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Hydrogen Formation and Its Regulation in Ruminococcus albus:

Involvement of an Electron-Bifurcating [FeFe]-Hydrogenase, of a
Non-FElectron-Bifurcating [FeFe]-Hydrogenase, and of a Putative
Hydrogen-Sensing [FeFe]-Hydrogenase
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Max Planck Institute for Terrestrial Microbiology, Marburg, Germany?; Department of Animal Sciences, Institute for Genomic Biology, University of lllinois at Urbana-
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Ruminococcus albus 7 has played a key role in the development of the concept of interspecies hydrogen transfer. The rumen bac-
terium ferments glucose to 1.3 acetate, 0.7 ethanol, 2 CO,, and 2.6 H, when growing in batch culture and to 2 acetate, 2 CO,, and
4 H, when growing in continuous culture in syntrophic association with H,-consuming microorganisms that keep the H, partial
pressure low. The organism uses NAD* and ferredoxin for glucose oxidation to acetyl coenzyme A (acetyl-CoA) and CO,, NADH
for the reduction of acetyl-CoA to ethanol, and NADH and reduced ferredoxin for the reduction of protons to H,. Of all the en-
zymes involved, only the enzyme catalyzing the formation of H, from NADH remained unknown. Here, we report that R. albus 7
grown in batch culture on glucose contained, besides a ferredoxin-dependent [FeFe]-hydrogenase (HydA2), a ferredoxin- and
NAD-dependent electron-bifurcating [FeFe]-hydrogenase (HydABC) that couples the endergonic formation of H, from NADH
to the exergonic formation of H, from reduced ferredoxin. Interestingly, hydA2 is adjacent to the hydS gene, which is predicted
to encode an [FeFe]-hydrogenase with a C-terminal PAS domain. We showed that hydS and hydA2 are part of a larger transcrip-
tional unit also harboring putative genes for a bifunctional acetaldehyde/ethanol dehydrogenase (Aad), serine/threonine protein
kinase, serine/threonine protein phosphatase, and a redox-sensing transcriptional repressor. Since HydA2 and Aad are required

only when R. albus grows at high H, partial pressures, HydS could be a H,-sensing [FeFe]-hydrogenase involved in the regula-

tion of their biosynthesis.

he genus Ruminococcus (class Clostridia) consists of species of

anaerobic, Gram-positive bacteria. One or more species of this
genus are found in significant numbers in the intestines of hu-
mans (enterotype 3) (1, 2) and in the rumen and colon of herbi-
vores (3, 4). Ruminococcus flavefaciens and Ruminococcus albus are
among the most important plant cell wall-degrading bacteria in
the rumen. These two species produce all required enzymes for
hydrolyzing the plant cell wall polysaccharides, cellulose and
hemicellulose (5, 6).

R. albus was isolated in 1957 from the rumen of cattle by Hun-
gate (7, 8), who showed that in batch culture the bacterium fer-
ments cellulose, cellobiose, or glucose to acetate, CO,, ethanol,
and H,. Nevertheless, neither H, nor ethanol accumulate to high
concentrations in the rumen (9, 10). The low H, concentrations in
the rumen have been explained by the presence of H,-consuming
microorganisms, such as Methanobrevibacter ruminantium (for-
merly Methanobacterium ruminantium), that consume H, more
rapidly than it is formed from cellulose by R. albus (11). The lab-
oratory of Bryant and Wolin then showed in 1973 that the fermen-
tation of glucose by R. albus strain 7 was shifted from 1.3 acetic
acid, 0.7 ethanol, 2 CO,, and 2.6 H, in batch culture to 2 acetic
acid, 2 CO,, and 4 H, in chemostat culture together with Wolinella
succinogenes (formerly Vibrio succinogenes), which grew on H, and
fumarate producing succinate, keeping the H, concentration low
(12). The interspecies cooperation allowed W. succinogenes to
grow at the expense of H, produced by R. albus, but it also
offered an energetic advantage to R. albus in the form of a higher
ATP gain (4 mol of ATP instead of 3.3 mol of glucose fermented)
and, consequently, a better growth yield (13). At low H, partial
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pressures, the free energy associated with glucose fermentation is
more negative than that at high H, partial pressures, which is the
thermodynamic basis for the different ATP gains (13). The fer-
mentation of R. albus on glucose has been modeled (14). The
literature on interspecies H, and formate transfer has been re-
viewed recently (15).

Enzymatic analyses have revealed that R. albus strain 7 grown
in batch culture on glucose contains an NAD-specific glycer-
aldehyde-3-phosphate dehydrogenase, a pyruvate:ferredoxin
oxidoreductase, a ferredoxin (Fd)-dependent hydrogenase, an
NAD-specific acetaldehyde dehydrogenase (coenzyme A [CoA]
acetylating), and an NAD-specific ethanol dehydrogenase. These
enzymes are present in the cell extract of R. albus at specific activ-
ities sufficient to account for the observed fermentation rates (16).
In the fermentation, more H, is formed (2.6 mol) than pyruvate is
oxidized (2 mol). To account for this difference, an unidentified
NADH:ferredoxin oxidoreductase in R. albus must catalyze the
reduction of Fd with NADH (13) (see Fig. S1 in the supplemental
material). Such an activity was indeed found but at a specific ac-
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tivity that was much too low to account for the observed fermen-
tation rates (16). In addition, it was difficult to envisage thermo-
dynamically how NADH with a redox potential, E’, in vivo that
was more positive than —320 mV (13, 17) could provide the elec-
trons for hydrogen formation from protons at a redox potential
that was more negative than —400 mV considering that H, can be
observed bubbling out of the medium when R. albus grows at pH
7 in the absence of a H,-consuming partner. The E; of the
2X[4Fe4S] ferredoxin from R. albus is —420 mV (18, 19). In vivo,
the E’ of the ferredoxin is probably near the E," of the acetyl-
CoA + CO,/pyruvate couple, which is =500 mV (20).

A solution to this problem was recently shown for Thermotoga
maritima growing fermentatively at 80°C in batch culture on glu-
cose, which, at this temperature, is fermented to 2 acetic acid, 2
CO,, and 4 H, and involves the same enzymes as those in R. albus.
The bacterium contains a ferredoxin- and NAD-dependent elec-
tron-bifurcating [FeFe]-hydrogenase (HydABC) that couples the
endergonic reduction of protons with NADH to H, to the exer-
gonic reduction of protons with reduced ferredoxin to H, (21, 22)
in the reaction NADH + Fd,.,>~ + 3H" 22 NAD"' + Fd_, + 2
H,, where Fd,.q is reduced ferredoxin and Fd,, is oxidized ferre-
doxin.

The electron-bifurcating hydrogenase subsequently was found
in Acetobacterium woodii (23) and Moorella thermoacetica (24, 25),
in which the enzyme catalyzes the reduction of ferredoxin and
NAD™ with H, when these acetogens grow on H, and CO,. In
Clostridium autoethanogenum, an NADP-specific electron-bifur-
cating [FeFe]-hydrogenase is present (26).

In the meantime, a closed sequence of the genome of R. albus
strain 7 has been obtained (27). The draft genomes of R. albus
strains 8 and SY3 also are available (http://www.ncbi.nlm.nih.gov
/genome/genomes/1019). Strain 7 contains a 3,685,408-bp circu-
lar chromosome and four circular plasmids: pRumal01 (420,706
bp), pRumal02 (352,646 bp), pRumal03 (15,907 bp), and
pRumal04 (7,420 bp). Only one set of chromosomal genes, encod-
ing one hydrogenase, have been identified, namely, the genes hyd-
ABC, encoding a putative electron-bifurcating [FeFe]-hydroge-
nase. The gene for a second [FeFe]-hydrogenase is found on
plasmid pRumalO1. It is predicted to code for a monomeric, ferre-
doxin-dependent [FeFe]-hydrogenase (HydA2) with 27% se-
quence identity to HydA of the putative electron-bifurcating
[FeFe]-hydrogenase. Both HydA and HydA2 from R. albus are
predicted to harbor the active-site [FeFe]-[4Fe4S] center (H-clus-
ter) (28, 29), three [4Fe4S]-clusters, and one [2Fe2S]-cluster. The
genes hydE, hydF, and hydG for [FeFe]-hydrogenase maturation
(28) are chromosomal but are not adjacent to hydABC.

On plasmid pRumal01, adjacent to hydA2, lies a gene tenta-
tively annotated hydS (S for signaling). It is predicted to encode a
protein with a noncanonical H-cluster, three [4Fe4S]-clusters,
and a C-terminal PAS domain. PAS domains have important sen-
sory functions within sensory proteins, are widely utilized in all
three domains of life, and consist of ca. 100 amino acids. They
promote protein-protein interaction or signal transfer and per-
ceive environmental cues either directly, e.g., the concentration of
dicarboxylic acids, or indirectly via a prosthetic group, e.g., the
concentration of dissolved gases, redox potential, or visible light
(30). Proteins containing a PAS domain in addition to an [FeFe]-
hydrogenase domain have been noted in genome sequences of
several anaerobic bacteria, including Carboxydothermus hydrog-
enoformans (31), Halothermothrix orenii (32), Treponema species
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(33), and Thermoanaerobacterium saccharolyticum (34). The PAS
domain in the [FeFe]-hydrogenase HfsB of T. saccharolyticum ap-
pears to have a regulatory role, as the deletion of the hfsABCD
genes negatively affected transcription of the hydABC genes en-
coding a heterotrimeric [FeFe]-hydrogenase (35).

Here, we show that cells of R. albus 7 grown in batch culture on
glucose contain an electron-bifurcating ferredoxin- and NAD-de-
pendent [FeFe]-hydrogenase and a ferredoxin-dependent [FeFe]-
hydrogenase encoded by the genes hydABC and hydA2, respec-
tively. We also show that the gene hydS, which encodes the
putative H,-sensing [FeFe]-hydrogenase, forms a transcriptional
unit together with hydA2 and putative genes for a redox-sensing
transcriptional repressor, a bifunctional acetaldehyde/ethanol de-
hydrogenase, a serine/threonine protein kinase, and a serine/thre-
onine protein phosphatase.

MATERIALS AND METHODS

Chemicals, enzymes, and organisms. NAD*',NADP",NADH, NADPH,
flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN), thia-
mine pyrophosphate, coenzyme A, pyruvate, glyceraldehyde phosphate,
3-phosphoglyceric acid (disodium salt), acetyl-phosphate (lithium potas-
sium salt), acetaldehyde, methyl viologen, dithiothreitol (DTT), 3-phos-
phoglycerate kinase, and phosphotransacetylase were from Sigma-Al-
drich Chemie GmbH (Taufkirchen, Germany). Galactose and galactose
dehydrogenase were from Merck (Darmstadt, Germany) and Roche
(Mannheim, Germany), respectively. Oxidized ferredoxin (e59, = 30.6
mM ™" cm™") (36) was purified from Clostridium pasteurianum (37), and
pyruvate:ferredoxin oxidoreductase was purified from R. albus 7 as de-
scribed below. H,, N,, and CO (99.996%) were from Messer (Diisseldorf,
Germany). R. albus strain 7 (DSM 20455), C. pasteurianum (DSM 525),
and M. thermoacetica (DSM 521) were from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany.
Growth of bacteria. R. albus 7 was grown strictly anaerobically at 37°C
in 2-liter glass bottles containing 1 liter of medium and 1 liter of N, as the
gas phase. The bottles were closed with rubber stoppers, and overpressure
was removed once in the middle of the fermentation. A slightly modified
DSMZ 436 medium was used containing 0.5% glucose rather than 0.2%
cellobiose and 0.3% glucose. Other components of the 1-liter medium
were tryptone (0.5%); yeast extract (0.2%); 40 ml 0.6% K,HPO,; 40 ml
solution containing 0.6% KH,PO,, 2% (NH,),SO,, 1.2% NaCl, 0.25%
MgSO, - 7H,0, and 0.16% CaCl, - 2H,0; Na,CO; (0.4%); cysteine-HCl -
H,0 (0.05%); 1 ml volatile fatty acid mixture (10 ml isovaleric acid, 10 ml
isobutyric acid, 10 ml 2-methylbutyric acid, 10 ml valeric acid, and 60 ml
distilled water; adjusted to pH 7 with solid KOH); and resazurin (1 mg).
FeSO, - 7H,0 (12.3 mg/liter) was added after autoclaving. Eighty millili-
ters of an exponentially growing culture (doubling time of approximately
2 h) at an optical density at 600 nm (ODg,) of 1.2 to 1.5 was used as the
inoculum. After 16 h of incubation, when the cultures had reached an
0Dy, of around 2, the cells were harvested in an anaerobic chamber by
centrifugation at 8,000 X g for 20 min. The harvested cells (4 g wet mass
per liter of culture) were stored at —80°C under 95% N, and 5% H.,.
For the preparation of ferredoxin, C. pasteurianum was grown in glu-
cose-ammonium medium to an ODg, of 7 to 8 (38). For the preparation
of cell extract containing carbon monoxide dehydrogenase, M. ther-
moacetica was grown on glucose medium to an ODyg4, of 5 (24).
Preparation of cell extracts. Frozen cells of R. albus 7 were suspended
in a 2-fold volume (wt/vol) of anoxic 50 mM Tris-HCI (pH 7.6) contain-
ing 2 mM DTT, 10 uM FAD, and 10 uM FMN. After adding DNase I (1
mg/4 g wet cell), the cell suspension was passed through a prechilled
French pressure cell twice at 120 MPa. Before this step, the French pres-
sure cell initially was flushed with N, for 5 min and then washed twice with
anoxic buffer. Unbroken cells and cell debris were removed by centrifu-
gation at 10,000 X g at 4°C for 30 min. The supernatant was used for
enzyme assays. For protein purification, the supernatant was further cen-
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trifuged at 150,000 X g at 4°C for 60 min to remove the membrane pro-
teins (25).

Determination of specific activities. Enzyme activities were mea-
sured under strictly anoxic conditions at 37°C in 1.5-ml anoxic cuvettes
or, when H, formation was to be determined, in 6.5-ml anoxic serum
bottles sealed with rubber stoppers. After the start of the reaction with cell
extract or purified enzyme, the reduction of NAD(P)" was monitored
photometrically at 340 nm (¢ = 6.2 mM ' cm™ ') (39), reduction of
ferredoxin at 430 nm (Ae,_ .4 =~ 13.1 mM ™' cm™") (36, 40), and reduc-
tion of methyl viologen at 578 nm (¢ = 11.1 mM ™' cm™") (41, 42). The
formation of H, was monitored using gas chromatography (25). The se-
rum bottles were continuously shaken at 200 rpm to ensure H, transfer
from the liquid phase into the gas phase. Gas samples (0.1 ml) were with-
drawn every 2 min.

Proteins were quantified using the Bio-Rad protein assay (Munich,
Germany) with bovine serum albumin as the standard.

Glyceraldehyde-3-phosphate dehydrogenase. The phosphate-de-
pendent reduction of NAD(P)" with glyceraldehyde-3-phosphate was
assayed in 0.8-ml mixtures containing 50 mM Tricine-NaOH (pH 8.5), 10
mM potassium phosphate, 2 mM DTT, 2 mM MgCl,, and 1 mM glycer-
aldehyde-3-phosphate, as well as 10 mM methyl viologen, | mM NAD™,
or 1 mM NADP™. The gas phase was 100% N,. The reduction of
NAD(P)™ was monitored. The ATP-dependent reduction of 3-phospho-
glycerate with NAD(P)H was determined in 0.8-ml assay mixtures con-
taining morpholinepropanesulfonic acid (MOPS)-KOH (pH 7.0), 2 mM
DTT, 2 mM MgCl,, I mM ATP, 1 mM 3-phosphoglycerate, 10 U 3-phos-
phoglycerate kinase, and 0.2 mM NADH or 0.2 mM NADPH. The gas
phase was 100% N,. The oxidation of NAD(P)H was monitored.

Pyruvate:ferredoxin oxidoreductase. The 0.4-ml assay mixtures con-
tained 100 mM potassium phosphate (pH 7.0), 2 mM DTT, 2 mM MgCl,,
10 mM pyruvate, 0.1 mM coenzyme A, 1 mM thiamine pyrophosphate, 4
U phosphotransacetylase, and about 30 wM ferredoxin. The gas phase was
100% N,,. The reduction of ferredoxin was monitored.

Acetaldehyde dehydrogenase (CoA acetylating). The 0.8-ml assay
mixture contained 100 mM MOPS-KOH (pH 7.0), 2 mM DTT, 2 mM
MgCl,, 1 mM acetyl phosphate, 1 mM coenzyme A, 10 U phosphotrans-
acetylase, and 0.2 mM NADH or 0.2 mM NAPH. The gas phase was 100%
N,. The oxidation of NAD(P)H was monitored.

Ethanol dehydrogenase. The 0.8-ml assay mixtures contained 100
mM potassium phosphate (pH 7.0), 2 mM DTT, 2 mM MgCl,, 1.25 mM
acetaldehyde, and 0.2 mM NADH or 0.2 mM NADPH. The gas phase was
100% N,. The oxidation of NAD(P)H was monitored.

Acetyl-CoA and ferredoxin-dependent H, formation from NADH.
The 1-ml assay mixtures in 6.5-ml serum bottles contained 100 mM
MOPS-KOH (pH 7.0), 2 mM DTT, 2 mM MgCl,, 10 puM FAD, 10 puM
FMN, 10 uM ferredoxin, an acetyl-CoA-regenerating system (20 mM
acetyl phosphate, 0.5 mM coenzyme A, and 5 U phosphotransacetylase),
and an NADH-regenerating system (2.5 mM NADH, 20 mM galactose,
and 1 U galactose dehydrogenase). H, formation was monitored.

Reduced ferredoxin:NAD(P) oxidoreductase. The assay mixtures
contained 100 mM potassium phosphate (pH 7.0), 2 mM DTT, 2 mM
MgCl,, 10 uM ferredoxin, 0.1 U ferredoxin-dependent carbon monoxide
dehydrogenase (15 pl cell extract of M. thermoacetica) (24), and 1 mM
NAD" or NADP™. The gas phase was 100% CO. The reduction of
NAD(P) was monitored.

Acetaldehyde:ferredoxin oxidoreductase. The 0.8-ml assay mixtures
contained 100 mM Tris-HCI (pH 7.5), 2 mM DTT, 2 mM MgCl,, 1.25
mM acetaldehyde, and about 30 wM ferredoxin or 10 mM methyl violo-
gen. The gas phase was 100% N,,. Ferredoxin reduction or methyl viologen
reduction was monitored.

Formate dehydrogenase. The reduction of methyl viologen with for-
mate was assayed in 0.8-ml mixtures containing 100 mM potassium phos-
phate (pH 7.0),2mM DTT, 2 mM MgCl,, 20 mM sodium formate, and 10
mM methyl viologen. The gas phase was 100% N,. The formation of H,
from formate was determined in 1-ml assay mixtures containing 100 mM
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potassium phosphate (pH 7.0), 2 mM DTT, 2 mM MgCl,, and 20 mM
sodium formate.

Ferredoxin-dependent transhydrogenase. The assay mixtures con-
tained 100 mM MOPS-KOH (pH 7.0), 2 mM DTT, 2 mM MgCl,, 10 uM
FAD, 0.5 mM NADP™, 40 mM glucose-6-phosphate, 2 U glucose-6-phos-
phate dehydrogenase (NADPH-regenerating system), 10 mM NAD ¥, and
about 30 wM ferredoxin. The gas phase was 100% N,. The reduction of
ferredoxin was monitored.

Ferredoxin-dependent hydrogenase. The reduction of ferredoxin
with H, was assayed in 0.4-ml mixtures containing 100 mM Tris-HCI (pH
7.5), 2 mM DTT, 2 mM MgCl,, and about 30 uM ferredoxin. The gas
phase was 100% H,. The formation of H, from reduced ferredoxin was
determined using 1-ml assay mixtures containing 100 mM potassium
phosphate (pH 7.0), 2 mM DTT, 2 mM MgCl,, and a reduced ferre-
doxin-regenerating system (10 uwM ferredoxin, 0.1 U pyruvate:ferre-
doxin oxidoreductase, 10 mM pyruvate, 1 mM thiamine pyrophos-
phate, 0.1 mM coenzyme A, and 2 U phosphotransacetylase). The gas
phase was 100% N,.

Ferredoxin- and NAD-dependent hydrogenase. The reduction of
NAD(P)™ and ferredoxin with H, was assayed in 0.4-ml mixtures con-
taining 100 mM Tris-HCI (pH 7.5), 2 mM DTT, 2 mM MgCl,, about 30
uM ferredoxin, and 1 mM NAD™ or 1 mM NADP ™. The gas phase was
100% H,. The formation of H, from reduced ferredoxin and NAD(P)H
was determined using 1-ml assay mixtures containing 100 mM potassium
phosphate (pH 7.0), 2 mM DTT, 2 mM MgCl,, and 1 mM NADH or 1
mM NADPH and the reduced ferredoxin-regenerating system described
above. The gas phase was 100% N,,.

Methyl viologen-reducing hydrogenase activity. Methyl viologen re-
duction with H, was assayed in 0.8-ml mixtures containing 100 mM Tris-
HCI(pH7.5),2mM DTT, 2 mM MgCl,, and 10 mM methyl viologen. The
gas phase was 100% H,. The formation of H, from reduced methyl violo-
gen was determined in assay mixtures containing 100 mM potassium
phosphate (pH 7.0), 2 mM DTT, 2 mM MgClL,, and a reduced methyl-
viologen-regenerating system (0.1 mM methyl viologen, 0.1 U pyruvate:
ferredoxin oxidoreductase, 10 mM pyruvate, 1 mM thiamine pyrophos-
phate, 0.1 mM coenzyme A, and 4 U phosphotransacetylase). The gas
phase was 100% N,.

Enzyme purification. All purifications were carried out under strictly
anoxic conditions at room temperature in a type B vinyl anaerobic cham-
ber (Coy, Grass Lake, MI), which was filled with 95% N, and 5% H, and
contained a palladium catalyst for O, reduction with H,. The materials for
protein purification all were obtained from GE Healthcare (Freiburg, Ger-
many). The basal purification buffer used for column equilibration and
elution was anoxic 50 mM Tris-HCI (pH 7.6) containing 1 mM sodium
dithionite, 2 mM DTT, and 10 puM FMN.

Ferredoxin- and NAD-dependent hydrogenase. Cell extract of R. al-
bus 7 (150,000 X g for the supernatant; 9.4 ml; 20 mg protein per ml) was
supplemented with ammonium sulfate to a final concentration of 0.8 M
and subsequently loaded onto a Phenyl-Sepharose high-performance col-
umn (1.6 by 14 cm) equilibrated with basal purification buffer containing
0.8 M ammonium sulfate. Protein was eluted with a combined stepwise
and linear ammonium sulfate gradient (0.8 M, 90 ml; 0.8 to 0.68 M, 150
ml; 0.48 M, 90 ml; 0.48 to 0.32 M, 450 ml; 0.32 M, 30 ml; 0.32 to 0.16 M,
60 ml; and 0 M, 90 ml) at a flow rate of 2 ml min~'. The ferredoxin-
dependent hydrogenase activity eluted in a peak at 0.6 M, and the NAD-
and ferredoxin-dependent hydrogenase activity eluted in a peak at 0.46 M
ammonium sulfate. The latter fractions were pooled, concentrated, and
desalted with an Amicon cell with a 30-kDa-cutoff membrane. The con-
centrate then was applied onto a DEAE-Sepharose high-performance col-
umn (1.6 by 19 cm) equilibrated with basal buffer containing 5% glycerol.
Protein was eluted with a combined stepwise and linear NaCl gradient (0
M, 80 ml;0.1 M, 80 ml; 0.1t0 0.2 M, 120 ml; 0.2 to 0.3 M, 400 ml; 0.3 to 0.4
M, 120 ml; and 1 M, 120 ml) at a flow rate of 3 ml min~'. The hydrogenase
activity was recovered in a peak eluting around 0.22 M NaCl. The fraction
was concentrated and desalted with a 30-kDa-cutoff Amicon membrane.
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The concentrate then was applied onto a Q Sepharose high-performance
column (1.6 by 15 cm) equilibrated with basal buffer containing 5% glyc-
erol. Protein was eluted with a combined stepwise and linear NaCl gradi-
ent (0 M, 60 ml; 0.1 M, 60 ml; 0.1 to 0.2 M, 90 ml; 0.2 to 0.25 M, 300 ml;
0.25 to 0.3 M, 150 ml; and 1 M, 90 ml) at a flow rate of 2 ml min~'. The
hydrogenase activity appeared at around 0.23 M NaCl. The fractions were
combined, concentrated, and desalted with a 30-kDa-cutoff Amicon
membrane. During purification, the rate of methyl viologen reduction
with H, and the protein concentrations were monitored.

Pyruvate:ferredoxin oxidoreductase. Cell extract of R. albus 7
(150,000 X g for the supernatant; 10 ml; about 20 mg protein per ml) was
supplemented with ammonium sulfate to a final concentration of 0.8 M
and subsequently loaded onto a Phenyl-Sepharose high-performance col-
umn (1.6 by 14 cm) equilibrated with basal buffer containing 0.8 M am-
monium sulfate and 0.1 mM thiamine pyrophosphate. The column sub-
sequently was washed with 150 ml of the equilibration buffer, and then
protein was eluted with a 0.8 to 0.68 M ammonium sulfate linear gradient
at a flow rate of 2 ml min™". Pyruvate:ferredoxin oxidoreductase activity
was recovered in fractions eluting near 0.75 M ammonium sulfate. The
fractions were devoid of hydrogenase activity as tested via methyl viologen
reduction with H,.

Identification of proteins via their amino acid sequence. Proteins
were analyzed either directly or after separation on SDS-12% polyacryl-
amide gels and staining with Coomassie brilliant blue G250. The proteins
were digested with sequencing-grade modified trypsin (Promega, Mann-
heim, Germany), and the resulting peptide mixture was injected into a
PepMap100 C, 4 reverse-phase nanocolumn (Dionex, Idstein, Germany)
and separated on an UltiMate 3000 liquid chromatography system
(Dionex). Peptides were analyzed by matrix-assisted laser desorption
ionization—time of flight tandem mass spectrometry (MALDI-TOF
MS/MS). The MS and MS/MS data were searched against an in-house
protein database using Mascot embedded into GPS explorer software
(MDS Sciex) (26).

Analysis of transcription by reverse transcription-PCR (RT-PCR).
Total RNA was extracted from R. albus 7 cells grown exponentially on
glucose with TRIzol reagent (Invitrogen, Darmstadt, Germany) according
to the manufacturer’s protocol. The resulting RNA was treated with
RNase-free DNase I (Fermentas, St. Leon-Rot, Germany) at 37°C for 2 h
after its integrity was checked by agarose electrophoresis (43). The DNase
I-digested RNA was used next to synthesize first-strand ¢cDNA using
Transcriptor reverse transcriptase (Roche, Mannheim, Germany) and
random hexamer primers according to the manufacturer’s protocol. The
resulting cDNA was used as the template to amplify the intragenic regions
of hydB, hydA2, and hydS genes for transcriptional analysis, and the inter-
genic regions of the Rumal_3398-3408 gene cluster were used to analyze
cotranscription. Genomic DNA and total RNA were used as positive and
negative controls, respectively (25). The specific primers used for ampli-
fication are listed in Table S1 in the supplemental material.

Nucleotide sequence accession numbers. The R. albus 7 genome
GenBank accession number is CP002403.1, and the R. albus 7 plasmids
pRumal01, pRumal02, pRumal03, and pRumal04 GenBank accession
numbers are CP002404.1, CP002405.1, CP002406.1, and CP002407.1, re-
spectively.

RESULTS

Before analyzing and characterizing the three hydrogenases in R.
albus 7, we report on the genes and specific activities of all oxi-
doreductases that might be involved in the fermentation of glu-
cose in order to be able to understand what function the individ-
ual hydrogenases could have.

Genes present for glucose fermentation. R. albus 7 ferments
glucose to acetic acid, ethanol, CO,, H,, and small amounts of
formate (44), most probably involving the Embden-Meyerhoff
pathway. In the genome (27), all of the genes required for this
pathway and for the conversion of pyruvate to the various end
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products are present: a glucose-proton symporter, hexokinase,
glucose-6-phosphate isomerase, phosphofructokinase, aldo-
lase, triosephosphate isomerase, glyceraldehyde-3-phosphate
isomerase, phosphoglycerate mutase, enolase, pyruvate kinase,
pyruvate:ferredoxin oxidoreductases, pyruvate-formate lyase,
phosphotransacetylase, acetokinase, two bifunctional acetalde-
hyde/ethanol dehydrogenases, and three [FeFe]-hydrogenases
(HydABC, HydA2, and HydS). Genes for a glucose phosphoe-
nolpyruvate (PEP) transferase transport system, for an ABC
glucose transporter, and for a glucose diffusion facilitator were
not found. Genes for a formate dehydrogenase also appear to
be absent (see below).

Specific activities of oxidoreductases potentially involved in
glucose fermentation. R. albus 7 was grown at 37°C in batch cul-
ture on glucose in the exponential phase with a doubling time of
about 2 h and a cell yield of 33 g (dry mass) per mol glucose. Based
on these findings and on a cellular protein content of about 50%,
the cells consumed glucose in the exponential growth phase at a
specific rate of about 0.3 pmol per min and mg protein. Acetate
was formed at 1.3 times and H, at 2.6 times this specific rate.
Therefore, the oxidoreductases involved in glucose fermentation
should have specific activities in cell extracts consistent with these
specific rates. This was found to be the case for NAD-specific
glyceraldehyde-3-phosphate dehydrogenase, pyruvate:ferredoxin
oxidoreductase, NAD-specific acetaldehyde dehydrogenase,
NAD-specific ethanol dehydrogenase, ferredoxin-dependent hy-
drogenase, and ferredoxin- and NAD-dependent hydrogenase
(Table 1). The specific activities of all other oxidoreductases tested
were at least an order of magnitude lower.

Glyceraldehyde-3-phosphate dehydrogenase. Cell extracts
catalyzed the phosphate-dependent reduction of NAD™ with
glyceraldehyde-3-phosphate at a specific activity of 1.7 U/mg pro-
tein (Table 1). With NADP ™, the specific activity was less than 0.1
U/mg. In the absence of phosphate, neither NAD™ nor NADP™*
was reduced (not shown). Ferredoxin was not used as an electron
acceptor for glyceraldehyde-3-phosphate dehydrogenation in ei-
ther the presence or absence of phosphate. Consistent with this,
genes for a nonphosphorylating NAD(P)-dependent glyceralde-
hyde-3-phosphate dehydrogenase (45, 46) and a glyceraldehyde-
3-phosphate:ferredoxin oxidoreductase (47, 48) do not appear to
be present. In the genome of R. albus 7, only one gene for an
NAD™- and phosphate-dependent glyceraldehyde-3-phosphate
dehydrogenase is found. The deduced amino acid sequence has a
high level of sequence identity to that of its counterpart in other
Gram-positive bacteria.

Pyruvate:ferredoxin oxidoreductase. Under standard assay
conditions the cell extracts catalyzed the CoA-dependent reduc-
tion of ferredoxin with pyruvate at a specific activity of 1.0 U per
mg (Table 1). NAD* and NADP* were not reduced by pyruvate.
Consistent with this, in the genome of R. albus 7, only a gene for a
pyruvate:ferredoxin oxidoreductase is found rather than the genes
for a pyruvate dehydrogenase complex. The deduced amino acid
sequence has a high level of sequence identity to the monomeric
pyruvate:ferredoxin oxidoreductases present in A. woodii, M.
thermoacetica, and C. pasteurianum, which have three [4Fe4S]
clusters and a thiamine pyrophosphate binding site.

Bifunctional acetaldehyde/ethanol dehydrogenase. Cell ex-
tracts catalyzed the reduction of acetyl-CoA and of acetaldehyde
with NADH at specific rates of 1.1 U/mg and 1.9 U/mg, respec-
tively (Table 1). The specific rates with NADPH were at least an
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TABLE 1 Cofactor specificities and specific activities of fermentation-
related oxidoreductases in cell extract of R. albus 7¢

Product(s) Sp act/
Enzyme activity and substrate(s) tested monitored (U/mg)
Glyceraldehyde-3-phosphate dehydrogenase
GAP + P, + NAD™" NADH 1.7
GAP + P, + NADP™* NADPH <0.1
1,3-BPG” + NADH NADH 6.0
1,3-BPG” + NADPH NADPH 0.1
GAP + MV, MV, <0.1
Pyruvate:ferredoxin oxidoreductase: Pyr + Fd,, 1.0
Fd,, + CoA
Acetaldehyde DH (CoA acetylating)
Acetyl-CoA? + NADH NADH 1.1
Acetyl—CoAb + NADPH NADPH 0.02
Ethanol dehydrogenase
AcH + NADH NADH 1.9
AcH + NADPH NADPH 0.02
Acetyl-CoA and ferredoxin-dependent H,
formation from NADH
NADH + Fd, + acetyl-CoA® H, 0.03
NADH + Fd,, H, <0.01
Reduced ferredoxin:NAD(P) NAD(P)H <0.01
oxidoreductase: Fd, .4 + NAD(P)™
Acetaldehyde oxidoreductase
AcH + MV, MV, <0.01
AcH + Fd,, Fd,, <0.01
Formate dehydrogenase
Formate + MV MV, 4 <0.01
Formate H, <0.01
Ferredoxin-dependent transhydrogenase: Fd,, 0.05
NADPH + NAD* + Fd,
Ferredoxin-dependent hydrogenase
Fd, 4" H, 0.3
H, + Fd,, Fd,, 0.1
H, + NAD(P)* NAD(P)H <0.01
Ferredoxin- and NAD-dependent
hydrogenase
NADH + Fd,,* H, 0.6
NADH H, <0.01
NADPH + Fd,“ H, 0.3
H, + NAD"' + Fd_, NADH 1.6
H, + NADP* + Fd,, NADPH <0.1

“1,3-BPG-regenerating system: 3-phosphoglycerate, ATP, and 3-phosphoglycerate
kinase.

b Acetyl-CoA-regenerating system: acetyl phosphate, coenzyme A, and
phosphotransacetylase.

¢ Fd,4-regenerating system I: ferredoxin, ferredoxin-dependent CO dehydrogenase,
and CO.

9 Fd,-regenerating system II: ferredoxin, pyruvate:Fd oxidoreductase, pyruvate,
coenzyme A, inorganic phosphate, and phosphotransacetylase.

¢ R. albus 7 was grown in batch culture on glucose. For assay conditions, see Materials
and Methods. Fd, ferredoxin; MV, methyl viologen; GAP, glyceraldehyde-3-phosphate;
P;, inorganic phosphate; 1,3-BPG, 1,3-bisphosphoglycerate; Pyr, pyruvate; DH,
dehydrogenase; AcH, acetaldehyde.

/Boldface indicates relevant specific activities.
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order of magnitude lower. Ferredoxin or methyl viologen were
not reduced by acetaldehyde in either the absence or presence of
CoA; this indicated the absence of an aldehyde:ferredoxin oxi-
doreductase, which is a molybdopterin-dependent enzyme (49).
Consistent with this, the genome of R. albus lacks the gene for an
aldehyde:ferredoxin oxidoreductase and also several genes essen-
tial for molybdopterin biosynthesis. However, the genome har-
bors two genes for two bifunctional acetaldehyde/ethanol dehy-
drogenases (50), one located on the chromosome and the other on
the plasmid pRumal01. Both genes were expressed under the cul-
ture conditions revealed from the amino acid sequence of the
partially purified bifunctional enzymes.

Besides the two genes for the two bifunctional acetaldehyde/
ethanol dehydrogenases, the genome harbors genes for a mono-
functional CoA-dependent acetaldehyde dehydrogenase and for
two monofunctional alcohol dehydrogenases. It remains unclear
whether these dehydrogenases are connected to the reduction of
acetyl-CoA with NADH to ethanol.

Acetyl-CoA-dependent H, formation from NADH. It has
been reported (16) that cell extracts of R. albus catalyze the ferre-
doxin- and acetyl-CoA-dependent formation of H, from NADH
at very low specific rates. We confirmed this observation (Table 1)
without having an explanation for which gene products could be
involved. The genome of R. albus lacks genes for enzymes catalyz-
ing the reduction of acetyl-CoA to butyryl-CoA, which in cell
extracts of butyric-acid-forming clostridia are responsible for the
reported acetyl-CoA- and ferredoxin-dependent H, formation
from NADH. In butyric-acid-forming clostridia, all of which con-
tain a ferredoxin-dependent [FeFe]-hydrogenase, the exergonic
reduction of crotonyl-CoA with NADH is coupled with the end-
ergonic reduction of ferredoxin with NADH (51, 52). The coupled
reaction is catalyzed by an enzyme complex of butyryl-CoA dehy-
drogenase with the electron transfer flavoproteins EtfA and EtfB.

In A. woodii, the exergonic reduction of pyruvate with NADH
to lactate is coupled with the endergonic reduction of ferredoxin
with NADH (53). The reaction is catalyzed by a lactate dehydro-
genase in complex with the electron transfer flavoproteins EtfA
and EtfB. The reduction of acetaldehyde with NADH to ethanol is
thermodynamically equivalent to the reduction of pyruvate with
NADH to lactate. Therefore, in principle, the acetyl-CoA- and
ferredoxin-dependent formation of H, from NADH in cell ex-
tracts of R. albus (Table 1) could be due to the presence of a
ferredoxin- and NAD-dependent alcohol dehydrogenase. How-
ever, in the genome of R. albus 7, genes for the electron transfer
flavoproteins EtfA and EtfB, thought to be involved in the cou-
pling mechanism, are not found (52-54).

Reduced ferredoxin:NAD oxidoreductase. In many anaer-
obes, the membrane-associated complex RnfA-G catalyzes the re-
versible reduction of NAD ™ with reduced ferredoxin and couples
the exergonic reaction with the build-up of a proton or sodium
ion motive force (22, 55). Such an activity was not found in R.
albus (Table 1). In the genome of R. albus 7, genes for RnfC
(NADH dehydrogenase) and RnfD (FMN-containing membrane
protein) are found in a transcriptional unit coding for a mem-
brane-associated enzyme complex. However, the subunits of this
complex, with the exception of RnfC and RnfD, show no sequence
similarity to the subunits in the classical RnfA-G complex.

Formate dehydrogenase. Reports have been published (44)
that formate in R. albus is formed from CO,; this indicates the
presence of reversible formate dehydrogenases which are molyb-
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dopterin-containing enzymes (56). The cell extracts did not cata-
lyze the reduction of ferredoxin or methyl viologen with formate.
Consistent with this, the genome lacks a gene for a reversible for-
mate dehydrogenase and several genes essential for the synthesis
of molybdopterin. However, the genome carries all genes required
for expression of a functional pyruvate-formate lyase. Therefore,
the lyase most probably is responsible for the reported formate
formation (44).

Carbon monoxide dehydrogenase. Many Gram-positive an-
aerobic bacteria have the potential to reduce 2 CO, to acetic acid
via the Wood-Ljungdahl pathway (57). One of the key enzymes is
the ferredoxin-dependent carbon monoxide dehydrogenase (58).
A similar activity was not found in the cell extracts (Table 1),
although one of the three plasmids, namely, pRumal02, harbors a
gene encoding a carbon monoxide dehydrogenase. However, the
genome lacks genes for the key enzyme of this pathway, namely,
acetyl-CoA synthase/decarbonylase.

Ferredoxin-dependent transhydrogenase. The genome of R.
albus 7 harbors nfnAB genes for the synthesis of an electron-bifur-
cating transhydrogenase complex that couples the endergonic
reduction of NADP* with NADH to the exergonic reduction of
NADP™ with reduced ferredoxin (24, 40). Only very low spe-
cific activities (0.05 U/mg) of this transhydrogenase could be
detected in the cell extracts of R. albus. Therefore, we propose an
anabolic rather than a catabolic function for this enzyme. Tran-
shydrogenase activity in cell extracts of R. albus has been observed
before (18).

Hydrogenases. Cell extracts catalyzed the formation of H,
from reduced ferredoxin at a specific rate of 0.3 U/mg, which
indicated the presence of a ferredoxin-dependent hydrogenase
(Table 1). The specific rate increased to 0.6 U/mg in the presence
of NADH (Table 1), which indicated the additional presence of a
ferredoxin- and NAD-dependent hydrogenase at a specific activ-
ity of 0.3 U/mg. NADPH could not substitute for NADH.

Evidence for the presence of three [FeFe]-hydrogenases:
HydA2, HydABC, and HydS. Two hydrogenase activities were
separated by chromatography on Phenyl-Sepharose (see Materials
and Methods). The activity that eluted first (0.6 M ammonium
sulfate) coeluted with the hydA2 gene product, and the activity
that eluted second (0.46 M ammonium sulfate) coeluted with the
hydABC gene products, as identified via mass spectrometry anal-
ysis of the proteins in the fractions.

The ferredoxin-dependent [FeFe]-hydrogenase HydA2 very
rapidly lost activity upon dilution, even under strictly anoxic con-
ditions, which in our hands made the purification of this enzyme
impossible. After separation on Phenyl-Sepharose, only a small
percentage of the activity determined in cell extracts remained. In
contrast, the activity of the electron-bifurcating ferredoxin- and
NAD-dependent [FeFe]-hydrogenase HydABC was relatively sta-
ble and could be purified easily (see below).

The lability of HydA2 relative to that of HydABC may have
something to do with the second coordination sphere of the H-
cluster (28, 29), which in HydA conforms to that in other [FeFe]-
hydrogenases but which in HydA2 differs at six amino acid posi-
tions (Fig. 1). Mutational analyses revealed that several residues
around the H-cluster are structurally relevant for the function and
stability of the active site, especially those that show electrostatic
or H-bond interactions with the CO and CN ligands, as well as the
bridging ligand (28).

Before we knew that HydA2 rapidly lost its activity upon
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Segment 1 Segment 2
Ie G
Consensus L A Consensus I T A
I T S C CPSWV VMPC x S KK E
HydA F T S CCPGWYV HydA V I P CTAKKFE
HydA2 L T S SCCZPATFV HydA2 I GP CTAKK AE
HydS I S S (GEH H §S§ - BV HydS I GP CV S KKDE
Segment 3
H T
Consensus I N A S
VExM-ACPGGCIxGGGQP
HJdA VEIM-ACPGGCINGGGQP
HydA2 T EGM-ACIGGCIGGAGCL
HdS T E-MSACNGSCI -GG - - P

FIG 1 Three segments encompassing the four cysteine ligands (in red) in-
volved in H-cluster iron binding in the three [FeFe]-hydrogenases of R. albus.
The consensus sequence in the three segments is based on the review by Lubitz

w »

etal. (28). Underlined letters indicate fully conserved residues; an “x” indicates
that more than four different residues are found at that position. HydA is
subunit A of the electron-bifurcating ferredoxin- and NAD-dependent
[FeFe]-hydrogenase HydABC; HydA2 is the ferredoxin-dependent [FeFe]-hy-
drogenase; HydsS is the putative H,-sensing [FeFe]-hydrogenase. HydA2 has
27% (83% coverage) and HydS 26% (52% coverage) sequence identity to
HydA, and HydA has 42% sequence identity to the [FeFe]-hydrogenase I from
C. pasteurianum.

dilution, we sometimes recovered no ferredoxin-dependent
hydrogenase activity after chromatography of the cell extract
on Phenyl-Sepharose (described above). Therefore, we ascer-
tained via RT-PCR analysis that both the hydABC genes on the
chromosome and the hydA2 gene on the plasmid pRumal01
were expressed during growth of R. albus on glucose, and this
was found to be the case (Fig. 2).

During purification of HydABC and separation from HydA2,
we carefully looked for a third hydrogenase activity peak due to
HydS by measuring the reduction of methyl viologen with H,, but
without success. The HydABC- and HydA2-containing fractions
also did not appear to contain HydS, as revealed by mass spec-
trometry of the proteins in the fractions. We could show, however,
via RT-PCR analysis that the hydS gene on plasmid pRumal01 was
expressed under the experimental conditions (Fig. 2). Since the
second coordination sphere of the H-cluster in HydS differs at 10
amino acid positions from that of bona fide [FeFe]-hydrogenases
(Fig. 1), it is difficult to predict whether HydS has very low or no
hydrogenase activity or whether HydS is just more labile than
metabolic [FeFe]-hydrogenases.

The genome of R. albus does not harbor genes for [NiFe]-
hydrogenase. Of the eight genes required for the maturation of
[NiFe]-hydrogenases, only four (hypC, hypD, hypE, and hypF)
were found (28, 59).

Purification and properties of the electron-bifurcating
[FeFe]-hydrogenase HydABC. As mentioned above, the ferre-
doxin- and NAD-dependent hydrogenase activity in cell extracts
was relatively stable. To determine the stoichiometry of coupling,
we purified the enzyme 37-fold via chromatography on Phenyl-
Sepharose, DEAE-Sepharose, and Q Sepharose at a yield of 15%
and a specific activity of 60 U per mg protein (Table 2).

SDS-PAGE revealed that the preparation is composed mainly
of three proteins, which were identified via mass spectrometry as
HydA, HydB, and HydC (Fig. 3). Mass spectrometric analysis of a
fourth protein band migrating with an apparent molecular mass
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FIG 2 R. albus chromosomal region encoding the electron-bifurcating ferredoxin- and NAD-dependent [FeFe]-hydrogenase HydABC and the region on
plasmid pRumal01 encoding the ferredoxin-dependent [FeFe]-hydrogenase HydA2 and putative H,-sensing [FeFe|-hydrogenase HydS. The cofactor content
was predicted from the amino acid sequence of the proteins. RT-PCR analysis revealed that the genes for HydA, HydA2, and HydS are expressed during growth
of R. albus 7 in batch culture on glucose. gDNA, genomic DNA; RNA, total RNA. The numbers in the scheme correspond to numbers in Rumal_3402 to

Rumal_3408 locus tags.

of about 100 kDa identified it as a mixture of the bifunctional
acetaldehyde/ethanol dehydrogenases encoded by the chromo-
some and of the bifunctional enzyme encoded by the plasmid
pRumal01.

The purified enzyme complex catalyzed the reduction of
NAD™ and of the two-electron-accepting ferredoxin from C. pas-
teurianum with H, in an almost 1:1 stoichiometry (Fig. 4).
NADP™ was not reduced. In an assay system in which reduced
ferredoxin was continuously regenerated by reduction with pyru-
vate in the presence of purified pyruvate:ferredoxin oxidoreduc-
tase and CoA, the formation of H, was strictly dependent on
NADH. NADPH could not substitute for NADH (not shown).

Cotranscription of the genes for HydA2 and HydS. Evidence
for cotranscription comes from bioinformatics and from experi-
mental RT-PCR analysis (Fig. 5). Bioinformatic analysis of the
genes neighboring hydA2 and hydS indicates that both genes are
part of a transcriptional unit, starting with gene rstR, which en-
codes the redox-sensing transcriptional repressor Rex and ends
with a pseudogene. The putative transcription unit also carries

TABLE 2 Purification of the electron-bifurcating ferredoxin- and NAD-
dependent [FeFe]-hydrogenase from R. albus 7¢

NAD " -dependent ferredoxin reduction

with H,”
Protein Purification
Purification step (mg) U U/mg  Yield (%) factor
Cell extract 190 300 1.6 100 1
Phenyl-Sepharose 5.5 156 28 52 17.8
DEAE-Sepharose 1.9 48 25 16 15.8
Q Sepharose 0.7 44 60 15 37.2

@ R. albus 7 grown in batch culture on glucose.
¥ One unit = 1 pwmol per min.
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genes for a serine/threonine protein kinase and a serine/threonine
protein phosphatase (60, 61), a bifunctional acetaldehyde/ethanol
dehydrogenase, and two iron-sulfur proteins, each containing a
[2Fe2S]-cluster. Using the BPROM online program (62) and
ARNold online program (63-66), we identified, upstream of the
cluster, a putative terminator sequence followed by a promoter
sequence, and, downstream of the cluster, two putative termina-
tor sequences. Within the cluster, no such sequences are apparent.

\Da HydABC

170
130

100
70

55

HydB (68 kDa)

: N\ HydA (64 kDa)
45
35

25

¢ SEI8EI:

——HydC (18 kDa)

10

FIG 3 SDS-PAGE of purified electron-bifurcating ferredoxin- and NAD-
dependent [FeFe]-hydrogenase (HydABC) from R. albus. The protein-cod-
ing genes were identified via mass spectrometry. The minor protein band at
100 kDa is due to a contaminating bifunctional acetaldehyde/ethanol dehy-
drogenase.
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FIG 4 Stoichiometry of ferredoxin and NAD reduction by H, catalyzed by
purified electron-bifurcating ferredoxin- and NAD-dependent [FeFe]-hydro-
genase from R. albus 7. In the experiment, ferredoxin from C. pasteurianum
was used, which harbors two [4Fe4S] clusters and accepts two electrons at
almost the same redox potential of —400 mV (87). The ferredoxin of C. pas-
teurianum is very similar to that of R. albus (19).

RT-PCR analysis revealed that these genes indeed form a tran-
scriptional unit (Fig. 5). Directly upstream of the transcriptional
unit lies the gene IysR, which is predicted to code for a transcrip-
tional regulator of the LysR family (67); directly downstream of
the transcription unit lies a gene encoding an AAA-ATPase (68).

DISCUSSION

The results presented were obtained with R. albus strain 7. The
other two R. albus strains sequenced are strains 8 and SY3, both of
which harbor the genes hydABC, encoding the electron-bifurcat-
ing ferredoxin- and NAD-dependent [FeFe]-hydrogenase, the
gene hydA2, encoding ferredoxin-dependent [FeFe]-hydroge-
nase, and the gene hydS, encoding the putative H,-sensing [FeFe]-
hydrogenase. In the three R. albus strains, the arrangements of the

Plasmid pRumal01
Bifunctional Ser/Thr
acetaldehyde/ethanol protein
LysR RstR dehydrogenase kinase

Hydrogenases in Ruminococcus albus

genes in the neighborhood of hydA2 and hydsS are identical. The
sequences of the electron-bifurcating ferredoxin- and NAD-de-
pendent [FeFe]-hydrogenases of the three strains are over 90%
identical. However, the enzyme from strain 8 is predicted to be
composed of four rather than three subunits, with the hydB gene
being split in two. The amino acid sequences of glyceraldehyde-3-
phosphate dehydrogenase, pyruvate:ferredoxin oxidoreductase,
and bifunctional acetaldehyde/ethanol dehydrogenase in strains
7, 8,and SY3 are over 90% identical. Based on all of these findings,
we concluded that all strains of R. albus ferment cellulose, cellobi-
ose, or glucose and regulate product formation in a similar man-
ner. The fermentation scheme for glucose, which is fermented
only by R. albus 7, is outlined in Fig. 6.

When R. albus 7 ferments glucose, ethanol, acetic acid, CO,,
and H, are formed according to the following reaction: glucose +
(2 — a) H,O — a ethanol + 2 CO, + (2 — a) acetate” + (2 — a)
H™ + (4 — 2a) H,, where a is a number between 0 and 1 (Fig. 6).
At very high H, partial pressure, 1 ethanol, 1 acetic acid, 2 CO,,
and 2 H, are formed as products, a = 1, and all of the H, is
generated via the ferredoxin-dependent hydrogenase HydA2. At
very low H, partial pressures, 2 acetic acid, 2 CO,, and 4 H, are
formed as products, a = 0, and all of the H, is generated via the
electron-bifurcating ferredoxin- and NAD-dependent [FeFe]-hy-
drogenase HydABC. In batch fermentations, 0.7 ethanol, 1.3 ace-
tic acid, 2 CO,, and 2.6 H, are formed, a = 0.7, and 1.2 mol of the
H, formed was generated via the electron-bifurcating [FeFe]-hy-
drogenase HydABC; 1.4 mol was generated via the ferredoxin-
dependent [FeFe]-hydrogenase HydA2 (Fig. 6).

Fermentation of glucose to 2 ethanol and 2 CO, (a = 2) in R.
albus is not possible, since the organism appears to lack a reduced
ferredoxin:NAD™ oxidoreductase that would allow the transfer of
electrons from reduced ferredoxin to NAD™ (Table 1). This has to
be kept in mind when considering the engineering of R. albus for
second-generation bioethanol production so that it can ferment
cellulose to 2 ethanol and 2 CO, per hexose unit without the gen-
eration of acetic acid and H, (69). The ability of R. albus to hydro-
lyze and ferment the major plant cell wall polysaccharides, cel-

Ser/Thr
protein
phosphatase

HydS HydA2

3401

R T

| | 3403 3404 ]

|
v v

Q Putative transcriptional terminator
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RNA
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FIG 5 Cotranscriptional analysis of the R. albus 7 plasmid genes encoding the ferredoxin-dependent [FeFe]-hydrogenase HydA2 and the putative H,-sensing
[FeFe]-hydrogenase HydS, together with genes encoding the redox-sensing transcriptional repressor RstR, a bifunctional ethanol/acetaldehyde dehydrogenase,
a serine/threonine protein kinase, a serine/threonine protein phosphatase, and a transposase pseudogene (Rumal_3408). Evidence for cotranscription comes
from bioinformatic analysis (see the text) and from RT-PCR analyses of cells grown in batch culture on glucose. gDNA, genomic DNA; RNA, total RNA; LysR,
transcriptional regulator; ATPase, putative AAA superfamily ATPase. The numbers in the arrows correspond to numbers in Rumal_3399 to Rumal_3409 locus

tags.
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FIG 6 Scheme of the energy metabolism of R. albus 7 growing on glucose at
low (a = 0) and at very high (a = 1) H, partial pressures. The relevant reaction
is glucose + (2 — a) H,0 —>2a ethanol + 2 CO, + (2 — a) acetate” + (2 — a)
H" + (4 — 2a) H,. HydABC (highlighted in red) is the electron-bifurcating
ferredoxin- and NAD-dependent [FeFe|-hydrogenase, and HydA2 (high-
lighted in green) is the ferredoxin-dependent [FeFe]-hydrogenase. G-6-P, glu-
cose-6-phosphate; GAP, glyceraldehyde phosphate; PGA, phosphoglycerate;
Pyr, pyruvate. The presence of the three membrane protein complexes is de-
duced from the genome sequence (27).

lulose and hemicellulose, is the reason for the renewed biotechno-
logical interest in this organism (4, 69).

As described above, in batch cultures of R. albus grown on
glucose, the electron-bifurcating ferredoxin- and NAD-depen-
dent [FeFe]-hydrogenase HydABC and the ferredoxin-dependent
[FeFe]-hydrogenase HydA2 are operative (a = 0.7) (Fig. 6). In
contrast, during growth of R. albus in its natural gut environment,
where the H, partial pressure is low, only the electron-bifurcating
hydrogenase is required (a = 0) (Fig. 6). Under these conditions,
the ferredoxin-dependent hydrogenase HydA2 and the bifunc-
tional acetaldehyde/ethanol dehydrogenase do not need to be syn-
thesized. Therefore, it probably is not random chance that the
gene encoding HydA2 and the gene encoding the bifunctional
acetaldehyde/ethanol dehydrogenase are located together in one
transcriptional unit together with the rsfR gene, encoding a redox-
sensing transcriptional repressor, Rex.

Rex proteins have been implicated in the transcriptional regu-
lation of genes that are important for fermentative growth and for
growth under low oxygen tension, mainly in Gram-positive bac-
teria but also in some Gram-negative bacteria. Rex senses the re-
dox poise of the cell through changes in the NADH/NAD™ ratio
(70-73). Rex has been shown to be involved in the response of the
thermophilic Gram-positive anaerobe Caldicellulosiruptor saccha-
rolyticus to different H, partial pressures (74). Therefore, it is con-
ceivable that in R. albus the NADH/NAD™ ratio somehow reflects
the H, concentration in the environment, with the ratio being
higher at high H, concentrations than at low H, concentrations.
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However, NADH and H, are not in thermodynamic equilibrium,
since in the cells the redox potential, E’, of the NAD"/NADH
couple (near —280 mV) is predicted to be more positive than that
of the 2H"/H, couple even when the H, partial pressure is only
about 10 Pa (E' near —310 mV). Therefore, the H, partial pressure
must be sensed somehow and the signal transmitted such that the
NADH/NAD™ ratio is affected.

What could the H, sensor be? The hydS gene product is the
most likely candidate for the following reasons. (i) HydS harbors
an H-cluster to which H, can bind and transfer electrons; in ad-
dition, it harbors a PAS domain which could promote signal
transfer (30). (ii) The hydS gene is in a transcriptional unit to-
gether with hydA2, encoding the ferredoxin-dependent [FeFe]-
hydrogenase, and rstR, encoding the redox-sensing transcrip-
tional repressor Rex. This transcriptional unit also carries genes
for a serine/threonine protein kinase and a serine/threonine pro-
tein phosphatase, which could be involved in signal transfer (60,
61, 75). (iii) Directly upstream of the transcriptional unit lies a
gene encoding a transcriptional regulator of the LysR family,
which represents the most abundant type of transcriptional regu-
lator in the prokaryotic kingdom (67). (iv) [FeFe]-hydrogenases
with a PAS domain are found in many H,-forming bacteria con-
taining both a ferredoxin-dependent [FeFe]-hydrogenase and an
electron-bifurcating ferredoxin- and NAD-dependent [FeFe]-hy-
drogenase. Thermotoga maritima (76), Clostridium stercorarium
(77), Clostridium thermocellum (78), Elusimicrobium minutum
(79), Treponema azotonutricium (33), and Thermoanaerobacte-
rium saccharolyticum (35) are among these H,-forming bacteria,
which putatively respond to changing H, partial pressures in their
environment by changing the pattern of fermentation products.
In these organisms, the hydS gene also is associated with genes
encoding transcriptional regulators (Rex or LysR), a serine/thre-
onine protein kinase, and/or a serine/threonine protein phospha-
tase (Fig. 7). (v) The H-cluster in HydS from all of the bacteria
mentioned above differs in the second coordination sphere
from the H-cluster of metabolic [FeFe]-hydrogenases, such as
HydA2 and HydABC (see Fig. S2 in the supplemental material),
which indicates differences in reactivity and function from
metabolic [FeFe]-hydrogenases. Genetic experiments, which
have already been initiated with T. saccharolyticum (35), will be
required to prove that HydS (HfsB in T. saccharolyticum) is a
H,-sensing, regulatory [FeFe]-hydrogenase and to find out how
the signal is transferred and how it leads to the transcriptional
response. It should be noted that Caldicellulosiruptor saccharolyti-
cus (described above) can adapt to different H, partial pressures
without having an hydS gene, which indicates that the mechanism
of H, sensing differs among H,-forming anaerobic bacteria.

The presence of H,-sensing regulatory [FeFe]-hydrogenases
(HydS) appears to be restricted to some H,-forming anaerobic
bacteria. In H,-oxidizing aerobic bacteria, such as Ralstonia eutro-
pha, and in H,-oxidizing phototrophic bacteria, such as Rhodo-
bacter capsulatus, H, is sensed by a regulatory [NiFe]-hydrogenase
(HoxCB) in complex with the PAS domain-containing histidine
kinase HoxJ. In the absence of H,, Hox]J transfers phosphate to the
transcriptional response regulator HoxA, which is inactive in the
phosphorylated form. Biochemical and genetic data suggest that
signal transduction between the regulatory [NiFe]-hydrogenase
and HoxJ involves an electron transport process (80-86). The reg-
ulatory [NiFe]-hydrogenase contains an active site similar to that
of the standard [NiFe]-hydrogenases. However, these enzymes
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Ruminococcus albus plasmid pRumal01
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Thermotoga maritima
Ser/Thr
protein Histidine
2Fe-2$ Hde phosphatase  HydC HydB HydA RstR kinase?
1420- 1422 1424
Clostridium stercorarium
Ser/Thr Ser/Thr Bifunctional .
protein protein acetaldehyde/ ethanol Melhyl-agceptlng
HydA2 phosphatase HydS [2Fe2S] kinase dehydrogenase LysR chemotaxis protein
~ < s (I <
1809-10

Clostridium thermocellum

Ser/Thr Ser/Thr Bifunctional Dipicolinic
protein protein  acetaldehyde/ ethanol acid synthetase
[2Fe2S]  HydA HydB  HydC phosphatase HydS [2Fe2S] kmase dehydrogenase RstR Bsubumt
1790 1793 1796 1800
Treponema azotonutricium
Ser/Thr Ser/Thr Bifunctional
Mannonate protein protein  acetaldehyde/ethanol Solute-binding
oxidoreductase  RstR phosphatase HydA2 HydS kinase dehydrogenase protein
G < 202 <As o M
1997 [2Fe2S] [2Fe2S]
Elusimicrobium minutum
Ser/Thr Ser/Thr Bifunctional
Aspartate protein protein acetaldehyde/ethanol
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1549

FIG 7 Genome region surrounding the gene encoding the putative H,-sensing [FeFe]-hydrogenase HydS in seven representative bacteria. Rst, redox-sensing
transcriptional repressor Rex; LysR, transcriptional regulator; HydA2, ferredoxin-dependent [FeFe]-hydrogenase; HydABC, electron-bifurcating ferredoxin-
and NAD-dependent [FeFe]-hydrogenase. The numbers in the arrows correspond to genomic ORF identification numbers. HydS from R. albus 7 has 32%
sequence similarity to HydS from T. maritima, 70% to HydS from C. stercorarium, 52% to HydS from C. thermocellum, 53% to HydS from T. azotonutricium, 63%
to HydS from E. minutum, and 38% to HydS from T. saccharolyticum. HydA from R. albus 7 has 39% sequence similarity to HydA from T. maritima, 59% to HydA
from C. stercorarium, 44% to HydA from C. thermocellum, 44% to HydA from T. azotonutricium, 44% to HydA from E. minutum, and 52% to HydA from T.
saccharolyticum. HydA2 from R. albus 7 has 31% sequence similarity to HydA2 from T. maritima, 75% to HydA2 from C. stercorarium, 33% to HydA2 from C.
thermocellum, 36% to HydA2 from T. azotonutricium, 70% to HydA2 from E. minutum, and 50% to HydA2 from T. saccharolyticum.
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exhibit extremely low levels of activity, approximately 100-fold
lower than those of the metabolic [NiFe]-hydrogenases (28).
Thus, the mechanism of H, sensing via the regulatory [NiFe]-
hydrogenase (HoxCB) may serve as a model for the elucidation of
the mechanism of H, sensing via the regulatory [FeFe]-hydroge-
nase (HydS).
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