatory protein of sSMMO

hydroxylase protein of sSMMO

complex of MMOH with DMSO

MMOH in the mixed-valent FeFe!! oxida-
tion state

MMOH in the Fe''Fe! oxidation state
peroxo intermediate in dioxygen activation,
also named H,.x, Or compound P
high-valent intermediate in dioxygen activa-
tion, also named compound Q

one-electron reduced, FelFe!V form of
MMOH,,, formed by radiolytic reduction at
77K

MMOH in the Fe'Fe!! oxidation state
superoxo intermediate in dioxygen activation
reductase protein of sMMO

nicotinamide adenine dinucleotide, oxidized
form

nicotinamide adenine dinucleotide, reduced
form

nicotinamide adenine dinucleotide phos-
phate, oxidized form

regulatory protein in phenol hydroxylase
from Pseudomonas sp. CF600

phthalate dioxygenase reductase

particulate methane monooxygenase

rapid freeze —quench

soluble methane monooxygenase
semiquinone
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