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Electron Bifurcation Involved in the Energy Metabolism of the

Acetogenic Bacterium Moorella thermoacetica Growing on Glucose or
H, plus CO,

Haiyan Huang,? Shuning Wang,®? Johanna Moll, and Rudolf K. Thauer®

Max Planck Institute for Terrestrial Microbiology, Marburg, Germany,” and State Key Laboratory of Microbial Technology, Shandong University, Jinan, People’s Republic of
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Moorella thermoacetica ferments glucose to three acetic acids. In the oxidative part of the fermentation, the hexose is converted
to 2 acetic acids and 2 CO, molecules with the formation of 2 NADH and 2 reduced ferredoxin (Fd,.,>~) molecules. In the reduc-
tive part, 2 CO, molecules are reduced to acetic acid, consuming the 8 reducing equivalents generated in the oxidative part. An
open question is how the two parts are electronically connected, since two of the four oxidoreductases involved in acetogenesis
from CO, are NADP specific rather than NAD specific. We report here that the 2 NADPH molecules required for CO, reduction
to acetic acid are generated by the reduction of 2 NADP* molecules with 1 NADH and 1 Fd,.;*~ catalyzed by the electron-bifur-
cating NADH-dependent reduced ferredoxin:NADP™ oxidoreductase (NfnAB). The cytoplasmic iron-sulfur flavoprotein was
heterologously produced in Escherichia coli, purified, and characterized. The purified enzyme was composed of 30-kDa (NfnA)
and 50-kDa (NfnB) subunits in a 1-to-1 stoichiometry. NfnA harbors a [2Fe2S] cluster and flavin adenine dinucleotide (FAD),
and NfnB harbors two [4Fe4S] clusters and FAD. M. thermoacetica contains a second electron-bifurcating enzyme. Cell extracts
catalyzed the coupled reduction of NAD* and Fd with 2 H, molecules. The specific activity of this cytoplasmic enzyme was 3-fold
higher in H,-CO,-grown cells than in glucose-grown cells. The function of this electron-bifurcating hydrogenase is not yet clear,

since H,-CO,-grown cells additionally contain high specific activities of an NADP*-dependent hydrogenase that catalyzes the
reduction of NADP* with H,. This activity is hardly detectable in glucose-grown cells.

lavin-based electron bifurcation is a recently discovered mech-

anism of coupling endergonic to exergonic redox reactions in
the cytoplasm of anaerobic bacteria and archaea. Via this novel
mechanism, e.g., the endergonic reduction of ferredoxin (Fd)
(two [4Fed4S] clusters, each with an E,' of <—400 mV) with
NADH (E,” = —320 mV) is coupled to the exergonic reduction of
crotonyl coenzyme A (CoA) to butyryl-CoA (E,” = —10 mV) with
NADH (E,” = —320 mV) in butyric acid-forming clostridia (re-
action 1). The coupled reaction is catalyzed by the cytoplasmic
butyryl-CoA dehydrogenase/electron transfer flavoprotein com-
plex (Bcd/EtfAB) containing only flavin adenine dinucleotides
(FADs) as prosthetic groups (28, 37). The mechanism of coupling
was proposed previously to proceed similarly to that of ubiqui-
none-based electron bifurcation in the cytochrome be; complex of
the respiratory system (9, 29, 46). One of the main differences
between flavin- and ubiquinone-based electron bifurcations ap-
pears to be that flavin-based electron bifurcation is associated with
a cytoplasmic enzyme complex and operates at redox potentials
around that of free flavins (—200 mV), whereas ubiquinone-based
electron bifurcation is associated with a membrane enzyme com-
plex and operates at around the redox potential of ubiquinone
(+110 mV).

2NADH + Fdox + crotonyl-CoA -2 NAD" + Fd, 4~
+ butyryl-CoA AG® = —45kJ/mol (1)
Another example of flavin-based electron bifurcation is the cou-
pling of ferredoxin reduction with H, (E,’ = —414 mV) to the re-
duction of the heterodisulfide CoM-S-S-CoB (E," = —140 mV) with
H, in methanogenic archaea growing on H, and CO, (reaction 2)
(AG®’ calculated by using an E," of —400 mV for ferredoxin from
Clostridium pasteurianum [65]). This coupled reaction is catalyzed by
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the cytoplasmic [NiFe]-hydrogenase/heterodisulfide reductase com-
plex MvhADG/HdrABC, with the subunit HdrA harboring FAD (32,
69). Two other examples are the formation of 2 H, molecules from
NADH and Fd, 4>~ catalyzed by the cytoplasmic [FeFe]-hydroge-
nase complex HydABC in Thermotoga maritima (reaction 3) (61)
and the reduction of 2 NADP™" molecules with reduced ferredoxin
and NADH catalyzed by the NADH-dependent reduced ferredoxin:
NADP™* oxidoreductase complex NfnAB in Clostridium kluyveri (re-
action 4) (72):

2 H, + Fdox + CoM-S-S-CoB — Fd,.*~ + CoM-SH
+ CoB-SH +2 H" AG” = —50 kJ/mol (2)

NADH + Fd,.;>~ + 3H"= 2H, + NAD" + Fdgx
AGY = 421 kJ/mol (3)

2 NADP* + NADH + Fd,.;>” + H* 2 2 NADPH + NAD"
+ Fd,, AG® = —15kJ/mol (4)
Reaction 3 was demonstrated previously by Schut and Adams
only in the direction of H, formation (61). In this direction, the
enzyme catalyzing the reaction is actually confurcating rather than
bifurcating. However, the flavin mononucleotide (FMN)-depen-
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FIG 1 Scheme of the metabolism of M. thermoacetica fermenting glucose to 3 acetic acids or 4 H, plus 2 CO, molecules to 1 acetic acid. H,F, tetrahydrofolate.
The two cytoplasmic enzymes identified in this work as being electron bifurcating are highlighted by a blue disc and a green disc, respectively. Also described for
the first time is the presence of an NADP " -reducing hydrogenase activity in H,-CO,-grown cells. All the enzymes involved in the oxidative and reductive part
of the fermentation are cytoplasmic. The physiological electron donor of methylene-H,F reductase has not yet been identified. It appears not to be NADH,
NADPH, or reduced ferredoxin. The genome of M. thermoacetica encodes an Ech-type [NiFe]-hydrogenase (see Table S1 in the supplemental material), an
F,F,-ATP synthase (14), and a sodium ion-dependent pyrophosphatase (43), which are membrane associated and which may be involved in energy conservation,
especially when the organism grows on H,-CO, as the energy source. Under this condition, net ATP is not formed via substrate-level phosphorylation.

dent enzyme should also catalyze the NAD " -dependent reduction
of ferredoxin with H,, because it is this reaction that is exergonic
under standard conditions. Indeed, it was recently shown that in
Acetobacterium woodii, which can grow on H, and CO, and which
contains only one hydrogenase of the T. maritima electron-bifur-
cating type, the hydrogenase catalyzes an NAD*-dependent re-
duction of ferredoxin with H, (55). Also, NfnAB, catalyzing reac-
tion 4, is confurcating in the forward direction and bifurcating in
the backward direction.

For an understanding of the thermodynamics of reactions 1 to
4, it is important to know that in living cells, the redox potentials
of the ox/red couples are quite different from those under stan-
dard conditions. Thus, the E’ of the H"/H, couple in methano-
genic environments is —320 mV (69), whereas the E." is —414
mV; the E’ of the Fd,, /Fd, 4>~ couple in most anaerobes is —500
mV (69), whereas the E." is —400 mV (redox potential of ferre-
doxin from C. pasteurianum) (65); the E’ of the NAD"/NADH
couple in Escherichia coli is —280 mV, whereas the E," is —320
mV; and the E’ of the NADP*/NADPH couple in E. coli is —370
mV, whereas the E,’ is —320 mV. The reason for the almost
100-mV difference in the E’ of the NAD "/NADH couple and that
of the NADP/NADPH couple is that in living cells, the NAD*/
NADH ratio is near 30/1, whereas the NADP*/NADPH ratio is
near 1/50 (5). One indication for this is that in many aerobes
and facultative organisms, transhydrogenation from NADH to
NADP™ is driven by the proton motive force catalyzed via a
membrane-associated transhydrogenase (59).

In this communication, evidence is presented to show that in
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Moorella thermoacetica (formerly Clostridium thermoaceticum),
transhydrogenation from NADH to NADP™ proceeds via reac-
tion 4 (Fig. 1). M. thermoacetica is a Gram-positive, endospore-
forming, and cytochrome-containing anaerobic bacterium that
can grow on glucose, forming three acetic acids (reactions 5 to 7)
(22), or on H, and CO, (reactions 8 and 9) (12, 34) with a growth
temperature optimum near 55°C (19):

Glucose — 3 Acetate” + 3 H" AG® = —310 kJ/mol

(5)

Glucose + 2 H,0 2 Acetate” + 2 H' + 2 CO, + 8 [H]
(6)
2 CO, + 8 [H] ~ Acetate” + H* + 2 H,0O (7)

4H, +2CO, > Acetate” + H* + 2 H,0
AG® = —95 kJ/mol (8)

4H,— 8 [H] 9)
In the oxidative part of the fermentation, glucose is oxidized to
2 acetic acids and 2 CO, molecules, generating 8 reducing equiv-
alents ([H]) (reaction 6), and in the reductive part, the two CO,
molecules are reduced to acetic acid, consuming the 8 reducing
equivalents (reaction 7). Details of the two metabolic pathways
(reactions 5 to 9) are shown in Fig. 1, which includes the findings
made in this work.
Most of the enzymes involved in CO, reduction to acetic acid
(Wood-Ljungdahl pathway) (reaction 7) have been well studied
(38,39, 58). What we know of the mechanism of the total synthesis
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of acetate from CO, is derived mostly from studies of the enzymes
in M. thermoacetica, whose genome has been sequenced (54).
However, a few important questions have remained open. One of
these questions is how electron transport between reactions 6 (gly-
colysis) and 7 (Wood-Ljungdahl pathway) proceeds. The problem
is that whereas the oxidoreductases involved in catalyzing glucose
oxidation to acetic acid and CO, are either NAD specific or ferre-
doxin specific, at least two of the oxidoreductases involved in cat-
alyzing CO, reduction to acetic acid are NADP specific (Fig. 1).
Another question is what are the electron acceptors in reaction 9
catalyzed by the hydrogenases of M. thermoacetica, which have
until now been assayed only with viologen dyes (12, 18, 33).

An answer to these questions is our finding that M. ther-
moacetica contains an electron-bifurcating enzyme catalyzing the
coupled reduction of NADP" with NADH and reduced ferre-
doxin. The specific activity of this enzyme in cell extracts was
sufficient to account for its participation in energy metabolism.
The nfuAB genes, putatively encoding the electron-bifurcating
transhydrogenase, were expressed in E. coli, and the recombinant
protein complex was found to catalyze the coupled reduction of 2
NADP™ molecules with 1 NADH and 1 reduced ferredoxin. Fur-
thermore, cell extracts of H,-CO,-grown M. thermoacetica cells
were shown to exhibit two different hydrogenase activities,
namely, an electron-bifurcating hydrogenase catalyzing the
NAD™-dependent reduction of ferredoxin with H, and a second
hydrogenase catalyzing the reduction of NADP™ with H, (Fig. 1).

MATERIALS AND METHODS

Biochemicals. Methyl-tetrahydrofolate (methyl-H,F) was purchased
from Schircks Laboratories (Jona, Switzerland). Methylene-tetrahydrofo-
late (methylene-H,F) was prepared from tetrahydrofolate (H,F) and
formaldehyde by a spontaneous reaction. H,F, glucose-6-phosphate, glu-
cose-6-phosphate dehydrogenase from baker’s yeast, glyceraldehyde-3-
phosphate, benzyl viologen, and methyl viologen were obtained from Sig-
ma-Aldrich Chemie GmbH (Taufkirchen, Germany). Ferredoxin (Fd)
(60) and ferredoxin-dependent [FeFe]-hydrogenase (37) were purified
from C. pasteurianum DSM 525, which was grown on glucose-ammo-
nium medium (31).

Growth of M. thermoacetica DSM 521. M. thermoacetica DSM 521
was grown at 55°C on glucose in 5-liter glass bottles containing 3 liters of
medium with 100% CO, as the gas phase at 1.3 X 10° Pa as described
previously (53), with minor modifications. The medium contained 100
mmol glucose (component A); 40 mmol K,HPO,, 40 mmol KH,PO,, and
100 mmol NaHCO; (components B); and 5 g tryptone, 5 g yeast extract,
7.6 mmol (NH,),SO,, 0.5 mg resazurin, 4.4 mmol sodium thioglycolate, 1
mmol MgSO,, 0.3 pmol KAI(SO,),, 0.1 mmol Fe(NH,),(SO,),, 0.1
mmol Co(NO;),, 0.2 mmol CaCl,, 20 wmol NiSO,, 6.8 mmol NaCl, 5
pmol ZnCl,, 25 wmol MnCl,, 2.4 pmol H;BO3, 7 wumol Na,SeO3, 3 pumol
Na,WO,, 25 pmol Na,MoO,, and 10 pumol EDTA - Na, (components C)
per liter. Components A, B, and C were dissolved separately in water (450
ml in a 1-liter bottle, 600 ml in a 1-liter bottle, and 1,740 ml in a 5-liter
bottle, respectively, for 3 liters of medium), and the solutions were stirred
in a type B vinyl anaerobic chamber (Coy, Grass Lake, MI) under 95%
N,—5% H, for 3 h. The bottles were then closed with rubber stoppers and
autoclaved. After cooling, solutions A, B, and C were combined under N,
and subsequently sparged with 100% CO, (the gases were passed through
a filter for sterilization). Before inoculation, the 2,790-ml medium was
supplemented with anaerobic filter-sterilized solutions D (6 ml), E (30
ml), and F (30 ml), followed by the injection via a sterile syringe of about
6 ml 25% HCI, resulting in a final pH of 6.8. Solution D contained 1 g each
of d-biotin, cyanocobalamin, flavin mononucleotide, folic acid, nicotinic
acid, pantothenic acid, p-aminobenzoic acid, and thiamine pyrophos-
phate per liter; solution E contained 36 g of Na,S - H,O per liter; and
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solution F contained 36 g of cysteine-HCI per liter. After inoculation with
300 ml of a preculture, the culture was allowed to grow for about 2 days to
an optical density at 600 nm (ODyg,) of about 5 and then harvested by
centrifugation under N,. The cells were stored at —80°C until use.

M. thermoacetica cells were grown at 55°C on H,-CO, in 2-liter glass
bottles containing 500 ml of medium and 80% H,-20% CO, as the gas
phase at 1.3 X 10° Pa. The medium was the same as that described above
for growth on glucose, with exceptions that it did not contain glucose and
that the concentrations of tryptone and yeast extract were only 2 g per
liter. After inoculation with 50 ml of a glucose-grown preculture, the
culture was allowed to grow for about 1 week until it no longer took up H,,
as measured manometrically.

Under the cultivation conditions described above, M. thermoacetica
grew on glucose with a minimum doubling time (#,) of about 6 h (360
min) and a calculated growth yield (Y) of about 40 g cells (dry mass)/mol
glucose. From these growth parameters, the specific rate of glucose fer-
mentation (the specific rate of acetate formation from 2 CO, molecules)
in wmol per min per mg protein was calculated, assuming that the average
amount of cells fermenting glucose during the doubling period (£, — ) is
1.5 times that at #, and that the cells consist of 50% protein (factor 2) (62):
specific rate = 2/(1.5 X 1; X Yy cos0) = 2/(1.5 X 360 min X 40 g/mol) ~
0.1 pmol glucose per min per mg protein. For H,-CO,-grown cells (dou-
bling time of about 24 h), the estimate for the specific rate of H, oxidation
was in the same order.

Preparation of cell extracts. The glucose- or H,-CO,-grown cells
(about 1 g of cell pellet) were suspended in 3 ml anaerobic 50 mM Tris-
HCI (pH 7.5) containing 2 mM dithiothreitol and 10 M FAD and were
subsequently disrupted by the passage of the suspension through a French
pressure cell 3 times at 120 MPa. Cell debris and membranes were re-
moved by centrifugation at 115,000 X g at 4°C for 30 min. The superna-
tant was used for enzyme assays.

Enzyme activity assays. Except where indicated, enzyme activity as-
says were performed at 45°C with 1.5-ml anaerobic cuvettes closed with
rubber stoppers and filled with 0.8-ml reaction mixtures and 0.7 ml N,,
H,, or COat 1.2 X 10° Pa. After the start of the reactions with the enzyme,
NAD(P) reduction or oxidation was monitored spectrophotometrically at
340 nm (e = 6.2 mM ! cm ™ !), ferredoxin reduction or oxidation was
monitored at 430 nm (€x,, req =~ 13.1 mM ™' cm™ '), benzyl viologen
reduction or oxidation was monitored at 555 nm (e = 12mM ™' cm ™),
and methyl viologen reduction was monitored at 600 nm (e = 13 mM ™"
cm ™). One unit was defined as the transfer of 2 pmol electrons per min.
The ferredoxin used in the assays was from C. pasteurianum. The protein
content was determined with a reagent from Bio-Rad, using bovine serum
albumin as the standard.

Glyceraldehyde-3-phosphate dehydrogenase. For glyceraldehyde-3-
phosphate dehydrogenase, the reaction mixture contained 50 mM Tri-
cine-NaOH (pH 8.5); 10 mM 2-mercaptoethanol; 10 mM sodium phos-
phate; 1 mM glyceraldehyde-3-phosphate; and 1 mM NAD™, 1 mM
NADP™, or about 30 wM ferredoxin. The gas phase was 100% N.,.

Pyruvate:ferredoxin oxidoreductase. For pyruvate:ferredoxin oxi-
doreductase, the reaction mixture contained 100 mM Tris-HCI (pH 7.5);
2 mM dithiothreitol; 10 mM pyruvate; 1 mM thiamine pyrophosphate; 1
mM CoA; and about 30 uM ferredoxin, 1 mM NAD ™", or I mM NADP™.
The gas phase was 100% N,.

Formate dehydrogenase. For formate dehydrogenase, the assay used
was modified from a method described previously (40). The reaction mix-
ture contained 100 mM Tris-HCI (pH 7.5); 2 mM dithiothreitol; 20 mM
formate; and 1 mM NADP™, 1 mM NAD™, or about 30 pM ferredoxin as
the electron acceptor. The gas phase was 100% N,,.

Methylene-H,F dehydrogenase. For methylene-H,F dehydrogenase,
the assay used was modified from methods described previously (41, 50,
74). The reaction mixture contained 100 mM morpholinepropanesulfo-
nic acid (MOPS)-KOH (pH 6.5); 50 mM 2-mercaptoethanol; 0.4 mM
tetrahydrofolate; 10 mM formaldehyde; and 0.5 mM NADP*, 0.5 mM
NAD™, or about 30 uM ferredoxin. The gas phase was 100% N,. After the
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start of the reaction with the enzyme, the reduction of NAD(P)™ and the
formation of methenyl-H,F were monitored at 350 nm using an € of 30.5
mM ™' ecm ™! [5.6 mM ™! cm ™ for NAD(P)H plus 24.9 mM ™' cm ™! for
methenyl-H,F]. The activity was measured at pH 6.5 rather than at pH 7.5
(as in the case of most of the other activity assays) because the dehydro-
genation of methylene-H,F is thermodynamically favored at higher pro-
ton concentrations.

Methylene-H,F reductase. For methylene-H,F reductase, the reac-
tion mixture contained 100 mM Tris-HCI (pH 7.5), 20 mM ascorbate,
and 10 uM FAD. For methylene-H,F reduction with reduced benzyl vi-
ologen, the reaction mixture was supplemented with 0.75 mM tetrahy-
drofolate, 10 mM formaldehyde, and 1 mM benzyl viologen. The gas
phase was 100% N,. Before the start of the reaction with the enzyme,
benzyl viologen was reduced to an AA,55 of ~1.3 with sodium dithionite.
For benzyl viologen reduction with methyl-H,F, the assay was modified
from a method described previously (11). The reaction mixture was sup-
plemented with 20 mM benzyl viologen and 1 mM methyl-H,F. The gas
phase was 100% N,. Before the start of the reaction with the enzyme,
benzyl viologen was reduced to an AA,55 of 0.3 with sodium dithionite.
For methylene-H,F reduction with NAD(P)H or reduced ferredoxin, the
reaction mixture was supplemented with 0.5 mM tetrahydrofolate; 10
mM formaldehyde; and 0.1 mM NADH, 0.1 mM NADPH, or 30 puM
reduced ferredoxin (reduced to 80% with dithionite). The gas phase was
100% N,. NAD(P)H oxidation was monitored at 350 nm (€ = 5.6 mM ™'
cm ™ Y), and ferredoxin oxidation was monitored at 430 nm.

CO dehydrogenase. For CO dehydrogenase, the reaction mixture
contained 100 mM Tris-HCI (pH 7.5), 2 mM dithiothreitol, and about
30 wM ferredoxin, 1 mM NAD™, or 1 mM NADP™". The gas phase was
100% CO.

Hydrogenase. For hydrogenase, the reaction mixture contained 100
mM potassium phosphate (pH 7.5) or Tris-HCI (pH 7.5), 10 .M FMN,
and 2 mM dithiothreitol. The gas phase was 100% H,. For NAD ™ -depen-
dent ferredoxin reduction with H,, the reaction mixture was supple-
mented with ferredoxin (about 30 M) and 1 mM NAD™ (or as indi-
cated). For methyl viologen, NAD™, or NADP™ reduction with H,, the
reaction mixture was supplemented with 10 mM methyl viologen, 1 mM
NADP™, or 1 mM NAD™.

NADH-dependent Fd, ;> :NADP* oxidoreductase. For NADH-de-
pendent Fd, ., :NADP™ oxidoreductase (NfnAB), all reaction mixtures
contained 100 mM MOPS-KOH (pH 7.0), 10 mM 2-mercaptoethanol,
and 10 pM FAD as basal ingredients. For NADH-dependent NADP*
reduction with reduced ferredoxin, the reaction mixture was supple-
mented with 2 mM NADP*, 0.5 mM NADH (or as indicated), about 30
wM ferredoxin, and 1 unit of hydrogenase from C. pasteurianum
(Fd, 4>~ -regenerating system). H, was the gas phase. NADP™ reduction
was monitored at 380 nm (e = 1.2 mM ™' cm™"). For NAD " -dependent
ferredoxin reduction with NADPH, the reaction mixture was supple-
mented with 0.5 mM NADP™, 40 mM glucose-6-phosphate, and 2 units
of glucose-6-phosphate dehydrogenase (NADPH-regenerating system);
10 mM NAD™ (or as indicated); and about 30 uM ferredoxin. N, was the
gas phase. For Fd, -dependent NAD* reduction with NADPH, the reac-
tion mixture was supplemented with 0.5 mM NADP™, 40 mM glucose-
6-phosphate, and 2 units glucose-6-phosphate dehydrogenase (NADPH-
regenerating system); 10 mM NAD™; about 10 pM ferredoxin; and 1 unit
of hydrogenase from C. pasteurianum (Fd, -regenerating system). N, was
the gas phase. NAD ™" reduction was monitored at 380 nm (e = 1.2 mM
cm Y.

Heterologous expression of nfnAB in E. coli. The genes were cloned
and expressed together with a tagged 3’ Strep cassette with a pET-51b(+)
Ek/LIC vector kit (Merck, Darmstadt, Germany). M. thermoacetica genomic
DNA was extracted and purified with a QlAamp DNA minikit (Qiagen,
Hilden, Germany). The genes were amplified by PCR with KOD Hot Start
DNA polymerase (Merck, Darmstadt, Germany) using M. thermoacetica
genomic DNA as a template. The following primers were used: 5'-GACGAC
GACAAGATGTACCGCATTGTCCGCAAAGA-3" (forward primer)
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(the inserted sequence specific for ligation-independent cloning is under-
lined) and 5'-GAGGAGAAGCCCGGTTATTTTTCCCGTAGATAGGC
GTCAA-3' (reverse primer) (the inserted sequence specific for ligation-
independent cloning is underlined). After purification with a MinElute
PCR purification kit (Qiagen, Hilden, Germany), the blunt PCR product
was treated with T4 DNA polymerase in the presence of dATP to generate
specific vector-compatible overhangs. It was then annealed into the linear
pET-51b(+) EK/LIC vector (Merck, Darmstadt, Germany) with single-
stranded complementary overhangs, which was subsequently trans-
formed into NovaBlue GigaSingles competent cells. After amplification,
the construct was verified by DNA sequencing. It was then transformed
into E. coli C41(DE3) cells for expression, which already harbored
pCodonPlus and pRKISC (47). pRKISC contains the E. coli isc locus (66)
and has been successfully used for the production of iron-sulfur proteins
(27, 47).

For expression, the cells were aerobically grown in 2 liters of Ter-
rific broth (TB) medium at 37°C with a high stirring speed (750 rpm).
Before inoculation, the medium was supplemented with carbenicillin
(50 mg liter '), chloramphenicol (25 mg liter '), and tetracycline (10
mg liter ') to maintain the plasmids and with cysteine (0.12 g liter '),
ferrous sulfate (0.1 g liter '), ferric citrate (0.1 g liter '), and ferric
ammonium citrate (0.1 g liter ') for the enhancement of iron-sulfur
cluster synthesis. When an OD, of about 0.6 was reached, the stirring
speed was lowered to 250 rpm. Concomitantly, the culture was sup-
plemented with IPTG (isopropyl B-p-thiogalactoside) (0.5 mM) to
induce gene expression. After 20 h at 37°C, stirring was stopped, and
the culture was left for another 20 h at 4°C before harvesting by cen-
trifugation. The recombinant E. coli cells were washed with anaerobic
100 mM Tris-HCI (pH 7.5) and stored at —80°C under N, until use.

Purification of Strep-tagged proteins. The steps for the purification
of Strep-tagged proteins were performed at room temperature in a Coy
type B vinyl anaerobic chamber filled with 95% N,—5% H, and containing
a palladium catalyst for O, reduction with H,. The E. coli cells were resus-
pended in 100 mM Tris-HCI (pH 7.5) containing 2 mM dithiothreitol and
10 wM FAD and disrupted by sonication (10 times at 32 W for 2 min each
time). Cell debris was removed by centrifugation at 115,000 X gat 4°C for
30 min. The supernatant was then heated at 55°C for 30 min. After the
denatured protein was removed by centrifugation at 2,000 X gat 22°C for
10 min, the supernatant was applied onto a 5-ml Strep-Tactin Superflow
column (IBA, Géttingen, Germany), which was equilibrated with 20 ml
buffer W (100 mM Tris-HCI [pH 7.5], 150 mM NaCl, 2 mM dithiothre-
itol, and 10 uM FAD). The column was then washed with 35 ml buffer W.
The recombinant protein was eluted with 15 ml buffer E (buffer W con-
taining 2.5 mM desthiobiotin). The fractions containing the target protein
were pooled and concentrated by ultrafiltration with an Amicon filter
(50-kDa cutoff; Millipore). The purified protein was washed with 100 mM
Tris-HCI (pH 7.5) containing 2 mM dithiothreitol and 10 uM FAD and
then stored at —20°C under N, until use.

FeS cluster reconstitution and measurement of iron content. In or-
der to improve the activity of the purified proteins, their FeS clusters were
reconstituted in vitro (72). The reaction mixture contained 100 pmol
Tris-HCI (pH 7.5), 8 wmol dithiothreitol, 10 nmol FAD, 2 mg enzyme, 2
pmol cysteine, and 1.5 pmol FeSO, per ml. The reaction was done at
room temperature for 1 h under strictly anoxic conditions. After centrif-
ugation at 52,000 X gat4°C for 30 min, the supernatant was ultrafiltrated
by using Amicon filters (50-kDa cutoff; Millipore) and washed with 5
volumes of 50 mM Tris-HCI (pH 7.5) containing 2 mM dithiothreitol and
10 pM FAD.

The iron content of the enzyme was measured calorimetrically with
3-(2-pyridyl)-5,6-bis(5-sulfo-2-furyl)-1,2,4-triazinedisodium trihydrate
(Ferene; Sigma) with Mohr’s salt as a standard according to a method
described previously (16).

Nucleotide sequence accession number. The M. thermoacetica ge-
nome GenBank accession number is CP000232.1.
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TABLE 1 Oxidoreductase activities in cell extracts of glucose-grown M. thermoacetica®

Sp act (U/mg) determined in:

Oxidoreductase Substrate This study Literature (reference[s])
Glyceraldehyde-3-phosphate dehydrogenase GAP + NAD* 4.3 Not reported; approximate K,,, for NAD™" reported
GAP + NADP™ <0.01 to be 0.1 mM (67)
GAP + Fd,, <0.01
Pyruvate:Fd oxidoreductase Pyr + CoA + Fd,, 0.6 Measured only with MV (21, 24, 71)
Pyr + CoA + NAD* <0.01
Pyr + CoA + NADP* <0.01
Formate dehydrogenase Formate + NADP* 0.7 0.4-2.3 (40, 67, 75)
Formate + NAD™" <0.01
Formate + Fd, <0.01
Methylene-H,F dehydrogenase Methylene-H,F + NADP™" 1.4 1.7-2.2 (1, 41, 50)
Methylene-H,F + NAD™" <0.01
Methylene-H,F + Fd, <0.01
Methylene-H,F reductase Methyl-H,F + BV, 0.5 0.6 (51)
Methylene-H,F + BV, 4 0.7
Methylene-H,F + NADPH <0.01
Methylene-H,F + NADH <0.01
Methylene-H,F + Fd, 4 <0.01
CO dehydrogenase CO + Fd,, 0.9 Measured only with MV (17, 20, 56)
CO + NAD™ <0.01
CO + NADP* <0.01
NADH-dependent Fd, ;NADP" oxidoreductase Fd,..* + NADH + NADP* 0.8 0.15 (67)
Fd,.,* + NADP* 0.03
NADH + NADP™ <0.01
NADPH’ + NAD* + Fd,, 0.4
NADPH® + Fd,, <0.01
NADPH' + Fd, ° + NAD* 0.3
NADPH’ + NAD™* <0.01
Hydrogenase H, + MV 0.4 1.2-8 (18, 33, 42)
H, + NAD* + Fd,, 0.1
H, + Fd,, <0.01
H, + NAD* <0.01
H, + NADP" + Fd,, <0.01
H, + NADP* <0.01

@ Fd,4-regenerating system (Fd, hydrogenase from C. pasteurianum, and 100% H,, keeping the ferredoxin about 50% reduced).

¥ NADPH-regenerating system (NADP™, glucose-6-phosphate dehydrogenase, and glucose-6-phosphate).

¢ Fd,,-regenerating system (Fd, hydrogenase from C. pasteurianum, and 100% N,).

4 GAP, glyceraldehyde-3-phosphate; Fd, ferredoxin from C. pasteurianum; Pyr, pyruvate; H,F, tetrahydrofolate; BV, benzyl viologen; MV, methyl viologen. The assays were
performed at 45°C. The specific activities were higher by a factor of 2 at 55°C, the growth temperature optimum of M. thermoacetica. For assay conditions, see Materials and
Methods. The reduction or oxidation of the substrate listed last was monitored spectrophotometrically to measure the activity.

RESULTS

In cell extracts of M. thermoacetica, we found three new activities,
which could be involved in the energy metabolism of this organ-

Specific activities of catabolic oxidoreductases in cell ex-
tracts of glucose-grown M. thermoacetica. The specific activities
of most of the oxidoreductases involved in the glucose fermenta-

ism (Fig. 1): the coupled reduction of NADP ™ with reduced ferre-
doxin and NADH, the coupled reduction of ferredoxin and
NAD™* with H,, and the reduction of NADP* with H,. To find out
whether the three enzyme activities can have a function in energy
metabolism, we compared their cell extract specific activities with
those of known oxidoreductases (Table 1 and see Table 3) and
with the specific rate of substrate consumption during the growth
of the organisms on glucose and on H,-CO,, which was estimated
to be about 0.1 pwmol per min per mg protein (see Materials and
Methods).
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tion of M. thermoacetica (Fig. 1) were described many years ago for
cell extracts (Table 1). Surprisingly, however, data on the specific
activity of glyceraldehyde-3-phosphate dehydrogenase are not
found. For pyruvate:ferredoxin oxidoreductase and CO dehydro-
genase, only specific activities with viologen dyes rather than with
their physiological electron acceptor ferredoxin have been re-
ported. We found that with ferredoxin, the specific activities of
these two enzymes in cell extracts were significantly lower than
those with viologen dyes, but they were still much higher than the
estimated specific rate of glucose fermentation by growing M.
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FIG 2 The M. thermoacetica genomic region around the nfnAB genes encoding NADH-dependent reduced ferredoxin:NADP ™ oxidoreductase (NfnAB). There
isa 10-bp overlap between nfnA and nfnB. Downstream of the nfnAB gene, separated by a 22-bp intergenic region, is a gene (Moth_1516) encoding a bifunctional
NADP " -dependent methylene-H,F dehydrogenase/methenyl-H,F cyclohydrolase.

thermoacetica cells (0.1 pmol per min per mg). This is also true for
the specific activities of all the other oxidoreductases involved
(Table 1).

The cell extracts catalyzed the reduction of NAD " with glycer-
aldehyde-3-phosphate with a specific activity of 4.3 U/mg and the
CoA-dependent reduction of ferredoxin with pyruvate with a spe-
cific activity of 0.6 U/mg (Table 1). NADP™ or ferredoxin was not
reduced with glyceraldehyde-3-phosphate,and NAD* or NADP™
was not reduced with pyruvate. The results confirm that in the
oxidative part of the fermentation, two oxidoreductases are in-
volved, namely, NAD-specific glyceraldehyde-3-phosphate dehy-
drogenase (67) and pyruvate:ferredoxin oxidoreductase (21, 24).
Consistently, the genome of M. thermoacetica harbors a gene for
glyceraldehyde-3-phosphate dehydrogenase and a gene for the
monomeric pyruvate:ferredoxin oxidoreductase that has been pu-
rified (21, 24, 71) (see Table S1 in the supplemental material).

The cell extracts catalyzed the reduction of NADP ™ with for-
mate with a specific activity of 0.7 U/mg, the reduction of NADP ™"
with methylene-H,F (1.4 U/mg), the reduction of methylene-H,F
with reduced benzyl viologen (0.7 U/mg), and the reduction of
ferredoxin with CO (0.9 U/mg) (Table 1). Neither formate nor
methylene-H,F reduced NAD" or ferredoxin, and methylene-
H,F was not reduced by NADH, NADPH, or reduced ferredoxin.
These results confirm that in the reductive part of the fermenta-
tion, a NADP-specific formate dehydrogenase (75), a NADP-spe-
cific methylene-H,F dehydrogenase (41, 50), a methylene-H,F re-
ductase with an as-yet-unknown physiological electron donor
(51), and a ferredoxin-specific CO dehydrogenase (20, 36, 56) are
involved. The genes encoding these four oxidoreductases are
shown in Fig. 2 and in Table S2 and Fig. S1 in the supplemental
material.

For the connection of the oxidative part and the reductive part,
we found an NADH-dependent reduced ferredoxin:NADP™ oxi-
doreductase activity. Cell extracts of M. thermoacetica catalyzed
the reduction of NADP * with reduced ferredoxin only in the pres-
ence of NADH and the reduction of ferredoxin with NADPH only
in the presence of NAD™ (Table 1). This activity was first observed
40 years ago (67), but its dependence on NADH and NAD, re-
spectively, was wrongly interpreted to indicate that the ferredoxin:
NADP™ oxidoreductase was allosterically regulated by the NAD ™"/
NADH ratio (70). From recent work with C. kluyveri, it is much
more likely that the activities are catalyzed by the electron-bifur-
cating NfnAB complex (72). Indeed, the nfnAB genes of M. ther-
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moacetica show high sequence identity to NfnAB of C. kluyveri at
the protein level, 54% in the case of nfnA and 62% in the case of
nfuB. Above that, the nfnAB genes were found in the genome of M.
thermoacetica adjacent to the gene for bifunctional NADP ™" -de-
pendent methylene-H,F dehydrogenase and methenyl-H,F cyclo-
hydrolase, consistent with a function of NfnAB in energy metab-
olism (Fig. 2).

NADH-dependent Fd,.,;” :NADP* oxidoreductase (NfnAB).
In a previous study, it was shown that the nfnAB genes (both
tagged with a His, cassette) from C. kluyveri can be functionally
expressed in E. coli BL21(DE3) cells. We therefore expressed the
nfnAB genes from M. thermoacetica (Fig. 2) in E. coli under similar
conditions but with some notable differences: the nfnA gene was
tagged with a Strep cassette, and the nfnB gene was not tagged and
was cloned together with the nfnA gene. For expression, a special
host, E. coli C41(DE3) harboring pCodonPlus and pRKISC (47),
was used, which has been successfully employed for the produc-
tion of iron-sulfur proteins (27).

The recombinant NfnAB protein was found in the E. coli su-
pernatant centrifuged at 115,000 X g, which catalyzed the NAD -
dependent reduction of ferredoxin with NADPH at a specific ac-
tivity of only 0.02 U/mg, indicating that the expression level of the
nfnAB genes was not high. After heat treatment at 55°C for 30 min,
the purification of NfnAB was achieved by chromatography on a
Strep tag affinity column eluted with 2.5 mM desthiobiotin. The
elution of the activity was in a broad peak. The peak fractions
contained NfnA and NfnB in an almost 1-to-1 ratio, as judged
from a scan of the Coomassie brilliant blue-stained SDS-PAGE
gels that showed only two bands, with apparent molecular masses
of 30 and 50 kDa, respectively, in agreement with the calculated
values.

The specific activity of purified NfnAB for the reduction of
ferredoxin with NADPH in the presence of NAD™ was 6.8 U/mg.
The activity increased up to 13.8 U/mg (Table 2) when, before its
measurement, the purified enzyme complex was anaerobically in-
cubated in the presence of Fe*™ (1.5 mM), cysteine (2 mM), di-
thiothreitol (8 mM), and FAD (10 wM) at pH 7.5 for 1 h at room
temperature. After the removal of nonbound Fe** by ultrafiltra-
tion, the preparations contained up to 8.7 Fe per heterodimer.
Based on the protein sequence derived from nfnAB, the presence
of two [4Fe4S] clusters and one [2Fe2S] cluster is predicted
(Fig. 2).

The purified enzyme complex catalyzed the NADH-dependent
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TABLE 2 Reactions catalyzed by recombinant NADH-dependent
reduced ferredoxin:NADP* oxidoreductase (NfnAB) from M.
thermoacetica®

Substrate Sp act (U/mg)
Fd,.,* + NADH + NADP* 22.4

Fd,.4* + NADP* <0.01
NADH + NADP ™" <0.01
NADH + Fd,_,” + NADP™" <0.01
NADPH® + NAD" + Fd,, 13.8
NADPH® + Fd,, 0.2

NADPHC + Fd, .’ + NAD* 8.4

NADPHC + Fd, .4 + NAD™" 5.6

NADPH¢ + NAD " <0.01

@ Fd,q-regenerating system (Fd, hydrogenase from C. pasteurianum, and 100% H.,,
keeping the ferredoxin about 50% reduced).

b Fd,-regenerating system (Fd, hydrogenase from C. pasteurianum, and 100% N,).
“ NADPH-regenerating system (NADP*, glucose-6-phosphate dehydrogenase, and
glucose-6-phosphate).

4 Fd, ferredoxin from C. pasteurianum. The activities were determined after in vitro
iron-sulfur cluster reconstitution in NfnAB. For assay conditions, see Materials and
Methods. The reduction of the substrate listed last was monitored
spectrophotometrically to measure the activity.

reduction of NADP™ with reduced ferredoxin (22.4 U/mg), the
NAD " -dependent reduction of ferredoxin with NADPH (13.8
U/mg), and the ferredoxin-dependent reduction of NAD™ with
NADPH (8.4 U/mg) (Table 2). Per mol NAD™ added, 0.83 mol
ferredoxin was reduced in the presence of NADPH (Fig. 3A), and
per mol NADH added, 1.7 mol of NADP™ was reduced in the
presence of reduced ferredoxin (Fig. 3B). The results indicate that
the enzyme preparation catalyzed the reduction of NADP™" with
reduced ferredoxin and NADH in a 2-to-1-to-1 stoichiometry, in
agreement with reaction 4. The purified complex also catalyzed
the reduction of viologen dyes with NADPH. This reaction was
stimulated with but not dependent on NAD™ (72). With respect
to its molecular properties (subunit molecular masses and N-ter-
minal amino acid sequences), NfnAB is not identical to the
NADPH-dependent artificial mediator acceptor pyridine nucleo-
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FIG 3 Stoichiometry of the reaction catalyzed by recombinant NADH-depen-
dent reduced ferredoxin:NADP™" oxidoreductase (NfnAB) from M. ther-
moacetica. (A) NAD™-dependent ferredoxin reduction with NADPH. (B)
NADH-dependent NADP ™" reduction with reduced ferredoxin. For assay con-
ditions, see Materials and Methods. All the reactions were started by the addi-
tion of ~0.2 units of NfnAB.

July 2012 Volume 194 Number 14

Electron-Bifurcating Enzymes in Moorella thermoacetica

+enzyme or Na, 8,0,
0.6 1 mM NADPH, no NAD", NinAB
SRR W RSt g e il i 0y
—_
£
c
g
<
<
NS
c
S 05
5 H,, [FeFe]-hydrogenase from
.g Clostridium pasteurianum
(0]
=
c 1 mM NADPH, 0.1 mM NADP",
5 20 mM NAD', NfnAB
k]
© 04t
(0]
[T
0.5mM Na 8,0,
0.3
1 " 1 " 1 " 1 "
0 20 40 60 80

Time (s)

FIG 4 Ferredoxin reduction with NADPH catalyzed by recombinant NfnAB
from M. thermoacetica. As controls, ferredoxin (Fd) reduction with 100% H,
catalyzed by the monomeric ferredoxin-dependent hydrogenase from C. pas-
teurianum (see the text) was used, as was the spontaneous reduction of Fd with
sodium dithionite. The reactions were performed with 1.5-ml anaerobic cu-
vettes filled with 0.8 ml 100 mM MOPS-KOH (pH 7.0) containing 20 uM Fd
and, where indicated, hydrogenase (~0.15 unit), NfnAB (~0.1 unit), or 0.5
mM sodium dithionite. In the case of NAD " -dependent Fd reduction with
NADPH, the gas phase was 100% N at 1.2 X 10° Pa. In the case of Fd reduc-
tion with H,, the gas phase was 100% H, at 1.2 X 10° Pa. The temperature was
45°C. The reactions were started by the addition of enzyme or dithionite. With
dithionite, 100% of Fd was reduced, and with H, plus hydrogenase, about 50%
of Fd was reduced.

tide oxidoreductase (AMAPOR), isolated and characterized more
than 10 years ago for C. thermoaceticum (26).

The energetic coupling of the endergonic reduction of ferre-
doxin from C. pasteurianum with NADPH to the exergonic reduc-
tion of NAD ™" with NADPH was demonstrated by showing that
the reduction of ferredoxin with NADPH proceeds beyond the
equilibrium concentrations expected for an uncoupled reaction
(Fig. 4). Ferredoxin was reduced to 70% (E’ = —410 mV) in the
presence of NAD™ when the NADPH/NADP™ ratio was 10 to 1
(E' = —350 mV). Without energetic coupling, a reduction of only
less than 10% of the ferredoxin is thermodynamically possible.
When, as a control, C. pasteurianum hydrogenase catalyzed the
reduction of ferredoxin (E,’ = —400 mV) with H, at 10° Pa at pH
7 (E,) = —414 mV), the ferredoxin was found to be reduced to
about 50%, in agreement with the thermodynamic prediction.
The monomeric [FeFe]-hydrogenase from C. pasteurianum dif-
fers from the heterotrimeric [FeFe]-hydrogenase from T. mari-
tima in not being electron bifurcating.

Hydrogenases. When M. thermoacetica grows on glucose,
some hydrogen is formed in the case where the CO, concentration
is low, and therefore, the cells are expected to exhibit hydrogenase
activity (33). Indeed, cell extracts catalyzed the reduction of
methyl viologen with H, at a specific activity of 0.4 pmol min ™"
mg ' (see also reference 18). The genome of M. thermoacetica
harbors genes for a membrane-associated [NiFe]-hydrogenase of
the Ech type and two gene clusters for cytoplasmic heteromeric
[FeFe]-hydrogenase but not an isolated gene for a monomeric
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FIG5 NAD"-dependent ferredoxin reduction with 100% H, catalyzed by cell
extracts of glucose-grown M. thermoacetica. (A) Time course of ferredoxin
reduction in the absence and presence of NAD* (1 mM). (B) Amount of
ferredoxin reduced versus the amount of NAD" added. NADP* could not
substitute for NAD ™" in promoting ferredoxin reduction with H,. For assay
conditions, see Materials and Methods. The reactions were started with ~0.2
mg cell extracts with a specific activity of 0.1 unit per mg.

[FeFe]-hydrogenase of the C. pasteurianum type (see Table S3 in
the supplemental material). One of the two gene clusters for the
heteromeric [FeFe]-hydrogenases shows sequence similarity to
the electron-bifurcating NAD"- and ferredoxin-dependent
[FeFe]-hydrogenase (HydABC) from T. maritima (61), and the
other one shows sequence similarity to the NADP"-reducing
[FeFe]-hydrogenase (HndABCD) from Desulfovibrio fructoso-
vorans (44). Both [FeFe]-hydrogenases also show sequence simi-
larity to each other. We therefore looked for these activities and
found that cell extracts of glucose-grown cells catalyzed the reduc-
tion of ferredoxin only in the presence of NAD™ (Table 1). Per
mol NAD™ added, 0.83 mol of ferredoxin from C. pasteurianum
was reduced (Fig. 5). The cell extracts did not catalyze the reduc-
tion of NADP™" with H, at significant specific rates in either the
absence or the presence of ferredoxin (Table 1).

M. thermoacetica can grow on H, and CO, albeit with doubling
times of only about 24 h and, in our hands, for only a few gener-
ations when starting from a glucose-grown culture. In cell extracts
of such grown cells, the specific activity of NAD * - and ferredoxin-
dependent hydrogenase was 3-fold higher than that in glucose-
grown cells, indicating an induction of the enzyme upon the trans-
fer of the organism from glucose to H, and CO, (Table 3).

Interestingly, cell extracts of H,-CO,-grown cells also cata-
lyzed the reduction of NADP™ with H,, and the reduction was not
dependent on ferredoxin (Table 3). The specific activity was 1.7
U/mg and, thus, more than 100 times higher than that in glucose-
grown cells (Table 1).

DISCUSSION

We have shown that M. thermoacetica cells grown on glucose or on
H,-CO, contain an electron-bifurcating NfnAB complex catalyz-
ing the coupled reduction of NADP* with reduced ferredoxin and
NADH (reaction 4) (Tables 1 to 3). The specific activities of
NfnAB were almost the same in glucose- and H,-CO,-grown cells
(Tables 1 and 3). Cell extracts of glucose-grown cells also catalyzed
the coupled reduction of ferredoxin and NAD " with H, (reaction
3) (Table 1) albeit at only one-third of the specific activity of that
of H,-CO,-grown cells. We have additionally found that during
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the growth of M. thermoacetica cells on H,-CO,, a non-electron-
bifurcating NADP " -reducing hydrogenase is induced (Table 3).
The possible function of these enzymes in the energy metabolism
of M. thermoacetica is shown in Fig. 1. The scheme disregards that
during the growth of M. thermoacetica on glucose, some H, is
formed (33).

During the growth of M. thermoacetica on glucose, two NAD™
and two ferredoxin molecules are reduced in the oxidative part of
the energy metabolism (Fig. 1). One NADH and one reduced
ferredoxin are used to regenerate, via the NfnAB complex, two
NADPH molecules required for the reduction of CO, to formate
and of methenyl-H,F to methylene-H,F. This leaves one reduced
ferredoxin for the reduction of CO, to CO in the reductive part of
the energy metabolism and one NADH. How this NADH is reoxi-
dized and how methylene-H,F is reduced to methyl-H,F are not
yet known.

Based on the genome sequence, M. thermoacetica contains a
cytoplasmic methylene-H,F reductase that differs from that of E.
coli by putatively being composed of 6 different subunits rather
than of 1 (30, 64) (see Fig. S1 in the supplemental material). One
of the six subunits is a flavoprotein with low sequence similarity to
the NAD-specific methylene-H,F reductase of E. coli. The gene for
the flavoprotein is neighbored by one for a conserved iron-sulfur
zinc protein. The other four show sequence similarity to the sub-
units MvhD, HdrA, HdrB, and HdrC of the electron-bifurcating
MvhADG/HdrABC complex from methanogenic archaea (see
Fig. S1 in the supplemental material). The redox potential, E,’, of
the methylene-H,F/methyl-H,F couple has been determined to be
—200 mV (73) and is thus much more positive than any of the
other electron donors or acceptors involved in the energy metab-
olism of M. thermoacetica. These are indications that the methyl-
ene-H,F reductase of M. thermoacetica could be an electron-bifur-
cating enzyme.

During the growth of M. thermoacetica on H, and CO,, the

TABLE 3 Activities of NADH-dependent reduced ferredoxin:NADP™"
oxidoreductase (NfnAB) and hydrogenase in cell extracts of H,-CO,-
grown M. thermoacetica®

Sp act
Oxidoreductase Substrate (U/mg)
NADH-dependent Fd,_s:NADP*  Fd,_ " + NADH + NADP™ 2.4
oxidoreductase Fd,..* + NADP* 1.7
NADH + NADP™ <0.01
NADPH® + NAD* + Fd,, 0.5
NADPH? + Fd,, <0.01
NADPH + Fd_* + NAD" 0.4
NADPH” + NAD* <0.01
Hydrogenase H, + MV, 55.2
H, + NAD"' + Fd,, 0.3
H, + Fd,, 0.02
H, + NAD* <0.01
H, + NADP* + Fd,, 1.8
H, + NADP* 1.7

@ Fd,.q-regenerating system (ferredoxin, hydrogenase from C. pasteurianum, and 100%
H,, keeping the ferredoxin about 50% reduced).

¥ NADPH-regenerating system (NADP™, glucose-6-phosphate dehydrogenase, and
glucose-6-phosphate).

¢ Fd,,-regenerating system (Fd, hydrogenase from C. pasteurianum, and 100% N.,).
 For abbreviations and assay details, see Table 1. The reduction of the substrate listed
last was monitored spectrophotometrically to measure the activity.
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NADPH required for the reduction of CO, to formate and for the
reduction of methenyl-H,F to methylene-H,F is probably pro-
vided mainly via the NADP*-reducing hydrogenase (Fig. 1). The
reduced ferredoxin for the reduction of CO, to CO is probably
regenerated via the electron-bifurcating hydrogenase. Again, how
the NADH is reoxidized and how methylene-H,F is reduced are
not yet known. The scheme also does not explain how net ATP is
synthesized during growth on H, and CO,. The ATP generated via
substrate-level phosphorylation in the acetokinase reaction is re-
quired for the formyl-H,F synthetase reaction. A previously pro-
posed additional energy-coupling site is the reduction of methyl-
ene-H,F to methenyl-H,F (68).

M. thermoacetica contains cytochromes and menaquinone (13,
25). Where could these electron carriers come into play? A hy-
pothesis is that the cytochrome b found in the membrane of M.
thermoacetica is involved in methylene-H,F reduction to methyl-
H,F (3, 19,23, 58). The involvement in this step appears, however,
not to be obligatory, since membranes of cells grown on oxalate
and nitrate apparently reducing CO, to acetic acid under these
conditions did not contain cytochrome b (63). In this respect, it is
of interest that M. thermoacetica is aerotolerant and can rapidly
reduce O, when present at low levels (15). The electron transport
chain to O, has been shown to involve cytochrome b and other
cytochromes (15), so it could well be that the cytochromes in M.
thermoacetica are involved in O, reduction rather than in CO,
reduction to acetic acid. The redox potential of menaquinone
(—75mV) is too positive to be involved in acetogenesis from CO,.

Besides acetogens that contain cytochromes and menaqui-
none (13, 25, 54), there are also acetogens that do not contain
these membrane-associated electron carriers. There are many
other important differences between these two groups of ace-
togens, as revealed by a comparison of M. thermoacetica with
the non-cytochrome-containing A. woodii (55). Thus, A. woo-
dii contains a membrane-associated and energy-conserving
RnfABCDEFG complex that catalyzes the reduction of NAD™
with Fd,.4>~ (6-8). The genes for this enzyme are not found in
M. thermoacetica (54); vice versa, from the genome sequence, it
is predicted that M. thermoacetica contains a membrane-asso-
ciated energy-conserving Ech-type complex (54) that catalyzes
the reduction of protons to H, with Fd,.4>~ (see Table S3 in the
supplemental material). The genes for this enzyme are not
found in A. woodii (55). The membrane-associated Ech-type
[NiFe]-hydrogenase from M. thermoacetica is most similar to
the hydrogenase 4 complex in E. coli (2, 4). Other differences
are that A. woodii does not contain NfnAB, that the methylene-
H,F dehydrogenase is NAD rather than NADP specific (57),
and that methylene-H,F reductase is active with NADH (10),
while the enzyme from M. thermoacetica is not. In this respect,
it is of interest that in the genome of A. woodii, genes for ho-
mologues of MvhD, HdrA, HdrB, and HdrC, which are part of
the M. thermoacetica methylene-H,F reductase gene cluster
(see Fig. S1 in the supplemental material), are not found (55).
In A. woodii, the methylene-H,F reductase gene cluster is com-
posed of only three genes, predicted to encode a flavoprotein
with sequence similarity to the methylene-H, reductase of E.
coli, the conserved iron-sulfur zinc protein also found in M.
thermoacetica, and a second flavoprotein with sequence simi-
larity to RnfC not found in M. thermoacetica. As for M. ther-
moacetica, the reduction of methylene-H,F to methyl-H,Fin A.
woodii and other non-cytochrome-containing acetogens was
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proposed previously to be the missing site of energy conserva-
tion (35, 55).

Acetogenesis from CO, is the fourth type of energy metabolism
dependent on the newly discovered mechanism of energy conser-
vation via flavin-based electron bifurcation. The other three en-
ergy metabolisms employing this mechanism are methanogenesis
from H, and CO, (32, 69), butyric acid-forming fermentations
(37,72), and glucose fermentation to 2 acetic acid, 2 CO,,and 4 H,
molecules (61), and this is most probably only the beginning of a
longer list. Proposals for the involvement of electron-bifurcating
enzymes in the energy metabolisms of other anaerobic microor-
ganisms were reported recently (45, 48, 49, 52).
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