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Bacterial degradation pathways of fuel oxygenates such as methyl tert-butyl and fert-amyl methyl ether
(MTBE and TAME, respectively) have already been studied in some detail. However, many of the involved
enzymes are still unknown, and possible side reactions have not yet been considered. In Aquincola tertiaricar-
bonis 1108, Methylibium petroleiphilum PM1, and Methylibium sp. strain R8, we have now detected volatile
hydrocarbons as by-products of the degradation of the tert-alkyl ether metabolites fert-butyl and fert-amyl
alcohol (TBA and TAA, respectively). The alkene isobutene was formed only during TBA catabolism, while the
beta and gamma isomers of isoamylene were produced only during TAA conversion. Both zert-alkyl alcohol
degradation and alkene production were strictly oxygen dependent. However, the relative contribution of the
dehydration reaction to total alcohol conversion increased with decreasing oxygen concentrations. In resting-
cell experiments where the headspace oxygen content was adjusted to less than 2%, more than 50% of the TAA
was converted to isoamylene. Isobutene formation from TBA was about 20-fold lower, reaching up to 4% alcohol
turnover at low oxygen concentrations. It is likely that the putative zert-alkyl alcohol monooxygenase MdpJ,
belonging to the Rieske nonheme mononuclear iron enzymes and found in all three strains tested, or an
associated enzymatic step catalyzed the unusual elimination reaction. This was also supported by the detection
of mdpJK genes in MTBE-degrading and isobutene-emitting enrichment cultures obtained from two treatment
ponds operating at Leuna, Germany. The possible use of alkene formation as an easy-to-measure indicator of

aerobic fuel oxygenate biodegradation in contaminated aquifers is discussed.

The extensive use of methyl fert-butyl ether (MTBE) and
related compounds as fuel oxygenates has resulted in contam-
ination of numerous groundwater sites in the United States
and Europe (13, 26, 33, 51). Although MTBE is now banned in
some countries and may be phased out in others (52), it will
persist at polluted sites for a long time due to its poor biode-
gradability. Despite this enormous environmental prevalence,
only a few strains capable of growth on MTBE, ethyl fert-butyl
ether (ETBE), and tert-amyl methyl ether (TAME) have been
found, and fuel oxygenate metabolism has not been elucidated
in full detail (20, 30, 31, 46). Since the pioneering works of
Salanitro et al. and Steffan et al. (42, 43, 48), it is generally
agreed that aerobic MTBE degradation proceeds via a mono-
oxygenase-catalyzed ether cleavage resulting in formation of
tert-butyl alcohol (TBA). The latter is hydroxylated to the cor-
responding diol, 2-methyl-1,2-propanediol (MPD), which is
further oxidized to 2-hydroxyisobutyric acid (2-HIBA). This
branched carboxylic acid is then introduced into common met-
abolic routes after isomerization to 3-hydroxybutyric acid (39).
Since ETBE shares the tert-butyl structure with MTBE, it
should have a similar degradation path via TBA (8, 30). The
biochemistry of TAME catabolism has not been elucidated in
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detail. It is likely that similar enzymatic steps to those for the
other ethers are involved, with fert-amyl alcohol (TAA) being
a central metabolite. Hydroxylation of the latter would result
in three possible diol products, two of which could be further
oxidized to carboxylic acids (2, 49). However, not all of these
enzymatic steps involved in fuel oxygenate degradation have
been identified unambiguously and characterized thoroughly.
In addition, possible side reactions have not yet been consid-
ered.

Aquincola tertiaricarbonis 1108 is an MTBE-metabolizing
organism representing a new species within the Rubrivivax-
Roseateles-Leptothrix-Ideonella-Aquabacterium branch of the
Betaproteobacteria (28). The strain was isolated from an
MTBE-contaminated aquifer in Germany (39) and is one of
the few pure cultures which can completely degrade the fuel
additive MTBE and related ethers (35). At other sites, in
France and the United States, the closely related strains A.
tertiaricarbonis CIP 1-2052 (28, 38), Aquincola sp. strain ENV
736 (30), and Aquincola sp. strain S1B1 (16) have been iso-
lated, indicating that the spread of this species is not locally
restricted. Thus far, strain L108 is one of the most efficient
aerobic MTBE degraders, showing growth at maximal rates of
close to 0.05 h™' and a biomass yield of 0.55 g g ' on this
substrate (35). Interestingly, strain L108 shares at least some
MTBE-related enzymes with another well-studied MTBE de-
grader, Methylibium petroleiphilum PM1 (36). In both strains, a
two-component cobalamin-dependent mutase seems to be in-
volved specifically in 2-HIBA conversion, and the partial se-
quences of the mutase genes obtained from strain L108 show
nearly 100% identity to the corresponding mdpO and mdpR
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genes found in strain PM1 (39). In addition, expression of the
mdpJ and mdpK genes, encoding a putative oxygenase and its
reductase, respectively, is increased at the mRNA level when
strain PM1 grows on MTBE versus ethanol (20). Likewise, it
has been found that the corresponding proteins are highly
induced in strain L108 grown on TBA compared to lactate-
grown cells (45), suggesting a role in TBA metabolism. Meth-
ylibium sp. strain R8 is also a PM1-like bacterium showing
autarkic growth on MTBE and TAME. Besides a close phylo-
genetic relationship (40), strains PM1 and R8 share the same
monooxygenase for attacking MTBE, encoded by the mdpA
gene (22, 46), and show identical MTBE isotope fractionation
patterns (40). In several studies, M. petroleiphilum PMI1 or
closely related strains were found to dominate the bacterial
communities at MTBE-contaminated sites (7, 19, 23), indicat-
ing the importance of these bacteria for fuel oxygenate degra-
dation.

To learn more about the biochemistry and physiology sup-
porting the efficient degradation of fuel oxygenates by A4. ter-
tiaricarbonis 1.108, M. petroleiphilum PM1, and Methylibium sp.
strain R8, gas samples from cultures grown on the relevant
tertiary alkyl ethers and corresponding alcohols were analyzed
for metabolites. Surprisingly, highly volatile C, and Cs alkenes
were emitted during growth and accumulated in the closed
culture bottles. The TBA and TAA biodegradation steps
turned out to be the sources of isobutene and isoamylene, re-
spectively. Our results also show an oxygen dependence of alkene
production, contributing maximally to alcohol conversion at low
oxygen concentrations. Although formation of isoamylene from
TAME and TAA is more pronounced than isobutene emissions
from MTBE, ETBE, and TBA, the latter can also reach a few
percentage points of total oxygenate conversion. Thus, the prog-
ress of fuel oxygenate degradation is easily monitored by analyz-
ing gas samples by gas chromatography (GC). Furthermore, the
alkene formation found in this study could be used as a sensitive
indicator for evaluating natural attenuation of fuel oxygenates at
contaminated field sites.

MATERIALS AND METHODS

Bacterial strains and growth medium. Aquincola tertiaricarbonis 1108 and
Methylibium sp. strain R8, previously isolated from an MTBE-contaminated
aquifer at the Leuna test site, Germany (39), and from an MTBE-degrading
enrichment culture (40) provided by E. Arvin (DTU, Denmark), respectively,
were cultivated in liquid mineral salt medium (MSM [see the supplemental
material for details]) containing MTBE at a concentration of 0.3 g liter™!.
Methylibium petroleiphilum PM1, obtained from the American Type Culture
Collection (ATCC BAA-1232), was grown under the same conditions as the
other strains.

Chemicals. Alkene GC standards of =99% purity (isobutene and the alpha,
beta, and gamma isomers of isoamylene) and TAME (97% pure) were purchased
from Sigma-Aldrich (Taufkirchen, Germany). MTBE (=99% pure), ETBE
(>97% pure), TBA (=99% pure), 2-HIBA (>98% pure), and TAA (>99%
pure) were purchased from Merck Schuchardt (Hohenbrunn, Germany). 2-Hy-
droxy-2-methylbutyric acid (2,2-HMB) (98% pure racemic mixture) was pur-
chased from ABCR (Karlsruhe, Germany), 3-hydroxy-3-methylbutyric acid
(3,3-HMB) (98% pure) was from Alfa Aeasar (Karlsruhe, Germany), and
2-methyl-1,2-propanediol (MPD) at the highest purity available was from Taros
Chemicals (Dortmund, Germany).

Growth and resting-cell experiments. Cultures were incubated at 30°C on
rotary shakers. Bacterial cells used in experiments were pregrown on the respec-
tive substrates in closed glass bottles in up to 1 liter of culture medium and
harvested by centrifugation at 13,000 X g at 4°C for 10 min. After being washed
twice with MSM, cells were immediately used as an inoculum for growth or
resting-cell experiments. For the latter, the cell concentration was adjusted to
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1.35 g biomass (dry weight) per liter by dilution with MSM, whereas growth
experiments were typically started with 30 to 60 mg biomass per liter. Degrada-
tion activities and relative alkene production in resting-cell experiments were
determined by linear regression analysis of substrate decreases versus time and
alkene formation versus substrate conversion, respectively (see Fig. S1 in the
supplemental material). Substrates were normally added at 200 to 500 mg per
liter. In cases of low degradation activity, the concentration was reduced to initial
values of about 20 mg per liter. Bacteria were incubated in either 25 or 50 ml
MSM in 120- or 240-ml glass serum bottles, respectively, sealed gas-tight with
butyl rubber stoppers. In resting-cell experiments, oxygen concentrations were
adjusted by mixing air with pure oxygen or nitrogen to the target value. During
the experiments, concentrations were kept constant by adding appropriate
amounts of oxygen. Volume reductions due to sampling of liquid and gas phases
were balanced by adding appropriate gas volumes (air, oxygen, or nitrogen,
depending on the experimental conditions). The data shown in this study rep-
resent the mean values and standard deviations (SD) for at least three replicate
experiments.

Sampling and analytics. Liquid samples were taken by puncturing the rubber
stoppers with disposable syringes equipped with 0.6- by 30-mm Luer Lock nee-
dles. Biomass was monitored by measuring the optical density at 700 nm
(OD;), using a multiplication factor of 0.54 for calculating dry biomass in g per
liter (35). MTBE, ETBE, and TBA in liquid samples were quantified by head-
space GC, applying an HP 6890 GC system (Agilent Technologies, Waldbronn,
Germany) with an Optima Delta 3 column (60 m X 0.32 mm X 0.35 pm;
Macherey-Nagel, Diiren, Germany) and a flame ionization detector (FID). Ten-
milliliter headspace vials were filled with 1 ml of a saturated aqueous NaCl
solution and 1 ml of liquid sample. After incubation at 70°C for 20 min, 1 ml of
gas phase was removed and injected into the GC system by using a G1888
autosampler. Helium was used as the carrier gas, and oven and detector tem-
peratures were held at 50°C and 220°C, respectively. TAME and TAA were
quantified by use of the same GC system, but sample incubation was at 95°C for
30 min, the detector temperature was 250°C, and the GC oven temperature
program was set at 100°C for 2 min, increased from 100 to 180°C at a rate of 15°C
per min, and finally kept at 180°C for 0.67 min. Degradation of diols and
carboxylic acids was quantified using a high-performance liquid chromatography
(HPLC) system with a refractive index (RI) detector as described elsewhere (34,
35), applying an eluent of 0.01 N sulfuric acid at 0.6 ml per min and a Nucleogel
Ton 300 OA column (300 X 7.7 mm; Macherey-Nagel). The pH in liquid samples
was monitored using a model 765 Calimatic pH meter (Knick, Berlin, Germany)
with an Inlab 415 electrode (Mettler Toledo, Giessen, Germany). The oxygen
concentration was measured in serum bottles equipped with PSt3 oxygen sensor
spots by applying a Fibox 3 trace fiber optic device (both from PreSens, Regens-
burg, Germany) as previously described (22). The detection limit was 0.03%
(vol/vol).

For quantification of alkenes, gas samples were taken with a 2.5-ml gas-tight
syringe equipped with a Luer Lock push-pull valve (2.5MDR-VLL-GT; SGE
Analytical Science, Ringwood, Australia) enabling use of disposable Luer Lock
needles (0.6 X 30 mm). A 2-ml gas sample was added to 10-ml headspace vials
already filled with 5 ml air and 5 ml deionized water. The same GC method as
that described above for measuring MTBE was used. Peaks for isobutene and the
three isoamylene isomers were clearly separated in GC chromatograms. Com-
pounds in samples were identified according to the retention times of pure GC
standards (see Fig. S2 and S3 in the supplemental material). In addition, assign-
ments were verified by GC-mass spectrometry (MS) analysis (see Fig. S4 and S5
in the supplemental material).

Field samples and enrichment cultures. Two aerated treatment pond sys-
tems (22) at the Leuna test site were sampled in April 2011. One pond was
equipped with coconut fiber geotextile, and the other was equipped with
polypropylene fleece geotextile, enabling biofilm formation. Samples of 1 cm
by 1 cm of both textiles (C and P cultures, respectively) were incubated in 50
ml MSM in 240-ml serum bottles with MTBE under the same conditions as
those described above for pure cultures. Oxygen concentrations of the liquid
and gas phases were measured by again applying the Fibox 3 trace device and
PSt3 oxygen sensor spots. In control experiments, cultures were pretreated by
incubation at 65°C for 2 h.

PCR and sequencing. DNA extraction from cells of strain R8 and the envi-
ronmental enrichment cultures C and P was performed with a MasterPure DNA
purification kit (Epicentre Biotechnologies). The resulting DNA was diluted
10-fold for PCR amplification of the mdpJK genes by using specific primers as
previously described (see Table S1 in the supplemental material) (45). The
amplification product was purified with a Wizard SV gel and PCR clean-up kit
(Promega). Sequencing reactions were performed using a BigDye Terminator
v3.1 cycle sequencing kit (Applied Biosystems). The determination of the se-
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TABLE 1. Alkene formation during batch growth of
A. tertiaricarbonis 1108, M. petroleiphilum PM1, and
Methylibium sp. strain R8 on various substrates

Amt of substrate % Isobutene % Isoamylene

Growth substrate  Strain turnover (pumol)  formation” formation”
MTBE L108 74+ 12 0.33 = 0.07
R8 71+3 0.25 = 0.01
PM1 56 +3 0.11 * 0.01
PM1 114 = 17 0.12 = 0.04
ETBE L108° 25+3 0.17 = 0.09
TBA L108 717 0.29 = 0.03
R8 89+ 13 0.26 = 0.03
PM1 118 =3 0.16 = 0.02
MPD, 2-HIBA, L1084 30-120 =0.03
lactic acid, or
fructose
TAME L108 61 =18 384
R8 68 =5 211
PM1 74+ 4 45+0.7
PM1 26+ 6 43x02
TAA L108 104 =22 9+1
R8 62 =15 2+4
R8 9+2 27+3
PM1 130 = 10 25*08
3,3-HMB, 2,2-HMB, L108" 20-140 =0.03

lactic acid, or
fructose

“ Percentage of substrate turnover.

b Percentage of substrate turnover of beta and gamma isomers.
¢ Not applicable for strains PM1 and R8.

4 Not tested with strains PM1 and RS.

quence was carried out via a model 3130XL genetic analyzer (Applied Biosys-
tems). The sequence was determined twice and compared with the NCBI data-
base. Similarities were evaluated using the BLAST alignment tool (1).

Nucleotide sequence accession numbers. Complete mdpJK sequences ob-
tained from DNA of strain Methylibium sp. strain R8 have been deposited in the
GenBank/EMBL/DDBJ database under the accession numbers JN197272 and
JN197273.

RESULTS

Detection of alkenes in cultures grown on fuel oxygenates. In
using GC to analyze gas samples taken from the headspace of
cultures of strains L108, PM1, and R8 grown on the fuel oxy-
genates MTBE and TAME, we were surprised to detect the
alkenes isobutene and isoamylene. On ETBE, only strain L108
showed alkene formation, and neither Methylibium strain grew
on this oxygenate or degraded it. MTBE and ETBE cultures
produced only isobutene, whereas isoamylene accumulated ex-
clusively after growth on TAME (Table 1), with the beta iso-
form representing about 97% of the isoamylene, whereas gamma-
isoamylene was present in traces and alpha-isoamylene was not
detected. In sterile control experiments, the ether oxygenates
and the alcohols TBA and TAA were stable, and dehydration
to the corresponding alkenes did not occur even when we
lowered the pH value to 5. Consequently, the drop in pH from
7.5 to values between 5 and 6 typically observed in growing
cultures on MSM could not be responsible for alkene forma-
tion. Isobutene was formed not only in MTBE and ETBE
cultures but also when cells were shifted to TBA. However, it
was not detectable when strain L108 was grown on the other
MTBE metabolites, MPD and 2-HIBA, or on unspecific sub-
strates, such as lactic acid and fructose, suggesting that degra-
dation of the alcohol TBA is the alkene-emitting step. In total,
between 0.1 and 0.3% isobutene was produced from MTBE,
ETBE, and TBA degradation. Isoamylene formation, on the
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other hand, was more significant and amounted to up to about
40% of the degraded TAME. A similar alkene production level
also accompanied the degradation of the TAME intermediate
TAA, in line with the observed isobutene formation from
TBA. The possible TAME and TAA metabolites 3,3-HMB and
2,2-HMB (2), however, supported growth of strain L108 but
did not produce alkenes. Generally, alkene formation from
fuel oxygenates in cultures of strains L108 and R8 was more
significant than that in PM1 cultures. In particular, indepen-
dent of the amount of substrate degraded, TAME was con-
verted to <5% isoamylene by strain PM1, whereas the other
strains produced >20% alkene from this oxygenate.
Isoamylene accumulation during growth on TAA. In TAA
cultures of strain L108, isoamylene formation was studied in
more detail. As expected, the strain grew well on TAA and the
substrate was consumed within less than 2 days (Fig. 1). Within
this period, the biomass concentration of the culture increased
from 0.03 to around 0.45 g liter ', indicating a maximal growth
rate of 0.08 h™!, which is close to previously observed values
(35). Due to the experimental design not allowing gas ex-
change with the environment, the oxygen concentration in the
headspace of the culture bottles dropped from about 21% to
<10% during aerobic degradation of 7 mM TAA. Initial iso-
amylene formation was low, representing only 3 to 5% of TAA
conversion (Fig. 1B), e.g., within 19 h of incubation, only about
0.15 mM isoamylene was produced, while nearly 3 mM TAA
was degraded. However, alkene production then increased sig-
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FIG. 1. Isoamylene formation during batch growth of A. tertiaricar-
bonis 1108 on TAA in a gas-tight incubation system. (A) Headspace
oxygen concentrations (open symbols) and biomass dry weights (solid
symbols). (B) TAA (solid symbols) and isoamylene (open symbols)
concentrations. For a direct comparison with TAA conversion, iso-
amylene values are the sums of gamma and beta isomers and refer to
concentrations in the liquid phase, although alkenes were found ex-
clusively in the gas phase of the closed incubation bottles.
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FIG. 2. Isoamylene formation from TAA in resting-cell experi-
ments with incubation of A. tertiaricarbonis 1.108 at various headspace
oxygen concentrations. Substrate degradation rates (solid symbols)
were normalized to biomass dry weights, and formation of isoamylene
isomers (open symbols) is shown as percentages of TAA conversion.

nificantly, as nearly 0.4 mM isoamylene was produced from the
residual 4 mM TAA. The conversion thus rose to nearly 10%
at the end of the experiment. Interestingly, the more pro-
nounced alkene formation coincided with the lower oxygen
concentrations in the headspace, indicating an oxygen depen-
dence of this process. Throughout the experiment, the beta
isoform was the dominant isoamylene species, representing
about 96 to 97% of isomers produced (data not shown).
Oxygen dependence of alkene formation by resting cells. For
precise study of the oxygen dependence of alkene formation
from oxygenates, resting-cell experiments at different constant
oxygen concentrations were performed. However, as it turned
out to be difficult to maintain the dissolved oxygen at a con-
stant level, only gas-phase oxygen was controlled. In similar
experiments, it was already demonstrated that dissolved oxy-
gen and headspace oxygen are not in equilibrium, likely due to
the high oxidation activities exceeding diffusion rates (41).
Nevertheless, under these conditions, cells of strain L108
showed constant substrate degradation and alkene formation
rates, allowing exact quantification of these values (see Fig. S1
in the supplemental material). At 20% oxygen in the gas phase
of the culture bottles, resting cells of strain L108 degraded
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TAA at about 15 nmol min~! mg biomass™~* (Fig. 2). This rate
decreased dramatically when we lowered the oxygen concen-
tration, e.g., at 2% oxygen, TAA was consumed at <2 nmol
min~' mg biomass~'. Accordingly, TAA degradation was not
detectable under anoxic conditions. Alkene production showed
a similar dependence, with highest rates of 1 to 1.6 nmol min~—'
mg biomass ' between 9 and 20% oxygen and lower values
when the oxygen concentration was reduced further. However,
the relative share of isoamylene production from the total
TAA conversion increased significantly with decreasing oxygen
concentrations. While alkene production reached only about
7% at 20% oxygen, at oxygen concentrations of 1 and 2%,
more than 50% of the TAA was converted to isoamylene. This
trend was also observed with the other oxygenates tested, al-
though absolute alkene emissions differed greatly depending
on the substrate (Fig. 3). As expected, degradation of TAME
gave high isoamylene formation values that were close to those
obtained for TAA. In contrast, isobutene formation from
MTBE and TBA was about 20-fold lower. At 20% oxygen,
isobutene could hardly be detected and amounted to <0.2% of
substrate conversion. When lower oxygen concentrations, in
the 1% range, were applied, alkene production was more sig-
nificant and reached values between 2 and 4%.

Isobutene formation in MTBE-degrading enrichment cul-
tures. In both enrichment cultures, inoculated with either co-
conut fiber (culture C) or polypropylene fleece (culture P)
samples from the aerated treatment pond system at the Leuna
test site (22), MTBE degradation started without any lag phase
(see Fig. S6 and S7 in the supplemental material). Concomi-
tant with ether degradation, isobutene formation was ob-
served, amounting to about 0.5% of substrate conversion. In
contrast, heat-treated cultures showed neither MTBE degra-
dation nor isobutene formation. Compared to turnover of ox-
ygenates by growing cultures of the pure strains tested in this
study, degradation of MTBE by the C and P enrichments was
slow, e.g., within 1 week of incubation, only about 0.5 to 1 mM
MTBE was consumed. Throughout the experiments, dissolved
oxygen concentrations were in good equilibrium with the gas-
phase content (see Fig. S6 and S7 in the supplemental mate-
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FIG. 3. Alkene formation from fuel oxygenates in resting-cell experiments with incubation of A. tertiaricarbonis 1.108 at headspace oxygen
concentrations adjusted to values close to that of normal air and to 1% oxygen. (A) Degradation of MTBE and TBA. (B) Degradation of TAME
and TAA. Degradation rates were normalized to biomass dry weights, and formation of alkenes is shown as percentages of substrate conversion.
Headspace oxygen concentrations represent mean values with SD of <1% for the 20% range and <0.2% for the 1% range.
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rial), indicating that oxygen diffusion rates were higher than or
equal to consumption rates under these conditions. Both
MTBE degradation and isobutene formation stopped when
oxygen concentrations dropped to values of 1% and under but
could continue when additional oxygen was supplied through
the gas phase.

Detection of mdpJK genes. PCRs using mdpJK-specific prim-
ers and DNAs extracted from Methylibium sp. strain R8 cells
and enrichment cultures C and P resulted in PCR products of
the expected sizes. After sequencing, complete mdpJK genes
(1,413 and 1,014 bp) were obtained for DNA from strain RS,
showing 97 and 100% identity to the corresponding genes
found in strains L108 (JN033363 and JN033364) and PM1
(Mpe_B0555 and Mpe_B0554), respectively. With PCR prod-
ucts from the enrichment cultures, about 95 and 60% of the
complete mdpJ and mdpK genes, respectively, were sequenced,
showing >99% identity to the mdpJK genes from strain L108.
This high degree of sequence identity is not surprising, as it has
already been found that not only mdpJ but also other genes
related to MTBE degradation are obviously well conserved
among MTBE- and TBA-metabolizing bacteria (3, 39, 45).

DISCUSSION

The betaproteobacterial strains A. tertiaricarbonis 1108, M.
petroleiphilum PM1, and Methylibium sp. strain R8 show alkene
emission while degrading fuel oxygenates. Isobutene was
formed exclusively from MTBE, ETBE, and TBA, whereas the
beta- and gamma-isoamylene isomers were produced from
TAME and TAA. Since degradation of other substrates, such
as the MTBE intermediates MPD and 2-HIBA, by strain L108
is not accompanied by alkene formation, it can be concluded
that the alkene-producing step is located at the stage of tertiary
alcohol degradation.

Although the emitted alkenes isobutene and isoamylene are
structurally related to the corresponding tertiary alcohols TBA
and TAA and can readily be produced from the latter by
dehydration at elevated temperatures in the presence of an
acid catalyst (6, 25), their formation under nearly neutral con-
ditions at 30°C is surprising. In addition, acid-catalyzed dehy-
dration of TAA would not lead to the observed isoform spe-
ciation with only 3% gamma-isoamylene, but about 20% of this
alkene would be expected (10). Consequently, abiotic conver-
sion can be excluded and an enzymatic dehydration reaction
postulated.

There is general agreement that in the aerobic degradation
of TBA and TAA, enzymatic monohydroxylation results in the
formation of the corresponding diol compounds. On the basis
of expression analysis, it was previously concluded that in A.
tertiaricarbonis 1.108 and also M. petroleiphilum PM1, this step
is catalyzed by the Rieske nonheme mononuclear iron oxygen-
ase MdpJ and its reductase, MdpK (20, 45). In the present
study, we could also detect the mdpJK genes in Methylibium sp.
strain R8 and in the two MTBE-degrading enrichment cultures
C and P, supporting their importance in fuel oxygenate me-
tabolism. Moreover, 1*C metagenomic (3) and metaproteomic
(4) stable isotope probing (SIP) approaches have recently
proven the relevance of MdpJ for TBA and MTBE degrada-
tion in mixed cultures. One of the most prominent members of
the Rieske nonheme mononuclear iron oxygenase family is the
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naphthalene dioxygenase of Pseudomonas sp. strain NCIB 9816-4
(12). This enzyme not only is known to mono- and dihydroxylate
aromatic compounds but also catalyzes hydrogen elimination re-
actions (29) similar to those catalyzed by di-iron center-containing
fatty acid desaturases (47). Both monohydroxylation and elimi-
nation reactions actually follow similar mechanisms. Initial hydro-
gen abstraction from the substrate produces a radical intermedi-
ate, and then either a hydroxyl radical from the activated iron
center is added (hydroxylation) or a second hydrogen abstraction
occurs (elimination). The specificity of catalysis depends mainly
on substrate structure and its mobility at the catalytic site of the
enzyme (5, 53). Accordingly, formation of isobutene and iso-
amylene could be explained as a side reaction putatively catalyzed
by the tertiary alcohol monooxygenase (Fig. 4A). Hydrogen ab-
straction from TBA and TAA leads to tertiary alcohol radicals.
Next, either a hydroxyl radical can be added, leading to the diol
structure, or the tertiary alcohol group can be eliminated, result-
ing in alkene formation. Although this water removal from an
aliphatic alcohol would be an unusual elimination reaction to be
catalyzed by an oxygenase-like enzyme, our further findings also
support this hypothesis. Both tertiary alcohol degradation and
alkene formation by strain L108 show clear oxygen dependence.
In line with the necessity of an oxygen-activated metal center for
hydrogen abstraction (Fig. 4A), the reaction rates decrease with
lowered oxygen concentrations. In addition, the relative share of
alkene production in alcohol conversion is larger at low oxygen
concentrations. This could be due to the fact that the water
elimination reaction does not consume oxygen and thus might be
favored when oxygen is limiting. Comparable oxygen-dependent
dehydration catalysis of alcohols has been reported for limonene
hydroxylases from Geobacillus stearothermophilus BR388 (9, 44)
and Enterobacter cowanii 6L (54) that were not characterized
further. The enzyme from strain BR388, for example, reversibly
converts limonene to the tertiary alcohol alpha-terpineol, besides
hydroxylating it to carveol and perillyl alcohol (Fig. 4B). However,
the enzymatic step catalyzing the observed alkene emission from
fuel oxygenates cannot be identified clearly, as the phenomenon
has been studied only in whole-cell systems, and interaction with
other enzymatic steps as well as the effects of the redox state or
other physiological parameters on tertiary alcohol conversion
might be relevant. The finding that strain PM1 shows lower al-
kene production than strains L108 and R8 might already indicate
that besides MdpJ activity, other processes could be relevant.
Further studies on cell-free systems and knockout mutants cur-
rently in progress in our lab will help to elucidate the underlying
mechanism of bacterial alkene production from tertiary alcohols.

The discovery of dehydration reactions in bacterial fuel ox-
ygenate degradation could be used for evaluating natural at-
tenuation at contaminated sites. Recently, compound-specific
stable isotope analysis (CSIA) for identification and quantifi-
cation of in situ biodegradation of MTBE and related com-
pounds has been proposed (27, 40, 50, 56). However, this
method requires special analytical equipment. In addition, in-
terpretation of H/D and '*C/"*C fractionation patterns is far
from trivial. Although differentiation between anaerobic and
aerobic biodegradation has been demonstrated in several stud-
ies applying two-dimensional CSIA, isotope discrimination in
aerobic bacterial degradation shows significant variation and
can also lead to very low fractionation values, complicating
detection in the field (22, 40). On the other hand, the mea-
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FIG. 4. Hydration/dehydration and hydroxylation of tertiary alcohol compounds catalyzed by oxygenase-like enzymes. (A) Proposed mecha-
nism for the formation of isobutene from TBA and of beta- and gamma-isoamylene from TAA by an oxygen-dependent oxygenase-like enzyme
from A. tertiaricarbonis L108. (B) Formation of terpineol, carveol, and perillyl alcohol from limonene by limonene hydroxylase from Geobacillus

stearothermophilus BR388 (9, 44).

surement of isobutene emissions resulting from MTBE and
ETBE biodegradation could be an alternative, or at least
CSIA-supporting, procedure for identifying aerobic biodegra-
dation. Particularly in the case of low isotope fractionation (22,
40), a combination of CSIA and alkene measurement might
result in more reliable predictions of biodegradation activities.
Although alkene formation from TAME and TAA was more
pronounced, it could be expected that in contaminated aqui-
fers typically possessing only low oxygen contents, isobutene
production from MTBE, ETBE, and TBA would reach a few
percentage points of oxygenate turnover. Since alkenes are
highly volatile, they might be easily detectable in gas samples
from contaminated sites showing ongoing biodegradation. Nat-
ural alkene sources are mainly emissions from hydrocarbon
reservoirs and hydrothermal sites (11) as well as from burning
and pyrolysis of organic materials (21, 55). In addition, traces
of isobutene could be produced from side reactions occurring
in the metabolism of isovaleric acid and 3,3-HMB (14, 15).
Most important, of course, isobutene and isoamylene are also
present in oil derivatives such as gasoline (24). Consequently,
other alkene-emitting processes have to be considered in an-
alyzing gas samples from gasoline-contaminated aquifers. At
least at older sites where plumes are already depleted of
volatile and easily biodegradable hydrocarbons, monitoring
isobutene emissions might be useful for evaluating MTBE and
ETBE biodegradation, even though alkene biodegradation
might occur. Hydroxylation of isobutene results in the corre-
sponding epoxide or unsaturated alcohol (17, 18, 37). Conse-

quently, these compounds may also indicate fuel oxygenate
biodegradation. In this context, CSIA could also be employed
for elucidating the origin of the alkenes and their metabolites,
as discrimination of heavy isotopes could be expected in the
enzymatic processes responsible for alkene formation and deg-
radation.

Thus far, alkene formation from oxygenates has been dem-
onstrated only for A. tertiaricarbonis 1108, M. petroleiphilum
PM1, and Methylibium sp. strain R8. If this dehydration is
really a side reaction of the putative tertiary alcohol monoox-
ygenase MdpJ, other PM1-like strains should also be capable
of emitting isobutene and isoamylenes from TBA and TAA,
respectively. However, it is not clear whether other types of
monooxygenases involved in tert-alkyl alcohol degradation,
such as the AlkB-like enzymes found in MTBE- and TBA-
degrading Mycobacterium austroafricanum strains (32), also
catalyze water elimination reactions besides hydroxylations.
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