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It was recently found that the cytoplasmic butyryl-coenzyme A (butyryl-CoA) dehydrogenase-EtfAB complex
from Clostridium kluyveri couples the exergonic reduction of crotonyl-CoA to butyryl-CoA with NADH and the
endergonic reduction of ferredoxin with NADH via flavin-based electron bifurcation. We report here on a
second cytoplasmic enzyme complex in C. kluyveri capable of energetic coupling via this novel mechanism. It
was found that the purified iron-sulfur flavoprotein complex NfnAB couples the exergonic reduction of NADP�

with reduced ferredoxin (Fdred) and the endergonic reduction of NADP� with NADH in a reversible reaction:
Fdred

2� � NADH � 2 NADP� � H� � Fdox � NAD� � 2 NADPH. The role of this energy-converting enzyme
complex in the ethanol-acetate fermentation of C. kluyveri is discussed.

Clostridium kluyveri is unique in fermenting ethanol and
acetate to butyrate, caproate, and H2 (reaction 1) and in de-
riving a large (30%) portion of its cell carbon from CO2. Both
the energy metabolism and the pathways of biosynthesis have
therefore been the subject of many investigations (for relevant
literature, see references 12 and 27).

6 ethanol � 3 acetate�3 3 butyrate� � 1 caproate�

� 1 H�� 4 H2O � 2 H2; �G0���183.5 kJ/mol H�

(1)

During growth of C. kluyveri on ethanol and acetate, approx-
imately five ethanol and four acetate molecules are converted
to three butyrate molecules and one caproate molecule (reac-
tion 1a), and one ethanol molecule is oxidized to one acetate�,
one H�, and two H2 (reaction 1b) molecules (23, 31). How
exergonic reaction 1a is coupled with endergonic reaction 1b
and with ATP synthesis from ADP and Pi (�Go� � �32 kJ/
mol) has remained unclear for many years.

5 ethanol � 4 acetate�3 3 butyrate� � 1 caproate�

� 5 H2O; �G0� � �193.2 kJ/mol (1a)

1 ethanol � H2O3 acetate� � H� � 2 H2;

�G0� � �9.7 kJ/mol (1b)

We recently showed (12) that, in Clostridium kluyveri, the
exergonic reduction of crotonyl-coenzyme A (crotonyl-CoA)
(Eo� � �10 mV) with NADH (Eo� � �320 mV) involved in
reaction 1a is coupled with the endergonic reduction of ferre-
doxin (Fdox) (Eo� � �420 mV) with NADH (Eo� � �320 mV)

involved in reaction 1b via the recently proposed mechanism
of flavin-based electron bifurcation (7). The coupling reac-
tion is catalyzed by the cytoplasmic butyryl-CoA dehydro-
genase-EtfAB complex (reaction 2) (12):

crotonyl-CoA � 2 NADH � FdOX3 butyryl-CoA

� 2 NAD� � Fdred
2�; �G0� � �40 kJ/mol (2)

The reduced ferredoxin (Fdred
2�) is assumed to be used for

rereduction of NAD� via a membrane-associated, proton-
translocating ferredoxin:NAD oxidoreductase (RnfABCDEG)
(reaction 3), and the proton motive force thus generated is
assumed to drive the phosphorylation of ADP via a membrane-
associated F1F0 ATP synthetase (reaction 4):

Fdred
2� � NAD� � H� � FdOX � NADH � ��H� (3)

ADP � Pi � ��H� � ATP � H2O (4)

The novel coupling mechanism represented by reactions 2
and 3 allowed for the first time the possibility of formulating a
metabolic scheme for the ethanol-acetate fermentation that
could account for the observed fermentation products and
growth yields and thus for the observed ATP gains (27). One
issue, however, remained open, namely, why the formation of
butyrate from ethanol and acetate in the fermentation involves
both an NADP�- and an NAD�-specific �-hydroxybutyryl-
CoA dehydrogenase (16), considering that, in the oxidative
part of the fermentation (ethanol oxidation to acetyl-CoA),
only NADH is generated (8, 9, 13).

The presence of a reduced ferredoxin:NADP� oxidoreduc-
tase was proposed based on results of enzymatic studies per-
formed 40 years ago. Cell extracts of Clostridium kluyveri were
found to catalyze the formation of H2 from NADPH in a
ferredoxin- and NAD�-dependent reaction (34). The results
were interpreted to indicate that C. kluyveri contains a ferre-
doxin-dependent hydrogenase and an NADPH:ferredoxin ox-
idoreductase with transhydrogenase activity. H2 formation
from NADPH was strictly dependent on the presence of
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NAD� and was inhibited by NADH, inhibition being compet-
itive with the presence of NAD�, indicating that ferredoxin
reduction with NADPH is under the allosteric control of the
NAD�/NADH couple. The cell extracts also catalyzed the
NADH-dependent reduction of NADP� with reduced ferre-
doxin (21, 34). Purification of the enzyme catalyzing these
reactions was not achieved, and no function in the energy
metabolism of C. kluyveri was assigned.

In this communication, we report on the properties of the
recombinant enzyme that catalyzes the NAD�-dependent re-
duction of ferredoxin with NADPH and the NADH-dependent
reduction of NADP� with reduced ferredoxin and show that
the cytoplasmic heterodimeric enzyme couples the exergonic
reduction of NADP� with reduced ferredoxin with the ender-
gonic reduction of NADP� with NADH in a fully reversible
reaction. The transhydrogenation reaction is endergonic, be-
cause in vivo the NADH/NAD� ratio is generally near 0.3 and
the NADPH/NADP� ratio is generally above 1 (2, 30).

Fdred
2� � 2 NADP� � NADH � H� �

FdOX � 2 NADPH � NAD�; �G0� � �20 kJ/mol (5)

NADP� reduction is most probably the physiological function
of the enzyme, which is why we chose the abbreviation NfnAB
(for NADH-dependent reduced ferredoxin:NADP� oxidoreduc-
tase).

MATERIALS AND METHODS

Strains and growth. C. kluyveri DSM 555 was grown on acetate-ethanol-
bicarbonate medium at 37°C (34). Cells were harvested by the use of a contin-
uous-flow centrifuge at the late exponential phase and stored at �80°C until they
were used. Clostridium pasteurianum DSM 525 was grown on a glucose-ammo-
nium medium (11), and the cells were harvested at the mid-exponential phase.

Biochemicals. NADP�, NAD�, NADPH, NADH, glucose-6-phosphate, glu-
cose-6-phosphate dehydrogenase from baker’s yeast, triphenyltetrazolium cho-
ride (TTC), and benzyl viologen dichloride were obtained from Sigma-Aldrich
Chemie GmbH (Taufkirchen, Germany). Lactate dehydrogenase from pig heart
was from Roche (Mannheim, Germany). Ferredoxin (24) and ferredoxin-depen-
dent hydrogenase (12) were purified from C. pasteurianum DSM 525.

Purification of NfnAB from C. kluyveri. Frozen wet cells of C. kluyveri (15 g)
were suspended in 20 ml of 50 mM MOPS-KOH (morpholinepropanesulfonic
acid-KOH) (pH 7.0) containing 10 mM 2-mercaptoethanol and 5 �M flavin
adenine dinucleotide (FAD). After the addition of 10 ml of the same buffer
containing 25 mg of lysozyme, 5 mg of DNase I, and 30 mM MgCl2, the suspen-
sion was incubated at 37°C for 35 min and then centrifuged for 30 min at
40,000 � g and 4°C. A brown supernatant was obtained with about 40 mg of
protein per ml. The protein content was measured by the Bio-Rad protein assay
(Munchen, Germany), with bovine serum albumin as the standard.

The purification was done in an anaerobic tent (Coy, Ann Arbor, MI) filled
with 95% N2 and 5% H2 and containing a palladium catalyst for O2 reduction
with H2. The supernatant was applied on an 80-ml Q-Sepharose column equil-
ibrated with 50 mM MOPS-KOH (pH 7.0) containing 2 mM dithiothreitol
(DTT) and 5 �M FAD. The column was eluted with a 0 to 1 M NaCl linear
gradient. The fractions containing activity were pooled, concentrated, and de-
salted by the use of an Amicon cell with a 10-kDa-cutoff membrane. The con-
centrate was then loaded on a 30-ml Blue Sepharose column equilibrated with
the same buffer and was eluted stepwise with an NaCl step gradient (50 ml each
of 0, 0.2, 0.4, 0.6, and 1 M NaCl). After being subjected to concentration and
desalting, the fractions with activity were pooled and applied on a 10-ml hydroxy-
apatite column equilibrated with 10 mM potassium phosphate (pH 7.0) contain-
ing 2 mM DTT and 5 �M FAD. The column was eluted with a 0 to 0.5 M
potassium phosphate (pH 7.0) linear gradient. The eluate was concentrated by
ultrafiltration and finally applied on a 24-ml Superdex G200 column. Fractions
with activity were analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and stained with Coomassie brilliant blue. The bands
were excised and the polypeptides therein digested with trypsin, analyzed by

matrix-assisted laser desorption ionization–time of flight mass spectrometry
(MALDI-TOF MS), and identified by a peptide mass fingerprinting (PMF)
search in the NCBInr database.

Heterologous expression of nfnAB, nfnA, and nfnB. The genes were amplified
by PCR with high-fidelity Phusion DNA polymerase (New England Biolabs
GmbH, Frankfurt, Germany) by the use of C. kluyveri genomic DNA as a
template. The genes were expressed either together or individually where indi-
cated and tagged with a 3� or 5� His6 cassette.

nfnAB without a His6 cassette. The following primers were used: 5�-GGGTG
CATATGATGTATAAAATTGTAGACAAACAAGCTC-3� (forward primer;
the NdeI restriction site is underlined) and 5�-CTAGAACTCGAGTTATTTCT
TGCTTAAGTACTCATCTATAGC-3� (reverse primer; the XhoI restriction
site is underlined). The blunt PCR product was ligated into pCR Blunt vector
(Invitrogen, Karlsruhe, Germany), which was subsequently transformed into
TOP10 cells. After amplification, the construct was digested by the use of NdeI
and XhoI, and the target fragment was ligated into expression vector
pET24b(�), which had been digested by the same restriction endonucleases. The
new construct was introduced into TOP10 again and verified by DNA sequenc-
ing. It was then transformed into Escherichia coli BL21(DE3) for expression.

nfnAB with an nfnA 5� His6 cassette. The following primers were used: 5�-C
ACCATGTATAAAATTGTAGAC-3� (forward primer; CACC was used for
directional cloning) and 5�-TTATTTCTTGCTTAAGTACTC-3� (reverse
primer). The PCR product was cloned into pET200/D-TOPO (Invitrogen), and
the construct was subsequently transformed into One-Shot TOP10 E. coli (In-
vitrogen). After verifying the DNA sequence, the constructs were transformed
into E. coli BL21 Star (DE3) (Invitrogen) and expressed.

nfnAB with an nfnB 3� His6 cassette. The procedure was the same that used for
cloning nfnAB without a His6 cassette except for the use of a different reverse
primer: 5�-CTAGAACTCGAGTTTCTTGCTTAAGTACTCATCTATAGC-3�
(the XhoI restriction site is underlined).

nfnAB with both an nfnA 5� His6 cassette and an nfnB 3� His6 cassette. The
procedure was same as that used for cloning nfnAB without a His6 cassette except
for the use of different primers and a different expression vector. The forward
primer used was 5�-GGGTGCATATGATGTATAAAATTGTAGACAAACA
AGCTC-3� (the NdeI restriction site is underlined), and the reverse primer was
the same as that used for cloning nfnAB with an nfnB 3� His6 cassette. The
expression vector was pET28b(�).

nfnA with a 5� His6 cassette. The procedure was same as that used for cloning
nfnAB with an nfnA 5� His6 cassette except for the use of a different reverse
primer: 5�-TTATTTGTCACCTCCGCA-3�.

nfnB with a 5� His6 cassette. The procedure was the same as that used for
cloning nfnAB with an nfnA 5� His6 cassette except for the use of a different
forward primer: 5�-CACCATGGCTGTAGATAGAATG-3� (CACC was used
for directional cloning).

For expression, the cells were aerobically grown in 2 liters of tryptone-phos-
phate medium at 37°C with a high stirring speed (750 rpm). When an optical
density at 600 nm (OD600) of about 2.2 was reached, the temperature was
lowered to room temperature and the stirring speed lowered to 250 rpm. Con-
comitantly, the culture was supplemented with IPTG (isopropyl �-D-thiogalac-
topyranoside [0.5 mM]) to induce gene expression and with cysteine (0.12 g
liter�1), ferrous sulfate (0.1 g liter�1), ferric citrate (0.1 g liter�1), and ferric
ammonium citrate (0.1 g liter�1) for the enhancement of iron-sulfur cluster
synthesis. After 20 h, stirring was stopped and the culture was left for another
20 h at room temperature before being harvested by centrifugation. The recom-
binant E. coli cells were washed with anaerobic 50 mM MOPS-KOH (pH 7.0)
and stored at �80°C in an N2 atmosphere until they were used.

Purification of His-tagged proteins. The purification steps were performed
under strictly anoxic conditions. The E. coli cells were resuspended in buffer A
(50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole [pH 8.0]) and disrupted by
sonication (six times at 32 W for 6 min each time). Cell debris was removed by
centrifugation at 40,000 � g and 4°C for 30 min. The supernatant was applied on
a 30-ml nickel-nitrilotriacetic acid (Ni-NTA) Superflow column (Qiagen, Hilden,
Germany). The recombinant protein was eluted with buffer B (50 mM NaH2PO4,
300 mM NaCl, 250 mM imidazole [pH 8.0]) in a programmed gradient (90 ml at
10 mM, 60 ml at 25 mM, 90 ml at 35 mM, and 150 ml at 35 mM to 250 mM). The
purified protein was concentrated by ultrafiltration, washed with 50 mM MOPS-
KOH (pH 7.0) containing 2 mM DTT and 5 �M FAD, and then stored at �20°C
in an N2 atmosphere until use.

FeS cluster reconstitution and determination of iron content. In order to
improve the activity of the purified proteins, their FeS clusters were reconstituted
in vitro. The reaction mixture contained 100 mM Tris-HCl (pH 7.4), 8 mM DTT,
10 �M FAD, 2 mg of enzyme ml�1, 2 mM cysteine, and 1.5 mM FeSO4. The
reaction was performed at room temperature for 1 h under strictly anoxic con-
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ditions. After centrifugation at 52,000 � g and 4°C for 30 min, the supernatant
was ultrafiltrated by the use of an Amicon filter (Millipore) (30-kDa cutoff) and
washed with 5 volumes of 100 mM Tris-HCl buffer (pH 7.4).

The iron content of the enzyme was determined colorimetrically with 3-(2-
pyridyl)-5,6-bis(5-sulfo-2-furyl)-1,2,4-triazinedisodium trihydrate (Ferene), with
Mohr’s salt used as the standard according to a method previously described
(3, 20).

Enzyme activity assays. Except where indicated, these were performed at 37°C
in 1-ml anaerobic cuvettes closed with a rubber stopper and filled with 0.8-ml
reaction mixtures and 0.2 ml of N2 or H2 at 1.2 � 105 Pa. The reaction mixtures
contained 100 mM MOPS-KOH (pH 7.0), 10 mM 2-mercaptoethanol, and 12
�M FAD as basal ingredients.

TTC reduction with NADPH. The basal reaction mixture was supplemented
with 0.5 mM NADP�, 40 mM glucose-6-phosphate, and 2 U of glucose-6-
phosphate dehydrogenase (NADPH regeneration system), 2 mM NAD�, and 0.4
mM TTC. N2 was used for the gas phase. The reaction was started with enzyme,
and TTC reduction was followed using photometrical observations at 546 nm
(ε � 9.1 mM�1 cm�1). Reduction of 1 �mol of TTC per min was defined as
representing 1 unit.

NAD� reduction with NADPH. The basal reaction mixture was supplemented
with an NADPH regeneration system, 10 mM NAD�, 10 �M ferredoxin, and 1
U of hydrogenase. N2 was used for the gas phase. The reaction was started with
enzyme, and NAD� reduction was followed using photometrical observations at
380 nm (ε � 1.2 mM�1 cm�1). Formation of 1 �mol of NADH per min was
defined as representing 1 unit.

NADP� reduction with reduced ferredoxin. The basal reaction mixture was
supplemented with 2 mM NADP� (or as indicated), 0.75 mM NADH (or as
indicated), 30 �M ferredoxin, and 1 U of hydrogenase. H2 was used for the gas
phase. The reaction was started with enzyme, and NADP� reduction was fol-
lowed using photometrical observations at 380 nm (ε � 1.2 mM�1 cm�1).
Formation of 1 �mol of NAD(P)H per min was defined as 1 unit.

Ferredoxin reduction with NADPH. The basal reaction mixture was supple-
mented with an NADPH regeneration system, 10 mM NAD� and 50 �M ferre-
doxin. N2 was used for the gas phase. The reaction was started with enzyme, and
ferredoxin reduction was followed by photometrical observations at 430 nm
(ε�ox-red 	 13.1 mM�1 cm�1). Reduction of 1 �mol of ferredoxin per min was
defined as representing 1 unit.

Benzyl viologen reduction with NADPH or NADH. When NADPH was used as
electron donor, the basal reaction mixture was supplemented with an NADPH
regeneration system and 1 mM benzyl viologen. When NADH was used as an
electron donor, the basal reaction mixture was supplemented with 1 mM NADH
and 1 mM benzyl viologen. N2 was used for the gas phase. The reaction was
started with enzyme, and benzyl viologen reduction was followed by photomet-
rical observations at 578 nm (ε � 7.8 mM�1 cm�1). Reduction of 1 �mol of
benzyl viologen per min was defined as representing 1 unit.

H2 formation. Where indicated, ferredoxin reduction was coupled with the
hydrogenase reaction and gas chromatography was used to measure the H2 that
was produced. The assays were performed at 37°C using 6.5-ml serum bottles
closed with a rubber stopper and containing 0.8 ml of reaction mixture consisting
of 100 mM MOPS-KOH (pH 7.0), 10 mM 2-mercaptoethanol, 12 �M FAD, 30
�M ferredoxin, 1 U of hydrogenase, and 0.27 mg of NfnAB as basal components.
The 5.7-ml gas phase was composed of N2 at 1.2 � 105 Pa. Where indicated, the
reaction mixture additionally contained an NADPH regeneration system (2 mM
NADP�, 40 mM glucose-6-phosphate, and 2 U of glucose-6-phosphate dehydro-
genase) and NAD� in various amounts or an NAD� regeneration system (2 mM
NAD�, 20 mM pyruvate, 5 mM glyoxylate, and 3 U of lactate dehydrogenase)
and NADPH in various amounts. The reaction was started by the addition of
NfnAB. After the reaction was started, the serum bottles were continuously
shaken to secure H2 transfer from the liquid phase into the gas phase. For H2

quantification, 0.1-ml gas samples were withdrawn every 2 min and injected into
a gas chromatography apparatus equipped with a Carlo Erba GC series 6000
thermal conductivity detector and a ShinCarbon ST micropacked column
(Restek GmbH, Germany) (100/200 mesh; 1.0 mm by 2 m). N2 was used as the
carrier gas, and the flow rate was 60 ml per min. The temperatures of the
detector and the oven were set at 143°C and 110°C, respectively. The amount of
H2 was calculated according to the standard curve correlated with peak areas.

RESULTS

The NAD�-dependent formation of H2 from NADPH and
the NADH-dependent reduction of NADP� with H2 catalyzed
by cell extracts of C. kluyveri were proposed to involve a

reduced ferredoxin:NADP� oxidoreductase, ferredoxin, and
ferredoxin-dependent hydrogenase (21, 34). For the purifica-
tion of the oxidoreductase, a photometric assay was looked for
that would function in the presence of the hydrogenase but
would not require the hydrogenase present in the cell extracts.
The reduction of ferredoxin can be followed by photometrical
observation at 430 nm (�εox-red 	 13.1 mM�1 cm�1) without
being interfered with by the absorbance changes below 400 nm
that are associated with NAD(P)H oxidation and NAD(P)�

reduction. However, in the presence of hydrogenase, re-
duced ferredoxin is rapidly oxidized, with concomitant for-
mation of H2. We therefore looked for an electron acceptor
with a redox potential more positive than that of the hydro-
gen electrode at pH 7 (Eo� � �414 mV) that can substitute
for ferredoxin (Eo� � �420 mV). We finally found that cell
extracts of C. kluyveri catalyze an NAD�-stimulated reduc-
tion with NADPH of triphenyltetrazolium chloride (TTC)
(Eo� � �80 mV; n � 2) (10), which can be followed by
photometrical observation at 546 nm. Stimulation of NAD-
PH:TTC reductase activity by NAD� occurred at a 5-fold
level. In the presence of NAD�, the specific activity of TTC
reduction using NADPH in cell extracts of C. kluyveri was
approximately 0.8 U per mg.

Partial purification of the NfnAB from C. kluyveri. The
NAD�-dependent TTC reductase activity in the cell extracts
was rapidly lost under oxic conditions. The activity was also
rapidly lost upon dilution. This loss could be slowed down
considerably by the addition of FAD at a 5 �M concentration.
Flavin mononucleotide (FMN) could not substitute for FAD in
this effect. But even under strictly anaerobic conditions and in
the presence of FAD, purification was difficult. After chroma-
tography, fractions had to be recombined for activity, indicat-
ing that the enzyme was composed of at least two different
subunits that dissociated under the experimental conditions
used.

For the fractions with activity, we used mass spectrometry to
identify two polypeptides that are encoded by two open reading
frames designated nfnAB (Fig. 1) and that form a transcription
unit as determined by reverse transcription (RT)-PCR analysis
(unpublished results). The upstream genes on the circular 3.96-
Mbp chromosome (GenBank accession number CP000673) en-
code Rex (rex [CKL_0453]), crotonyl-CoA hydratase (crt1

FIG. 1. The Clostridium kluyveri genomic region around the nfnAB
genes and putative conserved domains of the two Nfn proteins. The
third base in the stop codon (TAA) for nfnA overlaps with the first
base of the start codon (ATG) for nfnB. The nfnAB gene is located
downstream of crt1-bcd1-etfAB1-hbd1 cluster, which is involved in bu-
tyryl-CoA formation from acetoacetyl-CoA and encodes 3-hydroxybu-
tyryl-CoA dehydratase (crt1), the butyryl-CoA dehydrogenase-EtfAB
complex (bcd1-etfAB1), and NADP�-dependent �-hydroxybutyryl-
CoA dehydrogenase (hbd1). rex is predicted to encode a redox-sensing
transcriptional repressor that modulates transcription in response to
the NADH/NAD� redox state.
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[CKL_0454]), butyryl-CoA dehydrogenase (bcd1 [CKL_0455]),
EtfB (etfB1 [CKL_0456]), EtfA (etfA1 [CKL_0457]), and
NADP�-dependent �-hydroxybutyryl-CoA dehydrogenase (hbd1
[CKL_0458]), all involved in the formation of butyryl-CoA from
acetyl-CoA (Fig. 1). The open reading frame nfnA (CKL_0459) is
predicted to encode a 32.6-kDa protein with binding sites for
NAD(P), FAD, and a [2Fe2S] cluster with sequence similarity
to ferredoxin:NADP� oxidoreductase from plants, and nfnB
(CKL_0460) is predicted to encode a 49.8-kDa protein with bind-
ing sites for NAD(P), FAD, and two [4Fe4S] clusters with se-
quence similarity to the � subunit of NADP�-dependent gluta-
mate synthase (Fig. 1).

Heterologous expression of nfnAB, nfnA, and nfnB. To de-
termine whether the nfnA and nfnB open reading frames en-
code the enzyme catalyzing the NAD�-dependent reduction of
TTC with NADPH in C. kluyveri, we cloned them alone and
together into expression vectors for transformation of E. coli.
After induction with IPTG, most of the recombinant protein
was found in the inclusion body fraction but some could be
recovered in the 40,000 � g supernatant, which catalyzed the
(5-fold) NAD�-stimulated reduction of TTC with NADPH at
a specific activity of 0.4 to 0.5 U per mg of protein when the
two open reading frames were expressed together. When nfnA
and nfnB were individually expressed, most of the recombinant
protein was also found in the inclusion body fraction. Only in
the case of nfnB expression was there some NADPH:TTC
oxidoreductase activity in the soluble fraction (0.06 U/mg), but
this activity was not stimulated by NAD�. However, when
extracts of cells in which nfnA was expressed were mixed with
extracts of cells in which nfnB was expressed, NAD�-stimu-
lated TTC reduction with NADPH was then observed, albeit
only at a relatively low specific activity (
0.1 U/mg).

The extracts of E. coli cells in which both nfnA and nfnB
were expressed catalyzed the NAD�-dependent reduction of
ferredoxin with NADPH at a specific activity of approximately
0.8 to 1 U per mg of protein. This activity was not observed in
nonrecombinant E. coli cells or in cells in which only either
nfnA or nfnB was expressed.

Purification of recombinant NfnAB, NfnA, and NfnB. For
the purification of the recombinant enzyme on a nickel agarose
column, only nfnA of the nfnAB transcription unit was first
tagged with a 5� His6 cassette. N-terminal His tagging did not
reduce inclusion body formation. Upon application of the cell
extract to the nickel agarose column, NfnB was recovered in
the flow-through fractions and only NfnA protein was retained.
The NfnA protein was subsequently eluted with imidazole.
Almost the same results were obtained when only nfnB of the
nfnAB transcription unit was provided with a 3�-terminal His6

cassette.
We therefore constructed a transcription vector in which

nfnA carried a 5� His6 cassette and nfnB a 3� His6 cassette.
Both subunits of the recombinant enzyme were now retained
on nickel agarose and eluted with imidazole as represented by
one broad activity peak containing NfnA and NfnB in an al-
most 1-to-1 ratio, as judged from a scan of the Coomassie
brilliant blue-stained SDS-PAGE gels.

The purified NfnAB complex had a specific activity at 37°C
of between 3 and 6 U per mg of protein in the presence of
NAD� in the TTC reduction assay and contained between 3
and 5 mol of iron per assumed heterodimer. The values dif-

fered from preparation to preparation. In the absence of
NAD�, only 25% of the specific activity was found.

FeS cluster reconstitution. The specific activity of purified
NfnAB in the presence of NAD� (TTC assay) increased up to
10 U per mg when the purified enzyme complex was incubated
in the presence of FAD (10 �M), Fe2� (1.5 mM), cysteine (2
mM), and 8 mM DTT at pH 7.4 for 1 h at room temperature
before being measured. Inclusion of Na2S in the FeS cluster
reconstitution assay was not necessary, probably because of the
presence of HS� formed from cysteine and DTT under the
assay conditions. After removal of nonbound Fe2� by ultrafil-
tration, the preparations with the UV-visible spectrum shown
in Fig. 2 contained up to 10 Fe molecules per heterodimer,
which is consistent with the presence of two [4Fe4S] and one
[2Fe2S] clusters (Fig. 1). An analysis of the exact FAD content
was not possible, because FAD had to be added to all the
solutions for the enzyme to retain activity.

We also reconstituted the FeS clusters in purified NfnA and
NfnB. After the free iron and sulfur sources were removed by
ultrafiltration, NfnA was found to contain about 1.7 mol of Fe
per mol of protein and NfnB about 6 mol of Fe per mol of
protein, which was less than was predicted based on the se-
quence (Fig. 1). Only NfnB contained bound FAD in detect-
able amounts.

Activities exhibited by NfnAB. Besides the observed NAD�-
stimulated reduction of TTC with NADPH, the purified en-
zyme complex catalyzed the NAD�-dependent reduction of
ferredoxin with NADPH, the ferredoxin-dependent reduction
of NAD� with NADPH, the NADH-dependent reduction of
NADP� with reduced ferredoxin, the reduction of benzyl
viologen with NADPH and NADH, and the oxidation of
NADPH and NADH with O2. The results reported below and
in Table 1 are those for the FeS cluster reconstituted enzyme
complex with a specific activity in the NADPH:TTC oxi-
doreductase assay of 8 U/mg in the presence of NAD�.

In the assays, ferredoxin from C. pasteurianum rather than
from C. kluyveri was employed because ferredoxin from C.

FIG. 2. The UV-visible absorption spectrum of purified recombi-
nant NfnAB after in vitro FeS cluster reconstitution. The sample con-
tained 1.2 mg of protein/ml in 50 mM Tris-HCl (pH 7.4). An enlarge-
ment of the spectrum from 300 nm to 550 nm is shown in the inset.
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pasteurianum is easier to purify in the amounts required. The
two ferredoxins are very similar, as indicated by sequence iden-
tity of �60%, and it is know that ferredoxins from different
organisms can substitute for one another (29).

The NAD�-dependent reduction of ferredoxin with
NADPH (continuously regenerated) was measured by follow-
ing the decrease in ferredoxin absorbance at 430 nm. In the
absence of NAD�, ferredoxin was only very slowly reduced
(0.5% of the rate seen in the presence of NAD�). The appar-
ent Km for NAD� was found to be approximately 1 mM and
for NADPH to be 25 �M, and the apparent Vmax was found to
be 23 U per mg of protein at pH 7 and 37°C. The pH optimum
was near 7 (Table 1).

The ferredoxin-dependent reduction of NAD� with
NADPH (continuously regenerated) could be followed by pho-
tometrical observations at 380 nm (ε � 1.2 mM�1 cm�1) only
when the assays were supplemented with hydrogenase from C.
pasteurianum (1 U) to keep the ferredoxin mainly in its oxi-
dized state. Otherwise, the increase in absorbance accompa-
nying NADH formation was not seen due to the decrease in

absorbance at 380 nm accompanying ferredoxin reduction
(�εox-red 	 8.6 mM�1 cm�1). But even in the presence of
hydrogenase, some ferredoxin was always reduced. Therefore,
the specific activity of ferredoxin-dependent NAD� reduction
with NADPH could not be accurately determined. The specific
activity obtained was 8 U per mg of protein, which is one-third
the amount expected on the basis of the stoichiometry analysis
of reaction 5. With the assay, however, it could be unambigu-
ously shown that, in the absence of ferredoxin, NAD� was only
very slowly reduced (�1% of the rate observed in the presence
of ferredoxin) (Table 1).

The NADH-dependent reduction of NADP� with reduced
ferredoxin was followed by photometrical observations at 380
nm. Reduced ferredoxin was continuously regenerated via the
presence of H2 (at 105 Pa) and hydrogenase. In the absence of
ferredoxin, no NADP� was reduced with NADH. The appar-
ent Km for NADH was found to be approximately 10 �M and
for NADP� to be approximately 0.1 mM, and the apparent
Vmax was found to be 28 U per mg of protein at 37°C and pH
7. In the absence of NADH, the apparent Vmax for NADP�

reduction with reduced ferredoxin was 0.2 U/mg (Table 1).
The purified enzyme complex catalyzed the reduction of

benzyl viologen with NADPH in the absence (15 U/mg) and
presence (24 U/mg) of NAD� and the reduction of benzyl
viologen with NADH in the absence (0.6 U/mg) and presence
(0.1 U/mg) of NADP� (Table 1).

NfnAB catalyzed the NAD�-stimulated oxidation of
NADPH with O2 (20 U/mg) and the oxidation of NADH (1
U/mg) (Table 1). During catalysis, the enzyme was inactivated.

Activities exhibited by NfnA and NfnB. Whereas purified
NfnA did not catalyze the reduction of TTC with NADPH in
the absence or presence of NAD�, purified NfnB did (0.4
U/mg). TTC reduction catalyzed by NfnB was not stimulated
by NAD�. When purified NfnA and NfnB were mixed in an
optimal ratio of 1 to 1, however, the resulting complex then
showed NAD�-stimulated NADPH:TTC oxidoreductase ac-
tivity (0.9 U/mg).

With both NADPH and NADH, purified NfnA showed very
little benzyl viologen-reducing activity (0.05 U/mg with
NADPH with or without NAD� and 0.01 U/mg with NADH
with or without NADP�). Purified NfnB catalyzed the reduc-
tion of benzyl viologen with NADPH with or without NAD� at
a specific activity of approximate 2 U/mg and with NADH at a
specific activity of 0.01 U/mg (with NADP�) or 0.07 U/mg
(without NADP�).

Stoichiometry of NfnAB-catalyzed reactions. The following
stoichiometry results were determined: (i) moles of ferredoxin
reduced by NADPH per mole of NAD� reduced (backward
reaction 5); (ii) moles of ferredoxin reduced by NADPH per
mole of NADPH oxidized (backward reaction 5); and (iii)
moles of NADP� reduced by reduced ferredoxin and NADH
per mole of NADH oxidized (forward reaction 5).

In order to determine the moles of ferredoxin reduced per
mole of NAD� reduced, the NADPH/NADP� ratio in the
assay was kept high (above 100 to 1) via an NADPH regener-
ation system and the moles of ferredoxin reduced per mole of
NAD� added were measured. Ferredoxin reduction was fol-
lowed by measurement of the formation of H2 in the presence
of hydrogenase from C. pasteurianum. Approximately 1 mol of
H2 was formed per mol of NAD� added (Fig. 3A).

TABLE 1. Reactions catalyzed by NfnAB from Clostridium kluyveri
after FeS cluster reconstitutiona

Reaction Apparent Km
h (mM) Apparent Vmax

(U/mg)

NADPHb3TTC 0.001 (NADPH) 2 (� NAD�)
(NAD� stimulated) 0.01 (NAD�) 8 (� NAD�)

NADPHb3Fdox 0.025 (NADPH) 0.1 (� NAD�)
(NAD� dependent) 1e (NAD�) 23 (� NAD�)

NADPHb3NAD� 0.001 (NADPH) �0.1 (� Fd)
(Fdox

c dependent) 2 (NAD�) 8 (� Fdox
c)

4.4 (� Fdred
d)

Fdred
d3NADP� 0.1 (NADP�) 0.2 (� NADH)

(NADH dependent) 0.01 (NADH) 28 (� NADH)
�0.01 (� Fd)

NADH3NADP� 0.01 (NADH) �0.01 (� Fd)
(Fdred

d dependent) 0.1 (NADP�) 28 (� Fdred
d)

�0.01 (� Fdox
c)

NADPHb3benzyl 0.001 (NADPH) 15 (� NAD�)
viologen 0.015 (benzyl viologen) 24 (� NAD�)f

NADH3benzyl 0.6 (� NADP�)
viologen 0.1 (� NADP�)g

NADPH3O2 5.6 (� NAD�)
20 (� NAD�)i

NADH3O2 1 (� NADP�)
0.4 (� NADP�)

a Ferredoxin was present only where indicated.
b NADPH regeneration system (glucose-6-phosphate dehydrogenase and glu-

cose-6-phosphate).
c Fdox regeneration system (hydrogenase and 100% N2).
d Fdred regeneration system (hydrogenase and 100% H2), keeping the ferre-

doxin about 50% reduced.
e An apparent Km for NAD� of 0.1 mM was determined for cell extracts of C.

kluyveri (34).
f 2 mM NAD�.
g 2 mM NADP�.
h Extrapolated from Lineweaver-Burk plots and rounded.
i NAD� regeneration system (lactate dehydrogenase and pyruvate).
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In order to determine the moles of ferredoxin reduced per
mole of NADPH oxidized (backward reaction 5), the moles of
ferredoxin reduced per mole of NADPH added in the presence
of excess NAD� were determined. Ferredoxin reduction was
followed via measurement of the formation of H2 in the pres-
ence of hydrogenase. Approximately 0.5 mol of H2 was formed
per mol of NADPH added (Fig. 3B).

For the determination of the moles of NADP� reduced per
mole of NADH oxidized in the forward reaction, the concen-
tration of reduced ferredoxin in the assay was kept constant
(50% reduced) via a reduced ferredoxin regeneration system
(hydrogenase and H2 at 105 Pa). Approximately 2 mol of
NADP� per mol of NADH added was found to be reduced as
deduced from the increase in absorbance at 380 nm, exploiting
the fact that NADH and NADP have identical extinction co-
efficients at 380 nm (Fig. 4A). As a control, using the same
method, it was shown that 1 mol of NADP� was reduced by
reduced ferredoxin and NADH per mol of NADP� added to
the assay (Fig. 4B).

The observed stoichiometry results were reproducible with
different batches of purified NfnAB and were independent of
the specific activity seen after reconstitution of the FeS clus-
ters.

DISCUSSION

The results clearly indicate that the cytoplasmic NfnAB
complex from C. kluyveri catalyzes reaction 5. The UV-visible
spectrum of the complex (Fig. 2) is indicative of the presence
of an iron-sulfur flavoprotein that most probably harbors two
[4Fe4S] clusters, one [2Fe2S] cluster, and two FADs per het-
erodimer (Fig. 1), although the exact stoichiometry data re-

main to be determined. Coupling of the endergonic reduction
of NADP� with NADH to the exergonic reduction of NADP�

with reduced ferredoxin thus most likely proceeds via flavin-
based electron bifurcations, as proposed in Fig. 5. This is prob-
ably the only way for C. kluyveri to regenerate NADPH from
NADH and NADP�, since an open reading frame for a
proton-translocating transhydrogenase is not found in its
genome (27); in other bacteria, e.g., E. coli, the proton-
translocating transhydrogenase catalyzes the energy-depen-
dent NADP� reduction with NADH (18).

FIG. 3. NAD�-dependent H2 formation from NADPH catalyzed
by purified recombinant NfnAB in the presence of ferredoxin and
hydrogenase. (A) Amount of H2 formed as a function of the amount of
NAD� added in the presence of an NADPH regeneration system.
(B) Amount of H2 formed as a function of the amount of NADPH
added in the presence of an NAD� regeneration system. The reactions
were started with NfnAB (270 �g); then, 0.1-ml gas samples were
withdrawn at 2-min intervals for the determination of the amount of
H2 formed via gas chromatography analysis. The values for H2 plotted
on the ordinate represent the amounts obtained after the reaction had
completely finished. The slopes depicted in panels A and B indicate
that approximately 1.1 �mol of NAD� (A) and 2.2 �mol of NADPH
(B) were required for the formation of 1 �mol of H2 in the presence
of excess NADPH (A) and NAD� (B), respectively.

FIG. 4. NADH-dependent NADP� reduction with reduced ferre-
doxin catalyzed by purified recombinant NfnAB (40 �g) in the pres-
ence of hydrogenase and H2. (A) Amount of NADP� reduced minus
the amount of NADH oxidized as a function of the amount of NADH
added in the presence of excess amounts of NADP� (2 mM).
(B) Amount of NADP� reduced minus the amount of NADH oxidized
as a function of the amount of NADP� added in the presence of excess
amounts of NADH (0.5 mM). The reaction was started with NADP�

and was followed by photometrical observations at 380 nm (for both
NADPH and NADH, ε380 � 1.2 mM�1 cm�1). The difference between
the amount of NADP� reduced and the amount of NADH oxidized
was calculated based on the absorbance change after the reaction had
completely finished. The slopes in panels A and B indicate that ap-
proximately 0.11 �mol of NADH (A) and 0.22 �mol of NADP�

(B) were required for the formation of 0.10 �mol of NAD(P)H in the
presence of excess NADP� (A) and NADH (B), respectively.

FIG. 5. Proposed flavin-based electron bifurcation (in red) in-
volved in the reversible reduction of ferredoxin (Fd) and NAD� with
two NADPHs as catalyzed by the NfnAB complex from Clostridium
kluyveri. Only the direction of ferredoxin and NAD� reduction with
NADPH is shown. The standard Eo� redox potentials of the three
FADox/FADred couples were arbitrarily chosen so as to conform to the
first law of thermodynamics. The Eo� of the FAD/FADH couple, when
free in solution, is �205 mV (4). The 155-mV (more negative) Eo� of
the FAD/FADH2 couple shown when it is bound to the protein can be
explained by assuming that FAD binds approximately 105 times more
tightly to the protein than FADH2.
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Unfortunately, until now, the NfnAB complex could be re-
constituted from separately produced NfnA and NfnB with
very low specific activity. Whereas heterologously produced
NfnB contained bound FAD after dialysis and showed some
diaphorase activity with NADPH, NfnA did not contain bound
FAD and was essentially inactive. The diaphorase activity of
NfnB was much higher with NADPH than with NADH, indi-
cating that NfnB harbors an NADP binding site.

Flavin-based electron bifurcation was first proposed for the
coupling of the endergonic reduction of ferredoxin with
NADH to the exergonic reduction of crotonyl-CoA with
NADH as catalyzed by the butyryl-CoA dehydrogenase-EtfAB
complex (reaction 2) (7, 12). Two other recent examples of
putative flavin-based electron bifurcations are the coupling of
the exergonic reduction of the heterodisufide CoM-S-S-CoB
with H2 with the endergonic reduction of ferredoxin with H2 as
catalyzed by the MvhADG/HdrABC complex from methano-
genic archaea (32, 33) and the coupling of the exergonic for-
mation of H2 from reduced ferredoxin with the endergonic
formation of H2 from NADH as catalyzed by the heterotri-
meric [FeFe] hydrogenases from Thermotoga maritima (25).
The NfnAB complex has in common with these other com-
plexes the fact that it contains FAD (in the case of the [FeFe]
hydrogenase from T. maritima FMN) that is loosely bound only
when in the reduced form, resulting in a gradual loss of activity
in the absence of added FAD (FMN).

The protein-encoding sequences for NfnAB are found in
the genomes of many other Clostridium spp., one exception
being C. acetobutylicum. They are also present in many other
Gram-positive genera, namely, Eubacterium, Thermoanaer-
obacter, Anaerococcus, Anaerocellum, Carboxydothermus,
and Desulfotomaculum. But the nfnAB genes are also found
outside this group, e.g., in some Dictyoglomus, Bacteroides,
Thermotoga, Pyrococcus, Thermococcus, and Methanosarcina
species. NfnAB has been purified from P. furiosus. The
enzyme was first considered to be a sulfide dehydrogenase
(15) but was later thought to function in vivo as reduced
ferredoxin:NADP oxidoreductase (14, 26). Whether the en-
zyme catalyzes reaction 5 was not determined.

C. kluyveri has been shown to contain an NADP�- and NAD�-
dependent �-hydroxybutyryl-CoA dehydrogenase (Hbd1 and
Hbd2), indicating an involvement of NADPH and thus of NfnAB
in acetyl-CoA reduction to butyryl-CoA (27). The specific activity
of purified NfnAB was 28 U of NADP� reduced per mg of
protein (Table 1). The specific activity of NADH-dependent
NADP� reduction with H2 in cell extracts of C. kluyveri is ap-
proximately 10-fold lower (2 U per mg of protein) but is high
enough for the enzyme to have a catabolic function. The specific
rate of butyrate formation from ethanol and acetate in cell sus-
pensions of C. kluyveri has been determined to be approximately
0.3 U per mg of protein (19), which is roughly 1% of the specific
activity of the NfnAB complex.

The fermentation of 6 ethanol and 3 acetate molecules to 3
butyrate, 1 caproate, 1 H�, and 2 H2 molecules (reaction 1) is
exergonic (�183.5 kJ/mol H�) (�Go�) when all substrates and
products are at 1 M concentrations and protons are at pH 7.
The free-energy change (�G�) is considerably lower when the
substrate and product concentrations are lower than 1 M due
to the fact that 9 substrates are converted to only 4 products
(reaction 1); e.g., at 100 mM concentrations of substrates and

products, the free-energy change is �155 kJ/mol H� and at 1
mM only �100 kJ/mol H�, levels sufficient to drive the syn-
thesis of approximately 2.5 and 1.5 mol of ATP, respectively,
considering that 60 to 80 kJ per mol is required in vivo for the
phosphorylation of one ADP molecule (30).

We show in Fig. 6 how the fermentation could be coupled
with the formation of 1.25 ATP at 1 mM concentrations of
ethanol, acetate, and butyrate (�G� � �100 kJ/mol H�) in-
volving NfnAB. For simplification purposes, it was assumed
that only butyrate rather than caproate is formed, which is
indeed the case when the butyrate concentration is low at the
beginning of the fermentation. Coupling involves both sub-
strate-level phosphorylation (1 ATP) and electron transport
phosphorylation (0.25 ATP) via RnfABCDEG and F1F0-ATP
synthetase. The reduced ferredoxin required for electrogenic
proton translocation via RnfABCDEG is provided in the bu-
tyryl-CoA dehydrogenase-EtfAB reaction via flavin-based
electron bifurcation. Of the 5 reduced ferredoxins, 2 are reoxi-
dized in the HydA-catalyzed reaction, 2.5 in the NfnAB-cata-
lyzed reaction, and 0.5 in the RnfABCDEG-catalyzed reaction.
Under these conditions, only the NADP�-dependent �-hy-
droxybutyryl-CoA dehydrogenase (Hbd1) is functional (Fig. 6).

When the concentrations of ethanol, acetate, and butyrate
are higher than 1 mM and the free-energy change thus permits
the synthesis of more than 1.25 mol of ATP, all that has to
happen is that the percentage of reduced ferredoxin reoxidized
in the RnfABCDEG-catalyzed reaction is increased and the
percentage in the NfnAB-catalyzed reaction is decreased (Fig.
6). As a consequence, more NADH is generated than is oxi-
dized during butyryl-CoA formation from acetyl-CoA that in-
volves only NADP�-dependent �-hydroxybutyryl-CoA dehy-
drogenase (Hbd1), as shown in Fig. 6. Therefore, to balance
the NADH budget, the NAD�-dependent �-hydroxybutyryl-
CoA dehydrogenase (Hbd2) then has to become functional
(not shown).

How the energy and redox status in C. kluyveri is sensed and
adjusted is not yet known. Interestingly, the nfnAB transcrip-
tion unit lies downstream of five protein coding sequences
(CDS) for enzymes involved in butyric acid formation (Fig. 1).
These five CDS are preceded by an open reading frame for a
Rex redox-sensing transcriptional repressor. The Rex protein
has been implicated in the regulation of the expression of
genes important for fermentative growth and for growth under
conditions of low oxygen tension in many Gram-positive bac-
teria but is also found in some bacteria outside this group, e.g.,
in Thermus species (1, 5, 6, 28). Rex senses the redox poise of
the cell through changes in the NADH/NAD� ratio, with an
increase in the ratio leading to a derepression and a decrease
to a repression of gene expression. Repression is mediated by
binding of Rex to the promoter region, with binding becoming
tighter at low NADH/NAD� ratios and less tight at high
NADH/NAD ratios. The operator sequence to which Rex
binds has been mapped and has been shown in the case of
Bacillus subtilis to be an AT-rich 20-bp palindromic sequence.
This sequence can significantly differ between different organ-
isms both in length and in the completeness of the palindrome.
This is reflected in significantly different primary structures of
the Rex proteins from different organisms (1, 6, 17, 22, 28, 35).
Thus, it is difficult to determine to which promoter the Rex
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protein from C. kluyveri actually binds; this would therefore
have to be experimentally determined.

The new electron-bifurcating enzyme described in this re-
port thus gives a new perspective for our understanding of the
bioenergetics and mechanism of ferredoxin-dependent reac-
tions in C. kluyveri and of anaerobic metabolism in general
(25).
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