Arnt. Rev. Microbiol. 1994. 48:371-99
Copyright © 1994 by Annual Reviews Inc. All rights reserved

BIOCHEMISTRY OF THE
SOLUBLE METHANE
MONOOXYGENASE

John D. Lipscomb

Department of Biochemistry, Medical School, University of Minnesota,
Minneapolis, Minnesota 55455

KEY WORDS: oxygenase, Methylosinus trichosporium OB3b, oxygen activation, oxygen
bridged diiron cluster, Fe(lV), oxene intermediate

CONTENTS

Gy 1e)0 0 04y (o) U 372

STRUCTURE. .+« cteeseinaranenaneessssnzansesancssssry s s s 374
Activity, Quaternary Structure, and Cofactor COntent ... ...ooc.vvenceesrsrcss 374
Spectroscopic Studies of the Diiron Cluster Of MMOH .. oo 375

MECHANISM .. .iuiiineneansrnr e emees [ 378
Chemical ADPrOGCRES ... ..o ovvrunnsn e rn I 380
Transient Kinetic ADProaches ... .......oevesennsrnerrrrmmsrnrtn 1II000 383

THE ROLES OF REDUCTASE AND COMPONENT B IN THE CATALYTIC

P ce 8 T A 387

Complex Formation .. ........... A R R 388
Product Distribution SdIes . .. ....ooereeeersrareerenresserrntrr 392
Hypothesis for ReGUILION . . nnennenes et 394

ABSTRACT

The soluble form of methane monooxygenase (MMO) catalyzes the reaction
NAD(P)H + O, + CHy + H" = NAD(P)* + H,0 + CH;0H. Many other
hydrocarbons serve as adventitious substrates. MMO consists of three protein
components: component B, reductase, and hydroxylase (MMOH), the active
site of which contains a hydroxo-bridged dinuclear iron cluster that is the site
of catalysis. Such a cluster has not been previously associated with oxygenases,
and spectroscopic studies have been conducted to ascertain its structural fea-
tures and accessibility. The mechanism of MMO has been investigated through
the use of diagnostic chemical reactions and transient kinetics. Both approaches
are consistent with a mechanism in which the diiron cluster is first reduced to
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the diferrous state and then reacts with O,. The O-O bond is a;iparently cleaved
heterolytically to yield water and an [Fe(IV)eFe(IV)]=0 spécies, which pur-
portedly abstracts a hydrogen atom from methane to yield a substrate radical
and a diiron cluster-bound hydroxyl radical. Recombination of the radicals
yields the product methanol. An intermediate with the properties of the novel
[Fe(IV)eFe(IV)]=0O species has been trapped and characterized. This is the
first such species to be isolated in biology. Meanwhile, the reductase and
component B have roles in catalysis beyond simple electron transfer from
NAD(P)H. These roles appear to be related to regulation of catalysis, and are
mediated by the formation of specific component complexes that alter the
physical and catalytic properties of MMOH at different stages of the turnover
cycle.

INTRODUCTION

Methanotrophic bacteria occupy a niche in lakes, oceans, and wet soils at the
interface of the aerobic and anaerobic environments (34, 66). There they
oxidize methane resulting from anaerobic metabolism as their sole source of
carbon and energy (4). The oxidant for this process is molecular O,, and the
only metabolic product released is CO,, which can be readily converted to
biomass by other organisms. In this way, most of the atmospheric egress of
biogenic methane in aqueous environments is prevented.

Figure 1 illustrates the pathway that has been advanced for methane meta-
bolism by methanotrophs.

The enzymes from this pathway have all been isolated and characterized to
varying extents (4, 5, 11, 16, 19, 36, 51, 69). Each enzyme catalyzes a two-
electron oxidation of its substrate, but the biochemical mechanisms for these
oxidation reactions are quite different. Together, they present a fascinating
example of biological diversity and a challenge for researchers interested in
biological oxidation/reduction mechanisms.

The pathway is initiated by methane monooxygenase (MMOQO) through a
reaction that cannot be catalyzed efficiently by any other enzyme—the splitting
of the stable C-H bond of methane (bond dissociation energy of 104 kcal/mol).
MMO is a classic monooxygenase in that two reducing equivalents from
NAD(P)H are required to split the O-O bond of O,. These reducing equivalents
are segregated with one of the oxygen atoms to form H,0, while the second
oxygen atom is incorporated into methane to form CH;0H with nearly 100%
efficiency (10, 19). This stoichiometry is exhibited by other monooxygenases
that catalyze oxidation of larger, more reactive hydrocarbons, notably the
family of cytochrome P-450s (P-450) (44). However, MMO is unique in that
its reactive center does not contain a heme cofactor or any of the other cofactors
encountered previously in oxygenase chemistry. This chapter reviews the
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Figure 1 The four enzymes of the methane oxidation pathway of methanotrophic bacteria. The
components and quaternary structures of the enzymes are shown as they are currently known. The
quaternary structure and cofactor content of formaldehyde dehydrogenase is not known. In most
cases, the specific subunit where cofactors bind is not known. The flavin present in formate
dehydrogenase is similar but not identical to flavin mononucleotide (FMN) (36). PQQ is
pyrroloquinoline quinone. The soluble form of MMO is illustrated. An equivalent pathway
presumably exists for the methanotrophs expressing particulate MMO. (Compiled from Refs. 4, S,
10, 11, 16, 19, 36, 51, 69).

unique structure of the active-site cofactor of MMO and the reaction-cycle
chemistry that it catalyzes. It is demonstrated that the spectroscopic features
and the kinetic characteristics of MMO combine to make it perhaps the best
system in which to investigate the critical Oxygen activation and insertion steps
of the monooxygenase ‘catalytic cycle.

Although methane is the only substrate that can support rapid growth,!
MMO catalyzes adventitious oxidation of a broad range of other hydrocarbons
(2, 9, 10, 18, 30, 34, 58, 64). These include saturated, unsaturated, linear,

'Methanol will support slow growth; this has been exploited for the generation of mutations in
the MMO genes (48).
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branched, and cyclic hydrocarbons up to approximately Cgin size. Also, single-
and double-ring aromatics, heterocycles, halogenated alkenes, and ethers are
turned over at a reasonable fraction of the rate of methane. Apparently, the
very powerful oxidizing reagent generated in the active site of MMO to react
with methane gives MMO the ability t0 catalyze the oxidation of most other
hydrocarbons. The ability of MMO to catalyze the oxidation of many abundant
and potentially toxic hydrocarbons has led industrial and environmental chem-
ists to explore applications for its catalytic prowess. Moreover, structural and
mechanistic studies of MMO have been greatly facilitated by its ability to bind
and/or oxidize diagnostic substrates, inhibitors, and other small molecules.

MMO is also unique in that a single organism can harbor mutually exclusive
soluble and particulate forms of the enzyme (4, 61, 64). The methanotrophs
described over 20 years ago by Whittenbury and colleagues (66) are now
divided into three classes based on their cell morphology and metabolic path-
ways. Type I methanotrophs pOSSess only particulate MMO and utilize the
condensation of ribulose 5-phosphate with formaldehyde to initiate carbon
assimilation. Type 11 and type X methanotrophs elaborate either the soluble or
the particulate form depending upon factors such as the culture cell density
and the copper concentration of the growth media (61). Type X methanotrophs
use the same carbon assimilation pathway as type 1 organisms, but the type I
organisms use 2 unique pathway based upon the addition of formaldehyde to
glycine to form serine. Only the soluble form of MMO has been purified to
homogeneity (19, 20, 47, 52, 55, 67) (this review examines only this enzyme
in detail). Recently, some progress was made in stabilizing the particulate
enzyme in crude extracts (8)- Preliminary characterizations suggest that it
utilizes copper instead of iron. No reviews of the particulate form of MMO
have appeared, but recent reviews of the soluble form of MMO are available
(11, 22, 26, 28).

STRUCTURE

Activity, Quaternary Structure, and Cofactor Content

Soluble MMO has been purified to homogeneity from type X Methylococcus
capsulatus (Bath) (10, 11, 55, 67), and type I Methylosinus trichosporium
OB3b (19, 20), Methylobacterium species CRL-26 (52), and Methylocystis
species M (47). The MMO from each source except M ethylobacteriun species
CRL-26 consists of three protein components: hydroxylase (MMOH) (245
kDa) containing nonheme iron, component B (15.8 kDa) with no cofactors,
and reductase (38.4 kDa) containing FAD and an [Fe,S,) cluster 19). MMOH
is a dimer of o, B, and 'y subunit types (11, 19, 67). The Methylobacterium
species CRL-26 reportedly consists of only reductase and MMOH (52). How-
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ever, the similarity of this organism to M. trichosporium and spectroscopic
characterizations suggest that all of the MMOs actually consist of three com-
ponents. ‘

Our initial work in this field (19) resulted in procedures that allowed the
enzyme from M. trichosporium to be produced in high yield and with specific
activities as much as 10 times greater than those reported for the other purified
MMOHs. In contrast to these enzymes, the specific activity of the homogene-
ous M. trichosporium MMO as purified by our procedures is high enough to
account for the growth rate of the organism. Consequently, the remainder of
the discussion pertains to the MMO from this organism unless stated otherwise.

Spectroscopic Studies of the Diiron Cluster of MMOH

INITIAL CHARACTERIZATION The homogeneous MMOH is essentially color-
less in the visible spectral region; this observation rules out the presence of
heme, flavin, and iron-sulfur cofactors (19). Metal quantitations of the most
active preparations of the enzyme showed that approximately four iron atoms
were present. AS isolated, MMOH exhibited no significant electron paramag-
netic resonance (EPR) spectrum (25, 68). Mdssbauer Spectroscopy of protein
prepared from bacteria grown in an sTRe-enriched medium (25) showed that
all of the iron is inherently high spin Fedll) (S = 5/2), but it is bound in
antiferromagnetically coupled pairs {[Fe(III)-Fe(III)]} to yield the EPR silent,
diamagnetic (S = 0) state. Upon one electron reduction, an EPR spectrum was
observed at g = 1.94, 1.86, 1.76. Resonances in this range have only been
reported for oxygen—bridged dinuclear iron clusters such as those found in the
mixed valence states {[Fe(II)OFe(III)]} of hemerythrin (62, 65) and uteroferrin
(3). The cluster could be reduced by 2 second electron 1O eliminate the EPR
signal in the high magnetic field (g<?) region, but a new intense signal was
observed in the low field region near g = 16 (25). Mossbauer spectroscopy
showed that all of the iron was present as high spin Fe(Il) (S = 2), which is
normally EPR silent. We subsequently showed that the g = 16 signal arose
from the ferromagnetically coupled, fully reduced diiron cluster
{[Fe(II)-Fe(II)]} that exhibits an integer electronic spin (S = 4) (33). EPR
signals from integer spin states are rare, and that from fully reduced MMOH
represents one of the best examples knowa. The g = 16 signal of MMO has
been a useful spectroscopic probe of the diferrous state of the cluster, which
as shown in experiments described below, is the form of the enzyme that reacts
with O2.

Diiron clusters similar to the type found in MMOH are present in several
important proteins and enzymes, including mammalian ribonucleotide reduc-
tase (50, 54), hemerythrin (62), fatty acid desaturases (24), and purple acid
phosphatases (12) such as uteroferrin (3). However, because none of these
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proteins have oxygenase activity in their native state, determining whether the
site of oxygenase activity was actually located on the MMOH component
became important. Indeed, the flavin found in the reductase component is a
common oxygenase cofactor and represents a reasonable alternative active site.
The localization of the active site was accomplished by conducting single
turnover experiments in which each homogeneous component in the absence
of the other components was stoichiometrically reduced by nonenzymatic
reductants (19). Upon exposure to methane and O,, each component reoxi-
dized. Only the MMOH component catalyzed methane oxidation during the
reoxidation process, showing definitively that this component with its diiron
cluster was responsible for catalysis. Moreover, only the fully reduced state
of the cluster supported turnover, showing that this is the state from which
catalysis must ensue. This experiment greatly simplified the consideration of
MMO catalysis and provided a starting point for the studies of the mechanism
described below.

ADVANCED STUDIES  Although the preliminary spectroscopic studies showed
that the diiron clusters of MMOH and other proteins were similar, the unique
oxygenase activity of MMOH clearly indicated important differences. Conse-
quently, more detailed spectroscopic studies were undertaken to better char-
acterize the cluster structure. Hodgson and coworkers (15, 17) used X-ray
absorption spectroscopy, in particular extended X-ray absorption spectroscopy
fine structure (EXAFS), to show that the cluster irons are 3.42 A apart. More-
over, the iron ligation was similar to that of inorganic model complexes in
which the irons are bridged by one or two carboxylates in addition to the
oxygen bridge. However, no short-bond characteristic of an oxo-bridging li-
gand was observed, leading to the suggestion that the oxygen bridge in MMOH
is protonated or otherwise substituted. A similar conclusion was reached from
analysis of the Mossbauer spectra of samples measured at temperatures above
50 K (21, 25).

MMOH has now been extensively studied using the Mossbauer technique
(46) in each of the three redox states that have been discussed thus far (21,
25). In addition, recent developments have allowed Mossbauer characterization
of a probable [Fe(IV)eFe(1V)] form of MMOH (discussed below) (37). The
spectra showed that the irons are in slightly different environments (21), and
this difference has been combined with information from X-ray crystal dif-
fraction data (29) to show that there must be two clusters in the M.
trichosporium enzyme in contrast to the single cluster reported for the M.
capsulatus enzyme (11, 17, 67).

The use of electron nuclear double resonance (ENDOR) has shown that at
least nine different protons reside within a few Angstroms of the mixed valence
MMOH diiron cluster (32). Three of these protons exchanged with D,0 slowly
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over an 8-h incubation. The superhyperfine coupling constants (A values) of
these exchangeable protons are appropriate for histidine ligation, as confirmed
through the observation of 14N ENDOR (32) resonances from histidines asso-
ciated with both the Fe(II) and Fe(III) of the mixed valence cluster. Two proton
resonances were observed at Ay = 8 and 13 MHz that were too strongly coupled
to be assigned to amino acid ligands. They could not be further assigned
because no proton exchange was noted after 8 h of incubation in D,0. Recent
research has shown that the protons giving rise to both of these resonances
exchange with D,O after 24 h of incubation. Comparison of these ENDOR
resonances with those of hemerythrin showed that the Ay = 8 MHz proton was
associated with a terminal hydroxide ligand on one of the irons, whereas the
Ay = 13 MHz proton was associated with the bridging oxygen (14, 63). This
means that the oxygen bridge in mixed valence MMOH is protonated in accord
with the EXAFS and Méssbauer results cited above.

Magnetic circular dichroism (MCD) (60) of diferrous MMOH and the dif-
errons MMOH—component B complex showed that, in each case, both the
irons of the diiron cluster had five ligands arranged in distorted square pyrami-
dal coordination geometries (57). However, the addition of component B
significantly perturbed the spectrum, suggesting that a structural change in the
active-site region occurs. Other evidence for such a change is presented below.

Resonance Raman spectroscopy has been a very useful technique in the
study of other proteins containing diiron clusters because these proteins all
have visible chromophores. Unfortunately, this is not true for MMOH. How-
ever, we found that when phenol or a substituted phenol was added to the
MMOH, a red or brown chromophore slowly appeared (1). Resonance Raman
spectra of these MMOH complexes showed bands in a region indicative of a
charge transfer interaction as the origin of the visible chromophore. Thus, the
phenol binds directly to the iron ‘as a phenolate. This was the first direct
demonstration that large molecules could bind to the cluster, suggesting that
it is somewhat accessible to exogenous ligands.

STRUCTURE OF THE ACTIVESITE  These spectroscopic studies can be combined
to yield the view of the MMOH diiron cluster shown in Figure 2. Investigators
tentatively identified the specific amino acid ligands by comparing the gene
sequence of the MMOH o subunit with a homologous region of the primary
sequence of the R2 subunit of ribonucleotide reductase (7, 49, 50). The crystal
structure of R2 shows that this region contains the diiron cluster (50). The
basic features of this alignment, such as the presence of one histidine in the
coordination of each iron, are confirmed by the spectroscopic studies. How-
ever, features such as the accessibility of the MMOH cluster and the coordi-
nation number and geometry are different from those of R2. These structural
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Figure 2 Hypothetical structure of the active-site, oxygen-bridged diiron cluster of MMOH. The
structure shown here represents a compilation of the conclusions drawn from spectroscopic studies
as described in the text (1, 15, 17, 21, 25, 32, 33, 68). The bridging OH ligand and histidine ligation
have only been established for the mixed valence state (14, 63). The five-coordinate iron ligation
has only been established for the diferrous state (57). The specific amino acid assignments are based
on sequence alignment of the o subunit with ribonucleotide reductase subunit R2 (7, 49, 50). All of
the features of this structure were recently confirmed by the X-ray crystal structure of MMOH
isolated from M. capsulatus (Bath) (58a).

features may play important roles in determining the catalytic role of the diiron
cluster.

MECHANISM

Two observations influenced the development of a hypothesis for the mecha-
nism of MMOH. First, the single turnover experiment (19) described above
showed that the diferrous state of the MMOH reacts with O, in the catalytic
cycle. Second, many of the reactions catalyzed by MMOH were the same as
(or analogous to) those catalyzed by P-450. Investigators generally agree (44)
that the mechanism of P-450 centers around generation of a highly reactive
porphyrin T cation radical Fe(IV)=0 (oxene) species as the direct oxidant of
unactivated hydrocarbons. This species is chemically reasonable but has never
been directly observed.

The proposed mechanism for MMOH (Figure 3) encompasses the diferrous
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Figure 3 Proposed reaction cycle for MMO. MMOH is illustrated only as the active-site diiron
cluster. A number of studies led to this proposed mechanism (18, 19, 25, 44), and several reports
have supported it (2, 13, 27, 30, 37, 38, 56, 58, 59).

state of the cluster and mimics the mechanism of P-450 (2, 18, 19, 27, 28).
Here, O, binds to one or both irons of the diferrous cluster, leading to hetero-
lytic O-O bond cleavage to release water. The remaining oxygen atom (six
valence electrons) remains bound to the formally {Fe(IlI)eFe(III)] cluster. The
most stable resonance form of this complex would be achieved by transfer of
one electron from each of the irons to the oxygen to complete its valence shell.
This [Fe(IV)eFe(IV)]=0 species of MMOH is equivalent to the oxene species
of P-450; such a species would be a powerful oxidizing reagent of the type
required to attack methane. This oxidant may abstract a hydrogen atom from
the substrate to form a substrate radical and the iron-bound equivalent of a
hydroxyl radical. Radical recombination, or rebound, would yield the product
alcohol and recycle the enzyme to the diferric state.

This mechanism is attractive because it postulates the generation of the only
type of reagent known to attack unactivated hydrocarbons in biology, a met-
al-bound oxene. Moreover, it provides a rational for nature’s selection of the
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diiron cluster, because this cluster can both store the two electrons required to
initiate catalysis and provide the two electrons required to stabilize formation
of the reactive intermediate. Both chemical and kinetic approaches have pro-
duced evidence supporting this mechanism.

Chemical Approaches

PEROXIDE SHUNT CHEMISTRY One can view the mechanism shown in Figure
3 as an activation phase followed by a reaction phase in which the actual
chemistry of hydrocarbon oxidation occurs. In the activation phase, the met-
al-bound oxene is generated by the addition of two reducing equivalents and
Oz to the MMOH. In principle, the two reducing equivalents and Oz could be
added together in the form of H,0>. Thus, the mechanism predicts that diferric
MMOH could catalyze hydrocarbon oxidation anaerobically and without
NADH, reductase, and component B if H20, were present. This supposition
proved to be correct (2, 27) and is illustrated as the peroxide shunt in Figure
3. Representative hydrocarbons from all of the classes of MMO substrates
react via the peroxide shunt to yield the same products as the fully reconstituted
system. Continuous turnover was observed with little loss in activity in 10 mM
H20, for 30 min; thus the enzyme is resistant to damage by peroxide. Organic
peroxides such as cumene hydroperoxide and single oxygen atom transfer
reagents such as periodate did not support turnover. Similar peroxide shunt
chemistry has been observed for P-450 (35). This enzyme was damaged by
peroxides after only a few turnovers, but a wide range of organic peroxides
and single oxygen-atom transfer reagents could substitute for H,O,.

SUBSTITUENT MIGRATION Both P-450 and MMO catalyze substituent migra-
tion reactions as a result of the formation of transient carbocation intermediates.
One type of group migration reaction was observed when P-450 (45) or MMO
was supplied with 1,1,2-trichloroethylene (TCE) or other halogenated ethyl-
enes (18). The predominant product in all cases was a semistable epoxide that
spontaneously hydrolyzed after release from the enzyme, breaking down into
a variety of dehalogenated products. Because TCE and similar potentially
carcinogenic solvents of human manufacture persist in the environment in
enormous quantities, this reaction of MMO is currently receiving substantial
attention (64). However, the mechanistically most significant reaction of MMO
with TCE was a minor formation of 2,2,2-trichloroacetaldehyde (chloral) in
which a chlorine substituent had migrated to the adjacent carbon. This reaction
did not occur with synthetic TCE epoxide in solution, so it must have occurred
during the reaction in the active site. The most reasonable mechanism involves
electron abstraction from the ethylene double bond 7 system to form an
intermediate substrate radical. Rebound of the oxygen to one carbon would




METHANE MONOOXYGENASE 381

yield a cation on the other, which could be quenched by migration of the
metal-oxygen bond to form an epoxide, or by migration of a chlorine to form
the aldehyde. In either case, the occurrence of cationic character implied by
substituent migration is consistent with the formation of a very electron-defi-
cient reagent in the active site of the type we have proposed.

SUBSTRATE INTERMEDIATE EPIMERIZATION Perhaps the most diagnostic fea-
ture of the proposed mechanism shown in Figure 3 is the transient formation
of a substrate radical. Such a species could only be formed by an exceptionally
powerful oxidizing reagent like the diiron cluster-bound oxene. Many ap-
proaches have been used to search for evidence for the intermediate substrate
radical. One of the most definitive experiments was carried out by Donnelly
and coworkers (58) who showed that the MMO-catalyzed oxidation of exo,
exo, exo, exo ds-norbornane resulted in the formation of some of the ds4 exo
alcohol. This observation implied that an intermediate, probably a radical,
formed that could epimerize before oxygen rebound. Several years ago, Groves
and coworkers (31) showed that P-450 could catalyze this reaction in the same
way. Other diagnostic rearrangements such as allylic migration are catalyzed
by MMO from both type X and type II methanotrophs (30, 58).

RADICAL CLOCK CHEMISTRY Another approach to this problem is to use a
so-called radical clock reagent, which generally contains a strained cyclo-
propane ring. A radical formed on a substituent of the ring will migrate to the
ring and cause it to open at a characteristic rate. Frey and coworkers (59)
showed that MMO-catalyzed oxidation of 1,I-dimethylcyclopropane under-
goes ring opening about 6% of the time, consistent with radical formation.
However, many other products were formed including 1-methycyclobutanol,
a product indicative of formation of a cationic intermediate. For a saturated
substrate like 1,1-dimethylcyclopropane, formation of a cation would require
that two electrons or hydrogen atoms be withdrawn.

The studies of Lippard and coworkers (41) lead to a different conclusion
for the M. capsulatus MMO. In these studies, a set of radical clocks were used
that rearrange very rapidly (as fast as 5% of a typical bond vibration rate).
Nevertheless, no rearrangement was observed within experimental error, sug-
gesting that an intermediate radical was not formed. In contrast, when the M.
trichosporium enzyme was used, a small amount of ring opening (~3% of
total) was observed. Thus, it was proposed that the two enzymes may have
somewhat different mechanisms.

INVERSION OF CHIRAL SUBSTRATESV The approaches described above are
based on the oxidation of diagnostic molecules that are unlike methane in both
structure and bond energy. Accordingly, many products result from catalysis.
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To the extent that these products indicate radical intermediates, they support
the mechanism shown in Figure 3. However, the fact that other products are
formed means that these approaches can only show that substrate radical
formation is one mechanism of MMO, not that it is the only mechanism for
methane turnover.

The size and shape of the diagnostic molecules can have a large impact on
the interpretation of results (41). In order to avoid such uncertainties, we
approached the problem by selecting the substrate most like methane that could
be made chiral, namely ethane (56). The stereospecific placement of deuterium
and tritium on one of the carbons results in chiral ethane. When MMO catalyzes
the conversion of this molecule to ethanol, the product will either retain the
same chirality, or it will be inverted. Complete retention or complete inversion
of chirality would indicate a reaction mechanism in which no free intermediate
was generated. In contrast, partial inversion would show definitively that an
intermediate free to rotate in the active site occurred during the reaction. The
use of chiral ethane also allows the stereochemical configuration of the prod-
ucts to be directly evaluated using 3H-NMR if carrier-free chiral ethane is used
as the substrate. The experiment carried out with R or S chiral ethane showed
approximately 35% inversion of configuration (Table 1) (56). Thus, the reac-
tion involves a free intermediate, which is probably an ethyl radical because
the alternative, a free ethyl cation, has never been generated chemically at
neutral pH.

The fact that the extent of inversion is only 35% implies, first, that the
reaction must occur completely within the active site because a radical diffus-
ing outside the active site would be quenched completely randomly and show
50% inversion. Second, the rebound reaction must be very fast because the
rotation of the ethyl radical probably occurs around the single C-C bond with
arate of between 10'? and 10'3 s~!. The intramolecular deuterium isotope effect

Table 1 Product distribution from oxidation of chira! ethane by MMG

Distribution of Sterecisomers (%)

H

OH OH OH (o)
Substrate /k. D /'TT /%T /k-H
CHy CHy CHy CH;
T H D

Ethane T
/L 27 7 52 14
C?é g HD (36 % Inversion) (64 % Retention)
T
o /k~ H 53 12 26 ' 9
R) D (68 % Retention) (32% Inversion)

@ Data from reference (56). Reconstituted MMO system coupled to NADH oxidation.




METHANE MONOOXYGENASE 383

for the reaction was 4.2 at 25°C. This value is consistent with complete C-H
bond breaking in the transition state. !

The chiral ethane experiment offers the strongest evidence that the reaction
proceeds via a radical substrate intermediate as proposed in Figure 3. A similar
conclusion was reached by Dalton and coworkers using radical trap reagents
(13). :

Transient Kinetic Approaches

The use of transient kinetic techniques to directly detect intermediates in the
reaction cycle and measure their rates of interconversion represents a powerful
means of characterizing the mechanism of an enzyme. If one of the goals of
the study is to determine rate constants for the formation and decay of the
intermediates, the overall reaction must be established with a definite starting
and ending point. In the case of MMOH, this is accomplished by beginning
the reaction with the MMOH stoichiometrically reduced to the diferrous state,
as illustrated in Figure 4. Upon addition of O, and substrate, the enzyme will
undergo a single turnover and stop at the diferric state. To date, only the
transient kinetics of the MMOH- component B complex in the presence and
absence of substrate have been investigated (38).

; 3
0
m_ -~ 11 u, .~ 11
ROH F&~ wFe Fe € 0,
ROH 0,
0.02 s 25!
g Comppund T Compound P g
m._ .~ 111 ‘ N
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Figure4 Single turnover cycle of MMOH and rate constants for interconversion of intermediates
(37, 38). (Outer circle) Proposed mechanism fora single turnover of diferrous MMOH. (Inner circle)
Rate constants determined for the interconversion of the observed intermediates during a single
turnover with 1 mM nitrobenzene present as a substrate (RH). All measurements were made using
solutions at 4°C.
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FREEZE QUENCH STUDIES The diferrous state of MMOH is colorless, so the
convenient optical detection techniques often used in transient kinetic studies
could not be employed. Instead, samples were mixed with O, at 4°C in a
rapid-flow mixing device and then rapidly frozen after precise delay intervals
by ejecting them through a spray nozzle into a —140°C isopentane bath. The
frozen samples could then be studied with EPR spectroscopy to monitor the
loss of the g = 16 signal characteristic of the diferrous state. This reaction
occurred very rapidly with an apparent first-order rate constant of ~22 s~1 (38).
This rate is about 50 times the turnover number of the reconstituted MMO
system for methane at 4°C.

using optically monitored stopped flow techniques. The rapid scan stopped
flow technique was used to record full spectra of the yellow intermediate,
which we have named compound Q. In the absence of substrate, the interme-
diate formed and decayed with rate constants of about 1.0 s7! and 0.05 s,
respectively, as illustrated in Figure 5. It exhibited absorbance maxima at 330
and 430 nm with the same extinction coefficient at each wavelength, £ = ~7500
M-t em™L, Thisis a unique species unlike any previously described in transient
kinetic studies of other proteins, enzymes, or model compounds containing
diiron clusters (6, 39, 40).

The rate constant measured for the decay of diferrous MMOH is about
20-fold faster than the formation of compound Q. Therefore, at least one, and
possibly several, intermediates must form and decay in the time between O,
binding and compound Q formation. We have designated compound P as the
immediate precursor of compound Q. The existence of compound P is also
suggested by the fact that the formation rate of compound Q is independent
of O, concentration. Thus, an irreversible step must occur between O, addition
and compound Q formation. The Spectroscopic characterization of compound
P is currently in progress.

The addition of substrates caused little or no change in the formation rate
of compound Q, but the decay rate increased dramatically (38). Significantly,
the decay-rate constant increased linearly with the substrate concentration at
PH 7.7, suggesting that compound Q reacts directly with substrate in what
appears kinetically as a collisional reaction. The reaction may, in fact, be a
binding reaction followed by a fast chemical reaction; this would show the
Same apparent kinetics. The type of substrate used was found to greatly af-
fect the apparent second-order rate constant for the decay reaction. Thus, the
rate constant for the reaction with methane is 45 times that for the reaction
with nitrobenzene, in rough accord with the turnover numbers for these
substrates.
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Figure 5 Formation and decay of chromophoric intermediates in the MMOH reaction cycle (38).
(Left) Formation (fop) and decay (bottom) of compound Q in the absence of substrate. Diferrous
MMOH was rapidly mixed with saturated Oz solution at 4°C. The spectra showing the formation
and decay of compound Q were followed over the next 60 s using a diode array rapid scan device.
(Right) The experiment was repeated with the addition of nitrobenzene (substrate) to the Oz solution
before mixing. The decay of compound Q is more rapid and passes through compound T as shown
in the middle panel. Reprinted with permission from Ref. 38.

Nitrobenzene oxidation provided another means of following the kinetics
of turnover because one of the major reaction products is p-nitrophenol, which
has a strong chromophore at 404 nm. Rapid scan stopped flow spectroscopy
showed that this product was not formed directly from compound Q. Rather,
an intermediate formed at a rate constant of 200 M~! s7! (0.2 s7! pseudo
first-order rate constant at 1 mM nitrobenzene) with an absorption maximum
at 325 nm and an isosbestic point at 415 nm. Subsequently, the intermediate,
which we have termed compound T, decayed with a different isosbestic point
(at 350 nm) to form the final species exhibiting the optical spectrum of
p-nitrophenol. The rate constant for this final decay was ~0.02 s71, about the
same as the turnover number for nitrobenzene in the reconstituted, NADH-
coupled MMO system at 4°C. This suggests that the product release step is
rate limiting in the overall catalytic cycle of MMO.

CHEMICAL QUENCH STUDIES Compound T was proposed to be an enzyme-p-
nitrophenol (product) complex on the basis of the similarity of its optical
spectrum to that of p-nitrophenol dissolved in nonpolar solvents. Evidence
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supporting this proposal came from studies in which the reaction .was,
quenched, at precise intervals during the decay of compound Q, by ejection
of the reaction mixture through a spray nozzle into room-temperature chloro-
form (38). The solvent denatures the enzyme and releases any product residing
in the active site. This method allows one to ascertain the true rate of product
formation independent of its release rate. The results showed that p-nitrophenol
was formed at about the same rate as compound Q decay and compound T
formation. Because this is more than 10-fold faster than product release at the
substrate concentrations used, compound T is clearly the enzyme-product
complex.

CHEMICAL NATURE OF COMPOUND Q  The inner circle of Figure 4 summarizes
the rates of the single turnover reaction of nitrobenzene. Clearly, the rates of
interconversion decrease progressively throughout the cycle, which is the ideal
kinetic circumstance for trapping and characterizing each intermediate. These
studies are now in progress, and the first intermediate trapped by using the
freeze-quench technique was compound Q (37). The MMOH used for the
experiment was enriched with 5'Fe so that the nature of compound Q could
be evaluated with Mossbauer spectroscopy. After subtraction of the known
spectra of the unreacted diferrous MMOH and product diferric MMOH, the
spectrum of compound Q became evident (Figure 6). The spectrum consists
of a quadrupole doublet with parameters indicative of intermediate or high
spin Fe(IV). Moreover, all of the iron in compound Q is Fe(IV) because only
one doublet is observed, The spectrum of the sample in a high magnetic field
showed that compound Q is diamagnetic. Because Fe(IV) would be paramag-

netic in biological systems, the diiron cluster must persist in compound Q and
 the irons must be strongly antiferromagnetically coupled. This is the first
Fe(IV) cluster to be observed in biology.

Several observations suggest that compound Q is the activated OXy species
that attacks hydrocarbons: (a) it forms after the addition of O; to the diferrous
MMOH, but before product is released, so it contains oxygen from O,; (b) its
formation rate is generally independent of substrate concentration; (c) its decay
reaction appears to involve direct collision with substrate; and (d) it yields
product at the same rate as its decay. Thus the [Fe(IV)eFe(IV)]-oxene species
present in compound Q appears to be the first intermediate capable of unacti-
vated hydrocarbon oxidation to be trapped for any heme or nonheme OXy-
genase, including P-450.

Given the similarity in number and chemical characteristics of the interme-
diate compounds described for MMOH turnover to those of the hypothetical
mechanism, the tentative assignments shown in the outer circle of Figure 4 are
reasonable. However, the detailed structure of the compounds cannot yet be
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Figure 6 Mbssbauer spectrum of compound Q (37). (Tep) Diferrous 5Tpe.enriched MMOH was
rapidly mixed with saturated Oz and frozen by rapid freezing techniques after 4 s. Méssbauer spectra
were recorded for a sample at 4 K. The solid line is the spectrum of diferrous MMOH frozen after
rapid mixing with anaerobic buffer. The arrow marks one of the spectral lines of diferric MMOH
present in the sample as the end product of compound Q decay. (Botfom) Spectrum of compound
Q obtained by subtraction of the spectra of diferrous (30%) and diferric (25%) MMOH present in
the sample. All samples contain component B (2:1 versus MMOH sites). Reprinted with permission
from Ref. 37.

determined. For example, the Mossbauer spectrum of compound Q (Figure 6)
reveals only one sharp quadrupole doublet, showing that the two irons are in
essentially identical electronic environments. This would not be the case if the
oxene were associated with only one iron as depicted in Figures 3 and 4.
Instead, the activated oxygen species must be symmetrically bound by the two
irons. Figure 7 shows some possibilities for this structure, but we cannot yet
choose the correct structure given the data at hand.

THE ROLES OF REDUCTASE AND COMPONENT B IN
THE CATALYTIC CYCLE

Although the catalytic studies summarized above indicate that the reductase
and component B are not required for turnover, these components do have
substantial effects on the rate and specificity of turnover under certain circum-
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Figure 7 Possible symmetrical structures for the diiron cluster of compound Q. Water formally
derived from O, (filled circle) has dissociated from the cluster for the two structures on the left, but
not for the two on the right.

stances. These effects appear to be medijated by the formation of stable com-
plexes between the components (23). The impact of these complexes on regu-
lation of the catalytic cycle is now beginning to emerge.

One of the most powerful tools in the study of the roles of the reductase
and component B has been the discovery of the three catalytically functional
subsystems of MMO (27): (a) system I—NADH, reductase, MMOH, 0O, (b)
system II-—diferric MMOH, H,0;; (¢) system II—diferrous MMOH, 0,.

Each of these requires MMOH but not component B. Systems II and III also
do not require the reductase. They all give the same products as the fully
reconstituted system for all classes of MMO substrates. Systems I and II are
catalytic, turning over indefinitely, whereas system III turns over only once.
We have used these systems to determine the effects of adding reductase and/or
component B under a variety of conditions.

Complex Formation

STEADY-STATE KINETICS  For system I with reductase and MMOH in equi-
molar (sites) concentration, the addition of component B caused the initial
velocity to increase sharply (Figure 8). At the point where the component B
concentration roughly matched the MMOH active-site concentration, the initial
velocity maximized (23). It then gradually decreased with additional compo-
nent B. When the reductase to MMOH ratio was increased, the maximal rate
increased to a higher saturable maximum and more component B was required
to reach this maximum. These kinetic phenomena can be accounted for by
assuming that: (q) a ternary complex of one reductase and one component B
per active site of MMOH is required for the most efficient NADH catalysis;
(&) an inhibitory complex forms in which a second component B binds per
MMOH active site; and (c) reductase forms a complex with component B that
removes component B from the equilibrium with MMOH. Under these as-
sumptions, the kinetic data can be fit with the set of Kd values shown in Figure
8, which indicate very strong affinity between the components,

CHEMICAL CROSSLINKING AND FLUORESCENCE STUDIES High affinity com-
plexes can often be directly detected using chemical and spectroscopic tech-
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Figure 8 Effect of component B on the initial velocity of MMO turnover. The data show the
activating and inactivating effects of component B for a 1:1 ratio of reductase and MMOH active
sites. The solid line is a fit based on the scheme and equilibrium constants shown. The HBB and
RB complexes are assumed to be inhibitory and only the HBR complex supports rapid turnover. H
is the MMOH active site; R is the reductase; B is the component B. Data were recorded at room
temperature (23, 27).

niques. All of the complexes indicated on Figure 8 were detected using chemi-
cal crosslinking and fluorescence spectroscopy (23). The reagent 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC) reacts to form a bond between
protein amino and carboxyl groups that normally form salt linkages in a
component complex. Specific crosslinks were formed for the component B
and reductase with the o- and B-subunits of MMOH, respectively, indicating
that each component has a specific binding site on MMOH. Interestingly, EDC
also reacted very rapidly with component B alone to cause loss of its ability
to stimulate the reconstituted system. Only a fraction of the EDC-treated
component B formed crosslinked dimers, but rate-enhancement activity was
completely lost. Hence, crosslinking of surface groups on individual compo-
nent B molecules probably interferes with component B’s ability to bind to
MMOH, demonstrating the necessity of complex formation for rate enhance-
ment.

Both MMOH and component B are fluorescent near 340 nm when irradiated
at 280 nm because of one or more tryptophans in relatively polar environments
(23). When a complex forms between MMOH and either of the other compo-
nents, the fluorescence is quenched and blue shifted, allowing the Ky values
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to be determined by direct titration. The stability of the component B-reductase
complex was also measured in the same way. Remarkably, the actual disso-
ciation constants agree well with those predicted by the fit to the steady-state
model described above.

EPR STUDIES EPR spectroscopy provides a sensitive means of monitoring the
effects of complex formation on the active site. The EPR signal from the mixed
valence state changed dramatically when the complex between MMOH and
component B was formed (23). The resonances were shifted to g= 187,177,
1.62, and the magnitude of the exchange coupling constant describing the
antiferromagnetic coupling of the irons (J) dropped sixfold from ~30 cm™! to
~5 cm™. Likewise, the g = 16 signal of the diferrous state became sharper and
more intense upon binding of component B. These and similar observations
from other spectroscopic studies indicate that the surface interaction of MMOH
and component B causes structural changes that are transmitted to the diiron
cluster. The formation of the MMOH-reductase complex did not cause dra-
matic spectral changes, but measurable changes in the J value of the mixed
valence state were observed.

OXIDATION/REDUCTION POTENTIALS The two formal redox potential values
for MMOH from M. capsulatus were determined in two independent studies
(42, 43, 68), and we recently made analogous measurements for M.
trichosporium MMOH (53). The two studies of the M. capsulatus MMOH
utilized the same set of 12 indicator dyes to facilitate the establishment of
equilibrium and provide a reliable measurement of the overall system potential
by monitoring electrodes. In each study, the amount of mixed valence MMOH
was quantitated by EPR spectroscopy and used to calculate the extent of
reduction at a given system potential. Despite their similar protocols, the two
studies gave quite different results. Dalton and coworkers (68) found values
of E1* = +350 mV and E;* = -25 mV, while Liu & Lippard (42, 43) found
E\® = +48 mV and E;* = —135 mV. The latter group reported that addition
of reductase and component B to MMOH blocked electron transfer to the
diiron cluster unless propylene, an alternate substrate, was also present.

Our study of the M. trichosporium MMOH (53) showed that two of the 12
dyes used in the earlier studies bind to MMOH and change its spectroscopic
properties, perhaps explaining the widely varying results. Also, the determi-
nation of redox potentials in these studies depended on the accurate determi-
nation of the total cluster concentration and the amount of the cluster in each
redox state during the titration. Measuring the necessary values with sufficient
accuracy is difficult with EPR quantitation alone. In studying the M.
trichosporium MMOH, we used Mdssbauer spectroscopy to provide these
values at several points in the titration. This technique allows accurate quan-
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Figure9 Thermodynamic-state diagram relating component B (B) binding and MMOH (H) redox
potential. The Ky value for the formation of the diferric MMOH-component B complex was
determined by fluorescence titration (see text). The Ky values for the mixed valence and diferrous
MMOH complexes with component B were calculated from the measured redox potentials (53).
Asymmetry in the cycle (unequal values on opposite sides of the figure) shows that the binding and
redox reactions are coupled. Reprinted with permission from Ref, 53.

titation of each redox state simultaneously in a single sample. The M.
trichosporium MMOH titration showed formal potentials of E,* = +76 mV
and E>* = +21 mV (x 15 mV) (Enig = ~48 mV). Upon addition of component
B (2:1 vs MMOH active sites), the MMOH potentials shifted negatively to
E\” =~52 mV and E,* = -115 mV (+ 15 mV) (Epq = ~~84 mV),

As shown in Figure 9, one can construct a thérmodynamic-state diagram
using these changes in potential to predict the changes in affinity between the
component B and MMOH when the MMOH is reduced (53). A decrease in
affinity of between four and five orders of magnitude is expected. The affinity
of the diferrous MMOH-component B complex was directly evaluated using
a fluorescence titration. The affinity of this complex was more than three orders
of magnitude less than that of the diferric MMOH-component B complex (Y
Liu & JD Lipscomb, unpublished observation), in approximate agreement with
the prediction from the potentiometric measurements.

In contrast to the results reported for the M. capsulatus MMO system, when
reductase was added to the MMOH-component B complex, the redox poten-
tials were similar to those of MMOH alone (53). Thus, the reductase can in
some manner obviate the effect of component B on the redox potential of
MMOH. Interestingly, the relative magnitudes of E|* and E,* for MMOH
are reversed whenever reductase is bound to MMOH. This effect thermody-
namically stabilizes the active diferrous MMOH.

The addition of substrates to the ternary MMO component complex also
caused minor changes in potential relative to the complexes alone. However,
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the several-hundred-millivolt increase in midpoint potential reported for the
M. capsulatus enzyme (42, 43) upon addition of substrate to the complex of
all three components was not observed for M. trichosporium MMOH.

Product Distribution Studies

The MMO mechanism shown in Figure 3 emphasizes the predominant role of
the MMOH diiron cluster in catalysis. If the reductase and component B served

affect only system I. Moreover, only this system
altered. In particular, no effects on the product-forming portion of the reaction
of any of the Systems would be anticipated. Although the Systems do in fact

component B must have roles beyond electron transfer in catalysis (27). First,
no electron transfer is required in system II, but component B causes the system
to slow down by as much as 80% for most substrates. Second, the systems
give very different product distributions for many substrates that can be oxi-
dized at more than one carbon, Moreover, component B and reductase dra-
matically alter the observed distributions.

Table 2 summarizes the product distributions for isopentane turnover in each

from those of the other systems. Because the oxidants generated in the active
site of MMOH in the three systems are unlikely to be different,? the distribution
changes are probably related to the structural changes in MMOH caused by
reduction of the cluster and/or binding of the components. The diiron cluster
must assume the diferrous state during the reactions of systems I and III, but
not during that of system II.

The results discussed above show that the structure of MMOH is altered by
both the redox state of the diiron cluster and the thermodynamically coupled
binding of component B (and reductase). Thus, the differences in product
distribution could be ascribed to differences in the way a substrate can physi-

2All of the Systems can turn over methane. Also, the percent inversion of chiral ethane is the
same in systems I and 11, implying that the same transition state occurs (WA Froland, JD Lipscomb,
ND Priestley, HG Floss, PG Williams & H Morimoto, unpublished observation).
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cally approach the activated oxygen in the active site of MMOH. This implies
that the structure of the activated MMOH at the point of oxygen insertion has
some memory of the system that produced it. That is, at least some of the
systems must have hysteresis in the structural changes that is long relative to
catalysis. :

One can also examine the effects of the putative MMOH structural hysteresis
by comparing the dependence of product distribution on component B con-
centration, as shown in Table 2. For systems I and III, the shift in product
distribution was complete for component B at ~5% of the MMOH active-site
concentration. In contrast, the initial velocity of turnover for system I was
maximized at stoichiometric or greater concentrations of component B. Thus,
component B clearly has two different effects on this system, implying that it
has at least two roles in catalysis. In system II, the effects on both product
distribution and initial velocity maximized at stoichiometric amounts of com-
ponent B. One could explain the differences in the concentration dependence
of the product distributions on component B in several ways, but most of these
explanations require the assumption of rate enhancement in the MMOH-com-
ponent B complex. Consequently, these can be discounted because system III
is a single turnover system in which rate enhancement cannot amplify a
particular product distribution. However, hysteresis in the relaxation of the
component B—induced conformational change in MMOH would allow the
entire population of MMOH to adopt an altered structure with only a small
amount of component B present. This proposal requires that component B be

Table 2 MMO Catalyzed oxidation of isopentane

Product Distribution (%)°
OH

a B;Hb H HO
System Ratio ’ﬁ_‘ ’\_
30 2° 1° 1°
OH
T and (II1) 0 27 (38)d 30 (26) 30 (22) 1314
0.1 13 (13) 10 (7) 47 (49) 30 31)
1.0 1 (12) 8 (3 51 (53) 3027)
2.0 11 (11 9 M 49 (52) 31 (30)
11 0 43 24 12 21
0.1 42 23 13 22
0.5 34 20 20 26
1.0 26 19 29 26
2.0 26 20 25 29
8.0 26 19 28 27

2 See text for definition of catalytic systems.
Ratio of component B to MMOH (mol/mol)

¢ Data from reference (27)

d System III plus added reduced reductase gives a distribution indistinguishable
from that of System I (which also contains reduced reductase).
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able to dissociate rapidly from MMOH, which is apparently only possible for
the diferrous MMOH due to its greatly reduced affinity for component B. In
system 1II, where the MMOH remains oxidized with a high affinity for com-
ponent B, a stoichiometric amount of component B is required to observe
product-distribution changes.

Hysteresis in the structural changes of MMOH is supported by comparison
of the EPR spectra of the mixed valent and diferrous MMOH in the presence
of component B (27). For the mixed valence state, the EPR spectrum was
altered progressively by formation of the MMOH—-component B complex,
maximizing the spectrum at equal active-site concentrations. In contrast, for
the diferrous MMOH, the complete change in the g = 16 EPR signal lineshape
was observed after addition of approximately 0.3 component B molecules per
MMOH active site, indicating that an altered active-site conformation persists
after component B dissociates for a period at least comparable to the freezing
time of the sample.

Hypothesis for Regulation

Methane is the only physiologically relevant substrate of MMO. Thus, the
structural changes in MMOH proposed to occur upon reduction of the diiron
cluster and/or component complex formation are not designed to shift product
distribution in vivo. Nevertheless, both reduction and component-component
interactions are integral parts of the catalytic cycle of MMO. Therefore, the
conformational changes in MMOH that occur in response to these events
probably also occur during catalysis by the reconstituted enzyme system and
are likely to play a specific role, one perhaps related to regulation of the
catalytic cycle.

Figure 10 shows a hypothesis for the regulatory cycle of MMO. Resting
MMOH will primarily form a complex with component B in vivo because the
components are present in approximately equal concentrations and have high
affinity. Reductase is present in the cell in only about 10% of the MMOH
concentration, but its low Ky value for MMOH suggests that it will also be
bound in the complex. Reduction of MMOH by the reductase would initiate
catalysis. The reduced MMOH would have an inherently lower affinity for the
component B. However, this would not be expressed until the reductase dis-
sociates, because the redox potential of MMOH is coupled to the component
B affinity. The redox potential and component B affinity will remain high as
long as the reductase is bound. This part of the cycle assures that two electrons
are irreversibly delivered to the MMOH before O, activation commences.
Upon dissociation of the reductase, the redox potential of MMOH would drop,
allowing O, to bind with high affinity and electron density to be delocalized
into the O-O bond to facilitate its cleavage, with the consequent formation of
compound Q. The associated increase in the K for component B would allow
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Figure 10 Hypothesis for the regulatory roles of reductase and component B in catalysis. B and
R are the reductase and component B, respectively. The shapes represent different configurations
of MMOH occurring in response to component B binding and the state of reduction of the diiron
cluster. (Based on data from 23, 27, 53; Y Liu & JD Lipscomb, unpublished observations.)

it to dissociate, but hysteresis in the structure of MMOH would prevent a rapid
structural change in the active site. Compound Q would then rapidly react with
substrate. The substrate might not be able to bind rapidly when component B
is bound, thus preventing substrate binding before oxygen activation. Accord-
ingly, rebinding of component B with high affinity to the oxidized MMOH
after product formation might facilitate product release.

Investigation of this complex regulatory cycle is still in progress, but at
our current level of understanding, it does account for the observations
reviewed here. Moreover, it provides a structural basis for the observed order
of substrate addition in the catalytic cycle revealed by the transient kinetic
studies. Soluble O,-activating systems need to prevent the generation of
diffusable reactive species and to couple NAD(P)H utilization tightly to
substrate oxidation. The regulatory cycle proposed here achieves these ob-
jectives through judicious formation and decay of component complexes
during each round of catalysis.
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