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Fuel oxygenates such as methyl and ethyl tert-butyl ether (MTBE and ETBE, respectively) are degraded only
by a limited number of bacterial strains. The aerobic pathway is generally thought to run via tert-butyl alcohol
(TBA) and 2-hydroxyisobutyrate (2-HIBA), whereas further steps are unclear. We have now demonstrated for
the newly isolated �-proteobacterial strains L108 and L10, as well as for the closely related strain CIP I-2052,
that 2-HIBA was degraded by a cobalamin-dependent enzymatic step. In these strains, growth on substrates
containing the tert-butyl moiety, such as MTBE, TBA, and 2-HIBA, was strictly dependent on cobalt, which
could be replaced by cobalamin. Tandem mass spectrometry identified a 2-HIBA-induced protein with high
similarity to a peptide whose gene sequence was found in the finished genome of the MTBE-degrading strain
Methylibium petroleiphilum PM1. Alignment analysis identified it as the small subunit of isobutyryl-coenzyme
A (CoA) mutase (ICM; EC 5.4.99.13), which is a cobalamin-containing carbon skeleton-rearranging enzyme,
originally described only in Streptomyces spp. Sequencing of the genes of both ICM subunits from strain L108
revealed nearly 100% identity with the corresponding peptide sequences from M. petroleiphilum PM1, suggest-
ing a horizontal gene transfer event to have occurred between these strains. Enzyme activity was demonstrated
in crude extracts of induced cells of strains L108 and L10, transforming 2-HIBA into 3-hydroxybutyrate in the
presence of CoA and ATP. The physiological and evolutionary aspects of this novel pathway involved in MTBE
and ETBE metabolism are discussed.

Methyl tert-butyl ether (MTBE) and the related ethyl tert-
butyl ether (ETBE) are branched alkyl ethers that have been
used as oxygenating compounds in gasoline since the 1980s
(45, 47). The worldwide production of the leading fuel oxygen-
ate MTBE currently amounts to 20 Mt per year. Due to this
extensive use, freshwater resources have been widely impacted
by MTBE (1, 34, 45), e.g., through accidental spills and leaking
storage tanks. This contamination collides with human drink-
ing water demands, since odor and taste thresholds for MTBE
are low and because of its classification as a possible human
carcinogen (49). In the future, ETBE will replace MTBE in
some countries, as legislation promotes the use of biofuels to
reduce carbon dioxide emissions (13). In contrast to MTBE,
ETBE can be easily produced in sufficient amounts from
isobutene and ethanol that has been won through biotechno-
logical processes from renewable biomass (38).

Both MTBE and ETBE have been demonstrated to be de-
gradable by bacteria and fungi (12, 16). However, strains using
these oxygenates as the sole source of carbon and energy are
rarely found. Bacterial isolates capable of aerobic growth on
MTBE include the �-proteobacterial strains Methylibium pe-
troleiphilum PM1 (20, 35) and Hydrogenophaga flava ENV 735
(21), as well as the gram-positive Mycobacterium austroafricanum
IFP 2012 (18). An ETBE-growing strain is Rhodococcus ruber
IFP 2001 (15, 22), showing an incomplete degradation. Gen-

erally, degradation rates are slow, and growth is inefficient on
these substrates.

Until now, the aerobic degradation pathways of MTBE and
ETBE have not been fully elucidated. Particularly, biochemical
and genetic data are missing. Nevertheless, there is agreement
on the first steps of oxidation (Fig. 1) (16, 44, 46). Initially, the
methyl and ethyl groups, respectively, are attacked by mono-
oxygenase systems, resulting in unstable hemiacetals. These
compounds can spontaneously decompose to tert-butyl alcohol
(TBA) and an aldehyde, i.e., formaldehyde or acetaldehyde.
On the other hand, it was demonstrated that the hemiacetal
derived from MTBE is oxidized to tert-butylformate (TBF),
which is further hydrolyzed to TBA and formate (44). In the case
of ETBE, analogous reactions would yield TBA and acetate.
The intermediate one- and two-carbon aldehydes and acids
are expected to be oxidized by conventional dehydrogenase
systems. TBA, however, is thought to be hydroxylated, again
by the ether monooxygenase or different enzymes, to 2-hy-
droxy-2-methylpropanol, which is further oxidized by dehy-
drogenases to 2-hydroxyisobutyric acid (2-HIBA). Until
2-HIBA, the tert-butyl moiety is maintained (Fig. 1), but it
can be speculated that this bulky structure is destroyed in
the next steps to connect the special fuel oxygenate reac-
tions with the general metabolism and, thus, enable com-
plete oxidation. Unfortunately, the reaction sequence of this
central part of the alkyl tert-butyl ether pathways is unclear.
Since the work of Steffan et al. (46), three possible reactions
have been discussed: (i) dehydration to methacrylate, (ii)
hydroxylation to 2,3-dihydroxy-2-methylpropanoate, and
(iii) decarboxylation to isopropanol with further oxidation
to acetone. The latter proposal is favored by several authors
(12, 14, 18, 41), although supporting experimental data are
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limited. In most studies, it was only demonstrated that iso-
propanol and acetone are degraded by the strains investi-
gated (11, 18, 27, 46) or that an acetone-oxidizing activity is
induced (14, 19). In the case of Mycobacterium vaccae Job5,
an intermediate of acetone metabolism, hydroxyacetone,
was detected during MTBE degradation (27). However, the
enzymes involved in 2-HIBA metabolism or a specific path-
way have not been identified thus far.

In the present study, we investigated the degradation
pathway of 2-HIBA in the MTBE-degrading �-proteobac-
terium strain L108, a novel isolate capable of growing on
fuel oxygenate ethers as the sole source of carbon and en-
ergy, as well as in two TBA-degrading strains, a mutant of
L108, strain L10, and strain CIP I-2052, previously isolated
by Piveteau et al. (37). Results are presented that support an
alternative route to the above-mentioned proposals consist-
ing of a cobalamin-depending mutase reaction and trans-
forming 2-HIBA in one step into 3-hydroxybutyrate. Our
results also show that use of the mutase reaction results in
an exceptional nutritional demand for cobalt during growth
on substrates possessing the tert-butyl moiety. Furthermore,
the necessity of cobalamin biosynthesis is rate limiting for
the growth on TBA and 2-HIBA.

MATERIALS AND METHODS

Sources of bacterial strains and chemicals. Strain L108 was isolated in the
present study from MTBE-contaminated groundwater, which was sampled in
2003 at the industrial park of Leuna, Germany, after enrichment on liquid
MTBE mineral salt medium and streaking on R2A agar plates. Strain L10 was
obtained by incubating an MTBE-grown culture of strain L108 on R2A agar
plates and searching for colonies incapable of MTBE degradation. Strains L108
and L10 were cultivated on MTBE and TBA mineral salt medium, respectively,
supplemented with 50 �g of cobalt ions per liter. The isolates were added to the
strain collection of the Department of Environmental Microbiology of the UFZ.
Strain CIP I-2052 (37) was provided by F. Fayolle (IFP [France]) and cultured
further on TBA in our laboratories. All chemicals used in the present study were
of the highest purity available and purchased from either Sigma-Aldrich Chemie
(Taufkirchen, Germany) or Merck (Darmstadt, Germany).

Media and cultivation techniques. For testing and growing bacteria on definite
substrates as sole source of carbon and energy, the following mineral salt me-
dium was used (in mg/liter): NH4Cl, 761; KH2PO4, 340; K2HPO4, 436; CaCl2 ·
6H2O, 5.5; MgSO4 · 7H2O, 71.2; ZnSO4 · 7H2O, 0.44; MnSO4 · H2O, 0.615;
CuSO4 · 5H2O, 0.785; Na2MoO4 · 2H2O, 0.252; and FeSO4 · 7H2O, 4.98, which
was adjusted to pH 7 and supplemented after autoclaving with the following
vitamins (in �g/liter): biotin, 20; folic acid, 20; pyridoxine-HCl, 100; thiamine-
HCl, 50; riboflavin, 50; nicotinic acid, 50; Ca-pantothenate, 50; p-aminobenzoic
acid, 50; and lipoic acid, 50. To the mineral salt medium, cobalt ions were usually
added at 50 �g of cobalt per liter or cobalt was replaced by cyanocobalamin as
individually indicated. Substrates were added from aqueous stock solutions. For
isolation of strains and purity tests, bacterial cultures were streaked on R2A agar
(Merck no. 100416) plates. Generally, liquid cultures were incubated at 30°C on
rotary shakers. Appropriate substrate concentrations of up to 1 g/liter and vol-
umes of up to 500 ml of culture medium were applied. In the case of volatile
compounds such as ethers and alcohols, close systems (glass serum bottles sealed
with butyl rubber stoppers) with sufficient headspace volume to guarantee aer-
obic conditions were used; in other cases, conic flasks with cellulose stoppers
were used. Cobalt- and cobalamin-deficient cultures were obtained by incubation
on mineral salt medium for two passages (3% [vol/vol] inoculum) omitting
supplementation with cobalt or cobalamin.

Short-term degradation tests. Strains were grown on TBA, 2-HIBA, 3-hy-
droxybutyrate, isobutyrate, butyrate, methacrylate, methylmalonate, acetate, or
glucose until late exponential growth phase. Cells were then harvested by cen-
trifugation at 6,000 � g and 4°C for 10 min and washed twice with mineral salt
solution. To the final cell suspension 50 �g of cyanocobalamin per liter was
added. Degradation tests were performed with 25 ml of a cell suspension of 1 to
2 g of biomass (dry weight) per liter in 240-ml serum bottles sealed with butyl
rubber stoppers and incubated on a rotary shaker at 30°C. Initial 2-HIBA values
were 200 or 500 mg/liter, in the case of low or high activity, respectively. The
concentration of 2-HIBA was monitored by sampling at 20-min intervals for a
total period of 2 h. Activity values were determined by using linear regression
analysis on the decrease of 2-HIBA within this time period.

Preparation of cell extract and enzyme assay. Biomass was obtained as de-
scribed for the short-term degradation tests from 2-HIBA and acetate cultures.
Cells were suspended in potassium phosphate buffer (50 mM [pH 7.2], supple-
mented with 10 �M adenosylcobalamin) at about 25 mg of protein per ml and
disrupted under nitrogen atmosphere in the dark using stirring glass beads as
previously described (40). Then, intact cells and cell debris were removed by
centrifugation (20 min, 16,000 � g, twice). The supernatant, hereafter referred to
as the cell extract, usually contained 2 to 4 mg of protein per ml and was stored
under nitrogen atmosphere at �25°C. Assays were performed within the next few
days since storage beyond 3 weeks resulted in nearly complete loss of activity. For
measuring the enzymatic transformation activity of 2-HIBA into 3-hydroxybu-
tyrate, cell extracts were mixed with the above-mentioned phosphate buffer,
adjusting protein concentrations to 1 to 2 mg of protein per ml. After supple-
mentation with magnesium ions (MgCl2 · 6H2O), ATP (disodium salt, Merck no.
1.01432), and coenzyme A (CoA; trilithium salt, Sigma no. C3019) to final
concentrations of 1 mM each, the assays were started by adding 2 g of 2-HIBA
per liter. All assays were incubated under nitrogen atmosphere in the dark at
30°C on a rotary shaker. Samples were taken at appropriate time intervals and
analyzed for 3-hydroxybutyrate and other possible carbonic acid intermediates
and products (Fig. 6).

Proteome analysis. Total protein of acetate-, MTBE-, TBA-, and 2-HIBA-
grown cells of strain L108 were compared by two-dimensional electrophoresis as
previously described (5). In brief, 500 �g of protein of crude extracts was purified
by phenol extraction (51) and separated by isoelectric focusing and sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. Gels were stained with col-

FIG. 1. Proposed pathways for the aerobic degradation of the fuel
oxygenates MTBE and ETBE (16, 44, 46).
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loidal Coomassie brilliant blue and dried in a stream of unheated air. Protein
spots of interest were excised from two-dimensional gels, digested with trypsin
(43), and analyzed with an AP (atmospheric pressure)-MALDI/TRAP XCT
mass spectrometer (Agilent Technologies) in automatic tandem mass spectrom-
etry (MS/MS) mode. MS/MS ion searches (MASCOT) (36) were carried out
against the NCBI nr database.

PCR and sequencing. The 16S rRNA genes of strains L10 and L108 were PCR
amplified by using universal eubacterial primers and were bidirectionally se-
quenced as previously described (8). Sequences of 1,451 nucleotides (28 to 1491
bp, E. coli numbering) were used for similarity searches against the EMBL and
GenBank databases. The icmA and icmB genes of strain L108 were PCR am-
plified by using primers derived from the corresponding sequences of strain PM1
(NZ_AAEM01000010, gene 85642.87330 and gene 82790.83200). DNA of L108
was prepared as previously described (24). For icmA, the following primers were
used: ICMA_f (5�-ATGACCTGGCTTGAGCCGCA-3�), ICMA_r (5�-GCGAG
ACGCCGGTCTTCTGA-3�), ICMA_M_f (5�-GAGAAGCGCGGCTACGACC
T-3�), and ICM_M_r (5�-TCCTCGGTCGGGATCGCGAA-3�). PCR with IC-
MA_f and ICMA_r gave the complete fragment, whereas in combination with
ICM_M_f and ICM_M_r overlapping intermediary fragments were produced.
For icmB, the primers ICMB_f (5�-ATGGACCAAATCCCGATCCGC-3�) and
ICMB_r (5�-TCAGCGGGCGCCGCGCGCGG-3�) were used, producing the
complete fragment. Fragments were gel purified and sequenced according to the
method of Sanger et al. (42) using an ABI Prism 310 genetic analyzer (PE
Applied Biosystems). Only high-quality reads were considered, and each se-
quence was determined twice. The comparison of sequences with DNA and
protein sequences in databases was performed with BLAST (2) (http://www.ncbi
.nlm.nih.gov/blast). Multiple sequence alignments were performed with
CLUSTAL W (23; http://www.ebi.ac.uk/clustalw/).

Chemical and other analyses. The concentrations of MTBE, TBA, and car-
bonic acids were determined by gas chromatography (GC). In all cases, standards
of the pure chemicals were used for calibration. MTBE and TBA were analyzed
by using an HP 6890 GC system from Agilent Technologies (Waldbronn, Ger-
many) with an HP-5 column (30 m by 0.25 mm by 0.25 �m) and a flame
ionization detector. Vials (10-ml headspace) were filled with 2 ml of liquid
sample and incubated at 70°C for 20 min before 1 ml of gas phase was removed
and injected into the GC system by using an HP 7694 autosampler. The carrier
gas was helium, and the oven and detector temperatures were 35 and 200°C,
respectively. Carbonic acids were analyzed by the same GC system using liquid
injection mode (1 �l) and an Optima-FFAP column (25 m by 0.25 mm by 0.25
�m; Macherey-Nagel, Düren, Germany). 2-HIBA, 3-hydroxybutyrate, and methyl-
malonate were quantified with a detection limit of 0.5 mg per liter as methyl
esters by modifying a published method (30). Samples (800 �l) were incubated
with acidic methanol (400 �l containing 3% [vol/vol] sulfuric acid) for 2 h at
95°C. The esters formed were extracted with chloroform (400 �l). �-Butyrolac-
tone was used as internal standard. The GC oven program was 90°C for 2 min,
90 to 220°C over 3.71 min, and finally 2 min at 220°C. Methacrylate, isobutyrate,
butyrate, and crotonate were quantified as free acids (6) with a detection limit of
1 mg per liter. Samples (1,000 �l) were saturated with NaCl, acidified with 3 M
sulfuric acid (50 �l), and extracted with ethyl acetate (600 �l). Hexanoate was
used as internal standard. The GC oven profile was 90°C for 2 min, 90 to 175°C
over 1.31 min, 175 to 220°C over 1 min, and finally 2 min at 220°C. The
reproducibility of the GC concentration analyses was within a standard deviation
(SD) of 5%. Generally for carbonic acid analysis, an NaOH solution was added
to samples at a final concentration of 50 mM in order to stop reactions. In the
case of growth experiments and short-term activity tests, cells were removed by
centrifugation prior to further sample processing. Samples were then stored at
�25°C until preparation for GC measurements. If butyl rubber-sealed glass
bottles were used for experiments, sampling was performed by plastic syringes
removing an appropriate volume from the liquid phase. Cell growth was moni-
tored by measuring the optical density at 700 nm (OD700) of the culture broth in
a 1-cm cuvette and by measuring the dry weight of cells (by incubation at 100°C
until reaching constant weight). Biomass values were also calculated from OD700

data after determining the relation between the OD and the dry weight for the
investigated strains (an OD700 value of 2.15 was equal to 1 g of dry weight per
liter). Cell protein concentrations were determined by the Lowry protein assay
(31) for two-dimensional electrophoresis and by the Bradford method for the
enzyme assay (7).

Nucleotide sequence accession numbers. The nearly complete 16S rRNA,
icmA, and icmB gene sequences of strain L108 have been deposited in the
GenBank/EMBL/DDBJ database under the accession numbers DQ436455,
DQ436456, and DQ436457, respectively.

RESULTS

Properties of investigated strains. Strain L108 was isolated
from an MTBE-contaminated site in Germany and was able to
grow on MTBE and ETBE as the sole source of carbon and
energy. From this isolate a mutant, strain L10, was obtained by
subcultivation on nonselective medium. Strain L10 was inca-
pable of MTBE degradation but could still grow on TBA. Both
strains showed identical 16S rRNA gene sequences, and there
was a 99.9% identity to the sequence of the TBA degrader CIP
I-2052 (AF244133), which was previously isolated from the
activated sludge of a wastewater treatment plant near Paris
(37) and, consequently, was included in the present study. All
three strains showed similar physiological properties and phy-
logenetically belong to the Rubrivivax subgroup of the �-Pro-
teobacteria with highest 16S rRNA gene sequence identity
(97%) to type strains of Leptothrix mobilis (X97071), L. cholodnii
(X97070), Rubrivivax gelatinosus (D16213), and Ideonella dechlo-
ratans (X72724). The nearest MTBE-degrading relative was M.
petroleiphilum PM1 (AF176594), showing 95.6% identity to the
16S rRNA gene sequence of strain L108.

Cobalt/cobalamin dependence of tert-butyl moiety degrada-
tion. As already described for strain CIP I-2052 growing on
TBA (37), all three strains—L108, L10, and CIP I-2052—
generally showed an exceptional demand for the trace element
cobalt when grown on substrates containing the tert-butyl moi-
ety. Substrates tested in the present study were TBA and
2-HIBA for all strains and MTBE in the case of L108. In
cobalt-deficient medium, degradation rates and growth yields
were significantly reduced. However, such a cobalt dependence
was not observed with simple growth substrates such as glu-
cose, acetate, and 3-hydroxybutyrate (data not shown). Cobalt
can be replaced by cobalamin, as was studied in detail for the
growth of strain L10 on 2-HIBA (Fig. 2). Furthermore, com-
pared to the cobalt-containing cultures, cobalamin addition
decreased the doubling times on 2-HIBA from about 13 to 5 h
and on TBA from about 13 to 9 h, whereas growth yields were
not affected (Table 1). Only insignificant growth occurred in

FIG. 2. Growth on 2-HIBA in mineral salt medium supplemented
with either 100 �g of cyanocobalamin or 50 �g of cobalt ions per liter
(filled and open symbols, respectively). 2-HIBA concentrations (cir-
cles) and dry weight biomass (triangles) were measured for batch
cultures of strain L10 using a cobalt- and cobalamin-deficient inocu-
lum. The data represent the mean values and SD of four replicates.
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the absence of cobalt and cobalamin under these conditions
(data not shown).

Accumulation of 2-HIBA during cobalamin-deficient TBA
degradation. During the growth of all three strains on TBA at
limiting cobalt or cobalamin concentrations, an accumulation
of 2-HIBA was observed. While cultures, e.g., of strain L10
with 50 �g of cobalamin per liter showed the fastest TBA
degradation and no 2-HIBA accumulation, decreasing oxida-
tion rates and increasing amounts of temporary 2-HIBA were
measured by gradually reducing the cobalamin concentrations
(Fig. 3). Under these conditions, an accumulation of other
possible carbonic acid intermediates such as methacrylate,
isobutyrate, butyrate, crotonate, and 3-hydroxybutyrate (Fig.
6), as well as methylmalonate, was not observed.

Inducibility of 2-HIBA oxidation activity. For testing the
inducibility of the 2-HIBA oxidation activity, short-term deg-
radation experiments were performed with resting cells of
strains L10 and L108 grown on various substrates. Activity
values of three replicates for each substrate showed quite high
variation, with SD values of up to 50% (not shown). However,
the following substrate classes could be discriminated. Cells
grown on TBA, 2-HIBA, or isobutyrate showed the highest

2-HIBA degradation activity, with values between 10 and 40
nmol of 2-HIBA min�1 mg biomass�1. In contrast, with cells
grown on methylmalonate, methacrylate, butyrate, or 3-hy-
droxybutyrate the activity was significantly reduced (values
were between 1 and 2 nmol min�1 mg�1). Little if any 2-HIBA
degradation (�1 nmol min�1 mg�1) was observed with cells
grown on acetate or glucose, suggesting the 2-HIBA-degrading
pathway was inducible.

Comparative proteome analysis. Based on the findings of
the inducibility tests, proteome analyses were done comparing
total proteins of strain L108 grown on MTBE, TBA, 2-HIBA,
and acetate. In two-dimensional sodium dodecyl sulfate-poly-
acrylamide gels, one small protein was identified occurring
exclusively in crude extracts derived from MTBE-, TBA-, and
2-HIBA-grown cells (data not shown). An MS/MS ion search
gave as the closest match, with a MASCOT score of 50, a gene
sequence found in the finished genome of M. petroleiphilum
PM1 (http://genome.jgi-psf.org/finished_microbes/metpe/metpe
.home.html; AAEM00000000) coding for a 136-amino-acid pro-
tein. Automated GeneMark analysis had predicted this protein
(ZP_00242467) to be a C-terminal domain/subunit of methyl-
malonyl-CoA mutase (MCM; EC 5.4.99.2) binding the coenzyme

FIG. 3. Degradation of TBA (a) and concomitant accumulation of 2-HIBA (b) in mineral salt medium supplemented with 1, 5, or 50 �g of
cyanocobalamin per liter and using a cobalt- and cobalamin-deficient culture of strain L10. The data represent the mean values and SD of four
replicates.

TABLE 1. Growth parameters of strains L10 and CIP I-2052 on 2-HIBA and TBA, incubated with either cobalt ions or cobalamin

Growth parameter Strain

Mean 	 SDe

Growth on 2-HIBA witha: Growth on TBA withb:

Cobalt Cobalamin Cobalt Cobalamin

Doubling time (h)c L10 13.0 	 0.2 5.0 	 0.1 12.9 	 0.2 8.8 	 0.3
CIP I-2052 13.2 	 0.2 5.8 	 0.2 ND ND

Growth yield (g biomass/g
substrate)d

L10 0.41 	 0.03 0.44 	 0.02 0.44 	 0.03 0.53 	 0.09

CIP I-2052 0.44 	 0.05 0.44 	 0.03 ND ND

a Batch cultures with 1 g of 2-HIBA per liter containing either 50 �g of cobalt ions or 100 �g of cyanocobalamin per liter were inoculated with 3% (vol/vol) of a culture
pregrown on TBA under cobalt- and cobalamin-deficient conditions.

b Batch cultures with 0.5 g of TBA per liter containing either 50 �g of cobalt ions or 50 �g of cyanocobalamin per liter were inoculated with 3% (vol/vol) of a culture
pregrown on TBA under cobalt- and cobalamin-deficient conditions.

c Doubling times were determined for the exponential growth phase by monitoring the increase in the OD700.
d Growth yields were determined by using biomass increase data at more than 50% substrate degradation.
e Mean values of at least five replicates are shown. ND, not determined.
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cobalamin. However, thus far identified prokaryotic MCMs are
organized as homo- or heterodimers with a subunit size of about
700 amino acids and without having the substrate- and cobalamin-
binding domain on different polypeptides (6, 48). Furthermore,
sequence alignment analysis revealed a high similarity score (54%
identity of amino acid residues) to the small subunit of isobutyryl-
CoA mutase (ICM; EC 5.4.99.13) of Streptomyces cinnamonensis
A3823.5 (AJ246005), a cobalamin-dependent mutase that is or-
ganized as a large substrate-binding 566- and a small cobalamin-
binding 136-amino-acid subunit (IcmA and IcmB, respectively)
(39, 52). This finding lets us assume that the identified protein
was IcmB and not a subunit of MCM. Consequently, a se-
quence coding for an IcmA-like 562-amino-acid polypeptide
(ZP_00242470) showed the closest match with BLAST analysis
using IcmA of S. cinnamonensis A3823.5 (AAC08713) as a query
sequence against the complete genome of M. petroleiphilum PM1.

Enzyme assay for 2-HIBA isomerization. The identification
of a cobalamin-binding protein being induced by 2-HIBA and
with high similarity to the small subunit of ICM raised the
question of whether a carbon skeleton rearrangement was in-
volved in 2-HIBA degradation. To answer this question, an
adequate enzyme assay was performed comparing the activity
of cell extracts from induced and noninduced cells of strains
L10 and L108. In this experiment, it was found that extracts
from 2-HIBA-grown cells showed production of 3-hydroxybu-
tyrate from 2-HIBA (Fig. 4), whereas a similar activity was not
observed in material derived from acetate-grown cells (data
not shown). Furthermore, transformation of 2-HIBA into
3-hydroxybutyrate was only achieved in the presence of ATP
and free CoA, indicating the necessity of an activating thio-
ester formation, i.e., 2-hydroxyisobutyryl-CoA, prior to the
isomerization reaction. Formation of 3-hydroxybutyrate was
not accompanied by the detection of possible intermediates (as
indicated in Fig. 6) such as methacrylate, isobutyrate, butyrate,
or crotonate.

Gene sequence of isobutyryl-CoA mutase of strain L108.
The two identified ICM-like sequences from M. petroleiphilum
PM1 were used to derive PCR primers for the detection of
orthologous sequences in strain L108. PCR analysis with total
DNA and the primer pairs complementary to the 5� and 3�
ends of the corresponding genes gave products with expected
sizes of about 1,670 and 410 bp, respectively (data not shown).
The corresponding almost complete peptide sequences showed
high similarity to IcmA and IcmB of S. cinnamonensis A3823.5
(43 and 54% identity, respectively) and nearly 100% identity to
the sequences found in M. petroleiphilum PM1 (for alignments
of IcmA and IcmB amino acid sequences from S. cinnamonen-
sis, strain PM1, and strain L108 and nucleotide sequences of
icmA and icmB from strains PM1 and L108, see the supple-
mental material). The most significant difference was a 16-
amino-acid segment at positions 424 to 439 (S. cinnamonensis
numbering) of IcmA that is absent in PM1 and L108 but
present in all three sequences of IcmA from Streptomyces spp.
identified thus far (AAC08713, NP_629554, and NP_824008).
A second interesting deviation was the replacement of Phe at
IcmA position 80 in S. cinnamonensis by Ile in M. petroleiphi-
lum PM1 and strain L108 sequences. This position corresponds
to an absolutely conserved Tyr in MCMs and is thought to play
an important role in substrate binding (39). A BLAST search
with the complete IcmA amino acid sequence of strain PM1 as
a query against the NCBI nr database (March 2006) resulted in
only three ICM-like matches with an Ile and one with a Val at
this position. In contrast, all other matches with more than
40% sequence identity (about 200) showed either a corre-
sponding Phe residue or a corresponding Tyr residue (see the
supplemental material). The highest similarities to IcmA of
strain PM1 were found with predicted proteins of Rhodobacter
sphaeroides ATCC 17029 (EAP67072) and Xanthobacter au-
totrophicus Py2 (EAS17594), with 83 and 80% sequence iden-
tities, respectively. For comparison, Fig. 5 shows a 30-amino-
acid segment of IcmA of strain PM1, including the Ile position
aligned with the corresponding sequences of the four closest

FIG. 4. Transformation of 2-HIBA into 3-hydroxybutyrate in cell
extracts of 2-HIBA-grown cells of strain L108. The complete assay
contained 2-HIBA, CoA, and ATP, whereas in the other cases either
CoA or ATP was omitted. The SD of the replicates was within 5% (not
shown).

FIG. 5. A CLUSTAL W alignment of a 30-amino-acid segment of
the ICM large subunit (IcmA) of Methylibium petroleiphilum PM1
(ZP_00242470), with the corresponding sequences of the four closest
BLAST matches using the complete IcmA sequence of strain PM1 as
a query against the NCBI database (in descending order): Rhodobacter
sphaeroides ATCC 17029 (EAP67072), Xanthobacter autotrophicus Py2
(EAS17594), Nocardioides sp. strain JS614 (EAO08692), and Roseo-
varius sp. strain 217 (EAQ26421) (for complete search results, see the
supplemental material). For comparison, alignment with the corre-
sponding ICM and MCM sequences of S. cinnamonensis (AJ246005)
and P. shermanii (X14965), respectively, is also shown. Amino acids
that are conserved in all sequences are indicated under the sequence
by asterisk. Residues in boldface represent the reactive site position
proposed to play an important role in substrate binding and reaction
mechanism of both ICM and MCM (32, 39, 50).

4132 ROHWERDER ET AL. APPL. ENVIRON. MICROBIOL.



BLAST matches, as well as with the S. cinnamonensis ICM and
Propionibacterium shermanii MCM sequences.

DISCUSSION

The three closely related �-proteobacterial strains L10,
L108, and CIP I-2052 show an exceptional demand for cobalt
while growing on tert-butyl moiety-containing compounds such
as TBA and 2-HIBA, which are intermediates of the aerobic
degradation of the fuel oxygenates MTBE and ETBE. Cobal-
amin can replace free cobalt ions under these conditions, in-
dicating the involvement of a cobalamin-dependent enzymatic
step. Since 2-HIBA is the most downstream tert-butyl com-
pound tested in the present study, it can be concluded that the
cobalamin-dependent reaction occurs at this position or later
in the fuel oxygenate pathway. The most likely candidate for
catalyzing such a reaction is the cobalamin-containing ICM,
since the expression of an ICM-like subunit and 2-HIBA deg-
radation activity is correlated and the genes of both ICM
subunits are present in the genome of strain L108.

The involvement of ICM in the degradation of 2-HIBA may
be covered by two possible pathways (Fig. 6). According to the
original proposal of Steffan et al. (46), 2-HIBA can be dehy-
drated to methacrylate, presumably only after thioester forma-
tion as 2-hydroxy carbonic acids are quite resistant against
dehydration (29). The resulting methacrylyl-CoA is then re-
duced to isobutyryl-CoA, which is isomerized to butyryl-CoA
by ICM. Butyryl-CoA can be dehydrogenized to crotonyl-CoA
and, after the addition of water, 3-hydroxybutyryl-CoA is
formed. The alternative route uses only two steps. After thio-
ester activation of 2-HIBA, 3-hydroxybutyryl-CoA is formed by
ICM, moving the carbonic acid group from the tert-carbon
atom to a primary one. Our results clearly favor the latter
proposal, using a direct ICM-catalyzed isomerization of
2-HIBA, for the following reasons. (i) During cobalt- and co-
balamin-deficient TBA degradation, only 2-HIBA temporarily
accumulates but other possible carbonic acid intermediates are
not detected. This indicates that directly the 2-HIBA trans-

forming step is cobalamin dependent. (ii) The inducibility tests
show only low 2-HIBA degradation activity in methacrylate-
and methylmalonate-grown cells, ruling out the methacrylate
pathway of Fig. 6 and the involvement of MCM, respectively.
However, activity is significantly induced in cells grown on
2-HIBA or isobutyrate, which are possible substrates for ICM.
(iii) We demonstrated the enzymatic transformation of
2-HIBA to 3-hydroxybutyrate in cell extracts of induced cells
without the formation of any intermediates.

A notable consequence of the use of a cobalamin-containing
enzyme for a dissimilatory pathway is the demand for cobalt.
From the amount of cobalamin necessary for an unlimited
growth on 2-HIBA, it can be calculated that about 5 �g of
cobalt is sufficient for an efficient degradation of 1 g of a
compound containing the tert-butyl group. Therefore, it can
be recommended that at least this amount of cobalt has to be
bioavailable when MTBE or ETBE contaminations should be
rehabilitated by using strain L108 or bacteria with a similar
pathway. In addition, at least on TBA and 2-HIBA, the bio-
synthesis of cobalamin determines the growth rate, as demon-
strated by the increasing doubling times when the strains grow
in the presence of free cobalt instead of cobalamin. This find-
ing can be explained by the enormous metabolic burden of
cobalamin de novo synthesis, requiring the activity of more
than 30 genes (33), when it has to be produced for a dissimi-
latory enzymatic step.

The discovery of a carbon skeleton rearrangement in the
degradation pathway of 2-HIBA identified a 2-HIBA-trans-
forming step at the biochemical and genetic level. As well, it is
only the second enzyme besides the monooxygenase found in
R. ruber IFP 2001 (9) proved to be involved in the aerobic
degradation of MTBE and ETBE. Thus far, the cobalt demand
of other fuel oxygenate-degrading isolates has not been suffi-
ciently studied. In most cases, which include M. petroleiphilum
PM1, the growth medium contains excess cobalt (20, 21). Only
the MTBE degrader M. austroafricanum IFP 2012 demon-
strates similar cobalt dependence. However, the authors of
that study (18) stated that cobalt cannot be replaced by cobal-
amin, thus probably excluding the involvement of the mutase
pathway in this strain. On the other hand, the fact that M.
petroleiphilum PM1 possesses ICM genes nearly identical to
the ones of strain L108 let us postulate that in both strains
2-HIBA is processed via the described mutase reaction. In the
future, this assumption has to be proved by physiological and
biochemical analyses, including the testing of ICM defective
mutants. In addition, the high similarity of the ICM sequences
implies that a horizontal gene transfer has occurred between
the two strains. This may also suggest that the ICM pathway
plays a widespread role in fuel oxygenate degradation since
PM1-like bacteria have been detected at several MTBE-con-
taminated sites (26, 28). Consequently, further investigations
now under way will elucidate the distribution of the ICM genes
and activities among other fuel oxygenate-degrading strains.

Although 2-HIBA is rarely found in nature, it is not strictly
related to MTBE and ETBE metabolism. The plant cyanogly-
coside linamarin (17) is synthesized and decomposed via 2-hy-
droxyisobutyronitrile, which normally hydrolyzes to cyanide
and acetone (3, 4). Theoretically, by the action of nitrilase or a
combination of nitrile hydratase and amidase (4), 2-HIBA
could be produced from the nitrile. However, there is no evi-

FIG. 6. Possible pathways for 2-HIBA degradation using a cobal-
amin-dependent carbon skeleton-rearranging step catalyzed by ICM.
Initially, 2-HIBA may be activated to 2-hydroxyisobutyryl-CoA by acyl-
CoA synthetases or CoA transferases.
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dence for a bacterium capable of growing on hydroxyisobutyro-
nitrile and using the mentioned nitrile-degrading enzymes. A
second oxygenate-independent source of 2-HIBA is the indus-
trial synthesis of methacrylate. In the classical acetone cyano-
hydrin process, 2-HIBA is a by-product and, consequently, is
found in wastewaters from methacrylate-producing plants. In-
terestingly, there exists one study on the bacterial conversion
of 2-HIBA and its methyl ester from such a wastewater to
polyhydroxybutyrate (25), which is generally synthesized by
polymerization from 3-hydroxybutyrate. The authors of that
study proposed a degradation pathway via pyruvate and acetyl-
CoA, though without any physiological or biochemical evi-
dence. However, exactly for the transformation of 2-HIBA to
3-hydroxybutyrate, we describe here the responsible mutase
reaction which is probably also involved in the bacterial pro-
cess previously described by Holowach et al. (25). Industrial
methacrylate production started in the mid-1930s in Great
Britain, Germany, and the United States (10), giving bacterial
evolution more time to adapt for 2-HIBA degradation than to
degrade fuel oxygenates. In this scenario, a carbon skeleton
mutase like the ICM of Streptomyces spp. broadens its sub-
strate spectrum for 2-HIBA. The preliminary results presented
in the present study suggest that the replacement of the Phe
residue (39) with Ile at position 80 (Fig. 5) could be one of the
mutations necessary for the capability to react with 2-HIBA.
Interestingly, this replacement is also found in a few other
ICM-like sequences (Fig. 5). However, it is not known whether
other ICMs or related enzymes can transform 2-HIBA. Thus
far, substrate binding has been studied only for MCM in detail.
Here the corresponding Tyr residue interacts via its hydroxyl
group with the free carbonic acid of the substrate methyl-
malonyl-CoA (32, 50). In the ICM of Streptomyces spp., a
similar role is proposed for the hydrophobic phenyl group of
the Phe residue in binding isobutyryl-CoA (39). In contrast to
this, the additional hydroxyl group in 2-hydroxyisobutyryl-CoA
possibly resulted in a requirement of smaller residues such as
those of Ile or Val. Consequently, at the moment we are
investigating the reactivity of Streptomyces ICMs, as well as of
other ICM-like enzymes against 2-HIBA. In addition, the con-
tribution of the active-site residue Ile in the ICM of strain L108
to the transformation of 2-HIBA will be evaluated by site-
directed mutagenesis converting this Ile residue to Phe.
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