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Summary

Methanol is the simplest of all alcohols, is universally
distributed in anoxic sediments as a result of plant
material decomposition and is constantly attracting
attention as an interesting substrate for anaerobes
like acetogens that can convert bio-renewable metha-
nol into value-added chemicals. A major drawback in
the development of environmentally friendly but eco-
nomically attractive biotechnological processes is
the present lack of information on biochemistry and
bioenergetics during methanol conversion in these
bacteria. The mesophilic acetogen Eubacterium
callanderi KIST612 is naturally able to consume
methanol and produce acetate as well as butyrate. To
grasp the full potential of methanol-based production
of chemicals, we analysed the genes and enzymes
involved in methanol conversion to acetate and iden-
tified the redox carriers involved. We will display a
complete model for methanol-derived acetogenesis
and butyrogenesis in Eubacterium callanderi
KIST612, tracing the electron transfer routes and
shed light on the bioenergetics during the process.

Introduction

Acetogenic bacteria are a phylogenetically diverse but
nutritionally rather uniform group of strictly anaerobic bac-
teria (Schuchmann and Mdiller, 2016). They are charac-
terized by a two-branched linear pathway for acetate
formation from two mol of CO,, the acetyl-CoA or Wood-
Ljungdahl pathway (WLP) (Wood and Ljungdahl, 1991).
The WLP is considered as an ancient pathway of CO,
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fixation since it is the only of currently seven known path-
ways for CO, fixation that is energy neutral (Calvin,
1962; Evans et al., 1966; Holo, 1989; Wood and
Ljungdahl, 1991; Berg et al., 2007; Huber et al., 2008;
Zarzycki et al., 2009; Sanchez-Andrea et al., 2020). In
the methyl branch, one mol of CO, is reduced to formate
that is then bound at the expense of ATP hydrolysis to
the C; carrier tetrahydrofolate (THF). Formyl-THF is
dehydrated to methenyl-THF and then reduced via
methylene- to methyl-THF. The methyl group is the pre-
cursor of the methyl group of acetate and is transferred
to the key enzyme of the pathway, the carbon monoxide
dehydrogenase/acetyl-CoA synthase (CODH/ACS). A
second molecule of CO, is reduced by the CODH, also
bound to the CODH/ACS and serves as carbonyl group
of acetate. CODH/ACS forms the carbon—carbon bond
and introduces CoA into the molecule. Acetyl-CoA is then
converted via acetyl phosphate to ATP and acetate
(Andreesen et al., 1973).

Since the pathway reduces CO. via three two-electron
reductions to a methyl group, the pathway is well suited to
also accept other C1 substrates, such as formate, formal-
dehyde, carbon monoxide or methanol. Nearly all of these
are highly interesting substrates for the production of
value-added compounds in biotechnological processes.
H, + CO, + CO (synthesis gas, syngas) is already used
in an industrial process as feedstock to produce ethanol,
catalysed by Clostridium autoethanogenum (Norman
et al., 2018). Methanol is another interesting feedstock that
is currently synthesized at industrial large scale from syn-
gas or methane, but can also be synthesized from coal,
biomass or municipal solid waste (www.methanol.org/the-
methanol-industry; laquaniello et al., 2017; Giuliano et al.,
2020). Although it has been known for a long time that
acetogens grow on methanol (Bache and Pfennig, 1981),
the analysis of the enzymes and redox carriers involved
as well as the ATP yield is lagging behind (Kremp
et al., 2018; Kremp and Mdiller, 2021). The knowledge of
the ATP yield is of special importance since acetogens
grow at the thermodynamic limit of life (Schuchmann and
Muller, 2014). The ATP yield is typically only a fraction of
an ATP, thus making the implementation of ATP-
demanding pathways for the synthesis of value-added
compounds very challenging. Eubacterium callanderi
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KIST612 (formerly Eubacterium limosum KIST612) is one
of the interesting organisms to be used as methylotrophic
organism for it can produce butyrate naturally not only
from gaseous CO or synthesis gas but also from the liquid
C;y compound methanol (Chang et al., 1997; Jeong
et al., 2015; Litty and Miller, 2021). However, since noth-
ing is known about the enzymes catalysing acetogenesis
from methanol and the redox carriers involved, the ATP
yield could not be calculated. To fill this gap, we have puri-
fied and analysed all the redox enzymes of the WLP in E.
callanderi KIST612 and determined the redox carriers
entangled in the WLP. This enabled us to identify the
entire biochemistry of acetyl-CoA formation and to deter-
mine the ATP yield.

Results and discussion
The methanol-specific methyl transferase system

The methyl groups are mobilized by a methyltransferase
system that is comprised of three proteins containing two
catalytic domains (Kremp and Miller, 2021). The methyl-
transferase | (MTI) abstracts the methyl group from the
substrate and transfers it to the central cobalt atom of a
corrinoid-cofactor, the corrinoid protein, CoP (Das
et al., 2007; Visser et al., 2016; Kremp et al., 2018). From
there, the methyl group is transferred by a methyl-
transferase 1l (MTIl) to tetrahydrofolate (Visser
et al., 2016; Kremp et al., 2018). Since corrinoids are
highly reactive in their superreduced active state, they
undergo spontaneous autooxidation leading to an inacti-
vation of the CoP. To return the corrinoid cofactor to the
active state, so-called activating enzymes use ferredoxin/
flavodoxin to reductively activate the corrinoid protein
(Ddrichen et al., 2019; KiBling et al., 2020). MTI confers
the substrate specificity and a BLAST search using the
Eubacterium limosum MTI (MitB, WP_038351887.1;
(Kountz et al., 2020)) as query showed that the genome
of E. callanderi KIST612 encodes 32 different MTI
enzymes (Table S1), underlining the importance of
methyl groups as carbon and energy source for E.
callanderi KIST612. Recently, Chen and colleagues
(2016) heterologously produced and isolated a MT sys-
tem from the closely related Eubacterium limosum ZL-I
that was shown to be methanol-specific. Since the
genome of E. limosum ZL-ll had not been sequenced,
the group of Chen et al. used the genome of E. callanderi
KIST612 as a reference for genetic analysis. Therefore,
the genes coding for this methanol-specific methyl-
transferase system are actually originating from E.
callanderi KIST612 and the corresponding proteins were
identified as methanol:corrinoid methyltransferase (MT];
allocated locus tag ELI_2003), corrinoid protein (CoP;
ELI_2004), methyltetrahydrofolate:corrinoid/iron—sulfur

MTI CoP MTII AE

— =

ELI_2003 ELI_2004 ELI_2005 ELI_0370

1kb

Fig. 1. Genetic organization of the putative methanol-specific methyl-
transferase system in E. callanderi KIST612. The potential operon
consisting of ELI_2003 (coding for methyltransferase 1, MTI),
ELI_2004 (corrinoid protein, CP) and ELI_2005 (methyltransferase II,
MTII) is located distinct from the activating enzyme (AE) encoded by
ELI_0370. The activating enzyme acts on different corrinoid proteins.

protein methyltransferase (MTII; ELI_2005) and activating
enzyme (AE; ELI_0370) (Fig. 1). These proteins are
similar to the proteins encoded by locus tags
Awo_c22760-Awo_c22740 of Acetobacterium woodii
that showed the highest expression levels of all methyl
transferase genes during A. woodii growth on methanol
(Kremp et al., 2018). Moreover, ELI_2003-ELI_2005 were
recently shown by a proteomics approach to be
upregulated during growth on methanol (Kim et al,
2021). Therefore, the genes assigned as ELI_2003-
ELI_2005 most likely encode the methanol-specific
methyl transferase system of E. callanderi KIST612.

The methylene-THF reductase is of the MetF/MetV type

Methyl-THF is oxidized to CO, (Equation 1) to gain six
electrons for reduction of three mol CO, to CO. Since oxi-
dation of methyl-THF yields only one mol of CO,, but in
the reductive part three mol CO, are needed
(Equation (2)), two additional mol CO, are necessary in
the displayed methanol conversion to acetate
(Equation (3)), which are provided by the carbonate-
buffered growth medium. Thus, methanol is converted
according to:

1CH30H +1H,0>1C0, + 66~ +6H" (1)

3CH30H+3C0, + 66~ +6H">3CH;COOH +3H,0
(@)

4CH30H +2 CO,>3 CH3COOH + 2 H,0 (3)

Oxidation of the methyl group according to Equation (1)
is the reversal of CO, reduction. The first enzyme in this
process is the methylene-THF reductase. The redox cou-
ple methylene-THF/methyl-THF has a standard redox
potential of Ey/ = —200mV (Wohlfarth and Diekert,
1991). Therefore, reduction of NAD* (Ey’ = —320 mV)
with methyl-THF as electron donor is highly endergonic
(AGy' = +23 kd/mol) and thus, the question is how the
thermodynamic barrier is overcome. In A. woodii,
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oxidation of methyl-THF and NAD™" reduction by the puri-
fied methylene-THF reductase (MTHFR) is almost impos-
sible (Kremp et al., 2018), unless the next enzyme, the
methylene-THF dehydrogenase (MTHF-DH) is added to
the enzyme (Bertsch et al., 2015). Obviously, the MTHF-
DH removes the endproduct of the first reaction, thus
energetically ‘pulling’ the methyl-THF-dependent NAD*
reduction. Another solution to overcome the energetic
barrier would be electron bifurcation (Li et al., 2008; Mock
et al., 2014; Buckel and Thauer, 2018). The reduced
low redox potential electron carrier ferredoxin (Fd,
Ey’ = —500 to —450 mV) could be oxidized with concomi-
tant NAD" reduction in an exergonic reaction and thus
‘drive’ endergonic methylene-THF-dependent NAD™
reduction, much like Fd,.q-driven lactate oxidation in A.
woodii by electron bifurcation/confurcation (Weghoff
etal., 2015).

To address this question and investigate the biochemical
properties of the enzyme, we purified the MTHFR from
methanol-grown as well as from glucose-grown E.

Methanol-dependent acetogenesis in E. callanderi 4507

callanderi KIST612 using different chromatographic steps.
MTHFR from cells grown on either substrate did not show
any difference compared to each other. After the last purifi-
cation step, the protein eluted in a single peak and was
finally purified 150-fold from the cell-free crude extract
(Table 1). The purified enzyme is a heterodimer of only two
proteins with an apparent molecular mass of 33 kDa and
23 kDa, matching the expected MTHFR subunits MetF
(32 kDa) and MetV (24 kDa) (Fig. 2A). Therefore, the
MTHFR from E. callanderi KIST612 is of the MetVF type,
as assumed by Jeong and colleagues (2015). The native
size of the MetVF complex was analysed by size exclusion
chromatography and amounted to be around 110 kDa
(Fig. 2B), indicating a dimer consisting of two MetVF
heterodimers. Whilst the enzyme performed methylene-
THF-dependent oxidation of methylviologen (MV) with
644 U mg~' and methyl-THF-dependent MV reduction with
31 Umg~ ", NAD(P)-dependent activity could neither be
observed for methyl-THF oxidation nor for methylene-THF
reduction (data not shown). However, the isolated enzyme

Table 1. Purification of the methylene-THF reductase (MTHFR) from E. callanderi KIST612.

o Protein MTHFR activity Yield Purification
Purification step - R
(mg) (pmol min~" mg~") (%) (—fold)
Crude extract 2497.6 2.7 100.0 1.0
Cytoplasm 1871.7 3.3 100.7 1.2
Q-Sepharose 240.2 20.5 70.5 7.5
Phenyl-Sepharose 8.3 509.1 70.2 186.1
Superdex 200 5.5 579.6 55.4 211.9
B 110 kDa
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Fig. 2. Purification, determination of native size and hypothetical model of the methylene-THF reductase from E. callanderi KIST612.
A. 10 pg of cytoplasm and from the different purification steps Q-sepharose (Q), Phenyl-sepharose (P) and Superdex 200 (S) were separated by

SDS-PAGE, following staining with Coomassie Birilliant Blue.

B. Separation of purified MTHFR (250 pg) on a Superdex 200 Increase 10/300 GL prepacked gel filtration column under anoxic conditions.
C. Model of the heterodimeric methylene-THF from E. callanderi KIST612. The hexagon represents protein-bound FMN, cubes represent iron—

sulfur clusters.
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showed methyl-THF production from methylene-THF and
reduced Fd corresponding to an activity of 1.5 U mg™"
(Fig. 2C). Electron bifurcation or confurcation could not be
observed using Fd and NAD" or NADP™ as cofactors. Fur-
ther characterization of basic enzymatic properties using
MV as electron donor revealed a pH optimum at pH 6.0
and a temperature optimum at 40°C. After separation of
the flavins from the purified MetVF by precipitation with
trichloroacetic acid and applying the supernatant to a thin
layer chromatography, FMN could be identified as the
enzyme-bound flavin (1.1 + 0.24 mol/heterodimer) which is
in accordance with the MTHFRs from Moorella thermo-
acetica and A. woodii (Mock et al., 2014; Bertsch
et al., 2015). Furthermore, the purified MTHFR contained
83 +£095 and 84 +1 mol iron and sulfur per
heterodimer, respectively which fits quite well to the
predicted 2 [4Fe-4S] clusters in MetV (Fig. 2C).

The genes metV and metF are clustered together on
the chromosome of E. callanderi KIST612. An overview
of genetic organization of different methylene-THF
reductase-encoding genes is given in the recent review
by Kremp & Miller (2021). Contrary to A. woodii
(Poehlein et al., 2012), there is no rnfC2 gene next to
metV/metF and nowhere else on the chromosome. RnfC2
confers NADH oxidation to the MetVF-type MTHFR in A.
woodii (Bertsch et al., 2015). Unlike in M. thermoacetica
(Mock et al., 2014), there are no hdrCBA genes next to
metVF; in M. thermoacetica the presence of Hdr subunits
in MTHFR is seen as possibility for the enzyme to use
electron bifurcation to overcome the energetic barrier
(Mock et al., 2014), but experimental evidence for this
assumption is lacking. Concisely, the MTHFR of E.
callanderi KIST612 is another example of a MetVF-type
enzyme for which the natural electron donor remains to
be established. In vitro, the enzyme does not use
NAD(P) but reduced ferredoxin as electron donor (Clark
and Ljungdahl, 1984; Wiechmann and Mudiller, 2021), but
in vivo, this is questionable since energy would not be
conserved but wasted and acetate formation from
Ho+CO, would not be possible, but only possible for
example from CO (Kremp & Mdller, 2021).

The methylene-THF dehydrogenase is NAD" dependent

For a complete understanding of the bioenergetics during
growth on methanol, it was important to investigate
whether the methylene-THF dehydrogenase (MTHF-DH)
is NAD" or NADP™ specific. Therefore, cytoplasmic frac-
tions of cells grown on methanol and harvested in late
exponential growth phase were analysed for MTHF-DH
activity. The cytoplasmic fraction catalysed methylene-
THF oxidation with NAD™ (9.78 Umg~") but not with
NADP* (0.04 U mg~") as electron acceptor.

Formate dehydrogenase forms a complex with the
bifurcating hydrogenase

The last step of the methyl group oxidation in the Wood-
Ljungdahl pathway is the oxidation of formate to CO,, as
typically catalysed by formate dehydrogenases, but the
electron carriers involved can be very different
(Li et al., 1966; Schuchmann and Mdller, 2013; Wang
et al., 2013b; Wagner et al., 2016). Due to missing bio-
chemical data for E. callanderi KIST612, Fd was mostly
assumed as reaction partner of the formate dehydroge-
nase (Jeong et al., 2015; Kremp and Miller, 2021). To out-
line a reliable view of the biochemistry during growth on
methanol and complete the picture of acetogenesis in E.
callanderi KIST612, we purified the formate dehydroge-
nase from methanol-grown cells using three different chro-
matographic steps. Surprisingly, after each purification
step the fractions containing formate dehydrogenase also
showed hydrogenase activity. When the fractions were
analysed for their protein content on SDS-polyacrylamide
gels, proteins with molecular masses of 98, 65, 63 and
17 kDa were identified (Fig. 3A) that correspond in mass
to FDH, HydB, HydA1 and HydC, respectively. The iden-
tity of these subunits as FDH, HydA1, HydB and HydC
was verified by MALDI-TOF analysis (Fig. S1). The pro-
teins of the FDH-Hyd complex were purified 52-fold (Hyd)
and 60-fold (FDH) (Table 2). Compared to other bifurcating
hydrogenases, the methylviologen-reducing activity of E.
callanderi FDH-Hyd with H, is 2212 U mg™" and is there-
fore in the range of other bifurcating hydrogenases (70—
18,000 U mg~") (Kpebe et al., 2018).

Next, we analysed whether the isolated hydrogenase
uses the mechanism of electron bifurcation. Indeed, the
hydrogenase catalysed the simultaneous reduction of
NAD* and Fd with H, as electron donor with activities
of 1.5 Umg~" for Fd reduction and 1.1 U mg~" for NAD*
reduction (Fig. 3), which is slightly lower than in A. woodii
(3 Umg™") or other bifurcating hydrogenases (up to
60 Umg™") (Kpebe et al., 2018), but still in a range that
would allow growth with hydrogen as electron source.

Next, we checked for electron bifurcation by the formate
dehydrogenase. The purified protein showed coreduction
of NAD" and Fd with formate (40 mM) as electron donor
with a catalytic activity of 0.11 U mg~" for reduction of fer-
redoxin and 0.10 U mg~" for NAD™ reduction. Reduction
of either NAD™ or Fd alone was neither observed with H,
nor with formate as electron donor (data not shown). To
determine flavins possibly bound to the enzyme, the puri-
fied enzyme was precipitated with trichloroacetic acid.
After centrifugation, the flavin-containing supernatant was
analysed by thin layer chromatography, depicting FMN as
the flavin bound to the enzyme as it has been shown for
other bifurcating formate dehydrogenases from
Gottschalkia acidurici and C. autoethanogenum (Wang
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Fig. 3. Purification and activity of the electron-bifurcating hydrogenase in complex with the formate dehydrogenase from E. callanderi KIST612.
A. Samples of the different purification steps were separated by SDS-PAGE and stained with Coomassie Brilliant Blue. 30 pg of cytoplasm (Cyt)
and 10 pg of pooled fractions from Q-sepharose (Q), pooled fractions from Phenyl-sepharose (P) and pooled fractions from Superdex

200 (S) were loaded onto the gel.

B. The purified bifurcating hydrogenase-formate dehydrogenase complex reduced NAD™ (0.3 mM) and Fd (30 uM) at the same time, using H,
(100% in the gas phase of the cuvette) as electron donor. NAD* and Fd reduction were monitored simultaneously at 430 nm (Fd reduction,

e=13.1 mM~" cm~") and 340 nm (NAD™ reduction, £ = 6.3 mM~" cm™").

C. Coupled reduction of NAD" and Fd, catalysed by purified bifurcating hydrogenase-formate dehydrogenase complex, but with formate (40 mM)

as electron donor. All other reaction conditions are the same as in panel B.

Table 2. Purification of the electron-bifurcating hydrogenase and formate dehydrogenase from E. callanderi KIST612.

Purification step Protein Specific activity Yield Purification Specific activity Yield Purification
Hyd FDH
(mg) (umol min~" mg™") (%) (—fold) (umol min~" mg™") (%) (—fold)
Crude extract 607.9 425 100.0 1.0 0.07 100.0 1.0
Cytoplasm 502.8 48.3 94.0 1.1 0.08 87.7 1.1
Q-Sepharose 67.8 331.2 86.9 7.8 0.47 714 6.4
Phenyl-Sepharose 8.0 1696.8 52.6 39.9 3.32 59.6 45.3
Superdex 200 4.4 2211.6 37.8 52.0 4.43 43.8 60.4

et al., 2013b; Wang et al., 2013a). Analysis of the temper-
ature optimum of the enzyme showed that both catalytic
subunits are most active between 35°C and 40°C.
Increasing pH stimulated both formate dehydrogenase
and hydrogenase activity, with the highest catalytic activi-
ties at pH 8.5 (FDH) and 10.5 (Hyd).

Formate dehydrogenase and bifurcating hydrogenase
form a functional complex

An important question was whether both enzymes work
together to reduce CO, with hydrogen as electron donor.
Therefore, we followed the formate-dependent H,

evolution as well as formate production from H, and CO..
The purified enzyme was able to catalyse both reaction
directions with a specific activity of 0.84 U mg~" (H, evo-
lution) and 30 mU mg~" (formation of formate). Interest-
ingly, the activities were significantly increased after
addition of the cofactors NAD" and Fd (H, production:
2-fold to 1.82U mg"; formate production: 3-fold to
100 mU mg~") before starting the reaction (Fig. 4). These
results clearly show a direct functional connectivity of the
catalytic subunits for the interconversion of formate and
CO,, but they also point out that (I) the reaction is
strongly biased to formate oxidation and (Il) the electron
transfer between FDH and Hyd is more efficient if the
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Fig. 4. The purified complex of formate dehydrogenase (FDH) and bifurcating hydrogenase (Hyd) catalyses H, evolution from formate as well as

hydrogenation of CO, to formate.

A. Hydrogen formation from formate (150 mM) was performed by 40 pg isolated enzyme in buffer 6 (100 mM sodium phosphate, 2 mM DTE,
4 uM resazurin, pH 7.0) under an atmosphere of 100% N, at 37°C. The reaction was performed in presence (A) and absence (M) of 0.3 mM

NAD™ and 30 pM Fd. H, was measured in the gas phase.

B. Formate production from H, and CO, was analysed as in panel A. but instead of formate, H, + CO, (80:20 [v/v], 1.1 x 10° Pa overpressure)
in the gas phase was used as substrate. Again, catalysis was followed with (A) and without (ll) NAD" and Fd in the reaction buffer.
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Fig. 5. Comparison of the genetic organizations of the FDH-Hyd complex genes in C. autoethanogenum and E. callanderi KIST612 as well as
HydABCD genes in A. woodii. Genetic organization of the gene cluster of complex-forming formate dehydrogenase with the NADP- and
ferredoxin-dependent bifurcating hydrogenase from C. autoethanogenum compared to the gene clusters encoding the genes for the FDH-Hyd
complex in E. callanderi KIST612. Numbers show respective amino acid sequence similarities.

electrons are shuttled between the subunits by the solu-
ble reduction equivalents NAD™ and Fd. This is contrary
to the FDH-Hyd complex from C. autoethanogenum,
where both reaction directions are performed with the
same efficiency and the addition of reducing equivalents
did not increase the catalytic activity (Wang et al.,
2013b).

Unlike the operon of the C. autoethanogenum FDH-Hyd
complex (Wang et al., 2013b), the genes in E. callanderi
KIST612 are divided in two separate gene clusters (Fig. 5).
The formate dehydrogenase gene (ELI_0994) codes for

FdhA-ll and shows a high similarity to the C.
autoethanogenum FdhA (CAETHG_2790, 60.2%). fdhA-II
is located next to the genes mobA (ELI_0996) and fdhD
(ELI_0997), which code for proteins involved in synthesis of
the molybdopterin cofactor and formate dehydrogenase
maturation, displaying a 42.6% and 54.7% similarity to the
corresponding  subunits from C. autoethanogenum
(CAETHG_2792 & CAETHG_2793), respectively. As in
other formate dehydrogenases, MobA and FdhD are not
part of the active protein (Schuchmann and Muller, 2013;
Wang et al., 2013b; Schwarz et al., 2018). The subunits of
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the bifurcating hydrogenase are clustered together in a
putative operon (ELI_0843-0847), which includes the genes
coding for HydA1 (ELI_0847) harbouring the hydrogen-clus-
ter, the putative flavin-containing and NAD-binding HydB
(ELI_0846) and the electron-transferring HydC (ELI_0843).
The produced proteins show high similarity (60%-72%)
to the subunits of the FDH-Hyd complex of C.
autoethanogenum (Wang et al., 2013b) but have a higher
similarity to the subunits of the bifurcating hydrogenase
HydABCD of A. woodii (89%-94%). The FDH-Hyd gene
cluster in C. autoethanogenum furthermore encodes genes
for MoeA (CAETHG_2791, involved in molybdopterin cofac-
tor synthesis) as well as iron—sulfur cluster containing sub-
units HytE1 and HytE2 (CAETHG_2797 & CAETHG_2799;
(Wang et al., 2013b)), which are altogether missing in the
annotated E. callanderi gene cluster. In contrast, the E.
callanderi KIST612 bifurcating hydrogenase gene cluster
contains a gene annotated as a putative histidine kinase-
like ATPase (ELI_0844) and iron—sulfur centre containing
hydD (ELI_0845). However, neither HydD (38.1% similarity
to C. autoethanogenum HytD, CAETHG_2796) nor the his-
tidine kinase-like protein could be found in the isolated
enzyme. Apart from the bifurcating hydrogenase described
here, the genome of E. callanderi KIST612 encodes for a
second, putative [FeFe] hydrogenase (ELI_2538) where the
[FeS]-cluster coordinating cysteines as well as the H-cluster
binding sites are conserved (Jeong et al., 2015). However,
typical genes for additional interacting hydrogenase sub-
units are lacking in the genetic context of ELI_2538. The
neighbouring genes include a thioredoxin-like [2Fe2S] ferre-
doxin (ELI_2537), two genes containing an ATC domain
(ELI_2535) and a winged helix-turn-helix domain for DNA
binding (ELI_2539), as well as two other genes with
unknown function (ELI_2536, ELI_2540). Therefore, no
hydrogenase function is hypothesized for ELI_2538. [NiFe]
hydrogenases are not encoded in the E. callanderi
KIST612 genome.

Conclusion

The overall reaction catalysed by the formate dehydroge-
nase/hydrogenase complex of E. callanderi KIST612 and
C. autoethanogenum (Wang et al., 2013b; Mock et al.,
2015) is identical. However, it may well be that ferredoxin
and NAD" are essential electron carriers between the
formate dehydrogenase and hydrogenase in E. callanderi
KIST612 (Fig. 6) but this requires further in-depth bio-
chemical analyses. Notably, C. autoethanogenum does
not grow on methanol (Abrini et al., 1994) and the elec-
tron bifurcating formate dehydrogenase/hydrogenase
complex of E. callanderi KIST612 may be an adaptation
to enable growth on methanol. If hydrogen would be the
end product during formate oxidation in methanol meta-
bolization, it would have to be re-captured by another

Methanol-dependent acetogenesis in E. callanderi 4511

hydrogenase; such a hydrogen cycling was recently
shown for A. woodii (Wiechmann et al., 2020). Typically,
a membrane-bound hydrogenase would activate hydro-
gen and transfer electrons into an electron transport
chain (Odom and Peck, 1984), thus leading to additional
ATP synthesis by a chemiosmotic mechanism. This can
be excluded since E. callanderi KIST612 does not
encode additional hydrogenases. The same holds true
for growth on CO (Fig. 7) that only yields reduced ferre-
doxin as electron donor for the WLP. Since there is no
membrane-bound energy-converting hydrogenase (Ech)
complex, ferredoxin must be used directly as electron
donor for reduction of CO, to formate. However, it is con-
ceivable that the enzyme may work as an emergency
valve to release electrons as hydrogen in the presence of
an electron imbalance as it has been proposed for the C.
autoethanogenum FDH-Hyd complex (Wang et al.,
2013b).

The methylene-THF dehydrogenase is NAD" depen-
dent. In earlier studies, ATP synthase from methanol-
grown cells and Rnf from cells grown on glucose were
shown to be Na™ dependent in E. callanderi KIST612
(Jeong et al., 2015; Litty and Mdller, 2020). The Na™
dependence of the Rnf could be verified with membranes
isolated from cells grown on methanol (Fig. S2). The

2 H,

HydA1

[2Fe2S]
3 [4Fe2S]

4 H* HydD?

HydB
3 [4Fe2S]
[2Fe2S] >

FMN

Fdox

Fd>

[2Fe2S]
[4Fe4S]

ﬂ NADH

NAD*

2CO, 2 Formate

Fig. 6. Model of the electron bifurcating formate dehydrogenase-
hydrogenase complex of E. callanderi KIST612. The FMN-containing
bifurcating hydrogenase and the formate dehydrogenase from E.
callanderi KIST612 form a complex that allows electron transfer
either directly between the catalytic subunits via iron sulfur clusters
or mediated by soluble cofactors NAD" and Fd. Whether HydD is
part of the active complex remains unclear. Composition of iron—
sulfur cofactors and FDH-bound metal ligand is based on sequence
analysis. H, hydrogen cluster; Mo, molybdopterin cofactor; Fdoy, oxi-
dized ferredoxin; Fd?~, reduced ferredoxin.
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methylene-THF reductase reaction remains enigmatic. In
vitro, Fd%" is used as reductant for methylene-THF reduc-
tion. If this would hold true in vivo, during growth on
methanol Fd must be reduced in the course of methyl-
THF oxidation. However, the energy barrier from methyl-
THF to ferredoxin is even higher than to NAD, making Fd
as oxidant highly unlikely, although the overall ATP yield
would increase by 0.66 ATP. In contrast growth on H, +
CO, would not be possible since the ATP yield would be
negative with -0.3 ATP/acetate. Therefore, Fd can not
be the electron carrier for the MTHFR in vivo. Therefore,
we present two models for the biochemistry and bioener-
getics of acetogenesis from methanol in E. callanderi
KIST612. If we assume an electron bifurcating MTHFR
(Fd-dependent NADH:methylene-THF oxidoreductase),
the overall ATP vyield during acetate production is

0.75 mol/mol acetate, whereas without an electron bifur-
cating MTHFR, the ATP yield is increased by 21% to
0.91 mol ATP/mol acetate. This is 264% more than the
ATP yield from H, + CO, (0.25 ATP/acetate; (Jeong
et al., 2015)) but 27% less ATP than during growth on
CO (1.25 ATP/acetate, Fig. 7).

It has been reported before that under certain circum-
stances E. callanderi KIST612 naturally produces not only
acetate but also butyrate (Jeong et al., 2015; Park
et al., 2017; Litty and Mdller, 2021). When butyrate is
formed from methanol and the MTHFR is assumed to per-
form electron bifurcation, the ATP yield is 1.5 mol ATP/mol
butyrate (Fig. 8A). Without an electron bifurcating MTHFR,
this yield rises by 33% to 2 ATP/butyrate (Fig. 8B). During
growth on CO, butyrate formation yields 4 ATP/butyrate
(electron bifurcating MTHFR) or 3 ATP/butyrate (non-
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bifurcating MTHFR), respectively (Fig. 8C-D), which either
way is a considerably higher ATP gain than from methanol
or Ho + CO, (1 mol ATP/butyrate, (Jeong et al., 2015)).
With these data, the energetics of product formation from
methanol can now be calculated.

Experimental procedures
Cultivation of E. callanderi KIST612

E. callanderi KIST612 was cultivated under strictly anoxic
conditions in phosphate-buffered basal medium (PBBM)
with 40 mM glucose or carbonate-buffered basal medium
(CBBM) with 50 mM methanol as carbon and energy
source at 37°C (Chang et al., 1999).

4513

Fig. 8. Schematic overview of
biochemistry and energy conser-
vation during butyrogenesis from
methanol (A,B) or CO (C,D) in E.
callanderi KIST612. Panel A and
C depict models that include an
electron  bifurcating MTHFR.
NADH oxidation has never been
demonstrated but could be con-
ferred by a missing protein or the
reductant is not a pyridine nucle-
otide but a compound with a sim-
ilar redox potential. In contrast,
the models in B and D do not
have electron bifurcating
MTHFR. The stoichiometry of
ions translocated per mol of ATP
hydrolysed is assumed to be
4. For abbreviations, see Fig. 7.

Cell harvest, membrane fraction isolation and cytosol

preparation

All steps were performed under strictly anoxic conditions
in an anaerobic chamber (Coy Laboratory Products,
USA), filled with 96% N, and 4% H,. Harvesting cells in
late exponential stage, disruption of cells as well as

membrane- and cytoplasm

isolation was performed

as described before (Jeong et al. 2015).

Gene analysis and comparison

Genetic analyses were performed using the Basic Local
Alignment Search Tools (BLAST) from the National Cen-
ter for Biotechnology Information (NCBI, Bethesda, MD,
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USA [Wheeler et al., 2005]) and the Integrated Microbial
Genomes and Microbiomes (IMG/M) data management
and analysis system (Chen et al., 2021). For sequence
comparisons, the Clustal Omega tool from the European
Bioinformatics Institute (EMBL-EBI, Hinxton, UK) was
used (Chojnacki et al., 2017).

Purification of the methylene-tetrahydrofolate reductase

Fifty millilitres of cytoplasm (38 mg ml~" protein) isolated
from 100 g wet cell mass was applied to a Q-Sepharose
high-performance (HP) column (GE Healthcare, Chicago,
IL, USA) equilibrated with buffer A (50 mM Tris—HCI,
20 mM MgSO,, 20% glycerol, 2 mM DTE, 4 pM res-
azurin, pH 7.6) at a flow rate of 2 ml min~". Proteins were
eluted using a linear NaCl gradient (0 to 500 mM) in
buffer A at a flow rate of 1 ml min~". The pooled fractions
showing methylene-THF-dependent reduction of met-
hylviologen (MV) were incubated with ammonium sulfate
to a concentration of 2 M and loaded onto a Phenyl-
Sepharose HP column (GE Healthcare, Chicago, IL,
USA) equilibrated with 2 M (NH,4).SO, at a flow rate of
1 mlmin~". Proteins were eluted with a linear gradient
of 2 to 0.6 M (NH,)>SO, at a flow rate of 1 ml min~".
MTHFR-containing fractions were pooled and concen-
trated using 50-kDa Vivaspin ultrafiltration tubes
(Sartorius Stedim Biotech GmbH, Germany). 500 pl of
the concentrated protein was separated on a Superdex
200 10/300 GL prepacked column (GE Healthcare, Chi-
cago, IL, USA) equilibrated with buffer A and eluted with
a flow rate of 0.2 mImin~"'. The protein that eluted in a
single peak was pooled and showed a 25-fold enrichment
of MV:methylene-THF oxidoreductase activity compared
to the cytosol, resulting in 1.8 mg of homogeneous pro-
tein that was stored at 4°C.

Purification of the formate dehydrogenase-hydrogenase
complex

Cytoplasm from 25 g wet cell mass (31 ml, 16 mg ml™")
was applied to a Q-Sepharose HP column
(GE Healthcare, Chicago, IL, USA) equilibrated with
buffer A (50 mM Tris—HCI, 20 mM MgSQ,, 20% glycerol,
2 mM DTE, 5 pM FMN, 4 pM resazurin, pH 7.2) at a flow
rate of 1 ml min~". Protein was eluted with a linear gradi-
ent of 150 ml from 0 to 0.7 M NaCl in buffer A with a flow
rate of 2 ml min~". Proteins showing formate-dependent
MV reduction as well as hydrogen-dependent MV reduc-
tion eluted at 0.5 to 0.6 M NaCl and were pooled for fur-
ther purification. 1.2 M (NH4)»SO, was added to the
pooled fractions and the proteins were loaded on a
Phenyl-Sepharose HP column (GE Healthcare, Chicago,
IL, USA) equilibrated with 1.2 M (NH,4)>SO, in buffer A at
a flow rate of 1 mimin~". Proteins were eluted with a

linear gradient of 1.2 to 0 M (NH,4)>SO, with a flow rate of
1 ml min~". Formate- as well as hydrogen-dependent MV
reduction activity eluted at around 0.12 to 0 M
(NH,4)>SO4. The pooled fractions were concentrated by
ultrafiltration using 50-kDa Vivaspin tubes (Sartorius
Stedim Biotech GmbH, Germany). The concentrated
sample was loaded on a Superdex 200 10/300 GL
prepacked column (GE Healthcare, Chicago, IL, USA)
equilibrated with buffer B (25 mM Tris—HCI, 150 mM
NaCl, 20 mM MgSO,, 20% glycerol, 2 mM DTE, 5 pM
FMN, 4 pM resazurin, pH 7.5). Elution of the proteins
was performed at a flow rate of 0.5 ml min~'. Formate
dehydrogenase as well as hydrogenase eluted together
in two defined peaks from 8.5 ml to 12.5 ml. The pooled
fractions were stored at 4°C.

Enzymatic assays

All enzyme assays, unless stated otherwise, were per-
formed in 1.8 ml anoxic cuvettes (Glasgeratebau Ochs,
Bovenden-Lenglern, Germany) sealed by rubber stop-
pers under a N, atmosphere at 37°C, with both enzyme
and buffer pre-incubated at 37°C. Methylene-THF was
synthesized non-enzymatically by mixing 1.5 mM formal-
dehyde with 0.5 mM THF (Sigma-Aldrich, Germany) in
buffer 1 (50 mM potassium phosphate, 5 mM MgCl,,
2 mM DTE, 4 uM resazurin, pH 7.0), leading to a racemic
mixture of 0.25mM methylene-THF (Wolfarth and
Diekert, 1991; Sheppard et al. 1999).

Methylene-THF dependent oxidation of MV,.4 was
measured in buffer 2 (50 mM MOPS, 10 mM NaCl,
20 mM MgSO,, 2 mM DTE, 4 pM resazurin, pH 7.0). MV
(5 mM) was added and prereduced to an Agps Of ~2,
whereupon the reaction was started by addition of the
protein.

Methyl-THF oxidation was measured as described ear-
lier (Mock et al., 2014) but using MV as electron acceptor
in buffer 3 (50 mM glycylglycine, 10 mM NaCl, 20 mM

For MTHFR-mediated Fd,.q-dependent methyl-THF
production, Fd was purified and prereduced as described
earlier (Schénheit et al., 1978; Kremp et al., 2020) and
methylene-THF was reduced in 50 mM potassium phos-
phate (Kp;) buffer (pH 7) after addition of purified MTHFR.
After the reaction was stopped, proteins were removed
using ultrafiltration in 3-kDa Vivaspin tubes. The flow
through was analysed by HPLC on a Nucleopur RP C18
Gravity-SB column (MACHERY-NAGEL; particle size
3 pm, 150 mm by 4.6 mm) using an isocratic elution with
33 mM Kp; buffer (pH 3) containing 7% of acetonitrile at a
flow rate of 0.8 mimin~' at 30°C. Methyl-THF was
detected by measuring the absorbance at 313 nm.

Methylene-THF dehydrogenase (MTHF-DH), formate
dehydrogenase (FDH), hydrogenase (HYD) and Rnf
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activities were generally determined as described before
(Bertsch et al., 2015; Jeong et al., 2015; Schwarz
et al., 2018). Hydrogenase activity was measured in
buffer 4 (50 mM CAPS, 2mM DTE, 4 uM resazurin,
pH 10.5), formate dehydrogenase was analysed in buffer
5 (50 mM EPPS, 2mM DTE, 4 uM resazurin, pH 8.5).
Hydrogen formation from formate and CO, reduction with
H, to formate was performed in buffer 6 (100 mM sodium
phosphate, 2 mM DTE, 4 puM resazurin, pH 7.0) in pres-
ence as well as in absence of 0.3mM NAD"
(¢ =6.3mM~' cm ") and 30puM Clostridium pas-
teurianum-ferredoxin (¢ = 13.1mM~" em™") in the reac-
tion mixture.

The coupled reduction of NAD* (0.3 mM) and ferre-
doxin from C. pasteurianum (30 pM) was analysed in
buffer 6 with 10 pg of the isolated FDH-Hyd protein, using
40 mM formate or 100% H, in the gas phase
(1.1 x 10°® Pa overpressure) as electron donor.

Analytical methods

Quantification of protein concentration was performed
according to the method of Bradford (1976). Protein sep-
aration was conducted in 12% SDS-polyacrylamide gels
following staining with Coomassie brilliant blue G250.
Determination of flavin content in purified proteins was
performed as reported in Bertsch and colleagues (2013),
with FAD and FMN as standards. The iron and sulfur
content of the MTHFR was determined using col-
orimetrical methods of Fish (1988) and Beinert (1983).
Calibration of the Superdex 200 10/300 GL prepacked
gelfiliration column (GE Healthcare Life Sciences, Little
Chalfont, UK) for size determination of the MTHFR was
performed with Ferritin, Aldolase, Conalbumin and Oval-
bumin (GE Healthcare Life Sciences, Little Chalfont, UK)
as size standards in buffer B without FMN.
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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 the proteins of the FDH-Hyd com-
plex from E. callanderi KIST612. A. 10 pg of the cytoplasm
(Cyt) and different purification steps Q-sepharose (Q),
Phenyl-sepharose (P) and Superdex 200 (S) were separated
by SDS-PAGE, following staining with Coomassie Brilliant
Blue. B. Results of protein identification by peptide mass fin-
gerprinting and corresponding genes. C. Analysis of the
amino acid sequence of FDH-Hyd subunits from E.
callanderi KIST612. To analyse the amino acid sequence of
each subunit, the proteins were excised from the gel shown
in (A) and analysed by MALDI-TOF-MS. The identified
amino acids are highlighted in yellow.

Fig. S2. Na'-stimulated ferredoxin:NAD+ oxidoreductase
activity in E. callanderi KIST612 membranes. 30 pM reduced
Ferredoxin (Fd, reduced with CO dehydrogenase of A.
woodii under 100% CO atmosphere) was used to reduce
1 mM NAD" with 140 pg membrane protein in 50 mM Tris,
2 mM DTE, pH 7.5. 5 mM NaCl stimulated the NAD™" reduc-
tion (black solid line), whereas in the control no NaCl was
added (grey dashed line). The contaminating Na* concentra-
tion of 0.1 mM allowed for residual Rnf activity.

Table S1. Genes of Eubacterium callanderi KIST612 anno-
tated as methyltransferase |. E. limosum  MTI
(WP_038351887.1) was used as query, using the IMG
database.
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