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The anaerobic way of life comprises a great metabolic di-
versity and, correspondingly, diversity of energy-generating
mechanisms (52). The facultative anaerobes have a respiratory
system that uses preferentially oxygen, but in the absence of
oxygen and presence of alternative electron acceptors, such as
NO;, NO, ", Fe(Ill), or others, alternative electron transport
pathways are induced. The situation is completely different in
strict anaerobes which can derive energy only by fermentation
and/or by ion gradient-driven phosphorylation. In general, the
energy yield in strict anaerobes is only a small fraction of the
one gained by aerobes (43). Obligately fermenting organisms
rely mostly on substrate level phosphorylation (SLP), and the
energy yield ranges from 1 to 4 mol of ATP per mol of hexose
fermented. However, a number of organisms have evolved
additional mechanisms to increase their ATP yield. Some em-
ploy electrogenic end product efflux (51) and, in addition, some
of the fermentation pathways comprise one or more mem-
brane-bound reactions which result in the generation of a
transmembrane ion gradient across the membrane (43). Typ-
ical examples for the latter are the fumarate reductase system
and the Na™-motive decarboxylases (9, 36). Since the latter do
not catalyze oxidation/reduction reactions, the term electron
transport does not fit these mechanisms and, therefore, the
more general term ion-gradient-driven phosphorylation is fa-
vored. At the end of this line are the chemolithoautotrophic
anaerobes. Methanogenic archaea reduce CO, to CH, and do
not employ SLP but have membrane-bound enzymes that cou-
ple methyltransfer reactions and electron transfer reactions to
the export of Na* and H™, respectively (7, 21). The Na* and
H™" gradients established are used to drive the synthesis of
ATP by membrane-bound A;A, ATPases (48). Although the
analyses of the structure and function of A;A, ATPases has
made some progress in recent years, the ion specificity of these
enzymes needs to be elucidated, and the question how both ion
gradients are used to drive ATP synthesis has not been settled
(47). Acetogens use a similar pathway for CO, reduction as
methanogens, the Wood-Ljungdahl pathway, but with respect
to the energy conserving mechanisms they can be divided into
two groups, the Na™ and the H™ organisms, which apparently
differ also in some aspects of the pathway (38, 44). In recent
years it became evident that CO, is neither the only nor the
preferred electron sink in acetogens but acetogens can use
alternative electron acceptors (12). This review will focus on
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the energetics of CO, reduction (homoacetogenesis) and re-
duction of other electron acceptors in acetogens.

PATHWAYS OF ENERGY CONSERVATION
IN ACETOGENS

Organisms that are able to reduce CO, to acetate via the
acetyl coenzyme A (acetyl-CoA) or Wood-Ljungdahl pathway
(Fig. 1) are termed acetogens. This metabolic capability dif-
ferentiates acetogens from organisms that synthesize acetate
by other metabolic pathways. Acetogens are strictly anaerobic
bacteria that can grow by the conversion of C, compounds such
as H,-CO,, CO, or formate to acetate (8). Phylogenetically,
acetogens are rather diverse, and 19 bacterial genera have
been described to date. Acetogens can inhabit very diverse
ecosystems ranging from different soils to termite hindgut, and
also extremophiles with respect to temperature, pH, and salin-
ity have been found. It is estimated that acetogenesis yields
billions of tons of acetate globally each year and, therefore,
acetogens play an important role in the global carbon cycle
(15).

Acetogens can grow on a variety of different substrates such
as, for example, hexoses, C, and C, compounds. Hexoses are
converted exclusively to acetate:

1 CH,,0, — 3 CH,COOH (1)

and, therefore, this fermentation is also referred to as ho-
moacetogenesis. The pathway of hexose consumption starts
with their oxidation via the Embden-Meyerhof-Parnas pathway
to pyruvate, which is then oxidized by pyruvate:ferredoxin ox-
idoreductase to acetyl-CoA, reduced ferredoxin, and CO,. The
acetyl-CoA is then converted to acetate via acetyl phosphate.
The oxidative branch of the pathway (equation 2) is coupled to
the synthesis of 4 mol of ATP by SLP:

CH,05 + 4 ADP + 4P, — 2 CH;COOH + 2 CO,

+ 4 ATP + 8[H] )

Second, the reducing equivalents gained during glycolysis and
pyruvate:ferredoxin-oxidoreductase are reoxidized by reducing
the two mol of CO, to another mol of acetate via the Wood-
Ljungdahl pathway:

2 CO, + 8[H] + nADP + nP; — CH,COOH + nATP
(3)

During growth on sugars or other organic substrates, CO, can
be formally regarded as an electron sink and, per se, there is no
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FIG. 1. Wood-Ljungdahl pathway. Reductants are shown as hydro-
gen, but electrons can also be derived from oxidation of organic sub-
strates.

need that the Wood-Ljungdahl pathway is coupled to energy
conservation. Energy is gained during glycolysis, and the redox
balance is maintained by operation of the Wood-Ljungdahl
pathway. However, it is important to note that the Wood-
Ljungdahl pathway also enables growth on H,-CO, according
to:

2CO,+ 4 H,+ nADP + nP; — CH,COOH
+2H,0 + nATP 4)

and, therefore, it must be coupled to net ATP synthesis. The
overall free energy change of the reaction (AG,” = —95 kJ/
mol) could allow for the synthesis of 1 to 2 mol of ATP.
Indeed, it is now well established that CO, reduction via the
Wood-Ljungdahl pathway according to equations 3 and 4 is
coupled to ion gradient-driven phosphorylation.

OVERVIEW OF THE WOOD-LJUNGDAHL PATHWAY:
BIOCHEMISTRY AND ENERGETICS

The Wood-Ljungdahl pathway is widespread in anaerobic
bacteria and archaea and is used for both anabolism and ca-
tabolism (19, 39, 55, 77). First, CO, is reduced to formate by
action of formate dehydrogenase, and then formate is acti-
vated and bound to tetrahydrofolate (H,F), yielding formyl-
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H,F (Fig. 1). Water is split off, and the resulting methenyl
group is reduced via methylene-H,F to methyl-H,F. The
methyl group is then transferred to a protein containing a
corrinoid cofactor and iron sulfur clusters, the corrinoid iron-
sulfur protein (CFeSP). From there, the methyl group is trans-
ferred to the bifunctional CO dehydrogenase/acetyl-CoA syn-
thase (CODH/ACS) that plays a central role in the pathway
(11, 56). The methyl group is condensed on CODH/ACS with
carbon monoxide, derived from another mol of CO, oxidized
by the CODH activity, to acetyl-CoA. Acetate is produced
from acetyl-CoA by action of phosphotransacetylase and ace-
tate kinase. The reducing equivalents required are gained by
oxidation of molecular hydrogen (during autotrophic growth)
or NADH and reduced ferredoxin (during heterotrophic
growth).

The energetics of this pathway is rather interesting. One
mole of ATP is produced by SLP in the acetate kinase reaction,
but one mole of ATP is consumed in the formyl-H,F syn-
thetase reaction (see Fig. 1). Therefore, the net ATP gain by
SLP is zero, and ion gradient-driven phosphorylation must
occur as well (for the organisms can grow chemolithoau-
totrophically). In recent years, experimental evidence was pre-
sented that ion gradient-driven phosphorylation indeed occurs
in acetogens, but the sites of energy conservation and the
mechanisms employed are different. From a bioenergetic point
of view, acetogens can be divided into two groups: the Na™-
dependent acetogens with Acetobacterium woodii (46) and the
H"-dependent acetogens with Moorella thermoacetica (for-
merly Clostridium thermoaceticum) as model organisms (38).
The latter group contains cytochromes and a membrane-
bound, H" motive electron transport chain. The Na*-depen-
dent acetogens lack cytochromes but have membrane-bound
corrinoids and couple the Wood-Ljungdahl pathway to pri-
mary and electrogenic translocation of Na™. The ion gradient
established is taken advantage of by H* and Na™ translocating
ATP synthases, respectively.

ENERGY CONSERVATION IN
H*-DEPENDENT ACETOGENS

In the pioneering work of the group of L. G. Ljungdahl,
several membrane-integral electron carriers were identified in
Moorella thermoacetica and the closely related Moorella ther-
moautotrophica (formerly Clostridium thermoautotrophicum).
Menaquinone MK-7 (2-methyl-3-heptaprenyl-1.4-naphthoqui-
none; E)’ = —74 mV) and two b-type cytochromes (cyto-
chrome bsso, E, = —215 mV; cytochrome bss,, E)' = —57
mV) were already identified in 1975, and later on it was shown
that a flavoprotein copurified with cytochrome bsso (3, 22).
These components are suggested to be involved in electron
transport processes (6, 38). The nature of the electron donor
and acceptor systems is less clear. It should be mentioned that
all of the enyzmes of the Wood-Ljungdahl pathway were iso-
lated so far from the cytosolic compartment after French press
disrupture of cells and, therefore, their involvement in energy
conservation seems questionable. However, this harsh proce-
dure might have led to a desintegration of membrane-bound
enzymes and liberation of the enzymes or catalytically active
subcomplexes thereof into the cytosolic compartment. There-
fore, it is a necessity to prepare inside-out vesicles under mild
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FIG. 2. Hypothetical model of energy conservation in acetogens. (A) H" organisms; (B) Na* organisms. For explanations, see the text.

conditions that prevent or reduce the loss of membrane-bound
enzymes. Using such vesicle preparations, it was indeed shown
that certain enzymes may attach to the cytoplasmic membrane:
the potential electron donors hydrogenase, CODH, and
NADH dehydrogenase, as well as the potential electron accep-
tor methylene-H,F reductase (30).

Thauer et al. (73) suggested in 1977 that the methylene-H,F
reductase may be the last limb of an electron transport chain
that could lead from an electron donor such as hydrogenase,
CODH, and NADH dehydrogenase via the membrane-bound
electron carriers to methylene-H,F. This electron transport
could result in the generation of a transmembrane proton
potential that then drives ATP synthesis (Fig. 2A). Although
this is a reasonable scenario, experimental evidence for either
membrane-bound electron transport to methylene-H,F or the
generation of a transmembrane electrochemical potential
(Apgy+) during this reaction is still missing. However, a A+
was established in membrane vesicles during oxidation of CO
(by CODH) coupled to the reduction of ferrycyanide (28). The
Apy+ was used to drive the uptake of amino acids (29). This
clearly proved CO-dependent formation of Ap+ but did not
reveal the components and mechanisms involved.

The Apyy+ established is taken advantage of by a H" F,F,
ATPase to synthesize ATP. The enzyme and subcomplexes
thereof have been isolated from membranes of Moorella ther-
moacetica and Moorella thermoautotrophica (6, 32). The en-
zyme contained, like the H" F,F, ATPase from Escherichia
coli, subunits «, B, y, 9, €, and ¢, but was devoid of the essential
subunits a and b. Therefore, it was speculated that the archi-
tecture of the clostridial F,F, ATPase is simpler than that from
other bacteria (4). However, the genes encoding the F,F,
ATPase are organized in an operon that also contains the
genes coding for subunits a and b (5). Therefore, it can be
assumed that the enzyme from Moorella thermoacetica and
Moorella thermoautotrophica, like that from other bacteria, has
an o;P5ydeab,c,y 44 architecture. The discrepancy between the

biochemical and molecular data are most likely due to the loss
of subunits during purification of the ATPase. Indeed, loss of
subunits during purification of F,F, ATPases is encountered
very often and also observed in 4. woodii in which the same
subunits were missing in the purified enzyme but later on
shown to be present in the in vivo complex (see below).

ENERGY CONSERVATION IN
NA*-DEPENDENT ACETOGENS

With the discovery that methanogenic archaea that also use
in part the Wood-Ljungdahl pathway are strictly dependend on
Na™ for CO, reduction (53, 54) and that they couple the
methyltetrahydromethanopterin:coenzyme M methyltrans-
ferase to vectorial Na™ transport across the cytoplasmic mem-
brane (37, 45, 49), it was obvious to look for Na* dependence
of acetogenesis. These studies revealed a Na* dependence for
growth and acetate formation in 4. woodii (26), Thermoanaer-
obacter kivui (formerly Acetogenium kivui) (78), and Rumino-
coccus productus (formerly Peptostreptococcus productus) (20).
A. woodii was used as a model system to unravel the molecular
basis of the Na* dependence.

(i) Generation of a sodium motive force in 4. woodii. From
studies with cell suspensions of A. woodii, it was apparent that
the Wood-Ljungdahl pathway is Na* dependent and accom-
panied by the generation of a sodium motive force across the
cytoplasmic membrane by a primary, electrogenic pump in-
volved in acetate formation from CO,. Further studies with
substrates that are fed into the Wood-Ljungdahl pathway at
different levels identified the reaction sequence leading from
methylene-H,F to a methylated intermediate as the Na™-de-
pendent reaction sequence of the pathway (26). This reaction
sequence contains the methylene-H,F reductase, and one (or
two) methyltransferase reactions as presented below:

methylene-H,F + 2 [H] — methyl-H,F )
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methyl-H,F + CFeSP — methyl-CFeSP + H,F (6)
methyl-CFeSP + CODH/ACS — methyl-CODH/ACS
+ CFeSP (7

Equation 5 is catalyzed by the methylene-H,F reductase. Be-
cause the enzyme was found to be localized to 100% in the
cytoplasm (R. Heise, V. Miiller, and G. Gottschalk, unpub-
lished data), we do not consider this reaction sequence to be
sodium motive. Furthermore, studies with the Na*-dependent
acetogen R. productus also made an involvement of the meth-
ylene-H,F reductase in Na™ transport unlikely (76). This
leaves the reactions shown in equations 6 and 7 as the most
likely candidates for Na™ transport. This reaction sequence has
never been studied in Na*-dependent acetogens; all we know
results from studies with proton-dependent organisms in which
the entire sequence seems to be catalyzed by soluble, cytoplas-
mic enzymes (55, 69). However, in Na™-dependent acetogens,
the situation might be different. The analogy of the pathways in
acetogens and methanogens, as well as the finding of mem-
brane-bound corrinoids in Na™-dependent acetogens (2), led
to the proposal that the methyl transfer from methyl-H,F to
CODH/ACS is the site of Na™ extrusion in Na*-dependent
acetogens (46). In analogy to the membrane-bound, Na™-
pumping methyltetrahydromethanopterin:coenzyme M meth-
yltransferase of methanogens, the corrinoid could be a cofactor
of a multisubunit, membrane-bound, Na *-translocating meth-
yltransferase (Fig. 2B). However, this still has to be verified by
experimental analyses.

(ii) 4. woodii synthesizes ATP by means of an Na™* F,F, ATP
synthase. Upon addition of H,-CO,, A. woodii produced ace-
tate and Na® was extruded from the cells giving rise to a
chemical Na™ potential (ApNa™) of =90 mV (26). Experi-
ments with cell suspensions revealed that the Na™ gradient
drives phosphorylation of ADP. ATP synthesis was not inhib-
ited by protonophores but by sodium ionophores, indicating a
direct coupling of ATP synthesis to the Wood-Ljungdahl path-
way by Ap,+ (24). Studies with cell suspensions of A. woodii
clearly demonstrated the presence of an Na*-translocating
ATPase/ATP synthase (25, 27).

The ATPase was purified to apparent homogeneity after
solubilization of membranes with Triton X-100 by (poly)ethyl-
eneglycol precipitation and gel filtration. This preparation con-
tained (only) six subunits (a, B3, v, 3, €, and c,/3) as the clos-
tridial enzyme (62). However, later studies using separation of
membrane protein complexes by blue native-polyacrylamide
gel electrophoresis and subsequent sodium dodecyl sulfate-
polyacrylamide gel electrophoresis in the second dimension
revealed the presence of three additional subunits (b, a, and ¢,)
(1). Biochemical, immunological, and molecular studies iden-
tified the ATPase of A. woodii as a member of the family of
Na™ F,F, ATP synthases (17, 58, 61, 62). In bacterial F,F,
ATPases, three copies of each subunit o and B alternate
around a central stalk built by subunit . Subunit € is part of the
central stalk and connects it with the membrane domain via
subunit ¢, the proteolipid. A ring of subunit ¢ (9 to 14 copies),
subunit a (1 copy), and subunit b (2 copies) are localized in the
membrane and build the motor of the rotary device (47). Ion
flow through the membrane along the a-c interface is coupled
to a rotation of the ring of proteolipids (66), and this rotation
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drives rotation of the central stalk (subunit ) (79). Rotation of
subunit y within the a;b5 headpiece results in the liberation of
ATP from the B subunits. Such a mechanism requires a stator,
which is most likely build by subunits b and & (Fig. 3). It is
noteworthy that the same architecture and mechanisms apply
to Na® and H" F,F, ATPases. The ion specificity is altered by
only a few amino acid changes in the motor component (see
below).

(iii) Na* F,F, ATP synthase of A. woodii: the first enzyme
with a heterooligomeric motor comprising “bacterial-like” and
“eukaryal-like” proteolipids. The atp operon of A. woodii that
encodes the Na™ F,F, ATP synthase contains homologues of
the nine genes present in the E. coli atp operon (17, 58) (Fig.
3). The order of the genes is atpIBE \E,E;FHAGDC. Northern
blot analyses revealed that the genes form one polycistronic
message. In contrast to any other known F,F, ATPase operon,
the atp operon from A. woodii contains three tandemly orga-
nized genes (atpE,, atpE,, and atpE,) encoding subunit c, the
proteolipid. AtpE, (subunit c,), and AtpE; (subunit c;) are
100% identical at the amino acid level, and only 18 substitu-
tions occurred on the DNA level (58). This is strong evidence
for a duplication of an ancestral gene. The deduced molecular
mass of the polypeptides is 8.18 kDa. As their bacterial homo-
logues, they are supposed to be organized in the membrane
like a hairpin with two transmembrane helices connected by a
polar loop. Most interestingly, atpE | with 546 bp is more than
double the size of atpE, 5. The first and second halves are 66%
identical on the DNA level, indicating a duplication of a pre-
cursor and subsequent fusion of the two gene copies. The
deduced molecular mass of AtpE, (subunit ¢,) is 18.37 kDa,
with four predicted transmembrane helices arranged in two
hairpins. However, the membrane-buried ion-binding residue
(Glu62 in AtpE,;;. Glu79 in hairpin one of AtpE,), which is
also conserved and involved in H" transport in H* F,F,
ATPases, is substituted by a glutamine residue in hairpin two
(Fig. 4). It is important to note that homologues of AtpE, were
previously found only in eukaryal V,V, ATPases (40, 50).
These enzymes are not able to synthesize ATP in vivo, and
their inability to synthesize ATP results from the fact that the
ion-translocating group is missing in one of the two hairpins of
subunit c¢. Therefore, it was important to demonstrate the
presence of a eukaryal-like proteolipid in an ATP-synthesizing
ATPase. Biochemical studies verified that the proteolipid oli-
gomer of the F,F, ATPase from A. woodii indeed comprises a
mixture of “bacterial-like” 8- and “eukaryal-like” 16-kDa
polypeptides, the first found in nature (1). The stoichiometry
of the different polypeptides in the c-oligomer has not yet been
determined, but it may vary with the substrate and may be used
to change the enzymatic reaction from preferentially hydrolysis
to synthesis of ATP and vice versa.

(iv) Sodium ion binding site in F,. The Na* binding site
resides in the motor component of the ATPase (34). The Na™
binding site in subunit ¢ of F,F, ATPases was elucidated by
various techniques and groups. Glu62, Thr63, and GIn29
(numbering of A. woodii subunit ¢, ;) were identified as part of
the binding site by site-directed mutagenesis in E. coli and
Propionigenium modestum (35, 80). Furthermore, Pro25 (A.
woodii numbering) of subunit ¢ is only conserved in the two
Na™ F,F, ATPases (60). This might indicate the involvement
of Pro25 in Na™ binding, but this has to be verified by site-
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FIG. 3. The Na™ F,F, ATPase of A. woodii. (A) Genomic organization of the atp genes; (B) hypothetical model of the enzyme. Please note
that the stoichiometry of subunits ¢, and ¢, is unknown. Residues involved in Na™ binding are indicated.

directed mutagenesis. The sodium ion binding site is depicted
in Fig. 4.

Apart from subunit ¢, a second subunit, subunit a, is re-
quired for ion transport; both are envisaged to make the ion
channel of the ATPase (10, 16). Only one residue of subunit a
from the H" F,F, ATPase, Arg210, was indicated by mutant
studies to be directly involved in H" transport (75). The resi-
dues involved in Na* binding of subunit ¢ from Na* F,F,
ATPases are unknown, but a comparison of the sequences of
subunit a from the Na™ F,F, ATPase from P. modestum and A.
woodii to those from H" F,F,, ATPases revealed determinants
likely to be important for Na™ binding (59).

(v) Why multiplication and duplication of the proteolipid
encoding gene? One of the most striking and unique features
of the atp operon of A. woodii is the presence of multiple
copies of proteolipid encoding genes. Multiplication of prote-
olipid encoding genes has been found before only in V,V,
ATPases from eukarya and A,;A, ATPases from archaea (47,
48). What could be the selective pressure for multiplication of
proteolipid-encoding genes? One has to keep in mind that the
subunits of the ATPase are present in different stoichiometries
(a;bsCy.14803YB5€), and the proteolipid has by far the highest
copy number (9 to 14 copies of the bacterial 8-kDa proteolipid,
depending on the species) in the complex. Most of our knowl-
edge concerning the regulation of the synthesis of the proteo-
lipid derived from the paradigm E. coli. There, the proteolipid
encoding gene is part of a polycistronic message, and enhanced
synthesis of the proteolipid is achieved by enhancement of
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FIG. 4. Na*-binding site in the Na* F,F, ATPase of 4. woo-
dii.(A) Na*-binding site in subunits ¢, and hairpin one of subunit ¢, 5.
Please note that hairpin two of subunit ¢, does not contain the con-
served glutamate and, therefore, is not capable of binding Na™.
(B) Closer look on the Na*-binding site.
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translation (42). In addition, but to a lesser extent, regulation
by differential mRNA stability contributes to differential gene
expression (41). Apparently, multiplication of the atpE gene
and embedding the copies into the operon is another way to
increase the concentration of subunit c. This strategy is appar-
ently realized by A. woodii, but this does not exclude additional
mechanisms.

Another interesting finding is that the proteolipid of the
AA, ATPase of the hyperthermophilic archaeon Methanopy-
rus kandleri is deduced from the genome sequence to have a
proteolipid with 13 times the size of bacterial 8-kDa proteo-
lipids that is encoded by only a single gene (70). The rotor is
apparently monomeric and built by only one copy of a prote-
olipid with 13 hairpin domains. Methanopyrus kandleri grows
optimally at 98°C, with a maximum at 110°C. Because the rotor
is located in the cytoplasmic membrane, it “feels” the heat
more intensely than heat-protected enzymes from the cyto-
plasm; this extremely high temperature might favor a mono-
meric rotor. However, the existence of a monomeric rotor is
only deduced from the genomic sequence but not yet proven by
biochemical data. Methanocaldococcus jannaschii and Meth-
anothermobacter thermoautotrophicus grow optimally at 85 and
65°C, and they have proteolipid monomers with three- and
two-hairpin domains (63, 64), whereas Methanosarcina mazei
and other mesophiles have 8-kDa proteolipids with only one
hairpin (65). Therefore, larger proteolipids could be of evolu-
tionary origin favored by high temperature environments.

The duplication of the proteolipid encoding gene per se has
no consequence for the function of the ATPase since it was
shown before that genetically engineered duplicated proteo-
lipids from E. coli are functional in H" transport and ATP
synthesis (33). The striking feature, however, of subunit ¢, of
A. woodii is not its size but rather the fact that the ion-trans-
locating residue is not conserved in helix two. A loss of one
ion-translocating residue is also encountered in the eukaryal
“16-kDa proteolipids” from V,V, ATPases, and this loss has
the dramatic consequence that the V,V; ATPases are not able
to synthesize ATP in vivo (47). The ability to synthesize ATP is
directly dependent on the number of ions translocated per
ATP synthesized. According to the equation AG,, = —nFAp, a
phosphorylation potential (AG,) of ~50 to 70 kJ/mol is sus-
tained by the use of n = 3 to 4 ions/ATP at a physiological
electrochemical ion potential of —180 mV (Ap). However, if
the number of ions is lower, then ATP can no longer be
synthesized. Although it was demonstrated that the number of
monomers in the proteolipid ring may vary from 9 to 14 (67,
71, 72), for the following calculation it is assumed that, as in the
case of the bacterial and archaeal “8-kDa proteolipids” with
two transmembrane helices, 12 monomers and 12 ion-translo-
cating carboxyl groups are present per oligomer. Once we take
into account three ATP-synthesizing or hydrolyzing centers,
this gives a stoichiometry of four ions/ATP. In contrast, six
copies of the “16-kDa proteolipid” with four transmembrane
helices constitute the proteolipid oligomer of V,V, ATPases.
Since the ion-translocating group is lost in the first pair of
transmembrane helices, the stoichiometry is only two ions/
ATP, which is too low to allow ATP synthesis. On the other
hand, if the number of ions is low, the same AG,, can account
for a much higher Ap, making the enzyme a better ion pump,
a function required by the physiology of the eukaryotic cell. In
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general, the lower the number of carboxylates per ring, the
worse the coupling efficiency. Taking this into account, it is
now reasonable to assume that a cell could, depending on the
cellular needs, alter the function of the ATPase between ATP
synthesis and ATP hydrolysis by varying the number of ion
translocating residues. This is a very attractive idea for A.
woodii, which can grow by fermentation of hexoses or by an-
aerobic respiration or by using pathways which neither involve
SLP nor respiration but most likely methyl transfer-driven Na™
extrusion during the operation of the Wood-Ljungdahl path-
way. During fermentation, the F;F, ATPase has to work as an
ion pump to generate the membrane potential, whereas during
autotrophic growth on H,-CO, it has to work as a synthase.
The switch from pump to synthase could be performed by
changing the ratio of c¢,/c,; (Fig. 5). To test this hypothesis is
a challenging task for future experiments.

UTILIZATION OF ALTERNATIVE ELECTRON
ACCEPTORS BY ACETOGENS

As outlined above, the fermentation of hexoses (but also
other substrates) yields reducing equivalents that are used to
reduce 2 mol of CO, by the action of the Wood-Ljungdahl
pathway, thereby allowing the synthesis of 3 mol of acetate per
mol of hexose fermented. In addition to CO,, alternative elec-
tron acceptors, such as aromatic acrylate groups, fumarate,
dimethyl sulfoxide, nitrate, and nitrite can be used by some
acetogens. Under these conditions, the Wood-Ljungdahl path-
way may be turned off completely and only 2 mol of acetate are
formed. Furthermore, acetate synthesis may be blocked com-
pletely (14). A typical substrate combination that does not
yield acetate is the oxidation of a methyl group coupled to the
reduction of a phenylacrylate (13). The use of alternative elec-
tron acceptors was, in some instances, shown to be coupled to
energy conservation. A. woodii, for example, is known to re-
duce the carbon-carbon double bond of phenylacrylate ethers
such as caffeate as shown in Fig. 6.

The electrons can be derived from various donors such as
fructose, methanol, or hydrogen. Cell yield measurements with
cells grown on fructose or methyl group-containing substrates
showed not only that is caffeate used as an electron sink but
also that caffeate reduction is coupled to energy conservation
(74). Very clear evidence for ATP synthesis coupled with caf-
feate reduction was obtained with resting cells of A. woodii in
which hydrogen-dependent caffeate reduction was accompa-
nied by the synthesis of ATP (23). Recently, it was shown that
ATP synthesis occurred by a chemiosmotic mechanism (31).
Most interestingly, like CO, reduction, both hydrogen-depen-
dent caffeate reduction and ATP synthesis coupled to caffeate
reduction were strictly Na* dependent, and the latter was
dependent on a transmembrane Na* gradient. These studies
were fully compatible with the following sequence of events:
caffeate reduction — generation of a transmembrane Na™
gradient — generation of ATP by the Na™ F,F, ATP synthase
(31).

It is likely that the electrons are channeled from hydrogen to
caffeate via a membrane-bound electron transport chain. Ox-
idation of hydrogen is catalyzed by a hydrogenase and, in
earlier studies, a hydrogenase was purified from A. woodii (57).
Because more than 99% of the activity was found in the cyto-
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E. coli A. woodii Eukarya
F,F, F,F, A\
ATP synthesis low c,/c,;; = ATP synthesis ATP hydrolysis

ATP hydrolysis high c,/c,,; = ATP hydrolysis

FIG. 5. Rotors of different ATPases. E. coli F,F, is assumed to have 12 copies of the 8-kDa proteolipid, V,V, ATPase to have six copies of
a duplicated 16-kDa proteolipid in which the H"-translocating glutamate is only conserved in hairpin two. The rotor of A. woodii comprises a
mixture of “bacterial-like” 8- and “eukaryal-like” 16-kDa proteolipids with unknown stoichiometry.

plasm, the enzyme was described as a soluble, cytoplasmic
enzyme. This suggests that an additional electron carrier such
as NAD™ or ferredoxin transports the electrons to the mem-
brane and would require a membrane-bound NADH dehydro-
genase or reduced ferredoxin dehydrogenase. On the other
hand, it cannot be excluded that a membrane-bound hydroge-
nase might be present as well. After oxidation of the electron
donors, the electrons are transferred to the acceptor, caffeate.
Cytochromes or quinones were not detected in caffeate-grown
cultures (74) and, therefore, the components involved in the
electron transport from hydrogen to caffeate are still obscure.

The utilization of caffeate is induced by caffeate, and in the
presence of both caffeate and CO,, acetate is no longer pro-
duced from CO,. The site of repression of the Wood-Ljung-
dahl pathway in A. woodii is unknown. On the other hand, it
was demonstrated the H" organism Moorella thermoacetica
uses preferentially nitrate as an electron acceptor (68). In the
presence of nitrate it does not contain cytochrome b and,

OH OH
HO HO
+2[H -
CH CH,
o by
COOH COOH

FIG. 6. Reduction of the carbon-carbon double bond of phenylac-
rylate ethers such as caffeate by A. woodii.

therefore, acetate can no longer be produced by the Wood-
Ljungdahl pathway (18).

CONCLUSIONS

Although the elucidation of the mechanisms of energy con-
servation in acetogens is still in its infancy, it turned out that 4.
woodii is one of the rare cases in which the entire energetics
(substrate accumulation, flagellar rotation, and ATP synthesis)
is based on an Na™ current across the cytoplasmic membrane.
However, the Apy,+-generating enzyme is still unknown, and
future experiments should address the nature of this Na™
pump. The Na* F,F, ATPase of A. woodii is of special interest
since it represents the first ATPase that combines features of
bacterial and eukaryal enzymes. Whether this might enable the
organism to regulate its cellular energy metabolism depending
on the growth conditions remains to be seen. The electron
transport and the Apy+-generating mechanisms in H"-depen-
dent acetogens still needs to be solved. Furthermore, elucida-
tion of the bioenergetics, enzymology, and regulatory pro-
cesses involved in the utilization of alternative electron
acceptors presents challenging tasks for future studies. Ge-
nome analyses will certainly pave the way toward a better
understanding of the energetics, biochemistry, and physiology
of acetogens.
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