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Abstract

Methanotrophic bacteria oxidize methane to methanol in the first
step of their metabolic pathway. Two forms of methane monooxyge-
nase (MMO) enzymes catalyze this reaction: soluble MMO (sMMO)
and membrane-bound or particulate MMO (pMMO). pMMO is ex-
pressed when copper is available, and its active site is believed to
contain copper. Whereas sMMO is well characterized, most aspects
of pMMO biochemistry remain unknown and somewhat controver-
sial. This review emphasizes advances in the past two to three years
related to pMMO and to copper uptake and copper-dependent regu-
lation in methanotrophs. The pMMO metal centers have been char-
acterized spectroscopically, and the first pMMO crystal structure has
been determined. Significant effort has been devoted to improving
in vitro pMMO activity. Proteins involved in sMMO regulation and
additional copper-regulated proteins have been identified, and the
Methylococcus capsulatus (Bath) genome has been sequenced. Finally,
methanobactin (mb), a small copper chelator proposed to facilitate
copper uptake, has been characterized.
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INTRODUCTION

Methanotrophic bacteria utilize methane as
their sole carbon and energy source (1). Found
in a variety of habitats, including extreme
environments (2), methanotrophs comprise
13 genera within the o and y Proteobac-
teria (3). These organisms play an impor-
tant role in the global carbon cycle and are
potentially useful in curtailing the contribu-
tion of methane emissions to global warming
(1, 4, 5). Oxidation of methane to methanol,
the first step in methane metabolism, is cat-
alyzed by methane monooxygenase (MMO)
enzymes, which have attracted much atten-
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tion for their possible applications in cata-
lyst development (6) and/or bioremediation
(7, 8). There are two forms of MMO, solu-
ble MMO (sMMO) (9) and membrane-bound
or particulate MMO (pMMO) (10). All but
one genus of methanotrophic bacteria ex-
press pMMO, and a small subset produces
both pMMO and sMMO (3). In this subset,
differential expression of the two MMOs is
controlled by the concentration of copper in
the growth medium, with sMMO only pro-
duced at low copper concentrations (11-13).
The mechanism of this “copper switch” is not
known. Most studies of MMO have focused
on enzymes from two organisms in this sub-
set, Methylococcus capsulatus (Bath) and Methy-
losinus trichosporium OB3b.

sMMO comprises three components, a hy-
droxylase (MMOH), which houses the ac-
tive site, a reductase (MMOR), which shut-
tles electrons from NADH to the active site of
MMOH, and a regulatory protein (MMOB)
that is required for activity (9). MMOH con-
sists of three polypeptides arranged as an
o2 R2y2 dimer (14). Methane and dioxygen
bind at a carboxylate-bridged diiron center,
similar to diiron centers found in the ri-
bonucleotide reductase R2 protein (15), the
stearoyl acyl-carrier protein A’ desaturase
(16), and a growing family of bacterial mul-
ticomponent monooxygenases (BMMs) that
includes toluene monooxygenases, phenol hy-
droxylases, and alkene monooxygenases (17).
A number of recent reviews have focused on
structural (18), mechanistic (19), and evolu-
tionary (17) aspects of sMMO and the BMM
family. Because sMMO has a wide substrate
specificity, oxidizing alkanes, alkenes, and aro-
matics (20), it has been a favored target
for bioremediation applications (8). pMMO
is more practical for in situ bioremediation
for two reasons, however. First, only a few
methanotrophs produce sMMO (3), and sec-
ond, sMMO expression is repressed at the
high levels of copper found in polluted en-
vironments (21).

Although pMMO is much more prevalent
than sMMO in nature, less is known about
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its biochemistry, owing to difficulties working
with an integral membrane protein. pMMO
is composed of three subunits, &, § and v,
also known as pmoA, pmoB, and pmoC, re-
spectively (10, 22). Ammonia monooxygenase
(AMO), a pMMO homolog and the only en-
zyme other than sMMO and pMMO known
to oxidize methane, has a similar polypeptide
composition (23, 24). The metal content of
pMMO has been controversial, but the ac-
tive site is generally believed to contain copper
ions (10, 25). pMMO has a more limited sub-
strate specificity than sMMO (26), a property
that could potentially be altered for bioreme-
diation purposes once the active site has been
characterized.

Whereas sMMO was the main focus in
the field of methane oxidation biochemistry
10-20 years ago, interest in pMMO has been
increasing over the past decade. This re-
view focuses on recent advances in biological
methane oxidation related to pMMO and to
copper uptake and copper-dependent regula-
tion in methanotrophs. Significant discoveries
in the past two to three years include com-
pletion of the M. capsulatus (Bath) genome,
identification and characterization of proteins
involved in regulation of sMMO, detection
of additional proteins that are copper regu-
lated, more complete spectroscopic charac-
terization of the pMMO metal centers, the
first crystal structure of pMMO, improved ac-
tivity for isolated pMMO, and detailed char-
acterization of a novel copper chelator called
methanobactin (mb). We highlight these ad-
vances, which were reported after the last
comprehensive pMMO review (10), in the
context of previous work with an emphasis on
key unresolved issues.

GENETICS AND REGULATION

The genome of M. capsulatus (Bath) was
completed and was the first methanotroph
genome to become available. Proteins that
may participate in the regulation of sSMMO
as well as additional copper-regulated genes
have been identified recently.

The M. capsulatus (Bath) Genome

The M. capsulatus (Bath) genome comprises
3.3 megabases and includes 51 identifiable in-
sertion elements and two putative prophages
(27). As determined previously (28, 29), the
genes encoding pMMO are present in mul-
tiple copies with two complete copies of the
pmoCAB operon and a third copy of pmoC,
pmoC3, located adjacent to three genes of
unknown function. Mutants of M. capsula-
tus (Bath) in which one of the two copies
of the pmoCAB operon is disrupted grow
on methane, although they show decreased
methane oxidation rates compared to wild-
type bacteria. If both gene copies are dis-
rupted, the cells are not viable, however. In-
terestingly, researchers were unable to iso-
late mutants in which pmoC3 is disrupted,
indicating this gene may play an essential
role in methanotroph growth (29). Redun-
dancy is also observed for other enzymes in
the metabolic pathway, including methanol
dehydrogenase and formate dehydrogenase.
By contrast, the genes encoding sMMO oc-
cur only once. A transposase is present in
some clones between the mmoB and mmoZ
genes, which encode the regulatory protein
B and the y subunit of MMOH, respectively
(30). Beyond the genes encoding enzymes
in methane-dependent metabolism, genome
analysis suggests the ability of methanotrophs
to utilize sugars, oxidize chemolithotrophic
hydrogen and sulfur, and exist under condi-
tions of low oxygen tension (27). This pro-
posed metabolic flexibility is not necessarily
consistent with known methanotroph physi-
ology and requires further study (31).
Copper trafficking proteins encoded
by the genome may be of importance in
the copper-regulated expression of the two
MMOs or copper delivery to pMMO. Three
homologs of the P;g-type copper transporting
ATPases are encoded (MCA0705, MCA0805,
MCA2072) (32) as are homologs of solu-
ble copper chaperones in the Atx1/CopZ
(MCA0611) (33, 34) and PcoC/CopC
(MCA0808, MCA2170) (35, 36) families.

www.annualreviews.org © Biochemistry of Methane Oxidation
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There is also a putative metal responsive
transcription factor (MCA1339), annotated
as a mercuric resistance operon regulatory
protein. Finally, it should be noted that the
genome encodes two putative nonribosomal
peptide synthetases (MCA1883, MCA2107),
which could be involved in the biosynthesis
of the copper chelator mb (37) (vide infra).

Regulation of sMMO

In methanotrophs that express both forms of
MMO, sMMO is expressed at <0.8 pM cop-
per in the growth medium, whereas at ~4 uM
copper, pMMO is expressed and extensive in-
tracytoplasmic membranes develop (12, 13,
38). In M. capsulatus (Bath), the concentra-
tions of the three pMMO polypeptides and

a

PoN

of the pmoA transcript increase proportion-
ally with copper levels in the medium, up to
~60 pM copper, after which a decrease in the
amounts of pMMO is observed (38). Candi-
date regulatory proteins for pMMO expres-
sion have not yet been identified. Addition of
copper to both M. capsulatus (Bath) and M. tri-
chosporium OB3b leads to a decrease in sMMO
mRNA (39, 40), consistent with the existence
of a copper-binding repressor protein (11, 41).
Copper-responsive transcriptional repressors
or activators have not been identified, but
some progress has been made toward under-
standing regulation of sMMO.

Four genes located immediately down-
stream (3') of the M. capsulatus (Bath) sMMO
operon, mmoG, mmoQ, mmoS, and mmoR (42),
may be involved in regulation (Figure 1a).

Pc’0 P70

f mmoXYBZDC |-

mmoG —

mmoQ

mmoS mmoR |—

Figure 1

| FAD |
ﬁ mmoXYBZDC

Regulation of sMMO. (#) In M. capsulatus (Bath), the regulatory genes mmoG, mmoQ, mmoS, and mmoR
are found downstream of the 77220XYBZDC operon, which encodes the sMMO proteins. (b)) Model for
regulation of sMMO expression. (/eft) Low copper levels; (7ight) high copper levels. Abbreviations: FAD,
flavin adenine dinucleotide; FADH,;, reduced flavin adenine dinucleotide; G, MmoG; Q, MmoQ; R,
MmoR; S, MmoS; Po¥, oN-dependent promoter; Po”, 670-dependent promoter.
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The mmoG and mmoR genes are also present
in M. trichosporium OB3b, but are located up-
stream (5) of the sMMO structural genes (43).
According to the results of marker-exchange
mutagenesis, both MmoG and MmoR are
required for sMMO transcription. It should
be noted that MmoR is not to be confused
with MMOR, the reductase in the sMMO
enzyme system. MmoG is predicted to be a
GroEL homolog and may function in proper
folding of MmoR or assembly of the sMMO
complex (42, 43). MmoG might alternatively
act as a coregulator together with MmoR,
which is predicted to be a oN-dependent tran-
scriptional activator that activates sMMO ex-
pression when copper levels are low (42).
The MmoR sequence contains no obvious
copper-binding motifs, however, suggesting
that additional proteins might sense copper
and transmit the signal to MmoR (42).

The proteins encoded by the mm0Q
and mmoS genes could be involved in the
copper-sensing mechanism. These proteins
are homologous to two-component signaling
systems in which a sensor protein detects an
environmental stimulus, autophosphorylates
a histidine residue within its histidine kinase
domain, and then transfers the phosphoryl
group to an aspartic acid residue in the re-
sponse regulator protein, activating an effec-
tor domain (44, 45). MmoS resembles the
sensor protein, and MmoQ corresponds to
the regulator. The N-terminal sensing region
of MmoS includes two predicted PAS-PAC
domains. Because PAS-PAC domains detect
changes in redox potential, light, or concen-
trations of small ligands (46, 47), MmoS is a
reasonable candidate for participating in the
copper switch, either directly or indirectly
(42). MmoS lacking the N-terminal trans-
membrane domain has been characterized
biochemically (48). Purified MmoS is a 480-
kDa tetramer containing one flavin adenine
dinucleotide (FAD) cofactor per monomer
that is localized in the PAS-PAC domains.
No evidence for copper binding has been ob-
tained, indicating that MmoS does not sense
copper directly. The properties of MmoS, in-

cluding a redox potential of MmoS-bound
FAD of =290 £+ 2 mV at pH 8.0 and 25°C,
are quite similar to those of the sensor pro-
tein, NifL,, from diazotrophic bacteria. NifL
senses oxygen or fixed nitrogen via an FAD
cofactor and subsequently inhibits the ability
of the NifA protein to activate transcription
of genes involved in nitrogenase biosynthesis
(49).

Several models have been proposed for
sMMO regulation by these proteins. In M.
trichosporium OB3b, MmoR is proposed to be
inactivated by a copper signal, either directly
or through MmoG. The inactive MmoR then
cannot activate transcription of the sMMO
genes (43). In M. capsulatus (Bath), an un-
known copper sensor is proposed to transmit
a signal to MmoS, which transfers a phos-
phoryl group to MmoQ. MmoQ then reg-
ulates sMMO expression via an interaction
with MmoR (42). A more detailed variation
of this model takes into account the possi-
ble redox-sensing ability of the FAD cofac-
tor in MmoS (48) (Figure 15). In this third
scenario, the MmoS FAD cofactor is present
at low copper levels as reduced flavin adenine
dinucleotide (FADH,). This form of MmoS
phosphorylates MmoQ), which interacts with
MmoR and promotes MmoS transcription.
At higher copper levels, FADH, is oxidized
to FAD, causing a conformational change in
MmoS that allows it to interact directly with
MmoR, preventing MmoR from activating
transcription. It is unclear exactly how cop-
per concentrations might change the redox
state of the FAD cofactor. The latter two mod-
els remain subject to the caveat that it has
notyet been demonstrated that MmoS and/or
MmoQ are essential for copper-dependent
sMMO regulation. In addition, no evidence
for the protein-protein interactions invoked
in these models has been reported.

Additional Copper-Regulated Genes

In additon to the two MMOs, multiple
other proteins are differentially expressed as
a function of copper concentrations in the

www.annualreviews.org © Biochemistry of Methane Oxidation
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growth medium. Several of these proteins
were identified using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and N-
terminal sequencing prior to completion of
the M. capsulatus (Bath) genome. In M. cap-
sulatus (Bath), at least two formaldehyde de-
hydrogenases (FalDH) are regulated by cop-
per, with a dye-linked FalDH expressed in the
presence of copper and an NAD(P)"-linked
FalDH expressed under low-copper condi-
tions (50). The copper-dependent expression
of the different FalDHs is consistent with the
way each MMO may be linked to the elec-
tron transport chain. The NAD(P)"-linked
FalDH is expressed under the same condi-
tions as SMMO, which couples to the electron
transport chain through NADH. The dye-
linked FalDH, expressed with pMMO, is cou-
pled to the electron transport chain through
the cytochrome bc; complex, consistent with
electron flow from the cytochrome &¢; com-
plex to pMMO (22).

Proteins of unknown function repressed
by copper include CorA, an ~28.5-kDa
membrane-bound protein from Methylomicro-
bium albus BG8 (51), and MopE, a cell surface-
associated protein from M. capsulatus (Bath)
(52, 53). Deletion of CorA affects cell growth,
which cannot be rescued by copper addition
(51). MopE exists in two forms, a 66-kDa cell
surface-associated protein (MopE®) and a 46-
kDa protein, comprising the C-terminal part
of MopE®, which is secreted from the bacteria
into the growth media (MopE*). Both MopE®
and MopE* are copper repressible (53), and
MopE" is similar in sequence to M. albus BG8
CorA (52). Both proteins may play a role in
copper uptake (51, 53), but neither sequence
contains obvious copper-binding motifs. Ad-
ditional biochemical and genetic studies are
required to define the functions of MopE and
CorA.

Immediately upstream of mopE in the M.
capsulatus (Bath) genome is another copper-
repressible gene (MCA2590), which encodes
a protein homologous to the bacterial diheme
cytochrome ¢ peroxidase (BCCP) family (54).
Unlike other members of the BCCP fam-
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ily, this protein is localized to the external
surface of the outer membrane, rather than
the periplasm. The sequence contains two
heme-binding motifs, and c-type heme has
been detected. Interestingly, an unannotated
ORF in M. albus BGS, found immediately
downstream of the gene encoding CorA, is
50% identical to the N terminus of this heme
protein (54). The physiological role of the
MCA2590 gene product has not been deter-
mined, although it has been suggested, based
on the proximity of the genes and their similar
expression profile, that its function is linked
with that of MopE (54).

The effects of copper concentration on
protein expression in M. capsulatus (Bath) have
also been investigated by a proteomics ap-
proach using cleavable isotope-coded affin-
ity technology (55). This study was conducted
while the genome sequencing was in progress.
Of 682 proteins identified, 60 were upreg-
ulated and 68 were downregulated by cop-
per. Most of the proteins exhibiting differ-
ential expression were biosynthetic enzymes.
Notably, a hemerythrin, also identified in-
dependently by two-dimensional gel elec-
trophoresis (56), was expressed at high cop-
per levels. Hemerythrins are oxygen carriers
found in marine invertebrates and are char-
acterized by a dinuclear iron center housed
within a four-helix bundle. Sequence analysis,
combined with spectroscopic characterization
of the purified protein, indicates that the M.
capsulatus (Bath) hemerythrin is the first ex-
ample of a prokaryotic hemerythrin. On the
basis of these data, it probably binds oxygen,
and a role in providing oxygen specifically to
pMMO has been postulated (55, 56).

OVERALL STRUCTURE
OF pMMO

Structural characterization of pMMO has
been challenging due to the difficulty of work-
ing with an integral membrane protein. In
this section, structural insights provided by
the 2.8-A resolution crystal structure and
the 23-A resolution cryoelectron microscopy
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structure, both published in 2005, are
discussed.

pmoB subunit

The 2.8-A Resolution Crystal
Structure

The crystal structure of pMMO from M. cap-
sulatus (Bath) has been determined to 2.8-A .
resolution (57-59). pMMO is a trimer, ap- J / SN By \)—
proximately 105 A long and 90 A in diameter, i

composed of three copies of each subunitin an Copper ion
o3 33y3 polypeptide arrangement (Figures 2
and 3). The soluble region, which extends

Zinc ion

~45 A from the membrane, is composed of
six cupredoxin-like B-barrels, two from each
copy of the pmoB subunit. Each pmoB sub-
unit also contains two transmembrane helices,
which together with seven helices from each
pmoA subunit and five from each pmoC sub-
unitadd up to a total of 42 transmembrane he-
lices. Each «fy protomer houses three metal
centers (vide infra). There is an opening at
the center of the pMMO trimer, ~11 A wide
in the soluble region and ~22 A within the
membrane (Figure 34). In the soluble re- pmMoA subunit
gion, this central cavity is lined with charged  Figure 2

residues and likely contains solvent, althoug{l The pMMO trimer [Protein Data Bank (PDB) accession code 1YEW] with
no water molecules could be modeled at2.8-A  one protomer highlighted.

SARsasals)

pmoC subunit

C Electron
microscopy
map

Dodecyl-f-D-maltoside

Figure 3

Surface representations of pMMO viewed (#) perpendicular to and (¥) parallel to the membrane normal
and (¢) the pMMO crystallographic coordinates and four molecules of dodecyl-B-p-maltoside (extracted
from PDB entry 1qla) docked into the electron microscopy map.

www.annualreviews.org o Biochemistry of Methane Oxidation 229
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resolution. In the transmembrane region, this
opening is lined with hydrophobic residues
and is probably occupied by disordered de-
tergent molecules, also not discernible in the
crystal structure. The o3 33y; trimeric struc-
ture was unexpected because prior biochemi-
cal studies suggested either a monomeric a3y
(60) or a dimeric «,p,y, (61) arrangement
(10).

Cryoelectron Microscopy Structure

Electron microscopy (EM) has also been used
to determine the pMMO structure. Early
electron micrographs of pMMO from M.
capsulatus (strain M) revealed particles with
a hexagonal shape, approximately 9 nm in
diameter (62). Each particle had six max-
ima of protein density, interpreted to in-
dicate a hexameric structure (62). In light
of the crystal structure, it is probable that
these six maxima correspond to the six (-
barrels in the soluble region of pMMO.
More recent electron micrographs of catalyt-
ically active pMMO-containing membranes
reveal a threefold symmetry (63). Moreover,
a 23-A resolution structure of M. capsulatus
(Bath) pMMO determined by EM and single-
particle analysis reveals a complex consistent
in size and shape with the crystallographic
model (63) (Figure 3c¢). Taken together, these
EM data strongly suggest that the trimeric ar-
rangement observed in the crystal structure
is physiologically relevant. The EM struc-
ture includes several features not observed in
the crystal structure (63) (Figure 3¢). First,
there is a “belt” of density around the trans-
membrane region that is interpreted as a ring
of detergent molecules, specifically dodecyl-
-p-maltoside, which was used to prepare
the samples. Electron density attributed to
detergent also fills the central opening at
the transmembrane end of pMMO. Second,
there are regions of low density or “holes”
in the soluble domains. These regions to-
gether with the central opening may rep-
resent sites of substrate entry or product
egress.

Hakemian o Rosenzweig

THE pMMO METAL CENTERS

Many laboratories have investigated the
metal centers in pMMO by spectroscopic
methods. In this section, these results are
summarized in the context of the metal
centers observed in the M. capsulatus (Bath)
pMMO crystal structure.

Metal Content

Although it is generally accepted that pMMO
is a metalloenzyme, the nature of the metal
center(s) has been the subject of much de-
bate. All researchers find copper associated
with pMMO, but a wide range of stoichiome-
tries has been reported and has been tabu-
lated previously (10). In brief, copper contents
for membrane-bound pMMO range from 4-
59 copper ions per 100 kDa. For purified M.
capsulatus (Bath) pMMO, four different labo-
ratories report varied stoichiometries: 2 cop-
per ions (64), 2-3 copper ions (61), 8-10 cop-
per ions (38), and 15-20 copper ions (60, 65).
The first three values can be considered sim-
ilar because the 8-10 copper ions include 6—
8 molecules of mb (vide infra), which are not
present in the first two preparations, and 2
copper ions per 100 kDa pMMO. Consistent
with this stoichiometry for the M. capsulatus
(Bath) enzyme, purified pMMO from M. #ri-
chosporium OB3b contains 2 copper ions per
100 kDa (66). The origin of the higher val-
ues reported by Chan and coworkers remains
unclear. In addition to copper, iron is found
in some, but not all (60), preparations of both
membrane-bound and purified pMMO. The
reported stoichiometries are 0.75-2.5 iron
ions per 100 kDa purified M. capsulatus (Bath)
pMMO (22, 38, 61, 64).

Spectroscopic Studies

The pMMO copper in both
membrane-bound and purified M. capsulatus
(Bath) pMMO have been studied extensively
by electron paramagnetic resonance (EPR)

centers

spectroscopy. On the basis of the hyperfine



Annu. Rev. Biochem. 2007.76:223-241. Downloaded from www.annualreviews.org

by Massachusetts Institute of Technology (MIT) on 09/28/12. For personal use only.

splitting pattern of a broad isotropic signal
at g ~ 2.1, Chan and coworkers (67) have
proposed the presence of a ferromagnetically
coupled trinuclear Cu(Il) cluster. They also
observed a type 2 Cu(Il) signal, assigned to a
second trinuclear cluster in which two of the
three Cu(Il) ions are antiferromagnetically
coupled (68). By contrast, researchers in four

idation can occur, although complete oxida-
tion has not been achieved. Extended X-ray
absorption fine structure (EXAFS) data are
best fit with two shells of backscatterers. The
first shell is best fit with two Cu-O/N ligand
environments with Cu-O/N distances rang-
ing from 1.93 to 2.22 A, depending on the
sample and oxidation state. A second scatter-

XANES: X-ray
absorption near edge
structure

EXAFS: extended
X-ray absorption
fine structure

other laboratories have observed only the inginteraction, observedinall samples,isbest  XAS: X-ray
type 2 signal using a variety of samples from  fit with a Cu-Cu interaction at 2.51 A for as-  absorption
three different organisms (22, 38, 61, 64, 69).  isolated and oxidized pMMO and 2.65 A for  spectroscopy
This type 2 signal is not attributed to a tri- reduced pMMO. These data are the only di-
nuclear cluster and accounts for 40%-50% of  rect spectroscopic evidence of a multinuclear
the total copper present (61, 64). Alternative  copper cluster. The possibility of a Cu-Fe cen-
assignments for the signal interpreted as a  ter withashortmetal-metal distance was ruled
trinuclear cluster include mb (22), superpo-  out by Fe XAS data, which indicate the pres-
sition of a radical signal with that from the ence of Fe(IlI), but with no Fe-metal scatter-
type 2 center (70), CuFe(CN)s*~ (71), or ing in the 2.5-2.65 A range. The Fe EXAFS
adventitiously bound copper ions (64). parameters, combined with the optical spec-
X-ray absorption spectroscopic (XAS) data  trum of purified pMMO (61) and the obser-
also provide insight into the pMMO metal vation of an EPR signal characteristic of high-
centers (61, 72). The X-ray absorption near  spin heme (72), suggest that the iron is due to
edge spectra (XANES) of as-isolated sam- heme contaminants. Heme is not observed in
ples, containing 2-3 copper ions per 100 kDa,  some iron-containing preparations, however
demonstrate that the copper centers can un-  (38), leaving the possibility of a functional iron
dergo redox chemistry. A feature at 8984 eV,  center.
attributable to a Cu(I) 1s—4p transition, in-
creases in intensity upon chemical reduction .
with dithionite, indicating that some, but not Crystallographic Data
all, of the copper ions are present as Cu(I) in ~ Three metal centers were found in the crys-
purified pMMO. Treatment with H,O, di- tal structure of M. capsulotus (Bath) pMMO
minishes this peak, suggesting that some ox- (57, 58) (Figure 4). A dinuclear copper
a b c
His 72
ks 133 Asp 156 ii . [l Oxygen
w He:A7d B Nitrogen
Zn W Copper
His 137 o A oCu ° M Zinc
O Cu GIn 404 Carbon:
His 160 ;
B pmoB
w m Glu 195 [l pmoA
His 33 His 48 pmoC
Figure 4

The dicopper (#), monocopper (b), and zinc (¢) sites modeled in the pMMO crystal structure. Data
reported in Reference 57.
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center is located in the N-terminal 3-barrel of
the pmoB subunit ~10 A above the membrane
interface. The copper ions are coordinated by
His 33, His 137, and His 139 (Figure 44).
Notably, His 33 is the N-terminal residue
of pmoB and ligates one of the copper ions
through both its side chain § nitrogen and the
N-terminal amino nitrogen. The two copper
ions are separated by ~2.6 A, similar to the
Cu-Cu distance obtained from EXAFS. The
three histidine ligands are strictly conserved in
pmoB and the related amoB subunit of AMO
(Figures 5 and 6a), consistent with an impor-
tant role for this metal center. Two second-
sphere ligands, Glu 35 and Gly 152, which
are hydrogen bonded to the coordinating his-
tidines, are also highly conserved.

A mononuclear copper center is also found
in the soluble region of pmoB, ~25 A above
the membrane. The copper ion is coordi-
nated by the 8 nitrogens of His 48 and His 72
(Figure 4b). Residue His 48 is not conserved
(Figures 5 and 64). In many methanotrophs,
an asparagine residue is found at this posi-
tion, and in most AMOs, the histidine is re-
placed with a glutamine. The second ligand,
His 72, is conserved among most pmoB and
amoB sequences, but in a few species of ni-
trifying bacteria, the corresponding residue is
an arginine. An adjacent glutamine, Gln 404,
which was proposed to hydrogen bond to sol-
vent ligands not observed in the crystal struc-
ture (58), is not conserved at all (Figure 5). At
2.8 A resolution, exogenous ligands were not
detected at either copper center, but the EX-
AFS data indicate a coordination number of
24 for the O/N ligands, which is more than
the two ligands to each copper ion in the crys-
tal structure (72). The oxidation states of the
copper ions present in the crystal structure are
not known, but multiple scenarios have been
considered. The scheme most consistent with
the spectroscopic data is that the mononuclear
site is Cu(l) and the dinuclear site is a com-
pletely localized, mixed valence Cu(I)Cu(II)
site (72).

A third metal center, occupied in the struc-
ture by zinc from the crystallization buffer, is
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located within the membrane. A single zinc
ion is coordinated by Asp 156, His 160, and
His 173 from the pmoC subunit and Glu
195 from the pmoA subunit (Figure 4¢). All
four of these residues are strictly conserved,
strongly suggesting that this site is function-
ally important (Figures 5 and 6b). Because
purified pMMO contains less than 0.2 zinc
ions per monomer (57), this site may be occu-
pied by copper or iron in vivo. One possibil-
ity is a carboxylate-bridged diiron center, like
that found in the active site of MMOH, but
no spectroscopic evidence for such a center
has been obtained.

Although the spectroscopic and crystallo-
graphic data have provided much information
on the pMMO metal centers, their functions
remain unclear, and the active site has not
yet been identified. On the basis of sequence
alignments, the mononuclear copper center
seems unlikely to play an essential role. The
dinuclear copper site is an attractive candi-
date for the active site because the residues are
strictly conserved and because there is an ad-
jacent hydrophobic pocket (57). Other dinu-
clear copper centers, such as that in tyrosinase
(73), are capable of hydroxylation chemistry,
but these sites have longer Cu-Cu distances
and six rather than three coordinating histi-
dine residues (74). The zinc center is also a
reasonable option, depending on what metal
ion orions occupy this site in vivo. A third pos-
sibility is that the active site is metal depleted
in the crystal structure. There is one region
of hydrophilic residues within the membrane
~13 A from the zinc site, composed of strictly
conserved His 38, Met42, Asp 47, Asp 49, and
Glu 100 from pmoA and Glu 154 from pmoC
(Figure 6b). It is conceivable that a metal-
binding site could be assembled by some com-
bination of these residues.

pMMO AND CATALYSIS

The conditions necessary for the isolation
of catalytically active pMMO have been re-
searched extensively, but remain unclear. In
this section, progress toward understanding
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Multiple sequence alignments of pMMO and AMO subunits showing the ligands to the metal centers in
the M. capsulatus (Bath) pMMO structure. Numbers above the alignment correspond to copy 2 of pMMO
in M. capsulatus (Bath). Abbreviations: MCB, M. capsulatus (Bath); MNI, Methylomicrobium sp. NI; MTR,
M. trichosporium OB3b; MCYS, Methylocystis sp. M; SC2, Methylocystis sp. SC2; MAC, Methylocapsa
acidiphila; UNC, uncultured methanotroph; NEU, Nitrosomonas europaea; NCR, Nitrosomonas cryotolerans,
ENI11, Nitrosomonas sp. ENI-11; NAV, Nitrosospira sp. NpAV; NMU, Nitrosospira multiformis ATCC
25196; C113, Nitrosococcus sp. C-113; NOC, Nitrosococcus oceani; GSC, Methylocystis sp. GSC357.
GenBank accession numbers and alignments of the full subunit sequences are available online. See the
Supplemental Material link in the online version of this chapter or at http://www.annualreviews.org/
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B Conserved residues
Very similar residues
Similar residues
Nonconserved residues

Figure 6

Multiple sequence alignments mapped to the pMMO crystal structure. (7) The pMMO protomer with
conserved residues, very similar residues, and similar residues shown. () A conserved patch of
hydrophilic residues adjacent to the zinc center that may represent an additional metal-binding site.

the catalytic activity and mechanism of
pMMO is summarized.

Isolation and Activity

pMMO can oxidize alkanes and alkenes up to
five carbons in length, but unlike sMMO, it
cannot oxidize cyclic or aromatic hydrocar-
bons (8, 26). Obtaining purified pMMO that
retains activity has been a significant issue in
the field. Using the propylene oxidation assay
(20) with either NADH or duroquinol (75) as
a reductant, specific activities for M. capsulatus
(Bath) pMMO of ~10-200 nmol (nanomole)
propylene oxide (mg protein - min)~! for the
membrane-bound enzyme and 2-126 nmol
propylene oxide (mg protein + min)~! for pu-
rified preparations have been reported (22, 38,
61, 64, 65, 76, 77). For purified M. trichospo-
rium OB3b pMMO, a specific activity of ~3—

Hakemian o Rosenzweig

4 nmol propylene oxide (mg protein - min)~!
has been reported (66). These values were
obtained using a variety of purification pro-
cedures, which have been described in de-
tail previously (10). A comparison of the dif-
ferent protocols suggests that several factors
influence pMMO activity.

First, the concentration of copper in the
growth medium is important. Addition of ex-
cess copper beyond that needed to switch
from sMMO to pMMO expression increases
the activity of pMMO in cell-free extracts,
with reports of optimal concentrations rang-
ing from 30 to 80 uM (12, 22, 38, 60).
In addition, continuous addition of copper
to the culture improves activity in purified
pMMO (38), as does the use of fast-growing
cells with doubling times <5 hr (64). Some
iron in the growth medium is also neces-
sary to obtain reasonable activity (38). Second,
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anaerobicity might have an effect. The high-
est reported specific activity for membrane-
bound pMMO, 290 nmol propylene ox-
ide (mg protein - min)~!, was obtained for
pMMO isolated under anaerobic conditions
(38), but another report indicated that anaer-
obic purification resulted in little to no activity
(64). Third, activity is dependent on the sol-
ubilization procedure. All reported pMMO
solubilization protocols employ dodecyl-f3-
p-maltoside, but different amounts are used.
DiSpirito and coworkers (38) determined that
the optimal detergent/protein ratio (w/w) is
1-1.25 mg dodecyl-B-p-maltoside per mg
protein and observed a loss of the metal ions
at nonoptimal detergent concentrations. Fur-
thermore, increasing the detergent concen-
tration in purified pMMO after solubilization
resulted in inactivation (38). Because each lab-
oratory purifying pMMO handles these vari-
ables in a different fashion (10), the discrep-
ancies in activity and metal content are not
surprising.

Physiological Reductant

The issue of pMMO activity is further com-
plicated because the physiological reductant
of pMMO is not known. It may be that dis-
ruption of the electron transport chain during
purification contributes to problems main-
taining pMMO activity (78). For membrane-
bound pMMO, NADH can serve as a reduc-
tant for in vitro activity assays. Once pMMO
is solubilized, however, only quinols produce
activity (22, 61, 64), with duroquinol yield-
ing the best results (75). Improved specific
activities for pMMO have been obtained ei-
ther by adding another protein back to pu-
rified pMMO or by partially purifying a
pMMO sample that contains additional pro-
teins. For example, addition of purified type
2 NADH:quinone oxidoreductase (NDH-2)
together with NADH and duroquinol in-
creased specific activity in purified pMMO
samples by up to 35% (38). Alternatively, Dal-
ton and coworkers (64) reported that copu-
rification with two polypeptides of molecular

masses 63 and 8 kDa was necessary to obtain
activity with duroquinol. No activity was ob-
served in the absence of these proteins, and
reconstitution of the complex gave only 10%
of the original activity. The 63-kDa compo-
nent is likely methanol dehydrogenase (64).

These observations have led to several pro-
posals for the electron transfer pathway. In
one scenario, NDH-2 uses NADH generated
by oxidation of formate and formaldehyde to
reduce endogenous quinones, which then re-
duce pMMO either directly or through an
additional reductase. This model is consis-
tent with the observation that the NDH-2
inhibitor diphenyliodonium inhibits NADH-
dependent membrane-bound pMMO activity
(78). The activity observed in the presence
of the putative 63-kDa methanol dehydro-
genase suggests a role for methanol dehy-
drogenase in electron transfer, but neither
methanol nor formaldehyde enhanced activ-
ity, perhaps owing to loss of a cytochrome
component (64). Finally, the cytochrome b¢,
complex may donate electrons to pMMO,
perhaps through ubiquinone 8. This model is
consistent with the coexpression of pMMO
and the dye-linked FalDH (50). It is not
known whether any of these proteins inter-
act directly with pMMO in vivo. Interest-
ingly, the crystal structure reveals a negatively
charged patch on the pMMO surface, which
could represent a docking site for a partner
reductase (57).

Mechanistic Studies

Some attempts have been made to address
the pMMO chemical mechanism using mem-
brane preparations. Experiments with chiral
alkanes, which have provided insight into the
sMMO mechanism (19), suggest a concerted
mechanism, rather than the involvement of
radical or cation intermediates (77, 79). No
carbon kinetic isotope effect was observed for
propane oxidation, which was interpreted as
indicating little or no structural change at
the carbon center during transition state for-
mation in the rate-limiting step (80). When
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oxidizing multicarbon compounds, pMMO
was shown to oxidize the C-2 position pref-
erentially (81). On the basis of these limited
studies, Chan and coworkers (77) have pro-
posed that the C-H bond of the substrate is
presented to a “hot” oxygen species, resulting
in the formation of a nonlinear C---O---H
transition state. Using density functional the-
ory calculations on model complexes, they
have further argued that a trinuclear bis(p;-
ox0)Cu(TI, TI, TIT) center is best suited to this
chemistry (82). Considering the absence of
such a cluster in the crystal structure, the fact
that these mechanistic studies were carried out
on membrane preparations, and the discrep-
ancy in metal ion content and activity among
various pMMO preparations, these conclu-
sions remain speculative. A more detailed dis-
cussion of possible mechanisms and active site
locations can be found in Reference 83.

COPPER UPTAKE AND
METHANOBACTIN

Because of the importance of copper in both
the regulation and chemistry of pMMO,
it is likely that methanotrophs possess
a specialized copper acquisition system.
Methanobactin  (mb), a copper-chelating,
siderophore-like molecule, is believed to play
an important role in this uptake system, as well
as possibly contributing to pMMO activity.

Methanobactin Structure
and Properties

Initial evidence for a copper uptake system
in methanotrophs was derived from studies
of M. trichosporium OB3b mutants that con-
stitutively express sMMO and do not express
active pMMO or produce intracytoplasmic
membranes. The extracellular media from
these mutants also have an unusually high
concentration of copper (21, 84). According
to the prevailing hypothesis, this phenotype
results from a defect in a copper-complexing
agent, reminiscent of an iron siderophore
(84). Candidate molecules for this copper
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chelator were later detected in the spent
media of M. trichosporium OB3b (85, 86) and
M. capsulatus (Bath) (22) grown at low copper
concentrations. These compounds, referred
to as copper-binding compounds or ligands,
range in molecular mass from 382 to 1217 Da
and bind a single copper ion with high affinity.
Further characterization was hindered, how-
ever, by degradation and difficulties determin-
ing the sequence and chemical composition.
These issues were resolved recently, and the
crystal structure of the M. #richosporium OB3b
copper-binding compound was determined.
This molecule, renamed methanobactin (mb),
has a molecular weight of 1217 Da and the
sequence  N-2-isopropylester-(4-thionyl-5-
hydroxyimidazolate)-Gly!-Ser?-Cys®-Tyr*-
pyrrolidine-(4-hydroxy-5-thionylimidazo-
late)-Ser’-Cys®-Met’ (37, 87). The crystal
structure reveals a pyramid-like structure,
with a single copper ion coordinated by an
NS, donor set at the base of the pyramid
(37) (Figure 7).

The oxidation state of the chelated copper
ion in mb was suggested to be Cu(I) on the ba-
sis of X-ray photoelectron spectroscopy and
was confirmed by XAS and EPR analysis. The
XANES spectrum of M. trichosporium OB3b
copper-bound mb (Cu-mb) exhibits a 1s—4p
transition at 8985 eV indicative of Cu(l)
and lacks features attributable to Cu(IT) (88).
The EPR spectrum of Cu-mb only shows
weak signals with g and 4, values that are
characteristic of copper with N, O,4_, ligands,
as would be expected from adventitiously
bound Cu(II) (22, 85, 88). Furthermore, EPR
signals attributable to Cu(Il) with sulfur liga-
tion typically disappear <10 min after Cu(II)
addition to mb (89). Thus, mb itselfis capable
of reducing Cu(Il) to Cu(I). The optical
spectrum of Cu-mb also lacks features char-
acteristic of Cu(Il) (87). Spectral and kinetic
data suggest that mb initially binds Cu(II)
as a dimer with coordination by 4-hydroxy-
5-thionylimidazolate and possibly tyrosine,
followed by reduction to Cu(I) and coordi-
nation by 4-thionyl-5-hydroxyimidazolate
(90).
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Possible Functions of Methanobactin

Several lines of evidence suggest that mb
is involved in copper uptake. When M. #ri-
chosporium OB3b or M. capsulatus (Bath) cells
are grown under copper-limited conditions,
mb is present in the spent media. After cop-
per supplementation, the level of mb in the
medium decreases (22, 85, 86), and Cu-mb
is found associated with the membranes (22,
85). The addition of stoichiometric quantities
of mb and copper to the growth medium when
M. trichosporium OB3B cells are switched from
copper-starved to copper-rich conditions also
decreases the lag time and stimulates growth
(87).

Cu-mb is also proposed to play a role
in pMMO activity. DiSpirito and cowork-
ers have reported that an irreversible loss
of pMMO activity occurs upon dissociation

of Cu-mb from pMMO (22, 38, 89). Other
preparations lacking Cu-mb do exhibit rea-
sonable activity, however (63, 64, 66). In sup-
port of a role in activity, addition of M.
trichosporium OB3b Cu-mb to M. capsulatus
(Bath) cells expressing pMMO or to M. cap-
sulatus (Bath) membrane fractions enhances
activity. The specific activity of membrane-
bound pMMO is increased by ~35% (89).
Addition of Cu(II) alone also increases activ-
ity, but only by ~20%. These data should be
considered with two caveats. First, Cu-mb and
pMMO from two species were combined be-
cause procedures for isolating Cu-mb from
M. trichosporium OB3b and pMMO from M.
capsulatus (Bath) are best developed. It is not
known whether mb has the same chemical
composition in both organisms, however. Sec-
ond, the effects of adding Cu(l) to the activity
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assay were not reported. It may be that Cu-mb
acts as a copper chaperone, increasing activ-
ity by delivering Cu(I) to the catalytic metal
center.

The effect of Cu-mb on pMMO activ-
ity may be indirect. Cu-mb exhibits superox-
ide dismutase activity and thus may protect
pMMO in cell-free extracts from oxidative
damage (38). Alternatively, Cu-mb may in-
teract with pMMO directly. This possibility
has been probed by EPR spectroscopy (89).
Addition of M. trichosporium OB3b Cu-mb to
high activity membrane-bound M. capsulatus
(Bath) pMMO resulted in an almost complete
loss of the type 2 Cu(Il) signal and the ap-
pearance of a free radical signal at g = 2.005.
Addition of oxygen resulted in reappearance
of the type 2 signal and an increase in inten-

SUMMARY POINTS

sity of the radical signal. Addition of methane
and oxygen also resulted in reappearance of
the type 2 signal, but the radical signal was
no longer present. This radical signal disap-
peared upon purification (61), however, sug-
gesting that it may not be relevant to pMMO.
When these experiments were repeated on
lower activity membrane preparations, the ef-
fects of Cu-mb were less pronounced. In some
preparations, addition of Cu-mb resulted in
the loss of the superhyperfine structure asso-
ciated with the type 2 signal. Taken together,
these EPR spectral changes were interpreted
as evidence of an interaction between Cu-
mb and the type 2 Cu(Il) center of pMMO.
Further studies using purified pMMO and
Cu-mb from the same organism are clearly
necessary.
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1. The genome of M. capsulatus (Bath) has been sequenced and offers the opportunity
to investigate protein expression as a function of copper concentration.

2. The copper switch mechanism governing differential expression of sMMO and
pMMO is not yet understood, but the sMMO regulatory proteins MmoR, MmoG,
MmoS, and MmoQ may be involved.

3. Spectroscopic data indicate that pMMO contains a mixture of Cu(I) and Cu(Il), of
which some is present as a copper-containing cluster with a short Cu-Cu distance.
Several pMMO preparations also contain iron.

4. The crystal structure of M. capsulatus (Bath) pMMO reveals a trimer, also observed
by cryo-EM studies. A mononuclear copper center, a dinuclear copper center, and a
mononuclear zinc site are present.

5. The specific activity of isolated pMMO is variable and depends on growth conditions
as well as solubilization and purification protocols. The physiological reductant has
not been identified.

6. Methanobactin, a 1217-Da Cu(I) chelator, likely functions in copper uptake and may
also modulate pMMO activity.

FUTURE ISSUES
1. The specific factor(s) that sense copper and promote the switch from sMMO to
pMMO expression need to be identified.

2. Additional crystal structures and spectroscopic data are required to establish the
pMMO metal composition in vivo, the detailed coordination geometries of the metal
centers, and, most importantly, the nature of the active site.
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3. Thein vivo function of methanobactin remains to be determined, and the biosynthetic
enzymes and receptors involved in its handling should be investigated.

4. Once the pMMO active site is identified and high activity preparations of purified
enzyme are obtained routinely, detailed mechanistic studies should be initiated.
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