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Anaerobic O-demethylases are inducible multicomponent enzymes which mediate the cleavage of the ether
bond of phenyl methyl ethers and the transfer of the methyl group to tetrahydrofolate. The genes of all
components (methyltransferases I and II, CP, and activating enzyme [AE]) of the vanillate- and veratrol-O-
demethylases of Acetobacterium dehalogenans were sequenced and analyzed. In A. dehalogenans, the genes for
methyltransferase I, CP, and methyltransferase II of both O-demethylases are clustered. The single-copy gene
for AE is not included in the O-demethylase gene clusters. It was found that AE grouped with COG3894
proteins, the function of which was unknown so far. Genes encoding COG3894 proteins with 20 to 41% amino
acid sequence identity with AE are present in numerous genomes of anaerobic microorganisms. Inspection of
the domain structure and genetic context of these orthologs predicts that these are also reductive activases for
corrinoid enzymes (RACEs), such as carbon monoxide dehydrogenase/acetyl coenzyme A synthases or anaer-
obic methyltransferases. The genes encoding the O-demethylase components were heterologously expressed
with a C-terminal Strep-tag in Escherichia coli, and the recombinant proteins methyltransferase I, CP, and AE
were characterized. Gel shift experiments showed that the AE comigrated with the CP. The formation of other
protein complexes with the O-demethylase components was not observed under the conditions used. The results
point to a strong interaction of the AE with the CP. This is the first report on the functional heterologous
expression of acetogenic phenyl methyl ether-cleaving O-demethylases.

Phenyl methyl ethers are degradation products of lignin, and
their methyl groups can be utilized as carbon and energy
sources by acetogens such as Acetobacterium dehalogenans (2,
49, 57). In acetogenic bacteria the ether cleavage is mediated
by the O-demethylases, which consist of four different proteins:
two methyltransferases (MTs), a corrinoid protein (CP), and
an activating enzyme (AE) (25). MT I, CP, and MT II are
involved in the methyl transfer from the substrate to tetrahy-
drofolate (FH4) (Fig. 1). MT I binds the substrate and cata-
lyzes the cleavage of the ether bond and the subsequent trans-
fer of the methyl group to the superreduced CP ([CoI]). MT II
transfers the methyl group from CP to FH4, yielding methyl-
FH4, which is converted to acetate in the acetogenic catabo-
lism. AE is required to reduce CP in an ATP-dependent reac-
tion after inadvertent oxidation of the superreduced corrinoid
to the inactive [CoII] form (50).

Depending on the growth substrate, different O-demethyl-
ases are induced by their respective substrates (14, 25, 26). For
A. dehalogenans, two O-demethylases have been described so
far. The vanillate-O-demethylase (Odm) is induced by syrin-
gate or vanillate (Fig. 2). All components of this O-demethyl-
ase have been purified (25); however, due to the low yield of
the purification procedure for the MTs and especially for AE,
a detailed characterization could be performed only for CP,
the gene of which has been expressed in Escherichia coli as the
cofactor-free apoprotein, which could be reconstituted to a
functional form by incubation with hydroxocobalamin (27).
The veratrol-O-demethylase (Vdm), which is induced by 3-hy-
droxyanisole (Fig. 2), has been partially purified, and MT I has
been characterized with respect to its substrate spectrum.
Hence, the knowledge about bacterial O-demethylases and
their reaction mechanism is limited mainly to the biochemical
characterization of some isolated components (3, 14, 26, 38)
and the CP reduction (50). Besides the two known O-demethyl-
ases of A. dehalogenans, a vanillate-O-demethylase of Moorella
thermoacetica has been studied in more detail (38). MT I, MT
II, and a CP have been isolated and biochemically character-
ized. For the assay of the latter enzyme system, an AE was not
required.

Similar corrinoid-dependent methyl transfer reactions are
also known for different methanogenic MTs catalyzing methyl
transfers from methanol, methylamines, or dimethylsulfide to
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coenzyme M (7, 16, 48, 55, 56, 59, 62). Recent reports have
concentrated on the characteristics of the archaeal MTs, their
cofactors (22, 31), the protein structure (20), or the occurrence
of isozymes (8, 16, 41, 42) as well as their differential transcrip-
tion (23, 61). Similar to the case for the O-demethylases of A.
dehalogenans, a corrinoid AE, designated either Map or Ram
(3, 9), was required for the methanogenic MT reactions. Since
the genomes of several methylotrophic methanogens are com-
pletely sequenced, the operons encoding the methanogenic
MT systems could be partially identified. The genome of M.
thermoacetica is also completely sequenced; however, the
vanillate-O-demethylase operon is not annotated so far. Mean-
while, the genes encoding MT I, MT II, and CP of the known
O-demethylases of A. dehalogenans have been identified and are
available in GenBank (accession no. AF087018; AY318856). The
gene sequence of the AE was not known. In this communica-
tion, the identification and analysis of a gene encoding a cor-
rinoid AE is described for the first time.

We also report on the heterologous expression of MT I, CP,
MT II, and AE of the vanillate- and veratrol-O-demethylases
from A. dehalogenans. The heterologous expression allowed
further biochemical characterization of these enzyme systems
as well as studies of the interaction of the O-demethylase
components.

MATERIALS AND METHODS

All chemicals, biochemicals, and gases needed for the growth of microorgan-
isms and protein purification were of highest purity and were purchased from
Sigma (Taufkirchen, Germany), Fermentas (St. Leon-Roth, Germany), Appli-
chem (Darmstadt, Germany), Roth (Karlsruhe, Germany), and Linde (Leuna,
Germany). Enzymes for molecular biology, if not stated otherwise, were pur-
chased from Fermentas (St. Leon-Roth, Germany).

Cultivation of Acetobacterium dehalogenans. A. dehalogenans was grown on
syringate or 3-hydroxyanisole as described earlier (57). The cells were harvested
under aerobic conditions by centrifugation for 10 min at 8,000 � g and 10°C.

Identification of the gene encoding the AE. (i) Protein purification. The AE of
A. dehalogenans was purified from cells grown on syringate or 3-hydroxyanisole
(57). Cell lysis and the first purification step for AE on Q-Sepharose were
performed as described earlier (25). Chromatography was carried out anaerobi-
cally at 25°C using a GE Healthcare (Munich, Germany) fast protein liquid
chromatography system. Q-Sepharose fractions containing AE were then diluted
four times with 50 mM Tris HCl (pH 7.5) containing 0.5 mM dithiothreitol
(DTT) (buffer A) and were applied to a MonoQ column (10/10) preequilibrated
with buffer A. Proteins were separated applying a linear gradient to buffer A plus
1 M KCl within 5 column volumes (2 ml/min). Fractions containing AE were
pooled, and (NH4)2SO4 was added to a final concentration of 1.2 M. After
application to a phenyl-Superose column (10/10) preequilibrated with buffer A
including 1.2 M (NH4)2SO4, proteins were separated with a linearly decreasing
(NH4)2SO4 gradient to buffer A (10 column volumes, 1 ml/min). After addition

of (NH4)2SO4 (1.2 M final concentration) to the AE-containing fractions, pro-
tein was applied onto a Source-Phenyl column (5/5) preequilibrated with buffer
A with 1.2 M (NH4)2SO4. AE was eluted with a linearly decreasing (NH4)2SO4

gradient to buffer A (40 column volumes, 1 ml/min).
(ii) Tryptic digestion. Internal sequences of AE were obtained after treatment

of the 65-kDa protein band from a 12% sodium dodecyl sulfate (SDS) gel with
sequencing-grade bovine trypsin (Promega, Madison, WI). Tryptic peptides were
separated on an Ettan-�LC high-pressure liquid chromatography system with
RP18 columns (Sephasil C18 SC2.1/10) (GE Healthcare, Munich, Germany).
Microsequence analysis of the isolated peptides was done using a model 494A
amino acid sequencer (Applied Biosystems, Foster City, CA). For N-terminal
sequencing, the AE was transferred to a polyvinylidene difluoride blot mem-
brane.

(iii) Isolation of an AE gene fragment by PCR using degenerate primers. For
the isolation of an AE gene fragment, various degenerate primers were derived
from the sequence of the N-terminal peptide and the peptides obtained by tryptic
digestion of AE. The 1,289-bp AE gene fragment was amplified with the
primers GF_AE02 and GF_AE32, derived from the N terminus and the
peptide LIYNTQ, respectively (GF_AE02, YTNAAYACNATHCGNGTNT
TYTTYCC; GF_AE32, TTYTGGGTRTTATARATCAG). The PCR was
performed in 1� PCR buffer, 2.5 mM magnesium chloride, 0.2 mM de-
oxynucleoside triphosphates (dNTP), 2 ng/�l genomic DNA, 1 �M of each
primer, and 40 mU/�l Taq polymerase. After initial denaturation for 2 min at
96°C, 35 cycles of 45 s at 96°C, 45 s at 40°C, and 2 min at 72°C were
performed.

(iv) Genome walking. For genome walking, the Universal Genome Walker
kit (Clontech, Mountain View, CA) was used according to the manufacturer’s
protocol. DNA libraries were prepared using the restriction enzymes of the
kit. Specific PCR products were obtained from the DraI library. The gene-
specific primers (upstream, GW_AE44 [CGGTGGTTTCCAGTATTTGCG
ATAAGG] and GW_AE45 [CCAACCAGAGCGCAGGCTTGAGC]; down-
stream, GW_AE46 [CGTTCTGCTGGGACTGCCAAAGG] and GW_AE47
[TGACGCCATCGCCTTCCTGTATCGG]) were derived from the DNA
fragment obtained with degenerate primers and were used in the first and
second PCRs, respectively.

(v) Cloning of PCR products. The PCR products derived from the protein
fragments and obtained by genome walking were extracted from agarose gels
using the Qiaquick gel extraction kit (Qiagen, Hilden, Germany) and cloned into
the pGEM-T vector (Promega, Mannheim, Germany). Plasmids were trans-
formed in Escherichia coli DH5� by heat shock, and transformants were grown
at 37°C in Luria-Bertani (LB) medium (45) containing 100 �g/ml ampicillin.
Plasmids were recovered from transformants using the EZNA miniprep kit
(peqLab, Erlangen, Germany).

Isolation of genomic DNA. Cells of Acetobacterium dehalogenans (1 g [wet
weight]) were suspended in 5 ml of 10 mM Tris HCl (pH 7.5) containing 1 mM
EDTA. Lysozyme was added to a final concentration of 2.5 mg/ml, and the cell
suspension was incubated at 37°C for 16 h. SDS, RNase A, and pronase E were
then added to final concentrations of 1% (wt/vol), 0.25 mg/ml, and 0.2 mg/ml,

FIG. 1. Methyl transfer from phenyl methyl ethers to FH4 cata-
lyzed by anaerobic O-demethylases in Acetobacterium dehalogenans.
[CoI], [CoII], and [CoIII], corrinoid protein with cobalt in the respective
oxidation state.

FIG. 2. Chemical structures of the O-demethylase substrates syrin-
gate and vanillate (vanillate-O-demethylase) and veratrol and 3-hy-
droxyanisole (veratrol-O-demethylase).
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respectively, and the mixture was incubated for 2 h at 55°C. Sodium chloride was
added to a concentration of 1.6 M and the mixture was extracted twice with
chloroform prior to DNA precipitation with an equal volume of isopropanol
(45). Genomic DNA was obtained from the mixture using a glass rod and washed
in 70% (vol/vol) ethanol. It was then air dried, suspended in water, and stored
at 4°C.

Construction of expression cassettes and cloning of the vanillate- and vera-
trol-O-demethylase genes. Expression cassettes for the genes for MT I, CP, and
MT II of the vanillate- and veratrol-O-demethylases (GenBank accession no.
AF087018 and AY318856, respectively) as fusion proteins with a C-terminal
Strep-tag II and with restriction sites for cloning in pet11a (Stratagene, Amster-
dam, The Netherlands) were constructed from PCR products. Multiple PCR
steps with genomic DNA or PCR products as templates were necessary to obtain
the inserts. The primer sequences and annealing temperatures for the PCRs are
given in Table 1. The PCR mixtures contained 100 ng DNA, 25 pmol of each
primer, 10 mM Tris HCl (pH 8.8), 1.5 mM MgCl2, 50 mM KCl, 200 �M dNTP,
2.5 U of Taq polymerase, and 1 U of Pfu polymerase in a final volume of 25 �l.
PCR products and vector were digested with NdeI and BamHI according to the
manufacturer’s protocol. The ligation was performed overnight at 16°C in 1�
ligation buffer with 1 U/�l T4 DNA ligase.

The AE gene (GenBank accession no. EU812561) was cloned as a fusion
protein with a C-terminal Strep-tag II using the pASK-IBA3plus expression
vector (IBA GmbH, Göttingen, Germany). The insert was amplified using the
PCR product obtained in the following reaction mixture with a hot-start proto-
col: 1� Pfu PCR buffer, 1.1 mM magnesium acetate, 0.2 mM dNTP, genomic
DNA (4 ng/�l), 0.4 �M of each primer (Table 1), 60 mU/�l Pfu polymerase
(Promega, Mannheim, Germany), and 40 mU/�l Taq polymerase. After initial
denaturation for 5 min at 96°C, the reaction was started with the enzyme mix and
5 cycles of 45 s at 96°C, 45 s at 53°C, and 5 min at 72°C were performed, followed
by 20 cycles of 45 s at 96°C, 45 s at 50°C, and 5 min at 72°C. The amplified PCR
product was used as the template in a second PCR in 1� Pfu PCR buffer, 1.1 mM
magnesium acetate, 0.2 mM dNTP, 0.4 �M of each primer (Table 1), 60 mU/�l
Pfu polymerase (Promega, Mannheim, Germany), and 40 mU/�l Taq polymer-
ase. After initial denaturation for 5 min at 96°C, the reaction was started with the
enzyme mix, and 35 cycles of 45 s at 96°C, 45 s at 55°C, and 5 min at 72°C were
performed. After BsaI digestion, the PCR product was ligated to pASK-
IBA3plus according to the manufacturer’s protocol.

The plasmids were transformed in Escherichia coli DH5� by heat shock and
were recovered from transformants using the EZNA miniprep kit (peqLab,
Erlangen, Germany). Plasmids containing the insert were then transformed into
E. coli expression strains. The properties of the constructed plasmids and ex-
pression strains are summarized in Table 2.

Heterologous expression of the vanillate- and veratrol-O-demethylase genes in
Escherichia coli. The production of recombinant proteins was performed in LB
medium containing the required antibiotics. Gene expression was induced with
isopropyl-�-D-thiogalactopyranisde (IPTG) or anhydrotetracycline (AHT) as in-
dicated in Table 2. After induction, the cells were harvested by centrifugation for
10 min at 10,000 � g and stored at �20°C.

Purification of heterologously expressed CP, MT I, and MT II. Except for the
CPs OdmA and VdmA, recombinant proteins were purified by affinity chroma-
tography in a one-step protocol from cell extracts after lysis with 2 mg/ml of
lysozyme and 2 �g/ml DNase I for 1 h at 37°C. The cell debris was removed by
centrifugation for 15 min at 10,000 � g and 10°C. About 1 ml of crude extract (5
to 10 mg protein per ml) was mixed with an equal volume of 100 mM Tris HCl
(pH 8.0) containing 150 mM NaCl. The cell extract was applied to a 1-ml
Strep-Tactin Superflow cartridge (IBA GmbH, Göttingen, Germany) preequili-
brated with 10 column volumes of buffer. The purification was performed ac-
cording to the manufacturers’ protocol.

To obtain “active” CP, it was necessary to incorporate the corrinoid cofactor
(hydroxocobalamin) into the apoprotein. All purification and reconstitution
steps were carried out under anaerobic conditions. OdmA and VdmA were
enriched using ion-exchange chromatography. The crude extract (100 to 200 mg
protein) was applied to a Q Sepharose column (1.0 cm by 10 cm) preequilibrated
with 50 mM Tris HCl (pH 7.5) containing 0.5 mM DTT. Proteins were eluted
with a KCl gradient (0 to 0.25 M KCl, 5 column volumes; 0.25 M to 1 M KCl, 5
column volumes). The fractions containing the apoprotein were pooled, and 1
mM phenylmethylsulfonyl fluoride (PMSF) was added. To reconstitute the CP
with the cofactor, the protein solution was mixed with a fivefold molar excess of
hydroxocobalamin, 3.5 M betaine, and 1 mM DTT. After 16 h of incubation at
4°C, the protein solution was diluted 50-fold by dropwise addition of 50 mM Tris
HCl pH (7.5) containing 0.5 mM DTT and 0.1 mM PMSF at 4°C under constant
shaking at 100 rpm. After filtration, the protein solution was applied to a Mono
Q column (1.0 cm by 10 cm) preequilibrated with 50 mM Tris HCl (pH 7.5)

containing 0.5 mM DTT and 0.1 mM PMSF. Fractions containing reconstituted
OdmA or VdmA eluted at 0.25 and 0.30 M KCl when a linear gradient from 0
to 0.4 M KCl (5 column volumes) was applied. The corrinoid content of the
protein was calculated from the UV/visible spectra using �ε386 � 21 mM�1 cm�1

for cob(I)alamin (50) and ε475 � 9.2 mM�1 cm�1 for cob(II)alamin (18).

TABLE 1. Oligonucleotides used for cloning of the vanillate- and
veratrol-O-demethylase genesa

Gene Primer sequence
PCR step
(annealing
temp, °C)

odmA GTTAATCGGCACACACAGCC 1 (50.0)
GACAAAGCGAATTACC

GGAGATATACATATGTCAAAAATTGAAGAAG 2 (50.0)
CTGCGGGTGGCTCCAAGCGCTCGCTGTTGCCAG

GGAGATATACATATGTCAAAAATTGAAGAAG 3 (50.0)
CAGCCGGATCCTTATTTTTCGAACTGCGGGTGGC

odmB GGAGATATACATATGTTAACAAAAAGACAG 1 (40.0)
CTGCGGGTGGCTCCAAGCGCTGAACAATTTCTC

TGAC

GGAGATATACATATGTTAACAAAAAGACAG 2 (55.0)
CAGCCGGATCCTTATTTTTCGAACTGCGGGTGGC

odmD ACGAAGCCTGTGATGAAGC 1 (60.0)
CTGCGGGTGGCTCCAAGCGCTTTTCTTCTGACCG

GGAGATATACATATGATTATTATCGGAG 2 (55.0)
CTGCGGGTGCCAAGCGCTTTTTTTTACCGCGC

GGAGATATACATATGATTATTATCGGAG 3 (55.0)
CAGCCGGATCCTTATTTTTCGAACTGCGGGTGGC

vdmA GCCATCCTTGATCCCACCGATCGG 1 (57.5)
CTCCGGTTTCTTTCCCTCG

GGAGATATACATATGTCAAAAATTACAGAAGTC 2 (50.0)
CTGCGGGTGGCTCCAAGCGCTCTTAACCAGGTC

GGAGATATACATATGTCAAAAATTACAGAAGTC 3 (50.0)
CAGCCGGATCCTTATTTTTCGAACTGCGGGTGGC

vdmB GGAGATATACATATGAATCAGAGAGA 1 (57.5)
CTGCGGGTGGCTCCAAGCGCTAAGCTTGTTTATT

TCATTG

GGAGATATACATATGAATCAGAGAGA 2 (50.0)
CAGCCGGATCCTTATTTTTCGAACTGCGGGTGGC

vdmD TGACCACCATCACCACCCGG 1 (57.5)
TATAAATGTGTGATTAACACG

GGAGATATACATATGATCATCATCGGA 2 (50.0)
CTGCGGGTGCCAAGCGCTTTTTTTTACCGCGC

GGAGATATACATATGATCATCATCGGA 3 (50.0)
CAGCCGGATCCTTATTTTTCGAACTGCGGGTGGC

odmC TTCTTCATATCATACCTG 1
CCATAGTTGACCATCCTTTCG

ATGGTAGGTCTCAAATGTCATCTTTGAATACTA
TTCG

2

ATGGTAGGTCTCAGCGCTTTTCATTTCATTTTGA
CCAAGG

a For all genes except odmC, the PCR was performed as follows: initial denaturation
(2 min at 96°C) and 35 cycles of annealing and polymerization (1 min at 96°C, 45 s of
annealing at the given temperature, and 2 min at 72°C). For odmC, the PCR conditions
used are given in Materials and Methods.
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Purification of rAE. Cells were disrupted in a French pressure cell. Cell debris
was removed by centrifugation for 15 min at 10,000 � g and 15°C. Two volumes
of 67 mM sodium potassium phosphate buffer (pH 8.5) were added to the cell
extract. For purification, 10 ml of the diluted sample was applied to a 5-ml
Strep-Tactin Superflow cartridge (IBA GmbH, Göttingen, Germany). After the
column was washed, the protein was eluted with 67 mM sodium potassium
phosphate buffer (pH 5.0) (5 column volumes). Fractions with recombinant AE
(rAE) were pooled. The protein was concentrated to 1 mg/ml using ultrafiltration
(10-kDa cutoff, Amicon-Cell; Millipore GmbH, Schwalbach, Germany). After-
wards, the gas atmosphere of the protein solution was replaced by nitrogen. For
reconstitution of Fe/S clusters, 2 mM DTT and a 10-fold molar excess of FeCl3
and Na2S were added. The solution was incubated for 16 h at 10°C under N2 as
the gas phase. To remove unbound iron and sulfide, the protein sample was
applied to a Mono Q 5/5 column preequilibrated with 50 mM Tris HCl (pH 7.5)
containing 0.5 mM DTT. After washing, rAE was eluted with a linear KCl
gradient (0 to 1 M KCl in 2.5 column volumes) at 0.4 M KCl.

Determination of enzyme activities. All enzyme activities were determined in
a final volume of 100 �l in anaerobic quartz cuvettes with N2 as the gas phase.
The assay mixture for AE contained 2 mM ATP, 10 mM MgCl2, 0.5 mM
titanium(III) citrate, and 15 �M of CP. The reaction was started by the addition
of AE. The activity was calculated from the kinetics of cob(I)alamin formation at
386 nm (�ε386 � 21 mM�1 cm�1 [50]).

The MT I activity was determined photometrically by measuring the formation
of methylcobalamin from cob(I)alamin at 528 nm (ε528 � 7.9 mM�1 cm�1 [18]).
The assay mixture contained 50 mM DTT, 2 mM ATP, 10 mM MgCl2, 0.5 mM
titanium(III) citrate, 5 mM of vanillate or veratrol, 15 �M CP, and AE (10 �g
protein of recombinant E. coli crude extract) in 50 mM Tris HCl (pH 7.5). The
reaction was started by the addition of MT I.

MT II activity was measured by following the demethylation of [CoIII-CH3]-
OdmA spectrophotometrically at 528 nm. Methylated CP was obtained by in-
corporation of methylcobalamin instead of hydroxocobalamin during reconsti-
tution of OdmA (see above). The assay mixture contained about 20 �M of
methylated OdmA, 3 mM FH4, and 0.5 mM titanium(III) citrate. The reaction
was started by the addition of MT II.

With recombinant components, the complete O-demethylase reaction was
performed using the coupled-enzyme assay described earlier (35). The slightly
modified assay mixture contained 1 mM NAD�, 1 mM NADP�, 1 mM ATP, 1
mM MgCl2, 5 mM DTT, 0.5 mM titanium(III) citrate, 20 mM pyruvate, 3 mM
FH4, 40.8 U/ml lactate dehydrogenase, 0.4 U/ml methylene-FH4 reductase, 0.6
U/ml methylene-FH4 dehydrogenase, 5 mM of vanillate or veratrol, 15 �M CP,
AE (10 �g recombinant E. coli crude extract), 2 �M MT I, and 2 �M MT II. The
test was started by the addition of substrate. The O-demethylase activity was
calculated from the kinetics of formation of methyl-FH4 and NADPH observed
at 350 nm (ε350 � 30.6 mM�1 cm�1 [35]).

Interaction of the O-demethylase components (gel shift experiments). The
following experiments were performed under anoxic conditions in an anaerobic
chamber.

(i) Influence of the corrinoid cofactor on the interaction. Mixtures of the rAE
(2 pmol) and the rCP (100 pmol) of the vanillate-O-demethylase (without and
with the corrinoid cofactor hydroxocobalamin) were incubated 2 h at 10°C.
Afterwards, the protein mixtures were separated using native polyacrylamide gel
electrophoresis (PAGE) (8%). For protein detection, specific antibodies against
AE and CP were used.

(ii) Stoichiometry of the AE-CP protein complex. AE-CP mixtures (purified
recombinant and reconstituted proteins) with AE/CP ratios (pmol:pmol) of

100:10; 50:10; 10:10; 10:50, and 10:100 were separated by native PAGE (8%)
after preincubation (2 h, 10°C). The gels were silver stained.

Analytical methods. The protein content was determined according to the
method of Bradford (5) using bovine serum albumin as a standard protein. Iron
was quantified using the method of Fish (17). Acid-labile sulfur was determined
according to the method of Gilboa-Garber (19).

The zinc content was determined by a photometric method as described by
Zhou et al. (66). Samples of MT I were incubated for 10 min in 50 mM Tris HCl
(pH 7.5) containing 1 mM EDTA. EDTA was removed by gel filtration on a
Superdex 75 column (1.6 cm by 60 cm) with 50 mM Tris HCl (pH 7.5) at a flow
rate of 1 ml/min. Fractions containing MT I were concentrated by ultrafiltration
with Vivaspin 50 centrifugation units (Vivascience AG, Hannover, Germany).
The protein and zinc contents of the retentate were determined as described
above.

EPR spectroscopy. For a description of the X-band electron paramagnetic
resonance (EPR) spectrometer, sample preparation, determination of spin con-
centration, and simulation for estimation of g values see reference 29.

Determination of the midpoint potential of the Fe/S cluster of AE. The mid-
point potential of the Fe/S cluster of AE was determined by UV/visible poten-
tiometry at pH 7.5 under anoxic conditions. Titanium(III) citrate was used as an
electron donor (65) and was added stepwise to the sample in 50 mM Tris HCl
buffer (pH 7.5). After the equilibrium was reached, the UV/visible absorption
spectrum was recorded and the redox potential of the solution was simulta-
neously determined with a Pt/Ag/AgCl electrode (Mettler Toledo, Steinbach,
Germany). For calculation of the potential versus the standard hydrogen elec-
trode (SHE), 207 mV had to be added to the recorded potential. Redox standard
solutions at �220 mV and �468 mV, purchased from Mettler Toledo (Stein-
bach, Germany), as well as a methyl viologen solution (50 �M in 100 mM Tris
HCl buffer [pH 7]; E°	 � �449 mV) titrated with titanium(III) citrate served as
controls. The dilution caused by the addition of the titanium(III) citrate solution
was taken into account for the calculations.

Bioinformatic analysis. Analysis of finished and unfinished genomes was per-
formed with the integrated microbial genome system supported by the Depart-
ment of Energy Joint Genome Institute (33), as well as with the NCBI BLAST
server (1). The amino acid sequence of the OdmC of A. dehalogenans was used
for BlastP searches, and further searches were then executed with selected hits
after inspection of the genetic context in which the hits occurred.

RESULTS

Organization of the O-demethylase genes of Acetobacterium
dehalogenans. At least two O-demethylases have been de-
scribed to be induced by different substrates in Acetobacterium
dehalogenans (14). Due to the substrate preferences, the O-
demethylases were designated vanillate-O-demethylase and ve-
ratrol-O-demethylase (Odm and Vdm, respectively). The three
major components of these enzyme systems mediating the
methyl transfer from the phenyl methyl ether to FH4 are MT
I (OdmB or VdmB), CP (OdmA or VdmA) as the primary
methyl acceptor, and MT II (OdmD or VdmD). The genes of
these O-demethylase components are organized in separate
operons as odmDAB and vdmDAB. The cotranscription of the

TABLE 2. Plasmids, strains, and conditions for heterologous expression of the components of the vanillate- and veratrol-O-demethylases

Plasmid Characteristics Expression strain

Inducing conditions

Temp
(°C)

IPTG (mM) or
AHT (ng/ml)

concn
Time (h)

pCPvanStrep odmA in pET11a; NdeI, BamHI E. coli BL21(DE3) 37 IPTG, 0.50 1.5
pMT1vanStrep odmB in pET11a; NdeI, BamHI E. coli BL21(DE3) 28 IPTG, 0.25 2
pMT2vanStrep odmD in pET11a; NdeI, BamHI E. coli BL21(DE3)/pRIL 28 IPTG, 0.50 2
pCPverStrep vdmA in pET11a; NdeI, BamHI E. coli BL21(DE3) 28 IPTG, 0.50 2
pMT1verStrep vdmB in pET11a; NdeI, BamHI E. coli BL21(DE3)/pRIL 28 IPTG, 0.50 2
pMT2verStrep vdmD in pET11a; NdeI, BamHI E. coli BL21(DE3)/pRIL 28 IPTG, 0.50 2
pAEvanStrep odmC in pASK IBA3�; BsaI E. coli BL21(DE3) 18 AHT, 50 16
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three genes could be demonstrated by reverse transcription-
PCR in cells grown with the respective inducing substrate
(syringate for induction of the vanillate-O-demethylase genes
odmDAB and 3-hydroxyanisole for induction of the veratrol-
O-demethylase genes vdmDAB) (data not shown). Comparison
of the deduced amino acid sequences of the odm and vdm
genes showed identities of 80% for MT II, 75% for CP, and
22% for MT I (similarities of 93%, 87%, and 62%, respec-
tively).

The gene for AE (odmC) was unknown so far, since the
amount of purified protein obtained using the method de-
scribed by Kaufmann et al. (25) was not sufficient for protein
sequencing and tryptic digestion. By changing the order of
chromatography and omitting the gel filtration step, submilli-
gram quantities of suitable purity for tryptic digestion and
N-terminal Edman degradation could be obtained. A compar-
ative matrix-assisted laser desorption ionization–time-of-flight
analysis of the peptides obtained by tryptic digestion of AE
isolated from syringate- or 3-hydroxyanisole grown cells re-
vealed 100% identity. This finding led to the assumption that
only a single AE is responsible for the reduction of different
CPs involved in phenyl methyl ether cleavage. In retrospect,
about two-thirds of the full AE amino acid sequence was cov-
ered by the peptides identified in this procedure. By genome
walking with degenerate primers deduced from these peptides,
a 4-kb fragment that contained the complete open reading
frame (ORF) encoding AE (odmC) was obtained. A puta-
tive protein encoded by an additional ORF (divergently
transcribed) located upstream of odmC exhibited approxi-
mately 45% amino acid sequence identity to the proteins
encoded by odmD and vdmD, the CP:FH4 MT II genes of
the vanillate- and veratrol-O-demethylases of Acetobacte-
rium dehalogenans. It also showed near 60% amino acid
sequence identity to a putative methyl-FH4:corrinoid/iron-
sulfur protein MT of Desulfitobacterium hafniense Y51 (40).
Another, not completely sequenced ORF assigned to a
putative asparaginase or glutamyl-tRNA (Gln) amidotrans-
ferase subunit D was found downstream of odmC.

The AE gene is not included in the two known O-demeth-
ylase operons of A. dehalogenans. However, by genome walk-
ing a new putative O-demethylase operon was identified
approximately 3 kb downstream of odmC. The gene organiza-
tion is similar to that of the known O-demethylase operons.
The gene for MT I is located upstream of the MT II gene;
downstream of the MT II gene, a gene encoding a CP was
identified. The putative gene products showed about 63% (MT
I), 98% (MT II), and 92% (CP) amino acid sequence identity
to the protein components of the vanillate-O-demethylase of
A. dehalogenans.

Southern blot analysis using a gene probe for odmC revealed
the presence of just one copy of this gene in the genome of A.
dehalogenans. The gene is transcribed independent of the
growth substrates used, including fructose, H2-CO2, syringate,
and 3-hydroxyanisole (data not shown).

Bioinformatic analysis of the O-demethylase genes. Func-
tionally, the O-demethylases of A. dehalogenans are similar to
the methanogenic corrinoid-dependent MTs (3, 7, 10, 15, 48,
59, 60). Therefore, we compared the O-demethylase operons
to the operons encoding the methanogenic MT systems me-
diating the transfer of the methyl groups of methanol, meth-

ylamines, or other methyl substrates to coenzyme M. The
O-demethylase operons of A. dehalogenans are structured
similarly to the operons encoding these methanogenic MTs
(Fig. 3A). However, the intergenic region between the MT
II gene and the gene encoding the CP is far greater (up to
about 15 kb) than that in the O-demethylase genes, where
the distance is about 60 to 120 bp. A few examples are
shown in Fig. 3A. In most of the methanogenic MT operons,
a gene probably encoding an activating protein (e.g., RamA
or MapA) is localized either within this intergenic region or
upstream of the MT II gene. These proteins belong to the
same protein family as the AE of A. dehalogenans (Fig. 3B).
Apparently, some of the genes encoding methanogenic AEs
are part of the MT operon (Fig. 3A). For A. dehalogenans,
it can be excluded that the AE gene odmC is part of a copy
of the known O-demethylase genes. The presence of a new
O-demethylase operon 3 kb downstream of odmC indicates
that the AE gene might be part of another acetogenic MT
system, which has not yet been identified.

The gene product AE of odmC consists of 598 amino acids,
accounting for a molecular mass of 65.3 kDa, which is in
accordance with the apparent molecular masses determined
for the purified AE by SDS-PAGE (25) and for the recombi-
nant enzyme (Fig. 4). Analysis of the protein sequence using
ProSite (12) showed a putative [2Fe-2S] cluster binding motif
C-X5-C-X2-C-Xn-C (36) in the N-terminal domain. This indi-
cates that C41, C47, C50, and C66 in OdmC could bind a
[2Fe-2S] cluster. To preclude [2Fe-2S] ferredoxin-like se-
quences in database analysis, we used amino acids 100 to 598
of OdmC for a BlastP search. Currently this search yields 163
proteins (410 to 822 amino acids) with amino acid sequence
identities to AE of from 20% to 41%. Due to the presence of
an N-terminal [2Fe-2S] cluster binding motif (132 hits) or
C-terminal [4Fe-4S] motifs (16 hits), the orthologs are usually
annotated as metal binding proteins of unknown function. The
genes, occurring predominantly in Bacteria (Clostridia; alpha-,
gamma-, and deltaproteobacteria) and in methanogenic Ar-
chaea, are systematically grouped in the Cluster of Ortholo-
gous Groups (COG) database as COG3894. In several cases,
multiple genes encoding AE-like proteins were found in com-
pletely sequenced genomes of bacteria known to catalyze an-
aerobic O-demethylation of phenyl methyl ethers, such as M.
thermoacetica (11, 63) or Desulfitobacterium hafniense (30, 39).
In the genomic sequence of the Y51 strain of the latter organ-
ism (40), five paralogs, were found and in the unfinished ge-
nome of the deltaproteobacterium MLMS-1, there are seven
paralogs. The corresponding genes of numerous proteins
which belong to COG3894 are part of known or putative an-
aerobic MT or carbon monoxide dehydrogenase/acetyl coen-
zyme A (CoA) synthase (CODH/ACS) gene clusters. Several
examples from anaerobic bacteria or archaea are shown in Fig.
3B. In a few methanogens, a corresponding gene has been
assigned to the MT-activating protein (Fig. 3B, example 7,
MapA). In other methanogens, these proteins are referred to
as Ram proteins (T. Ferguson, T. Lienard, G. Gottschalk, and
J. Krzycki, unpublished data cited in the legend to Fig. 1A in
reference 51) (Fig. 3B, see example 9, RamM). In the anaer-
obic MTs and the CODH/ACS complexes, protein-bound cor-
rinoids are required in the superreduced state of the cobalt to
accept a methyl group. Hence, we believe that the COG3894
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FIG. 3. Analysis of the O-demethylase genes. (A) Comparison of the MTII/CP/MTI gene clusters of the vanillate- and veratrol-O-demethylases of
Acetobacterium dehalogenans with those encoding some methanogenic MT systems of Methanosarcina barkeri, Methanosarcina acetivorans, Methanosarcina mazei,
and Methanobrevibacter smithii. For further explanation, see the text. (B) Comparison of the genetic context of the AE gene with gene clusters with orthologs
implied in activation of CPs of anaerobic MTs or CODH/ACS. Nine selected bacterial (1 to 6) and archaeal (7 to 9) gene clusters are shown with the COG3894
genes for the putative protein of Desulfitobacterium hafniense DCB-2 (1), the putative Fe/S protein of Thermoanaerobacter tengcongensis (2), trimethylamine MT
of D. hafniense DCB-2 (3), CODH/ACS of D. hafniense DCB-2 (4), CODH/ACS of Moorella thermoacetica (32) (5), AE (OdmC) of Acetobacterium
dehalogenans (6), MapA in the methanol:coenzyme M (CoM) MT of Methanobrevibacter smithii (7), monomethylamine:CoM MT of Methanosarcina mazei (8),
and RamM in the monomethylamine:CoM MT of Methanosarcina barkeri (9). Map, MT-activating protein; SAM, S-adenosylmethionine binding domain. The
organisms whose gene clusters have been oriented in reverse direction in comparison to the orientation in the annotated genome are marked with an asterisk.
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genes encode “activases,” which are Fe/S proteins mediating
the activation and reduction of protein-bound corrinoids. For
future reference, we suggest the term “RACE” (reductive
activator of corrinoid-dependent enzymes) for this type of
protein.

Heterologous expression of O-demethylase genes. The genes
of all vanillate- and veratrol-O-demethylase components were
cloned separately in the pet11a or pASK-IBA3plus expression
vector (see Materials and Methods). All proteins were pro-
duced in Escherichia coli as C-terminal fusions with Strep-tag.
Conditions for the heterologous expression of the O-demeth-
ylase genes were optimized to obtain a high expression level in
the soluble protein fraction of cell extracts of E. coli (Fig. 4,
lanes 2). The proteins were purified to apparent homogeneity
by affinity chromatography on Strep-Tactin (Fig. 4, lanes 3).
The apparent molecular masses of the purified proteins were
determined via SDS-PAGE and were identical to the molecu-
lar masses calculated from amino acid sequences. Except for
the CPs, all components were active in the crude extract of E.
coli after induction with IPTG or anhydrotetracycline. Cell
extracts of E. coli without any expression vector showed no
intrinsic activity similar to that of the O-demethylase compo-
nents.

Characterization of rMTs I. MT I catalyzes the cleavage of
the substrate ether bond and the transfer of the methyl group
to the CP upon formation of methylcobalamin. To assay the
MTs OdmB and VdmB, vanillate or veratrol was routinely
used as the methyl substrate and reconstituted OdmA (see
Materials and Methods) as the methyl acceptor. Previously, the
complete O-demethylase reaction (plus accessory substrates
and enzymes) was used to test the single components of this
enzyme system (35). This assay mixture contained all four
O-demethylase components, ATP, Ti(III) citrate, FH4 (which
had to be synthesized from folic acid), three accessory enzymes
(two of which had to be purified from Peptostreptococcus pro-
ductus), pyruvate, NAD�, NADP�, and 5 mM DTT. The for-
mation of methenyl-FH4 and NADPH was measured photo-
metrically (ε350 � 30.6 mM�1 cm�1 [35]). Here, we developed
a simplified assay with a mixture containing MT I, CP, crude
extracts of E. coli with rAE, ATP, Ti(III) citrate, and 50 mM

DTT. This assay also worked with 5 mM DTT; however, the
activity was stimulated fourfold in the presence of 50 mM
DTT. The formation of methylcobalamin was followed photo-
metrically by the increase of absorption at 528 nm (ε528 � 7.9
mM�1 cm�1 [18]). Using this assay, the activity of MT I could
be determined. The results were confirmed with high-pressure
liquid chromatography measurements by determination of the
phenyl methyl ether and the demethylated reaction product.

The specific activities of the purified rMTs and the substrate
spectra were determined and compared to those of the native
enzymes (Table 3). The activities of the recombinant proteins
were of the same order of magnitude as those of the native
enzymes. The slight differences are within the range of the
activities of the native enzyme purified from different cell
batches. The substrate spectra of the native and recombinant
enzymes were identical. Methanol and methylamine did not
serve as a substrate for both MTs I. Surprisingly, methyl chlo-
ride could be converted by MT Iver. A. dehalogenans was orig-
inally isolated with methyl chloride as an energy source.
Methyl chloride-grown cells, however, did not contain MT Iver

as indicated by Western blot analysis (data not shown), indi-
cating the presence of a separate methyl chloride dehalogenase
in A. dehalogenans.

Both MTs I were found to contain zinc. The zinc contents of
recombinant and native proteins were quantified with a pho-
tometric test (66). For OdmB, 1.02 
 0.05 mol zinc per mol
recombinant protein and 0.94 
 0.04 mol zinc per mol native
protein were determined. VdmB was found to contain 1.03 

0.05 mol zinc per mol recombinant protein and 0.93 
 0.04 mol
zinc per mol native protein.

Characterization of rAE. In crude extracts of the expression
host, rAE was active and mediated the reduction of the CPs
CPvan and CPver of the vanillate- and veratrol-O-demethylases
in the presence of ATP. Crude extracts of nontransformed E.
coli did not show any corrinoid reduction activity. However,
purified rAE was inactive after affinity chromatography. Inac-
tivation upon purification was probably caused by loss or dam-
age of the iron-sulfur cluster, as indicated by the substoichio-
metric content of about 0.3 mol Fe and 0.6 mol S per mol rAE.
The enzyme could be reconstituted to its active form by incu-

FIG. 4. SDS-PAGE of heterologously expressed vanillate- and
veratrol-O-demethylase components. Proteins were stained with Coo-
massie blue. The apparent molecular masses of the marker proteins
(lanes M) are 116, 67, 45, 35, 25, 18, and 14 kDa, respectively. For each
component (CPs, MTs I and II, and AE), 5 �g of crude extract before
(lanes 1) or after (lanes 2) induction with IPTG or anhydrotetracycline
or 1 �g of purified protein (lanes 3) was loaded.

TABLE 3. Specific activities and substrate spectra of the native and
recombinant MTs I of the vanillate- and veratrol-O-demethylases

Substrate

Sp act (U/g)

MT Ivan
a MT Iver

b

Native Recombinant Native Recombinant

Vanillate 428 146 13 19
Isovanillate 647 349 119 125
Syringate 359 146 119 63
Guajacole 194 76 86 91
Veratrol 0 0 152 197
3-Hydroxyanisole 0 0 165 236
2-Chloranisole 0 0 86 73
3,4,5-Trimethoxybenzoate 0 0 0 0
Methyl chloride 0 0 115 26
Methanol 0 0 0 0
Methylamine 0 0 0 0

a MT I of the vanillate-O-demethylase.
b MT I of the veratrol-O-demethylase.
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bation with FeCl3 and Na2S under anoxic conditions in the
presence of DTT. After reconstitution, the enzyme contained
approximately 1.8 mol S and 2.0 to 3.0 mol Fe per mol enzyme.
If one assumes that the slightly higher Fe content results from
binding of adventitious Fe ions, the values are in full accor-
dance with the presence of a [2Fe-2S] cluster in rAE as sug-
gested by the N-terminal cysteine motif. A single [2Fe-2S]
cluster was also deduced from the UV/visible spectrum of the
reconstituted enzyme (Fig. 5A). Absorbance bands at 345 nm
(ε345 � 14.5 mM�1 cm�1), 415 nm (ε415 � 10.4 mM�1 cm�1),
and 458 nm (ε458 � 9.6 mM�1 cm�1) and a shoulder at 540 nm
(ε540 � 5.8 mM�1 cm�1) were detected. The positions and
intensities of these absorptions are typical of those observed in
the [2Fe-2S]2� state of proteins with cysteinate-coordinated
[2Fe-2S] clusters (58, 64). Upon addition of the reductant
Ti(III) citrate, the absorbance of the [2Fe-2S]2� cluster in rAE
diminished due to formation of the [2Fe-2S]1� state (Fig. 5A).
Again, the appearance of the visible spectrum (i.e., bleaching
with a residual absorbance band at 550 nm) was typical of
[2Fe-2S] proteins (58, 64). By following the bleaching at 415
nm and measuring the solution potential with a redox elec-
trode upon stepwise addition of Ti(III) citrate, a midpoint
potential at pH 7.5 of �330 mV 
 20 mV for the [2Fe-2S]2�/1�

redox couple of the rAE was determined (Fig. 5B). This value
indicated that sodium dithionite, which was used as a reductant
in EPR spectroscopy (see below), should quantitatively reduce
the [2Fe-2S]2� cluster of rAE.

At temperatures of between 4.2 and 60 K, the sample of rAE
reduced with 2 mM dithionite exhibited a very intense sharp
axial EPR signal with g values of 2.020, 1.944, and 1.936 (Fig.
6). The line shape and g values are in complete agreement with
those found for well-characterized cysteinate-coordinated
[2Fe-2S]1� clusters (58, 64) and are different from Rieske-type
[2Fe-2S]1� clusters in proteins (4). Most importantly, the mi-
crowave power of half saturation at 10 K of 0.10 
 0.02 mW,
detectability, and absence of broadening at up to 60 K is very
typical for [2Fe-2S]1� clusters and unlike any known [4Fe-
4S]1� cluster (44). Double integration and comparison with a
Cu2� standard showed that 0.85 [2Fe-2S]1� cluster per rAE

was present. Reduction with deazaflavin and light (34) yielded
an EPR spectrum identical in shape and g values but with 89%
of the intensity of the spectrum obtained upon sodium di-
thionite reduction (not shown). In conjunction with the UV/
visible spectroscopy and Fe/S analysis, the presence of a
single [2Fe-2S]2�/1� cluster is indicated by all experimental
data available.

The activity of the rAE was measured by following the re-
duction of the CP from the cob(II)alamin to the cob(I)alamin
form (50). Both native and rCPs of the two O-demethylases
could serve as substrates for AE. rAE catalyzed the ATP-
dependent reduction of the corrinoid cofactor of the CP with
Ti(III) as an artificial electron donor up to 0.6 U per mg
protein (data not shown). Free cobalamin was not reduced. An
increase of the midpoint potential of the CP of at least 200 mV
compared to conditions in the absence of AE has earlier been
shown with redox titrations of the CP of the veratrol-O-de-
methylase in the presence of native AE (50). This effect was
confirmed with rAE, indicating functionality of the enzyme. In
repeated redox titrations the midpoint potentials for the re-
duction of the corrinoid cofactor to cob(I)alamin of either
native or rOdmA were increased to �320 mV 
 30 mV by the
AE. In the absence of the AE and ATP, native as well as
rOdmA could not be reduced to [CoI]-CP with titanium(III)
citrate at potentials of as low as �545 mV (data not shown).

Complete O-demethylase reaction and interaction of the
components. The complete O-demethylase reaction (methyl
transfer from the phenyl methyl ether to FH4) was measured
using the coupled-enzyme assay described earlier by Messmer
et al. (35). In this assay, the formation of methyl-FH4 mediated
by the protein components of the O-demethylases is monitored
by the conversion of methyl-FH4 via methylene-FH4 to methe-
nyl-FH4 upon concomitant reduction of NADP� to NADPH.
The reaction was started by addition of the respective substrate
or of one of the four heterologously expressed protein com-
ponents. After the start of the reaction, an increase of the
absorption at 350 nm, indicating the formation of methenyl-
FH4 and NADPH, could be observed (data not shown). Hence,

FIG. 5. UV/visible spectra of rAE and determination of the mid-
point potential of the [2Fe-2S]2�/1� cluster. (A) UV/visible spectra of
the isolated (solid line) and reduced (dashed line) forms of AE (65
�M). For reduction of the cluster, titanium(III) citrate was used (final
concentration, about 100 �M). (B) Redox titration curve of the deter-
mination of the midpoint potential of the [2Fe-2S]2�/1� cluster mea-
sured by its absorbance at 415 nm. Ti(III) was used for the stepwise
reduction.

FIG. 6. X-band EPR spectrum of dithionite-reduced rAE. Freshly
reconstituted rAE (0.3 mg/ml in 100 mM Tris Cl, pH 8.0) was reduced
with 2 mM sodium dithionite (final concentration). The sample was
shock frozen after 2 min by immersion in liquid nitrogen. Measure-
ment conditions: temperature, 10 K; microwave power, 3.2 �W; mod-
ulation frequency, 100 kHz; modulation amplitude, 0.8 mT; microwave
frequency, 9.459 GHz.
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the heterologously expressed protein components mediated the
complete vanillate- and veratrol-O-demethylase reactions.

The complete O-demethylase reaction requires the interac-
tion of at least three of the four components involved. In
addition, an interaction of AE with its substrate, CP, should
occur. Preliminary indications for an interaction of AE and CP
were based on affinity chromatography using cell extracts of A.
dehalogenans with attached AE as bait as well as a copurifica-
tion of both proteins (data not shown). Native PAGE was used
to investigate the interaction of recombinant vanillate-O-de-
methylase components. In native PAGE with rAE and the rCP
of the vanillate-O-demethylase (rCPvan) using different stoi-
chiometries of AE and CP (10:1 to 1:10), three bands were
observed, corresponding to about 180 kDa (Fig. 7A, band a),
130 kDa (Fig. 7A, band b), and 25 kDa (Fig. 7A, band c). The
AE alone appears to migrate as a 130-kDa homodimer (2 � 65
kDa; see also reference 28). CP is a monomeric protein of 25
kDa. The 180-kDa band is most probably a protein complex
formed from two AEs and two CPs. A stoichiometry of 1:1 of
AE and CP is supported by the finding that the 1:1 mixture of
AE and CP yields only one major band at 180 kDa; almost no
silver stain was observed at 25 or 130 kDa (Fig. 7A, lane 3).
Using Western blot analysis with antibodies directed against
AE or CP, both proteins were detected in the 180-kDa band
(shown for AE in Fig. 7B). The formation of this band was
observed only in the presence of vitamin B12. When AE was
preincubated with the recombinant nonreconstituted CP in the
absence of vitamin B12, no gel shift was observed (Fig. 7B, lane
�B12), indicating that the holo-CP was required for the inter-
action. Under the same experimental conditions, all four com-
ponents of the vanillate-O-demethylase were mixed in a 1:1:1:1
stoichiometry. The only bands observed were those of the

single components and the AE-CP complex. This result points
to a strong interaction of AE and CP.

DISCUSSION

The O-demethylases of homoacetogenic bacteria are corri-
noid-dependent MTs which are key enzymes in the anaerobic
metabolism of phenyl methyl ethers. Two different O-demeth-
ylases have been purified from Acetobacterium dehalogenans
and were partially characterized (14, 25). Both exhibit a rather
broad substrate spectrum, which is useful for the organism
when utilizing phenyl methyl ethers with different substituents
resulting from lignin degradation. From experiments with
growing cells and cell extracts of these organism, it is known
that A. dehalogenans has the ability to demethylate a wide
range of phenyl methyl ethers in addition to the growth sub-
strates used (14, 25). Similar observations were described for
other homoacetogenic bacteria, such as Sporomusa ovata (52,
53) and Moorella thermoacetica (11, 63). The O-demethylases
of A. dehalogenans are organized in different operons contain-
ing the genes for MT II, CP, and MT I. The protein sequences
of the two CPs and MTs II seem to be rather conserved,
whereas the sequences of the ether-cleaving MTs I have only
short regions of homology. These findings are not surprising,
since it must be assumed that MT I is responsible for the
substrate specificity with respect to the phenyl methyl ether,
whereas MT II mediates the conversion of structurally similar
substrates (methylated CP). The high identity of the two CPs
may be explained by the finding that only one AE mediates the
reduction of the CPs and therefore may require high structural
similarity of these substrates. The similarity of the two MTs II
and the CP is likely the reason why these components can be
combined with each of the two MTs I in the O-demethylase
assay.

Assuming a similar genetic structure for other homoaceto-
genic O-demethylases, the analysis of the genome sequence of
M. thermoacetica (GenBank accession no. NC_007644) showed
at least four gene clusters with genes coding for proteins sim-
ilar to OdmD and OdmA. The putative gene products of M.
thermoacetica share about 56% (OdmD) and 60 to 70%
(OdmA) similarity to the corresponding protein sequences of
A. dehalogenans. Thus, the broad substrate range for growth of
M. thermoacetica on phenyl methyl ethers (11) seems to be
accomplished by only a few O-demethylases.

In this communication, a “reductive activator for corrinoid
enzymes” (RACE) was identified for the first time and as-
signed to the COG3894 protein family. Most of these
COG3894-harboring proteins seem to be involved in anaerobic
MT reactions. In the acetogenic bacterium M. thermoacetica, a
gene encoding the AE-like COG3894-harboring protein with
an N-terminal binding motif for a [2Fe-2S] cluster (Fig. 3B,
example 5) is located within the CODH/ACS operon (acs
operon). It exhibits 30% identity (50% similarity) to OdmC of
A. dehalogenans. A role of this putative protein in the acetyl-
CoA pathway is unknown so far (32). In this pathway, an MT
mediates the transfer of the methyl group from methyl-FH4 to
the ACS via a corrinoid iron-sulfur protein (CFeSP) (37). It
has been proposed that for the reduction of inadvertently ox-
idized corrinoid in CFeSP, the electrons are transferred from
an unknown electron donor to cobalt via the [4Fe-4S] cluster of

FIG. 7. Gel shift experiments to demonstrate interaction of AE
and CP (recombinant and reconstituted). (A) Native PAGE of rAE-
rCP mixtures. The purified components (20 pmol each of rAE [lane 6]
or rCP [lane 7]) or rAE-rCP mixtures with AE/CP ratios (pmol:pmol)
of 100:10 (lane 1), 50:10 (lane 2), 10:10 (lane 3), 10:50 (lane 4), and
10:100 (lane 5) were separated by native PAGE (8%) after preincu-
bation (2 h, 10°C) under anoxic conditions. The gel was silver stained.
Band a, AE-CP complex; band b, AE; band c, CP. The molecular
masses of the marker proteins used are indicated on the left. (B) In-
fluence of the corrinoid cofactor on the interaction. Mixtures of rAE (2
pmol) and rCP (100 pmol; without [�B12] and with [�B12] the corri-
noid cofactor hydroxocobalamin) were separated by native PAGE
(8%) after preincubation (2 h, 10°C) under anoxic conditions. For
protein detection, specific antibodies against AE were used.
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CFeSP (43). To our knowledge, an ATP requirement for the
CFeSP reduction has not been reported. Here we propose that
a RACE-type protein is involved in the reduction and/or the
activation of the corrinoid in CFeSP. The acetyl-CoA pathway
is the most important CO2 fixation pathway in nonphototro-
phic anaerobic bacteria. Therefore, it is expected that anaer-
obes using this pathway for carbon assimilation should involve
RACEs. An example of such an organism is Carboxydothermus
hydrogenoformans (54), where the acs operon also was found to
contain a RACE-encoding gene.

Various domain architectures for COG3894 proteins were
encountered in database searches (Fig. 3B). The “minimal”
version of a protein similar to AE has 521 to 537 amino acids
and lacks the �110-amino-acid N-terminal domain proposed
to bind the [2Fe-2S] cluster in the A. dehalogenans AE (Fig.
3B, example 1). The genetic context was heterogeneous and
did not allow derivation of a function. In other proteins (Fig.
3B, example 2), an N-terminal domain of, e.g., 220 amino acids
was fused to the [2Fe-2S] and COG3894 domains (25% iden-
tity with A. dehalogenans AE). This N-terminal domain has
25% amino acid sequence identity with a methionine synthase-
associated S-adenosylmethionine binding protein from Ther-
motoga maritima (Tm0269, PDB 1J6R) (24). Another domain
organization was encountered in 16 COG3894-harboring pro-
teins of methanogenic Archaea encoded by genes of which the
majority (13 hits) lie in the vicinity of gene clusters known to
involve methanol, N-MT, or S-MT systems. In these COG3894
proteins no N-terminal extension with a proposed [2Fe-2S]
cluster binding motif was seen. In contrast, two C-X2/4-C-X2-
C-X3-C-P patterns typical of 2x [4Fe-4S] ferredoxins were
present in the approximately 80 amino acids fused to the C
terminus (Fig. 3B). Apparently, all Archaea appear to contain
the latter type of COG3894-harboring proteins, whereas all
Bacteria seem to possess COG3894 proteins with an N-termi-
nal [2Fe-2S] cluster.

Other soluble Fe/S enzymes which catalyze a thermodynam-
ically unfavorable reduction driven by ATP are known. Such
enzymes have been referred to as “archerases” (6). Two ex-
amples are the 2-hydroxyglutaryl-CoA dehydratase (21) and
the 2-hydroxyisocaproyl-CoA dehydratase (28) of clostridia.
These enzymes do not belong to the COG3894 protein family
and neither reduce corrinoid cofactors nor show significant
similarity with the RACE proteins. In the reaction mediated by
these archerases, an electron is transferred to an Fe/S cluster,
and upon hydrolysis of two ATPs, the redox potential of this
reduced Fe/S cluster is decreased considerably so that the
electrons can easily be transferred to the dehydratase subunit.
In contrast, the RACE of the O-demethylase of A. dehaloge-
nans increases the redox potential of its target, the corrinoid
cofactor of CP, so that the electrons of the Fe/S cluster of AE
(midpoint potential of ��330 mV at pH 7.5) can be trans-
ferred to the CP with an increased midpoint potential (��320
mV at pH 7.5). These findings lead to the conclusion that the
corrinoid-independent archerases differ in structure, function,
and gene sequence from the RACE proteins.

The functional expression of the O-demethylase compo-
nents now allows further studies of the structure and function
of these proteins. In principle, all of the recombinant compo-
nents have properties similar to those of their native counter-
parts with respect to, e.g., the specific activities and substrate

spectrum of MT I, the increase of the midpoint potential of CP
in the presence of AE, and the inability of MT I and MT II to
methylate/demethylate free cobalamin/methylcobalamin, re-
spectively. The latter characteristic appears to be a unique
property of the Acetobacterium O-demethylases, since the
methanogenic methanol:coenzyme M MT of Methanosar-
cina barkeri and the vanillate-O-demethylase of Moorella
thermoacetica were reported to use free cobalamin as a
methyl acceptor (38, 47).

Novel findings derived from studies of the recombinant pro-
teins were the detection of cofactors of the AE (Fe/S) and the
MT I (Zn) as well as the interaction of AE and CP. Both MTs
I contained 1 mol zinc per mol protein. In this respect the
enzymes are similar to the methanogenic MTs, which also were
found to contain zinc (46). In contrast, zinc was not detected in
stoichiometric amounts in the MT I of the vanillate-O-demeth-
ylase of M. thermoacetica (38).

A possible interaction between the O-demethylase compo-
nents was studied in gel shift experiments. These studies re-
vealed the formation of a protein complex consisting of two
AEs and two CPs. Since CP is the substrate for AE, this is not
surprising. The presence of the corrinoid cofactor is essentially
required for the interaction (Fig. 7B). This may reflect either
an exposed surface position of the corrinoid in CP and a direct
involvement of the corrinoid in the interaction or a correct CP
folding, which might occur exclusively in the presence of the
cofactor, leading to a tertiary structure that enables interac-
tion. An exposed position of the corrinoid cofactor has been
deduced from crystal structures of the corrinoid-containing
methionine synthase of E. coli (13) and of the methanol:coen-
zyme M MT of M. barkeri (20). Since CP of vanillate-O-de-
methylase has a high homology to methionine synthase with
respect to the corrinoid binding domain, a surface position of
the corrinoid in CP is feasible. On the other hand, a correct
folding only in the presence of the corrinoid is also very likely.
Hence, both explanations seem reasonable, and both may ap-
ply. Other interactions of O-demethylase components were not
observed, although an interaction in vivo is very likely. It is
feasible that the interaction is too weak to be monitored by gel
shift experiments. Further studies of the interaction of all
O-demethylase components using a different experimental
approach are currently under way in our laboratory.
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