
Abstract Whole-cell assays were used to measure the ef-
fect of dichloromethane and trichloroethylene on methane
oxidation by Methylosinus trichosporium OB3b synthesiz-
ing the membrane-associated or particulate methane mono-
oxygenase (pMMO). For M. trichosporium OB3b grown
with 20 µM copper, no inhibition of methane oxidation was
observed in the presence of either dichloromethane or
trichloroethylene. If 20 mM formate was added to the re-
action vials, however, methane oxidation rates increased
and inhibition of methane oxidation was observed in the
presence of dichloromethane and trichloroethylene. In the
presence of formate, dichloromethane acted as a competi-
tive inhibitor, while trichloroethylene acted as a noncom-
petitive inhibitor. The finding of noncompetitive inhibi-
tion by trichloroethylene was further examined by mea-
suring the inhibition constants KiE and KiES. These constants
suggest that trichloroethylene competes with methane at
some sites, although it can bind to others if methane is al-
ready bound. Whole-cell oxygen uptake experiments for ac-
tive and acetylene-treated cells also showed that provision
of formate could stimulate both methane and trichloroeth-
ylene oxidation and that trichloroethylene did not affect
formate dehydrogenase activity. The finding that different
chlorinated hydrocarbons caused different inhibition pat-
terns can be explained by either multiple substrate binding
sites existing in pMMO or multiple forms of pMMO with
different activities. The whole-cell analysis performed here
cannot distinguish between these models, and further work
should be done on obtaining active preparations of the pu-
rified pMMO.

Key words Particulate methane monooxygenase ·
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Introduction

Chlorinated hydrocarbons are some of the most widely 
reported groundwater pollutants in the United States
(Westrick et al. 1984). Due to their toxicity and preva-
lence in the environment, a great deal of research has ex-
amined a variety of systems to remove such compounds
from contaminated soils and aquifers. Some methods, e.g.,
air-stripping and vacuum extraction, rely on the volatility
of these compounds to remove them from the subsurface.
Other mechanisms involve the use of microorganisms to
transform these compounds to less hazardous products. For
many contaminants, biodegradation is a cometabolic event,
i.e., degradation can only be sustained in the obligate pres-
ence of an alternative substrate that serves as a carbon and
energy source (McCarty 1997). Often this growth substrate
is transformed by the same enzyme that degrades the
chlorinated hydrocarbon. Thus, the simultaneous presence
of a growth substrate and a pollutant results in inhibition
of the transformation of both compounds. Such competi-
tion can cause significant reduction in pollutant degrada-
tion and/or cell survival and growth, thus limiting the ef-
fectiveness of biodegradation.

Methanotrophs, a group of gram-negative bacteria that
utilize methane as their sole source of carbon and energy,
are a prime example of this problem. These cells are ubiq-
uitous in nature and have been shown to degrade many dif-
ferent chlorinated hydrocarbons (Hanson and Hanson
1996; Oldenhuis et al. 1989). The enzyme responsible for
the initial oxidation of methane, methane monooxygenase
(MMO), can also oxidize chlorinated aliphatic and aro-
matic hydrocarbons. To effectively utilize methanotrophs
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for clean-up of polluted sites, it is necessary to know what
type of inhibition exists between methane and various chlo-
rinated hydrocarbons.

Methanotrophic degradation of chlorinated hydrocar-
bons is further complicated by the fact that multiple forms
of MMO have been found. The best-characterized form is
found in the cytoplasm and is termed soluble methane
monooxygenase (sMMO). The genes for sMMO have been
cloned and sequenced (Cardy et al. 1991), the crystal struc-
ture of the hydroxylase component has been determined
(Rosenzweig et al. 1993), and simultaneous substrate
degradation in both purified sMMO and whole-cell stud-
ies has been shown to follow competitive inhibition kinet-
ics (Fox et al. 1990; Speitel et al. 1993). Not all methan-
otrophs, however, can synthesize sMMO. Rather, most
known methanotrophs can synthesize only a membrane-
bound or particulate methane monooxygenase (pMMO).
This form of MMO is found in all known methanotrophs,
but relatively little is known about its structure. The genes
for pMMO have been cloned and sequenced (Semrau et
al. 1995a), and there has been some success on purifica-
tion, but with limited activity (Zahn and DiSpirito 1996;
Nguyen et al. 1998; Takeguchi et al. 1998). For those
strains that can synthesize both sMMO and pMMO, the
copper/biomass ratio is important in regulating the rela-
tive amounts and activity of sMMO and pMMO. sMMO
is synthesized only at low copper/biomass ratios (less than
0.89 µmol copper/g cell dry wt.) (Hanson and Hanson
1996). Above this ratio, pMMO is expressed, and recent
work shows that increasing the copper/biomass ratio above
this value also changes the activity and substrate range of
cells expressing pMMO. (Zahn and DiSpirito 1996; Smith
et al. 1997; Lontoh and Semrau 1998).

Little information exists on the kinetics of multiple sub-
strate degradation by methanotrophs synthesizing pMMO.
Previous studies have shown that one methanotroph, Methy-
losinus trichosporium OB3b, can degrade both dichlo-
romethane and trichloroethylene when expressing pMMO
(DiSpirito et al. 1992; Van Hylckama Vlieg et al. 1996;
Lontoh and Semrau 1998). Here we extend those experi-
ments to consider the inhibition of methane oxidation by
dichloromethane and trichloroethylene in whole cells of
M. trichosporium OB3b expressing pMMO. These ex-
periments were performed since:

1. Most bioremediation schemes will utilize whole-cell
systems.

2. It is reasonable to expect that pMMO will be synthe-
sized by many in situ methanotrophic communities since
most known methanotrophs only express pMMO.

3. In situ cell density can be low, which leads to high cop-
per/biomass ratios favoring expression of pMMO by those
cells that can synthesize both forms of MMO.

sMMO and pMMO have different substrate specificities
(Burrows 1984) and little to no DNA or protein sequence
similarity (Semrau et al. 1995a); therefore, they may bind
substrates differently and have different patterns of inhibi-
tion in the presence of the same inhibitor. Thus, it is nec-

essary to know the effect of halogenated hydrocarbons on
the oxidation of the growth substrate, methane, by cells
synthesizing pMMO. Specifically, the results presented
here will help determine natural attenuation rates by
methanotrophs and will also assist in the optimization of
bioremediation schemes by in situ methanotrophic popu-
lations. Data presented here show that the patterns of inhi-
bition by dichloromethane and trichloroethylene on meth-
ane oxidation by whole cells are different. Dichloromethane
acted as a competitive inhibitor, but methane oxidation in
the presence of trichloroethylene was best explained using
a noncompetitive inhibition model. The different types of
inhibition are possible if multiple binding sites exist within
pMMO or if multiple forms of pMMO are being expressed.
These possibilities and comparisons to similar studies done
on ammonia monooxygenase (AMO), another copper-con-
taining monooxygenase very similar to pMMO, are dis-
cussed in this report.

Materials and methods

Culture conditions and experimental procedures

M. trichosporium OB3b (ATCC 35070) was grown in nitrate mineral
salts (NMS) medium with 20 µM copper as Cu(NO3)2 · 2.5(H2O)
at 30°C as described previously (Lontoh and Semrau 1998). Bio-
mass concentrations were measured as protein using the Biorad Pro-
tein Assay Kit with bovine serum albumin as a standard. To mon-
itor for expression of sMMO, the naphthalene assay specific for
sMMO activity was used for all cell suspensions (Brusseau et al.
1990).

Assays of methane consumption in the presence 
of dichloromethane and trichloroethylene

After the cells had been harvested, residual methane was removed
from the growth flasks by evacuating the flask five times and al-
lowing air to re-equilibrate after each evacuation. Aliquots (3 ml)
were then aseptically transferred to 20-ml serum vials. The protein
concentrations of these cell suspensions varied between 0.091 and
0.099 mg protein ml–1. These vials were capped with teflon- coated
rubber butyl stoppers (Wheaton) and were sealed with aluminum
crimp seals. For each concentration of methane and trichloroethyl-
ene examined in these assays, duplicate samples were created with
one control. The control was made by adding 50 µl 5 N NaOH to
lyse the cells and was used to assess abiotic disappearance of the
substrate, which was less than 2.2% in 10 h for both methane and
trichloroethylene.

Initial methane, dichloromethane, and trichloroethylene concen-
trations varied from 1 to 81, 0 to 24, and 0 to 61 µM, respectively.
Formate (20 mM), as sodium formate, was added in some experi-
ments as it had been shown to enhance trichloroethylene degrada-
tion by methanotrophs (Alvarez-Cohen and McCarty 1991; Lontoh
and Semrau 1998). To obtain a range of aqueous methane concen-
trations from 1 to 81 µM in solution, methane was added to the
vials using Dynatech A-2 gas-tight syringes. Aqueous concentra-
tions were calculated using a dimensionless Henry’s constant of
27.02 (Morel and Hering 1991). Dichloromethane and trichloroeth-
ylene were added using Hamilton 1700 Series gas-tight syringes
from a bottle of dichloromethane- or trichloroethylene-saturated
water solutions as described by others (Alvarez-Cohen and McCarty
1991). For the partitioning of trichloroethylene and dichloro-
methane between the liquid space and the head space, dimension-
less Henry’s constants of 0.42 and 0.13 were used (Howard and
Meylan 1997).
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Limitation of pMMO-dependent transformations by lack of
dissolved oxygen was avoided by insuring that the aliquots were
initially saturated with oxygen (dissolved oxygen concentration =
234 µM) and by having a head-space/liquid-space ratio of 5.67 in
the sample vials. The serum vials were also shaken at 270 rpm at
30°C to enhance mass transfer of methane and oxygen from the
head space to the solution. Furthermore, the cell concentrations used
in these experiments (approximately 0.1 mg protein ml–1) were
low enough to insure that the rates of biological substrate uptake,
in particular for methane, were less than the rate of mass transfer
from the gas phase to the liquid phase. By ensuring that mass trans-
fer limitations were not a factor, the use of Henry’s Law is justified
for data analysis.

The initial rates of methane, dichloromethane, and trichloroeth-
ylene degradation were determined by taking head-space samples
of 100 µl at several time points, again using a Dynatech A-2 
gas-tight syringe. The head-space samples were then injected into
an HP 6890 GC analyzer with FID and a DB-5 capillary column 
(J & W Scientific). For analysis of trichloroethylene inhibition of
methane oxidation, the injector, oven, and detector temperatures
were held constant at 250, 120, and 250°C, respectively, with 36.8
ml helium min–1. The oven temperature was changed to 90°C for
dichloromethane inhibition assays, with a helium flow rate of 
32.2 ml min–1. These conditions provided sufficient separation of
methane (retention time of either 2.0 or 2.1 min, depending on the
flow rate), dichloromethane (retention time of 2.4 min), and
trichloroethylene (retention time of 2.8 min).

Analysis of inhibition kinetics

Methane degradation rates were determined by monitoring the de-
crease in the amount of methane over time based on head-space
analysis. As found previously, a 2-h time frame from t = 0 h to t =
2 h was appropriate for determining the initial rates of methane
consumption in the presence of trichloroethylene (Lontoh and
Semrau 1998). For dichloromethane, a 30-min frame from t = 0 h
to t = 30 min was more appropriate since product toxicity was
noted over longer time periods. These rates were then normalized
to the initial cell concentration. The average of duplicate samples
is reported here along with the range. The kinetic parameters of the
maximal degradation rate, Vmax [nmol min–1 (mg protein)–1], and
the substrate concentration at the half-maximal degradation rate in
whole cells, Ks (µM), were determined by applying nonlinear re-
gression on the Michaelis-Menten formula using Systat V (version
5.21 for Macintosh) to the measured rates of methane consumption.
The inhibition constants, KiE and KiES, equilibrium dissociation
constants for enzyme-inhibitor and enzyme-substrate-inhibitor com-
plexes, respectively, were calculated by plotting the concentrations
of trichloroethylene versus the slopes and intercepts of V–1 vs. S–1

plots, respectively (Cornish-Bowden 1979). Although these whole-
cell studies cannot give the true values of these enzymatic con-
stants, they can give approximations (Keener and Arp 1993).

Acetylene inactivation of methane 
and trichloroethylene degradation

Acetylene is a selective and irreversible inhibitor of methane
monooxygenase (Stirling and Dalton 1977; Prior and Dalton
1985). Cells were grown with 20 µM copper and were harvested as
described above. Three milliliters of cells at a concentration of
0.085 mg protein ml–1 were then transferred to sterile 20-ml vials.
To determine the minimum inhibitory concentration of acetylene,
0–500 µl acetylene was added using gas-tight syringes that pro-
vided aqueous concentrations of 0–1,037 µM using a dimension-
less Henry’s constant of 0.87 for acetylene (Howard and Meylan
1997). M. trichosporium OB3b was then incubated for 30 min in
the presence of acetylene. Any remaining acetylene was removed
via flushing as described above for methane. Methane (50 µM) was
then provided in solution, and the methane consumption was mon-
itored using GC-FID analysis. Similar experiments were performed

in the presence of 50 µM dichloromethane and trichloroethylene
for 2 h after pMMO was inactivated with acetylene.

Oxygen uptake experiments in the presence of methane, 
trichloroethylene, and formate

To measure oxygen consumption by both active and acetylene-
treated cells, a 1.9-ml oxygen uptake reactor was used at a constant
temperature of 30°C. An electrolyte- and membrane-covered Clarke-
type electrode (Instech Laboratories) was inserted into the reactor
using a ground class port with two rubber O-rings and was con-
nected to a biological oxygen monitor (Yellow Springs). Monitor
output was sent to an A/D converter board (DAS08-PGL; Computer
Boards) for data collection. Cells were grown and harvested as de-
scribed earlier and were added to the uptake reactor at a concen-
tration of 0.012 mg protein ml–1 after removing residual methane.
A portion of the cells was treated with acetylene to inhibit pMMO
prior to adding to the uptake reactor. The cells were constantly
stirred in the uptake reactor using a magnetic stirrer, and endoge-
nous uptake of oxygen was monitored in the absence of any added
substrates. Oxygen uptake was then measured in the presence of
methane, trichloroethylene, and formate for both active and acety-
lene-treated cells.

Materials

All chemicals used in media preparation were of reagent grade or
better. Highest purity methane (> 99.99%) was obtained from Math-
eson Gas. Spectrophotometric grade trichloroethylene and dichlo-
romethane (> 99.9%) were obtained from Fisher Scientific for the
degradation experiments. Distilled and deionized water from a
Corning Millipore D2 system was used for all experiments. All
glassware was washed with detergent and then acid-washed in 2 N
HNO3 overnight to remove trace metals, including copper. The
acid was subsequently removed by repeated rinses with distilled
and deionized water.

Results

Methane consumption by M. trichosporium OB3b 
in the presence of trichloroethylene and dichloromethane

M. trichosporium OB3b was grown using the same condi-
tions that had been shown earlier to preclude activity of
sMMO (Lontoh and Semrau 1998). In all the experiments
reported here, assuming that cell protein is 50% of the dry
cell mass, the copper/biomass ratio was at a minimum of
101 µmol copper per gram dry weight of cells. This is well
above the maximum value of 0.89 µmol copper per gram
dry weight of cells, above which no sMMO activity is ob-
served (Hanson and Hanson 1996). The naphthalene assay
specific for sMMO was also used to monitor sMMO ac-
tivity (Brusseau et al. 1990). In all experiments, the assay
did not detect any naphthol production, showing that
pMMO was the only MMO expressed by these cells under
the culture conditions provided.

Figure 1 and Table 1 report the effect of dichlorometh-
ane on methane oxidation by M. trichosporium OB3b in
the absence and presence of formate. If no formate was
provided to the assay mixture, 24 µM dichloromethane
had no significant effect on methane oxidation. If 20 mM
formate was added, dichloromethane had a clear effect on
whole-cell methane oxidation. The apparent Vmax of meth-
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ane oxidation did not change significantly at a 95% confi-
dence interval, but the apparent Ks did change as the
dichloromethane concentration increased from 0 to 24 µM.

These results indicate that dichloromethane acts as a com-
petitive inhibitor of methane oxidation.

In the absence of formate, as shown in Fig. 2A and
Table 1, trichloroethylene had little effect on the kinetics
of methane oxidation. In the presence of formate, how-
ever, the effect of trichloroethylene on methane oxidation
was substantially different. As shown in Fig.2B, as the
trichloroethylene concentration increased up to 61 µM,
the apparent Vmax of methane oxidation substantially de-
creased from 276 ± 26 to 109 ± 17 nmol min–1 (mg pro-
tein)–1 (significant at a 95% confidence interval). The
change in apparent Ks for methane, however, was not sig-
nificantly different at any of the tested concentrations of
trichloroethylene, suggesting that trichloroethylene acts as
a noncompetitive inhibitor of methane oxidation. The
affinities of trichloroethylene for free enzyme (KiE) and
for enzyme already bound with substrate (KiES) were cal-
culated to be 28 ± 3 and 47 ± 6 µM, respectively.

It should be stressed that trichloroethylene and dichlo-
romethane inhibition of methane oxidation was observed
only in the presence of formate. These results suggest the
reduction of pMMO is the rate-limiting step in the oxida-
tion of chlorinated hydrocarbons by whole cells express-
ing pMMO. Apparently formate acts as a nonessential ac-
tivator since it may be oxidized by the formate dehydro-
genase with the concomitant production of in vivo reduc-
tant. This conclusion is supported by the finding that with
the exception of 61 µM trichloroethylene, the apparent
Vmax of methane oxidation in the presence of formate and
inhibitor was greater than the apparent Vmax of methane
oxidation found under similar conditions in the absence of
formate (see Table 1). This finding indicates that reduc-
tion of pMMO by the in vivo reductant may also be the
rate-limiting step in methane oxidation.

Trichloroethylene and dichloromethane consumption 
during inhibition experiments

Trichloroethylene and dichloromethane consumption was
also monitored during the inhibition experiments to deter-
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Fig.1 A Methane consumption by Methylosinus trichosporium
OB3b expressing particulate methane monooxygenase (pMMO) in
the presence of varying dichloromethane concentrations without
formate. B Methane consumption by M. trichosporium OB3b ex-
pressing pMMO in the presence of varying dichloromethane con-
centrations and 20 mM formate (P = 0 µM dichloromethane, M =
24 µM dichloromethane). Symbols represent the mean of duplicate
samples, and error bars indicate the spread of the measured val-
ues. Lines indicate the predicted rate of methane consumption us-
ing nonlinear regression to fit the Michaelis-Menten equation to
the collected data

A

B

Inhibitor Without formate With 20 mM formate 

Apparent Vmax Apparent Ks (µM) Apparent Vmax Apparent Ks (µM)
[nmol  min–1 [nmol min–1

(mg protein)–1] (mg protein)–1]

None 130 (15) 23 (7) 276 (26) 18 (5.0)
Dichloromethane – 24 µM 110 (25) 11 (8) 235 (43) 32 (14)
Trichloroethylene – 10 µM ND ND 214 (17) 15 (3.5)
22 µM 84 (7.3) 9.7 (3.0) 162 (17) 15 (4.7)
61 µM 121 (23) 25 (12) 109 (17) 19 (8.4)

Table 1 Measured Michaelis-Menten kinetic parameters for
methane oxidation by Methylosinus trichosporium OB3b express-
ing the particulate methane monooxygenase (pMMO) in the pres-
ence of varying trichloroethylene, dichloromethane, and formate
concentrations. M. trichosporium OB3b was grown in the presence
of 20 µM copper. The kinetic parameters of the maximal degrada-

tion rate, Vmax, and the substrate concentration at the half-maximal
degradation rate in whole cells, Ks, were determined by using non-
linear regression to fit the Michaelis-Menten equation to the col-
lected methane consumption data. Numbers in parentheses are the
standard deviation of the measured values (ND not determined)



mine how much of these compounds was consumed dur-
ing the assays. At an initial concentration of 22 µM trichlo-
roethylene, the rate of trichloroethylene degradation var-
ied from 0.11 nmol min–1 (mg protein)–1 in the absence of
formate to 0.25 nmol min–1 (mg protein)–1 in the presence
of formate. At an initial concentration of 61 µM tri-
chloroethylene, however, the addition of formate had
less effect on the rate of trichloroethylene degradation 
[0.60 nmol min–1 (mg protein)–1 in the absence of formate
and 0.71 nmol min–1 (mg protein)–1 in the presence of 
20 mM formate]. Dichloromethane degradation rates were
higher, possibly due to the fact that it is structurally more
similar to the primary substrate, methane. The rates of
dichloromethane degradation, however, were much less
than the rates of methane consumption. In the absence of
formate, the average rate of dichloromethane degradation
was found to be 2.3 nmol min–1 (mg protein)–1. If 20 mM
formate was also provided, the rate of dichloromethane
degradation increased to 6.1 nmol min–1 (mg protein)–1.

Acetylene and oxygen uptake experiments

In a separate set of experiments, acetylene was added to
cells to inactivate pMMO as described in Materials and
methods. Methane, dichloromethane, and trichloroethyl-
ene consumption was completely inhibited after M. tri-
chosporium OB3b was incubated for 30 min with as little as
104 µM acetylene (aqueous concentration). Since pMMO
was the only form of MMO synthesized by M. trichospo-
rium OB3b under these growth conditions, these experi-
ments confirm that pMMO was the enzyme binding and
transforming these substrates.

Oxygen uptake experiments were also performed to
determine if trichloroethylene influenced other metabolic
processes, including formate dehydrogenase activity or en-
dogenous respiration that could lead to the observed non-
competitive inhibition of methane oxidation. For these ex-
periments, the rates of oxygen uptake in the presence of
methane, trichloroethylene, and formate both for acety-
lene-treated and untreated cells were measured and are
compiled in Table 2.

Oxygen uptake due to endogenous respiration in the
absence of any substrate was 38 nmol min–1 (mg protein)–1

for untreated cells. The rate of oxygen consumption in-
creased by an order of magnitude with the addition of
methane to untreated cells, and increased approximately
twofold more when formate was also added. When 61 µM
trichloroethylene was added to untreated cells, oxygen
uptake was seen at a rate of 86 nmol min–1 (mg protein)–1,
greater than the rate of oxygen uptake in the absence of
any substrate. Furthermore, with the addition of formate
together with trichloroethylene, oxygen consumption in-
creased approximately threefold. These results support the
findings that addition of formate enhances not only whole-
cell trichloroethylene oxidation, but also whole-cell meth-
ane oxidation for cells expressing pMMO.

If the cells were first treated with acetylene to inacti-
vate pMMO, however, the rate of oxygen consumption
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Fig.2 A Methane consumption by Methylosinus trichosporium
OB3b expressing particulate methane monooxygenase (pMMO) in
the presence of varying trichloroethylene concentrations without
formate. B Methane consumption by M. trichosporium OB3b ex-
pressing pMMO in the presence of varying trichloroethylene con-
centrations and 20 mM formate (P = 0 µM trichloroethylene, M =
10 µM trichloroethylene, p = 22 µM trichloroethylene, and m =
61 µM trichloroethylene). Symbols represent the mean of duplicate
samples, and error bars indicate the spread of the measured val-
ues. Lines indicate the predicted rate of methane consumption us-
ing nonlinear regression to fit the Michaelis-Menten equation to
the collected data

A

B

Table 2 Measured rates of oxygen uptake by Methylosinus tri-
chosporium OB3b grown with 20 µM copper. Cells were incu-
bated with acetylene for 30 min. Acetylene was then removed by
flushing prior to measurement of oxygen uptake. Formate was
added as sodium formate. Numbers in parentheses are the standard
deviation of the measured values

Substrate Acetylene Formate Oxygen uptake rate
(µM) (mM) [nmol min–1

(mg protein)–1]

None 0 0 38 (18)
104 0 30 (14)

Methane 0 0 360 (93)
(2.5 mM) 20 630 (50)

104 0 42 (4.2)
20 93 (23)

Trichloroethylene 0 0 86 (5.0)
(61 µM) 20 230 (15)

104 0 31 (14)
20 95 (13)



due to methane oxidation was not statistically different
from that of endogenous respiration in the absence of any
substrate. If formate was added together with methane to
acetylene-treated cells, the rate of oxygen consumption
increased significantly at a 95% confidence interval from
38 to 93 nmol min–1 (mg protein)–1, indicating that for-
mate oxidation created reducing equivalents that were uti-
lized for respiration. If trichloroethylene was added to
acetylene-treated cells, the rate of oxygen uptake was again
indistinguishable from that for endogenous respiration. If
formate was added together with trichloroethylene, the
rate of oxygen uptake increased in acetylene-treated cells
to 95 nmol min–1 (mg protein)–1, similar to that seen for
simultaneous oxidation of methane and formate by acety-
lene-treated cells. These results indicate that neither the
oxidation of formate nor endogenous respiration was af-
fected by the presence of trichloroethylene.

Discussion

Several earlier studies have examined cometabolism of
halogenated hydrocarbons by M. trichosporium OB3b ex-
pressing sMMO in the presence of methane. Typically the
mechanism of inhibition in whole cells has been observed
to be competitive in nature (Speitel et al. 1993; Van Hyl-
ckama Vlieg et al. 1996), as has been using sMMO puri-
fied from M. trichosporium OB3b (Fox et al. 1990). With
the exception of a common primary substrate, however,
pMMO and sMMO show no similarity on a molecular
level and have very different substrate ranges (Burrows et
al. 1984; Semrau et al. 1995a).)

The results presented here show that the mechanism of
cooxidation may also differ since dichloromethane ap-
pears to be a competitive inhibitor, while trichloroethyl-
ene acted as a noncompetitive inhibitor of methane oxida-
tion by M. trichosporium OB3b expressing pMMO. The
possibility that these changes were due to the chlorinated
hydrocarbon or to its oxidative products’ inactivation of
pMMO was avoided through the experimental design.
Previous research has shown that both trichloroethylene
and dichloromethane oxidation by methanotrophs ex-
pressing pMMO followed hyperbolic kinetics up to 61
µM trichloroethylene (Lontoh and Semrau 1998) and 80
µM dichloromethane (J. D. Semrau, unpublished work),
confirming a lack of substrate toxicity. Also, the degrada-
tion of methane in the presence of trichloroethylene was
linear when sampled multiple times over 2 h and over 
1 h in the presence of dichloromethane, verifying that
pMMO activity did not decrease in these assays (data not
shown).

To gain insights into the mechanism by which dichlo-
romethane and trichloroethylene inhibit whole-cell meth-
ane oxidation by M. trichosporium OB3b expressing
pMMO, it is more valid to make comparisons to another
copper-containing oxygenase, ammonia monooxygenase
(AMO). Both AMO and pMMO are believed to have cop-
per and possibly iron in the active site (Ensign et al. 1993;
Nguyen et al. 1996; Zahn and DiSpirito 1996; Zahn et al.

1996; Takeguchi et al. 1998), and the activity of both en-
zymes in membrane preparations can be enhanced with the
addition of copper (Ensign et al. 1993; Semrau et al. 1995b;
Zahn and DiSpirito 1996). AMO and pMMO also have
similar predicted amino acid sequences and hydropathic
profiles (McTavish et al. 1993a; Semrau et al. 1995a).
Finally, both enzymes are irreversibly inhibited by acety-
lene (Prior and Dalton 1985; Hyman et al. 1992), and the
whole-cell kinetics of ammonia oxidation in the presence
of several inhibitors followed multiple inhibition patterns
(Keener and Arp 1993). In this report, methane and ethyl-
ene acted as competitive inhibitors of whole-cell ammonia
oxidation, while several compounds including ethane, pro-
pane, chloromethane, bromomethane, iodomethane, chlo-
roethane, bromoethane, and iodoethane acted as noncom-
petitive inhibitors. From these results, it was concluded
that the AMO consists of at least two substrate-binding
sites and that oxidation can occur at either site.

Recent studies on purified pMMO preparations show the
existence of multiple copper centers in pMMO (Nguyen
et al. 1996, 1998; Zahn and DiSpirito 1996). If these cen-
ters are the locations of substrate binding, they could be
responsible for the finding of differential inhibition of
methane oxidation by dichloromethane and trichloroeth-
ylene. As suggested by Nguyen et al. (1996), these copper
centers may not be identical, and if the active site struc-
tures are slightly different, a hypothesis can be constructed
to explain the observed inhibition patterns. Methane and
dichloromethane may bind equally well to both sites; thus,
dichloromethane acts as a competitive inhibitor of meth-
ane oxidation. Possibly due to steric properties, trichlo-
roethylene may be less effectively bound to one site, thus
acting as a noncompetitive inhibitor. Consideration of the
equilibrium dissociation constants KiE and KiES for trichlo-
roethylene, however, suggests that trichloroethylene com-
petes to some extent with methane for binding sites (KiE <
KiES). Similar results have been seen for several of the
noncompetitive inhibitors of ammonia oxidation (Keener
and Arp 1993).

It has also been recently discovered that both AMO
and pMMO have multiple gene copies (McTavish et al.
1993b; Semrau et al. 1995a). Furthermore, insertional mu-
tagenesis of the AMO gene clusters has revealed that they
are differentially expressed and have different activities
(Hommes et al. 1998). This finding is interesting since a
mixture of multiple forms of the same enzyme can appear
to be noncompetitively inhibited if one form of the en-
zyme is actually competitively inhibited (Segel 1993). The
whole-cell data collected here does not allow for distin-
guishing between these possibilities; these studies should
be performed using purified pMMO preparations. Unfor-
tunately, the highest activity preparations of purified
pMMO still only account for a fraction of the whole-cell
activity (Zahn and DiSpirito 1996; Nguyen et al. 1998).
Such activity loss is partially due to pMMO lability upon
removal from the membranes, which makes it difficult to
perform these experiments at this time.

Although the mechanism by which trichloroethylene
and dichloromethane inhibit methane oxidation by pMMO
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cannot be specifically determined using whole-cell analy-
sis, it is apparent that substrate oxidation by cells express-
ing pMMO is strongly affected by the availability of both
copper and formate. It has been previously shown that
methanotrophs expressing pMMO can not degrade trichlo-
roethylene if grown with 2.5–3 µM copper, but can do so
if the copper concentration is increased to 20 µM or more
(Smith et al. 1997; Lontoh and Semrau 1998). It is possible
that providing more copper fills active sites within pMMO
that are deficient in copper. Alternatively, higher copper
concentrations may cause differential expression of the
multiple pmo operons that then enables cells to degrade
trichloroethylene. The effect of copper on substrate oxida-
tion is further complicated by the addition of formate.
Since copper may help maintain optimal redox conditions
in pMMO (Nguyen et al. 1996; Zahn and DiSpirito 1996),
the addition of formate and extra copper may enhance
pMMO activity. Formate, through the provision of excess
reducing equivalents, apparently acts as a nonessential ac-
tivator of whole-cell methane oxidation. Formate, how-
ever, also accentuates the inhibitory effect of both dichlo-
romethane and trichloroethylene on methane oxidation,
and enhances the rates of dichloromethane and trichlo-
roethylene degradation. It has been observed previously
that addition of formate increases the affinity of M. tri-
chosporium OB3b for trichloroethylene (Lontoh and Sem-
rau 1998). Formate may enhance the binding of chlori-
nated hydrocarbons to pMMO by keeping the enzyme in a
reduced, active form, thus enhancing their inhibition of
methane oxidation.

Finally, it should be noted that these studies were per-
formed using whole cells. As such, it is difficult to extend
the findings to pMMO exclusively. The results may show
the effect of dichloromethane and trichloroethylene on
other enzymes in close association with pMMO, although
trichloroethylene had no effect on formate dehydrogenase
activity as measured by oxygen uptake. Furthermore, the
collected kinetic constants should be considered as apparent
constants since they were not collected using purified en-
zyme preparations. The results, however, are still important
because whole cells will be used in most treatment systems
and most known methanotrophs can only express pMMO.
For these reasons, it is important to learn more about how
cells synthesizing pMMO degrade mixtures of substrates
for effective site remediation. For example, field experi-
ments at Moffett Naval Air Station showed that in situ
methanotrophic populations once stimulated with the pro-
vision of methane and oxygen could degrade mixtures of
chlorinated ethenes (Semprini et al. 1990). Although the
form of MMO synthesized was not explicitly measured,
later analysis of the kinetics of trichloroethylene degrada-
tion suggested that pMMO was active in situ (McCarty
1997). Since sMMO and pMMO have very different ki-
netics and substrate ranges, and also appear to be differ-
entially inhibited by pollutants such as trichloroethylene,
the rates of both methane and pollutant oxidation may not
be accurately predicted by simple competitive inhibition,
particularly when first-order kinetics cannot be assumed
(i.e., Ks > S). Such deviations can cause erroneous predic-

tions of the stimulation of methanotrophic activity and of
the amount of time necessary for adequate clean-up.
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