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Abstract Rhodococcus sp. strain DTB (DSM 44534)
grows aerobically on diethylether as sole source of carbon
and energy. Dense cell suspension experiments showed that
the induced ether-cleaving enzyme system attacks a broad
range of ethers like tetrahydrofuran, phenetole and chlori-
nated alkylethers including Cx-substituted alkylethers. Iden-
tification of metabolites revealed that degradation of the
ethers started by an initial attack of the ether bond. Di-
ethylether-grown cells degraded bis(4-chloro-n-butyl) ether
via an initial ether scission followed by the transient accu-
mulation of 'y-butyrolactone as intermediate at nearly stoi-
chiometric concentrations.

Introduction

Chlorinated alkylethers are a relevant source of xenobiotic
environmental pollutants which are produced industrially
for various purposes or are unwanted by-products as has
been reported for epichlorohydrin synthesis (De Leer 1985;
ARGE 2002). However, microorganisms are able to cleave
a wide range of ether structures by expressing different en-
zyme systems. This subject has been reviewed by White
et al. (1996). Among the group of gram-positive bacteria,
rhodococci have received an increased attention in the last
decade because of their broad catabolic versatility (Bell et al.
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1998). As a consequence, genetic engineering of Rhodo-
coccus to use the organism as a biocatalyst for biotransfor-
mation or biodegradation processes is rapidly advancing
(van der Geize and Dijkhuizen 2004).

Several rhodococci have been described to degrade ether
compounds whereby the formation of a labile hemiacetal
seems to be the common initial reaction. Oxidation of the
fuel compound ethyl zert-butyl ether (ETBE) by a P-450
monooxygenase system, for example, has been reported for
Rhodococcus ruber IFP 2001. The enzymes involved are
encoded by the ethRABCD gene cluster (Chauvaux et al.
2001). Rhodococcus erythropolis K2-3 cleaves the ether
bond of the phenoxybutyrate herbicides 4-(2,4-dichloro-
phenoxy) butyrate and 4-(4-chloro-2-methylphenoxy) bu-
tyrate by a soluble cytochrome P-450 (Strauber et al. 2003),
whereas Rhodococcus rhodochrous strain 116 induces even
two distinct cytochrome P-450 enzymes for the O-deal-
kylation of 4-methoxybenzoate or 2-ethoxyphenol (Karlson
et al. 1993). A so far uncharacterized hydroxylase is postu-
lated for the degradation of the cyclic ether tetrahydrofuran
(THF) by R. ruber 219 (Bock et al. 1995), and a putative
O-dealkylase was suggested to operate in Rhodococcus sp.
DEES5151 which accepts ether substrates with at least one
unsubstituted Cax-methylene moiety as the main structural
prerequisite (Kim and Engesser 2004). Rhodococcus sp.
strain DTB degrades the chlorinated bis Cx-substituted al-
kylether bis(1-chloro-2-propyl) ether (DDE) and uses it as a
sole source of carbon and energy (Moreno-Horn et al. 2003).
The ether-cleaving activity of this strain is strongly inhibited
by methimazole, a competitive inhibitor of flavin contain-
ing monooxygenases (Tomasi et al. 1995). Here we report
the aerobic growth of Rhodococcus sp. strain DTB on di-
ethylether as sole source of carbon and energy. Under this
condition, an ether-cleaving enzyme is induced that at-
tacks ether bridges of chlorinated alkylethers including
Coa-substituted alkylethers, the cyclic ether THF and the
alkyl-arylether phenetole. Their conversion by dense cell
suspensions and the identification of intermediates allow
to suggest a pathway for the degradation of bis(4-chloro-
n-butyl) ether (BCBE) resulting in the transient accumula-
tion of 'y-butyrolactone.
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Materials and methods
Growth and culture conditions

Rhodococcus sp. strain DTB (DSM 44534) was cultivated
with diethylether (5 mM) as sole source of carbon and energy
omitting the vitamin solution used previously (Moreno-Horn
etal. 2003). For growth experiments with volatile substrates,
130-ml serum flasks were used that were crimp sealed with
Teflon-lined rubber septa and contained 20 ml of mineral
medium (pH 7.2) with appropriate substrate concentrations.
To prevent oxygen limitation during growth, the oxygen
demand was calculated, and a volume ratio of air to liquid
phase was chosen as 5:1 (v/v) for up to 2 mM substrates. The
cultures were inoculated with diethylether-pregrown cells
unless indicated otherwise. An inoculum of 2% (v/v) was
used, resulting in an initial density (ODgyg) of 0.01. “No
growth” was defined as no increase in ODg) after 60 days of
incubation. With ethanol as substrate, cells were grown in 2-1
Erlenmeyer flasks containing 800 ml of mineral medium
with 20 mM ethanol as sole source of carbon and energy. All
experiments were set up as triplicate cultures unless indi-
cated otherwise. For the production of biomass, Rhodococ-
cus sp. strain DTB was grown in 4 | of mineral medium with
10 mM diethylether under conditions described previously
(Moreno-Horn etal. 2003). The flasks were sealed with butyl
rubber stoppers. Cells were harvested at late exponential
growth phase at an optical density of 0.8—1.0 and either used
immediately or stored at —20°C.

Analysis

Experiments with dense cell suspensions were performed as
described previously at a cell concentration of about 1 mg
dry wt ml"' (Moreno-Horn et al. 2003). All degradation
experiments were set up as triplicates if not noted otherwise,
and heat-killed cells (100°C/15 min) were used as a control.
To correct for evaporation of volatile compounds to the gas
phase of the 5-ml vessels, non-inoculated samples were
treated in the same way and analysed after appropriate time
intervals. In addition, for detection and GC-MS confirma-
tion of the metabolites, 4-chlorobutanol from BCBE degra-
dation or y-butyrolactone from THF degradation, dense cell
incubations were performed in a larger scale as single ex-
periments. Schott flasks (1-1) containing 100 ml of mineral
medium and an increased cell concentration of 2 mg dry wt
ml ™" were used. After incubation for an appropriate period
of time, 50 ml of culture fluid was extracted with 5 ml of
dichloromethane and concentrated by a continuous flash of
N, to a volume of 100 pl. The metabolites y-butyrolactone
and 4-chlorobutanol were identified by their gas chromato-
graphic retention times and their electron-impact mass
spectrometry (EI-MS) fragmentations that are identical with
those of commercially available compounds, and EI-MS
fragments were in accordance with the NIST data base. EI-
MS of y-butyrolactone resulted in the molecular ion at m/z
(intensity in %)=86 ([M]") (60) and major fragment ions at

m/z=56 ((IM—CH,]") (50) and m/z=42 ([M-CO,]") (100).
EI-MS of 4-chlorobutanol resulted in major fragment ions
at m/z=90 ([M-H,0]") (15), m/z=55 (IM-H,0-CI]") (100)
and m/z=49 ([CH,CI]") (30). The concentrations of all sub-
strates and products were calculated using standard curves
prepared with authentic compounds.

Enzyme activity

Etherolytic cleavage activity was determined at 28°C with
dense cell suspensions measuring the disappearance of the
ether compound by GC-FID analysis. Dry weight (dry wt)
of cell suspensions was calculated from the optical density
at 620 nm (ODgy). An ODg,( of 1 corresponds to a constant
bacterial dry wt of 0.4 g 1" at 105°C.

Chemicals

Bis(4-chloro-n-butyl) ether (BCBE), bis(2-chloroethyl)
ether (BCEE), (+/-)-1,2-dichloroethyl-ethyl ether (DCEE),
2-chloroethyl-ethyl ether (CEE) and 4-hydroxybutyrate were
purchased from Sigma-Aldrich. Bis(1-chloro-2-propyl) ether
(DDE) was obtained from Suppelco. 4-Chlorobutanol and
1,4-butanediol were obtained from Fluka. 1,3-Dichloro-2-pro-
pyl-1'-chloro-2'-propyl ether (TCIDE) with a purity of 85%
was prepared as described previously (Garbe et al. 2004).

Results
Utilization of (chloroethyl) ethers

Rhodococcus sp. strain DTB grows on 10 mM diethylether
as sole source of carbon and energy. When transferred to bis
(1-chloro-2-propyl) ether (DDE), cells grown on diethy-
lether started growth with a minimal lag phase and vice
versa. Growth occurred also on ethanol at 20-30°C. No
growth occurred at 37°C. At 25°C, the growth rates and
growth yields were £=0.027 h™' (26 h doubling time) and
Y4/=0.95 g dry wt/g carbon for 10 mM diethylether, and =
0.153h' 45h doubling time) and Y,,=1.06 g dry wt/g
carbon for 20 mM ethanol, respectively.

The organism failed to grow on 0.25-2.5 mM concentra-
tions of ethoxyethanol, a possible hydroxylation product of
diethylether, glycolic acid and the chlorinated ethylethers
DCEE, CEE or BCEE. The halogenated ether cleavage in-
termediates 2-chloroethanol and 2-chloroacetaldehyde also
did not serve as growth substrate.

Degradation of ether compounds
The substrate spectrum and activity of the ether-cleaving

system induced during growth on diethylether were inves-
tigated by dense cell suspensions (Table 1).
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Table 1 Etherolytic cleavage activity and formation of intermediates by dense cell suspensions of Rhodococcus sp. strain DTB pregrown on

diethylether

Substrate Activity 2 Products
Concentration (uM)
Compound Consumed
Initial .
after 30 min
BCBE C'\/\/\O/\/\/Cl 225 15033 4.6+0.99 &O /\/\/CI
O HO
' :
DCEE 160 54+1.2 1.5+0.15 d2¢
N0 Cl n
BCEE CI\/\O/\/CI 225 12618 2.8+0.28 Cl\/\OH
Cl
TCIDE 1000 - Cl Cl
') OH O
THF ¢ Z > 2000 - L_\A\
o) 0”0
Phenetole ©\ 200 16¢ n.d°®
O—CH,CH,

Data give the average+tstandard deviation of triplicate samples

*The etherolytic cleavage activity based on the consumption of compound after 30 min is expressed as nmol ether consumed/min/mg of dry wt
Expected products 1,2-dichloroethanol and/or 2-chloroacetylchloride will undergo rapid conversion in aqueous solution by spontaneous HCI
elimination. The products 2-chloroacetaldehyde and 2-chloroacetate are not determined with the standard analytic methods used

°THF, phenol, ethanol and acetaldehyde are highly soluble in water which does not allow quantitative extractionData represent the result

from one sample

The conversion of BCEE was accompanied by the for-
mation of 2-chloroethanol. Within 30 min, 126 uM BCEE
had vanished and a concentration of 100 uM 2-chloroetha-
nol was found; BCEE was used up completely after 120 min.
2-Chloroacetaldehyde, the second metabolite that results
from hemiacetal disproportionation, could not be analysed
with the gas chromatographic system used.

DCEE was converted at a slower rate. After 90 min,
100 uM was used up and no further degradation was ob-
served. TCIDE (400 umol) was converted within 240 min
(1.8 mg dry wt mI™"), and the formation of chloroacetone
and small amounts of 1-chloro-2-propanol were detected.
From the compounds tested, BCBE showed the highest
conversion rate and 4-chlorobutanol and y-butyrolactone
could be detected as products. Phenetole was also attacked,
and its concentration decreased during incubation, but screen-
ing of the products phenol and acetaldehyde was not under-
taken. The conversion of THF could be demonstrated by the
formation of 20 uM +y-butyrolactone from a 2 mM solution
after 3 h with 2 mg cell dry wt ml™'. The suspensions of
Rhodococcus cells grown on diethylether also were able
to convert all of the stereoisomers of DDE. As products,
1-chloro-2-propanol and chloroacetone were found like
with DDE pregrown cells (Moreno-Horn et al. 2003).
Methimazole inhibited the conversion of all the ethers inves-
tigated (data not shown).

Biotransformation of bis(4-chloro-n-butyl) ether

Dense cell suspensions of Rhodococcus sp. strain DTB
pregrown on diethylether were used to study the BCBE
degradation pathway. Disappearance of BCBE was accom-
panied by the delayed formation and transient accumula-
tion of y-butyrolactone. Within 60 min, 205 uM of the
initial concentration of 225 uM BCBE was converted and
about 290 uM +y-butyrolactone was formed. After addi-
tional 120 min, another 10 uM from the remaining 20 uM
BCBE disappeared, whereas the concentration of y-butyrol-
actone increased by 56 uM resulting in a total of about
350 uM y-butyrolactone. Analysis of non-inoculated sam-
ples revealed an evaporation loss of BCBE from the liquid
phase of about 33 uM after 180 min. Considering the loss of
the ether, about 90% of BCBE had been converted to y-
butyrolactone, which is an almost stoichiometric formation
of the product. The difference of 10% might be also caused
by a slow degradation of the lactone. After 24 h, the accu-
mulated y-butyrolactone had been used up completely (data
not shown).

Significant concentrations of 4-chlorobutanol were not
detected during degradation of BCBE that can be inter-
preted as a result of the rapid conversion of this metabolite.
The intermediate formation of 4-chlorobutanol as metabo-
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lite was verified by a separate experiment under large-scale
conditions (see Materials and methods).

Incubation of the intermediate 4-chlorobutanol and the
hypothetical intermediate 1,4-butanediol (each 250 puM)
with dense cell suspensions (1.1 mg dry wt ml™") resulted
also in the formation of y-butyrolactone suggesting the cata-
bolic pathway. Both compounds were converted to y-butyro-
lactone, although the yield observed (after 180 min) decreased
in the order BCBE (90%)>4-chlorobutanol (51%)>1,4-buta-
nediol (18%).

Even though Rhodococcus sp. strain DTB converted
BCBE, it did not serve as growth substrate under standard
conditions with 0.25—1 mM substrate concentration. Inoc-
ulation was performed with suspensions of cells pregrown
on diethylether or y-butyrolactone resulting in an initial
ODgyo 0of 0.01 or 0.2. When BCBE (0.5 mM) was supple-
mented as co-substrate to a 5 mM diethylether medium, the
cells grew until the diethylether was depleted. Conversion
of BCBE, which started within the beginning of the growth
phase, and the transient formation of y-butyrolactone could
also be observed. However, 4-hydroxybutyrate or y-buty-
rolactone at concentrations of 2 mM was used for growth by
Rhodococcus cells, pregrown on diethylether after an ex-
tended lag phase of 14 days. 4-Chlorobutanol or 1,4-buta-
nediol also supported growth, yet an even longer lag phase
of 21 days was observed. Parallel cultures with 2 mM
diethylether or 1 mM DDE as carbon source showed com-
pletion of growth after 3 days. After transfer of cells grown
on 4-hydroxybutyrate into fresh medium with 4-hydroxy-
butyrate, immediate growth occurred without a lag phase.
Also, Rhodococcus sp. strain DTB grown on y-butyrolac-
tone, 4-chlorobutanol or 1,4-butanediol resumed growth
immediately after being transferred to fresh medium with
the same carbon source. No growth occurred with 1-10 mM
THF by diethylether or 'y-butyrolactone pregrown cells in-
oculated at an initial ODg,o of 0.01 or 0.2.

Discussion

The present study describes the capability of diethylether-
induced Rhodococcus sp. strain DTB to break down several
ether pollutants of environmental relevance such as chlo-
rinated alkylethers. A pathway for the conversion of bis(4-
chloro-n-butyl) ether (BCBE) by ether scission, hydrolytic
dehalogenation and the transient formation of 'y-butyrolac-
tone is suggested (Fig. 1).

Rhodococcus sp. strain DTB grows aerobically on di-
ethylether as sole source of carbon and energy. Diethylether
is cleaved into ethanol and acetaldehyde, for example, by
the binuclear-iron toluene 2-monooxygenase (TMO) of
Burkholderia cepacia G4/PR1 (Hur et al. 1997) and by the
ammonia monooxygenase (AMO) of Nitrosomonas euro-
paea (Hyman et al. 1994). The ability of Rhodococcus
strains to grow on diethylether has been reported (Bock et al.
1995), and the degradation mechanism, e.g. O-dealkylation
(Kim and Engesser 2004), was postulated, but the enzymes
involved have not been characterized.

CI\/\/\O/\/\/CI

OH MCI
@)
H,O H,0
HCI % K HCI

Lo

@)

l

Fig. 1 Proposed transformation route of bis(4-chloro-n-butyl) ether
(BCBE) into y-butyrolactone by Rhodococcus sp. strain DTB. *1,4-
Butanediol was not found as a metabolite during degradation but was
converted to 'y-butyrolactone by dense cell suspensions. "Compounds
not found and commercially not available

We suggest an analogous ether cleavage mechanism for
Rhodococcus sp. strain DTB since the organism after growth
on diethylether continued to grow after transfer onto ethanol
but failed to do so when transferred to ethoxyethanol. Etho-
xyethanol would result from hydroxylation of diethylether at
a terminal methyl group (Hardison et al. 1997). In addition,
BCEE cleavage by dense cell suspensions results in a signif-
icant formation of 2-chloroethanol; however, Rhodococcus
sp. strain DTB failed to grow on BCEE and also on the
degradation intermediate 2-chloroethanol. 2-Chloroacetal-
dehyde and a following dehalogenated metabolite, glycolic
acid, were also not used as growth substrate. The strain also
failed to grow on DCEE or CEE, although ethanol supports
growth. The same phenomenon was observed with a toluene
2-monooxygenase constitutive derivate B. cepacia G4/PR1
that, after growth on diethylether, cleaved CEE into the four
products acetaldehyde, ethanol, 2-chloroacetaldehyde and
2-chloroethanol but failed to grow on CEE. This was attrib-
uted to the toxicity of 2-chloroacetaldehyde since ethanol
and acetaldehyde could serve as substrates (Hur et al. 1997).



Rhodococcus sp. strain DDE5151 utilized CEE as sole source
of carbon and energy but failed to grow with 2-chloro-
ethanol or 2-chloroacetaldehyde (Kim and Engesser 2004).
The authors concluded that the strain could use the non-
halogenated ethyl moiety for growth. Nevertheless, there
are several bacteria reported which can grow on 2-chloro-
ethanol via 2-chloroacetaldehyde and glycolic acid (Dijk
et al. 2003).

The failure of Rhodococcus sp. strain DTB to grow on
BCBE presents a different situation. Unspecific AMO from
N. europaea cleaves dimethylether and diethylether involv-
ing an O-dealkylation reaction into the corresponding
alcohol and aldehyde products, but n-dipropyl and r-di-
butylether were oxidized to hydroxyl compounds leaving
the ether uncleaved (Hyman 1999). In contrast, we found
that BCBE is converted by Rhodococcus sp. strain DTB
into nearly stoichiometric amounts to 'y-butyrolactone which
indicates a specific hydroxylation at the carbon adjacent to
the ether bridge. Dense cell experiments revealed that 4-
chlorobutanol, which was also found as intermediate of
BCBE scission, was converted into y-butyrolactone albeit
to a lesser extend. Also, 1,4-butanediol, which can result
from hydrolytic dehalogenation, was transformed into y-
butyrolactone. Therefore, we suggest a pathway of BCBE
degradation via ether scission and dehalogenation followed
by oxidation and lactonisation (Fig. 1).

The organism does not grow on BCBE but has the ability
to cleave the ether after growth on diethylether, and the
organism grows with the identified intermediates 4-chlo-
robutanol or y-butyrolactone and the likely intermediate
1,4-butanediol. A toxic effect of BCBE can be excluded
because growth with diethylether is not inhibited in the
presence of at least 0.5 mM BCBE. An explanation for the
inability of the strain to use BCBE as sole carbon source is
that the ether itself does not induce the ether-cleaving en-
zyme. Another reason could be that the ether cleavage prod-
ucts 4-chlorobutanol, 1,4-butanediol and y-butyrolactone
are favoured substrates which repress formation of the ether-
cleaving system. The catabolic repression of less favourable
substrates by other carbon sources has been described for
gram-positive bacteria (Saier et al. 1996). In this case, the
organism is caught and cannot escape from this impasse so
that growth under standard conditions does not occur. Rho-
dococcus sp. strain DTB, however, is able to biodegrade the
pollutant BCBE under co-metabolic conditions in the pres-
ence of diethylether as substrate.

Curragh et al. (1994) found that R. rhodochrous growing
on 1-chlorobutane degrades the compound via butanol and
butyric acid. The authors also found traces of 'y-butyrolac-
tone, which they contributed to chemical lactonisation of
4-chlorobutyrate into 'y-butyrolactone. Further degradation
of y-butyrolactone was delayed and due to a slow induction
of y-butyrolactone catabolizing enzymes. This phenome-
non is similar to our findings. Recently, we described that
DDE-pregrown Rhodococcus sp. strain DTB shows diauxic
growth (Moreno-Horn et al. 2003) when transferred to
0.8 mM DDE plus 0.6 mM 1-chloro-2-propanol, a product
of DDE degradation. The cells stopped degrading DDE, and
as soon as 1-chloro-2-propanol was spent, cells started again
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after a lag phase to degrade DDE. Rhodococcus sp. strain
DTB does not grow on THF, but we detected small amounts
of y-butyrolactone as intermediate using dense cell sus-
pensions of diethylether-grown cells after incubation with
THE. With other bacteria, the formation of y-butyrolactone
from THF has been proposed to be the result of a hy-
droxylation to 2-hydroxytetrahydrofuran and subsequent
oxidation (Bernhardt and Diekmann 1991; Kohlweyer et al.
2000). Hyman (1999) identified y-butyrolactone after incu-
bation of THF with alkane monooxygenase-induced My-
cobacterium vaccae JOB-5. Conversion experiments with
Rhodococcus sp. strain DTB revealed that among the alkyl-
ethers, the degradation rate decreased in the order BCBE>
BCEE>DCEE indicating that chlorine substituents close to
the functional ether group were lowering the activity of the
ether-attacking enzyme system.

The results of this study demonstrated that the diethy-
lether-induced enzyme of Rhodococcus sp. strain DTB ca-
talyses the scission of a broad range of ether compounds
including the bis Ca-substituted DDE, TCIDE and the cy-
clic alkyl ether THF.

Rhodococcus sp. strain DTB might serve as an effective
biocatalyst for the treatment of ether-contaminated sites.
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