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Acetogenesis is one of the oldestmetabolic processes on Earth, and still has amajor global significance. In this pro-
cess, acetate is produced via the reduction and condensation of two carbon dioxide molecules. It has long been
assumed that acetogenesis requires ferredoxin with an exceptionally low reduction potential of ≈−500 mV in
order to drive CO2 reduction to CO and the reductive carboxylation of acetyl-CoA to pyruvate. However, no
other metabolic pathway requires electron donors with such low reduction potential. Is acetogenesis a special
case, necessitating unique cellular conditions? In this paper, I suggest that it is not. Rather, by keeping CO as a
bound metabolite, the CO-dehydrogenase-acetyl-CoA-synthase complex can couple the unfavorable CO2 reduc-
tion to CO with the favorable acetyl-CoA synthesis, thus enabling the former process to proceed using ferredoxin
ofmoderate reduction potential of−400 mV. I further show that pyruvate synthesis can also take place using the
same ferredoxins. In fact, the synthesis of pyruvate from CO2, methylated-protein-carrier and −400 mV ferre-
doxins is an energy-neutral process. These findings suggest that acetogenesis can take place at normal cellular
redox state. Mechanistic coupling of reactions as suggested here can flatten energetic landscapes and diminish
thermodynamic barriers and can be another role for enzymatic complexes common in nature and a useful tool
for metabolic engineering.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Acetogenic microbes, reducing CO2 into acetate, have been isolat-
ed from diverse anaerobic habitats, including sediments, soils, acidic
coal mine ponds, fecal material, psychrotrophic as well as thermo-
philic environments [1]. More than a billion tons of acetate is pro-
duced each year by these organisms, converting about a quarter of
the total carbon within anaerobic soils into acetate [2].

The physiology and biochemistry of acetogens has been studied for
80 years, since Fischer et al. noticed H2- and CO2-dependent formation
of acetate in sewage sludge [3]. However, only in the late 1980s and
early 1990s were Wood and Ljungdahl able to elucidate the structure of
the reductive acetyl-CoA pathway (Fig. 1) [1,2,4,5], considered today to
be the most ancient carbon fixation route [6]. Still, many biochemical
aspects of the pathway remain unknown and new discoveries are made
every year (e.g. [7–11]). One of the most fascinating phenomena discov-
ered recently is electron bifurcation, i.e. the concomitant coupling of
favorable electron transfer from an electron donor (e.g. molecular
oA-synthase; CoFeSP, Corrinoid
pH (7); E°', Reduction potential
nts) and at a constant pH (7);
rG°', Gibbs energy of a reaction
nts) and at a constant pH (7);
tions of 1 mM and at a constant

rights reserved.
hydrogen, E' in the range of−400 to−350 mV) to an electron acceptor
of higher reduction potential (e.g. NAD, E'≥−300 mV) and an unfavor-
able electron transfer from the same donor to an acceptor of lower reduc-
tion potential (e.g. ferreodxin, E'≤−400 mV) [12,13].

It has been suggested, and often repeated, that the ferredoxin that
participates in acetogenesis should have an extremely low reduction
potential (E'≤−500 mV) in order to support the required reduction
of CO2 to CO by the CO-dehydrogenase-acetyl-CoA-synthase (CODH/
ACS) complex (E°' (CO2/CO)b−500 mV) (e.g. [5,9,14–18]). These
studies proposed that the same low reduction potential ferredoxin
is mandatory also for the reductive carboxylation of acetyl-CoA to py-
ruvate, acetyl-CoA+CO2+2e−>pyruvate+CoA, which is character-
ized by E°'≈−500 mV. However, as there are no other pathways
strictly requiring electron donors with such a low reduction potential,
it is difficult to accept this reasoning.

Usually, electron donorswithmoderate reduction potential are used
in reactions which require especially low reduction potential, where
ATP hydrolysis, coupled directly or indirectly to the reaction, provides
the thermodynamic driving force [19]. Examples of unfavorable redox
reactions that are activated via direct coupling to ATP-hydrolysis in-
clude the nitrogenese reaction [20], the ATP-dependent reduction of
benzoyl-CoA to 1,5-cyclohexadiene-1-carboxyl-CoA [21], the activation
of 2-hydroxyacyl-CoA dehydratases [21] and ATP-dependent carboxylic
acid reductase [22–24]. Activation via indirect coupling to ATP hydroly-
sis is nicely exemplified in the ubiquitous reduction of a carboxy to a
carbonyl via ATP-dependent activation of the carboxyl with a phospho-
ryl or a CoA moiety [19].
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Fig. 1. The reductive acetyl-CoA pathway. The CO-dehydrogenase-acetyl-CoA-synthase
complex is shown as two hexagons. The green area presents the reactions analyzed in
the paper. ‘AH2‘ corresponds to a reduced electron donor and ‘A’ represents an oxidized
electron donor. ‘THF’ corresponds to tetrahydrofolate and ‘CoFeSP’ represents corrinoid
iron–sulfur protein.
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Hence, assuming that acetogenesis can operate only with ex-
tremely low reduction potential electron donors suggests that there
is something very ‘special’ about the energetics of this metabolic pro-
cess. As acetogenesis is rooted at the origin of cellular life (e.g. [6])
and is still so widespread, it seems unlikely that it requires such spe-
cialized conditions.

In this paper, I demonstrate that acetogenesis and pyruvate synthe-
sis can take place under a moderate reduction potential of −400 mV. I
argue that one of the reasons that CO dehydrogenase and acetyl-CoA
synthase work in a complex is to diminish internal energetic barriers
[19], i.e. enabling CO2 reduction without especially low reduction po-
tential electron carriers. Also, I show that pyruvate synthesis can take
place at reduction potential of−400 mV, if the concentrations of the re-
actants are modulated within a reasonable physiological range. In fact,
the overall synthesis of pyruvate from methylated-protein-carrier,
two CO2 molecules and four −400 mV ferredoxins is a completely re-
versible, energy-neutral process.

Importantly, numerous organisms are known to employ ferredoxins
with reduction potentials of−500 mVor even lower (e.g. [25–29]). The
analysis presented here does not suggest that these ferredoxins are not
participating in acetogenesis. Rather, it is claimed that the usage of such
ferredoxins is not a strict requirement of acetogenesis and that ‘normal’
ferredoxins, having moderate reduction potential, can suffice for path-
way operation.

2. Methods

When possible, the thermodynamics of biochemical reactions
were calculated using eQuilibrator, the biochemical thermodynamics
calculator (http://equilibrator.weizmann.ac.il/) [30], according to the
Gibbs energy of formations and mathematical framework given in
[31]. pH and ionic strength were assumed to be 7 and 0.2 M, respec-
tively. If available, values corresponding to 298.13 K were taken. CO2

and CO were assumed to be in aqueous phase rather than gaseous
phase. Hence, standard conditions for CO2 and CO were taken as
[CO2

aq]=[COaq]=1 M and not 1 atm. CO2
aq refers to dissolved CO2

and not to any of the hydrated forms of the compound (H2CO3,
HCO3

− and CO3
2−), which were assumed to be in equilibrium with

CO2
aq. Protons should not be included in reaction equations since,

according to the theorem developed in [31], they are not conversed
under constant pH. However, for clarity, they are given in parentheses
in each of the reactions. During all analyses the reduction potential of
ferredoxin was assumed to be −400 mV.

To give a realistic picture of the energetic constraints imposed on
reactions, I used ΔrG'm [19], the change in Gibbs energy under reac-
tant concentrations of 1 mM [32–35]. A reaction with a positive
ΔrG'm can still carry flux in the forward direction if the concentrations
of the substrates are kept sufficiently above the concentrations of the
products such that the actual ΔrG' is negative. However, the concen-
trations of intracellular metabolites are limited: they are rarely
above 10 mM or below 1 μM [32,35]. Thus, if ΔrG'm is sufficiently
large, the reactants must acquire non-physiological concentrations
to make the reaction favorable [36].

3. Results

3.1. Enzymatic complexes enable the diminishing of internal
thermodynamic barriers

All reactions are formally reversible. So, regardless of the value of
ΔrG'm associated with a reaction (change in Gibbs energy under reac-
tant concentrations of 1 mM and constant pH), it is always possible to
find reactant concentrations such that the actual ΔrG' will be negative
(Methods) [19]. However, ifΔrG'm is especially high, the concentrations
of the substrates should be especially high or the products must have
especially low concentrations to enable forward flux. Both alternatives
may not be practical from a biological point of view. Especially highme-
tabolite concentrations are deleterious since they create a large pool of
material which is not assimilated into cellular macromolecules and fur-
ther imposes an increased osmotic pressure. On the other hand, espe-
cially low metabolite concentrations will slow metabolic flux: when
the concentration of a metabolite becomes lower than the affinity of
the enzyme accepting it, it begins to limit the catalytic rate. Hence, me-
tabolite concentrations within cells usually lie within a specific physio-
logical range of 1 μMto 10 mM[32,35]. Ifmetabolite concentrations are
constrained to this range, reactions or pathways having high enough
ΔrG'm can be considered infeasible [19].

This thermodynamic and biochemical analysis is based on the as-
sumption that all metabolic intermediates are free and soluble within
the cellular media. However, if one of the reactants is kept bound, the
energetics of the reactions producing and consuming it can change

http://equilibrator.weizmann.ac.il/
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dramatically. Reactions operating within the same enzymatic com-
plex, such that their intermediates are bound within the complex,
cannot be treated as if they consume or produce free metabolites.
Such reactions require a different thermodynamic analysis. Specifical-
ly, complexes can serve to diminish internal energetic barriers [19].

For example, consider two reactions; reaction R1 converts metabo-
lite X to Y and hasΔrG'm of+40 kJ/mol, while reaction R2 converts me-
tabolite Y to Z and has ΔrG'm of −50 kJ/mol. Although the overall
conversion of X to Z is exergonic, catalyzing these reactions through in-
dependent enzymes will probably be infeasible, since in order for reac-
tion R1 to proceed the concentration of Xwill have to be too high or the
concentration of Ywill have to be too low. However, if the two reactions
are operated by a single enzymatic complex such that Y remains bound
to the complex, Ybound could be stabilized considerably as compared to
Yfree. In such a case, the conversion of X to Ybound can have, for example,
ΔrG'm≈0 kJ/mol, while the conversion of Ybound to Z having ΔrG'm≈
−10 kJ/mol. The overall conversion of X to Z still dissipates 10 kJ/mol
but now there is no energetic barrier to constrain the process.
3.2. Coupling between endergonic CO2 reduction to CO and exergonic
acetyl-CoA synthesis

Does the CODH/ACS complex diminish internal thermodynamic bar-
riers and thereby enable the reduction of CO2 to COusing ferredoxinwith
moderate reduction potential of −400 mV? The reduction of CO2 to CO
is characterized by E°'≈−560 mV (note that the compounds are as-
sumed to be in aqueous phase and not in gaseous phase in which
E°'≈−520 mV). Hence, if −400 mV ferredoxins serve as the electron
donors for this reduction, the overall reaction becomes highly endergon-
ic, ΔrG'm>+30 kJ/mol [30,37], too high to be feasible within the physi-
ological range of metabolite concentrations [19]. However, the
following reaction, which takes place within the same complex,
acetyl-CoA synthase, is very exergonic (ΔrG'mb−30 kJ/mol) [19]. If
these two reactions are coupled via the CODH/ACS complex, the energet-
ic barrier associated with CO2 reduction might be diminished, enabling
the net reaction to proceed unconstrained by thermodynamic barriers.

To analyze this option systematically, I propose three criteria that,
if met, strongly indicate the coupling of the two reactions: (i) CO is a
bound intermediate, produced by one reaction and consumed by the
other; (ii) The internal energetic landscape of the reactions taking
place within the CODH/ACS complex is flattened as compared to
that of the free metabolites. (iii) The overall reaction of the CODH/
ACS complex is characterized by a small ΔrG'm .

There is strong evidence that the first criterion indeed holds; specif-
ically, CO appears to be a bound intermediate, which is shuttled≈70 Å
within an internal tunnel from the CO-dehydrogenase cluster to that of
acetyl-CoA synthase [38–40]. On the other hand, the second criterion is
difficult to assess.Whilewe dohave some information regarding the in-
ternal energetic landscape of isolated parts of the CODH/ACS complex
(e.g. [7]), we simply do not have enough data about the entire complex.
Importantly, since it was shown that different protein conformations
considerably modulate the energetics of isolated parts of the complex
[7], the energetic landscapes deciphered so far likely represent only a
portion of the actual landscape of the full complex.

However, another thing that was found from studying isolated
parts of the CODH/ACS complex, was that the reduction potential of
the CO-dehydrogenase center is usually considerably higher than
that of the pair CO2/CO (E'≫−400 mV) [41]. This suggests that re-
ducing CO2 to a complex-bound CO might not represent as high an
energetic barrier as for the reduction of CO2 to a free CO. In addition,
the affinity of the CODH/ACS complex to exogenous CO was found to
be high (~10 μM), indicating that bound CO is stabilized as compared
to free CO [42]. Indeed, while acetogenic organisms generate signifi-
cant quantities of CO (as an intermediate), they release only low
levels of CO during growth [43,44].
3.3. The energetics of the overall reaction of the CODH/ACS complex

The next important question is whether the overall reaction of the
CODH/ACS complex (having only free and soluble reactants) is indeed
characterized by a small ΔrG'm . In a sense, this is the most important
question. Complexes can be evolved to bind intermediates at different
energy levels, thus decreasing internal thermodynamic barriers.
However, the energetics of the overall reaction is an external con-
straint. In the analysis below I assume that reduction potential of fer-
redoxin is −400 mV. Also, by using ΔrG'm it is assumed that the
concentration of dissolved CO2 (CO2

aq) is 1 mM (corresponding
to≈4% atmospheric CO2 at 30 °C–40 °C). This value is considerably
higher than in ambient aerobic conditions, but lower than the con-
centration of CO2

aq which is used to cultivate acetogens (in the range
of 20–100% atmospheric CO2) and is expected to prevail in these or-
ganisms' anaerobic habitats [2].

The overall reaction of the CODH/ACS complex is given by Eq. (1):

Methyl� CoFeSP þ COaq
2 þ 2Ferredoxinred þ CoAðþHþÞ→Acetyl� CoA þ 2 Ferredoxinoxþ

CoFeSPþ H2O

ð1Þ

where CoFeSP is the corrinoid iron–sulfur protein, which accepts a
methyl group from 5-methyltetrahydrofolate [8,45–47]. This reaction
can be decomposed into three reactions:

Methyl� CoFeSPþ Tetrahydrofolate→CoFeSPþ 5
�MethyltetrahydrofolateðþHþÞ ð2Þ

5�Methyltetrahydrofolate þ H2O→Methanol
þ Tetrahydrofolate ð3Þ

Methanolþ COaq
2 þ 2Ferredoxinred þ CoAðþ2HþÞ→Acetyl� CoA þ 2Ferredoxinox þ 2H2O

ð3Þ

ΔrG'm for reaction (2) is ≈+6.5 kJ/mol, as measured in ref. [48]
at pH 7.6. Correcting to pH 7 results in ΔrG'm≈+10 kJ/mol. ΔrG'm for
reaction (4) was calculated directly from the known Gibbs energies of
formation of the reactants given in refs. [31,49] and was found to be
−8.5 kJ/mol [30]. ΔrG'm for reaction (3) is more difficult to find as
this reaction does not take place directly. As described in detail in the
Appendix, I estimate thisΔrG'm to be≈−8 kJ/mol. Summing over reac-
tions (2), (3) and (4) the ΔrG'm for reaction (1) is≈−6.5 kJ/mol.

A ΔrG'm of≈−6.5 kJ/mol represents a completely reversible reac-
tion (especially considering that there are many substrates and prod-
ucts whose concentrations can be modulated [36]). The pathway can
proceed in the forward direction given 1 mM reactant concentrations,
but if the ratios [CoFeSP]/[Methyl-CoFeSP] and [acetyl-CoA]/[CoA] are
kept at≈10 the overall reaction changes direction.

3.4. The pyruvate synthase reaction

The CODH/ACS complex is fully reversible but what about the sub-
sequent reaction — synthesis of pyruvate from acetyl-CoA — which is
expected to impose a further energetic barrier? The reaction cata-
lyzed by pyruvate synthase

Acetyl� CoA þ 2Ferredoxinred þ COaq
2 ðþHþÞ→Pyruvateþ 2Ferredoxinox þ CoA

ð5Þ

has ΔrG'm of +7.5 kJ/mol assuming that the reduction potential of
ferredoxin is −400 mV [30]. This again represents a fully reversible
reaction that can proceed in the forward direction if the ratios
[acetyl-CoA]/[CoA] and [CO2

aq]/[Pyruvate] are kept above 10. (The
CODH/ACS complex can still produce acetate at [acetyl-CoA]/
[CoA]>10.) In fact, there are several reactions in central metabolism
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that carry significant flux in the forward direction although having
ΔrG'm>>+10 kJ/mol (e.g. malate dehydrogenase, reducing malate
to oxaloacetate using NAD(P)H as an electron donor; in order for
this reaction to proceed the ratio [malate]/[oxaloacetate] should be
kept very high).

When considering the overall reaction of the CODH/ACS complex
and pyruvate synthase

Methyl� CoFeSP þ 2COaq
2 þ 4Ferredoxinredðþ2HþÞ→Pyruvateþ 4FerredoxinoxþCoFeSPþ

H2O

ð6Þ

one gets ΔrG
m≈+1 kJ/mol, indicating that the entire process is

completely reversible. Conditions of [CoFeSP]/[Methyl-CoFeSP]≤1,
[acetyl-CoA]/[CoA]≈10 and [CO2

aq]/[Pyruvate]≥10 supports acetate and
pyruvate formation, while conditions of [CoFeSP]/[Methyl-CoFeSP]≥10,
[acetyl-CoA]/[CoA]≈10 and [CO2

aq]/[Pyruvate]≤1 support pyruvate and
acetate oxidation.

3.5. Energetics of the CODH/ACS complex in methanogenes

Instead of tetrahydrofolate, methanogenic archaea employ the C1
carrier tetrahydromethanopterin (H4MPT) or its glutaminated variant
tetrahydrosarcinapterin (H4SPT) [50]. The molecular properties of
these carriers are quite different from that of tetrahydrofolate and
the energetics of the CODH/ACS reaction in methanogenes might dif-
fer from that in acetogenic bacteria [50,51].

In methanogenes reaction (1) can be decomposed into two reac-
tions (H4SPT as the C1 carrier):

Methyl� CoFeSPþ H4SPT→CoFeSP þ 5�Methyl� H4SPTðþHþÞ ð7Þ

5�Methyl� H4SPT þ COaq
2 þ 2Ferredoxinred þ CoAðþ2HþÞ→Acetyl� CoA þ 2Ferredoxinox þ

H4SPT þ H2O

ð8Þ

ΔrG'm for reaction (7) is≈+7 kJ/mol, as measured in ref. [52]
(corrected to pH 7). ΔrG'm for reaction (8) is≈−14 kJ/mol as calcu-
lated in the Appendix. Hence, in methanogenes, ΔrG'm for reaction
(1) is≈−7 kJ/mol, virtually identical to the value found for acetogenes
and completely within the reversible range. Also, the energetics of
reaction (8) suggest that it is reversible by itself; for example, keep-
ing [Acetyl-CoA]/[CoA]>20 and [H4SPT]/[5-Methyl-H4SPT]>20 will
support cleavage of acetyl-CoA and formation of 5-Methyl-SPT. This
is essential to enable acetoclastic methanogenesis.

Importantly, it was found that pyruvate is not degraded to
acetyl-CoA by methanogenes [53]. Considering the energetics of the
pyruvate synthase enzyme there is no clear thermodynamic reason
of why this is the case. It is possible that in these organisms the
ratio [Acetyl-CoA]/[CoA] is kept high or that [pyruvate] is kept low,
thus preventing a significant reverse flux. It is also possible that, at
least in some methanogenic organisms, the reduction potential of
the ferredoxins is kept very low (≈−500 mV), preventing pyruvate
degradation via the pyruvate synthase enzyme.

4. Discussion

The thermodynamic analysis presented here suggests that
acetogenesis and pyruvate synthesis are fully reversible when operated
both independently and consecutively even if supported by ferredoxins
of moderate reduction potential of−400 mV. The analysis further indi-
cates that the tunneling of CO from the CO-dehydrogenase C cluster to
the acetyl-CoA synthase A cluster is more than just an elegant way to
prevent this rich carbon and energy source escaping (e.g. [40]). Instead,
operating the two clusterswithin a single complex, while keeping CO as
a boundmetabolite, plays a vital role in decreasing the energetic barrier
for CO2 reduction and thus allowing the entire process to operate at
moderate cellular reduction potential.
Indeed, considering the recently found hydrogen threshold for the
growth of an acetogenic bacterium, Acetobacterium woodii [9], a ferre-
doxin with a reduction potential of −400 mV makes more sense than
one of−500 mV. A. woodii is able to oxidize hydrogen at 2500 ppm, cor-
responding to a redox potential of−340 mV. There is simply not enough
energy to reduce a ferredoxin of−500 mV via electron bifurcation even
if E' (NAD)=−250 mV, i.e. the energy gain from the favorable electron
transfer from hydrogen to NAD is lower than the energy required for the
unfavorable electron transfer from hydrogen to a −500 mV ferredoxin
(|(−500)−(−340)|>|(−250)−(−340)|). However, the reduction of
ferredoxin with a reduction potential of −400 mV via electron bifurca-
tion can be possible even if E' (NAD) is in the region of −300 mV, so
that E' (NAD)=−280 mV (|(−400)−(−340)|=|(−280)−(−340)|).

In addition, keeping the reduction potential of ferredoxin at
≈−400 mV and that of NAD at≈−300 mV fits nicely to the proposed
electron bifurcation scheme in which the favorable NADH-dependent
reduction of methylene-THF to methyl-THF (E'≈−200 mV, [9,50]) is
coupled to the unfavorable NADH-dependent reduction of ferredoxin
[9,54]. Finally, these reduction potentials can support NADP reduction
via electron bifurcation in which ferredoxin and NADH serve as electron
donors [16], and the reduction potential of NADP is≈−350 mV, as pre-
viously suggested [16,18].

The analysis presented here also accounts for the difference be-
tween CO dehydrogenases operating in acetogenic prokaryotes and
that employed by microbes that use CO only as an electron source.
While in the former organisms CO dehydrogenase is almost always
coupled directly to acetyl-CoA synthase, the later organisms usually
operate CO dehydrogenase as an independent enzyme, as no coupling
is required to transfer the electrons from the highly energetic free CO
to ferredoxin or another electron carrier [55,56].

The CODH/ACS complex formally couples three reactions that
could have taken place separately (Fig. 2): (i) CO2 reduction to CO
(ΔrG'm>+30 kJ/mol); (ii) condensation of CO with a methyl moiety
bound to CoFeSP, to form an acetate moiety (ΔrG'm≈−100 kJ/mol)
and (iii) formation of a thioester between acetate and CoA, produc-
ing acetyl-CoA (ΔrG'm>+50 kJ/mol). The coupling of CO2 reduction
to the subsequent exergonic reaction was discussed in details in this
manuscript, but the coupling of the endergonic thioester formation
to the exergonic formation of acetate is of no less importance. This
is achieved by creating a high energy acetyl-enzyme intermediate
as the product of the condensation reaction (as opposed to a low en-
ergy acetate, Fig. 2). This enables an almost energy neutral attack of
CoA, releasing acetyl-CoA. Indeed, the Keq for the reaction E+
Acetyl-CoA→E-Ac+CoA (E being the enzyme and E-Ac being the
acetyl-enzyme intermediate) was found to be very close to 1 (0.2,
[57]), indicating that the acetyl-enzyme intermediate is kept at
high energy, similar to that of acetyl-CoA. In a sense, this is the oppo-
site situation of CO-dehydrogenase, where the CO was kept at lower
energy as compared to free CO (Fig. 2).

The CODH/ACS complex exemplifies the extraordinary ability of
living organisms to cope with thermodynamic barriers. Similar solu-
tions can be encountered in other pathways — for example, glycine
synthesis/cleavage via the glycine cleavage system — and might rep-
resent a common biological solution to thermodynamic constraints. It
will be interesting to investigate whether other abundant complexes
are used as natural tools for flattening internal energetic landscapes.
Complexes might also be used in metabolic engineering in order to
ameliorate thermodynamic barriers by the coupling of otherwise in-
dependent reactions.
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Fig. 2. A schematic representation of the energetics of acetyl-CoA formation. Blue repre-
sents reactions taking place by separate enzymes (not within a complex) and green corre-
sponds to the reactions taking place within a single complex such that all intermediates are
either bound or channeled. The reactions order is: (1) CO2 reduction to CO; (2) CO conden-
sationwith the C1moiety carried by CoDeSP and (3) formation of a thioester bond. ‘Fd’ cor-
responds to ferredoxin, ‘CoFeSP’ to corrinoid iron–sulfur protein, ‘CH3-CoFeSP’ to
methylated corrinoid iron–sulfur protein, ‘E-CO’ to carbon monoxide attached to the com-
plex and ‘E-Acetyl’ to acetate attached to the complex.
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Appendix

The thermodynamics of the 5-methyltetrahydrofolate cleavage reaction
(reaction 3)

I used two methods to calculate the energetics of the 5-
Methyltetrahydrofolate cleavage reaction: 5-Methyltetrahydrofolate+
H2O→Methanol+Tetrahydrofolate

Method 1

The 5-Methyltetrahydrofolate cleavage reaction can be decomposed
into the following reactions:

(A) NAD++5-Methyltetrahydrofolate→5,10-Methylenetetrahy-
drofolate+NADH (+H+)

(B) 5,10-Methylenetetrahydrofolate+H2O→Formaldehyde+Te-
trahydrofolate

(C) Formaldehyde+NADH (+H+)→Methanol+NAD+

ΔrG'm for reaction (A) is +23 kJ/mol (reduction potential of
methylene-THF/methyl-THF is −200 mV) as given in [9,50]. ΔrG'm for
reaction (B) is +8.5 kJ/mol as calculated in ref. [58]. ΔrG'm for reaction
(C) is −37.5 kJ/mol as calculated directly from the known Gibbs ener-
gies of formation of the reactants [31,49], correcting the Gibbs energy
of formation of formaldehyde as described in ref. [50]. Summing over
reactions (A)–(C) the ΔrG'm for the 5-Methyltetrahydrofolate cleavage
reaction is ≈−6 kJ/mol.

Method 2

The 5-Methyltetrahydrofolate cleavage reaction can be decomposed
into the following reactions:

(D) NAD++5-Methyltetrahydrofolate→5,10-Methylenetetrahy-
drofolate+NADH (+H+)

(E) 5,10-Methenyltetrahydrofolate+NAD++H2-
O→10-Formyltetrahydrofolate+NADH (+H+)
(F) ADP+Orthophosphate+10-Formyltetrahydrofolate→ATP+For-
mate+Tetrahydrofolate

(G) ATP+H2O→ADP+Orthophosphate (+H+)
(H) Formate+2 NADH (+3H+)→Methanol+2 NAD++H2O

ΔrG'm for reaction (D) is +23 kJ/mol as given in [9,50]. ΔrG'm for
reaction (E) is −1 kJ/mol as calculated in ref. [50]. ΔrG'm for reaction
(F) is +10 kJ/mol as also calculated in ref. [50]. ΔrG'm for reaction (G)
is −55 kJ/mol as calculated directly from the known Gibbs energies
of formation of the reactants [31,49]. ΔrG'm for reaction (H) is
+13 kJ/mol as calculated directly from the known Gibbs energies of
formation of the reactants [31,49]. Summing over reaction (D)-(H)
the ΔrG'm for the 5-Methyltetrahydrofolate cleavage reaction is
≈−10 kJ/mol.

Since both calculation methods are based on different reaction
sets (except for the first reaction which is shared by both), the fact
they result in such similar ΔrG'm values is quite convincing. For fur-
ther calculations I used the average of the values produced by the
two methods, i.e. ΔrG'm≈−8 kJ/mol.

The thermodynamics of reaction (8)

The equilibrium constant of the reaction:

(I) 5-Methyl-H4SPT+CO2
aq+H2+

CoA→Acetyl-CoA+H4SPT+H2O

is 2.09∙106 1/M/atm, with [CO2] in molar units and [H2] in atm, at 37 °C
[59]. This value corresponds toΔrG°' of−36 kJ/mol. Note that thisΔrG°'
is independent of the pH since protons are not produced or consumed
during the reaction. At pH7 and37 °C, E°' (2 H++2e−→H2)≈−430 mV
(where standard conditions refer to 1 atmosphere of H2 and not 1 M
of dissolved H2). Hence, the reduction potential of the half reaction:

(J) 5-Methyl-H4SPT+CO2
aq+CoA+2e−

→Acetyl-CoA+H4SPT+H2O

equals E°' (J)=(−ΔrG°'/2/F)−E°' (2 H++2e−→H2)≈−240 mV (F
being the Faraday constant). Coupling this reaction to the oxidation
of a ferredoxin gives reaction (8): 5-Methyl-H4SPT+CO2

aq+2
Ferredoxinred+CoA→Acetyl-CoA+2 Ferredoxinox+H4SPT+H2O.

The energetics of reaction (8) can therefore be calculated by the
difference in reduction potentials, assuming −400 mV ferredoxins:
ΔrG°'=2*F*(0.24–0.4)≈−31 kJ/mol, or ΔrG'm≈−14 kJ/mol.

References

[1] H.L. Drake, A.S. Gossner, S.L. Daniel, Old acetogens, new light, Ann. N. Y. Acad. Sci.
1125 (2008) 100–128.

[2] H.L. Drake, K. Kirsten, C. Matthies, Acetogenic Prokaryotes, in: The Prokaryotes,
Springer, New York, 2006, pp. 354–420.

[3] F. Fischer, R. Lieske, K. Winzer, Biologische Gasreaktionen.II:Über die Bildung von
Essigsäure bei der biologischen Umsetzung von Kohlenoxyd und Kohlensäure mit
Wasserstoff zu Methan, Biochem. Z. 245 (1932) 2–12.

[4] H.G. Wood, Life with CO or CO2 and H2 as a source of carbon and energy, FASEB J.
5 (1991) 156–163.

[5] S.W. Ragsdale, E. Pierce, Acetogenesis and theWood–Ljungdahl pathway of CO(2)
fixation, Biochim. Biophys. Acta 1784 (2008) 1873–1898.

[6] W.F. Martin, Hydrogen, metals, bifurcating electrons, and proton gradients: the
early evolution of biological energy conservation, FEBS Lett. 586 (2012) 458–493.

[7] S. Gencic, E.C. Duin, D.A. Grahame, Tight coupling of partial reactions in the acetyl-CoA
decarbonylase/synthase (ACDS) multienzyme complex from Methanosarcina
thermophila: acetyl C–C bond fragmentation at the a cluster promoted by pro-
tein conformational changes, J. Biol. Chem. 285 (2010) 15450–15463.

[8] S. Goetzl, J.H. Jeoung, S.E. Hennig, H. Dobbek, Structural basis for electron and
methyl-group transfer in a methyltransferase system operating in the reductive
acetyl-CoA pathway, J. Mol. Biol. 411 (2011) 96–109.

[9] A. Poehlein, S. Schmidt, A.K. Kaster, M. Goenrich, J. Vollmers, A. Thurmer, J.
Bertsch, K. Schuchmann, B. Voigt, M. Hecker, R. Daniel, R.K. Thauer, G.
Gottschalk, V. Muller, An ancient pathway combining carbon dioxide fixation
with the generation and utilization of a sodium ion gradient for ATP synthesis,
PLoS One 7 (2012) e33439.

[10] Y. Kung, C.L. Drennan, A role for nickel–iron cofactors in biological carbonmonox-
ide and carbon dioxide utilization, Curr. Opin. Chem. Biol. 15 (2011) 276–283.



400 A. Bar-Even / Biochimica et Biophysica Acta 1827 (2013) 395–400
[11] S.W. Ragsdale, L. Yi, G. Bender, N. Gupta, Y. Kung, L. Yan, T.A. Stich, T. Doukov, L.
Leichert, P.M. Jenkins, C.M. Bianchetti, S.J. George, S.P. Cramer, R.D. Britt, U.
Jakob, J.R. Martens, G.N. Phillips Jr., C.L. Drennan, Redox, haem and CO in enzy-
matic catalysis and regulation, Biochem. Soc. Trans. 40 (2012) 501–507.

[12] G. Herrmann, E. Jayamani, G. Mai, W. Buckel, Energy conservation via
electron-transferring flavoprotein in anaerobic bacteria, J. Bacteriol. 190 (2008)
784–791.

[13] F. Li, J. Hinderberger, H. Seedorf, J. Zhang, W. Buckel, R.K. Thauer, Coupled ferre-
doxin and crotonyl coenzyme A (CoA) reduction with NADH catalyzed by the
butyryl-CoA dehydrogenase/Etf complex from Clostridium kluyveri, J. Bacteriol.
190 (2008) 843–850.

[14] G. Fuchs, Alternative pathways of carbon dioxide fixation— insights into the early
evolution of life, Annu. Rev. Microbiol. 65 (2011) 631–658.

[15] D.A. Grahame, Acetate C―C bond formation and decomposition in the anaerobic
world: the structure of a central enzyme and its key active-site metal cluster,
Trends Biochem. Sci. 28 (2003) 221–224.

[16] H. Huang, S. Wang, J. Moll, R.K. Thauer, Electron bifurcation involved in the ener-
gy metabolism of the acetogenic Bacterium Moorella thermoacetica growing on
glucose or H2 plus CO2, J. Bacteriol. 194 (2012) 3689–3699.

[17] K. Schuchmann, V. Muller, A bacterial electron bifurcating hydrogenase, J. Biol.
Chem. 287 (2012) 31165–31171.

[18] W. Buckel, R.K. Thauer, Energy conservation via electron bifurcating ferredoxin
reduction and proton/Na(+) translocating ferredoxin oxidation, Biochim.
Biophys. Acta 1827 (2013) 94–113.

[19] A. Bar-Even, A. Flamholz, E. Noor, R. Milo, Thermodynamic constraints shape the struc-
ture of carbon fixation pathways, Biochim. Biophys. Acta 1817 (2012) 1646–1659.

[20] W.A. Bulen, J.R. LeComte, The nitrogenase system from Azotobacter: two-enzyme
requirement for N2 reduction, ATP-dependent H2 evolution, and ATP hydrolysis,
Proc. Natl. Acad. Sci. U. S. A. 56 (1966) 979–986.

[21] W. Buckel, M. Hetzel, J. Kim, ATP-driven electron transfer in enzymatic radical re-
actions, Curr. Opin. Chem. Biol. 8 (2004) 462–467.

[22] A. He, T. Li, L. Daniels, I. Fotheringham, J.P. Rosazza, Nocardia sp. carboxylic acid
reductase: cloning, expression, and characterization of a new aldehyde oxidore-
ductase family, Appl. Environ. Microbiol. 70 (2004) 1874–1881.

[23] T. Li, J.P. Rosazza, Purification, characterization, and properties of an aryl aldehyde
oxidoreductase from Nocardia sp. strain NRRL 5646, J. Bacteriol. 179 (1997)
3482–3487.

[24] P. Venkitasubramanian, L. Daniels, J.P. Rosazza, Reduction of carboxylic acids by
Nocardia aldehyde oxidoreductase requires a phosphopantetheinylated enzyme,
J. Biol. Chem. 282 (2007) 478–485.

[25] E.I. Stiefel, G.N. George, Ferredoxins, hydrogenases, and nitrogenases: metal-sulfide
proteins, in: Bioinorganic Chemistry, 1994, pp. 365–453.

[26] S.E. Iismaa, A.E. Vazquez, G.M. Jensen, P.J. Stephens, J.N. Butt, F.A. Armstrong, B.K.
Burgess, Site-directed mutagenesis of Azotobacter vinelandii ferredoxin I. Changes
in [4Fe–4S] cluster reduction potential and reactivity, J. Biol. Chem. 266 (1991)
21563–21571.

[27] J.M. Moulis, L.C. Sieker, K.S. Wilson, Z. Dauter, Crystal structure of the 2[4Fe–4S]
ferredoxin from Chromatium vinosum: evolutionary and mechanistic inferences
for [3/4Fe–4S] ferredoxins, Protein Sci. 5 (1996) 1765–1775.

[28] M. Teixeira, R. Batista, A.P. Campos, C. Gomes, J. Mendes, I. Pacheco, S. Anemuller,
W.R. Hagen, A seven-iron ferredoxin from the thermoacidophilic archaeon
Desulfurolobus ambivalens, Eur. J. Biochem. 227 (1995) 322–327.

[29] M.M. Pereira, K.L. Jones, M.G. Campos, A.M. Melo, L.M. Saraiva, R.O. Louro, P.
Wittung-Stafshede, M. Teixeira, A ferredoxin from the thermohalophilic bacteri-
um Rhodothermus marinus, Biochim. Biophys. Acta 1601 (2002) 1–8.

[30] A. Flamholz, E. Noor, A. Bar-Even, R. Milo, eQuilibrator—the biochemical thermo-
dynamics calculator, Nucleic Acids Res. 40 (2011) D700–D775.

[31] R.A. Alberty, Thermodynamics of Biochemical Reactions, Wiley-Interscience, 2003.
[32] B.D. Bennett, E.H. Kimball, M. Gao, R. Osterhout, S.J. Van Dien, J.D. Rabinowitz, Ab-

solute metabolite concentrations and implied enzyme active site occupancy in
Escherichia coli, Nat. Chem. Biol. 5 (2009) 593–599.

[33] C.S. Henry, M.D. Jankowski, L.J. Broadbelt, V. Hatzimanikatis, Genome-scale thermo-
dynamic analysis of Escherichia colimetabolism, Biophys. J. 90 (2006) 1453–1461.

[34] A.L. Weber, Chemical constraints governing the origin of metabolism: the ther-
modynamic landscape of carbon group transformations under mild aqueous con-
ditions, Orig. Life Evol. Biosph. 32 (2002) 333–357.

[35] A. Bar-Even, E. Noor, A. Flamholz, J.M. Buescher, R. Milo, Hydrophobicity and
charge shape cellular metabolite concentrations, PLoS Comput. Biol. 7 (2011)
e1002166.
[36] E. Noor, A. Bar-Even, A. Flamholz, Y. Lubling, D. Davidi, R. Milo, An integrated open
framework for thermodynamics of reactions that combines accuracy and cover-
age, Bioinformatics 28 (2012) 2037–2044.

[37] D.D. Wagman, The NBS Tables of Chemical Thermodynamic Properties: Selected
Values for Inorganic and C1 and C2 Organic Substances in SI Units, American
Chemical Society and the American Institute of Physics for the National Bureau
of Standards, Washington, D.C., 1982.

[38] E.L. Maynard, P.A. Lindahl, Evidence of a molecular tunnel connecting the active
sites for CO2 reduction and acetyl-CoA synthesis in acetyl-CoA synthase from
Clostridium thermoaceticum, J. Am. Chem. Soc. 121 (1999) 9221–9222.

[39] J. Seravalli, S.W. Ragsdale, Channeling of carbon monoxide during anaerobic car-
bon dioxide fixation, Biochemistry 39 (2000) 1274–1277.

[40] T.I. Doukov, L.C. Blasiak, J. Seravalli, S.W. Ragsdale, C.L. Drennan, Xenon in and at the
end of the tunnel of bifunctional carbon monoxide dehydrogenase/acetyl-CoA
synthase, Biochemistry 47 (2008) 3474–3483.

[41] S.W. Ragsdale, M. Kumar, Nickel-containing carbon monoxide dehydrogenase/Acetyl-
CoA synthase(,), Chem. Rev. 96 (1996) 2515–2540.

[42] S.A. Raybuck, N.R. Bastian, W.H. Orme-Johnson, C.T. Walsh, Kinetic characteriza-
tion of the carbon monoxide-acetyl-CoA (carbonyl group) exchange activity of
the acetyl-CoA synthesizing CO dehydrogenase from Clostridium thermoaceticum,
Biochemistry 27 (1988) 7698–7702.

[43] R. Conrad, R.K. Thauer, Carbon monoxide production by Methanobacterium
thermoautotrophicum, FEMS Microbiol. Lett. 20 (1983) 229–232.

[44] G. Diekert, M. Hansch, R. Conard, Acetate synthesis from 2 CO2 in acetogenic bacteria:
is carbon monoxide an intermediate? Arch. Microbiol. 138 (1984) 224–228.

[45] V.R. Vepachedu, J.G. Ferry, Role of the fused corrinoid/methyl transfer protein
CmtA during CO-dependent growth of Methanosarcina acetivorans, J. Bacteriol.
194 (2012) 4161–4168.

[46] T.A. Stich, J. Seravalli, S. Venkateshrao, T.G. Spiro, S.W. Ragsdale, T.C. Brunold,
Spectroscopic studies of the corrinoid/iron-sulfur protein from Moorella
thermoacetica, J. Am. Chem. Soc. 128 (2006) 5010–5020.

[47] T. Svetlitchnaia, V. Svetlitchnyi, O. Meyer, H. Dobbek, Structural insights into
methyltransfer reactions of a corrinoid iron–sulfur protein involved in
acetyl-CoA synthesis, Proc. Natl. Acad. Sci. U. S. A. 103 (2006) 14331–14336.

[48] J. Seravalli, S. Zhao, S.W. Ragsdale, Mechanism of transfer of the methyl group
from (6S)-methyltetrahydrofolate to the corrinoid/iron-sulfur protein catalyzed
by the methyltransferase from Clostridium thermoaceticum: a key step in the
Wood-Ljungdahl pathway of acetyl-CoA synthesis, Biochemistry 38 (1999)
5728–5735.

[49] R.A. Alberty, Biochemical thermodynamics: applications of Mathematica,
Methods Biochem. Anal. 48 (2006) 1–458.

[50] B.E. Maden, Tetrahydrofolate and tetrahydromethanopterin compared: function-
ally distinct carriers in C1 metabolism, Biochem. J. 350 (Pt 3) (2000) 609–629.

[51] R. Braakman, E. Smith, The emergence and early evolution of biological
carbon-fixation, PLoS Comput. Biol. 8 (2012) e1002455.

[52] D.A. Grahame, E. DeMoll, Partial reactions catalyzed by protein components of the
acetyl-CoA decarbonylase synthase enzyme complex from Methanosarcina
barkeri, J. Biol. Chem. 271 (1996) 8352–8358.

[53] R.Huster, R.K. Thauer, Pyruvate assimilation byMethanobacterium thermoautotrophicum,
FEMSMicrobiol. Lett. 19 (1983) 207–209.

[54] M. Kopke, C. Held, S. Hujer, H. Liesegang, A. Wiezer, A. Wollherr, A. Ehrenreich, W.
Liebl, G. Gottschalk, P. Durre, Clostridium ljungdahlii represents a microbial pro-
duction platform based on syngas, Proc. Natl. Acad. Sci. U. S. A. 107 (2010)
13087–13092.

[55] V. Svetlitchnyi, H. Dobbek, W. Meyer-Klaucke, T. Meins, B. Thiele, P. Romer, R.
Huber, O. Meyer, A functional Ni–Ni–[4Fe–4S] cluster in the monomeric
acetyl-CoA synthase from Carboxydothermus hydrogenoformans, Proc. Natl. Acad.
Sci. U. S. A. 101 (2004) 446–451.

[56] C.L. Drennan, T.I. Doukov, S.W. Ragsdale, The metalloclusters of carbon monoxide
dehydrogenase/acetyl-CoA synthase: a story in pictures, J. Biol. Inorg. Chem. 9
(2004) 511–515.

[57] B. Bhaskar, E. DeMoll, D.A. Grahame, Redox-dependent acetyl transfer partial re-
action of the acetyl-CoA decarbonylase/synthase complex: kinetics and mecha-
nism, Biochemistry 37 (1998) 14491–14499.

[58] R.G. Kallen, W.P. Jencks, The mechanism of the condensation of formaldehyde
with tetrahydrofolic acid, J. Biol. Chem. 241 (1966) 5851–5863.

[59] D.A. Grahame, E. DeMoll, Substrate and accessory protein requirements and ther-
modynamics of acetyl-CoA synthesis and cleavage inMethanosarcina barkeri, Bio-
chemistry 34 (1995) 4617–4624.


	Does acetogenesis really require especially low reduction potential?
	1. Introduction
	2. Methods
	3. Results
	3.1. Enzymatic complexes enable the diminishing of internal thermodynamic barriers
	3.2. Coupling between endergonic CO2 reduction to CO and exergonic acetyl-CoA synthesis
	3.3. The energetics of the overall reaction of the CODH/ACS complex
	3.4. The pyruvate synthase reaction
	3.5. Energetics of the CODH/ACS complex in methanogenes

	4. Discussion
	Acknowledgements
	Appendix
	Method 1
	Method 2

	References


