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Bacterial Degradation of tert-Amyl Alcohol Proceeds via Hemiterpene
2-Methyl-3-Buten-2-ol by Employing the Tertiary Alcohol Desaturase
Function of the Rieske Nonheme Mononuclear Iron Oxygenase Mdp]
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Tertiary alcohols, such as tert-butyl alcohol (TBA) and tert-amyl alcohol (TAA) and higher homologues, are only slowly de-
graded microbially. The conversion of TBA seems to proceed via hydroxylation to 2-methylpropan-1,2-diol, which is further
oxidized to 2-hydroxyisobutyric acid. By analogy, a branched pathway is expected for the degradation of TAA, as this molecule
possesses several potential hydroxylation sites. In Aquincola tertiaricarbonis L108 and Methylibium petroleiphilum PM1, a likely
candidate catalyst for hydroxylations is the putative tertiary alcohol monooxygenase Mdp]J. However, by comparing metabolite
accumulations in wild-type strains of L108 and PM1 and in two mdp] knockout mutants of strain L108, we could clearly show
that Mdp] is not hydroxylating TAA to diols but functions as a desaturase, resulting in the formation of the hemiterpene
2-methyl-3-buten-2-ol. The latter is further processed via the hemiterpenes prenol, prenal, and 3-methylcrotonic acid. Likewise,
3-methyl-3-pentanol is degraded via 3-methyl-1-penten-3-ol. Wild-type strain L108 and mdp] knockout mutants formed isoam-
ylene and isoprene from TAA and 2-methyl-3-buten-2-ol, respectively. It is likely that this dehydratase activity is catalyzed by a
not-yet-characterized enzyme postulated for the isomerization of 2-methyl-3-buten-2-ol and prenol. The vitamin requirements
of strain L108 growing on TAA and the occurrence of 3-methylcrotonic acid as a metabolite indicate that TAA and hemiterpene

degradation are linked with the catabolic route of the amino acid leucine, including an involvement of the biotin-dependent
3-methylcrotonyl coenzyme A (3-methylcrotonyl-CoA) carboxylase LiuBD. Evolutionary aspects of favored desaturase versus
hydroxylation pathways for TAA conversion and the possible role of Mdp]J in the degradation of higher tertiary alcohols are

discussed.

In nature, molecules bearing tertiary alcohol groups are not un-
usual and can even be central metabolites, such as citric acid and
mevalonic acid, which are processed by nearly all living beings.
However, not much is known about the catabolism of simple ter-
tiary alcohols not possessing additional functional groups. The
homologous series starts with tert-butyl alcohol (TBA) (2-methyl-
2-propanol) as the smallest molecule, with only four carbon at-
oms, followed by fert-amyl alcohol (TAA) (2-methyl-2-butanol).
In the last years, some progress on elucidating the catabolism of
these compounds has been made when research focused on the
environmental fate of fuel oxygenates, since tertiary alcohols have
been identified as intermediates in bacterial degradation pathways
of branched-chain dialkyl ethers (10, 27, 42). Since the 1980s,
methyl tert-butyl ether (MTBE) and tert-amyl methyl ether
(TAME) have been used as gasoline additives in Europe. Initially
introduced as an octane booster at low concentrations, oxygen-
ated gasoline is now amended with up to 15 vol% of these ethers to
improve combustion efficiency and reduce carbon monoxide
emissions. Currently, the corresponding ethyl ethers, ethyl fert-
butyl ether (ETBE) and fert-amyl ethyl ether (TAEE), have gained
the market share due to their lower vapor pressures and higher
boiling points (8). The use of ethyl tert-alkyl ethers is also pro-
moted by legislation in some countries, as the ethyl moiety can be
easily derived from bioethanol (34), thus helping to reduce carbon
dioxide emissions from fossil resources. The extensive use of fuel
oxygenate ethers, however, has resulted in the contamination of
numerous groundwater sites in the United States and Europe due
to accidental spills and leaking storage tanks (14, 24, 29, 45). Com-
pared to other gasoline compounds, the ethers are highly water
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soluble and render water unfit for drinking even at concentrations
in the parts-per-billion range (44). These properties often impede
the removal of fuel oxygenate ethers from contaminated sites be-
low threshold values, making fuel oxygenate ethers and also their
tertiary alcohol intermediates very problematic pollutants.
Although fuel oxygenate ethers are now banned in the United
States (47) and may be phased out in other countries, they will
persist at polluted sites for a long time, as they all turned out to be
quite recalcitrant to biodegradation (10, 36). The main reason for
this poor degradability might be the xenobiotic character of their
tert-butyl and tert-amyl moieties, as the catabolism of these highly
branched structures likely requires the evolution of novel enzymes
linking the ether-specific pathways with common metabolic
routes. In the case of the alkyl tert-butyl ethers MTBE and ETBE,
there is a general agreement that aerobic degradation proceeds via
several specific monooxygenase- and dehydrogenase-catalyzed
steps, resulting in the formation of TBA, 2-methylpropan-1,2-
diol, and 2-hydroxyisobutyric acid (Fig. 1) (27, 40, 42). 2-
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FIG 1 Proposed pathways for the bacterial degradation of fert-butyl alkyl (MTBE and ETBE) and tert-amyl alkyl (TAME and TAEE) ethers (27,31). (A) Initially,
the methyl/ethyl groups of the ethers are hydroxylated, resulting in the formation of instable hemiacetals (not shown). The latter can spontaneously dismutate
to the corresponding tertiary alcohols (TBA and TAA) and formaldehyde/acetaldehyde. Alternatively, the hemiacetals are oxidized to esters, which are hydro-
lyzed to the tertiary alcohols and formic/acetic acid. (B) The tertiary alcohols are hydroxylated to diols. In M. petroleiphilum PM1 and A. tertiaricarbonis L108, this
step is likely catalyzed by the Rieske nonheme mononuclear iron oxygenase MdpJ (18, 39). (C) Dehydrogenation of primary and secondary alcohols of the diol
intermediates to aldehyde and ketone groups. In the case of the aldehydes, further dehydrogenation to the corresponding carboxylic acids is possible. Asterisks

indicate chiral carbon centers in metabolite molecules.

Hydroxyisobutyric acid is then converted into the common metabo-
lite 3-hydroxybutyric acid in a cobalamin-dependent mutase
reaction (35). The biochemistry of tert-amyl alkyl ether catabolism,
on the other hand, has not been elucidated in much detail. By analogy
with MTBE and ETBE, it can be proposed that TAME and TAEE are
degraded via the TBA homologue TAA. However, in contrast to
2-methylpropan-1,2-diol formation from TBA, the hydroxylation of
TAA would result in three possible diol products (Fig. 1), as has
already been shown for TAME and TAA conversion in rats and
humans (2, 43). The 1,2- and 1,3-diols could be further oxidized
to 2-hydroxy-2-methyl- and 3-hydroxy-3-methylbutyric acids,
respectively, while the dehydrogenation of the 2,3-diol would re-
sult in the formation of methylacetoin. Hence, it can be expected
that compared to MTBE and ETBE degradation, bacterial path-
ways for TAME and TAEE are branched and likely involve a larger
number of metabolites.

For the bacteria Aquincola tertiaricarbonis strain L108 and
Methylibium petroleiphilum strain PM1, it has been found that the
expressions of a putative Rieske nonheme mononuclear iron
monooxygenase and its corresponding reductase are upregulated
when cells are grown on MTBE and TBA, suggesting that these
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enzymes are responsible for the hydroxylation of TBA to
2-methylpropan-1,2-diol (18, 39). In strain PM1, the oxygenase
and reductase are encoded by the mdp] and mdpK genes, respec-
tively, which show about 97% identity to the corresponding se-
quences found in strain L108. Recently, the importance of Mdp]
in TBA metabolism has also been demonstrated by 1*C metabolo-
mic and proteomic stable isotope probing (SIP) approaches inves-
tigating oxygenate degradation in mixed cultures (3, 4). It is likely
that Mdp] is also involved in TAA degradation, as strains L108 and
PM1 could metabolize TAME and TAA (31, 38). However, the
hydroxylation of TAA by Mdp] or other bacterial tert-alcohol mo-
nooxygenases has not been investigated so far.

In order to identify the role of the putative monooxygenase
Mdp] in tert-amyl alkyl ether catabolism, we analyzed cultures of
the bacteria A. tertiaricarbonis strain L108 and M. petroleiphilum
strain PM1 for TAME- and TAEE-related metabolites. Further-
more, two mdp] knockout mutants of A. tertiaricarbonis L108
were characterized. Surprisingly, it was shown that Mdp] is not
hydroxylating the ferr-amyl alkyl ether intermediate TAA and its
higher homologue 3-methyl-3-pentanol but formed the corre-
sponding desaturation products. Thus, Mdp]J plays a central role

jb.asm.org 973


http://jb.asm.org

Schuster et al.

in the TAME and TAEE degradation pathways by linking the con-
version of TAA with the routes for catabolizing the hemiterpene
2-methyl-3-buten-2-ol and the amino acid leucine.

MATERIALS AND METHODS

Chemicals, bacterial strains, and growth medium. The purity and sup-
ply sources of tertiary alcohols and other chemicals used in this study are
listed in the supplemental material. Aquincola tertiaricarbonis strain L108,
previously isolated from an MTBE-contaminated aquifer in Leuna, Ger-
many (25, 35), was cultivated in liquid mineral salt medium (MSM) (see
the supplemental material) containing MTBE at a concentration of 0.3 g
liter—1. Methylibium petroleiphilum strain PM1 (32), obtained from the
American Type Culture Collection (ATCC BAA-1232), was grown under
the same conditions. Nitrogen-free and cobalt-free MSM was prepared by
omitting NH,Cl and CoCl, - 6H,0, respectively.

Growth and resting-cell experiments. Cultures were incubated at
30°C on rotary shakers. Bacterial cells used in experiments were pregrown
on the respective substrates in closed glass bottles in up to 1 liter of culture
medium and harvested by centrifugation at 13,000 X gat 4°C for 10 min.
After washing twice with MSM or nitrogen-free MSM, cells were imme-
diately used as an inoculum for growth or resting-cell experiments. For
the latter experiments, the cell concentration was adjusted to values be-
tween 1.4 and 2.2 g biomass (dry weight) per liter by dilution with MSM,
whereas growth experiments were typically started with 30 to 60 mg bio-
mass per liter. The data shown in this study represent the mean values and
standard deviations (SD) of data from at least three replicate experiments.

Sampling and analytics. Liquid and gas samples were taken as previ-
ously described (38), by puncturing the butyl rubber stoppers of incuba-
tion bottles with syringes equipped with 0.6- by 30-mm Luer Lock nee-
dles. The biomass was monitored by measuring the optical density at 700
nm (OD,,,), using a multiplication factor of 0.54 for calculating the dry
biomass in g per liter (31). Volatile compounds (MTBE, TAME, TAEE,
TBA, TAA, isoamylene, isoprene, 2-methyl-3-buten-2-ol, prenol, prenal,
3-methyl-3-pentanol, 3-methyl-1-penten-3-ol, and methylacetoin) were
quantified by headspace gas chromatography (GC) using flame ionization
detection (FID) (38). Compounds in samples were identified according to
the retention times of pure GC standards. In addition, assignments were
verified by GC mass spectrometry analysis (see Fig. S3 to S7 in the supple-
mental material). Diols and carboxylic acids were quantified by using
high-performance liquid chromatography (HPLC) with refractive index
(RI) detection as described elsewhere previously (30, 31), applying an
eluent of 0.01 N sulfuric acid at 0.6 ml per min and a Nucleogel Ion 300
OA column (300 by 7.7 mm; Macherey-Nagel). In addition, carboxylic
acid metabolites were identified as methyl esters by GC mass spectrometry
(see the supplemental material).

Sequencing of wild-type strain L108 DNA. Genomic DNA of A. ter-
tiaricarbonis wild-type strain L108 was extracted by using the MasterPure
DNA purification kit (Epicentre) and sequenced by Illumina HiSeq 2000
technology (GATC Biotech, Konstanz, Germany). The obtained DNA
sequences were analyzed for open reading frames by using Rast (Rapid
Annotation Using Subsystem Technology) (http://rast.nmpdr.org/).

Knockout mutants. In order to prove the enzymatic function of MdpJ
in tertiary alcohol degradation, we generated knockout mutants of A.
tertiaricarbonis strain L108. Site-directed mutagenesis by the homologous
recombination of the designed modified target gene mdp]::tet (our un-
published data) out of diverse special knockout vectors failed. However,
mutants were successfully obtained by using the high-transposable but
unspecific 1.2-kb small linear EZ-Tn5<KAN-2>> Tnp transposome (Epi-
centre Biotechnologies). We transformed 1 ul of the transposome into 70
wl highly competent mid-exponential-phase bacterial cells by electropo-
ration (MicroPulser; Bio-Rad) in 0.1-cm cuvettes at 600 {) and 1.8 kV for
about 5 ms. Transformed cells were rescued in 5 ml MSM amended with
10 mM fructose as a carbon source, incubated for 6 h at 30°C and 150 rpm.
Dilutions were then plated onto MSM fructose agar containing 50 g
ml~! kanamycin as a selection marker and incubated for 2 days at 30°C. As
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the transposome integrates randomly into the DNA, all colonies obtained
had to be analyzed for the loss of their capability to grow on MSM TBA
agar (containing 0.5 g liter—! TBA). In addition, copies of the colonies
were maintained on MSM fructose agar for further analysis. About 5,000
colonies were screened in this way. Colonies with restricted or even lost
TBA degradation potential were transferred again onto MSM TBA agar
plates. The mutants that failed to grow were analyzed further.

The exact integration site of the transposome into the genomic DNA
was determined by direct sequencing with flanking KAN-2 primers (Epi-
centre) out of 1 ug ul~! high-concentrated genomic DNA (Master Pure
DNA purification kit; Epicentre Biotechnologies) according to the follow-
ing protocol. Sequencing forward primer KAN-2 FP-1 (5'-ACCTACAA
CAAAGCTCTCATCAACC-3') and reverse primer KAN-2 RP-1 (5'-GC
AATGTAACATCAGAGATTTTGAG-3") were used. Direct sequencing
conditions were 4 min at 95°C and 60 cycles of 30 s at 95°C and 4 min at
60°C. The products were cleaned with Centri-Sep columns (Applied Bio-
systems) and sequenced according to a method described previously by
Sanger et al. (37), using an ABI Prism 3100 genetic analyzer and the Big-
Dye Terminator v1.1 cycle sequencing kit (Applied Biosystems). The re-
sulting sequences were analyzed with BLAST (1) and aligned via Se-
quencher, version 5.0, sequence analysis software (Gene Codes
Corporation, Ann Arbor, MI).

Nucleotide sequence accession numbers. Sequences of the mdpJK
gene environment and the /iu operon obtained by the sequencing of
genomic DNA of A. tertiaricarbonis strain L108 have been deposited in the
GenBank/EMBL/DDBJ database under accession numbers JQ062962 and
JQ001939.

RESULTS
TAA formation in cultures grown on TAME and TAEE. When
grown on TAME, cells of M. petroleiphilum strain PM1 temporar-
ily accumulated TAA in significant amounts (see Fig. S1 in the
supplemental material), proving that TAA is a central metabolite
of the TAME degradation pathway. TAEE did not support the
growth of strain PM1. In contrast, A. tertiaricarbonis L108 metab-
olized TAME and also TAEE without an accumulation of TAA
(see Fig. S1 and S2 in the supplemental material), indicating that
TAA is more efficiently degraded by this strain.

mdp] gene environment and knockout mutants. By the se-
quencing of genomic DNA from strain L108, a 6.2-kb fragment
containing the mdpJ and mdpK genes was obtained. An alignment
with the corresponding gene region of strain PM1 showed a very
high level of similarity (Fig. 2). Both the gene and intergenic se-
quences possess >97% identity. The only substantial difference
that could be found were two transposase genes present in strain
PM1 and interrupting Mpe_B0551 and Mpe_B0548. At the cor-
responding position in strain L108, only a single gene encoding a
hypothetical protein with 290 amino acids could be identified.

For precisely studying the role of Mdp] in the bacterial degra-
dation of tertiary alcohols, we tried to create mdp] knockout mu-
tants of strain L108 by a site-specific mutagenesis approach. How-
ever, even after several trials, corresponding knockout mutants
were not obtained. Unspecific transposon mutagenesis, on the
other hand, and screening for a loss of the capability to grow on
TBA resulted in two mdp] knockout mutants, which possessed
insertions at different positions in the wild-type mdp] gene (Fig.
2). In contrast to wild-type strain L108, both mutant strains were
not able to grow on the tertiary alcohols TBA and TAA, whereas
2-methylpropan-1,2-diol, the putative product of TBA hydroxy-
lation by MdpJ catalysis (Fig. 1), could still be used as the sole
source of energy and carbon. In addition, the postulated
2-methylpropan-1,2-diol intermediate 2-hydroxyisobutyric acid
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FIG 2 Comparison of the mdp] gene regions in M. petroleiphilum PM1 and A. tertiaricarbonis L108. The location of transposome integration into mdp] found
in the two knockout mutants of strain L108 resulting in a complete loss of the capability to grow on TBA and TAA is indicated.

was metabolized by wild-type and mutant strains at the same
rates, indicating that only the tertiary alcohol-attacking enzymatic
step was affected by the mdp] knockout.

Accumulation of TAA metabolites by resting cells. When
shifting TBA-grown cells of A. tertiaricarbonis wild-type strain
L108 to TAA and concomitantly inhibiting protein synthesis by
chloramphenicol, significant amounts of various metabolites ac-
cumulated (Fig. 3). Surprisingly, not the expected diol com-
pounds and derived carboxylic acids (Fig. 1) but several hemiter-
penes were detected. About 30% of the TAA was converted to the
primary alcohol prenol (3-methyl-2-buten-1-ol), while the unsat-
urated tertiary alcohol 2-methyl-3-buten-2-ol and the aldehyde
prenal (3-methyl-2-butenal) corresponded to less than 5% of the
metabolized substrate. In addition, significant amounts of
3-methylcrotonic acid accumulated. However, in contrast to the
previously found alkene formation by TAA-grown cells (38), iso-
amylene was not produced from TAA in significant amounts by
TBA-grown cells. Interestingly, not pure isoamylene but a mixture
of this alkene and isoprene was formed, indicating the enzymatic
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dehydration of the tertiary alcohols TAA and 2-methyl-3-buten-
2-ol (see also the next section). Both dehydration products repre-
sented about 1.6% of TAA conversion (data not shown). In the
first hours of the experiment, cumulative concentrations of the
substrate and all identified metabolites resulted in a nearly com-
plete recovery of the carbon initially added. Toward the end of the
experiment, this value steadily decreased. However, even after the
complete degradation of TAA, still about 60% of the substrate was
recovered as the metabolites listed in Fig. 3. This final analytical
gap of about 40% may be attributed to common metabolites pro-
duced from 3-methylcrotonic acid, such as acetoacetate and acetyl
coenzyme A (acetyl-CoA), which are readily processed via consti-
tutive pathways. Overall, the observed accumulation of metabo-
lites indicates that the degradation of TAA proceeds dominantly
via hemiterpenes and that the enzymes required for catabolizing
them are not well induced in TBA-grown cells of A. tertiaricarbo-
nis L108. In contrast, TBA-grown cells not incubated in the pres-
ence of the translation inhibitor chloramphenicol accumulated
2-methyl-3-buten-2-ol, prenol, and the corresponding aldehyde
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FIG 3 Accumulation of metabolites in resting-cell experiments with TBA-grown wild-type A. tertiaricarbonis L108 cells incubated on TAA in nitrogen-free MSM
in the presence of chloramphenicol (2 mM). (A) Concentrations of TAA, the sum of quantified metabolites, and the percentages of all TAA-derived compounds
compared to the initial TAA concentration. (B) Concentrations of the metabolites 2-methyl-3-buten-2-ol, prenol, prenal, and 3-methylcrotonic acid.
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FIG 4 Degradation of TAA and 2-methyl-3-buten-2-ol by resting cells of wild-type strain L108 (closed symbols) and the L108(Amdp]) K2 knockout mutant
strain (open symbols). (A) Isoamylene, as the sum of gamma- and beta-isomers (diamonds), was formed from TAA (squares). In all cases, mainly beta-
isoamylene was emitted, representing 96 to 97% of the alkenes produced (data not shown). In addition, the accumulation of small amounts of 2-methyl-3-
buten-2-ol (triangles) from TAA with the wild-type strain but not with the mutant was observed. (B) Isoprene (diamonds) was formed from 2-methyl-3-buten-
2-ol (triangles). For a direct comparison with alcohol conversion, values of dehydration products refer to concentrations in the liquid phase, although they were

found exclusively in the gas phase of the closed incubation bottles.

only temporarily in the first 2 h of the experiment (data not
shown). The concentration of metabolites then decreased steadily,
indicating the induction of enzymes involved in the TAA- and
hemiterpene-specific degradation pathway.

Resting cells pregrown on TAA, on the other hand, did not
show a significant accumulation of metabolites. When these cells
were incubated with or without chloramphenicol on TAA, the
latter was rapidly degraded, and neither prenol nor prenal or
3-methylcrotonic acid was detectable (data not shown). Only
small amounts of 2-methyl-3-buten-2-ol were produced, reach-
ing maximal concentrations of less than 0.1 mM, which repre-
sented about 2% of the TAA metabolized. Interestingly, resting
cells pregrown on 2-methyl-3-buten-2-ol gave similar results (Fig.
4), suggesting that all enzymes necessary for efficient TAA degra-
dation were induced under these conditions. Like L108 wild-type
and mutant strains, strain PM1 was able to grow on 2-methyl-3-
buten-2-ol as the sole source of carbon and energy (data not
shown), indicating that this hemiterpene could be metabolized in
case it was also occurring as a TAA metabolite in this strain.

Dehydration of TAA and 2-methyl-3-buten-2-ol. As the mu-
tant strains of L108 were not able to grow on TAA but could still
use 2-methyl-3-buten-2-ol as a growth substrate, resting cells pre-
grown on this hemiterpene were used to test whether the mutant
strains accumulated metabolites from TAA. As expected, and in
contrast to the wild-type strain, with both mutant strains, a for-
mation of 2-methyl-3-buten-2-ol or other hemiterpene com-
pounds was not observed. However, as was described previously
for cells of the wild-type strain grown on TAA (38) and now for
TBA-grown cells (see the section above), the alkenes gamma- and
beta-isoamylene were still formed from TAA by resting cells of
both mutant strains, as shown exemplarily for the L108(Amdp])
K2 strain in Fig. 4A, proving that this dehydration reaction is not
catalyzed by Mdp]. Interestingly, the level of alkene formation
from TAA by the wild-type strain was about 5 times higher, indi-
cating that a complete metabolization of the alcohol may be ben-
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eficial for a high level of dehydration activity. Accordingly, iso-
prene was emitted from the metabolizable tertiary alcohol
2-methyl-3-buten-2-ol by mutant and wild-type strains at similar
rates (Fig. 4B), representing less than 2% of the substrate turnover.

Degradation of 3-methyl-3-pentanol. Wild-type strain L108
and the mdp] knockout mutant strains were also tested for their
capabilities to metabolize the tertiary alcohol 3-methyl-3-
pentanol, a C, homologue of TBA and TAA. In analogy with
2-methyl-3-buten-2-ol accumulation from TAA, resting cells of
the wild-type strain pregrown on the tertiary hemiterpene alcohol
produced the unsaturated tertiary alcohol 3-methyl-1-buten-3-ol.
However, compared to hemiterpene accumulation from TAA, the
formation of 3-methyl-1-buten-3-ol was more pronounced, tem-
porarily amounting to up to more than 30% of the substrate con-
version (Fig. 5). In line with the assumption that Mdp] is respon-
sible for tertiary alcohol degradation, the mutant strains neither
produced 3-methyl-1-buten-3-ol from 3-methyl-3-pentanol nor
converted the substrate at all (Fig. 5). The wild-type strain not
only metabolized the C tertiary alcohol in short-term experi-
ments but also could grow on it as the sole source of carbon and
energy (data not shown). However, with generation times of
about 40 h, the growth of strain L108 on 3-methyl-3-pentanol was
significantly slower than that on TAA (31).

Vitamin dependence of tertiary alcohol degradation. The vi-
tamin requirements of strain L108 for the degradation of TAA,
3-methyl-3-pentanol, and TBA were studied. Biotin at >8 ng li-
ter ! was essential for growth on TAA and 3-methyl-3-pentanol,
whereas TBA was still used as a growth substrate without biotin
(Fig. 6). Interestingly, cobalamin was not essential for growth on
TAA and 3-methyl-3-pentanol, whereas it was previously shown
to be required for TBA metabolism in strain L108 as a component
of a cobalamin-dependent CoA-carbonyl mutase for the conver-
sion of the TBA metabolite 2-hydroxyisobutyric acid (35). Con-
sequently, both TAA and 3-methyl-3-pentanol are obviously de-
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FIG 5 Accumulation of the desaturation product 3-methyl-1-penten-3-ol
(closed triangles) by resting cells of wild-type A. tertiaricarbonis L108 from the
tertiary alcohol substrate 3-methyl-3-pentanol (closed squares). Both
L108(Amdp]) K2 and L108(Amdp]) K24 knockout mutant strains did not
metabolize the tertiary alcohol (open squares). Accordingly, desaturation
products were not detected (open triangles). Cells were pregrown on
2-methyl-3-buten-2-ol.

graded via a totally different route not involving the mutase
reaction.

Leucine degradation pathway in strains PM1 and L108. The
occurrence of 3-methylcrotonic acid in the course of TAA conver-
sion and the strict dependence of strain L108 on biotin for growth
on this tertiary alcohol let us assume that 3-methylcrotonyl-CoA
carboxylase is involved in the degradation pathway. Normally,
this biotin-dependent enzyme is part of the leucine catabolism,
catalyzing the carboxylation of 3-methycrotonyl-CoA produced
from the branched-chain amino acid via 2-oxoisocaproic acid and
isovaleryl-CoA (21). The genes encoding the relevant enzymes
LiuABCDE are organized in the liu (leucine-isovalerate-utilizing)
operon. Accordingly, a complete set of liu genes can be found on
the chromosome of strain PM1. The sequencing of the corre-
sponding DNA fragment in strain L108 gave a similar result (Fig.
7). Interestingly, a gene encoding a putative acyl-CoA synthetase is
present only in the liu operon found in strain L108, while two
extra genes, encoding a putative transmembrane protein
(Mpe_A3357) and a hypothetical protein (Mpe_A3355), were
found only in strain PM1. Another difference might be the regu-
lation of gene expression, as genes encoding proteins belonging to
the different regulator families TetR and AraC are found upstream
from the liu genes in strains PM1 and L108, respectively.

DISCUSSION

While the metabolic sequences responsible for tert-butyl alkyl
ether and TBA degradation in bacteria have been largely eluci-
dated, practically nothing is known about the metabolism of tert-
amyl alkyl ethers and TAA. The work presented here revealed that
the putative Rieske nonheme mononuclear iron oxygenase Mdp]
functions as a desaturase enabling the degradation of the TAME
and TAEE metabolite TAA via hemiterpenes to intermediates of
the leucine catabolism.

Comparison of the wild type and the two knockout mutants of
A. tertiaricarbonis L108 clearly demonstrated that Mdp] is essen-
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FIG 6 Comparison of vitamin dependences of wild-type A. tertiaricarbonis
L108 cells grown on TAA (A), 3-methyl-3-pentanol (B), and TBA (C) as the
sole source of energy. In all cases, biomass increase and substrate turnover refer
to incubation periods required for the complete consumption of the respective
tertiary alcohol substrates in the reference cultures supplemented with all vi-
tamins of complete MSM. Incubation without vitamins was achieved by dilut-
ing cultures pregrown in complete MSM with cobalt- and vitamin-free MSM,
resulting in a 2,500-fold dilution of cobalt and all vitamins. The same dilution
was applied when only single vitamins, i.e., cobalamin or biotin, were omitted.

tial for TAA degradation. However, the latter compound is not
converted to diols by hydroxylation reactions, but instead, the
hemiterpene 2-methyl-3-buten-2-ol is formed. This implies that
Mdp] shows desaturase activity when attacking tertiary alcohols,
thereby causing the formation of a double bond by the removal of
two hydrogen radicals from vicinal carbon atoms. A similar mul-
tifunctionality was found previously for the Mdp]J-related Rieske
nonheme mononuclear iron naphthalene dioxygenase from Pseu-
domonas sp. strain NCIB 9816-4 (11). Besides showing mono- and
dihydroxylations of aromatic compounds, naphthalene dioxyge-
nase is also catalyzing double-bond formations (26). On the other
hand, diiron center-containing desaturases not only are responsi-
ble for double-bond formation in fatty acids but also can catalyze
hydroxylations (41). The specificity of catalysis depends mainly
on the substrate structure and its mobility at the catalytic site of
the enzyme (5, 49). TBA does not possess vicinal carbons allowing
hydrogen removal and double-bond formation. Consequently,
only hydroxylation can occur, resulting in the diolic reaction
product 2-methylpropan-1,2-diol. In contrast, the structure of
TAA would allow both hydroxylation and desaturation reactions.
Interestingly, Mdp]J obviously catalyzes mainly double-bond for-
mation in this alcohol, as TAA was predominantly converted to
hemiterpenes by resting cells of strain L108 when pregrown on
TBA and incubated in the presence of a translation inhibitor.
Sequence comparisons revealed that Mdp] is quite unique.
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FIG 7 liu operons found in M. petroleiphilum PM1 and A. tertiaricarbonis L108. For comparison, the corresponding region present in the genome of Thauera sp.
strain MZI1T is also shown (Tmz1t_0747 to Tmz1t_0753). Genes not yet related to leucine and isovaleric acid catabolism are highlighted in black.

Thus far, all mdp] genes and the corresponding proteins detected
in pure cultures and enrichments associated with MTBE or TBA
degradation were highly similar (3, 38). The amino acid sequences
of Mdp] found for strains PM1 and L108, for example, showed
97% identity. A BLAST search with the complete Mdp] sequence
of strain PM1 as a query against the NCBI nonredundant database
(November 2011) resulted in only a couple of MdpJ-like proteins
as closest matches, with about 60% identity to the PM1 sequence.
These predicted proteins all belong to strains of Bordetella parap-
ertussis, Bordetella bronchiseptica, and Achromobacter xylosoxi-
dans, which are known to cause respiratory diseases and other
infections but have not often been associated with the degradation
of fuel oxygenate ethers or tertiary alcohols. Hence, the origin of
Mdp] remains quite enigmatic. However, at least A. xylosoxidans

strains 6A and MCM1/1 were recently demonstrated to degrade
MTBE (3a, 46).

The initial attack of tertiary alcohols seems to be the result of
recent evolutionary processes referred to as the significant release
of fuel oxygenates into the environment in the last decades. How-
ever, all other enzymatic steps downstream from Mdp] catalysis
required for TAA mineralization are related to metabolic se-
quences already established for a long time in nature for the deg-
radation of nonxenobiotic compounds. As proposed previously
by Malone and coworkers (28), the product of TAA desaturation,
the unsaturated tertiary alcohol 2-methyl-3-buten-2-ol, is likely
catabolized via the primary alcohol prenol and its corresponding
aldehyde prenal (Fig. 8). The latter is then oxidized to
3-methylcrotonic acid. This metabolic sequence would require an

OH
MdpJK |somerase /&/\
N 02, 2[H]
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R =CH;/C,Hs 3-methyl-1-penten-3-ol 3-methyl-2-penten-1-ol
dehydro- dehydro- acyl-CoA R SCoA
genase /K/\ genase M synthetase

-2[H] -2[H] + CoA, ATP o

- AMP, PPi
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FIG 8 New proposal for a bacterial degradation pathway for the tertiary alcohols TAA and 3-methyl-3-pentanol involving an initial desaturation step catalyzed
by the Rieske nonheme mononuclear iron oxygenase Mdp] and its reductase, MdpK. Underlined compounds indicate metabolites detected by GC mass
spectrometry analysis. Broken lines indicate postulated but not-yet-characterized enzymatic reactions (28).
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allylic rearrangement previously shown for the interconversion of
the monoterpenes linalool and geraniol (13). Recently, the en-
zyme responsible for the rearrangement in the bacterium Castel-
laniella defragrans strain 65Phen was identified (6). Besides
isomerization, this so-called linalool dehydratase-isomerase also
catalyzes the dehydration of linalool to myrcene, very similar to
the allylic rearrangement and dehydration of unsaturated tertiary
alcohols catalyzed by plant monoterpene cyclases (48). As the rel-
evant structures in both hemi- and monoterpenes are identical, it
could be that in all these cases, the same catalytic mechanism is
employed. As already described for monoterpene cyclases, a uni-
form cationic intermediate which is formed after the removal of
the hydroxyl group could be postulated (see Fig. S8 in the supple-
mental material). In the case of unsaturated alcohols, stabilization
by mesomerism can be observed. Either deprotonation or capture
by water then resulted in elimination or isomerization, respec-
tively. With saturated alcohols, on the other hand, only the elim-
ination reaction is possible. This dehydratase function of the pos-
tulated 2-methyl-3-buten-2-ol isomerase would explain the
alkene formation from TBA and TAA observed previously for
strains L108 and PM1 (38) and also the isoamylene and isoprene
formation found in this study. However, conversion of saturated
tertiary alcohols and hemiterpenes has not yet been tested with the
enzyme from strain 65Phen or with terpene cyclases. In addition,
a BLAST search based on the complete genome sequence of strain
PM1 clearly confirms that a sequence homologous to the linalool
dehydratase-isomerase is not present.

The second step in hemiterpene catabolism (Fig. 8), the
prenol-oxidizing activity, was described previously for NAD-
dependent benzyl alcohol dehydrogenase-like enzymes found in
Pseudomonas putida strains MB-1 and mt-2 as well as in Acineto-
bacter calcoaceticus NCIB 8250 (28). All these enzymes show rather
broad substrate specificities for both allylic and aromatic alcohols,
indicating that a hemiterpene-specific dehydrogenase is not re-
quired for oxidizing prenol to prenal. Nevertheless, prenol dehy-
drogenase activity was highly induced in strain MB-1 when cells
were grown on 2-methyl-3-buten-2-ol (28). Likewise, prenol did
not accumulate when TAA-degrading cells of strain L108 were
pregrown on TAA or 2-methyl-3-buten-2-ol, indicating that ei-
ther TAA itself or the resulting hemiterpene alcohols can act as an
inducer. The final oxidation to 3-methylcrotonic acid has not
been characterized so far. However, at least prenal dehydrogenase
activity was detected in strain MB-1 (28). In summary, although
the metabolic sequence from 2-methyl-3-buten-2-ol via prenol
and prenal to 3-methylcrotonic acid is consistent with the ob-
served accumulation of metabolites, the identity of the enzymes
involved in bacterial hemiterpene catabolism remains unclear. On
the basis of our findings and considering the substantial bioinfor-
matic data already available for strains L108 and PMI, it now
seems to be worthwhile to elucidate the biochemistry of hemiter-
pene degradation in these fuel oxygenate-metabolizing bacteria.

2-Methyl-3-buten-2-ol is part of the complex mixture of vol-
atile organic compounds released by biota, mainly by plants (12),
and involved in the tropospheric organic aerosol formation influ-
encing the world climate (7, 22). Moreover, it has been found that
this hemiterpene can be the dominating nonmethane volatile or-
ganic compound emitted, e.g., by a North American pine forest
(17,23). Currently, P. putida MB-1 and strains L108 and PM1 are
the only bacteria known to be capable of using this hemiterpene as
the sole source of carbon and energy (28). However, considering
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the presence of 2-methyl-3-buten-2-ol and other hemiterpenes in
the environment for millions of years, hemiterpene degradation is
likely widespread, and an efficient bacterial degradation pathway
could have evolved. Consequently, linking the conversion of the
truly xenobiotic TAA with an already well-established hemiter-
pene catabolism by the desaturase activity of Mdp] is straightfor-
ward, whereas the degradation of hydroxylation products would
require the invention of several novel enzymatic steps (Fig. 1).

The product of prenal oxidation, 3-methylcrotonic acid, could
be metabolized via the leucine degradation route. This would re-
quire activation to the corresponding CoA ester, putatively by an
AMP-forming acyl-CoA synthetase (Fig. 8). 3-Methylcrotonyl-
CoA is then carboxylated (LiuBD) to 3-methylglutaconyl-CoA.
After the addition of water (LiuC), the resulting 3-hydroxy-3-
methylglutaryl-CoA is split (LiuE) to acetoacetate and acetyl-
CoA. In addition, the involvement of the biotin-dependent car-
boxylase LiuBD in the TAA degradation pathway is indicated by
the biotin dependence observed for strain L108. In line with a
rising demand for this vitamin when employing a biotin-
dependent enzymatic step in a dissimilatory route, biotin-
auxotrophic strain L108 cannot grow on TAA in MSM containing
only about 8 ng liter ! biotin, while TBA is still used as a growth
substrate under these conditions.

It is likely that Mdp] is also employed for tertiary alcohol deg-
radation in strain PM1 (18). However, it is quite surprising that
this strain shows a temporary accumulation of TAA when grown
on TAME. The nearly identical mdp] gene environments in strains
PMI1 and L108, likely due to a recent horizontal gene transfer
event, imply similar enzymatic activities for TAA conversion.
Consequently, differences in the degradation pathways more
likely exist downstream from the Mdp]J activity. Accordingly, a
comparison of the liu operons in strains PM1 and L108 revealed
low levels of similarity regarding the sequence, length, and num-
ber of genes, indicating only a distant phylogenetic relationship.
The leucine degradation pathway belongs to the branched-chain
amino acid catabolism present in many bacteria (21). In the case
of betaproteobacteria, the activation of the liu genes is normally
regulated by LiuR and/or LiuQ, belonging to the MerR and TetR
families of transcriptional regulators, respectively. As was re-
ported previously (21), in strain PM1, the operon is under the
control of LiuQ and consists of the degradation genes liuABCDE.
In strain L108, on the other hand, two additional genes not present
in strain PM1 are found directly upstream from liuA, encoding a
transcription factor of the AraC family and a putative acyl-CoA
synthetase (Fig. 7). A similar genetic organization is also present in
the betaproteobacterium Thauera sp. strain MZ1T. Possibly, the
AraC-like transcriptional factor is better suited to activate the
genes of the liu operon when not leucine but only its catabolites
are supplied as the sole carbon source. In addition, in a pathway
running via the free 3-methylcrotonic acid (Fig. 8), a specific
3-methylcrotonyl-CoA synthetase is required, which is not neces-
sary when the catabolic route starts from leucine. The putative
acyl-CoA synthetase encoded by the additional gene found in the
liu operon of strain L108 may play this role, likely resulting in a
more efficient degradation of leucine catabolites.

Tertiary alcohols, such as TBA and TAA, are rarely found in
nature. However, anthropogenic sources do exist and tend to pol-
lute the environment. Besides fuel oxygenate ether degradation,
the hydroxylation of branched-chain alkanes, such as isobutane,
2-methylbutane, and higher homologues, at the tertiary carbon
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position by various monooxygenases may lead to tertiary alcohol
formation (9, 19, 33). In this context, it can also be speculated
whether Mdp] or similar enzymes might be suitable for the de-
saturation of larger aliphatic compounds bearing a tertiary alco-
hol group, e.g., the C, alcohols 2,3,5-trimethyl-2-hexanol, 3,6-
dimethyl-3-heptanol, and 2-methyl-2-octanol, formed in the
course of the bacterial degradation of nonylphenols, which are
widely used as surfactants in cleaning products (15, 16). At least
the C, alcohol 3-methyl-3-pentanol can be attacked by MdpJ and
is converted to the expected unsaturated tertiary alcohol. More-
over, strain L108 is also able to use it as the sole source of carbon
and energy, suggesting that not only Mdp] but also the enzymes
involved in hemiterpene and leucine catabolism are able to pro-
cess molecules larger than Cs.

Our finding that TAA and the higher homologue 3-methyl-3-
pentanol are not hydroxylated to the corresponding diols but that
unsaturated alcohols are formed might be surprising at first sight.
However, by linking the desaturase reaction with hemiterpene
and branched-chain amino acid catabolism, an efficient linear
degradation pathway has evolved. The alternative hydroxylation
can lead to a significant number of metabolites, including stereo-
isomers (Fig. 1). Consequently, a large number of enzymatic steps
would be required for the complete mineralization of the tertiary
alcohols. This branching of the degradation pathway can be pre-
vented only by employing highly specific enzymatic catalysts.
However, especially at the beginning of pathway evolution, when
only enzymes not well adapted to a new substrate can be recruited,
it is unlikely that the catalysis of a highly selective monooxygenase
could be employed, resulting in only one hydroxylation product.
In a theoretic study based on the Y ,1p concept, we have already
shown that fuel oxygenates, such as MTBE and ETBE, are formally
good growth substrates, allowing high theoretical biomass yields
(30). However, when including an extended Monod equation, it
became obvious that low growth rates would result in mainte-
nance requirements too high for supporting productive degrada-
tion. In this connection, it is quite consistent that not a compli-
cated pathway with several branched metabolic sequences has
evolved for degrading TAME and TAEE metabolites but only a
superior linear route via hemiterpenes is employed in A. tertiari-
carbonis L108 and likely also in M. petroleiphilum PM1.
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