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ABSTRACT: Methane monooxygenase (MMO) enzymes catalyze the oxidation of methane to methanol in
methanotrophic bacteria. Several strains of methanotrophs, includingMethylococcus capsulatus(Bath),
express a membrane-bound or particulate MMO (pMMO) at high copper-to-biomass ratios and a soluble
MMO (sMMO) form when copper is limited. The mechanism of this “copper switch” is not understood.
The mmoSgene, located downstream of the sMMO operon, encodes a sensor protein that is part of a
two-component signaling system and has been proposed to play a role in the copper switch. MmoS from
M. capsulatus(Bath) has been cloned, expressed, and purified. The purified protein is a tetramer of
molecular mass 480 kDa. Optical spectra indicate that MmoS contains a flavin cofactor, identified as
flavin adenine dinucleotide (FAD) by fluorescence spectroscopy and chromatographic analysis. The redox
potential of the MmoS-bound FAD, which binds within the N-terminal PAS-PAC domains, is-290 (
2 mV at pH 8.0 and 25°C. Despite extensive efforts, MmoS could not be loaded with CuI or CuII, indicating
that MmoS does not sense copper directly. These data suggest that MmoS functions as a redox sensor
and provide new insight into the copper-mediated regulation of sMMO expression.

Methanotrophs are a subset of methylotrophic bacteria,
aerobic organisms that grow on one-carbon compounds such
as methanol, methane, methylated amines, and halomethanes.
Methanotrophs are unique in their ability to use methane as
their sole source of carbon and energy and play a key role
in mitigating the effects of methane on global warming (1).
The first step in methane metabolism is the oxidation of
methane to methanol by methane monooxygenase (MMO)1

enzyme systems (2, 3). Several strains of methanotrophs,
includingMethylococcus capsulatus(Bath), can express two
forms of the enzyme depending upon copper availability.
At high copper levels (∼4 µM), a membrane-bound or
particulate MMO (pMMO) is expressed, whereas at low
copper-to-biomass ratios (<0.8 µM), a soluble MMO
(sMMO) is produced (4-6). The mechanism of this “copper
switch” has not been elucidated. sMMO has a broader
substrate specificity than pMMO (7, 8) and is therefore more
versatile for bioremediation applications. pMMO is prevalent
at the high copper concentrations typical of polluted environ-
ments, however (9). Understanding the copper switch mech-
anism could aid in engineering methanotrophic bacteria to
express sMMO at high copper levels.

Sequencing and mutagenesis studies suggest thatM.
capsulatus(Bath) sMMO is regulated by four genes located
downstream of the sMMO operon,mmoR, mmoG, mmoS,

andmmoQ(10). The proteins encoded by these genes have
not been characterized biochemically. MmoR is hypothesized
to be aσN-dependent transcriptional activator when copper
levels are low (10). Mutation of this gene in bothM.
capsulatus(Bath) (10) and a related organism,Methylosinus
trichosporiumOB3b (11), abolishes sMMO expression. The
mmoG gene encodes a GroEL-like protein that is also
essential for sMMO expression and might participate in the
proper folding and assembly of MmoR or the sMMO
complex (10, 11). The polypeptides encoded bymmoSand
mmoQare sequentially similar to two-component signaling
systems (12, 13). In these systems, the first component
detects environmental stimuli via its sensor domain and
autophosphorylates a specific histidine residue within its
histidine kinase domain. The phosphoryl group is then
transferred to an aspartic acid residue in the second com-
ponent, a response regulator protein, activating an effector
domain. On the basis of sequence comparisons, MmoS
corresponds to the sensor protein and MmoQ resembles the
regulator protein. Well-studied examples of two-component
systems include NifL and NifA, which regulate nitrogenase
expression (14), and CheA and CheY of theEscherichia coli
chemotaxis system (15).

Analysis of the MmoS sequence using the simple modular
architecture research tool (SMART) (16) indicates the
presence of multiple domains (Figure 1). An N-terminal
transmembrane domain is followed by two predicted PAS-
PAC domains (17, 18) and a GAF domain (19). PAS-PAC
signaling modules respond to changes in the redox potential,
light, concentrations of small ligands, and overall energy
level of the cell. Many PAS domains detect stimuli via
associated cofactors including heme, flavin adenine dinucle-
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otide (FAD), and chromophores, such as 4-hydroxycinnamic
acid (18). These domains in MmoS have been proposed to
play a role in the copper switch, either through another
protein or by binding copper ions directly (10). Although
canonical copper-binding motifs are not present, the GAF
domain contains an MXXCXC sequence that could poten-
tially bind metal ions. In response to the copper signal, the
C-terminal HATPase domain likely catalyzes the ATP-
dependent phosphorylation of a histidine residue in the
HisKA domain (Figure 1). The two receiver domains (REC)
and the His-containing phosphotransfer domain (HPT) are
hypothesized to mediate phosphotransfer to MmoQ, the
regulator protein, which in turn may signal MmoR to activate
the transcription of the sMMO operon (10). As a first step
toward investigating the role of MmoS in the copper switch
mechanism, we have cloned, expressed, and purifiedM.
capsulatus(Bath) MmoS lacking the N-terminal transmem-
brane domain. Here, we report the biochemical characteriza-
tion of MmoS, including its oligomerization state, copper-
binding properties, and the identification and redox-potential
determination of a FAD cofactor.

MATERIALS AND METHODS

Expression and Purification of MmoS.The mmoSgene
lacking the N-terminal transmembrane domain (residues 85-
1178) was amplified with Pfx polymerase (Invitrogen) from
M. capsulatus(Bath) genomic DNA using the following
primers: forward, 5′-GACGACGACAAGATGCAGCG-
CAACAAGGAGCTCCTGGACGCCC-3′, and reverse, 5′-
GAGGAGAAGCCCGGTTCATTGCGCAGCATCGTTC-
GTGCCCT-3′. Using the Ek/LIC cloning kit (Novagen), the
mmoSgene was inserted into the plasmid pET46a, which
includes an N-terminal (His)6 tag with an adjacent enteroki-
nase cleavage site. B834(DE3)pLysSE. coli cells (60 mL
cultures) transformed with the plasmid were grown for 16 h
in Terrific Broth and then scaled up to 1 L. Chloramphenicol
and carbenicillin were added to final concentrations of 34
and 100µg/mL, respectively. To induce protein expression,
isopropyl-â-D-thiogalactopyranoside (IPTG) was added to a
final concentration of 0.5 mM at an OD600 of 0.9-1.0 and
the cells were grown for 3-4 h at 37°C. To investigate
copper binding, the growth medium was supplemented with
400µM CuCl2 and 400µM CuSO4 at induction in separate
experiments. Cells were harvested by centrifugation at 5000g
for 10 min at 4 °C. For lysis, the cell pellets were
resuspended in 50 mM Tris (pH 8.0) with 0.1% Triton
X-100, and phenylmethylsulfonyl fluoride (PMSF) was
added to a final concentration of 1 mM. The cell suspension
was frozen at-20 °C and lysed by thawing in lukewarm
water.

The crude cell extract was obtained by ultracentrifugation
at 163000g for 1 h. All purification steps were performed at
4 °C. MmoS was purified initially by nickel-affinity chro-
matography on a chelating Sepharose column equilibrated
with 50 mM Tris (pH 8.0), 0.5 M NaCl, and 10% glycerol
(buffer A). Approximately 250 mL of crude cell extract was
loaded onto the column, which was washed with 15% 50
mM Tris (pH 8.0), 0.5 M NaCl, 10% glycerol, and 0.5 M
imidazole (buffer B). MmoS eluted at 35% buffer B (175
mM imidazole). Fractions containing MmoS by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) were pooled and concentrated using YM-30 cen-
tripreps (Amicon). The concentrated protein was purified
further by gel-filtration chromatography on a Superdex 200
column equilibrated with buffer A. After removal of NaCl
by dialysis, the (His)6 tag was cleaved by the addition of
0.1 unit/µL enterokinase (Novagen) per 3.2 mg of purified
protein and was separated by nickel-affinity chromatography.

The MmoS sensor domain, consisting of the two PAS-
PAC domains and the GAF domain (residues 85-508), was
also amplified with Pfx polymerase (Invitrogen) fromM.
capsulatus(Bath) genomic DNA using the following prim-
ers: forward, 5′-GACGACGACAAGATGCAGCGCAA-
CAAGGAGCTCCTGGACGCCC-3′, and reverse, 5′-GAG-
GAGAAGCCCGGTGGCCTTCAGGGAAGCCTTGGCGCG-
GTCC-3′. The gene was inserted into the plasmid pET32Ek/
LIC, which includes an N-terminal Trx-S-(His)6 tag with an
adjacent enterokinase cleavage site. Cultures (50 mL) of
Rosetta-gami(DE3)pLysSE. coli cells transformed with the
plasmid were grown overnight in Luria Bertani media and
then scaled up to 1 L. Chloramphenicol and carbenicillin
were added to final concentrations of 34 and 100µg/mL,
respectively. IPTG was added to a final concentration of 0.5
mM at an OD600 of 0.7-0.9, and the cells were incubated
for 3-4 h at 37°C. Cells were lysed; the crude extract was
prepared; and the sensor domain was purified by nickel-
affinity chromatography as described above.

Molecular-Mass Determination.The molecular mass of
MmoS was determined on a Sephacryl-300 (S-300) gel-
filtration column. To measure the void volume, a fresh
solution of Blue Dextran 2000 (1.0 mg/mL) was prepared
in buffer A and applied to the column. The following
molecular-mass standards (Amersham) were used to calibrate
the column: thyroglobulin, 669 kDa; ferritin, 440 kDa;
catalase, 232 kDa; aldolase, 158 kDa; albumin, 67 kDa; and
ovalbumin, 43 kDa.Kav values for each protein were
calculated on the basis of the equationKav ) Ve - Vo/Vt -
Vo, in which Ve is the elution volume of the protein,Vo is
the void volume, andVt is the total bed volume. TheKav

value for each protein standard was plotted against its
molecular weight on the logarithmic scale, and the molecular

FIGURE 1: Predicted domain organization of MmoS.
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mass of MmoS was calculated using its elution volume and
this plot.

Copper-Binding Studies.Purified MmoS solutions (85 and
200 µM), with and without the (His)6 tag, were dialyzed
overnight at 4°C with one buffer change against 500 mL of
50 mM Tris (pH 7.2, 7.4, or 8.0), 100 mM NaCl, 1 mM
ethylenediaminetetraacetic acid (EDTA), 10 mM dithiothrei-
tol (DTT), and 5% glycerol to remove any nonspecifically
bound metal ions. The protein samples were then dialyzed
into the same buffer without EDTA and DTT. To test for
CuII binding, MmoS was diluted to 30µM with chelexed
ddH2O and dialyzed against 500 mL of 50 mM Tris (pH
7.2, 7.4, or 8.0), 0.5 M NaCl, 50-200 µM CuSO4, and 5%
glycerol. Excess copper was removed by further dialysis
against the same buffer lacking CuSO4. To test for CuI

binding, the same protocol was used, with 50-200µM CuCl2
and 1-10 mM ascorbic acid. For each experiment, lysozyme
was used as a negative control and was subjected to the same
dialysis procedure.

Binding of CuI was also investigated in a room-temper-
ature Coy anaerobic chamber. All buffers were degassed prior
to introduction into the anaerobic chamber. A stock solution
of 36.7 mM CuCl, 10 mM HCl, and 1 M NaCl was prepared,
and 1.2 molar equiv of CuI was added to 30µM MmoS that
had been dialyzed extensively in the chamber to remove any
nonspecifically bound metal ions. Any excess CuI was then
removed by two additional rounds of dialysis. The human
copper chaperone protein Atox1 (20) was used as a positive
control to verify the anaerobic CuI-loading procedure. The
copper contents of MmoS, lysozyme, and Atox1 were
measured using a Perkin-Elmer AAnalyst 700 atomic
absorption spectrometer with a graphite furnace. The MmoS
concentration was determined by UV spectroscopy using the
predicted extinction coefficient ofε280 ) 86 000 M-1 cm-1

(21). The protein concentrations of lysozyme and Atox1 were
measured using known extinction coefficients at 280 nm.

FlaVin Analysis. The MmoS flavin was identified by
optical spectroscopy, fluorescence spectroscopy, high-
performance liquid chromatography (HPLC) analysis, and
mass spectrometry. Optical spectra were recorded using an
HP 8452A diode-array spectrometer. Fluorescence spectra
were recorded using an ISS PC1 fluorimeter. Samples for
fluorescence measurements were dialyzed against 50 mM
Tris (pH 8.0) containing 5% glycerol. Aliquots (∼3 mg/mL)
were then boiled at 95°C for 10 min, cooled on ice, and
centrifuged at 20800g for 10 min at 4°C to release the flavin.
The supernatants were transferred to foil-covered cuvettes.
Fluorescence emission spectra were acquired from 480 to
620 nm with an excitation wavelength of 470 nm. Excitation
and emission slits were both set at 4 nm. To distinguish
between FAD and flavin mononucleotide (FMN), phos-
phodiesterase I (3 milliunits/µL) from Crotalus adamanteus
venom (Sigma) was added (19-950 µL sample) and the
emission spectrum was recorded again (22, 23).

For HPLC analysis, MmoS was heat-denatured for 15 min
at 95°C in the dark and the flavin was isolated by filtration
and centrifugation at 20800g for 20 min at 4°C. A Bio-Sil
Sec-125 gel-filtration HPLC column (Bio-Rad, 300× 78
mm) was equilibrated with 50 mM Tris (pH 7.2), 0.5 M urea,
and 10% glycerol with a flow rate of 1.0 mL/min. The
column was calibrated with different concentrations of FMN
and FAD standards (0.1, 0.5, and 1.0µM, Sigma). Flavin

isolated from MmoS was applied to the column, eluted using
the same buffer, exchanged into acetonitrile, and lyophilized.
The lyophilized MmoS flavin as well as the FAD and FMN
standards were further analyzed by electrospray ionization
mass spectrometry (ESI-MS). To avoid photoconversion of
FAD to FMN, flavin samples were kept in the dark at all
times. The extinction coefficient at 450 nm for MmoS-bound
FAD (16 505 M-1 cm-1) was calculated on the basis of that
of free FAD (11 400 M-1 cm-1) and the ratio ofA450 values
for FAD bound to MmoS and FAD released from MmoS
(22).

Determination of the Redox Potential of MmoS-Bound
FAD. The redox potential of the MmoS FAD was determined
as described by Massey (24). A 500 µL solution of 10-46
µM MmoS in 50 mM Tris (pH 8.0) and 5% glycerol was
incubated anaerobically at 25°C in a customized tonometer
with 5 µM phenosafranin as a redox indicator and 2µM
benzyl viologen as a redox mediator. Anaerobiosis was
established by flushing the tonometer with nitrogen in a Coy
anaerobic chamber. A stock solution of 5-20 mM sodium
dithionite was added in 5µL aliquots using a 250µL
Hamilton syringe with a repeating dispenser. Prior to
reduction with dithionite, the solution was equilibrated for
30 min to 1 h. The concentrations of oxidized and reduced
MmoS-bound FAD and phenosafranin were measured after
each dithionite addition by monitoring the absorbances of
FAD at 450 nm and phenosafranin at 522 nm using a HP
8452A diode-array spectrometer. The redox potential was
determined by plotting log(ox/red) phenosafranin versus log-
(ox/red) MmoS-FAD according to the method of Minnaert
(25).

RESULTS

MmoS Purification and Oligomerizaton State.The MmoS
construct was designed to include residues 85-1178 because
residues 19-41 are predicted to form a transmembrane
domain and residues 42-84 do not correspond to any known
domains and could be unstructured. Optimized expression
and purification via nickel-affinity and gel-filtration chro-
matography resulted in a clean preparation of the MmoS
protein (Figure 2). During purification, the MmoS-containing
fractions are bright yellow in color, suggesting the presence
of a cofactor. The typical yield of purified MmoS is∼2 mg/L
cell culture. The oligomerization state of MmoS was
determined by calibrated gel-filtration chromatography (Fig-
ure 3). The theoretical molecular mass of the N-terminally
truncated MmoS based on its protein sequence is 120 kDa.
MmoS eluted significantly after the void volume and
thyroglobulin (669 kDa) but right before ferritin (440 kDa)
(inset of Figure 3). The molecular weight was calculated to
be 480 kDa, corresponding to a tetramer. Notably, NifL, the
sensor protein in the nitrogenase two-component system, is
also a tetramer (26, 27). Other PAS domain-containing
proteins, including the transcription factor PpsR, which is
involved in the expression of photosystem genes (28), have
been reported to form tetramers as well.

Copper-Binding Studies.To investigate whether MmoS
senses copper directly, both in vivo and in vitro CuI- and
CuII-loading protocols were employed. First, CuII was added
to cells at the time of MmoS induction, a procedure that has
been successful for various copper-trafficking proteins (29,
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30). MmoS purified from these cells contained<0.1 copper
ion per MmoS monomer, as measured by atomic absorption
spectroscopy. Dialysis versus buffers containing CuI/ascor-
bate or CuII at several pH conditions did not result in specific
copper binding to MmoS nor did the anaerobic addition of
CuI. Similar results were obtained for lysozyme, which does
not bind copper and served as a negative control. As a
positive control, the anaerobic CuI-loading procedure was
performed in parallel for the copper chaperone Atox1 and
resulted in 0.6 CuI ions per monomer, a value consistent with
the copper-bridged dimer observed crystallographically (31).
On the basis of these data, MmoS is not a copper-binding
protein.

Identification of the FlaVin. Purified MmoS is bright
yellow in color, suggesting the presence of a cofactor. The
optical spectrum exhibits peaks at 376 and 444 nm, indicative
of an oxidized flavin (Figure 4) (32). Fluorescence emission
spectra and phosphodiesterase treatment were used to identify
the flavin. This assay exploits the fact that the fluorescence

emission of FMN is 10-fold higher than that of FAD (22).
If treatment with phosphodiesterase, which catalyzes the
conversion of FAD to FMN and AMP, results in a significant
increase in fluorescence, then FAD is present. If no increase
in fluorescence is observed, then FMN is likely present (22,
23). The fluorescence emission of MmoS increased by∼17-
fold upon phosphodiesterase treatment (Figure 5A), suggest-
ing that MmoS binds FAD. Similar results were obtained
from the sensor domain, establishing that the FAD binds
within the N-terminal PAS-PAC domain-containing region
of MmoS. The identity of the flavin was additionally
confirmed by gel-filtration HPLC. The isolated flavin had
the same retention time as the FAD standard, eluting prior
to the FMN standard (Figure 5B). Finally, ESI-MS analysis
indicated the presence of FAD (data not shown). Using the
theoretical extinction coefficient of 16 505 M-1 cm-1 for
MmoS-bound FAD, the stoichiometry is 0.93( 0.06 mol
of FAD/mol of MmoS.

Redox Potential of MmoS-Bound FAD.The redox potential
of the MmoS FAD was measured by chemical reduction in
the presence of a redox-sensitive dye (24, 33). MmoS was
reduced by the addition of dithionite, and phenosafranin (Eo

) -282 mV at pH 8.0) was used as the reference dye. The
reduction of MmoS-bound FAD and phenosafranin was
monitored by the decreases in absorbance at 450 and 522
nm, respectively. The redox potential of MmoS-bound FAD
was obtained by calculating the concentrations of oxidized
and reduced MmoS-FAD and phenosafranin after each
dithionite addition. The log(ox/red) phenosafranin versus log-
(ox/red) MmoS-FAD was plotted according to Minnaert,
and the redox potential of MmoS-FAD was determined from
they-axis intercept, where log(ox/red) phenosafranin equals
0 (25). On the basis of three independent experiments, the
redox potential of MmoS-FAD is -290( 2 mV at pH 8.0
and 25°C (Figure 6).

FIGURE 2: SDS-PAGE 15% acrylamide gel of MmoS (120 kDa)
purification. Lane 1, molecular-mass standards; lane 2, crude cell
extract; lane 3, MmoS-containing fraction after nickel-affinity
chromatography on chelating Sepharose; and lane 4, purified MmoS
after gel filtration on Superdex 200. MmoS migrates closer to 100
kDa, although the predicted molecular mass is 120 kDa.

FIGURE 3: Oligomeric state of MmoS determined by gel filtration on Sephacryl S-300. (Inset) Plot ofKav as a function of log(molecular
weight). MmoS elutes after thyroglobulin (669 kDa) and before ferritin (440 kDa).
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DISCUSSION

The M. capsulatus(Bath) MmoS protein has been pro-
posed to function as the sensor component of a two-
component signaling system involved in copper-dependent
expression of sMMO (10). The sensing mechanism has not
been elucidated. Extensive efforts to load MmoS with CuI

and CuII were unsuccessful, indicating that MmoS may not
sense copper directly. The possibility that the N-terminal 84
residues contain a copper-binding site cannot be eliminated
but is unlikely based on the sequence. The N-terminal
periplasmic 18 residues include one methionine in addition
to the N-terminal methionine, and the 43 residues following
the transmembrane region contain one methionine. The
predicted transmembrane helix does include a cysteine,
methionine, and histidine, but these residues could not form
a metal-binding site within the geometrical constraints of
an R helix.

Each monomer in the MmoS tetramer contains one
molecule of FAD bound to the N-terminal PAS-PAC
domains. The presence of FAD in MmoS distinguishes it
from other sensor components that respond to metal-ion
concentrations. The PhoP-PhoQ and PmrA-PmrB systems
in Salmonellaand other microorganisms respond to MgII and
FeIII , respectively (34). The PcoR-PcoS (35), CopR-CopS
(36), and CusR-CusS (37) two-component systems regulate
the expression of copper-resistant genes in bacteria. Similar
systems exist for AgI (38) and CoII/ZnII/CdII (39). It is not
known whether these sensor proteins bind metal ions directly,
although a periplasmic HExxE motif has been implicated in
FeIII binding by PmrB (40). All of these sensor components
are smaller than MmoS and do not contain any predicted
PAS-PAC domains, suggesting that a flavin cofactor is
probably not present. Thus, the sensing mechanism is not
likely to be the same as that employed by MmoS.

There are several examples of FAD-containing sensor
proteins in two-component systems, however. NifL from the
diazotrophic bacteriaAzotobacterVinelandii (26) andKleb-

siella pneumoniae(41) bind FAD via a PAS domain. In
response to oxygen or fixed nitrogen, NifL inhibits the ability
of the NifA protein to activate the transcription of genes
involved in nitrogenase biosynthesis (14, 42). Redox sensing
occurs via the FAD cofactor. When the FAD is oxidized,
NifL inhibits NifA, but dithionite reduction reverses the
inhibition (26, 27). The physiological electron donor is not
known. Although NifL contains a C-terminal histidine kinase
domain that binds adenosine nucleotides, autophosphoryla-
tion or phosphotransfer activities have not been detected,
suggesting that the mechanism of NifA inhibition involves
protein-protein interactions (14).

FAD also functions as a redox sensor in theE. coli
aerotaxis receptor Aer (43, 44). Aerotaxis enables bacteria
to actively swim away from hypoxic regions. Aer responds
to the cellular redox state rather than sensing oxygen directly.
The specific signal is not known but is proposed to derive
from the interaction with components of the electron-
transport system or diffusible quinone cofactors (44). Al-
though NifL and Aer appear to be most similar to MmoS,
there is another subset of PAS domains called light, oxygen,
or voltage (LOV) domains that also bind flavins. LOV
domains in the phototropins sense blue light with FMN,
resulting in phototropism (45). In higher organisms, LOV
domains occur in circadian clock proteins such as WC-1,
which senses light with FAD (46).

The redox potential of the MmoS-bound FAD is-290(
2 mV at pH 8.0 and 25°C. This value is similar to those
reported forA. Vinelandii NifL ( -226 mV at pH 8) (47)
and K. pneumoniaeNifL ( -277 ( 5 mV at pH 8) (48).
Because MmoS does not bind copper ions and is most similar
to flavin-containing redox sensors, the copper switch might
involve a redox signal. One possibility is that the oxidation
of FADH2 to FAD is directly coupled to the reduction of
aqueous CuII to CuI (Eo ) 150 mV). However, some
methanotrophs are believed to acquire copper via methano-
bactin, a siderophore-like CuI chelator (49, 50), and therefore,

FIGURE 4: Optical spectrum of MmoS [2.5 mg/mL in 50 mM Tris (pH 8.0), 0.5 M NaCl, and 10% glycerol]. The peaks at 376 and 444
nm are characteristic of an oxidized flavin.
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copper in the cytoplasm is likely to be CuI rather than CuII.
It is currently not known whether methanobactin plays a role
in the copper-sensing mechanism. Reduction of FAD to
FADH2 could also be coupled to oxidation of protein- or
methanobactin-bound CuI. It is well known that a protein
environment can significantly affect the potential of bound
copper ions (51). Alternatively, additional factors, such as
proteins or diffusible small molecules like quinones, could
be affected by copper levels and then mediate a redox change
at the MmoS FAD site. Finally, reactive oxygen species
generated by copper could generate the signal.

A reasonable hypothesis is that the MmoS FAD cofactor
exists at low copper levels in the reduced FADH2 state,
perhaps aided by a flavin reductase (Figure 7A). This form
of MmoS autophosphorylates a histidine residue and transfers
the phosphate to MmoQ. As proposed by Murrell and co-
workers, MmoQ then interacts with MmoR, which activates
the transcription of the sMMO genes (10). When copper
levels increase, the oxidation of FADH2 to FAD causes a
conformational change in MmoS, promoting an interaction
with MmoR (Figure 7B). Analogous to the NifL-NifA

system, the interaction between MmoS and MmoR inhibits
the ability of MmoR to activate transcription. Further
biochemical and genetic studies of MmoS, MmoQ, and
MmoR are critical to testing this model.
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