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Abstract The degradation kinetics of ten halogenatd¢ey words Methanotrophs - Bioremediation -
hydrocarbons bethylomicrobium albunBG8 express- Halogenated hydrocarbons - Kinetics

ing particulate methane monooxygenase (pMMO) and the

inhibitory effects of these compounds on microbial growtkbbreviations pMMO Particulate methane

and whole-cell pMMO activity were measured. Widn monooxygenaseAMO Ammonia monooxygenase -
albumBG8 was grown with methane, growth was consMMO Soluble methane monooxygena$eBM
pletely inhibited by dichloromethane (DCM), bromofornDibromomethane DCM Dichloromethane BF

(BF), chloroform (CF), vinyl chloride (VC), 1,1-dichloro-Bromoform -CF Chloroform -VC Vinyl chloride -
ethylene (1,1-DCE), andis-dichloroethylenedis-DCE). 1,1-DCE1,1-Dichloroethylene cis-DCE
Trichloroethylene (TCE) partially inhibited growth orcis-Dichloroethylene transDCE trans

methane, while dibromomethane (DBMans-dichloro- Dichloroethylene TCE Trichloroethylene -

ethylene {fansDCE), and 1,1,1-trichloroethane (1,1,1-TCAL,1,1-TCA1,1,1-Trichloroethane

had no effect. If the cells were grown with methanoal,

DCM, BF, CF, and 1,1-DCE completely inhibited growth;
while VC, transDCE, TCE, and 1,1,1-TCA partially in-Introduction

hibited growth. Both DBM andis-DCE had no effect on

growth with methanol. Whole-cell pMMO activity wasHalogenated hydrocarbons are common pollutants in the
also affected by these compounds, with all but 1,1,1-TC4nited States and are found in aquifers, landfills, waste-
DCM, and DBM reducing activity by more than 25%waters, and waste disposal sites (Westrick et al. 1984;
DCM, DBM, VC, transDCE, cis-DCE, 1,1-DCE, and Semprini 1997). Once in the environment, these com-
TCE were degraded and followed Michaelis-Menten kpounds have been shown to undergo a variety of anaero-
netics. CF, BF, and 1,1,1-TCA were not measurably dee and aerobic biotransformations. Under anoxic condi-
graded. These results suggested that the productdiarfs, biologically mediated dechlorination reactions have
DCM, TCE, VC, and 1,1-DCE inactivated multiple enzybeen found to be relatively slow and can result in the ac-
matic processes, whiléransDCE oxidation products cumulation of harmful metabolites such @s-dichloro-
were also toxic but to a lesser exteris-DCE toxicity, ethylene ¢issDCE) and the carcinogen vinyl chloride
however, appeared to be localized to pMMO. FinallfyC) (Bouwer and McCarty 1983; Vogel and McCarty
DBM and 1,1,1-TCA were not inhibitory, and CF and BE985; DiStefano et al. 1991). Under oxic conditions, how-
were themselves toxic td. albumBG8. Based on theseever, many of these halogenated hydrocarbons can be
results, the compounds could be separated into four gemmetabolically oxidized by bacteria expressing mono-
eral categories, namely (1) biodegradable with minimethd dioxygenases when growing on methane, propane,
inactivation, (2) biodegradable with substantial inactivahenol, ammonia, or toluene (Ensley 1991; Arp 1995;
tion, (3) not biodegradable with minimal inactivation, and/ackett 1995).

(4) not biodegradable but substantial inactivation of cell Of these microorganisms, methanotrophs, gram-nega-
activity. tive bacteria that utilize methane for both carbon and en-
ergy, have been extensively studied (Hanson and Hanson
1996). The enzyme responsible for the initial oxidation of
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drocarbons, although feasible, is complicated by the fgatded TCE at high growth concentrations of copper (Lontoh and
that multiple forms of the MMO exist. Some methargemrau 1998).

otrophs can synthesize a cytoplasm-associated MMO, or

SO|Ub|e methane m0n00xygenase (SMMO) Th|S form |ﬂf]|b|t|on of cell growth by brominated

MMO has a relatively broad substrate range and has besdhchlorinated hydrocarbons

extensively characterized (Fox et al. 1990; Cardy et al. 1991(;3 toxicity of halogenated hydrocarbons on methanotrophs ex-
Rosenzweig et al. 1993). Most known methanotropté%ﬁssing p?\’AMO s e by measuring the grow. afl-
however, can only express a membrane-bound, or partiglnBGs in the presence of these compounds. Cells were initially
late methane monooxygenase (pMMO). This form g@fown to the late exponential phase (®f 0.9), and methane
MMO is found in all known methanotrophs, but its sulywas removed by evacuating the growth flasks five times and al-
strate range is narrower than that of SMMO, and its rateIQW'”g air to re-equilibrate after each evacuation. The cells were

. . - aseptically diluted 30-fold into 3 ml of NMS medium with (181
trichloroethylene (TCE) degradation is approximately 0Rg ner and were transferred to 20-ml serum vials for an initial

order of magnitude less than that of SMMO (Lontoh amb,, of 0.023. The vials were capped with Teflon-coated butyl-
Semrau 1998). rubber stoppers (Wheaton) and crimp-sealed. Either 10 mM

Despite the low rates of chlorinated hydrocarbdﬂetha”o' or 55uM methane (agueous concentration) was then

. . o dded as a growth substrate along with idDaqueous solution
degradation, pMMO-mediated oxidation of small ha@]‘ one of the halogenated hydrocarbons. Duplicate vials were pre-

genated hydrocarbons can be useful, particularly forgiyed for both the positive control (no halogenated hydrocarbon)
situ remediation, since most known methanotrophs canl samples with a chlorinated or brominated hydrocarbon. The

only express pMMO. In at least one field demonstraticiPpropriate amount of substrate to add was calculated using the

; owing dimensionless Henry's constants: methane, 27.02; VC,
it has been speculated that pMMO was expressed by 2 (Morel and Hering 1991); bromoform (BF), 0.0281; dibro-

ural methanotrophic populations after they had been stifsmethane (DBM), 0.0442; dichloromethane (DCM), 0.125; 1,1-
ulated through provision of methane and air (McCartjchloroethylene (1,1-DCE), 1.358ans-dichloroethylenettans-
1997). Based on the fact that most known methanotroi§g). 0.474; cis-dichloroethylene dis-DCE), 0.197; 1,1,1-tri-

i loroethane (1,1,1-TCA), 0.804; TCE, 0.458 (Tse et al. 1992);
can only express pMMO, and pMMO expression can nd chloroform (CF), 0.189 (Gosset 1987). After incubating the

parently be increased in situ, we have examined (1) Q&m viais at 30°C and 250 rpm for 60 h, the,@Das again
oxidation of chlorinated and brominated one- and twgreasured to determine if growth was inhibited by any of the halo-

carbon compounds bylethylomicrobium alburBG8 ex- genated hydrocarbons.
pressing pMMO, and (2) how these compounds affect

methanotrophic activity. Correlation of the kinetics qf .
degradation with assays of microbial growth and activciffgl/ethane and halogenated hydrocarbon degradation assays

.SqueSted that the compounds tested could be Categorﬁ'n%q:ells were grown to mid-exponential phase {§6&f 0.8—0.9)

into several groups, as has been seen for chlorinaigg then diluted to an QR of 0.3 with prewarmed fresh medium.

methane, ethane, and ethylene cometabolism by the @mrormalize rates of degradation to cell biomass, protein concen-

monia oxidizer Nitrosomonas europaeﬂ?asche et al. trations were measu_red using the BioRad protein assay kit with

1991), namely: (1) not biodegradable and little toxicity(EgVi”e serum albumin as a standard. The cells were digested at
c

. e - °C for 30 min in 5 M NaOH. Serial dilutions were prepared to
M. albumBGS8, (2) biodegradable with little toxicity, anchchieve final protein concentrations within the linear range of the

(3) biodegradable with substantial toxicity. Since methasssay. The amount of protein was determined by measuring the ab-
otrophs and ammonia oxidizers have significant similaerbance at 595 nm after the BioRad assay reagent had been
ity, particularly substantial homology between Sequen@é@ed' In these experiments, the protein concentration of these cell

- . spensions varied between 0.092 and 0.098 mg/ml. The initial
of the genes encoding ammonia monooxygenase and ﬁ%‘ggof halogenated hydrocarbon degradation was analyzed using

ticulate methane monooxygenase (McTavish et al. 1998ils harvested as described earlier (Lontoh and Semrau 1998) and
Semrau et al. 1995), such a result is not surprising. Unlikedriefly described here. After methane was removed from the
the study of Rasche et al. (1991), however, we found t@fgwth flasks, 3-ml aliquots were aseptically transferred to 20-ml

: . m vials. The vials were capped and sealed as described above.
compounds that were best categorized in a fourth group,ﬁ? each concentration of methane and halogenated hydrocarbon

not significantly biodegradable, but with substantial toxiCitgxamined in these assays, triplicate samples were created with du-
plicate controls. Controls were made by adding 50 ml of 5 M
NaOH except for CF and BF, which were abiotically degraded at
high pH. The controls for CF and BF were made by adding 1%

Materials and methods acetylene (v/v), an irreversible inhibitor of methane monooxyge-
nase (Stirling and Dalton 1977; Prior and Dalton 1985).
Culture conditions After addition of substrate, vials were shaken at 250 rpm at

30°C again to prevent mass transfer effects from limiting mea-
M. albumBG8 was grown on nitrate mineral salt (NMS) mediursured rates of substrate degradation. Formate in the form of
(Whittenbury et al. 1970) at 30°C in batch flasks shaken at 250 rpotlium formate was added at a concentration of 20 mM. The ini-
in a methane/air atmosphere (1:2 ratio) at 1 atm of pressure. fiflerates of degradation were determined by measuring the amount
culture medium was no more than 15% of the total flask volumedfohalogenated hydrocarbon remaining using a Hewlett-Packard
prevent mass transfer limitations of methane and oxygen from 8890 series Il gas chromatograph with an automated head-space
head space to liquid medium. Since this strain can express aapnpler, flame ionization detector (FID), and two DB-624 analyt-
pMMO, 10puM was added aseptically as Cu(jyo 2.5(HO) af- ical columns (J&W Scientific) The gas chromatograph was oper-
ter autoclaving and was equilibrated for at least 2 days before dbed with a carrier gas flow rate of helium at a flow rate of 5.8 ml
media were inoculated. This concentration of copper was adasigi- and with injector, oven, and detector temperatures set at 160,
since previous work had shown that cells expressing pMMO @8, and 250 °C, respectively. Initial rates of substrate degradation
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were determined over initial time frames depending on the si = 14

strate and extent of degradation. For those compounds rea

degradable such as methane, DCM, DBM, tnads-DCE, a short

time frame fromt =0 h tot =1 h was used. The initial rate of T 11

degradation was calculated using a 2-h time period fromt=0t

t = 2 h since this had previously been found to be appropri g

(Lontoh and Semrau 1998). The initial degradation rates of m© |

refractory halogenated hydrocarbons including ¥i§.DCE, and

1,1-DCE were measured over 5 h. For BF, CF, and 1,1,1-TCA, %41

time frame to determine initial rates of degradation was extenc

to 10 hfromt=0 h tot = 10 h since these compounds were q

recalcitrant. The measured rates of degradation were normalize 0+

the initial protein concentration, and the average initial degra¢ S & &

tion rate of triplicate samples is reported here along with the st @@ X\c““ M

dard deviation. The kinetic parameters of apparent maximal de¢ b

dation rate, W,.x[nmol minm! (mg protein)'] and apparent affinity,

K (LM), were determined by applying nonlinear regression on t

Michaelis-Menten formula using Kaelida Graph 3.0 for MacintoslFig. 1 Growth inhibition of Methylomicrobium albunBG8 by
chlorinated and brominated halogenated hydrocarbons. Cells were
grown with either 55QuM methane or 10 mM methanol in the

Inhibition of whole-cell methane oxidation presence of 10QAM of the halogenated hydrocarbon for 60 h. Er-

by halogenated hydrocarbons ror bars indicate the range of duplicate samples (DBM dibro-
momethane, DCM dichloromethane, BF bromoform, CF chloro-

To determine if pMMO activity was inhibited by the choseform, VC vinyl chloride, 1,1-DCE 1,1-dichloroethylerzs-DCE

brominated and chlorinated hydrocarbons, inhibition of pmmcis-dichloroethylenetrans-DCE trans-dichloroethylene, TCE tri-

activity was specifically measured. The cells were prepared as chloroethylene, and 1,1,1-TCA 1,1,1-trichloroethane)

scribed above for determination of the Michaelis-Menten kineti

of halogenated hydrocarbon degradation. After aseptically tra

ferring the diluted cells to 20-ml serum vials, 0@ of the halo- Its

genated hydrocarbon was added with the exception of 1,1-DE%su

andcis-DCE. Since these substrates showed toxicity at concem.fa- -

tions greater than 10M, 5 pM was added to the vials. Triplicate | 0XiCity of halogenated compounds

samples were prepared for each halogenated hydrocarbon a@nghe growth oM. alboumBG8

with positive controls (no halogenated hydrocarbons) and negative

controls (killed cells). The cells were incubated with the hal&ince M. album BG8 can utilize both methanol and

genated hydrocarbons for 5 h at 30°C while being shakenp@éthane as carbon sources (Whittenbury et al. 1970; Ben-

270 rpm. After 5 h, the halogenated substrates were remove e ;
purging the vials with air for 1 min. Killed controls verified tha Ré/d et al. 1998), examining growthMf albumBG8 in

this amount of time was sufficient for complete removal of ti8€ presence of halogenated hydrocarbons and either
halogenated hydrocarbons as determined using head-space rg&thane or methanol will help determine if pMMO is in-
chromatographic analysis (data not shown). Methanep@0 activated over time in the presence of the halogenated hy-

aqueous concentration) was then added, and the amount of MBcarbons. As can be seen in Fig. 1, growth with methane
thane consumed over 1 h was measured using the head-space an:ilh : T s
lytical techniques described above. as the sole carbon source was completely inhibited by

100 uM solutions of six of the halogenated compounds

tested (DCM, BF, CF, VC, 1,1-DCE, aod-DCE). When
Chemicals methanol was used as the carbon source, inhibition of

growth by some of these compounds (DCM, BF, CF, and

All chemicals in the preparation of media were of reagent gradejof _ i indicati
better. Methane of the highest purity (> 99.99%) was obtair?%dﬁ' DCE) showed a similar pattern, indicating that the

from Matheson (Newark, N.J., USA). Chloroform [99.9% gddfowth inhibition ofM. albumBG8 by these compounds

chromatography (GC) grade], bromoform (99.5% GC grad&as caused not solely by inactivation of pMMO, but also
1,1,1-trichloroethane (99.9% GC grade), 1,1-dichloroethylehy the inactivation of other cell components. Interestingly,
(99% GC grade)trans-dichloroethylene (98% GC grade)is- owth inhibition by VC and TCE in the presence of

dichloroethylene (97% GC grade), dichloromethane (99% :
grade), and dibromomethane (99.5% GC grade) were purch hanol was less than that in the presence of methane,

from Aldrich (Milwaukee, Wis., USA). Vinyl chloride (> 99.5% Suggesting that the toxicity associated with VC and TCE
GC grade) was purchased from Fluka (Ronkonkoma, N.Y., USAegradation selectively targets pMMO activity. Further-
Distilled-deionized water from a Corning Millipore D2 system Wﬁﬁ‘]ore’ciS_DCE appeared to stimulate the cell growth with

used for all experiments. All glassware was washed with deterg ; ; .
and then acid-washed in 2 M HN@vernight to remove trace ffi€thanol to the degree of growth with methane in the ab

metals, including copper. The acid was subsequently removedS§jc€ OLis-DCE, althougltis-DCE completely inhibited
repeated rinses with distilled-deionized water. growth on methandaransDCE and 1,1,1-TCA inhibited

For compounds that are liquid at 25°C (i.e., CF, BF, TCgrowth with methanol (30 and 12%, respectively), but did

1,1,1-TCA, 1,1-DCE,transDCE, cissDCE, DCM, and DBM), ; ;
stock saturated solutions were prepared by the method of Chg(r)lé substantially affect growth with methane.

and Alvarez-Cohen (1996). Stock solutions were added to sample

vials using Hamilton 1700 series gas-tight syringes, with care jo . .

exclude non-aqueous-phase liquids. For compounds that éf@et'cs of substrate degradation ldy alboumBG8

gaseous at 25°C (i.e., VC and methane), samples were added to .

sample vials using Dynatech A-2 gas-tight syringes. Methanol wkable 1 reports the values of apparent maximal uptake
added as a 100% solution. rate (Vnay and apparent affinity (K using nonlinear re-
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Table 1 Michaelis-Menten kinetics for the degradation ofvas solely responsible for halogenated hydrocarbon
methane and halogenated hydrocarbondbshylomicrobium al- degrradation (data not shown).

bumBG8 expressing particulate methane monooxygenase. Value :
in parentheses represent the standard deviation of triplicate sam- able 1 also reports the concentration range used to de-

ples (DCM dichloromethane, DBM dibromomethane, CF chloré2fmine the apparent,\, and K values for the degrada-
form, BF bromoform, VC vinyl chloride, trans-DCE transtion of the halogenated hydrocarbons and methane. Of the

dichloroethylene, cis-DCE cis-dichloroethylene, 1,1-DCE 1L.tompounds that were degraded, standard hyperbolic

dichloroethylene, TCE trichloroethylene, 1,1,1-TCA 1,1, e At

trichloroethane, and NM no measurable degradation) JMIChae“S Memen km.etlcs were observed when aqueous
concentrations were increased up to 1dD(120 and 400

Substrate  Apparent Apparent WK Concentra- pM for TCE and DBM, respectively). The notable excep-
max Ks (ml-min- — tionrange tions, however, are 1,1-DCE ani-DCE. For these two
[nmol - mint- M) mg proteinyt  (uM)

substrates, the Michaelis-Menten kinetic parameters were

mg protein)? . . .
(mgp i determined using concentration ranges of @M and

Methane 453 (13) 19(2) 25 0-80 0-10 uM, respectively. These substrates apparently are
DCM 33 (4) 73 (18) 045 0-100 toxic at relatively low concentrations (< 1QM). The

DBM 45 (3) 171 (29) 0.26 0-400 degradation of CF, BF, and 1,1,1-TCA was also moni-
CF NM NM NM 0-100 tored, but since no substrate disappearance was observed
BF NM NM NM 0-100 at concentrations of up to 1Q0M, it was assumed that

ve 7 (0.9) 30 (7) 023 0-100  these compounds were not biodegradablevbyalbum
transDCE 43 (6) 60 (19) 0.72 0-100  BG8.

cisDCE  0.12 (0.01) 0.8 (0.2) 0.15 0-10

1,1-DCE  0.23 (0.03) 2.5 (0.8) 0.092 0-4

TCE 43 (0.1) 59 (3) 0.072 0-120 Inactivation of methane oxidation

L1,1-TCA NM NM NM 0-100 by halogenated hydrocarbons

The effect of these halogenated hydrocarbons on pMMO

activity is reported in Fig. 2 and Table 2. 1,1-DCE eais
gression analysis to fit the Michaelis-Menten equation CE showed almost complete inhibition of pMMO activ-
the measured initial rates of degradation for each sith-after incubatingVl. aloumBGS8 for 5 h in the presence
strate. Most of the compounds tested were degradedobys uM of these chlorinated ethylenes. CF also com-
M. albumBGS8, with the exception of BF, CF, and 1,1,Ipletely inhibited pMMO activity, and VC and TCE re-
TCA. DCM, DBM, transDCE, TCE, and VC were allduced pMMO activity by approximately 85%, but at
readily degraded in the presence of formate at a rate ofipeh higher initial concentrations of 1Q®1. Of the re-
proximately 1-10% of the \,, of methane consumption.maining compounds, BF inhibited methane oxidation by
1,1-DCE anctis-DCE were also degraded, but the maxapproximately 50%, whileransDCE, DCM, DBM, and
mal transformation rates of these compounds was léss1-TCA reduced pMMO activity by 20-30%. These
than 0.5% of the maximal rate of methane consumptis
Also shown in Table 1, the whole-cell affinity for DCM
DBM, TCE, transDCE, and VC was much less than the
for methane, with affinity typically decreasing as the si:
of halogen substituents increased. For example, DBM ¢€ _ |
DCM had relatively similar ¥, values, but the Kvalue £ 7
for DBM was more than twice that for DCM. 1,1-DCEZ -
andcis-DCE had lower Kvalues than methane, howeveig
suggesting that the apparent affinityhdf albumBG8 for
these compounds was greater than that for methane.

All halogenated hydrocarbons that were degrade

100

IS
S

IR

NN

Relative p]

%
%
/g
_

however, had pseudo-first-order rate constants,(K.) 0
at least 40-fold less than those for methane (Table E - R - - -
Such a large difference indicates tivatalbumBG8 ex- ° R o

pressing pMMO is highly selective. The remaining con
pounds tested (CF, BF, and 1,1,1-TCA) were not measFig.2 Inhibition of particulate methane monooxygenase (pMMO)
ably degraded biyl. albumBG8 and are apparently Veryactivity in whole cells oMethylomicrobium alburBG8 after ex-

; ; sposure to chlorinated and brominated hydrocarbons for 5 h. The
poor substrates. To determine if pMMO was reSlOOI']S‘Ilcon(:entration of the halogenated hydrocarbon waspMQ@vith

for the degradation of those compounds readily degraghe exception of 1,1-DCE ands-DCE, which were added at a

(DCM, DBM, transDCE, cis-DCE, 1,1-DCE, TCE, and concentration of tM. Error bars indicate the standard deviation
VC), acetylene, a potent inhibitor of MMO (Prior anof triplicate samples (DBM dibromomethane, DCM dichloro-
Dalton 1985), was added at 1% (V/v) to cell Suspensiomethane‘ BF bromoform, CF chloroform, VC vinyl chloride, 1,1-

In th f | d dati b DCE 1,1-dichloroethylenecis-DCE cis-dichloroethylene trans-
n the presence of acetylene, no degradation was 0DS€pcE transdichloroethylene, TCE trichloroethylene, and 1,1,1-

for any of the compounds for over 5 h. Therefore, pMMTCA 1,1,1-trichloroethane)
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Table 2 Effect of halogenated hydrocarbons on methanotroptptes (1,1,1-TCA 1,1,1-trichloroethane, DBM dibromomethane,
and ammonia-oxidizer activity. Compounds are classified as eitB&€M dichloromethane, VC vinyl chloride, 1,1-DCE 1,1-

I not biodegradable with little inactivation, Il biodegradable wittichloroethylenetransDCE trans-dichloroethylenecis-DCE cis-

little inactivation, Il biodegradable with substantial inactivatiordichloroethylene, TCE trichloroethylene, BF bromoform, CF chlo-
or IV not biodegradable but with substantial inactivation. Valuesform, pMMO particulate methane monooxygenase, and ND not
in parentheses represent the standard deviation of triplicate sdetermined)

Halogenated Methylomicrobium alburBG8 Nitrosomonas europaea
hydrocarbon (This study) (Rasche et al. 1991)
Amount added pMMO activity Compound Amount added 2 Uptake Compound
(UM) (%) classification am)a (%) classification
1,1,1-TCA 100 78 (13) | 600 53 1]
DBM 100 78 (9) 1l ND ND ND
DCM 100 78 (10) 1] 1,900 60 1]
VC 100 17 (9) 1 16 30 1
1,1-DCE 5 1 11l 7.5 3 1]
transDCE 100 68 (7) 1 121 50 1
cissDCE 5 4 (6) 1l 125 4 1
TCE 100 14 (6) 1] 109 3 1
BF 100 54 (8) v ND ND ND
CF 100 2 (6) v 740 1 1

aConverted from reported units pmol using the Henry constants reported in Materials and methods

activity assays were performed after the halogenated btrophic culture with methane as a growth substrate in the
drocarbons had been removed to minimize the possibifityesence of DCM, CRrans-DCE, cis-DCE, and TCE at
of the substrate(s) themselves causing a reductioncamcentrations varying from 30 to 80/ (Janssen et al.
pMMO activity. It is possible, however, that some suli988). VC was not tested in that study. Interestingly,
strates remained strongly bound to the pMMO, causingBf,1-TCA was also found to inhibit growth of this mixed
apparent decrease in activity. culture on methane, but 1,1,1-TCA had little effect on the
The results of the effect of these compounds growth ofM. alboumBG8 on methane. It is possible that in
growth, pMMO activity, and the measured Michaelighe mixed culture, sSMMO was being expressed. This form
Menten parameters of apparent.yand K suggest that of the MMO has been shown to degrade 1,1,1-TCA, while
these compounds can be divided into four groups similae pMMO does not (Oldenhuis et al. 1989). Sikteal-
to the ones proposed by Rasche et al. (1991). 1,1,1-TdAn BG8 can only express pMMO, toxicity of the pro-
was found neither to be toxic nor to be degradelbgl- ducts of 1,1,1-TCA oxidation was minimized in the ex-
bumBG8, and could be considered as a single categorypefiments presented here.
halogenated substrates. DCM and DBM also had little ef-The inhibition of growth on methane could have been
fect on either growth or pMMO activity, but were readilgue to competition between the halogenated hydrocarbon
degraded and thus were considered to be a second gesupmethane for binding sites in pMMO, product toxicity,
of substrates. A third group consisting of the chlorinated both. To determine if competition for pMMO binding
ethylenestfansDCE, VC, 1,1-DCE¢is-DCE, and TCE) sites was responsible for the measured growth inhibition
were also substrates of the pMMO, but their oxidatiam methaneM. alboumBG8 was also grown on methanol
significantly affected both growth and pMMO activity. Fiin the presence of these halogenated hydrocarbons. As
nally, we discovered a fourth group of halogenated hydskhown in Fig.1, growth oM. albumBG8 on methanol
carbons (CF and BF) that were not measurably oxidiagds clearly affected by many these compounds. DCM and
by pMMO-expressing cells but that had significant toxid- 1-DCE completely inhibited growth on methanol, while
ity to growth on both methane and methanol and also s\Mi& and TCE reduced the extent of growth over 60 h by 44
stantially reduced whole-cell pMMO activity. and 10%, respectively. Furthermore, DCM, 1,1-DCE, VC,
and TCE were degraded and followed hyperbolic kinetics,
indicating that product toxicity and not substrate toxicity
Discussion was responsible for growth inhibition. Such a conclusion
is supported by the finding of Dolan and McCarty (1995)
The growth ofM. alboumBG8 with methane as a sole carthat the transformation product of 1,1-DCE is highly toxic
bon source was completely inhibited by many of halte a mixed methanotrophic culture. This finding is sup-
genated hydrocarbons tested. i.e., DCM, CFcBDCE, ported by assays of reduced whole-cell pMMO activity
VC, and 1,1-DCEtransDCE was not found to inhibit after incubation oM. albumBG8 with these compounds
growth on methane. These results are in agreement iah5 h and subsequent removal (Table 2). Since growth
the findings of growth inhibition of a mixed methanen both methanol and methane was affected, apparently
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the transformation products can inhibit other enzymatlee exception of 1,1-DCE aruis-DCE were greater than
processes as well as the pMMO. The products of VC &hd apparent Kvalue for methane by M. album BGS.
TCE oxidation, however, appear to predominantly inhibihese two compounds apparently are bound much better
pMMO activity since growth on methane was mor® pMMO than the primary substrate, methane. Although
strongly affected. this result is unusual, it is not unprecedented. The ammo-
Of the other compounds, CF and BF also completelia monooxygenase (AMO), an enzyme structurally and
inhibited growth on both methane and methanol and afgmnetically similar to pMMO, also was found to bind
substantially inhibited pMMO activity. These compoundspme chlorinated hydrocarbons greater than its primary
however, were not measurably degradedMhyalbum substrate, ammonia. Using whole cellsNifrosomonas
BG8. Thus, it is likely that these compounds themselvesropaea Ely et al. (1997) have discovered that the rela-
were toxic to the cells. DBM had no affect on growth wittive affinity of whole cells expressing AMO is greater for
methane or methanol, suggesting that neither DBM norbisth 1,1-DCE and TCE than it is for ammonia. Further-
oxidative products were toxic tdl. alboumBG8. 1,1,1- more, kinetic analysis of whole-cell degradation of chlori-
TCA reduced growth on methanol by 12%, but had no afted hydrocarbons by. trichosporiumOB3b express-
fect on growth on methane. It is unclear why growth amg sMMO indicates that whole-cell affinity for both 1,1-
methanol was affected by 1,1,1-TCA since 1,1,1-TCBCE andcis-DCE, and CF and DCM is better than that
was not seen to be degrad#dns-DCE was not found to for methane (Oldenhuis et al. 1991). Although some chlo-
inhibit growth on methane after 60 h, but the productsririated hydrocarbons apparently bind more strongly to
oxidation did inhibit pMMO activity as shown in Table 2pMMO in whole cells, the pseudo-first-order rate constant
and also growth on methanol was reduced by approdi-,./KJ for all of the degraded compounds was much
mately 30% in the presence wns-DCE. It is possible less than that measured for methane (Table 1), indicating
that the products dfransDCE oxidation are inhibitory, that in whole cells the preferred substrate is methane. Fur-
but not as significantly as the products of TCE, VC, atldermore, the lower pseudo-first-order rate constant and
1,1-DCE oxidation. FinallycisDCE was toxic to cells larger K, for DBM degradation relative to that of DCM
grown on methane, but had little effect on cells grovauggests that the larger size of bromine interferes with the
with methanol. This suggests tlté¢-DCE or its products effective transformation of DBM.
selectively inhibit pMMO activity. This result is sup- Although the authors are aware of no previous studies
ported by the finding that after incubativg aloumBG8 that have measured the Michaelis-Menten kinetic param-
for 5 h with 5uM cissDCE, no methane consumptioreters of \,., and K for many of the chlorinated and
could be measured, indicating that pMMO was inacbhrominated hydrocarbons examined here, one earlier
vated. study has measured the pseudo-first-order rate constants
Not surprisingly, the apparent, ), values found for of whole-cell degradation of chlorinated methanes and
halogenated hydrocarbons degraded readily by pMMOseithanes byM. trichosporiumOB3b expressing pMMO
M. albumBGS8 in this study were smaller than thg,Y (Van Hylckama Vleig et al. 1996). As shown in Table 3,
measured for methane (Table 1). Comparison of the walues of pseudo-first-order constants for halogenated
values to the value for methane, however, reveals a difiemmpounds by pMMO iivl. alboumBG8 found here were
ent pattern. The apparent¥alues of all compounds withlower than those reported M. trichosporiumOB3b ex-

Table 3 Comparison of pseudo-first-rate constants of halogenatédk, trans-DCE trans-dichloroethylenecis-DCE cis-dichloroeth-
hydrocarbon degradation by methanotrophs known to be exprggsne, 1,1-DCE 1,1-dichloroethylene, TCE trichloroethylene,
ing soluble methane monooxygenase (sMMO) or particulatel,1-TCA 1,1,1-trichloroethane, NM no measurable degradation,
methane monooxygenase (pMMO) (DCM dichloromethane, DBahd ND not determined)

dibromomethane, CF chloroform, BF bromoform, VC vinyl chlo-

Compound Methylosinus trichosporium Methylosinus trichosporium Methylomicrobium album
OB3b expressing sMMO OB3b expressing pMMO BG8 expressing pMMO
(Van Hylckama Vleig et al. 1996) (Van Hylckama Vleig et al. 1996) (This study)
[ml min~ (mg protein)Y] [ml min-1 (mg proteinji2 [ml min—1 (mg protein)Y]2

DCM 16 1.4 0.45

DBM ND ND 0.26

CF 2.6 0.06 NM

BF ND ND NM

VC 15.2 3.8 0.23

transDCE 6.6 1.8 0.72

cissDCE 9.8 0.12 0.15

1,1-DCE 6.4 < 0.06 0.092

TCE 6.2 < 0.06 0.072

1,1,1-TCA ND ND NM

aConverted from reported units of ml mifmg cellsj! assuming cell mass is 50% protein



399

pressing pMMO. It is unknown why the rates Mr tri- cells but that prevented any growth on both methane
chosporiumOB3b were so much greater, in some casasd methanol and also significantly reduced whole-cell
over an order of magnitude greater, but for the commoplyIMO activity. This suggests that these compounds
tested substrates, both strains showed faster rates of trdnesnselves are toxic to the cells and that such toxicity is
formation for DCM, VC, andransDCE. Regardless of not specific to pMMO, but rather is more general and may
the difference in rates found between methanotrophs aftect multiple enzymatic processes. Product toxicity,
pressing pMMO, it is clear from the data presented hdmwever, cannot be excluded since some small amount of
and elsewhere that pMMO rates of degradation of hatbstrate may have been oxidized into toxic product(s).
genated hydrocarbons are slower than the rate in cells®xeh uncertainty is apparent when one considers that pre-
pressing sSMMO. The affinity of pMMO for many of thes@ious research is unclear on the ability of cells expressing
compounds (particularly the chlorinated ethylenes), hopMMO to degrade CF. One early study has indicated that
ever, is typically much better than that measured f6F can be degraded (Oldenhuis et al. 1989), but a more
methanotrophs expressing sMMO (Van Hylckama Vlergcent one has reported that the rate is less than the detec-
et al. 1996). This supports the use of cells expresstian limit (Van Hylckama Vieig et al. 1996). It has also
pMMO in certain situations where concentrations may been shown that CF is degraded Nyeuropaeaand is

low although the overall rate of degradation will be lowoxic to these cells, with toxicity not limited to inhibition
Based on the kinetics of chlorinated ethylene degradat@mAMO (Ely et al. 1997). It is possible that cells express-
at a field demonstration site at Moffett Naval Air Statioimg pMMO can degrade trihalomethanes with the forma-
(Mountain View, CA, USA), it has now been suggestamn of nonspecific inhibitory products, but the appropri-
that pMMO was actually being expressed by the in shte conditions are uncertain and further research should be
methanotrophic community (McCarty 1997). This indperformed to determine if and when methanotrophs ex-
cates that whole-cell pMMO-mediated degradation cpressing pMMO can degrade CF and BF.

be stimulated with the provision of limiting growth sub-
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