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Cultures of Methylosinus trichosporium OB3b grown in the presence of very low concentrations of copper
synthesize a soluble methane monooxygenase (sMMO) that efficiently catalyzes the oxidation of trichloroeth-
ylene and other organic pollutants. Recently, we isolated five M. trichosporium OB3b mutants that express
sMMO activity when grown in the presence of elevated copper concentrations (P. A. Phelps, S. K. Agarwal,
G. E. Speitel, Jr., and G. Georgiou, Appl. Environ. Microbiol. 58:3701-3708, 1992). Here we show that, in
contrast to the results for the wild-type cells, the addition of copper to mutant cultures grown on methane and
nitrate as the nitrogen source has no noticeable effect on the growth rate and sMMO expression. In vitro
experiments indicated that the copper-resistant phenotype does not arise from an increased stability ofsMMO
to copper deactivation. Furthermore, the mutant cultures exhibit altered speciation of copper in the
extracellular fluid and have substantially decreased levels of cell-associated copper. On the basis of these
results, we propose that the mutant phenotype arises from defects in copper uptake and metabolism rather than
from changes in sMMO expression or enzyme stability.

Methanotrophs utilize methane as the sole carbon and
energy source for growth. Certain methanotrophs have been
shown to degrade trichloroethylene (TCE) and other halo-
genated aliphatic pollutants at rates significantly higher than
those of any other microorganism (9). These bacteria are of
considerable interest for the bioremediation of contaminated
groundwater and air streams.

In methanotrophs, the first step in carbon assimilation is
the oxidation of methane to methanol, a reaction catalyzed
by methane monooxygenase (MMO). Some methanotrophs
synthesize two forms of MMO: a particulate enzyme
(pMMO), associated with the extensive internal membrane
system of these organisms, and a soluble enzyme (sMMO)
(1, 23). The sMMO exhibits much broader substrate speci-
ficity and greater catalytic activity than the particulate
enzyme (7, 17, 22). Because of its broad specificity, sMMO
can function as a detoxifying agent and is of great impor-
tance both ecologically and in bioremediation. sMMO-ex-
pressing cultures of Methylosinus trichosporium OB3b ex-
hibit the highest known rates of biodegradation of TCE (9).
Copper has a central regulatory role in methanotrophs,

affecting the synthesis of sMMO and pMMO, membrane
organization, and the growth rate (13, 15, 16, 21). Cultures
grown in the presence of copper produce the particulate
enzyme exclusively and contain stacks of intracytoplasmic
membranes which form parallel to the cell surface. In M.
trichosporium OB3b, the presence of as little as 0.2 FM
Cu(II) in the growth medium is sufficient to eliminate sMMO
synthesis. Because such concentrations of copper are gen-
erally found in polluted waters (10), methanotrophs are
unable to produce sMMO when grown under most condi-
tions relevant to biotechnology and bioremediation.
The physiological and ecological significance of copper

regulation is not fully understood. Green et al. (13) showed
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that submillimolar concentrations of Cu(I), Cu(II), Ag(I), or
Cd(II) cause irreversible in vitro inactivation of sMMO from
Methylococcus capsulatus (Bath). Four copper atoms ap-
pear to bind to the reductase (protein C) component (6) of
sMMO, causing disruption of the protein structure and loss
of the sulfur-iron center and of flavin adenine dinucleotide.
Inactivation is very rapid, with nearly complete loss of
sMMO activity occurring after 5 min of incubation with a
10-fold molar excess of copper.
We recently isolated a set of five M. trichosporium OB3b

mutants that exhibit constitutive sMMO activity in the
presence of copper (18). The mutants do not have pMMO
activity and lack the characteristic stacked cytoplasmic
membrane structures when grown in the presence of copper.
In this report, we show that the mutations responsible for the
constitutive expression of sMMO also give rise to complex
phenotypes including alterations in copper speciation and
uptake.

MATERIALS AND METHODS

Bacterial strains and growth conditions. M. trichosporium
OB3b was obtained from the American Type Culture Col-
lection (ATCC 35070). A spontaneous rifamycin B-resistant
colony, which exhibited good growth in liquid cultures and
sMMO expression (as measured from the rate of TCE
degradation) similar to that of ATCC 35070, was isolated by
plating OB3b on plates containing 40 mg of rifamycin B per
liter. This isolate was designated RTR and served as the
wild-type control for these studies. The isolation of the
copper-resistant mutants, PP311, PP319, PP323, PP333, and
PP358 (ATCC 55314), has been described elsewhere (18).

Cultures were grown at ambient temperature (23°C) in
triplicate either in 25 ml of medium in 250-ml screw-cap
amber bottles sealed with Teflon-silicone rubber septa or in
5 ml of medium in 40-ml screw-cap vials similarly sealed.
The composition of the nitrate salts medium (NSM) used
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was 5 mM Na2HPO4 and 5 mM KH2PO4 (both adjusted to
pH 7.0), 10 mM NaNO3, 1 mM MgSO4, 100 ,uM CaCl2, 10
,uM FeSO4, 10 ,uM MoO3, 1 ,uM MnCl2, 1 ,uM CoCl2, 1 ,uM
ZnSO4, and 1 ,uM H3B04. Methane and air (60 ml each) were
injected into the culture in 250-ml bottles daily by a draw-
and-fill method. Cultures in 40-ml vials received 10 ml of
each gas by the same method. For cultures grown with
ammonia as the nitrogen source, the medium used was NSM
with 20 mM NH4Cl substituted for the nitrate salt. Methanol-
grown cells were supplemented with 1.0% (vol/vol) metha-
nol, and only air was delivered in the draw-and-fill proce-
dure.

Production of polyclonal antibodies. Polyclonal antibodies
to the hydroxylase component (protein A) ofsMMO from M.
tichosponum OB3b were raised. The hydroxylase was
purified as described by Fox et al. (11) except that the
soluble cell fraction was subjected to ultrafiltration through
an XM 300 membrane (Amicon) (300-kDa exclusion limit)
prior to ion-exchange chromatography. The sMMO complex
resided in the retentate of the ultrafiltration step. The pres-
ence of hydroxylase during purification was monitored
by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE). The purified hydroxylase, mixed with
Freund's incomplete adjuvant, was injected into a rabbit to
produce antibodies. Sera were collected 1 to 2 weeks after a
booster injection and were tested by Western blotting (im-
munoblotting) using purified hydroxylase protein and whole
cells grown in the presence and absence of copper as
controls.

Analytical techniques. A60, (measured as optical density at
600 nm [OD6,] centimeter- ) was used to monitor growth in
all experiments. The OD600 was related to cell dry weight as
follows: an OD600 of 1.0 cm-1 was considered equal to 430
mg of cells (dry weight) per liter. Protein concentrations
were assayed by the method of Bradford (3).
SDS-PAGE was performed as described by Laemmli (14).

Polyacrylamide gels (12% acrylamide) were loaded with
approximately 50 ,ug (dry weight) of whole cells, boiled in
SDS-loading buffer for 5 min, and stained with Coomassie
blue. Western blots were performed in the manner of Sali-
novich and Montelaro (19).
Copper analysis was performed with a Perkin-Elmer 303

atomic absorption spectrometer with an HGA-400 graphite
furnace and a single-element copper lamp. Copper standards
were prepared from copper wire dissolved in 1.0% HNO3.
sMMO assays. MMO activity was assayed by propene

oxidation (18). In some experiments, the presence of sMMO
activity was determined qualitatively by the naphthalene
colorimetric assay of Brusseau et al. (4) with modifications
as described elsewhere (18). Quantitative determinations of
sMMO activity were performed by measuring the rate of
TCE degradation as reported previously (18, 20).
Copper addition to cultures expressing sMMO. To examine

the effects of copper upon the wild-type and mutant OB3b
strains, CUSO4 was added at a final concentration of 5 ,uM to
mid-exponential-phase cultures. Just prior to copper addi-
tion and at different times afterwards, samples were col-
lected for naphthalene oxidation assays and gel electro-
phoresis.
Copper distribution. Cultures were grown as described

above except for slight modifications in the composition of
the NSM medium: 150 ,uM MgSO4, 50 ,uM CaCl2, 40 ,uM
FeSO4, and 1.5 ,uM NaMoO3 were used instead of the
concentrations indicated above. The growth medium also
contained 5 ,uM copper, and the cells were grown at 30°C.
All glassware was prewashed with 20 mM EDTA and rinsed

TABLE 1. Specific growth rates at different copper levelsa
Growth rate (h-1) in Cu at:

Strain
0 FM 2pLM 5 ,uM 10 AM

RTR 0.032 0.080 0.077 0.023
PP311 0.048 0.047 0.043 NDb
PP319 0.053 0.059 0.049 0.025
PP323 0.063 0.047 0.046 0.021
PP333 0.056 0.044 0.049 ND
PP358 ND ND 0.045 0.027

a Cells grown at 30'C.
b ND, not determined.

at least three times with distilled deionized water to mini-
mize copper contamination. Late-exponential-phase cells
were harvested by centrifugation at 8,000 x g for 12 min,
resuspended in 10mM EDTA, and incubated for 10 min with
mixing. The suspensions were centrifuged at 8,000 x g for 12
min, and the supernatants were saved. The cell pellets were
resuspended in distilled deionized water, lysed, and sepa-
rated into soluble and particulate cell fractions (38,000 x g
for 90 min). The copper concentrations in all resultant
fractions were determined.

In vitro inactivation ofsMMO. The susceptibility ofsMMO
to copper inactivation in vitro was determined as follows.
Cultures were grown in NSM with or without 5 ,uM CuS04.
Cells were harvested in mid-exponential phase, resuspended
in 5 mM PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid)]
(pH 7.0) containing 5 mM MgCl2, and lysed. Soluble frac-
tions were prepared by centrifugation at 38,000 x g for 50
min and incubated with 15 and 75 ,uM copper at room
temperature at a concentration of 2 to 3 mg of protein per ml.
Samples were withdrawn at different times and diluted, and
the rate of propene oxidation was measured to determine the
remaining MMO activity.

RESULTS

Effects of copper on cell growth and sMMO expression. The
growth of the mutants and the wild-type strain in the
presence of various concentrations of copper was deter-
mined (Table 1). There were no appreciable growth rate
differences among the five mutant strains under any of the
conditions tested. However, a strain-dependent lag before
the onset of exponential phase was evident in cultures grown
in the presence of copper. This lag was a function of copper
concentration and was greatest for strains PP323 and PP333.
A lag was not observed with the wild-type strain (data not
shown).

Cells grown in the absence of copper were used to
inoculate copper-free medium. When the cultures reached
mid-exponential phase (OD6,, -0.4 cm-'), copper was
added to a final concentration of 5 ,uM. Wild-type cells
quickly lost the ability to oxidize naphthalene (Fig. 1), a
reaction catalyzed by sMMO (5). A significant decrease in
the naphthalene oxidation rate was evident 24 h after the
copper addition, and virtually no activity remained after 72
h. In contrast, all the mutants exhibited high rates of
oxidation throughout the experiment. It should be noted that
in our hands, naphthalene oxidation rates, though dependent
on sMMO, do not correlate with TCE degradation rates.

Figure 2a shows the results of SDS-PAGE of the total
proteins from wild-type cells harvested after the addition of
5 p.M copper. Changes in the protein pattern characteristic
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FIG. 1. Time course of sMMO activity (as shown by naphthalene oxidation, normalized

cultures. Data are normalized to the maximal naphthalene oxidation rate of each culture.
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of the switch from the expression ofsMMO to pMMO (5, 8),
such as the disappearance of 57- and 45-kDa bands (corre-
sponding to the a and 1 subunits of the sMMO hydroxylase
component) and the appearance of an intense band at 43
kDa, were essentially complete within 24 h. In agreement
with these observations, only a very weak signal was de-

-*MDH tected in Western blots of samples collected 24 h after
_0 a copper addition and probed with antibodies raised against
__ , hydroxylase (Fig. 3a). The disappearance of the hydroxylase

within a day after copper addition could not have been solely
a result of repression of sMMO synthesis and subsequent
dilution due to growth. The biomass increased by threefold
by 72 h, and even if the sMMO that was initially present was
diluted accordingly, it should still have been detectable in

-y the Western blots. Thus, it appears that sMMO is subjected
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FIG. 2. SDS-PAGE of whole-cell lysates of the wild type (a) and
PP311 (b), harvested following copper additions. Lanes 1 and 8,
prestained molecular mass standards; lanes 2 through 7, 0, 0.5, 24,
48, 72, and 144 h after copper additions, respectively. Positions of
the a, ,B, and y subunits of sMMO are indicated. MDH, methanol
dehydrogenase.

FIG. 3. Westemn blots of whole-cell lysates of the wild type (a)
and PP311 (b), harvested during in vivo copper challenge. Lane 1,
prestained molecular mass standards; lanes 2 through 7, 0, 0.5, 24,
48, 72, and 144 h after copper additions, respectively. Positions of
the a, P, andy subunits of sMMO are indicated.
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TABLE 2. Copper distribution within cells

Concn of copper present
Strain (pLM/mg of cells [dry wt]) Ratio, particulate

Cu/soluble Cu
Soluble Particulate

RTR 0.228 2.02 8.6
PP311 0.306 0.698 3.3
PP319 0.166 0.21 1.3
PP323 0.084 0.242 2.9
PP333 0.144 0.264 1.8
PP358 0.094 0.31 3.3

S.

Media RTR PP311 PP319 PP323 PP333 PP358

FIG. 4. Partitioning of copper in cultures of M. trichosporium
OB33b grown to an OD600 of 0.8 cm-' in NSM supplemented with 5.0

p.M Cu. Copper in the medium (white bars), copper extracted from

the pellet with EDTA(shaded bars), and residual particulate copper

(black bars), which was assumed to be intracellular, are shown.

Standard deviation of measurements, 3%.

to proteolytic degradation after the addition of copper.

Similar results were obtained in Western blots probed with

antisera against the protein B and protein C subunits,

indicating that all the subunits of the sMMO holoenzyme
disappear in a coordinate fashion (data not shown).

In contrast to the wild-type cells, the mutants exhibited no

copper-dependent changes in the level of hydroxylase or in

the protein profile as determined by SDS-PAGE of total cell

extracts. Figures 2b and 3b show representative results for

strain PP3 P1.

Copper distribution in the culture. The distribution of

copper in late-exponential-phase cultures of wild-type and

mutant cells was analyzed. In the growth media, copper was

present in precipitable complexes which were dissolved by
the addition of EDTA. Because these solids partitioned with

the cells, it was not possible to measure assimilated copper

without solubilizing the external precipitates. Following
centrifugation, the pellets were resuspended in 10 mM

EDTA and recentrifuged. The concentrations of copper in

the growth medium, in the EDTA wash solution, and in the

cell pellet after recentrifugation were determined. Copper
not extracted by EDTA was presumed to be cell bound (Fig.
4). In all cases, the total copper recovered after cell precip-
itation and extraction was within 15% of the nominal copper

added to the medium (5a3M). Similar results were obtained
for cultures grown with 2.0 and 10.0 M Cu(Hi), but at the

lower concentration the difference between the wild-type
and mutant strains was less pronounced (data not shown).

Following EDTA extraction, pelleted cells were lysed and

separated into particulate (membrane) and supenatant frac-

tions by ultracentrifugation. The concentrations of copper in
the two fractions are shown in Table 2. Care was taken to
minimize any cross-contamination during cell fractionation.
An indication of the lack of cross-contamination is that no
sMMO from the soluble fraction could be detected in the
particulate fraction.
Copper inactivation of sMMO in vitro. To examine the

effect of copper on the sMMO from M. trichosporium OB3b,
different concentrations of Cu(II) were added to the soluble
fraction of cell lysates and the inactivation of the enzyme
was monitored by propene oxidation. The results for all
strains, both the mutants and the wild-type, were similar. In
the presence of 15 ,uM copper, the sMMO activity dropped
to 77% (±15%) of its initial value within 5 min after incuba-
tion. There was no further copper inactivation of sMMO
activity after incubation on ice for 3 h. Complete loss of
activity was observed only with much higher concentrations
of copper (75 F.M). These results suggest that the M.
tnchosporium OB3b sMMO in cell lysates is significantly
less sensitive to copper inactivation by 10 p,M Cu(II) than
the purified and reconstituted M. capsulatus (Bath) enzyme
(13).
sMMO activity under different growth conditions. The

activity of sMMO in M. trichosponium OB3b and in M.
capsulatus (Bath) is known to be regulated by the dissolved
oxygen concentration and by growth on methanol (12). It
was of interest to determine whether the expression of
sMMO in the mutants is truly constitutive, i.e., independent
of the environmental conditions. For this purpose, cultures
were grown on either methane or methanol as the carbon
source and nitrate or ammonia as the nitrogen source. Both
methanol and ammonia are substrates of sMMO and may
affect its expression. sMMO activity was measured by TCE
degradation assays using cells that had been washed to
remove residual ammonia or methanol (Table 3). Growth on

TABLE 3. sMMO activity in cultures grown on
various substrates

sMMO activity with the indicated C and N sourcea

Strain Methane Methanol

NO3 NH4 NO3 NH4

RTR 0.45 0.26 0.14 0.13
PP311 1.12 1.12 0.39 0.62
PP323 0.59 0.51 0.38 0.39
PP333 1.12 1.18 0.44 0.49
PP358 1.54 1.52 0.66 0.41

a Activity is expressed for cultures grown with methane and nitrate as the
TCE degradation first-order rate constant. All values are expressed as liters
per milligram of cells (dry weight) per day, with standard deviations of less
than ±0.1 liter per milligram of cells (dry weight) per day.
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methane and ammonia did not affect the sMMO activity in
any of the mutants but resulted in a statistically significant (n
= 12) decrease in the activity found in wild-type cultures. In
methanol-grown cultures, the sMMO specific activity was
substantially reduced. However, strain PP358, when grown
on methanol, had specific activities comparable to those of
the wild-type cells grown on methane.

DISCUSSION

The five strains we isolated previously (18) have high
levels of sMMO activity when grown in the presence of
copper and are the only known stable M. tichosporium
OB3b mutants exhibiting altered expression of MMOs. The
experiments described in this paper reveal several aspects of
the copper metabolism, sMMO expression, and sMMO
activity in these strains. It was shown that the mutants
maintain sMMO activity for long periods (at least 6 days)
when challenged with copper. In contrast to the wild-type
M. trichosporium OB3b, the growth rates of these strains did
not increase upon copper addition and there were no appar-
ent changes in the protein profile. Thus, the mutant strains
failed to demonstrate any of the dramatic physiological
changes that occur when cultures of OB3b are exposed to
copper.

In the standard media used to grow M. trichosporium
OB3b, most of the copper is present in complexes that can
be solubilized by EDTA. However, growth of the mutant
strains in these media resulted in a drastic increase in
nonprecipitable-copper content. The solubilization of copper
in extracellular media suggests that M. trichosporium OB3b
excretes a Cu(II)-complexing agent(s), perhaps analogous to
siderophores in Fe(III) metabolism (2). If this is the case, the
increase in soluble copper in the mutant cultures may be due
either to the overproduction of such agents or to a defect that
prevents the cells from internalizing the complexes with
copper.
The copper found in the cell pellet after extraction with

EDTA (to solubilize inorganic complexes) is presumably
tightly associated with the biomass. The levels of cell-
associated copper in the mutant strains were substantially
lower than in the wild-type. The maximum difference (al-
most 20-fold less copper) was observed with strain PP358. In
the wild-type cells, most of the copper was found in the
particulate fraction, where pMMO is found. In the mutants,
which produce neither pMMO nor intracellular membranes
(18), the cell-associated copper was more evenly distributed
between the particulate and the soluble fractions of cell
lysates.
The fact that an appreciable amount of copper is found in

the soluble cell fraction raised the question of why sMMO is
active in the mutants, since previous in vitro studies (13) had
concluded that the enzyme loses its activity rapidly when
exposed to copper concentrations comparable to those
found in the soluble fraction (Table 2). However, we found
that, contrary to the results of Green et al. (13), sMMO in
cell lysate soluble fractions retained 77% (+15%) of activity
when incubated with moderate copper concentrations. Thus,
the sustained sMMO activity in the mutants is not inconsis-
tent with the detection of copper in the soluble cell fraction.
The results of these studies suggest two hypotheses to

explain the mutant phenotypes. First, there may be a defect
in copper metabolism that affects copper assimilation. This
hypothesis is supported to some extent by the solubilization
and accumulation of external copper in mutant but not in
wild-type cultures. However, it does not explain the mark-

edly greater sMMO activity that was observed in the mutant
strains (18). Also, the sMMO activity of the mutants was not
affected by the growth with ammonia as the nitrogen source
(Table 3), and this effect is not likely to be related to defects
in copper uptake. A second possibility is that the mutation(s)
may affect a more general, copper-dependent regulatory
system which may be responsible for several cellular func-
tions such as copper uptake, pMMO induction, sMMO
repression, and production of intracellular membranes.
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