
Methanol metabolism in the acetogenic bacterium
Acetobacterium woodii

acid to the C1 carrier tetrahydrofolic acid (THF) and sub-
sequent reduction of the formyl group to methyl-THF. In
the second branch of the pathway another CO2 is
reduced to CO by the CO dehydrogenase/acetyl-CoA
synthase (CODH/ACS) and then the methyl group, CO
and CoA are condensed by the CODH/ACS to acetyl-
CoA (Wood et al., 1986; Schuchmann and Müller, 2014).
The WLP is also well suited for the conversion of other
one carbon (C1) substrates such as carbon monoxide
(Diender et al., 2015), formate (Balch et al., 1977), form-
aldehyde (Schink, 1994) or methanol (Bache and Pfen-
nig, 1981) that enter the WLP by different routes. Carbon
monoxide and formate are intermediates of the WLP.
Formaldehyde reacts spontaneously with THF to yield
methylene-THF (Kallen and Jencks, 1966), also an inter-
mediate of the WLP. Methanol could in principle be oxi-
dized by a methanol dehydrogenase to formaldehyde,
that then enters the WLP, or the methyl group could be
transferred to THF by a methyltransferase system yield-
ing methyl-THF. Whereas the former pathway is usually
found in aerobic methylotrophs (Chistoserdova et al.,
2009), the latter is usually found in anaerobes. Methyl-
transferase systems normally contain three different pro-
teins (or sometimes three different domains present in
two proteins): a methyltransferase I (MTI) that transfers
the methyl group to a corrinoid protein (CoP) and a sec-
ond methyltransferase (MTII) that transfers the methyl
group from methyl-CoP to an acceptor, CoM in methano-
gens or THF in acetogens (Van der Meijden et al.,
1983a,b; Kreft and Schink, 1994). The methyltransferase
systems involved in methanol (and methylamine) metab-
olism of methanogenic archaea have been identified bio-
chemically and studied to a great extent (Van der
Meijden et al., 1983a,b, 1984b; Burke and Krzycki, 1995,
1997; Sauer et al., 1997; Sauer and Thauer, 1997;
Hagemeier et al., 2006). The genes encoding the
methanol-dependent methyltransferase systems are also
known: mtaB codes for MTI, mtaC for the CoP and mtaA
for the MTII. In contrast there are only a few reports on
methyltransferase systems of acetogens acting on meth-
anol (Van der Meijden et al., 1984a; Stupperich and
Konle, 1993; Das et al., 2007; Visser et al., 2016).
Growth on methanol has been described for an unchar-
acterized acetogen (Hamlett and Blaylock, 1969),
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Summary

Methanol derived from plant tissue is ubiquitous in 
anaerobic sediments and a good substrate for anaer-
obes growing on C1 compounds such as methano-
gens and acetogens. In contrast to methanogens 
little is known about the physiology, biochemistry 
and bioenergetics of methanol utilization in aceto-
genic bacteria. To fill this gap, we have used the 
model acetogen Acetobacterium woodii to study 
methanol metabolism using physiological and bio-
chemical experiments paired with molecular studies 
and transcriptome analysis. These studies identified 
the genes and enzymes involved in acetogenesis 
from methanol and the redox carriers involved. We 
will present the first comprehensive model for carbon 
and electron flow from methanol in an acetogen and 
the bioenergetics of acetogenesis from methanol.

Introduction

Acetogenic bacteria are characterized by a special path-
way for carbon dioxide reduction to acetate, the Wood–
Ljungdahl pathway (WLP), that is used for anabolism as 
well as catabolism (Drake, 1994). It is the only pathway 
of carbon dioxide fixation that is coupled to the synthesis 
of ATP and thus considered to be ancient and, if not the 
first biochemical pathway on earth (Martin, 2011; 
Poehlein et al., 2012; Sousa et al., 2013). The pathway 
involves reduction of CO2 to formic acid, binding of formic
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rate as well as final OD increased upon continuous sub-
culturing on methanol. Final OD and growth rate was
depending on the methanol concentration with a maxi-
mum at 60 mM methanol. Thereafter, growth rates
decreased and the maximal concentration of methanol
tolerated was 900 mM (Fig. 1B).

Transcriptome analyses of cells grown on methanol

To identify proteins/genes involved in methanol metabo-
lism, cells were grown in complex medium with 60 mM
methanol and samples were taken at an OD of 0.6. RNA
extraction, cDNA synthesis and transcriptome analyses
were performed as described in materials and methods.
The most strongly expressed genes were Awo_c22810-A-
wo_c22740 with a LOG2 of the fold change between 9.5
up to 14 compared with growth on fructose (Table 1).
These eight genes are clustered on the chromosome and
are transcribed in the same direction, with Awo_c22810
being the first.

Properties of methanol utilization genes and deduced
proteins

The gene cluster Awo_c22810-Awo_c22740, comprising
eight genes, extends over 6737 bp. Between
Awo_c22780 and Awo_c22770 there is an intergenic
region with a length of 240 bp which is remarkable within
this cluster and may be a region for transcriptional regula-
tion of the following genes Awo_c22770-Awo_c22740. A
putative hairpin forming transcriptional terminator
was found at the end of the cluster, 30 bp downstream
of Awo_c22740 (50-AUAACGAUAAAGCCGGCAUUAU-
GUGCCGGCUUUAUUGCGGGCA-30). The free energy
of the putative secondary structure is −14.5 kcal/mol
(−59 kJ/mol).

Awo_c22810 codes for a putative regulator, homolo-
gous to PocR of Salmonella thyphimurium (Table 2). The
derived amino acid sequence of Awo_c22800 showed
high degree of identity to a corrinoid protein known from
dimethylamine metabolism of methanogens. The pre-
dicted protein of Awo_22790 is homologous to YeiR and
CobW and, therefore, seems to be involved in cobalamin
biosynthesis. BLASTp algorithm based search did not
reveal any homologous protein for the predicted amino
acid sequence of Awo_c22780. Anyway, the C-terminus
harbours a high number of histidine residues which are
known to be important for metal-binding, therefore, the
protein could be involved in cobalt-binding, -storage or
-delivery. Translation of Awo_c22770 leads to an amino
acid sequence with a predicted B12-binding domain. The
part of the gene cluster discussed before might be impor-
tant for the biosynthesis of cobalamin, whereas the next
genes might encode the methyltransferase system.
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Butyribacterium methylotrphicum (Lynd and Zeikus, 
1983), Acetobacterium woodii (Bache and Pfennig, 
1981), Moorella thermoacetica (Daniel et al., 1990), 
Eubacterium limosum (Van der Meijden et al., 1984b) 
and Sporomusa species (Möller et al., 1984). Zhou and 
colleagues purified a corrinoid protein enriched during 
growth on methanol (Zhou et al., 2005). Its N-terminal 
amino acid sequence identified mtaC as the encoding 
gene, and next to mtaC the genes mtaB and a gene with 
similarity to methyl-THF MT of several bacteria were 
found (Das et al., 2007). Sporomusa ovata also produces 
a corrinoid protein during growth on methanol 
(Stupperich et al., 1992) that transfers the methyl group 
to THF (Stupperich and Konle, 1993). Recently, using a 
proteome approach a methyltransferase system consist-
ing of MtaB, MtaC and a methyl-THF MT (with analogous 
function to MtaA of methanogens) was identified in Spor-
omusa ovata strain An4 (Visser et al., 2016). However, 
acetogenic bacteria can not only use the methyl group of 
methanol but also of methyl chloride or phenyl methyl 
ethers such as vanillate or veratrol (Messmer et al., 
1993; Kaufmann et al., 1998; Naidu and Ragsdale, 2001; 
Siebert et al., 2005; Drake et al., 2006), and the methyl-
transferases catalysing O-demethylation of veratrol and 
vanillate have been identified and characterized. The MTI 
is the enzyme that confers substrate specificity to the 
methyltransferase systems and the MTI proteins of the 
vanillate and veratrol methyltransferase systems of Acet-
obacterium dehalogenans (OdmB and VdmB) are only 
23% identical to each other (Studenik et al., 2012). With 
the MTI of the methanol methyltransferase system of the 
methanogen Methanosarcina barkeri (Sauer et al., 1997) 
they share identity values lower than 10% only.
The acetogenic bacterium A. woodii is currently the best 

biochemically understood acetogen. However, nothing is 
known about the pathway that allows the entry of the 
methyl group to the WLP and neither the further metabo-
lism of the methyl group nor the nature of the redox car-
riers involved are known. Therefore, the aim of this work 
was to identify the methanol-dependent methyltransferase 
system and to establish the genes and enzymes partici-
pating in acetogenesis from methanol and the redox car-
riers involved in the model acetogen A. woodii.

Results

Growth of A. woodii on methanol

Cells transferred from a fructose-grown preculture trans-
ferred into the same complex medium containing 60 mM 
methanol showed a lag phase of 45 h before growth 
started (Fig. 1A), indicating the induction of genes 
required for methanol metabolism. Growth occurred with 
a doubling time of 16 h to a final OD of 1.5, but growth



Awo_c22760 encodes a MTI, Awo_c22750 codes for a cor-
rinoid protein and the derived amino acid sequence of
Awo_c22740 is similar to methyl-THF:CoP methyltrans-
ferases (MTII). Therefore Awo_c22760-Awo_c22740
most likely encode the methanol methyltransferase system
of A. woodii. As it was already recognized for
M. thermoacetica and S. ovata strain An4 the MTII of
A. woodii shares no similarity to a methyl-CoP:CoMmethyl-
transferase (MTII) known to be involved in the methanol
metabolism of methanogens (Das et al., 2007; Visser et al.,
2016), but this is not too surprising since the acceptor mole-
cules CoM and THF are quite different. Based on the high
homology to the methanol utilization clusters of other aceto-
genic bacteria and methanogenic archaea, the gene cluster
Awo_c22810-c22740 is further named mta cluster of
A.woodii.

The methanol utilization genes are transcribed in a
polycistronic message

To analyse whether the methanol utilization genes are
organized in an operon, mRNA was isolated from
A. woodii grown on methanol and transcribed into cDNA.
This cDNA was then used as a template in a PCR reac-
tion using primers (Supporting Information Table S1) that
bridge the intergenic regions between mtaR/mtaC1,
mtaC1/W, mtaW/X, mtaX/Y, mtaY/B, mtaB/C2 and
mtaC2/A as indicated in Fig. 2A. Only a cDNA originating
from one polycistronic mRNA is able to give products
with the expected fragment sizes of 778, 653, 743, 648,
688, 909 and 851 bp respectively. As can be seen from
Fig. 2B, all of the expected PCR products were obtained.
Use of corresponding mRNA as template yielded no
PCR products. This result demonstrates that mtaR,
mtaC1, mtaX, mtaW, mtaY, mtaB, mtaC2 and mtaA

constitute an operon. While the genes mtaR-mtaY may
play a role in regulation and the synthesis of cobalamin,
the gene products of mtaB, mtaC2 and mtaA most likely
are involved in the transfer of methyl groups to THF.

The methyl group is oxidized to CO2 via the
reverse WLP

Next we tested for the presence of the WLP in methanol-
grown cells. Except the strongly induced gene cluster
Awo_c22810-Awo_c22740 (29.5–214 times higher tran-
script abundance compared with fructose grown cells,
Table 1) the formyl-THF synthetase (Awo_c09260),
formyl-THF cyclohydrolase (Awo_c09270) and the CODH/
ACS cluster (Awo_c10670-Awo_c10760) were similar in
transcript abundance. The methylene-THF dehydrogenase
(Awo_c09280) and the methylene-THF reductase
(Awo_c09290-Awo_c09310) were also similar in transcript
level, as well as their activities in cell extracts from
fructose- or methanol-grown cells (11.9/12.7 U/mg;
2.6/2.4 U/mg). Whereas the transcript level of the rnf
genes (Awo_c22010-Awo_c22060) did not show a signifi-
cant change, the activity changed from 12 mU/mg in
fructose-grown cells to 80 mU/mg in methanol-grown cells.
The bifurcating hydrogenase (Awo_c26970-Awo_c27010)
and the hydrogen-dependent CO2 reductase (HDCR;
Awo_c08190-Awo_c8260) were less abundant in metha-
nol grown cells and the activity of the HDCR was slightly
decreased from 7.4 in fructose grown cells to 3.0 U/mg in
methanol grown cells. Cell free extracts also produced
H2 from formate, as catalysed by the HDCR. With a
specific activity of 68 mU/mg, 7.9 μmol of H2 were pro-
duced within 10 min. The electron bifurcating hydrogenase
was present in methanol grown cells, as determined
immunological, to provide reduced ferredoxin. In addition,

Fig. 1. Growth of A. woodii on methanol. A. Adaption of A. woodii to growth on methanol. Carbonate-buffered complex medium according to
Heise and colleagues (1989) was supplemented with methanol (60 mM) and inoculated with A. woodii precultures grown on fructose (⬛) or meth-
anol (♦). Growth was followed by measuring the optical density at 600 nm. B. Effect of increasing methanol concentration on growth of A. woodii.
Media were inoculated to an optical density of 0.05 with a preculture grown on 60 mM methanol. The methanol concentration was 0.06 (⬛), 0.75
(▴), 0.90 (●) or 1.35 M (♦) respectively.
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CO dehydrogenase as well as the formyl-tetrahydrofolate
synthetase could also be identified immunologically
(Supporting Information Fig. S1). In sum, these data are in
accordance with the assumption that the methyl group is
oxidized via a reversal of the WLP.

Purification of the methylene-THF reductase from
methanol-grown cells

After transfer of the methyl group to THF, part of the
methyl-THF has to be oxidized to CO2 to generate elec-
trons for the reduction of CO2 to CO which condenses with
another part of methyl-THF and CoA to acetyl-CoA.

Oxidation of methyl-THF with NAD+ as oxidant is a highly
endergonic reaction (ΔG0

0 = 23 kJ/mol) and represents a
steep energetic barrier in the methyl group oxidation path-
way. In the reverse direction, the reaction is highly exer-
gonic and it was speculated to be involved in energy
conservation (Thauer et al., 1977). Since the enzyme har-
bours two flavin binding sites (one in MetF and RnfC2
respectively), the discovery of flavin-based electron bifur-
cation (Buckel and Thauer, 2018) led to the idea that this
mechanism may be used to reduce ferredoxin that is then
re-oxidized in the respiratory chain to give additional ATP.
The reverse, electron confurcation with a strong reducing
agent could then drive the endergonic methyl-THF

Accession
no./name

Length
(bp)

Predicted
mass (kDa)

Conserved
motifs/domains

Homologous
proteins

Identitya

(%) References

Awo_c22810/mtaR 1329 51.0 PocR sensory-/
HTH-DNA-binding
domain

PocR of Salmonella
typhimurium

38 Bobik and colleagues
(1992)

Awo_c22800/mtaC1 675 24.0 B12-binding (DxHxxG) MtbC2 (CoP)
Methanosarcina
mazei

38 Drennan and
colleagues (1994);
Kratzer and
colleagues (2009)

Awo_c22790/mtaW 633 23.9 P-loop NTPase,
Walker A and
Walker B motif

YeiR of E. coli 31 Blaby-Haas and
colleagues (2012)

CobW of Spromusa
ovata (predicted)

31

CobW of
Pseudomonas
denitrificans

28 Crouzet and
colleagues (1991)

Awo_c22780/mtaX 471 18.3 None, high number of
Histidin residues in
C-terminus
characteristic for
metal binding

None none Cheng and
colleagues (2013)

Awo_c22770/mtaY 393 14.4 B12-binding domain None none
Awo_c22760/mtaB 1395 50.5 Conserved cysteinyl-

and glutamyl
residues for Zn2+

binding, TIM-barrel

MtaB (MTI) of
Moorella
thermoacetica

57 Hagemeier and
colleagues (2006)

MtaB (MTI) of
S. ovata

55 Visser and colleagues
(2016)

MtaB (MTI)
Methanosarcina
barkeri

37 Van der Meijden
et al. (1984b)

Awo_c22750/mtaC2 639 22.7 B12-binding domain
(DxHxxG)

MtaC (CoP) of
M. thermoacetica

56 Das and colleagues
(2007); Drennan
and colleagues
(1994)

MtaC (CoP) of
S. ovata

41 Visser and colleagues
(2016)

MtbC (CoP) of
M. barkeri

44 Ferguson and
colleagues (2000)

MtaC (CoP) of
M. barkeri

31 Sauer and colleagues
(1997); Sauer and
Thauer (1997)

Awo_c22740/mtaA 801 29.4 Pterin-binding domain Methyl-THF:CoP
methyltransferase
(MTII) of
M. thermoacetica

53 Das and colleagues
(2007)

Methyl-THF:CoP
methyltransferase
(MTII) of S. ovata

43 Visser and colleagues
(2016)

aIdentity on protein level was identified by using BLASTp algorithm.
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Table 2. Properties of methanol utilization genes and deduced proteins.



oxidation. To address the biochemistry and energetics of
methyl-THF oxidation, the methylene-THF reductase
(MTHFR) was purified from methanol-grown cells essen-
tially as described before for cells grown on fructose
(Bertsch et al., 2015). Using 35 g of wet cells, the enzyme
was purified 66.5-fold from cytoplasmic fraction via Q-
Sepharose, Phenyl-Sepharose, Sephacryl S300 and Blue-
Sepharose (Supporting Information Table S2). The purified

enzyme catalysed the methylene-THF-dependent oxida-
tion of NADH with an average activity of 286 U/mg and
contained three major proteins with an apparent molecular
mass of 70, 31 and 23 kDa respectively (Fig. 3), matching
the expected mass of the MTHFR subunits RnfC2, MetF
and MetV (71, 33, 23 kDa). One major contaminating pro-
tein (54 kDa) was identified as glycine tRNA-ligase by
MALDI-TOF analysis. As a control, the MTHFR was also
purified from fructose-grown cells. The enzyme had the
same molecular mass and catalysed methylene-THF-
dependent oxidation of NADH with an activity of 259 U/mg
of protein. Apparently, the MTHFR from methanol- and
fructose-grown cells had the same subunit composition.

When measured in the standard buffer (50 mM MOPS,
pH 7, 10 mM NaCl, 20 mM MgSO4, 4 μM reaszurin,
2 mM DTE), the methyl-THF dependent NAD+ reduction
by MTHFR could not be detected, but addition of an ali-
quot of cytoplasm to the assay enabled clear NAD+

reduction, as described before for the enzyme purified
from fructose-grown cells (Bertsch et al., 2015). This was
interpreted to be caused by the removal of the product of
the reaction by the subsequent enzymes of the pathway.
The transcriptome analyses revealed the proteinaceous
electron carrier thioredoxin (Awo_c05040) to be overpro-
duced 10-fold during growth on methanol (Table 1). To
address whether this thioredoxin is involved in methyl-
THF oxidation, the gene was cloned and expressed in
E. coli and the protein was purified to apparent homoge-
neity by affinity chromatography (Supporting Information
Fig. S2A). The heterologously produced thioredoxin was

Fig. 2. Arrangement and expression analysis of mta genes in A. woodii. The mta operon of A. woodii comprises eight genes. B. For operon anal-
ysis total RNA from A. woodii was prepared and the contaminating DNA was removed. cDNA was synthesized by reverse transcriptase. To ana-
lyse the transcriptional unit cDNA was used as template for PCR to bridge the intergenic regions of the mta genes (lane 2). Genomic DNA and
RNA were used as positive and negative controls respectively (lanes 1, 3). Oligonucleotides used in this study are listed in Supporting Informa-
tion Table S1 and their location is indicated by black arrows in panel A.

Fig. 3. Purification of the methylene-THF reductase of A. woodii.
About 10 μg protein samples from the different purification steps
were separated by SDS-PAGE. The proteins were stained with Coo-
massie Brilliant Blue. Lane 1, protein ladder; lane 2, cytoplasm; lane
3, pooled fractions from Q-Sepharose; lane 4, pooled fractions from
Phenyl-Sepharose; lane 5, pooled fractions from Sephacryl S300;
lane 6, pooled fractions from Blue-Sepharose.
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ΔG0
0 = 23kJ=mol

� �

produces a proton. Therefore, methyl-THF oxidation
should be ‘pulled’ by low proton concentrations in order
to make NADH production detectable. This was indeed
observed. As can be seen in Fig. 4, increasing pH values
stimulated methyl-THF oxidation. There was no activity at
pH 5.5, but activity linearly increased with increasing pH
up to the maximum at pH 8.5, whereafter activity declined
slightly. Divalent cations such as magnesium and calcium

but also chloride anion increased the methyl-THF:NAD+

oxidoreductase activity by up to 100%. The same was
observed with MTHFR purified from fructose-grown cells.
To further characterize the enzyme, substrate affinities
were determined. The dependence of the activity on
methyl-THF and NAD+ concentrations was hyperbolic
with saturation at 0.8 and 1 mM, respectively, and Km

values of 86 and 165 μM (Fig. 5A and B).

Discussion

We have identified here by a transcriptome approach the
genes involved in methanol conversion in the model aceto-
gen A. woodii. The gene cluster encodes for MTI (MtaB),
CoP (MtaC) and MTII (MtaA). The genes are highly
expressed during growth on methanol, they have high
identity values compared with predicted and verified meth-
anol methyltransferase systems of methanogens and
acetogens like the genes from M. barkeri, S. ovata or
M. thermoacetica. Furthermore, the genetic arrangement
is similar to other methyltransferase systems coding clus-
ters. Thus, we hypothesize that they constitute the
methanol-specific methyltransferase system of A. woodii.
In addition to these, five more genes are encoded in the
operon. They may have a role in regulation and biosynthe-
sis of the corrinoid cofactor. These genes, in the same
order, are also present in Eubacterium limosum (similarity
on amino acid level: mtaR 70%; mtaC1 68%; mtaW 63%;
mtaX 38%; mtaY 42%; mtaB 71%; mtaC2 69%; mtaA
77%; Fig. 6). Acetobacterium dehalogenans lacks mtaY.
In Sporomusa ovata the genes have been shuffled around
and mtaW and mtaX are at the end of the cluster. Moorella
thermoacetica lacks the biosynthesis genes. In addition
the order of the genes encoding MTI, MTII and CoP is dif-
ferent in S. ovata and M. thermoacetica (Das et al., 2007;
Pierce et al., 2008; Visser et al., 2016). These data

Fig. 4. pH optimum of methyl-THF:NAD+ oxidoreductase activity. The methyl-THF dependent reduction of NAD+ was measured by following the
absorbance at 340 nm in combined buffer II with 10 μM FMN, 0.2 mM methyl-THF and 1 mM NAD+. A. After the measurement was started by
addition of MTHFR (0.6 μg) to the assay NAD+ reduction was observed by following the absorbance at 340 nm in combined buffer II with different
pH values as indicated. B. pH profile of methyl-THF oxidation (⬛) and pH dependence of the free energy change (●).
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nearly completely oxidized (95%–97%) but could be fully 
reduced with 1,4-Dithiothreitol (DTT). It was catalytically 
active in reducing insulin with electrons derived from DTT 
(Supporting Information Fig. S2B). However, reduced 
thioredoxin did not stimulate methyl-THF-dependent 
NAD+ reduction catalysed by the MTHFR of A. woodii. 
Reduced ferredoxin also did not stimulate the reaction. 
Interaction of the MTHFR with ferredoxin may require 
electron-transferring flavoproteins. The genome of 
A. woodii encodes two different EtfAB pairs, one in the 
context of the electron-bifurcating caffeyl-CoA reductase 
CarCDE (Bertsch et al., 2013) and one in the context of 
the electron bifurcating lactate dehydrogenase LctBCD 
(Weghoff et al., 2015). Neither one of these was 
expressed during growth on methanol nor did the addition 
of purified CarDE stimulate methyl-THF:NAD+ oxidore-
ductase reaction. The inability of the enzyme to catalyse 
detectable oxidation of methyl-THF coupled to NAD+ 

reduction could simply reflect the unfavourable equilib-
rium of the reaction. Assuming concentrations of 0.2 mM 
for methyl-THF and 1 mM for NAD+ only ~ 0.4% of the 
added NAD+ would be reduced to NADH.
Oxidation of methyl-THF to methylene-THF accord-

ing to:

methyl-THF + NAD+ ! methylene-THF + NADH + H +



implicate that these gene clusters encode the methanol-
specific methyltransferases of A. dehalogenans,
E. limosum, S. ovata and M. thermoacetica. The biosyn-
thesis genes are located somewhere else in the genome in
M. thermoacetica. In addition to those shown in Fig. 6 simi-
lar gene clusters were found in Acetobacterium bakii,
Eubacterium callanderi, Eubacterium aggregans, Sporo-
musa sphaeroides, Sporomusa acidovorans, Sporomusa
malonica and Moorella mulderi.

The genome of A. woodii encodes ~ 30 different
methyltransferase systems (Poehlein et al., 2012) of
which Awo_c22760-Awo_c22740 had the highest
transcript level in methanol-grown cells (Table 1). MTI
of A. woodii did show some reasonable identity to
MtaB of M. thermoacetica, S. ovata and M. barkeri but
no recognizable identity to vanillate-specific MTI of
A. dehalogenans and M. thermoacetica or to the
veratrol-specific MTI of A. dehalogenans (Table 3).

Fig. 5. Substrate dependence of methyl-THF oxidation. The methyl-THF-dependent reduction of NAD+ was measured in 50 mM Tris buffer
(pH 8.5) containing 10 mM NaCl, 20 mM MgSO4, 2 mM DTE with 10 μM FMN and different concentrations of either methyl-THF (A) or and NAD+

(B). The protein concentration was 0.6 μg ml−1. Curve fitting and determination of the kinetic parameters Km and Vmax were performed using the
GraphPad Prism program (version 4.03) and the Michaelis–Menten equation [Y = (Vmax × X)/(Km + X)].

Fig. 6. Organization of potentialmta operons within acetogenic bacteria. Use of the derived amino acid sequence of the MTII coding gene of A. woodii
(Awo_c22740) for BLAST searches revealed potential mta operons. A. dehalogenans DSM 11527 (A3KSDRAFT_01004-A3KSDRAFT_00998),
E. limosum KIST612 (ELI_1997-ELI_2005), S. ovata H1, DSM 2662 (SOV_3c00500-SOV_3c00430) and M. thermoacetica ATCC 39073
(Moth_1205-Moth_1209).
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This reflects the very different substrates used by the
MTI’s. Further the question arises why Awo_c7520-A-
wo_c7560 and Awo_c23710-Awo_c23770, both also
potentially encoding methyltransferase systems, were
also induced in methanol-grown cells (Table 1). At least
for Awo_c07520-Awo_c07560 the question can be
answered. Cells were grown on methanol in yeast
extract containing medium. Yeast extract contains gly-
cine betaine (GB) and A. woodii can grow on glycine
betaine. Indeed, Awo_c07520-Awo_c07560 encode the
glycine betaine-specific methyltransferase system
(Lechtenfeld et al., 2018). Apparently, A. woodii can
use methanol and GB simultaneously, but not fructose
and GB. Since the putative MTI Awo_c23730 is
only 9% identical to the MTI of the methanol methyl-
transferase system (Awo_c22760) it is unlikely that
Awo_c23710-Awo_c23770 encodes a second methyl-
transferase system acting on methanol. The identity of
11% to the MTI of the GB-utilizing cluster is too low
as well. Sequence alignments with the methyltrans-
ferases VdmB and OdmB reveal identity values of
30% and 25% respectively. From these findings we
assume that Awo_c23710–23770 is a gene cluster
coding for a methyltransferase system acting on an
unknown substrate. Nevertheless, the reason for the
enhanced transcription of this gene cluster in
methanol-grown cells remains elusive, but we specu-
late that this compound is present in yeast extract.
From the data presented we hypothesize that methyl-

THF is the product of the methyltransferase activity.
Oxidation of one methyl group yields six reducing
equivalents (=6 electrons) that can be used to reduce
3 mol of CO2 to CO. The presence of the enzymes of
the WLP was demonstrated immunologically as well as
by activity measurements indicating that the oxidation
of methyl groups is via reversal of the WLP. Hydrogen
production alongside acetate formation was demon-
strated. Since the methylene-THF reductase and the
methylene-THF dehydrogenase in A. woodii are NAD+

dependent and the HDCR produces H2 (Schuchmann
and Müller, 2013; Kottenhahn et al., 2018), the soluble
electron bifurcating hydrogenase and the membrane
bound Rnf complex are required for redox balancing,
that is, conversion of 2.5 mol NADH and 1 mol of H2

to 3 mol reduced ferredoxin required for CO2 reduction
according to

H2 + 0:5NAD
+ +0:5Fd!1:5H+ + 0:5NADH+0:5Fd2−

2:5NADH+5Na+
out + 2:5Fd!

2:5NAD+ +2:5H+ + 5Na+
in + 2:5Fd

2− :

The electrochemical Na+ potential, required to drive Fd
reduction, is generated by ATP hydrolysis. This is not
without precedence but observed before in ethanol
(Bertsch et al., 2016) and lactate metabolism (Weghoff
et al., 2015) in A. woodii.

A critical reaction in methyl group oxidation is the oxida-
tion of methyl-THF to methylene-THF, as catalysed by the
methylene-THF reductase. The reaction catalysed in the
oxidative direction is highly endergonic and flavin-based
electron bifurcation (FBEB) was discussed as one mecha-
nism to drive this reaction with reduced ferredoxin as co-
reductant. We had purified the enzyme before from
fructose-grown cells of A. woodii and found no indication
for electron bifurcation (Bertsch et al., 2015). The same
was found for the enzyme purified from methanol-grown
cells. It catalysed methyl-THF oxidation with NAD+ as oxi-
dant and ferredoxin (oxidized or reduced) did not affect
the reaction. Thioredoxin from A. woodii also did not affect
the reaction. The reactions following methyl group oxida-
tion pull the first one. This notion is in accordance with the
fact that addition of cytoplasmic fraction to MTHFR stimu-
lates methyl-THF oxidation. The same was observed by
addition of enriched methylene-THF dehydrogenase
(Bertsch et al., 2015). Thus, we conclude that the electron
flow in the methyl branch of the WLP involves only NADH
and H2. This allows to present a comprehensive model for

A. woodii genes Gene Function Metabolism Organism
Length
(bp)

Identitya

(%)
Accession

no. References

mtaB (1395 bp) odmB MTI Vanillate A. dehalogenans 981 none AAC83696 Kaufmann and colleagues
(1998)mtaC2 (639 bp) odmA CoP 630 45 AAC83695

mtaA (801 bp) odmD MTII 804 35 AAR11880
mtaB (1395 bp) vdmB MTI Veratrol A. dehalogenans 966 none AAQ89566 Engelmann and

colleagues (2001);
Siebert and colleagues
(2005)

mtaC2 (639 bp) vdmA CoP 630 42 AAQ89565
mtaA (801 bp) vdmD MTII 807 34 AAQ89564

mtaB (1395 bp) mtvB MTI Vanillate M. thermoacetica 1170 none Moth_0386 Naidu and Ragsdale
(2001)mtaC2 (639 bp) mtvC CoP 624 38 Moth_0387

mtaA (801 bp) mtvA MTII 798 35 Moth_0385

aidentity on protein level were identified by using BLASTp algorithm.
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Table 3. Comparison of the methanol:THF methyltransferase system to phenyl ether cleavage systems of A. dehalogenans and 
M. thermoacetica.



the electron and carbon flow during acetogenesis from
methanol and its bioenergetics (Fig. 7). Oxidation of the
methyl group yields one ATP by substrate level phosphor-
ylation (SLP) in the formyl-tetrahydrofolate synthetase
reaction. Three additional mol of ATP are generated in the
acetate kinase reaction. Of those 4 mol of ATP, 1.5 have
to be invested to export the sodium ions required for ferre-
doxin reduction by the Rnf complex. This leaves 2.5 mol
of ATP for the cells to grow:

4CH3OH+2CO2 +2:5ADP+2:5Pi !
3CH3COOH+2:5ATP+2H2O

This is equivalent to 0.83 ATP per mol of acetate, the
largest ATP gain reported so far for an acetogenic C1 sub-
strate and the second largest after fructose (0.3 for
H2 + CO2 (Schuchmann and Müller, 2014); 0.25 for lactate
(Weghoff et al., 2015); 0.37 for ethanol (Bertsch et al.,
2016); 0.47 for butanediol (Hess et al., 2015); 0.62 for eth-
ylene glycol (Trifunovic et al., 2016) and 1.4 for fructose
(Schuchmann and Müller, 2016)). The high ATP yield is in
accordance to high cell yields (MeOH: 10 g/mol acetate;
H2 + CO2: 4.2 g/mol acetate; (Bache and Pfennig, 1981;
Tschech and Pfennig, 1984). Methanol is another ‘low
energy’ substrate that can be used only with the help of
the two redox balancing mechanisms: the soluble FBEB
and membrane-bound reverse electron transport. They
enable the electron transfer from NADH and H2 to ferre-
doxin, which is required for CO2 reduction in the carbonyl
branch of the WLP.

Fig. 7. Carbon and electron flow in
methanol metabolism of A. woodii. In
order to generate electrons for CO2

reduction one of four methyl groups
has to be oxidized in the methyl
branch of WLP. The bifurcating
hydrogenase as well as the Rnf com-
plex are used for redox balancing of
NADH and Fd. Therefore, a reverse
Na+ flow, energized by ATP hydroly-
sis, is required.
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Experimental procedures

Cultivation of A. woodii

A. woodii DSMZ 1030 was routinely cultivated at 30 �C in  
the medium described previously (Heise et al., 1989, 
1992). Methanol (60 mM) or fructose (20 mM) was used 
as growth substrate. Growth was monitored by measur-
ing the optical density at 600 nm (OD600).

RNA-seq analysis

Harvested cells were resuspended in 800 μl RLT buffer 
(RNeasy Mini Kit, Qiagen) with β-Mercaptoethanol 
(10 μl ml−1) and cell lysis was performed using a labora-
tory ball mill. Subsequently 400 μl RLT buffer (RNeasy 
Mini Kit Qiagen) with β-Mercaptoethanol (10 μl ml−1) and 
1200 μl 96% [v/v] ethanol were added. For RNA isolation, 
the RNeasy Mini Kit (Qiagen) was used as recommended 
by the manufacturer, but instead of RW1 buffer RWT 
buffer (Qiagen) was used in order to isolate RNAs smal-
ler 200 nt also. To determine the RNA integrity number 
(RIN) the isolated RNA was run on an Agilent Bioanaly-
zer 2100 using an Agilent RNA 6000 Nano Kit as recom-
mended by the manufacturer (Agilent Technologies, 
Waldbronn, Germany). Remaining genomic DNA was 
removed by digesting with TURBO DNase (Invitrogen, 
ThermoFischer Scientific, Paisley, United Kingdom). The 
Ribo-Zero magnetic kit (Epicentre Biotechnologies, Madi-
son, WI) was used to reduce the amount of rRNA-derived 
sequences. For sequencing, the strand-specific cDNA 
libraries were constructed with a NEBNext Ultra



−80�C. cDNA synthesis was performed using the RNase
H minus point mutant M-MLV reverse transcriptase
(Promega, Germany) in the presence of RNasin Plus
RNase inhibitor (Promega, Germany) according to the
manufacturer’s protocols.
The arrangement of the eight putative mta genes was

analysed with PCR with cDNA as template, using
30 cycles. Chromosomal DNA and isolated RNA of
A. woodii were used as positive and negative control.
PCRs were performed as described previously

(Sambrook et al., 1989). Primers used are listed in Sup-
porting Information Table S1.

Purification of MTHFR

All buffers used for the purification of MTHFR contained
2 mM dithioerythritol (DTE) and 4 μM resazurin and all
purification steps were performed under strictly anoxic
conditions at room temperature in an anaerobic chamber
(Coy Laboratory Products, USA) filled with 96% N2 and
4% H2. A. woodii was grown under anoxic conditions in
20-l flasks (Glasgerätebau Ochs, Germany) using metha-
nol as substrate to an OD600 of ~ 1.8. The cells were har-
vested (~ 35 g wet weight) and washed in 25 mM Tris
buffer (pH 7.5) containing 420 mM saccharose. The cells
were resuspended in the same buffer and incubated in
the presence of 10 mg ml−1 lysozyme for 1 h at 37 �C.
The generated protoplasts were resuspended in purifica-
tion buffer (50 mM Tris, 20 mM MgSO4, 20% glycerol,
pH 7.6) in the presence of 0.5 mM phenylmethylsulfonyl
fluoride (PMSF) and 0.1 mg ml−1 DNase I and passed
three times through a French pressure cell (110 MPa).
Cell debris was removed by centrifugation at 24 000g for
40 min. Membranes were removed by centrifugation at
160 000g for 90 min. The purification of the MTHFR from
the cytoplasm was performed as described previously
(Bertsch et al., 2015).

Enzymatic activity assays

All measurements were performed in 1.8-ml anoxic
cuvettes (Glasgerätebau Ochs, Germany) sealed by rub-
ber stoppers under a N2 atmosphere at 23 �C (except the
determination of the temperature optimum). In all mea-
surements the reduction or oxidation of NAD+/NADH was
followed at 340 nm (ε = 6.2 mM−1 cm−1). Routinely, purifi-
cation of the MTHFR was followed by measuring the oxi-
dation of NADH (0.25 mM) in the presence of FMN
(10 μM) and a racemic mixture of methylene-THF synthe-
sized nonenzymatically with THF (0.5 mM) and formalde-
hyde (1.5 mM) in buffer I [50 mM 3-(N-Morpholino)
propanesulfonic acid (pH 7)], 10 mM sodium chloride,
20 mM magnesium sulfate, 4 μM resazurin and 2 mM
DTE). For the further characterization of the methyl-THF
oxidation, methyl-THF (0.2 mM) and NAD+ (1 mM) were
used as substrates. The determination of the pH optimum
was performed in a combined buffer II containing MES/-
MOPS/Tris/CHES/CHAPS (25 mM each), sodium chlo-
ride (10 mM) and magnesium sulfate (20 mM). To
determine the influence of ions on enzyme activity buffer
III [Tris (pH 8.5)] was used, containing either 50 mM of
magnesium sulfate, magnesium chloride, sodium chlo-
ride, potassium chloride or calcium chloride respectively.
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directional RNA library preparation kit for Illumina (New 
England BioLabs, Frankfurt am Main, Germany) and 
sequenced by using the Genome Analyser IIx instrument 
(Illumina Inc., San Diego, CA) using the Genome Analy-
ser SBS kit v3 in the paired-end mode and running 2× 
112 cycles. Between 12 980 600 and 27 592 992 raw 
reads were generated for the samples (for details see 
Supporting Information Table S3). For quality filtering and 
removing of remaining adaptor sequences, Trimmomatic-
0.32 (Bolger et al., 2014) and a cutoff phred-33 score of 
15 were used. The mapping of the remaining sequences 
was performed with the Bowtie (version 2) program 
(Langmead and Salzberg, 2012) using the implemented 
end-to-end mode, which requires that the entire read 
align from one end to the other. First, surviving paired 
end reads were mapped against a database consisting of 
tRNA and rRNA sequences of A. woodii and unaligned 
reads were subsequently mapped against the genome of 
A. woodii. Differential expression analyses were per-
formed with the BaySeq program (Mortazavi et al., 2008). 
Genes with log2 fold change in expression of ≥2.0 or 
≤−2.0, a likelihood value of ≥0.9, and an adjusted 
p value of ≤0.05 (the p value was corrected by the false 
discovery rate [FDR] on the basis of the Benjamini–
Hochberg procedure) were considered differentially 
expressed. The RNA-seq data have been submitted to 
the SRA database.

RNA isolation and cotranscription analysis

Cells of A. woodii grown on methanol or fructose were 
harvested, resuspended in 10 mM Tris buffer (pH 8) con-
taining 1 mM EDTA and 3 mg ml−1 lysozyme and incu-
bated for 30 min at 37�C. After addition of 30 zirconoxide 
balls, the cells were disrupted in a MM 301 mixer mill 
(Retsch, Germany) at 30 Hz for 5 min. Total RNA was 
isolated from the extract using the InviTrap Spin Cell 
RNA Mini Kit (Stratec Molecular, Germany) according to 
the manufacturer’s protocol. Remaining DNA contamina-
tions were removed by addition of RQ1 DNase 
(Promega, Germany) in the presence of RNasin Plus 
RNase inhibitor (Promega, Germany) according to the 
manufacturer’s protocols. Isolated RNA was stored at



To determine the methylene-THF dehydrogenase
activity the reduction of 1 mM NAD+ was followed using
methylene-THF as substrate as described before
(Bertsch et al., 2015). The HDCR activity was determined
by following the reduction of methylviologen (10 mM) at
604 nm (ε = 13.9 mM−1 cm−1) using formate (10 mM) as
substrate as described (Schuchmann and Müller, 2013).
Ferredoxin:NADH oxidoreductase (Rnf ) activity was
measured by following the reduction of NAD+ (3 mM)
using Fdred [30 μM; purified from Clostridium pasteuria-
num and prereduced by CODH as described (Schönheit
et al., 1978)] as electron donor. Methylene-THF dehydro-
genase, HDCR and Rnf activity assays were performed
in buffer I.

Determination of hydrogen and acetate

Cell free extracts were prepared from A. woodii cultures
either grown on methanol or fructose to exponential
growth phase. Cells were harvested under anoxic condi-
tions and lysed as described already. Hydrogen was pro-
duced by cell extracts using 50 mM formate as substrate.
To produce acetate, methanol was used as substrate
either with H2 + CO2 (80:20 [v/v]) or N2 + CO (70:30 [v/v])
as gas phase. The production assays were performed in
80 mM Bis(2-hydroxyethyl)amino-tris(hydroxymethyl)
methan buffer (pH 6.8) containing, 10 mM MgCl2, 10 mM
NaCl, 2 mM DTE and 4 μM resazurin. Hydrogen and ace-
tate concentrations were determined as described previ-
ously (Kottenhahn et al., 2018).

Heterologous expression of trx

Amplification of genes was done using Phusion DNA
polymerase (New England BioLabs; Ipswich, MA) and
genomic DNA of A. woodii as the template. After amplifi-
cation, the genes were cloned into the HindIII and NdeI
sites of pET21a and transformed into Escherichia coli
DH5α. Constructs were verified via DNA sequencing and
introduced into E. coli BL21(DE3). For expression, cells
were grown at 37 �C to an OD of 0.6–0.8 and induced
with 0.5 mM IPTG. The cells were harvested, washed
with buffer W (100 mM Tris/HCl, 20 mM MgSO4 150 mM
NaCl, 20% [vol/vol] glycerol, pH 8) and used immediately
for purification.

Purification of Trx-Strep

Purification of Trx-Strep was performed under oxic condi-
tions. Cells were resuspended in buffer W, DNaseI
(0.1 mg ml−1) and PMSF (0.5 mM) were added and the
cells were disrupted in a French pressure cell (110 MPa).
Cell debris was separated by centrifugation at 25 000g
and 4 �C for 15 min. The cell free extract was loaded on
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and determination of growth yields. Arch Microbiol. 130:
255–261.
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J Biol Chem. 288: 11304–11311.

Bertsch, J., Öppinger, C., Hess, V., Langer, J. D., and
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Acetobacterium woodii. J Bacteriol. 197: 1681–1689.
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a column containing 5 ml Strep-Tactin. The column was 
washed with 5 column volumes (CV) buffer W and eluted 
with 3 CV buffer E (100 mM Tris/HCl, 20 mM MgSO4 

150 mM NaCl, 20% [vol/vol] glycerol, 5 mM desthiobiotin, 
pH 8). The protein was concentrated (Vivaspin 6, Cutoff 
3 kDa, Sartorius Stedim Biotech GmbH, Göttingen) to a 
concentration of 9 mg/ml and its redox state was deter-
mined according to Ellman (1959). The DTT:insulin oxi-
doreductase activity of Trx was measured as described 
before (Holmgren, 1979).

Analytical methods

Protein concentration was measured according to Bradford 
(Bradford, 1976) Proteins were separated in 12% polyacryl-
amide gels according to Schägger and von Jagow (1987) 
and stained with Coomassie Brilliant Blue G250.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Fig. S1. Identification of enzymes of the WLP in cell free
extracts of A. woodii grown on fructose and methanol. A.
Separation of 10 μg protein of cell free extracts by SDS-
PAGE. B. Detection of CO dehydrogenase (CODH), formyl-
THF Synthetase (FTHFS) and the bifurcating hydrogenase
(bif. hyd.) by immunological assays. 10 μg protein were sep-
arated in an SDS-PAGE and transferred to a nitrocellulose
membrane.
Fig. S2. SDS-PAGE analysis and insulin reduction activity of
Trx-Strep. A. Progress of the purification via Strep-Tactin.
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Table S1. Oligonucleotides used in this study.
Table S2. Purification of the methylene-THF reductase of
A. woodii.
Table S3. Details of transcriptomic analysis
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Lane 1, flow through; lane 2 and 3, wash fractions; lane 4-9,
eluted Trx-Strep. Per lane 15 μl protein fraction were sepa-
rated. B. After DTT (0.33 mM) was added to 750 μg insulin 
in KPi-buffer 10 μM of Trx-Strep catalyzed the precipitation 
of insulin.
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