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Abstract 

Homoacetogenic bacteria are strictly anaerobic microorganisms that catalyze the formation of acetate from C 1 units 
in their energy metabolism. Most of these organisms are able to grow at the expense of hydrogen plus CO2 as the 
sole energy source. Hydrogen then serves as the electron donor for COs reduction to acetate. The methyl group 
of acetate is formed from CO2 via formate and reduced Cl intermediates bound to tetrahydrofolate. The carboxyl 
group is derived from carbon monoxide, which is synthesized from CO2 by carbon monoxide dehydrogenase. The 
latter enzyme also catalyzes the formation of acetyl-CoA from the methyl group plus CO. Acetyl-CoA is then 
converted either to acetate in the catabolism or to cell carbon in the anabolism of the bacteria. The homoacetogens 
are very versatile anaerobes, which convert a variety of different substrates to acetate as the major end product. 

Introduction 

Homoacetogenic bacteria, which are often also called 
'acetogenic bacteria', are strictly anaerobic microor- 
ganisms, most of which catalyze the formation of 
acetate from H2 plus COs in their energy metabolism. 
The formation of acetate from H2 plus COs was first 
reported by Fischer et al. (1932) with enrichment cul- 
tures from sewage sludge. In addition, the same cul- 
ture catalyzed the conversion of carbon monoxide to 
acetate. Wieringa (1936) succeeded in the purification 
of the acetogenic anaerobe Clostridium aceticum with 
H2 plus CO2 as substrates. This bacterium, howev- 
er, soon was lost and was later reisolated by Adamse 
(1980) and by Braun et al. (1981). All attempts to iso- 
late a chemolithotrophic acetogen with H2 plus COs 
failed until the purification of Acetobacterium woodii 
(Balch et al. 1977). In the meantime a further aceto- 
gen called Clostridium thermoaceticum was enriched 
with glucose as energy source at 60 ° C (Fontaine et al. 
1942). The organism converted 1 glucose almost com- 
pletely to near 3 acetate as end product. This new type 
of fermentation was therefore referred to as 'homoace- 
togenic' in analogy to the homofermentative lactate 
fermentation. The authors suggested either the cleav- 

age of glucose to 3 C2 units, which are converted to 
acetate, or the synthesis of one of the acetate molecules 
from two C1 units. Fermentation of glucose in the 
presence of ~4CO2 yielded acetate equally labelled in 
both carbon atoms (Barker & Kamen 1945), supporting 
the idea that both C-atoms of acetate might originate 
from CO2. Wood (1952) then demonstrated in a sim- 
ilar experiment, using 13CO2 and mass analysis that 
part of the acetate contained two adjacent 13C-atoms. 
This clearly indicated that both the carboxyl and the 
methyl group of a distinct acetate molecule could be 
derived from CO2 (Fig. 1). Therefore, homoacetogenic 
bacteria can be defined as anaerobes catalyzing the for- 
mation of acetate (or higher fatty acids) from C1 units 
(e.g. COa) in their energy metabolism. 

Utilization of H2 plus CO2: 
the pathway of CO2 reduction to acetate in 
homoacetogenic bacteria 

Most homoacetogenic bacteria can grow chemolithoau- 
totrophically on H2 plus CO2 as energy and cell carbon 
source, indicating that CO2 reduction to acetate must 
be coupled with a net synthesis of ATR The pathway 
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Fig. 1. Simplified tentative scheme of homoacetogenic fermentation 
of glucose. The tracer studies indicated that one of the three acetate 
formed is derived from CO2. 

of  acetate formation from CO2 was mainly elucidat- 
ed with Clostridium thermoaceticum by the groups of  
H.G. Wood and of  L.G. Ljungdahl (see also Wood 
1991; Ljungdahl 1986). Since this pathway involves 
acetyl CoA as an intermediate and a carbon monox- 
ide dehydrogenase as the key enzyme (see below), it is 
often referred to as 'acetyl CoA pathway'  or as 'carbon 
monoxide dehydrogenase pathway' .  The latter term 
will be used throughout this article. Acetate formation 
from H2 plus CO2 proceeds according to the following 
equation: 

4 H2 + 2 C O  2 --+ acetate- + H + + 2 H20 
(AG °l = - 95 kJ/mol) 

(1) 

Synthesis of  the methyl group of  acetate from CO2 
was studied in detail in the 1960s (Ljungdahl & Wood 
1969). C1 units bound to tetrahydrofolate and a methyl 
group bound to a corrinoid have been shown to be inter- 
mediates in acetate formation (Ljungdahl et al. 1966; 
Poston et al. 1964). CO2 is reduced to formate which 
is subsequently bound to tetrahydrofolate (FH4). The 
formyl tetrahydrofolate (formyl-H4folate = formyl- 
FH4) is then reduced to methyl-H4folate via methenyl- 
and methylene-H4folate. The methyl group is trans- 
felled to a corrinoid protein, the methyl-corrinoid 
being the precursor of  the methyl group of  acetate. 
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Fig. 2. Scheme of acetate synthesis from CO2 in the energy 
metabolism of homoacetogenic bacteria. F n  4 = tetrahydrofolate, 
CH3- ~ -E = methylated corrinoid/Fe-S protein. Reactions cou- 
pled with energy conservation via a chemiosmotic mechanism are 
indicated by I~, reactions requiring the input of energy by ~I. 

The acetate synthesis from CO2 is summarized in the 
scheme in Fig. 2. 

Synthesis of  the methyl group of  acetate 

The first step in the formation of  the methyl group 
is the reduction of  CO2 to formate catalyzed by 
formate dehydrogenase: 

CO2 + 2 [H] ---+ H C O O -  + H + (2) 

The enzyme was purified from C. thermoaceticum 
(Andreesen & Ljungdahl 1974). The electron donor 
for the enzyme from C. thermoaceticum is NADPH; 
the AG °' of  the reaction is + 21.5 kJ/mol (Fuchs 1986). 
In other homoacetogens, e .g.C,  formicoaceticum, the 
reductant is unknown. Since the enzyme from this 
organism catalyzes the reduction of  methyl viologen as 
an artificial electron acceptor with formate as electron 
donor, it was postulated that ferredoxin (fd) might be 
the physiological electron donor (Ljungdahl & Wood 
1982). Assuming a standard redox potential E°t of  
- 432 mV for the CO2/formate couple (Thauer et al. 
1977) and an E °' for fdox/fdr~a of  about - 350 mV 



(C. thermoaceticum; Elliott & Ljungdahl 1982) or 
- 410 mV (Peptostreptococcus productus; Reubelt et 
al. 1991), the AG °~ of the formate dehydrogenase reac- 
tion would be + 15.8 or + 4.2 kJ/mol, respectively. The 
enzyme of C. thermoaceticum is oxygen-sensitive and 
contains selenium, present as selenocysteine, and tung- 
sten, which probably replaces molybdenum found in 
other formate dehydrogenases. It is sensitive towards 
cyanide and azide. 

Formate is bound to tetrahydrofolate (H4folate) by 
the Nl°-formyl tetrahydrofolate synthetase (Ljungdahl 
et al. 1970) at the expense of ATP: 

formate + H4folate + ATP ---+ 
Nl°-formyl-Hafolate + ADP + Pi (3) 

The AG°~-value for this reaction is - 8.4 kJ/mol. 
Formate has to be activated prior to further reduc- 
tion to the level of formaldehyde, since the reduc- 
tion of a carboxylic acid to the corresponding alde- 
hyde is a highly endergonic reaction (Thauer et 
al. 1977). The following step, the dehydration 
of formyl-H4folate, is mediated by the enzyme 
N 5, N1°-methenyl tetrahydrofolate cyclohydrolase 
(O'Brien et al. 1973): 

Nl°-formyl-H4folate --, 
N 5, Nl°-methenyl-H4folate + + O H -  
(zXG °~ = - 4.0 kJ/mol) 

(4) 

Methenyl tetrahydrofolate is then reduced to 
methylene-H4folate by N 5, Nl°-methylene tetrahydro- 
folate dehydrogenase (O'Brien et al. 1973): 

N 5, Nl°-methenyl-H4folate + + NAD(P)H --+ 
N5 ' N10_methylene_H4folat e + NAD(P) + (5) 

The AG °~ is - 4.9 kJ/mol (Fuchs 1986). In C. 
thermoaceticum the reaction is specific for NADPH, 
in C. formicoaceticum for NADH (Moore et al. 
1974). The enzyme in C. thermoaceticum is bifunc- 
tional and also catalyzes the cyclohydrolase reac- 
tion (4). In the subsequent reaction methylene 
tetrahydrofolate is reduced to a bound methanol by 
N 5, Nl°-methylene tetrahydrofolate reductase, one of 
the most important enzymes of the homoacetogenic 
pathway: 

N 5, Nl°-methylene-H4folate + 2 [H] --+ 
NS-methyl-H4folate (6) 
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For the enzyme of most homoacetogens investigated 
so far, ferredoxin has been proposed to be the physio- 
logical reductant (Clark & Ljungdahl 1984; Ljungdahl 
1986). Recently the standard redox potential E °~ of the 
couple methylene- /methyl-H4folate has been deter- 
mined to be near - 200 mV (Wohlfarth & Diekert 1991). 
Provided an E °~ of ferredoxin of -  350 (see above, reac- 
tion (2)) the A G  °` of reaction (6) is - 29.0 kJ/mol. In the 
carbon monoxide-utilizing homoacetogen Peptostrep- 
tococcus productus the reducing equivalents for the 
methylene-H4folate reduction are supplied by NADH 
(E °~ = - 320 mV) rather than ferredoxin (Wohlfar- 
th et al. 1990); the AG °~ can be calculated to be - 
22.0 kJ/mol. Therefore, even with NADH as the elec- 
tron donor, the free energy of the methylene tetrahy- 
drofolate reduction is sufficiently exergonic to account 
for the synthesis of at least one third of an ATP 
by a chemiosmotic mechanism (Diekert & Wohlfarth 
1994a). Until now, it is still unclear whether this reac- 
tion is involved in energy conservation of homoace- 
togenic bacteria. Evidence has been presented for 
Clostridium thermoautotrophicum (Hugenholtz et al. 
1987) and for P productus (Wohlfarth et al. 1990), 
that the enzyme might be membrane associated - a 
prerequisite for energy coupling via a chemiosmotic 
mechanism. 

The methyl group of methyl tetrahydrofolate is sub- 
sequently transferred to a corrinoid/iron-sulfur protein 
(E-[Co]) (Ragsdale et al. 1987) where it is bound to 
the cobalt of the cob(I)amide prosthetic group by a 
methyl transferase (Drake et al. 1981): 

NS-methyl-H4folate + E-[Co] ---+ 
H4folate + E-[Co]-CH3 

(7) 

Formally, the methyl group is transferred as a methyl + 
(i.e. a bound methanol) to Cobalt(I) of the cobamide. 
The methyl transferase purified from C. ther- 
moaceticum (Drake et al. 1981) is a homodimer with- 
out striking characteristics. The corrinoid/Fe-S protein 
was also purified from C. thermoaceticum (Ragsdale 
et al. 1987). It is a heterodimer containing a [4 Fe-4 
S] cluster and a 5~-methoxybenzimidazolylcobamide. 
Like most B I~ proteins also the corrinoid/Fe-S protein 
is sensitive towards alkyl halides such as propyl iodide. 
The methyl group bound to the cobamide is the methyl 
donor for acetyl-CoA synthesis. 
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Synthesis of the carboxyl group of acetate 

The methyl group of acetate is provided by a bound 
methanol. This implies that for carboxyl group forma- 
tion, CO2 has to be reduced prior to its incorporation 
into acetate. For a long time the synthesis of the car- 
boxyl group was enigmatic. Schulman et al. (1973) 
concluded from tracer experiments that the carboxyl of 
acetate during fermentation of pyruvate by cell extracts 
of C. thermoaceticum was derived from C1 ofpyruvate 
rather than from free CO2. This conclusion was main- 
ly derived from the findings that i) the synthesis of 
acetate in cell extracts was strictly dependent on pyru- 
vate, which could not be replaced by COzplus reducing 
equivalents, and ii) the specific radioactivity of acetate 
during the incubation always paralleled that of C1 of 
the c~-ketoacid rather than of CO2. This indicates, that 

- at least under certain experimental conditions - the 
carboxyl of acetate could be directly formed from C1 
of pyruvate. 

In the chemolithotrophic homoacetogens able to 
grow with H2 plus CO2 the carboxyl group of acetate 
has to be formed from CO2 rather than from organ- 
ic compounds. A crucial step in the elucidation of 
the carboxyl synthesis from CO2 was the discovery of 
high activities of carbon monoxide dehydrogenase in 
homoacetogens (Diekert & Thauer 1978). This enzyme 
in vitro mediates the reduction of methyl viologen 
(MV) with CO; the physiological electron acceptor (or 
donor in the reverse reaction) is probably ferredoxin 
(Ragsdale et al. 1983a). In vivo the carbon monoxide 
dehydrogenase reaction in the synthesis of acetate from 
CO2 is the following (Diekert et al. 1984): 

CO 2 h- 2 [H] ---+ [CO] + H20 (8) 

where [CO] indicates carbon monoxide in an enzyme- 
bound form. With 2 [H] = reduced ferredoxin the stan- 
dard free energy AG °~ ranges between + 22.0 and 
+ 33.5 kJ/mol corresponding to a redox potential of 
ferredoxin between - 350 and - 410 mV (see above) 
and assuming an E °~ for CO2/CO of - 524 mV (Fuchs 
1986). The carbon monoxide dehydrogenase measured 
by methyl viologen reduction with CO is sensitive 
against cyanide and in most cases also extremely oxy- 
gen sensitive. Evidence for the physiological role of the 
CO dehydrogenase in CO2 reduction to CO (in a bound 
form) was derived from the finding, that i) homoace- 
togens produced traces of carbon monoxide; ii) CO 
formation was sensitive towards cyanide, and iii) CO 
formation was stimulated by propyl iodide (Diekert et 

al. 1984). The latter effect was probably due to alky- 
lation of the corrinoid/Fe-S protein (see above), which 
no longer could serve as the methyl carrier in acetate 
formation, leading to the accumulation of CO as inter- 
mediate in the carboxyl group synthesis. The fact that 
only very low amounts of CO are formed during acetate 
formation from CO2 indicates that the product of reac- 
tion (8) is an enzyme-bound carbonyl rather than free 
CO. 

The carbon monoxide dehydrogenase is a bifunc- 
tional enzyme, which, in addition to CO2 reduction to 
CO, mediates the subsequent reaction, i.e. the forma- 
tion of acetyl-CoA from the bound methanol (E-[Co]- 
CH3) plus the bound CO (Roberts et al. 1992): 

E-[Co]-CH3 + [CO] + HS-CoA --+ 
E-[Co] + acetyl-CoA (9) 

The AG °' of this reaction is unknown (see below). 
Evidence for the physiological function of the carbon 
monoxide dehydrogenase in acetyi-CoA synthesis was 
provided by the finding that the enzyme purified from 
C. thermoaceticum mediated the isotopic exchange 
between acetyl-CoA labelled in C1 and unlabelled CO 
(Ragsdale et al. 1983a). Acetyl-CoA is further convert- 
ed to acetate via acetyl phosphate as the intermediate. 
The enzymes involved are phosphate acetyltransferase 
(phosphotransacetylase) and acetate kinase: 

acetyl-CoA + Pi --+ acetyl phosphate + 
HS-CoA (AG °' = + 9.0 kJ/mol) 

(10) 

acetyl phosphate + ADP --+ acetate + ATP (11) 
(AG °' = - 13.0 kJ/mol) 

In the anabolism of homoacetogenic bacteria (and oth- 
er anaerobes; see below) the carbon monoxide path- 
way also serves biosynthetic purposes as an autotroph- 
ic CO2 fixation pathway. Therefore, a minor part of 
acetyl-CoA is reductively carboxylated to pyruvate by 
pyruvate:ferredoxin oxidoreductase; pyruvate is then 
converted to cell compounds via phosphoenolpyruvate 
as intermediate (Fuchs 1986). Acetate synthesis from 
CO2 is summarized in the scheme shown in Fig. 2 (see 
also Fuchs 1986; Ragsdale 1991; Diekert 1992). 

Energetics of the carbon monoxide dehydrogenase 
pathway 

The carbon monoxide dehydrogenase pathway of 
acetate synthesis has to be coupled with a net syn- 
thesis of ATE It is still unclear which reaction(s) is 



(are) involved in energy conservation. For activation 
of formate one ATP is consumed. In the acetate kinase 
reaction one ATP is stoichiometrically synthesized per 
acetate formed. Since part of the acetyl-CoA is con- 
verted to cell carbon and therefore is not available for 
ATP synthesis, other reactions in the carbon monox- 
ide dehydrogenase pathway have to be coupled to ATP 
synthesis. Since none of these reactions can mechanis- 
tically be coupled to substrate level phosphorylation, 
energy has to be conserved by a chemiosmotic mecha- 
nism. Moreover, evidence has been presented that the 
CO dehydrogenase reaction (8), i.e. the formation of 
CO from CO2 is an endergonic reaction that is most 
probably driven by an electrochemical proton gradient 
(Diekert et al. 1986). The AG °~ of this reaction acounts 
for 1 electrogenic proton translocated corresponding 
to approximately 1/3 ATP consumed per CO formed. 
The reactions possibly involved in energy conserva- 
tion are reactions (6) and (7), i.e. methylene-H4folate 
reduction to methyl tetrahydrofolate and methyltrans- 
fer from H4folate to the corrinoid/Fe-S protein. As stat- 
ed above, methylene tetrahydrofolate reduction could 
be coupled to the synthesis of 1/3 to 2/3 ATP (Diekert 
& Wohlfarth 1994a). The AG °/ of the methyl trans- 
ferase reaction is not known; however, the AG °~ of 
acetyl-CoA formation from CO and methyl tetrahy- 
drofolate (reactions (7) plus (9)) can be calculated to 
be - 38.0 kJ/mol (Diekert & Wohlfarth 1994a), thus 
accounting for additional 1/3 to 2/3 ATP synthesized 
per acetyl-CoA produced. It appears unlikely that 
the acetyl-CoA formation from the corrinoid-bound 
methyl group and the enzyme-bound CO is an energy 
conserving reaction since acetyl-CoA as the reaction 
product is an energy-rich compound the formation of 
which should not be sufficiently exergonic. Therefore, 
also supported by the analogy to the methyl transferase 
reaction in methanogenic bacteria (Becher et al. 1992), 
the involvement of methyl transferase in ATP synthesis 
is by far more feasible. A methyl transfer coupled to 
an electrogenic cation translocation represents a new 
type of energy conserving reaction. 

Recently it was discovered with P. productus that 
acetate formation from CO2 was dependent on sodium 
(Geerligs et al. 1989). This was later confirmed forAce- 
tobacterium woodii (Heise et al. 1989) and Acetogeni- 
um kivui (Yang & Drake 1990). With inverted vesicles 
prepared from A. woodii it could be demonstrated that 
a sodium gradient was built up upon acetate formation 
from CO in the absence and presence of formalde- 
hyde (Heise et al. 1993), indicating that at least one 
of the reactions proposed to be coupled to ATP syn- 
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Fig. 3. Energy conservation coupled with acetate formation from 
CO2 via an electrochemical sodium gradient. [HCHO] = bound 
formaldehyde = methylene-FH4; [CH3OH] = bound methanol = 
methyl-corrinoid/Fe-S protein; AP = sodium/proton antiporter. Note, 
that no stoichiometfies of monovalent cations translocated across the 
membrane are given here. 

thesis might conserve energy via an electrochemical 
sodium gradient rather than a proton gradient (see also 
Diekert & Wohlfarth 1994a). Evidence is available that 
the ATP synthase in A. woodii is a sodium translocat- 
ing ATPase (Heise et al. 1992). It cannot be excluded, 
however, that other homoacetogenic bacteria involve a 
proton gradient rather than a sodium gradient in ener- 
gy conservation. A tentative scheme of ATP synthesis 
coupled to acetate formation from H2 plus CO2 via a 
sodium gradient is shown in Fig. 3. 

Carbon monoxide dehydrogenase: a key enzyme in 
homoacetogenesis 

Due to its bifunctionality, carbon monoxide dehydro- 
genase can be considered to be the key enzyme in 
this pathway, which is therefore often designated 'car- 
bon monoxide dehydrogenase pathway'. In addition, 
the enzyme exhibits some interesting structural fea- 
tures and a unique reaction mechanism. One of the 
most outstanding properties of the enzyme is that it 
contains nickel as a cofactor. The nickel dependence 
of the synthesis of CO dehydrogenase has been dis- 
covered in a non-homoacetogenic bacterium, name- 
ly Clostridium pasteurianum (Diekert et al. 1979), 
and was later confirmed for the homoacetogens C. 
thermoaceticum and C. formicoaceticum (Diekert & 
Thauer 1980). In the meantime, the enzyme has been 
purified from several homoacetogenic (Diekert & Rit- 
ter 1983; Ragsdale et al. 1983a, 1983b) and oth- 
er anaerobic, non-homoacetogenic bacteria (see also 
Diekert & Wohlfarth 1994b). Besides nickel, the 
enzyme also contains iron and acid-labile sulfur. Evi- 
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dence was presented for the enzyme from C. ther- 
moaceticum that at least part of the nickel is bound 
close to iron and sulfur (Bastian et al. 1988) and that 
the carbon of CO binds to nickel (Ragsdale et al. 1985). 
Two different sites for CO oxidation and acetyl-CoA 
synthesis could be distinguished (Shin et al. 1993; 
Kumar et al. 1993), which is supported by the finding 
that CO oxidation rather than acetyl-CoA formation 
was sensitive towards cyanide (Diekert et al. 1984). 
Possibly both sites contain nickel plus Fe/S. 

Whereas the CO oxidation mediated by CO dehy- 
drogenase can be easily quantitated by methyl violo- 
gen reduction with CO, the measurement of acetyl- 
CoA formation from methyl-H4folate and CO requires 
several proteins (Roberts et al. 1992), namely car- 
bon monoxide dehydrogenase, methyl transferase, the 
corrinoid/Fe-S protein, and ferredoxin II from C. ther- 
moaceticum. Ferredoxin is not necessarily required 
and has a stimulating effect in this system. A role of 
ferredoxin in the activation of CO dehydrogenase and 
the corrinoid/Fe-S protein has been proposed (Roberts 
et al. 1992). The hypothetical reaction mechanism of 
acetyl-CoA formation is summarized in Fig. 4. 

Uti l i zat ion  of  other C1 substrates 

Carbon monoxide and formate 

Carbon monoxide as well as formate are intermediates 
in acetate formation from CO2. Therefore, it is not sur- 
prising that some homoacetogenic bacteria are able to 
grow at the expense of formate or carbon monoxide as 
energy substrates. Formate is oxidized to CO2, and the 
reducing equivalents derived from formate oxidation 
are utilized for the reduction of formate (or formyl- 
H4folate) to bound methanol and of CO2 to CO. The 
bound carbonyl and the methyl group are then com- 
bined to yield acetyl-CoA. 

Carbon monoxide is readily utilized only by a few 
homoacetogenic bacteria, e.g.P, productus (Lorowitz 
& Bryant 1984; Geerligs et al. 1987) or Eubacterium 
limosum (Genthner & Bryant 1982). Acetate is formed 
from CO according to the following equation: 

4 CO + 2 H20 ---+ acetate- + H + + 2 CO2 
(AG °' = - 165.6 kJ/mol) 

(12) 

In contrast to formate, carbon monoxide is not a free 
intermediate in acetate synthesis. Therefore, two possi- 
ble mechanisms of CO conversion to acetate are feasi- 
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Fig. 4. Tentative scheme of the mechanism of acetyl-CoA for- 
mation from CO and methyl tetrahydrofolate according to Roberts 
et al. (1992). E1 = corrinoid/Fe-S protein; E2 = carbon monoxide 
dehydrogenase; MT = methyl transferase; FH4 = tetrahydrofolate. 

ble: i) Carbon monoxide serves exclusively as electron 
donor for the reduction of CO2 to acetate, i.e. 4 CO are 
oxidized to 4 CO2, and 2 CO2 are reduced to acetate 
according to the pathway described above; ii) carbon 
monoxide is a reductant and a direct precursor for the 
synthesis of the carboxyl group of acetate, i.e. 3 CO 
are converted to 3 CO2 plus 6 [H], the latter being 
required for the synthesis of the methyl group from 
CO2, and the methyl group is combined with a fourth 
CO to acetyl-CoA. The main difference between the 
two possibilities consists in involving CO oxidation to 
CO2 prior to CO2 reduction to a bound carbonyl as the 
precursor of the carboxyl group of acetate according 
to mechanism i) or in the 'direct' incorporation of free 
CO into the carboxyl group according to mechanism 
ii). Evidence is available for P. productus that carbon 
monoxide is directly incorporated into Ct of acetate, 
whereas other homoacetogenic bacteria, which are not 
capable of fast growth with CO, oxidize carbon monox- 
ide to CO2 and reduce CO2 to a bound carbonyl as the 
precursor for acetate synthesis (Ma et al. 1987). This 



discrepancy might explain why P. productus is able to 
grow fast with CO as the energy source. The reason 
for this difference is still unclear. It could be due to 
an inhibition of acetate synthesis by higher CO con- 
centrations in non-CO-utilizing homoacetogens or to a 
difference in the reaction mechanism of the CO dehy- 
drogenases. 

Carbon monoxide can be converted by several 
homoacetogens to reaction products other than acetate, 
for example ethanol (Tanner et al. 1993) or butanol 
(Grethlein et al. 1991). This might be of interest for 
biotechnological solvent formation from inexpensive 
industrial products. 

Carboxyl sources other than CO2 might serve the 
homoacetogens as electron acceptors for metabolic 
oxidation reactions. C. thermoaceticum utilizes the 
carboxyl group of substituted benzoates after decar- 
boxylation to CO2 as an electron sink for the oxidation 
of methyl substrates (Hsu et al. 1990). 

Methyl compounds 

Several homoacetogens grow with methyl compounds 
as energy source. The most important methyl substrates 
are methanol (Hamlett & Blaylock 1969; Zeikus et 
al. 1980), methoxylated aromatic compounds such as 
vanillate or syringate (Bache & Pfennig 1981), and 
methyl chloride (Traunecker et al. 1991). Methyl com- 
pounds (CH3-X) are converted to acetate according to 
the following equation: 

4 CH3-X + 2 CO2 + 2 H20 ---+ 
3 acetate- + 7 H + + 4 X-  (13) 

The AG°~-value for CH3-X = CH3OH is - 71.0 kJ/mol, 
for CH3CI - 140.0 kJ/mol. Butyribacterium methy- 
lotrophicum (Zeikus et al. 1980), Eubacterium limo- 
sum (Genthner et al. 1981), A. woodii (Bache & Pfen- 
nig 1981), and Sporomusa spec. (Breznak 1992) are 
well-studied methylotrophic homoacetogens. Usual- 
ly, methylotrophic homoacetogens can utilize both 
methanol or methoxylated aromatic compounds; how- 
ever, generally only the methoxyl group of the lat- 
ter substrate rather than the aromatic nucleus is uti- 
lized. Until now, only one methylotrophic homoaceto- 
gen (designated strain MC) has been described that is 
also able to grow at the expense of methyl chloride as 
the energy source (Traunecker et al. 1991). 

Evidence is available that methanol utilization by 
Clostridium thermoautotrophicum involves a methanol 
dehydrogenase containing pyrrolo quinoline quinone 
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(PQQ) and mediating the oxidation of methanol via 
formaldehyde to formate (Winters & Ljungdah11989). 
However, it is doubtful whether this is a general prin- 
ciple in methanol-utilizing homoacetogens. In other 
methylotrophic homoacetogens the methyl group of 
methanol is probably transferred to a methyl acceptor 
in the CO dehydrogenase pathway (van der Meijden et 
al. 1984). 

There are two possible acceptors for the methyl 
group in the carbon monoxide dehydrogenase path- 
way, namely the corrinoid/Fe-S protein or tetrahydro- 
folate. It is of great importance for energy conservation 
whether the methyl group is transferred to H4folate 
or the corrinoid protein, due to the direction of the 
methyl transferase reaction. This reaction, dependent 
on its direction, most likely either requires the input of 
metabolic energy or is coupled with ATP synthesis via 
a chemiosmotic mechanism (see above). With tetrahy- 
drofolate as the primary methyl acceptor, three methyl 
groups per three acetate formed have to be transferred 
by the methyl transferase to the corrinoid protein in 
an exergonic reaction, and one methyl group has to be 
oxidized to CO2 thus providing the reducing equiva- 
lents for the reduction of 3 CO2 to 3 carbonyls as the 
precursor of C1 of acetate. If the methyl group is direct- 
ly transferred to the corrinoid protein the exergonic 
methyl transferase reaction would be circumvented; 
instead, one methyl group is oxidized to CO2 per 3 
acetate formed involving the methyl transferase in the 
endergonic direction (Fig. 5). Higher growth yields 
obtained with phenylmethyl-ethers or methyl chloride 
as compared to those with methanol may be interpret- 
ed to indicate that the methyl group of methanol is 
transferred to the corrinoid protein whereas the accep- 
tor for the methyl groups of methoxylated aromat- 
ic compounds or methyl chloride is tetrahydrofolate 
(Tschech & Pfennig 1984; Daniel et al. 1991; Berman 
& Frazer 1992; Traunecker et al. 1991), according 
to the more favourable pathway of methyl chloride 
or methoxyl group conversion to acetate (Diekert & 
Wohlfarth 1994a). 

Cell-free extracts of the methyl chloride-utilizing 
strain MC mediated the formation of methyl tetrahy- 
drofolate from tetrahydrofolate plus methyl chloride or 
vanillate, respectively (Megmer et al. 1993). The reac- 
tion proceeded quantitatively and stoichiometrically, 
indicating that the methyl transferase reaction in the 
direction of the endergonic methyl transfer from the 
corrinoid protein to tetrahydrofolate is not involved. 
This further supports the assumption that the methyl 
group of methyl chloride or phenylmethylethers such 
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Fig. 5. Tentative scheme of acetate formation from methyl com- 
pounds such as methanol, phenylmethylethers, and methyl chloride. 
Reactions requiring the input of energy via a chemiosmotic mecha- 
nism are indicated by 4, reactions coupled with energy conservation 
by , .  FH4 = tetrahydrofolate, CH3- [~]-E = methylated corri- 
noid/Fe-S protein. The thick grey arrows indicate, where the methyl 
compounds presumably enter the carbon monoxide dehydrogenase 
pathway. 

as vanillate is directly transferred to tetrahydrofolate 
rather than via the corrinoid protein. The methyla- 
tion of a corrinoid protein by 3,4-dimethoxybenzoate 
observed in cell-free extracts of Sporomusa ovata 
(Stupperich & Konle 1993) could be due to the forma- 
tion of methyl tetrahydrofolate followed by the sub- 
sequent exergonic transfer of the methyl group from 
tetrahydrofolate to the corrinoid. With strain TMBS4, 
a homoacetogen growing with trimethoxybenzoate, it 
was shown that the CO2-dependent O-demethylation 
of trimethoxybenzoate was light-reversibly inactivat- 
ed by propyl iodide. This indicated that a corrinoid 
might be involved in acetate formation (or CO2 forma- 
tion) from the methoxyl group (Kreft & Schink 1993). 
The effect of propyl iodide is probably due to its reac- 
tion with the corrinoid/iron-sulfur protein involved in 
acetate formation from methyl substrates. 

Wherever the methyl group enters the carbon 
monoxide dehydrogenase pathway, part of it has to be 
oxidized to CO2 (see also Fig. 5). Therefore, methyl 
tetrahydrofolate is oxidized to methylene tetrahydro- 
folate. Provided that the methylene tetrahydrofolate 
reductase plays a role in energy conservation via a 

chemiosmotic mechanism, it must be assumed that 
the methyl tetrahydrofolate oxidation is either driven 
by an electrochemical ion gradient or that an elec- 
tron acceptor with a more positive redox potential than 
that of ferredoxin (or possibly pyridine nucleotides) is 
involved. 

Several homoacetogens, but not all, have been 
reported to contain cytochromes (b- and/or c-type) and 
quinones (Gottwald et al. 1975). The role of these 
electron carriers in homoacetogens is not obvious. It 
has been proposed that a cytochrome might serve as 
electron acceptor for methyl oxidation (Hugenholtz & 
Ljungdahl 1990; Kamtage et al. 1993; Kamlage & 
Blaut 1993). It should, however, be mentioned that for 
instance A. woodii, which has been the first homoace- 
togen reported to utilize methoxylated aromatic com- 
pounds, obviously does not contain cytochromes or 
quinones (see Diekert 1992). If  cytochromes play 
a role in methanol or methyl compounds oxidation, 
this is apparently not valid for all homoacetogens. In 
addition, a function of cytochromes in acetogenesis 
from CO2 has been discussed (Hugenholtz & Ljung- 
dahl 1990). The same objections mentioned above for 
the role of cytochromes in the oxidation of methyl 
compounds is valid for their function in CO2 reduc- 
tion to acetate: there are several homoacetogens with- 
out any detectable cytochromes and quinones that are 
able to reduce CO2 to acetate. Therefore, the role of 
cytochromes and/or quinones in homoacetogenesis is 
still enigmatic. In fumarate-reducing homoacetogens 
such as Clostridium formicoaceticum, cytochrome 
b and menaquinone most probably are involved in 
fumarate reduction (Dorn et al. 1978), as it is well- 
known for other fumarate-reducing anaerobes (Kr6ger 
et al. 1992). 

A few homoacetogenic bacteria may channel the 
methyl group of methoxylated aromatic substrates into 
other pathways. Strain TMBS4 has been reported to 
transfer the methyl groups of trimethoxybenzoate to 
sulfide upon formation of dimethylsulfide or, to a less 
extent, methanethioi (Bak et al. 1992). The aromat- 
ic nucleus of the product trihydroxybenzoate is fur- 
ther degraded to acetate via the phloroglucinol path- 
way (Kreft & Schink 1993). It cannot be excluded that 
the formation of dimethylsulfide is an unphysiological 
reaction (Bak et al. 1992). At least the major part, if 
not all, of the energy generated by trimethoxybenzoate 
degradation with sulfide is derived from the degrada- 
tion of the aromatic ring system to acetate. No evidence 
is available that the methyl group transfer from the 



methoxyl compound to sulfide is coupled with energy 
conservation. 

Recently, it was found that C. thermoaceticum 
mediates the oxidation of the methyl group of vanil- 
late (4-hydroxy-3-methoxybenzoate) with nitrate as 
terminal electron acceptor (Seifritz et al. 1993), thus 
confirming the versatility and metabolic potential of 
homoacetogens. Alternatively, C. formicoaceticum is 
able to transfer the reducing equivalents generated 
upon methyl oxidation to fumarate (Matthies et al. 
1993). 

Other methyl or methoxyl compounds such as 
betaine (M611er et al. 1984), methoxyacetate (Schup- 
pert & Schink 1990), and methoxyethanol (Tanaka & 
Pfennig 1988) are probably converted to acetate in a 
pathway similar to that described above for the O- 
demethylating CO dehydrogenase pathway. 

Utilization of alternative substrates and electron 
acceptors 

Two-carbon substrates 

Several homoacetogens are able to utilize reduced 
two-carbon substrates or their derivatives such as 
ethanol (Eichler & Schink 1984), 2-ethoxyethanol 
(Tanaka & Pfennig 1988), ethyleneglycol (Eichler 
& Schink 1984) or polyethyleneglycol (Wagener & 
Schink 1988), oxalate, or glyoxylate (Daniel & Drake 
1993). Ethanol is oxidized to acetate, the reducing 
equivalents being transferred to CO2 upon formation 
of acetate via the CO dehydrogenase pathway. The 
utilization of polyethyleneglycol and ethyleneglycol 
(Schramm & Schink 1991) and probably also of 2- 
ethoxyethanol (Tanaka & Pfennig 1988) is initiat- 
ed by a Ci-C2-shift of the OH-group followed by 
splitting off acetaldehyde (or formation of acetalde- 
hyde, respectively), which is oxidized to acetate. The 
reducing equivalents can either be transferred to CO2 
upon formation of acetate via the CO dehydrogenase 
pathway or, upon utilization of polyethyleneglycol, 
the formation of propionate from acetaldehyde via 
methylmalonyl-CoA as intermediate might serve as 
an electron sink for acetaldehyde oxidation (Wagener 
& Schink 1988). Oxalate and glyoxylate are convert- 
ed to acetate plus CO2 by C. thermoaceticum via still 
unknown pathways (Daniel & Drake 1993). 

A thermophilic homoacetogenic bacterium tenta- 
tively called strain AOR or 'Reversibacterium' has 
been reported to grow with acetate as sole energy 
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source under extremely low H2-partial pressure (=< 
10 .6 bar) (Lee & Zinder 1988a). The organism con- 
verts acetate to H2 plus CO2 via a 'reversed car- 
bon monoxide dehydrogenase pathway' (Lee & Zin- 
der 1988b). The organism is also able to grow under 
'laboratory conditions' (i.e. [H2] ~ 1 bar) with H2 
plus CO2. This demonstrates the ability of homoace- 
togens to adapt to the environmental conditions. At 
low H2 concentrations the oxidation of acetate to CO2 
with protons as electron acceptor is exergonic, at high 
hydrogen partial pressures the formation of acetate 
from H2 plus CO2 is thermodynamically favourable 
(see reaction (1) and Diekert 1992). It is feasible that 
acetate conversion to H2 plus CO2 involves electron 
carriers different from those involved in acetate syn- 
thesis from CO2 plus H> 

Alternative substrates or electron acceptors 

Fumarate (Dorn et al. 1978; Plugge et al. 1993; 
Matthies et al. 1993) or nitrate (Seifritz et al. 1993) 
have already been mentioned to serve as external 
alternative electron acceptors for catabolic oxidation 
reactions in several homoacetogens (see above). The 
reduction of these compounds is most probably cou- 
pled to the synthesis of ATP via a chemiosmotic 
mechanism. Homoacetogens like C. formicoaceticum 
can grow at the expense of fumarate as sole energy 
source. The substrate is oxidized either completely 
to CO2 involving the carbon monoxide dehydroge- 
nase pathway (Plugge et al. 1993) or incompletely 
to acetate (Dorn et al. 1978), using fumarate reduc- 
tion to succinate as electron sink. Other unsaturated 
organic compounds may serve several homoacetogens 
as alternative electron acceptors for the oxidation of 
reduced substrates. A. woodii has been reported to 
utilize the propenoate side chain of caffeate (3-(3,4- 
dihydroxyphenyl)-2-propenoate) as an electron sink 
(Tschech & Pfennig 1984). Evidence is available that 
this reduction is coupled to the formation of ATP 
(Hansen et al. 1988). 

Homoacetogenic fermentation of sugars in 
cyanobacteria 

Recently the anaerobic homoacetogenic fermentation 
of carbohydrates in the dark has been reported for a 
strain of the cyanobacterium Oscillatoria limosa (Hey- 
er et al. 1989) and for Nostoc sp. strain Cc (Margheri & 
Allotta 1993). In Oscillatoria the presence of a carbon 
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monoxide dehydrogenase has been demonstrated. In 
N o s t o c  the fermentation obviously supported survival 
rather than growth of the bacteria. It is feasible that the 
formation of the 'third' acetate from hexose proceeds 
via the carbon monoxide dehydrogenase pathway. The 
function of this fermentation in cyanobacteria could 
be to support the organisms in the absence of oxygen 
in the dark, e.g. on the sediment surface of a shallow 
eutrophic pond. 

Related pathways involving anaerobic carbon 
monoxide dehydrogenase 

It has already been mentioned that the carbon monox- 
ide dehydrogenase pathway also serves biosynthetic 
purposes as autotrophic CO2 fixation pathway in sev- 
eral anaerobes (see above). Besides homoacetogens, 
also chemolithoautotrophic methanogens (see chap- 
ter M. Blaut) and sulfidogens (see chapter T. Hansen) 
catalyze the reduction of CO2 to acetyl-CoA as the 
first CO2 fixation product. Acetyl-CoA is reductively 
carboxylated to pyruvate, which is subsequently fur- 
ther converted via phosphoenolpyruvate to triosephos- 
phate (Fuchs 1986; Diekert 1992). In methanogenic 
bacteria autotrophic CO2 fixation involves coenzymes 
specific for methanogens rather than the coenzymes 
of homoacetogens or sulfidogens (Whitman et al. 
1992). 

The so-called 'acetyl-CoA pathway' is probably 
the most widely used CO2 fixation pathway under 
anoxic conditions in the dark. As compared to the 
Calvin cycle, the energetics of triosephosphate forma- 
tion from CO2 are much more favourable (=< 4 ATP 
consumed/triosephosphate formed) than the Calvin 
cycle (9 ATP/triosephosphate) (Diekert & Wohlfarth 
1994a). 

In addition, carbon monoxide dehydrogenase plays 
an important role in the catabolism of acetate-utilizing 
sulfidogens (see chapter T. Hansen) and acetoclastic 
methanogens (see chapter M. Blaut). Several sulfido- 
genic bacteria can grow with acetate plus sulfate as 
energy sources. Acetate is oxidized to CO2, and the 
reducing equivalents are transferred to sulfate. Two 
pathways can be involved in acetate oxidation: in some 
sulfidogens a reversed CO dehydrogenase pathway is 
operative, in others the tricarboxylic acid cycle is used 
for acetate oxidation (Thauer et al. 1989) (see chapter 
T. Hansen). 

Acetoclastic methanogens like M e t h a n o s a r c i n a  

barker i  are able to utilize acetate as sole energy source; 

acetate is fermented to CO 2 plus CH4 (Ferry 1992) (see 
also chapter M. Blaut). Acetate activation to acetyl- 
CoA is followed by subsequent cleavage of the latter 
component to a bound carbon monoxide and a bound 
methyl group. This reaction is mediated by carbon 
monoxide dehydrogenase. CO is then oxidized to CO2 
and the methyl group is reduced to methane. 

Conclusions 

Homoacetogenic bacteria are probably the most versa- 
tile anaerobes with respect to their substrate spectrum. 
Indeed, the 'substrate list' given above does not lay 
claim to completeness. Often substrates can be utilized 
by homoacetogens which for a long time have been 
considered as not easily degradable under anaerobic 
conditions, e.g. methyl chloride or methylarylethers. 
Due to their high metabolic potential and their extraor- 
dinary metabolism the homoacetogens represent an 
interesting, heterogenous group of microorganisms, 
the metabolism of which is in part still enigmatic and 
remains to be elucidated. 
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