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Abstract: Recombinant strains of Escherichia coli consti-
tutively expressing toluene-o-xylene monooxygenase
(ToMO) of Pseudomonas stutzeri OX1 and toluene o-
monooxygenase (TOM) of Burkholderia cepacia G4 were
investigated for their ability to oxidize trichloroethylene
(TCE), 1,1-dichloroethylene (1,1-DCE), cis-1,2-dichloro-
ethylene (cis-DCE), trans-1,2-dichloroethylene (trans-
DCE), vinyl chloride (VC), and chloroform (CF), individu-
ally as well as in various mixtures. ToMO oxidized all of
these individual compounds well, whereas TOM did not
degrade VC significantly (16-fold less) and degraded cis-
DCE and trans-DCE less well (3.7- and 2.4-fold, respec-
tively). For mixtures of these chlorinated aliphatics,
ToMO was again more robust than TOM. For example, in
binary mixtures including TCE, ToMO degraded all three
DCE isomers and CF, but the presence of TCE inhibited
VC degradation; TOM degraded both TCE/1,1-DCE and
TCE/trans-DCE, but not cis-DCE for TCE/cis-DCE, and the
addition of CF or VC to TCE completely inhibited degra-
dation of both compounds and TCE. The addition of CF
or trans-DCE stimulated VC degradation in the presence
of TCE for ToMO, and the addition of any of the three
DCE isomers stimulated VC degradation for TOM. Sig-
nificant degradation of all ternary mixtures of TCE and
less chlorinated ethenes, as well as a mixture of TCE,
three DCEs, and VC, was achieved with ToMO (but not
TOM). In mixtures of these chlorinated compounds, deg-
radation was found to occur simultaneously rather than
sequentially, and the mineralization of many of these
compounds could be confirmed through detection of
chloride ions. © 2000 John Wiley & Sons, Inc. Biotechnol Bio-
eng 70: 693-698, 2000.
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INTRODUCTION

Both tetrachloroethylene (PCE) and trichloroethylene
(TCE) are suspected carcinogens and are the most common
groundwater pollutants at hazardous waste sites (McCarty,
1997). These effective solvents are degraded anaerobically
(only one known aerobic microorganism can degrade PCE
[Ryoo et al., 2000]) via reductive dehalogenation to the less
chlorinated ethenesrans-1,2-dichloroethylene tfans
DCE), cis-1,2-dichloroethylene dis-DCE), 1,1-
dichloroethylene (1,1-DCE), vinyl chloride (VC), and eth-
ene as well as to ethane (Sharma and McCarty, 1996); how-
ever, the dechlorination of PCE and TCE is generally
incomplete when it does occur (primarily VC anid-DCE

have been formed), and the potent VC generated is a known
human carcinogen (McCarty, 1997). Both VC anistDCE

are U.S. Environmental Protection Agency priority pollut-
ants (Bradley and Chapelle, 1998). CF is also a common
groundwater contaminant and a potential carcinogen (Mc-
Clay et al., 1996).

Because of this ecological risk posed by soil and water
contaminated simultaneously by TCE, DCEs, and VC (as
well as mixtures with chloroform [CF]), the ability of two
monooxygenases to degrade mixtures of these compounds
has been evaluated. ToMO frdPseudomonas stutzebiX1
has a relaxed regiospecificity (hydroxylates toluene in the
ortho, meta,and para positions and-xylene in both the 3
and 4 positions) (Bertoni et al., 1996) as well as a broad
substrate range as it oxidizescylene,m-xylene,p-xylene,
toluene, benzene, ethylbenzene, styrene, and naphthalene
(Bertoni et al., 1996) and also TCE, 1,1-DCE, and CF
(Chauhan et al., 1998). ToMO is a multicomponent enzyme
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the aromatic monooxygenasesRirkholderia pickettii
PKO1 andPseudomonas mendocitéR1 (Bertoni et al.,
1998). TOM ofBurkholderia cepaci&4 is also encoded by



six genes tomA01234% (Shields and Francesconi, 1996) pBZ1260 and JM109/pMS64 were grown at 37°C overnight
and is a three-component enzyme consisting of a 211-kDan Luria—Bertani (LB) medium (Sambrook et al., 1989) con-
hydroxylase with a catalytic oxygen-bridged binuclear irontaining 150 and 10Qug/mL ampicillin (Sigma Chemical
center, a 40-kDa reductase, and a 10.4-kDa protein involve@o., St. Louis, MO), respectively, and cells were harvested
in electron transfer between the hydroxylase and reductadegy centrifugation at 13,8@Pfor 5 min at 25°C (JA-17 rotor
(Newman and Wackett, 1995). TOM oxidizes TCE, all threein a J2 series centrifuge; Beckman Instruments, Palo Alto,
DCEs, and VC (Shields and Francesconi, 1996; Shields efA), resuspended in 0.M potassium phosphate buffer
al., 1994), and TCE is degraded primarily to C&nd CI in (PPB; pH 7), and diluted to an optical density of 1.0 at 600
vivo (Luu et al., 1995; Nelson et al., 1986). nm (unless specified otherwise).

There are relatively few reports of degradation of mix-
tures of pollutants and most involve mixed cultures (not
pure cultures expressing single degradative enzymes). THehemicals
best-studied system is that of the five-component benzene ] o
toluene, ethylbenzene-xylene, andp-xylene mixture, 'I’QE and CF were purchasgd from Fisher Scientific Co.
which Bielefeldt and Stensel (1999) showed, using mixedPittsburgh, PA); 1,1-DCEcis1,2-DCE, andtrans1,2-

cultures from a manufactured gas site, could be modeled by CE from Aldrich Chemical Co., Inc. (Milwaukee, WI);
competitive inhibition kinetics. For chlorinated aliphatics, @d VC from Supelco Inc. (Bellefonte, PA). All materials

binary mixtures of TCE and CF have been studied for toly-were of the highest purity available and used without further
ene-oxidizing bacteria (McClay et al., 1996) and for aPurification.

mixed methanotrophic culture (Alvarez-Cohen and Mc-
Carty, 1991); only the mixed methanotrophic culture suc- .
cessfully degraded both CF and TCE (many toluene an(Extent of Degradation

phenol oxidizers cannot oxidize CF at all [Chang and Al-1¢p, mijiliters of the PPB cell suspension (OD 1) was added

varez-Cohen, 1995]). In addition, in a mixture of aromaticy, gg.mL glass vials that were then covered with a Teflon-
solvents and chlorinated aliphatics, two propane-grown,gateq septum and aluminum crimp seal. The six chlori-

pureRhodococcuspecies have been shown to degrade CFpaieq compounds were injected directly into the cell sus-
VC, 1,1-DCE cisDCE, and 1,1,2-trichloroethane (but non- yension from 10 mi dimethylformamide (Fisher Scientific
significant amounts of PCE, TCE, 1,1,1-TCE, améns ¢ ) stock solutions (except for VC at 32Mrin methanol)
DCE) over the course of 2 weeks (Malachowsky et a"'using a liquid-tight syringe (Hamilton Co., Reno, NV) to
1994). . ield (assuming all of the volatile compound to be in the
Because there are few data on the simultaneous degra ijuid phase) TCE at 1Q.M, CF at 10uM, VC at 32 uM,

tion of mixtures of chlorinated compounds by any mono-,nq pcEs at 5gM. The inverted vials were shaken at room
oxygenase, the degradation of mixtures TCE, 1,1-DE¥,  (omperature at 300 rpm on a Vibrax VXR shaker (IKA-
DCE, transDCE, VC, and CF by ToMO and TOM was \yorks, Inc., Cincinnati, OH). The concentrations of the

investigated using. coli so that a single degradative en- cporinated compounds in the headspace were determined
zyme could be studied. _Thls is th.e first report of §uccessfglby gas chromatography (GC) after 24 h (or more frequently
simultaneous degradation of mixtures of chlorinated alig; the simultaneous degradation experiments) by injecting

phatics by a pure culture expressing a single degradativg 504 headspace sample with a 1p@- Hamilton gas-
enzyme and the first report of degradation of M&DCE, (g1t syringe into a gas chromatograph (5890 Series II:

andtransDCE by ToMO as well as degradation of CF by jawlett-Packard Co., Palo Alto, CA) equipped with a
TOM. flame-ionization detector and fitted with a 0.1% AT-1000
on 80/100 Graphpac packed column (Alltech Associates,
Inc., Deerfield, IL). The samples were analyzed with the
MATERIALS AND METHODS column and injector at 200°C and the detector at 250°C.
Abiotic (no cells plus chlorinated compound) vials as well
as JM109 plus chlorinated compound vials were used as
negative controls, and each set of aliphatic compounds was

o ) ) ) degraded two to seven times to confirm the results.
Escherichia coliJM109 was used as the host with either

pBZ1260 (Bertoni et al., 1996) containing tle stutzeri

OX1 6-kb touABCDEF(a pGEM3Z derivative; Promega, Extents of Mineralization

Inc., Madison, WI) or pMS64 (Shields et al., 1995) con-

taining theB. cepaciaG4 11.2-kbtomA01234%a pGEM4Z  Overnight LB cultures were washed with PPB three times to
derivative; Promega). In pBZ1260, ToMO is expressed untemove chloride and then resuspended in PPB at 1.0 to 3.7
der the control of the constitutivleac promoter and, in  ODgy, Ten milliliters of cells was placed into 60-mL glass
pMS64, TOM is expressed under the control of th®dS vials, sealed as noted earlier, and the chlorinated aliphatics
promoter of T (Shields and Francesconi, 1996). JIM109/were injected at 50 to 10@M. After centrifuging the cells,
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the supernatant chloride ion concentrations generated frofior TOMO was constitutive due to lack ¢dcl repressor on
the mineralization of the chlorinated aliphatics were meajplasmid pBZ1260 and thus the high copynumber titrated the
sured spectrophotometrically using the procedure of BergF'-derived repressors); therefore, there was no need to add
mann and Sanik (1957), which involved adding 3000of  inducers (e.g., 58% of 5@M cis-DCE was degraded over-
0.25M Fe(NH,)(SO,), - 12H,0 in 9 M HNO; and 200u.L night by JM109/pBZ1260 with 1 M isopropyl-b-
of Hg(SCNY), in 95% ethanol to 0.6 mL of the supernatant. thiogalactopyranoside vs. 54% when no inducer was
After 5 min, the absorbance of the Fe(SENproduct at  added). Expression levels of the two enzymes appeared to
460 nm was measured with a DU640 spectrophotometeife comparable because similar amounts of TCE were de-
(Beckman Instruments). The colored Fe(SENproduct graded by both strains (Table 1), and both enzymes con-
and HgCl}, were both formed as free chloride ions displacedverted similar amounts of naphthalene to naphthol (1340 +
the thiocynate ion of Hg(SCI) Duplicate vials were used 75 nmol/mg protein for ToMO vs. 5400 + 250 nmol/mg
for each chlorinated aliphatic/cell concentration, and chloprotein for TOM) (Ryoo et al., 2000).
ride ion concentrations were calculated relative to the aver- ToMO and TOM were initially tested for the ability to
age of duplicate JIM109 negative controls, which containedxidize TCE, 1,1-DCEcis-DCE, transDCE, CF, or VC
the chlorinated aliphatic at the same concentration. Th¢nonmixtures) by looking for the overnight disappearance of
minimum detectable chloride concentration with thisthe starting compounds (Table I) relative to the chlorinated
method was §.M. aliphatic that was lost in the plasmid-free negative controls
for the same period of time (usually 5% to 30% depending
RESULTS on the compound). Some variability probably arose in these
extent-of-degradation experiments because the different
In E. coli IM109, the degradative genes for both monooxy-JM109 cultures were not all the same age (stationary-phase
genases were expressed downstream of constitutive promatultures with slightly different ages were diluted to the same
ers in these high-copynumber constructs (Bmepromoter  OD). All six chlorinated compounds were degraded to a

Table . Degradation of TCE (1@.M), three DCEs (5.M each), chloroform (CF, 1f.M), and vinylchloride (VC, 33.M) by resting cells expressing
ToMO and TOM (relative to negative controls). Actual initial liquid concentrations arg.®3or TCE, 20uM for cis-DCE, 21uM for transDCE, 6.3
wM for 1,1-DCE, 6.3uM for CF, and 5.4uM for VC (Bradley and Chapelle, 1998; Mercer and Cohen, 1990).

Percent removal after 24 h with resting célls Number of replicates

Compound(s) ToMO TOM ToMO TOM
TCE 82+ 16 62+15 6 5
1,1-DCE 33+6 20+ 2 3 4
cis-1,2-DCE 70+ 22 19+2 6 4
trans1,2-DCE 50+ 25 21+9 5 4
CF 41+13 54 + 22 7 4
VvVC 32+21 2+2 3 4
TCE and 1,1-DCE 50+ 24, 46 £ 23 44 + 6,60 + 20 6 2
TCE andcis-1,2-DCE 47 £ 16, 63 £ 30 26+23,12+11 3 2
TCE andtrans1,2-DCE 55+ 13, 66 £ 42 52+19,60+9 2 2
TCE and CF 57 +27,41+£29 0.25+0.5,0 4 4
TCE and VC 71+£1,11+2 5+82+3 2 4
1,1-DCE andcis-1,2-DCE 35+9,33+4 27+9,33+21 2 4
1,1-DCE andrans1,2-DCE 68+2,64+1 32+13,40+£12 2 2
1,1-DCE and CF 15+5 5+1 3 2
1,1-DCE and VC 17+8,18+12 86+3,89+0 4 2
cis- andtrans-1,2-DCP 49 + 23 23+0 2 2
cis-1,2-DCE and CF 93+2 33+4 3 2
cis-1,2-DCE and VC 77+2,44+5 29+11,41+18 4 2
trans-1,2-DCE and CFE 25+3 Not determined 2 ND
trans-1,2-DCE and VC 67 +13,43+30 42 +6,65+ 10 4 2
CF and VC 67+8,39+28 17+43+1 4 2
TCE, 1,1-DCE, and CF 75+35,9+93 17+11,0 2 2
TCE, 1,1-DCE, and VC 37+27,32+20,20+20 1+14+4,11+4 5 2
TCE, cis-1,2-DCE, and VC 16 +28,51+29,8+14 20+3,43+1,12+10 3 2
TCE, trans-1,2-DCE, and VC 64 £ 15, 68 £ 15, 56 £ 31 24+42+13,0 6 2
TCE, CF, and VC 55+24, 50+ 24, 40 £ 26 17+16,36£7,0 6 2
TCE, three DCEs, and VC 32+14,33+1B7+8°32+16 5+54+03+4°1+1 4 2

aCompared to negative controls after the same time period (2b)nbined peak’Combined peak for 1,1-DCE and CH.,1-DCE.®Combined peak
for cis- andtrans-1,2-DCE.
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significant extent overnight for TOMO, whereas there was As compared with ToMO, degradation of mixtures of
less degradation ofis-, trans-,and 1,1-DCE and no sig- chlorinated aliphatics by TOM was not as robust (Table I).
nificant degradation of VC for TOM (Table IP. stutzeri  For the binary mixtures including TCE and DCE, TOM
OX1 has previously been reported to degrade TCE, 1,1degraded TCE/1,1-DCE and TGihsDCE well, but not
DCE, and CF at 1M (Chauhan et al., 1998), whereBs  TCE/Lis-DCE; hence, the addition of TCE enhanced degra-
cepaciaG4 TOM has previously been reported to degradedation of 1,1- andransDCE. Although both CF and TCE
TCE, all three DCEs, and VC at }M (Shields and Franc- were degraded independently, combining the two resulted
esconi, 1996; Shields et al., 1994). Hence, these nonmixturi@ the inhibition of degradation of both substrates. Addition
results extend the range of ToMO to includges-DCE, of VC also completely inhibited TCE degradation. The bi-
transDCE, and VC, and extend the range of TOM to in- nary combinations of DCE were degraded well, but the
clude CF, but call into question its ability to degrade VC presence of CF prevented the degradation of CF and 1,1-
well (in nonmixtures). DCE. Interestingly, in binary mixtures, the addition of any
To corroborate the degradation of CF by both enzymesopf the three DCE isomers stimulated VC degradation, and
the extent of mineralization (conversion to chloride ions)this pattern was repeated in ternary mixtures with TCE be-
was investigated (Table II). For TOM, chloroform was cause the presence of 1,1-DCEas-DCE stimulated VC
clearly degraded, because 39% of 5Pl and 43% of 100 degradation. However, for ternary mixtures of TCE and
wM was mineralized (13 and 3pM chloride detected). less-chlorinated ethenes, only TEE/DCE/VC was trans-
ToMO also clearly mineralized CF, because 71% to 100%ormed (although VC was only slightly degraded).
of the initial CF was mineralized (30 and 13M chloride ToMO also degraded TCE, CF, VC, at@ns-1,2-DCE
detected). simultaneously when these compounds were present in mix-
Becausecis- andtransDCE were previously reported to tures of TCE/CF, TCE/CF/VC, or TCEAnsDCE/VC
not be degraded by ToMO, their degradation was also con(Table Ill). For example, ToMO itt. coli IM109/pBZ1260
firmed through chloride ion analysis. The results in Table Ildegraded 43% of the TCE, while degrading 29% of the
indicate that 100% otis-DCE was mineralized, whereas chloroform. Chloride ion analysis indicated that 100% of
89% oftransDCE was mineralized. TCE was also miner- the two degraded compounds was mineralized in 24 h. Simi-
alized by both ToMO (100%) and TOM (100%), and TOM lar simultaneous degradation occurred with ToMO and mix-
mineralized 43% to 100% dfis-DCE. tures of TCE/CF/VC and TCEAnsSDCE/VC as well with
Strains expressing the two enzymes were also charactei-OM andtrans-DCE/VC.
ized for their ability to degrade overnight mixtures of two,
three, and five chlorinated aliphatics (Table 1). For the bi-DISCUSSION
nary mixtures containing TCE, ToMO degraded all threelt has been reported that TOM cannot degrade CF (McClay
DCE isomers and CF, but the presence of TCE inhibited VCet al., 1996); however, we showed both significant over-
degradation. Binary combinations of the DCE isomers andhight degradation (54%; see Table I) as well as mineraliza-
CF and VC were degraded well except for 1,1-DCE/CFtion (43% and 39% at 100 and 50M, respectively). Per-
1,1-DCE/VC, andransDCE/CF. For ternary mixtures in- haps the difference seen was due to the different strains and
cluding TCE and VC, ToMO acquired the ability to oxidize concentrations, as we used tBe cepacia tomgenes ex-
VC upon addition of 1,1-DCEtransDCE, or CF. In gen- pressed irE. coli at 6.3 .M (actual concentration taking
eral, all ternary combinations of TCE and the less chlori-into account volatilization for degradation; see Table I),
nated ethenes (and TCE/CF/VC), as well as the mixture ofvhereas, previously, wild-type toluene-indud@dcepacia
five chlorinated ethenes (TCE/3 DCEs/VC), were very ef-was used at 16.4M (actual). Note that, in this study, CF

fectively degraded by ToMO. (but not VC) was also degraded by TOM in mixtures of
Table Il.  Mineralization of chlorinated aliphatics by ToMO and TOM (average of duplicate vials shown).
Compound Degradation (GC) CI” measured Theoretical CI Mineralization
Enzyme (kM) oD (rM) (nM) (rM) (%)
ToMO cis-1,2-DCE (100) 3.7 79+3 198+ 1 158 100
1.0 41+1 122 +8 82 100
trans-1,2-DCE (100) 3.2 58+4 103+3 116 89
CF (100) 3.2 34+4 130+9 102 100
CF (50) 1.0 13.8+0.4 30+3 42 71
TCE (75) 1.0 26+3 93+8 78 100
TOM cis-1,2-DCE (100) 3.7 23%0 20+0 46 43
1.0 20+6 87+11 40 100
CF (100) 3.2 27+1 35+0 81 43
CF (50) 1.0 11.3+0.4 13+1 33 39
TCE (75) 1.0 18.6+0.2 63+2 54 100
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Table lll.  Simultaneous degradation of mixtures of chlorinated aliphatics by ToMO and TOM (average of duplicate vials from one of two separate sets
of experiments shown).

Percent decrease of compounds in mixtures (comparéd toli JIM109 without enzyme)

Contact time Compounds Measured Cl Theoretical CI Mineralization
Enzyme (h) (concentrationspM) (rM) (rM) (%)
ToMo TCE (50) CF (100)
2 0 2
5 5 6
9 26 18
16 43 31
24 43 29 152 152 100
ToMO TCE (50) CF (100) VC (32)
6 17 10 0
12 10 32 28
19.5 43 55 48
30 38 51 42 277 224 100
ToMO TCE (10) transDCE (50) VC (32)
1 2 3 10
3 15 18 23
7 24 41 44
14 35 46 47
30 51 63 61
TOM transDCE (100) VC (32)
6 13 11
12 9 8
195 11 12
30 28 40 98 70 100

CF/VC and CF/TCE/VC (Table I). As reported previously both TCEfranssDCE/VC and TCE/CF/VC with ToMO, all
with toluenep-monooxygenase (McClay et al., 1996), TCE three compounds are degraded simultaneously rather than
inhibited CF oxidation for TOM, but ToMO degraded sig- sequentially. Hence, it is reasonable to suggest tiiaais
nificant amounts of both TCE and CF. DCE facilitates VC degradation for TCiE#nsDCE/VC
Many of the stimulation and inhibition results of the ex- and that CF facilitates VC degradation for TCE/CF/VC,
periments involving mixture degradation can be explainethecause all these compounds are degraded simultaneously.
by the fact that these monooxygenases have two active sites For TOMO, quintuple and ternary mixtures of TCE/DCE/
(two binuclear iron centers) per hydroxylase subunit (Ber-VC are more readily degraded than binary mixtures of TCE/
toni et al., 1998; Newman and Wackett, 1995). Hence, folVC; for TOM, binary mixtures of DCEs/VC as well as
TOM, VC degradation is not stimulated until perhagis-,  TCE/DCEs are more readily degraded than VC or DCE
trans- or 1,1-DCE binds to one site and facilitates the bind-alone, but ternary and quintuple mixtures are not readily
ing and oxidation of VC at the other active site (Tables | anddegraded. Hence, TOMO is capable of degrading mixtures
I1). This stimulation was again seen with TOM oxidation of of chlorinated aliphatics, which arise at sites throughout
VC in ternary mixtures with TCE andis- or 1,1-DCE  anaerobic degradation of PCE and TCE.
(Table 1). Similarly, for TOMO, TCE inhibits VC degrada-
tion in binary mixtures, but in ternary mixtures the binding
of transDCE in the presence of TCE stimulates VC oxida- References
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