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INTRODUCTION
As representatives of the first living orga-
nisms or of bacteria which have adapted to
extreme ecological conditions, the chemo-
trophic anaerobic bacteria exhibit characteris-

tics which may be variously interpreted as .,

being primitive or specialized (434). Conse-
quently, a study of their biology frequently pro-
vides valuable insights into principles and

100

mechanisms of cellular processes. This is par-
ticularily true in the case of energy conserva-
tion.

The energy metabolism of chemotrophic an-
aerobes has been the subject of intensive inves-
tigations in the last few years. Evidence has
accumulated that many strictly anaerobic bac-
teria can synthesize adenosine 5'-triphosphate
(ATP) via electron transport phosphorylation

-
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(ETP), a mechanism previously thought to oc-
cur only in chemotrophic aerobes and in photo-
trophic organisms (129). Many new observa-
tions have been made which are interesting
from both mechanistic and thermodynamic
points of view: a strictly anaerobic bacterium
has been described which can oxidize acetate to
CO, with elemental sulfur and obtain useful
energy from this reaction as evidenced by
growth (488); mixed cultures of anaerobic bacte-
ria have been reported to metabolize long-chain
fatty acids to acetate (109, 250); a sulfate-reduc-
ing bacterium was isolated that can oxidize
methane to CO, (R. S. Hanson, personal com-
munication); a microbial consortium of mi-
crobes was shown to anaerobically degrade ben-
zoate to CO, and methane (168). The finding
that an ATPase-dependent pH gradient (inte-
rior alkaline) (224) and a concomitant mem-
brane potential difference (interior negative)
(221, 222) are intrinsic properties of both anaer-
obic and aerobic procaryotic cells appears to
have important evolutionary implications (528,
529). Of the regulatory effects described, the
most intriguing one appears to be that, in many
anaerobic bacteria, the amount of ATP formed
per mole of energy substrate fermented can be
regulated (262), thus permitting the organism
to optimize the thermodynamic efficiency of en-
ergy transformation.

In view of these many new developments, it
seems appropriate to bring up to date what is

ATP + H,0 — ADP + P, AGS,, =
ATP + H,0 - AMP + PP, AGS,, =
ATP + AMP =2 ADP AGS, ~

PP, + H,O0 » 2P,

known about energy transformation in this in-
teresting group of organisms. In doing so we
emphasize recent studies on ETP, on transport
processes associated with energy metabolism,
and on the regulation of thermodynamic effi-
ciencies. A chapter on energy conservation via
substrate level phosphorylation (SLP) has been
included to give a complete picture.

The discussion includes ATP synthesis in fa- .

cultative anaerobes growing under anaerobic
conditions. Some of the known anaerobic bacte-
ria appear to have originated from facultative
anaerobic organisms, which in the anaerobic
environment have lost the ability to use molec-
ular oxygen as terminal electron acceptor of
energy metabolism (129, 702). It is therefore

frequently difficult or even impossible to decide

\
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whether or not a reaction is typical for genuine
anaerobic bacteria.

A recent review on the physiology of obligate
anaerobiosis was done by Morris (434).

GENERAL FEATURES

Energy Transformation Via the ATP
System

The metabolism of anaerobic bacteria as that
of all living cells is an open system which is
characterized by a continuous input and output
of matter and energy. Each cell is endowed
with a system that transforms the chemical and
physical energy taken up into biologically use-
ful energy and that utilizes the latter to per-
form work. The universal molecular carrier for
biological energy is ATP, or more exactly the
ATP system (Fig. 1). The energy taken up by
the cells is used to drive the endergonic synthe-
sis of ATP from adenosine 5’-diphosphate
(ADP) and inorganic orthophosphate (P;). The
energy conserved in the “energy-rich” pyro-
phosphate bond of ATP (375) is then used to do
work. ATP is either split to ADP and P; or to
adenosine 5’-monophosphate (AMP) and inor-
ganic pyrophosphate (PP;). An inorganic pyro-
phosphatase (EC 3.6.1.1.) (95, 286) and an aden-
ylate kinase (EC 2.7.4.3.) (451) present in all
living cells secure the connection of AMP and
l;P‘ to the catabolism utilizing only ADP and

i

—17.60 kcal/mol
(—31.8 kJ /mol) (202)
~9.96 kcal/mol
(—41.67 kJ/mol) (204)
+0 kcal/mol
(+0kJ /mol) (146)
AGY, = —5.24 keal /mol (see below)

(—21.92 kJ/mol)

(AGY, is the free energy change of the reactions
at a free Mg2+ concentration of 10~ M, an ionic
strength of 0.25 and a pH of 7 [1 cal = 4.184 J].
The free energy change of hydrolysis of PP, has
been calculated from the free energy changes
of ATP hydrolysis to ADP plus P, and to AMP
plus PP, respectively, and the AG" of the
adenylate kinase reaction. The value obtained
is by 1.2 kcal/mol [5.02 kJ/mol] more negative
than the one determined recertly by Flodgaard
and Fleron (—4 kcal/mol) [172]). Note that ATP,
ADP, AMP, and PP, exist in solution as equi-
librium mixtures of several polyanionic spec-
ies, each of which can form complexes with
divalent cations. Therefore, the observed free
energy of hydrolysis [ AG,] are functions of the
acid dissociation constants of each species pres-
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l Energy input ] —> Energy output

p— CELL
1 Chemical Energy 1 Chemical Work
ATP =~ Biosyntheses
(Chemotrophy ) ( \
— _p 2 Osmotic Work
ADP 'f" Active Transport
2. Physical Energy «P:% 3, Mechanical Work
s R Active Movement
( Phototrophy ) " ;
. AMP
N PPi
CATABOLISM ANABOLISM

HEAT

Fic. 1. Energy transformation via the ATP sys-
tem. Abbreviations: P;, inorganic phosphate; PP,
inorganic pyrophosphate. - - - - » indicates connection
of AMP and PP, to the only ADP plus P; utilizing
catabolism via adenylate kinase and inorganic
pyrophosphatase. Note that, in bacteria endowed
with the mechanism of ETP, in mitochondria, and
in chloroplasts, a proton-motive force (PMF) consist-
ing of a pH gradient (A pH) and an electrical poten-
tial difference (Ay) may be equivalent to the ATP
system with respect to some, but not all, transport
processes rather than with respect to biosyntheses
and active movement. Further details on the PMF as
an intermediate in ATP formation during ETP and
in transport processes are discussed in the section
ATP Synthesis Via ETP and Transport of Energy
Substrates and Products and the Proton-Motive
Force.

ent and also of the stability constants with
divalent cations. The observed standard free
energies of hydrolysis for the reactions are
therefore dependent upon the hydrogen ion and
divalent cation concentrations.)

The standard free energy of hydrolysis of
ATP to produce ADP and P, (AGY;,) is still a
matter of considerable controversy (see Banks
and Vernon [39]). Values of —6.79 kcal/mol
(—28.4 kd/mol) (543), of —7.6 kcal/mol (—31.80
kJ/mol) (202), and of —8.74 kcal/mol (—36.57
kd/mol) (10, 489, 590) were recently obtained
(for discussion see Guynn Veech [202]). The
value used in this review is the one determined
by Guynn and Veech [202], which is based on
the AG" of the hydrolysis of acetyl coenzyme A
(203), the energy-rich compound most fre-
quently used by anaerobic bacteria to synthe-
size ATP via SLP (see section, Energy Con-
servation Via SLP).

It should be pointed out that the concept of
ATP formation from ADP and P, and its hydro-
lytic cleavage to ADP and P, or AMP and PP, is
only a useful formalism to dissect complex proc-
esses into simple hydrolysis and condensation
reactions, which in vivo do not occur (see Banks
(38, 39, 402, 471]). Simple hydrolysis of energy-
rich compounds must be prevented in any case
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in the cell; otherwise the energy would be lost
as heat without performing work. Since ATP is
never directly hydrolyzed, the coupling be-
tween catabolism and anabolism is stoichiomet-
ric or chemical rather than energetic or physi-
cal (39). The hydrolysis potential of ATP and of
other energy-rich compounds (see below) then
is only a measure for a specific kind of chemical
reactivity, i.e., a group transfer potential. The
standard free energy of hydrolysis of ATP to
product ADP plus P, or AMP plus PP, is a
measure of its phosphoryl group transfer poten-
tial or adenylyl group transfer potential, re-
spectively.

The amount of free energy required for the
synthesis of 1 mol of ATP from ADP and P, in a
cell under reversible conditions is mainly de-
pendent on the intracellular concentrations of
ADP, ATP, P;, and Mg?*, and the pH. None of
these parameters are known with certainty (for
discussion of metabolic concentrations and the
conservation of solvent capacity in living cells
see Atkinson [30]). The ATP and ADP concen-
tration in growing anaerobic bacteria has been
determined to be approximately 2 mM and 1
mM, respectively (Table 1). The intracellular
concentration of Mg?* in anaerobic bacteria is
not known. In Bacillus cereus (an aerobic bac-
terium), Mg?* has been reported to be 6 mM
and to be independent of the Mg?* concentra-
tion in the growth medium (565). In Esche-
richia coli, the intracellular concentration of
Mg?+ follows the concentration within the me-
dium from 1075 to 102 M (259). Reliable data for
intracellular phosphate concentrations in an-
aerobic bacteria are not available. In Strepto-

TABLE 1. Steady-state levels of adenosine
phosphates in chemotrophic anaerobic bacteria

Clostridi Methano-
ostridium bacterium
Adenosine phosphate kluyveri® strain MOH ®
(mM) (mM©)
ATP? 2.2 1.68
ADP 0.83 1.76
AMP 0.3 0.29
ATP/ADP 2.67¢ 0.95

® Growing cultures (from Decker and Pfitzer
[130D).

® Cell suspensions reducing CO, to CH, with H, as
electron donor (from Roberton and Wolfe [537]).

¢ Calculated from original data (moles per gram
of dry cells), assuming 2.5 ml of cytoplasmic space
per g of dry cells (see Riebeling et al. [529]).

? The ATP concentration in Selenomonas rumi-
nantium has been reported to be only 0.92 mM (249).

¢ Italicized numbers are ratios.
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coccus faecalis, the intracellular phosphate
concentration has been reported to vary by a
factor of 10, between 6 and 60 mM, dependent
on the energy substrate fermented (223). The
intracellular pH in anaerobic bacteria has been
shown to be dependent on the pH of the growth
medium (529) and to vary from organism to
organism. The lowest pH observed is pH 6
(Clostridium pasteurianum) (529); the highest
pH reported is 8.5 (S. faecalis) (224, 223). Tak-
ing these parameters into account, the free en-
ergy of hydrolysis of ATP becomes approxi-
mately —10.5 kcal/mol (—43.9 kJ/mol) at pH 7,
—10.0 kcal/mol (-41.8 kd/mol) at pH 6, and
—12.0 kcal/mol (—50.2 kJ/mol) at pH 8.5 (for
calculations see Alberty [10]; note that the dif-
ference between the free energy change from
—17.6 under standard conditions to —10.5 kcal/
mol under physiological conditions is mainly
the result of the fact that two products are
formed from one substrate at millimolar rather
than molar concentrations).

Approximately 20 mmol of ATP is consumed
during the synthesis of 1 g of cells (wet weight)
in a growing culture of anaerobic bacteria (129).
The intracellular concentration of ATP is about
2 mM (Table 1). Obviously the ATP system has
a catalytic role only. During the doubling of the
cell mass, ATP must be turned over approxi-
mately 10,000 times.

The ATP system must be in a kinetic equilib-
rium between ATP-producing and -consuming
reactions. The processes with the smaller ca-
pacities become the rate-limiting factors for cell
growth. As was outlined previously (129), ana-
bolism appears to be rate limiting generally
with aerobic organisms and catabolism appears
to be rate limiting with anaerobes (see also 52):

UATP formation = UaTP consumption — Ugrowth-

The catalytic role of the adenylate system in
metabolic energy transformation requires a
strict coordination of ATP consumption and
ATP regeneration. The adenylate energy
charge [(ATP + 0.5 ADP)/(ATP + ADP +
AMP)] (28, 29, 31) (see Table 1) appears to be
kept rather constant under different nutrient
conditions (130) and absolute cellular contents
(148; see however 176, 604).

Thermodynamic Efficiencies of Energy
Transformation

It is clear that neither energy conservation
during catabolism nor energy utilization dur-
ing anabolism occurs with 100% efficiency. Part
of the transformed energy is always lost as heat
(Fig. 1).

As was pointed out above, dependent on the
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intracellular pH, between —10 and —12 kcal
(—41.8 and —50.2 kJ) is required for the synthe-
sis of 1 mol of ATP from ADP and P; in anaero-
bic bacteria. A catabolic process (formulated
with the actual concentration of substrates and
products) must therefore be associated with a
free energy change of —10 to —12 kcal/mol so
that it can be coupled with phosphorylation (for
thermodynamic data of catabolic redox proc-
esses and the dependence of AG on pH and
concentration see the Appendix). A value of
—10 to —12 kcal/mol is sufficient, however, only
if the ATP generating process is fully reversi-
ble, i.e., if the process is very near or at equilib-
rium:

S—>P AG = —10.5 kcal /mol
(—43.9 kJ/mol)

ADP + P,—- ATP + H,0 AG = +10.5 kcal/mol
(+43.9 kdJ/mol)

S+ADP+P,-P+ATP AG= 0 kcal/mol
( 0 kJ/mol),

where P = product and S = substrate. The
thermodynamic efficiency (n) of such an ideal-
ized in vitro process is 100%: ’

_ nx AG (ATP— ADP + P)
B AG(S—P)

where n = moles of ATP formed in the reaction.

Krebs and collaborators recently demon-
strated that the glyceraldehydephosphate de-
hydrogenase/phosphoglycerate kinase reaction
(SLP) is very near equilibrium in the liver cells
(333, 679). As in liver, glyceraldehydephos-
phate dehydrogenase (EC 1.2.1.12) and phos-
phoglycerate kinase (EC 2.7.2.3) are involved
both in gluconeogenesis and glycolysis in many
organisms. Evidence is accumulating that in
mitochondria most of the reactions between re-
duced nicotinamide adenine dinucleotide
(NADH) and cytochrome a; are virtually at
equilibrium (464, 708, 709; cf. 603); ATP synthe-
sis via ETP in the mitochondria is fully reversi-
ble at site 1 and site 2. Many enzymes involved
in ATP synthesis via SLP in anaerobic bacteria
catalyze completely reversible processes. How-
ever, dependent on the organism, either the
forward or the backward reaction is only me-
diated by the enzymes in vivo, e.g., pyru-
vate:ferredoxin oxidoreductase (EC 1.2.7.1),
formyltetrahydrofolate synthetase (EC 6.3.4.3),
B-ketothiolase (EC 2.3.1.9), ornithine transcar-
bamoylase (EC 2.1.3.3) (see section, Energy
Conservation Via Substrate Level Phosphoryl-
ation). These observations are taken to indicate
that many of the reactions directly involved in
energy conservation are very near equilibrium,

X 100%
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i.e., that the thermodynamic efficiency of ATP
synthesis from ADP and P, may approach 100%
in the energy-conserving reaction proper. For a
discussion of the role of equilibria in the regula-
tion of metabolism see Krebs (331).

Living cells are open systems; life proceeds
irreversibly. A system at equilibrium cannot
perform work on its surroundings. At least one
of the reactions of the system must be irreversi-
ble (for a discussion of non-equilibrium ther-
modynamics and its application to bioenergetics
see Caplan [99]). The ATP-consuming processes
(anabolism) generally proceed completely ir-
reversibly; the thermodynamic efficiency of cell
material synthesis is less than 10%. Therefore,
theoretically all the reactions of energy metab-
olism (not only those directly coupled with
phosphorylation) could operate near or at equi-
librium without the organism loosing the abil-
ity to do work. Such an energy metabolism
could, however, not be regulated, as reactions
at equilibrium cannot be. It is not only im-
portant for a living cell that ATP is synthe-
sized, but also that the ATP is formed at the
right time and at the right rate. This is prob-
ably the most decisive reason why at least one,
but usually more than one, reaction of the over-
all energy metabolism of most organisms is
found to proceed irreversibly under physiologi-
cal conditions. Examples are the hexokinase
reaction (EC 2.7.1.1), the phosphofructokinase
reaction (EC 2.7.1.11), and the pyruvate kinase
reaction (EC 2.7.1.40) in glycolysis and the oxi-
dation of cytochrome a; with O, in the respira-
tory chain. As a consequence, the thermody-
namic efficiency of ATP synthesis of the over-
all energy metabolism is always considerably
lower than 100%.

The stoichiometric coupling of energy-sup-
plying reactions and ATP formation leads to a
“quantization” of the energy transfer, with the
result that only packets of 10 to 12 kcal/mol can
be utilized for energy conservation. Exergonic
processes yielding substantially smaller
amounts of free energy in fact reduce the effi-
ciency of the overall process; this is also true of
the part of the energy of strongly exergonic
reactions that exceeds 10 to 12 kcal/mol (e.g.,
pyruvate kinase reactions [EC 2.7.1.40] and
phosphoketolase reactions [EC 4.1.2.9] [129]).

A theoretical derivation of the upper effi-
ciency limit for metabolic processes in living
organisms has not yet been provided. Experi-
ence has shown, however, that values of more
than 80% (pyruvate fermentation of Proteus
rettgeri [341]) for overall processes are very un-
likely. The majority of anaerobes work at effi-
ciencies of 25 to 50%. With oxygen as an elec-
tron acceptor and a functional ETP, the ther-

BacTerioL. REv.

modynamic efficiency is not greatly improved
(e.g., glucose fermentation to lactic acid, n =
44%; glucose respiration to CO,, = 59%),
whereas the ATP gain (g, in moles of ATP
formed per mole of substrate metabolized) in-
creases drastically (glucose fermentation, g =
2; glucose respiration, g = 38).

The energy metabolism of most organisms is
represented by a linear catabolic process with a
constant ATP gain (Fig. 2). Examples are the
aerobic respiration and the homolactic acid fer-
mentation. The thermodynamic efficiency of
these processes is invariable. The energy me-
tabolism of many anaerobic bacteria, however,
is branched (Fig. 2), each branch leading to a
different ATP gain and thermodynamic effi-
ciency of ATP synthesis. Product formation via
the one branch would be characterized by a
very high thermodynamic efficiency of ATP
synthesis (too high to be able to represent the
energy metabolism alone); product formation
via the other one would be characterized by a
low efficiency (lower than required to maintain
sufficient large metabolic fluxes) or even by an
efficiency of zero. The relative rates of the two
partial processes are adjusted so that the over-
all ATP gain and the thermodynamic efficiency
of ATP synthesis are optimal. Examples for
branched catabolic processes with variable
ATP gains and thermodynamic efficiencies are
the ethanol-acetate fermentation of Clostridium
kluyveri (131, 650), the glucose fermentation of
C. pasteurianum (292, 296), the glucose fermen-
tation of Ruminococcus albus (83, 262), and the
glucose fermentation of Lactobacillus casei (143)
(see section, Regulation of the Thermodynamic
Efficiency of ATP Synthesis).

Energy-Providing Processes and the
Synthesis of ATP

The energy required for the synthesis of ATP
from ADP and P, is generally, with a few excep-

Linear Catabolism Branched Catabolism
Substrate Substrate
ATP NADH  a1p "\i_’ NADH
Intermediate Intermediate
Product Product
ATP 9/ \% ATP
Product Product 1 Product 2 H2
Constant thermodynamic efficiency Variable thermodynamic efficiency

Fic. 2. Comparison of a linear catabolism having
a constant thermodynamic efficiency of ATP synthe-
sis with a branched catabolism having a variable
efficiency.
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tions discussed below, provided by redox proc-
esses. In both chemotrophic and phototrophic
organisms the ATP-forming process can be
viewed as an exergonic system with electron-
accepting and -donating reactions or reaction
chains which are coupled by electron carriers
(Table 2). The donating part of the process com-
prises the flow of electrons from the donor sub-
strates to the first electron carrier (with chemo-
trophs, usually nicotinamide adenine dinucleo-
tide [NADJ)); the accepting part is the flow from
the first electron carriers to the final acceptor.
Both partial reactions can be coupled with the
phosphorylation of ADP. The mechanism of en-
ergy conservation differs in the electron-donat-
ing and electron-accepting partial processes.
ATP is formed via SLP in the former and via
ETP in the latter process.

Catabolic redox processes. The chemo-
trophic redox processes that occur in nature are
characterized by the diversity of substrates that
can be used for the production of energy. This is
particularly true of the electron donors, but
also to a considerable degree of the acceptors;
both can be either organic or inorganic. Decker
et al. (129) suggested that the energy metabo-
lism of chemotrophic organisms formally be di-
vided into H,-forming and H,-consuming par-
tial reactions. This allows the assembly of the
many types of metabolism by combination of a
much smaller number of dehydrogenation and
hydrogenation partial reactions. A detailed list
of such partial reactions is given in the Tables
13 and 14 of the Appendix. H* (pH 7) and H,
were used as hypothetical electron acceptor and
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donor, respectively, to allow calculations of the
free energy changes associated with the partial
reactions. The H*/H, couple rather than other
reference systems (400, 401) was chosen, as the
anaerobic degradation of organic material has
been shown to proceed via a series of H,-form-
ing and H,-consuming processes mediated by
H,-forming and H,-utilizing anaerobic bacteria
(for review see Pine [494]; for reviews on hydro-
genases see 194 and 435). Thus the formulation
of the partial reactions with H* and H, as elec-
tron acceptor and donor, respectively, leads to
reactions and free energy changes of direct bio-
logical significance for chemotrophic anaerobic
bacteria.

Not every dehydrogenation reaction given in
Tables 13 and 14 can be combined with every
hydrogenation reaction. The overall redox proc-
ess (formulated with the actual concentrations
of the substrates and the products) must be
sufficiently exergonic to allow the synthesis of 1
mol of ATP. (If the mechanism of ATP synthe-
sis via electron transport phosphorylation
should prove to require three [498] or four [71]
protons per mole of ATP formed instead of two,
then theoretically the overall redox process
could be coupled with the formation of 2/3 or 1/2
mol of ATP only.) Thus not every dehydrogena-
tion reaction can be coupled with the reduction
of H* to H, (H" is the universal electron accep-
tor under anaerobic conditions). For example,
the dehydrogenation of glucose with protons
can proceed only to acetate plus CO,, yielding
49.3 kcal/mol of glucose, but not beyond ace-
tate, since the tricarboxylic acid cycle for the

TABLE 2. Energy metabolism as a system of electron-donating and electron-accepting partial processes °

Electron-accepting partial process

Example Electron-donating partial process
Lactic acid fermen-  glucose —> 2 pyruvate- + 2H* + 4 H
tation ATP
(SLP)
Glucose respira- glucose + 6 H,0 T’S CO, + 24 H
tion ATP
(SLP)
Plant photosyn-
thesis 2H,0 0, + 4 H" + 4e”
Noncyclic
process
Cyclic proc- Chl VChl* +e”

ess

4 H + 2 pyruvate™ — 2 lactate™

24H +6 02712 H,0

ATP
(ETP)

4e” +4H*—4H
ATP
(ETP)

e~ + Chl* TChl

ATP
(ETP)

@ According to Decker et al. (129). Abbreviations: SLP, substrate level phosphorylation; ETP, electron

transport phosphorylation.
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dehydrogenation of acetate to CO, is ender-
gonic, requiring 25 kcal/mol. Even up to the
oxidation state of acetate, hydrogen formation
can be observed as the sole electron-accepting
reaction only if its concentration is kept low by
hydrogen-consuming organisms (262). Thermo-
dynamic considerations also practically rule
out saturated carboxylic acids as energy sub-
strates, since their dehydrogenation with H* as
electron acceptor is thermodynamically so un-
favorable that it can proceed only under very
low H, pressures and without the synthesis of
ATP.

In Clostridium kluyveri and in the S-orga-
nism isolated from Methanobacterium omelian-
skii the possibility appears to exist that the
synthesis of ATP is linked to a dehydrogena-
tion reaction which per se is endergonic. The
overall energy metabolism is rendered exergo-
nic by exergonic reactions running parallel to
the endergonic one. The mechanism of energy
coupling is not yet understood (see section on
Ethanol-Acetate Fermentation of C. kluyveri).

C. kluyveri (650):

Ethanol + ADP + Pi —
acetate + ATP + 2 H, (1 atm)
AG = +12.8 kcal/mol
(+53.6 kd/mol)

n Ethanol + n acetate —
n butyrate
AG = -9.2 kcal/mol
(—38.5 kd/mol)

m =5 — 6 (569a, 650)
S-Organism (84, 519, 520, 521):

Ethanol + ADP + Pi —»
acetate + ATP + 2H, (10~ atm)
AG = +4.6 kcal/mol
(+19.2 kJ/mol)

n Ethanol + nH,0 —»
n acetate + n H* + 2nH, (1072 atm)
AG = —5.9 kcal/mol
(—24.7 kJ/mol)

n=7?

These exceptional cases have to be kept in mind
when theoretical predictions on the combina-
bility of dehydrogenation and hydrogenation
reactions (Tables 13 and 14) are made.
Aerobic catabolic redox processes are always
intermolecular between the substrate and the
acceptor O,, which are coupled only via the
electron carriers (Table 2, Respiration). Anaer-
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obic energy metabolisms are, however, often
intramolecular; electron-donating and -accept-
ing steps are not only linked by the electron
carrier but also by the electron acceptor, which
must be formed as an intermediate product
from the substrate (Table 2, Fig. 2). Intramolec-
ular redox processes consequently lose one “de-
gree of freedom”, that is, the extent of possible
dehydrogenations of the donor substrate is lim-
ited by the need for compensation of the hydro-
gen balance via an intermediate formed from
the donor (intermediate product coupling)
(129).

Carbohydrates, amino acids, carboxylic
acids, alcohols, purines, and pyrimidines can be
used as energy substrates under anaerobic con-
ditions. In anaerobes the pathways of substrate
conversion are often quite different from those
found in aerobic organisms. Examples are the
anaerobic catabolism of glutamate (43, 88, 154,
612, 633, 634, 688, 689), glycine (34, 33, 100, 311-
314), lysine (35, 72, 108, 138, 276, 531, 623, 659,
735), ornithine (277), and purines (42, 554, 578).
The difference of pathways is necessitated by
the thermodynamic requirements imposed on
anaerobic metabolism and by the need for com-
pensation of the hydrogen balance via interme-
diate product coupling as discussed above.

Catabolic nonredox processes. There exist a
few exceptions to the rule that biological energy
is produced in redox processes. Several anaer-
obes have been shown to metabolize substrates
by lysis rather than by dehydrogenation plus
hydrogenation reactions. These processes are
associated with SLP only. Examples are the
arginine fermentation (50, 136) and the agma-
tine fermentation (136, 539) in S. faecalis, the
xanthine fermentation in Clostridium cylin-
drosporum (42, 44), and the pyruvate fermenta-
tion to acetate and formate in P. rettgeri (341).
Photophosphorylation in Halobacterium halo-
bium (an aerobic organism) is the only example
for the conversion of light energy without the
participation of an electron transport chain
(455, 456).

ATP synthesis via SLP. The dehydrogena-
tion partial reactions and the nonredox proc-
esses can be associated with the synthesis of
ATP via a mechanism referred to as SLP. Part
of the energy released in these processes is
initially conserved in “energy-rich” compounds
(375). They are formed in dehydrogenase reac-
tions or, in the case of nonredox processes, in
lyase reactions (Table 3). The energy conserved
is then transferred to the ATP system by kinase
reactions. Thus, SLP requires the combination
of a dehydrogenase with a kinase or of a “lyase”
with a kinase, e.g.:
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TaBLE 3. Reactions coupled with SLP®
Substrate \Pmdumb “Energy-rich” inter-
[ADP + P+ H” ATP- + H,0 mediate
Dehydrogenation reactions
1. Pyruvate- + 2H,0 —  acetate ~ + HCO;- + H, + ¢ Acetyl CoA/acetyl P
2. Acetaldehyde + H,0 —  acetate” + H, + Acetyl CoA/acetyl P
3. GAP + H,0 - PG +H, + [E Bisphosphoglycerate

4. a-Ketoglutarate?~ + 2H,0 —

5. HSO,~ + H,0 - SO2& + H, +

Lyase reactions

succinate?~ + HCO,~ + H, + c

Succinyl CoA

Adenylyl sulfate

6. Pyruvate- + H,O —  acetate” + HCOO~ + Acetyl CoA/acetyl P
7. Acetoacetyl CoA + H,0 —  acetyl CoA + acetate + [HY] Acetyl CoA/acetyl P
8. Xylulose-5-P —  acetate- + GAP + Acetyl P

9. Citrulline + H,O —  ornithine + NH,COO~ + Carbamyl phosphate
10. Formyl FH, + H,0 — FH, + HCOO- + N.formyl FH,

¢ Abbreviations: GAP, glyceraldehyde phosphate; PG, phosphoglycerate; FH,, tetrahydrofolate.

b For free energy changes of the reactions see section, Energy Conservation Via SLP.

¢ Note that CO, rather than HCO;~ has been shown to be the active species of “CO,” formed by
pyruvate:ferredoxin oxidoreductase (646a) and by pyruvate decarboxylase (332); the proton is formed only
after equilibration with H,O via the carbonic anhydrase reaction.

2e- “energy

rich”
GAP 1,3-BPG 7—T—> PG
P, ADP ATP

GAP dehydrogenase phosphoglycerate

kinase

“ener,|
rich” &y acetyl P

Pyr —W acetyl CoA 7—» Ncetate

CoA formate P, ADP ATP

pyruvate formate lyase acetate kinase

where GAP = glyceraldehydephosphate; 1,3-
BPG = 1,3-bisphosphoglycerate; PG = phos-
phoglycerate; Pyr = pyruvate; and acetyl-P =
acetyl phosphate.

“Energy-rich” compounds are characterized
by their free energy of hydrolysis (“group trans-
fer potential”) (AG®), which lies in the range of
—5to —15 kcal/mol (—20.9 to —62.8 kdJ/mol) and
by the fact that they exist in an enzymatic equi-
librium with the ATP system. These “energy-
rich” compounds are acid anhydrides or thio-
esters (Table 4), i.e., derivatives of carboxylic
acids which represent the highest oxidation

level of the carbon atom in organic compounds.
Acetals, thioacetals, ethers, and thioethers are
not energy rich. Therefore “energy-rich” com-
pounds can only be formed by the dehydrogena-
tion of carbonyl groups or by lysis of carboxyl
functions that are on the highest oxidation level
already. Therefore, SLP can only be linked to
the electron-donating part of catabolic redox
processes or to the lytic part of catabolic non-
redox processes.

The reactions known to be coupled with SLP
are summarized in Table 3. In addition to the
reactions listed, a few anaerobic bacteria can
derive useful energy for growth from the oxida-
tion of a-ketoacids other than pyruvate (e.g., a-
ketobutyrate) in analogy to reaction 1 of Table 3
or from fructose-6-phosphate in analogy to reac-
tion 8 of Table 3. The different reactions have in
common that, per mole of ATP synthesized, 1
mol of protons is formed. This is the result of
the fact that the energy-rich compounds being
acid derivatives are generated from uncharged
carbonyl functions by dehydrogenation or lysis
(note that actually the proton is formed only
after the ATP is hydrolyzed again). Thus the
amount of ATP generated via SLP in anaerobi-
cally growing organisms can easily be deter-
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TABLE 4. “Energy-rich” compounds involved in SLP

— AGY,, of hydrolysis®
Type of compounds Energy-rich compound References
kecal/mol kdJ/mol
Acyl thiocester Acetyl CoA 8.5 35.7 203
Propionyl CoA 8.5 35.6
Butyryl CoA 8.5 35.6
Succinyl CoA 8.4 35.1 209a
Phosphoacyl an- Acetyl phosphate 10.7 44.8 620
hydride Bisphosphoglycerate 12.4 51.9 334, 584
Carbamyl phosphate 9.4 39.3 517
Acyl anilide N°_formyltetrahydro- 5.6 23.4 242
folate
Phosphosulfuryl Adenylyl sulfate® (APS) 21 88 9, 141, 534
anhydride '
Phosphoenol-ester Phosphoenol® pyruvate 12.3 51.6 66

¢ AG,, is the free energy change at a free Mg?~ concentration of 10~* M, an ionic strength of 0.25 and a
pH of 7; AGY,, has been approximated from AGY,, for ATP hydrolysis to form ADP and P, (AGY,, = -7.6
kcal/mol) and the free energy changes associated with the respective kinase reactions.

® ATP synthesis via APS occurs only in a few chemotrophic aerobes and in a few phototrophic anaerobes
(481).

¢ Generally the formation of ATP from phosphoenolpyruvate via pyruvate kinase is considered as a site of
SLP; however, the pyruvate kinase reaction does not lead to a de novo synthesis of ATP, rather, the
phosphate needed for carbohydrate or glycerol activation and derived from ATP is transferred back to ADP;

no orthophosphate is consumed in the pyruvate kinase reaction (305).

mined by simply measuring the amount of H*
formed (650), provided that no ATP is synthe-
sized via ETP. Only the bacteria that ferment
glucose via the Entner-Doudoroff pathway (165)
(e.g., Zymomonas mobilis = Pseudomonas
lindneri [50] and Zymomonas anaerobia [405])
and the heterofermentive lactic acid bacteria
growing on hexoses (e.g., Leuconostoc mesen-
teroides [258]) appear to make an exception to
this rule (for biochemical pathways see Wood
[719])). In these organisms 2 mol of H* are
formed per mol of ATP synthesized since one of
the dehydrogenation reactions in the fermenta-
tion (glucose-6-phosphate dehydrogenase reac-
tion [EC 1.1.1.49)) associated with the forma-
tion of a proton is not coupled with the synthe-
sis of ATP.

ATP synthesis via ETP. During the flow of
electrons from the first electron carrier to the
final electron acceptor, i.e., during the hydro-
genation part of catabolic redox processes, ATP
may be generated via a mechanism termed
ETP (see Table 2). In this mechanism the elec-
trochemical potential between redox partners
of different redox potential (Table 5) is used to
drive the phosphorylation of ADP. Assuming a
two-electron transferring mechanism (n = 2), a
potential difference (AE’) of approximately 250
mV is required to allow the synthesis of 1 mol of
ATP from ADP and P, (AG’' = —nFAE' = 2 X

23.06 x 0.25 kcal/mol = —11.5 kcal/mol [—48
kdJ/mol]; see footnote ¢, Table 5):

electron electron
. -
carrier /\acceptor
[
ADP + P, ATP

With aerobes the reduction of O, to H,O in
the respiratory chain is coupled very efficiently
to ATP formation. With anaerobes the reduc-
tion of CO, to CH,, of NO;~ to NO,~ or N,, of
SO0.2- to H,S, and of fumarate to succinate is
evidently associated with phosphorylation
whereas the reduction of H* to H,, of pyruvate
to lactate, of crotonyl CoA to butyryl CoA, or of
acetaldehyde to ethanol is not (see section, En-
ergy Conservation Via ETP).

The mechanism of ETP is still a matter of
considerable controversy. Three hypotheses
have been advanced which are briefly discussed
below (Table 6).

The chemical hypothesis assumes that an
“energy-rich” intermediate “X~I” with a high
hydrolysis potential be formed during the redox
reactions of electron transport and that the en-
ergy conserved in X~I be transferred to the
ATP system (600-602). This postulate is analo-
gous to the well-known mechanism of SLP. The
chemical hypothesis then does not assign any
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TaBLE 5. Redox potential of electron donors and
electron acceptors involved in ETP

Redox compound E, (mV) I:':t:

S0z~ /HSO,~ -516 -t
CO,/formate® —432 b
H*/H, 414 —c
S,0,2-/HS- + HSO; —402 -
Flavodoxin ox/red (Eg,) -371¢ 397
Ferredoxin ox/red (E §,) —398¢ 157
NAD/NADH -320 91
Cytochrome c; ox/red -290 728
CO,/acetate -290 -t
SY/HS- —270 -t
CO,/CH, —244 -
FAD/FADH, -220 —f
Acetaldehyde/ethanol -197 -t
Pyruvate/lactate~ -190 —b
FMN/FMNH, -190 -0
Dihydroxyacetone phos- -190 94

phate/glycerol-phosphate
HSOs_/830g’- - 173 -t
Oxaloacetate?/malate?- -172 -t
Flavodoxin ox/red (E {,) -115¢ 397
HSO, /HS- -116 -t
Menaquinone ox/red (MK) -74 569, 685
APS/AMP + HSO;~ -60 594
Rubredoxin ox/red -57 155
Acrylyl CoA/propionyl CoA -15 232
Glycine/acetate- + NH,* -10 -b
2-Demethylvitamin K, ox/red  +25 569, 250a
S,06*7/8,0,%~ +24 —b
Fumarate/succinate +33 —b
Ubiquinone ox/red +113 569
S;0627/8,0,2~ + HSO;~ +225 -0
NO,-/NO +350 =
NO;-/NO,~ +433 —°
Fe3t/Fe** +772 =t
0,/H,0 +818 -0
NO/N,O +1175 -~
N.O/N, +1355 -t

2 CO, rather than HCO;~ has been shown to be
the active species of “CO,” utilized or formed by
formate dehydrogenases (336, 645, 646b).

b Calculated from AG" for redox compound re-
duction with H; (AG* = -n-F-AE,, AE, =
E,' (redox compound - E,’ (H*/H,); n = number of
electrons transferred in the reaction; F [Faraday
constant] = 23060.9 cal/V equivalent) (110). The
AG® values were calculated from the AGf® values
given in Table 15 (CO,, CH,, H,, N,, NO, and N,O
in the gaseous state, all other compounds in
aqueous solution).

¢ At 25°C.

¢ Peptostreptococcus elsdenii; for E,' of clostridial
flavodoxins see (394).

¢ Clostridium pasteurianum (Ey, = —367 mV).

/ The redox potential of flavin enzymes may differ
by as much as 200 mV from the values of the free
coenzymes.

intrinsic function to the membranes. Mem-
branes may be required, however, as organiz-
ers for the components of the electron transport
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chain and/or as a hydrophobic solvent for the
metastable X~I. This might explain why “en-
ergy-rich” intermediates of the X~I type could
never be isolated (124, 329, 419, 587, 705).

The conformational hypothesis assumes that
an energy-rich strained conformation of a pro-
tein component be induced by the redox reac-
tions of electron transport and that the strained
conformation would relax only in the presence
of ADP and P, with concomitant ATP formation
(67, 68, 70). This view is based on the analogous
mechanism of a muscular contraction operat-
ing, however, in the reverse direction, in that
ATP splitting induces a conformational change
(261, 441). Again in principle membranes
should not be required; the generation and re-
laxation of conformational strain should be pos-
sible in homogeneous systems as with the acto-
myosin transitions during muscular contrac-
tion. The conformational hypothesis then does
not assign an intrinsic function to the mem-
branes either. They may be required, however,
as an environment for the metastable strained
conformation. Conformational changes have
been observed with a number of components of
the electron transport chain of mitochondria,
but there is not yet evidence that they are the
obligatory coupling link between electron
transport and phosphorylation (37).

The chemiosmotic hypothesis assumes that a
proton-motive force consisting of a pH gradient
(A pH) and an electrical potential difference
(A¢) be generated by the redox reactions of
electron transport and that this proton-motive
force drives the synthesis of ATP (196, 414, 415,
417). This view bears obvious analogies to ATP-
driven transport processes in higher organisms,
which operate, however, in the reverse direc-
tion, in that a Na*/K*-ATPase builds up a so-
dium-motive force driving the sodium-linked
transport of solutes (122, 123, 190, 191, 416).
The chemiosmotic hypothesis, then, assigns
-an intrinsic function to the membranes. In
principle not only intact membranes but even
topologically closed membrane vesicles are
required for the generation of a proton-

* motive force. The key question distinguishing

the chemical and conformational hypotheses
from the chemiosmotic hypothesis is whether
the assembly of the electron transport chain in
the membrane is merely for the purpose of ob-
taining the high efficiency of compact organiza-
tion and of supplying optimal solvent condi-
tions or whether the process of ETP is linked in
a compulsory manner to the ability of the mem-
brane to separate compartments (511).

The chemiosmotic hypothesis is based on
three postulates. (i) The membrane, in which
electron transport is coupled to phosphoryla-
tion, is impermeable to protons and hydroxyl
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ions. (ii) The electron transport chain is ori-
ented in the membrane such that the result of
the redox process is the generation of a proton-
motive force consisting of two components, a
gradient of pH (inside alkaline) and of electri-
cal potential (inside negative) (Fig. 3). (iii) The
proton-motive force drives the synthesis of ATP
mediated by reversed ATPases or ATP syn-
thases (2, 485). A simple chemiosmotic molecu-
lar mechanism has been proposed (420). The
condensation of ADP3- + P2+ + H* to ATP*~ +
H,0 is thermodynamically unfavorable; it be-
comes possible by vectorial organization over
the membrane. The ADP anions and phosphate
anions have access to the reaction center only
from the inside, the protons have access from
the outside. First one phosphate O~ group is
protonated (the others being shielded by the
enzyme) to an OH group facilitating the attack
of an ADP anion on phosphate, and then the
phosphate OH group is further protonated to
an OH,* group, thus allowing the exit of water.
This mechanism:

(O (O
- ozr N
ADP-O- + //P-O I-;7->ADP-O + o P P-OH —»

Q- Q"
o ¢
(6] H+ (0]
o-
10"
ADP—O-P\\

H,0

does not involve covalent intermediates and
uses a proton-motive field across the reaction
center of the enzyme to poise the process in the
direction of ATP formation. With ATPases, a
ratio of H* translocated per ATP hydrolyzed
between 2 and 4 has been observed experimen-
tally (see 71, 101, 290, 423, 437, 498, 653, 654; for
reviews see 211, 233, 466, 660, 661). As formu-
lated the mechanism has a H*/ATP ratio of 2;
with a more protonated form of phosphate or
ADP entering, the active center ratios of 3 or 4
might be accounted for equally well. The pro-
posal is primarily intended to define the gen-
eral principle of a feasible type of molecular
mechanism. The scientific issue has been dis-
cussed repeatedly with a great number of argu-
ments and counterarguments on the concep-
tions and misconceptions involved (69, 420, 421,
706).

At present the chemiosmotic hypothesis may
be favored over the other proposals due to avail-
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able evidence, as follows. (i) ATP formation
coupled to electron transport could only be con-
vincingly demonstrated with topologically in-
tact membrane vesicles (13, 365, 512, 516; cf.
116, 707, 734). (ii) The spatial arrangement, -
i.e., the sidedness of the components of the
electron transport chain in the coupling mem-
brane, appears to be consistent with the hy-
pothesis (511). (iii) The generation of a proton-
motive force could be measured in mitochon-
dria (5, 424, 449, 465, 547, 599), in chloroplasts
(236, 547-550, 575, 576, 694), in bacteria (14,
197, 198, 244, 524, 570, 571, 710), and in artifical
planar phospholipid membranes containing
cytochrome oxidase or bacteriorhodopsin, or H*-
ATPase (151). (iv) ATP could be synthesized
using an artificially imposed proton-motive
force in chloroplasts (274, 589, 669, 733), in mi-
tochondria (113, 189, 526, 545), in submitochon-
drial particles (654, 655), and in bacteria (385,
386, 710). (v) Uncouplers, which separate elec-
tron transport from phosphorylation, are all
proton conductors, i.e., they can permeate the
membrane both in the protonated and unpro-
tonated form, leading to an equilibration of
protons and thus to the dissipation of the pro-
ton-motive force (218, 219, 251). The mode of
action of uncouplers can hardly be explained
with the competing hypotheses (Table 6). (vi)
Finally, the common chemical intermediate re-
quired by the chemical and conformational hy-
pothesis could never be isolated (124, 329, 419,
587, 705).

- Energy-Consuming Processes and the ATP
Requirement for Bacterial Growth

Every cell has to fulfill specific functions,
i.e., to perform work. This may be chemical
work as with biosynthesis, osmotic work as
with active transport, or mechanical work as
with active movement (Fig. 1). The energy for
these processes is provided by the ATP system.

The overall amount of ATP required during
the synthesis of 1 g (dry weight) of bacterial
cells is equal to 1/Y srp. Yarp (grams of cells
synthesized per mole of ATP produced) can be
determined from growth yield studies (determi-
nations of the amount of cells formed per mole
of substrate fermented or product formed) if the
ATP gain (moles of ATP formed per mole of
substrate fermented) is known (50, 106). Meas-
urements of Y ,1p in a great number of anaero-
bic bacteria resulted in values close to 10 g/mol
(50), i.e., approximately 0.1 mol of ATP-is gen-
erally required during the synthesis of 1 g of
cells. Y,;p values have been compiled by
Decker et al. (129) and by Stouthamer (628).
Note, however, that Y,;p is not a constant
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TaBLE 6. Comparison of the three major hypotheses of ETP

111

Type of energy-rich inter-

Hypothesis mediate

Structural requirements

Mode of action of un-
couplers

Chemical

Conformational

Chemiosmotic

X~1I

Compound with high
hydrolysis poten-
tial formed during
redox reactions of
electron transport

~ Conformation

High-energy confor-
mation of protein
components  in-
duced by redox re-
actions of electron
transport

ApH + Ay

Proton-motive force
generated by redox
reactions of elec-

No intrinsic function for membranes!
In principle, membranes should not be

required. Reactions should be possi-

- ble in homogeneous soluble systems

as with substrate level phosphoryla-
tion. Membranes may be required,
however, as organizers for the compo-
nents of electron transport phospho-
rylation and/or as a hydrophobic en-
vironment for a metastable X ~ I.

No intrinsic function for membranes!
In principle, membranes should not be

required. The generation of confor-
mational strain and its relaxation
should be possible in soluble, homo-
geneous systems as with the acto-
myosin transitions during muscular
contraction. Membranes may be re-
quired, however, as an environment
for a metastable strained ~ confor-
mation.

Intrinsic function for membranes!
In principle, not only intact membranes

but even topologically closed mem-
brane vesicles are required for the

Cannot be ex-
plained satis-
factorily

Cannot be ex-
plained satis-
factorily

Can be explained
by proton con-
ductor proper-

tron transport generation of a proton-motive force. ties of uncou-
plers
I I
QOutside Membrane Inside Outside Mermrbrane Inside
Donor [Hz]
B/) Donor
Donor Eiz] A Acceptor E“2] B[H;]/ -
) 2H* ] -
Donor —>ARE Acceptor N
2H* 2H* A "
\CC: lor
s - * Af2e g q:t [ 2]
: P4 2C:? or
m
. Outside Membrane Inside
Donor[H,]
8 ?C Donor
-~ B[H
2H* — Q ¢
- \ A
A 2]
+ +
. : . — 2"
Acceptor [Hz]jcv
Acceptor Chal z

F1G. 3. Three examples of vectorial redox processes leading to the generation of a proton-motive force
consisting of two components, a gradient of pH (inside alkaline) and of electrical potential (inside negative).
(I) Donor outside, acceptor inside; (II) donor inside, acceptor inside; (III) donor inside, acceptor outside.
Synibols: A, electron carrier (electrogenic electron transport); B and C, hydrogen carriers (electroneutral
electron transport). (For more sophisticated versions (proton-motive Q cycle) see Mitchell [422].)
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(630). Its value is dependent on the growth rate
of the organism (495), on the substrates used for
the synthesis of the cell material, and on the
composition of the cell material (see below). A
constant value is generally obtained only be-
cause the experimental conditions used to de-
termine Y, rp are frequently very similar: en-
ergy-limited growth, similar growth rates,
comparable growth media, as well as similar
contents of cell constituents. This is also the
reason why determinations of ATP gains from
growth yield studies using a Y,qp value of 10
generally lead to the correct ATP gain. This
method has been critically reviewed by Payne
(472), Decker et al. (129), Forrest and Walker
(177), Stouthamer and Bettenhaussen (630),
and Stouthamer (625, 628).

The amount of ATP required for biosynthesis
only (to do chemical work) can be calculated if
the composition of the cellular matter and the
biosynthetic routes leading to the cellular com-
ponents are known. In growing cultures of bac-
teria (active growth phase), the turnover of cell
material may be disregarded since it consumes
only a small fraction of the ATP produced. Most
microorganisms seem to show a similar pattern
of components (433). Furthermore, the ATP re-
quirement for protein, ribonucleic acid, and de-
oxyribonucleic acid synthesis de novo is rather
similar (129, 626); deviations of their relative
proportion affect the amount of ATP required
only slightly. Fat synthesis requires about 10%
more ATP on a weight basis; since the fat con-
tent of anaerobes is small (5% of the dry weight
of C. kluyveri [129)), little error is introduced by
possible differences between species. The theo-
retical amount of ATP required for biosynthetic
purposes is considerably different, however, if
the cell material has to be synthesized from
such different precursors as CO, and glucose
(Table 7). Y values (the yield of cell mass
per mole of ATP assuming that ATP is used for
biosyntheses purposes only) of approximately 5
and 27, respectively, have been calculated (177,
626). A thorough treatise on the theoretical
ATP requirement for the synthesis of microbial

TABLE 7. ATP requirement for biosyntheses during
bacterial growth

ATP re-
quirement YT (g of
Carbon source (mol of cells/mol  Reference
ATP/g of  of ATP)
cells)

Glucose 0.037 27 626
Lactate™ 0.075 13.4 626
Malate?~ 0.065 15.4 626
Acetate~ + CO, 0.065 15.4 129, 642
Acetate™ 0.1 10 626
CO, 0.2 5 177
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cell material has been presented by Stou-
thamer (626).

From the experimentally determined Yi;p
value and the calculated Y7# value, the
ATP requirement for the non-biosynthetic func-
tions can be calculated. For example, Y ,1p for
growing cultures of C. kluyveri has been deter-
mined to be approximately 9 g of cells per mol of
ATP; Ypa for this organism growing on
ethanol, acetate, and CO,, or crotonate plus
CO, as sole carbon and energy source has.been
calculated to be 15.4 (129). Thus, approximately
50% of the ATP produced in the catabolism of
this strictly anaerobie bacterium is used to do
work other then chemical. This fraction of the
ATP turnover has frequently been called
“maintenance energy,” a term whose use
should be discouraged since it involves free en-
ergy expenditure not only for the compensation
during the turnover of cellular matter but also
for active movement (motility), active sub-
strate, and ion transport. Pirt (495) has given a
method to estimate this fraction of ATP con-
sumption (maintenance energy) on the basis of
specific growth rates and molar growth yields
in continuous cultures (see Stouthamer and
Bettenhaussen [630]): 1/Y,rp = m,/u + 1/
Ypax, where m, = maintenance coefficient
(moles of ATP consumed per gram of dry cells
per hour; u = specific growth rate (hour™).
Y7ax can be obtained in a double reciprocal
plot of 1/Y ,1p versus 1/u from the intercept at
the ordinate, the maintenance coefficient m,
can be obtained from the slope. The theoreti-
cally calculated and the experimentally deter-
mined values for Y2 are in good agreement
(630).

The active movement of bacteria and the
compensation for the insignificant turnover of
cell material during active growth may be dis-
regarded as consuming only a small fraction of
the ATP produced. Thus most of the ATP con-
sumed for non-biosynthetic purposes is proba-
bly required for transport functions, i.e., to per-
form osmotic work (see section, Transport of
Energy Substrates and Products, and the Pro-
ton-Motive Force). The energy substrates are
probably taken up actively, with the result that
the transport requires a stoichiometrically re-
lated fraction of the free energy generated by
their catabolism. Similarly, inorganic ions in-
cluding protons may be co- or anti-transported
together with the nutrient or may have to cross
the cell membrane to preserve the ionic equilib-
rium during metabolic activity.

ENERGY CONSERVATION VIA SLP

Despite the large number of carbon sub-
strates available to anaerobic organisms, there
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are only a few reactions conserving metabolic
energy by SLP (Table 3). From the various
different substrates (Fig. 4) only a few “energy-
rich” intermediates are formed (acyl CoA,
acetyl phosphate, 1,3-bisphosphoglycerate, car-
bamyl phosphate, formyltetrahydrofolate, and
succinyl CoA). From these, acetyl CoA appears
to be the most important. The inability of
anaerobically growing bacteria to oxidize acetyl
CoA via the citric acid cycle to CO, (see below)
makes acetyl CoA the most frequently used
source of high-energy phosphate in anaero-
bically growing bacteria.

Acetyl CoA as the Primary “Energy-Rich”
Intermediate

Acetyl CoA is formed from a variety of differ-
ent substrates in the energy metabolism of both
anaerobic and aerobic organisms. In aerobi-
cally growing organisms, acetyl CoA is oxidized
to CO, via the citric acid cycle. In anaerobically
growing organisms, with a few exceptions
acetyl CoA (488, 702a), cannot be oxidized to
CO,. The citric acid cycle can function only if
succinate can be oxidized to fumarate (suc-
cinate/fumarate; E,’ = +33 mV). This is possi-
ble only with electron acceptors with a redox
potential more positive than +33 mV such as
0O,, nitrate, nitrite, Fe*, trithionate, and
tetrathionate (see Table 5). Part or all of the
acetyl CoA is therefore available for the syn-
thesis of ATP, which proceeds via the phospho-
transacetylase (EC 2.3.1.8) (613) and the
acetate kinase reactions (EC 2.7.2.1) (540, 541):

acetyl CoA + P; = acetyl-P + CoA
AGY,, = +2.2 kcal/mol
(+9.0 kJ/mol)

arginine purines crotonate ethanol lactate alanine

agmatine (methanol)  lysine ethylene  acrylate glutamate
allantoin (glutamate) glycol matate histidine
(pyrimidines ) I-amino- tumarate aspartate
butyrate (succinate) glycine
citrate serine
purines cysteine
pyrimidines  tryplophan
dimethyl -
propiothetine
3-keto-
acyl-CoA
butyryl-CoA
l PYRUVATE
carbamyl-P formyl- butyryl - L————> acetyl-CoA
FH,
CAK FTS BK acetyl -
phosphate
l AK
hyarogen formate butyrate acetate

carbonate

ENERGY CONSERVATION IN CHEMOTROPHIC ANAEROBES 113

acetyl-P + ADP = acetate + ATP

AGY,; = —3.1 kcal/mol
(—13 kdJ/mol)

calculated from AGY,, of hydrolysis of acetyl
CoA and acetyl phosphate (Table 4) and AGY,,
(ATP — ADP + P) = —7.6 kcal/mol (—31.8 kJ/
mol). Phosphotransacetylase of E. coli (632) and
acetate kinase of Veillonella alcalescens (484)
are regulatory enzymes indicating that in these
organisms the respective reactions are not at
equilibrium. Phosphotransacetylase (74, 80,
452, 538, 591, 699) and acetate kinase (79, 80,
484, 562, 656) are found in all anaerobic bacteria
that form acetyl CoA in their energy metabo-
lism and use the acetyl CoA to synthesize ATP.
The two enzymes also occur in a few aerobic
bacteria, e.g., Acetobacter xylinum (574) and
Azotobacter vinelandii (74, 98, 205). They never
have, however, been definitely detected in eu-
caryotic organisms (128, 540). In anaerobic pro-
tozoa, which form acetate from acetyl CoA, this
step appears to be catalyzed by a novel acetate
thiokinase, which regenerates CoA and con-
serves the energy of the thioester bond in phos-
phorylation of ADP or GDP (369a, 442).

acetyl CoA + ADP + P, = acetate + CoA + ATP

AGYy = —0.9 kcal/mol
(—4.0 kJ/mol)

In the energy metabolism of anaerobicaily
growing organisms, acetyl CoA may be formed
from pyruvate via pyruvate:ferredoxin oxidore-
ductase (EC 1.2.7.1) or pyruvate formate lyase,
from acetaldehyde via acetaldehyde dehydro-
genase (EC 1.2.1.10) or from acetoacetyl CoA
via thiolase (EC 2.3.1.9):

hexoses — —» pentoses threonine teucine tyrosine
homoserine 1soleucine  phenylalanine
homocysteine valine tryptophan
methionine

(HBP -pathway)  (HMP-pathway)
fructose-16-PP  gluconate-6-P
xylulose-5-P

1 +
gly:elult -ng'; PP !

glycerate-3 - P 2-ketobu- 3-alkyl- 3-aryl -
tyrate pyruvate pyruvate
phosph|oenol-
pyruvate onyl - 2-alkyl-  2-aryl-
(Pyrk)® [ acelyl-Coa acetyl-Coa
1- 2-alkyl- 2-aryl-
wl ite acetyl - o<n¥(-
phosphate  phosphate

[

propionate 2- alkyl - 2-aryl -
acetate acetate

Fic. 4. Substrate level phosphorylations in the anaerobic catabolism of carbohydrates, amino acids,
carboxylic acids, alcohols, purines and pyrimidines. Abbreviations: HBP, hexosebisphosphate pathway;
HMP, hexose monophosphate pathway;, CAK, carbamate kinase; FTS, formyltetrahydrofolate synthetase;
AK, acetate kinase; PK, propionate kinase; BK, butyrate kinase; AKK, alkyl (aryl) acetate kinase; PGK,
phosphoglycerate kinase; PyrK, pyruvate kinase. Asterisk after parentheses indicates involvement in ATP
regeneration rather than in substrate level phosphorylation: the enzyme transfers the phosphate, expended for
carbohydrate activation in the hexokinase and phosphofructokinase reaction and derived from ATP, back to

ADP.
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pyruvate + CoA + Fd,
= acetyl CoA + CO, + Fd 4

AG” = —4.6 kcal/mol
(19.2 kJ/mol)

pyruvate + CoA = acetyl CoA + formate

AG® = —3.9 keal/mol (317
(~16.3 kJ/mol)

acetaldehyde + CoA + NAD+
= acetyl CoA + NADH + H*

(622)
AG® =—4.2 kcal/mol
(=17.5 kJ/mol)
acetoacetyl CoA + CoA = 2 acetyl CoA
AG" = —6.0 kcal/mol (128, 226)

(—25.1 kd /mol)

(AG"’ of the pyruvate:ferredoxin oxidoreductase
reaction was calculated from A Gf° values with
CO; in the gaseous state [Table 15], from E},
(Fd,y/Fd,.q) (Table 5), and AG" for acetyl CoA
hydrolysis [Table 4]). In addition, acetyl CoA
is in equilibrium with other CoA esters via
thiophorase (CoA transferase) (275) in many of
the anaerobic bacteria:

acyl CoA + acetate = acetyl CoA + acylate

(AG"’ is dependent on the acids
involved in CoA transfer [275])

Pyruvate:ferredoxin oxidoreductase cata-
lyzes the reversible dehydrogenation of pyru-
vate to acetyl CoA and CO, with ferredoxin E’
= —398 mV (157) as electron acceptor (646a,
670). The enzyme is found in many anaerobic
bacteria (for reviews, see 85, 86) and in the hy-
drogen-forming protozoa (370, 371, 442). The en-
zyme has also been detected in facultative bac-
teria (681) and blue-green algae (64, 350). In the
latter organism the pyruvate:ferredoxin oxido-
reductase appears to have an anabolic function
rather than a catabolic one, i.e., to provide the
organisms with reduced ferredoxin which is re-
quired for the reduction of nitrogen or NAD
phosphate (NADP). In C. kluyveri, pyru-
vate:ferredoxin oxidoreductase physiologically
mediates the formation of pyruvate from acetyl
CoA and CO, rather than the reverse reaction
(25, 648, 649).

Pyruvate formate lyase catalyzes the thiolytic
cleavage of pyruvate to acetyl CoA and formate
(317). This reaction is the main acetyl CoA
generating process in anaerobically growing
Enterobacteriaceae and in anaerobically dark-
fermenting Rhodospirillaceae (291). The Enter-
obacteriaceae also contain the enzyme when
growing aerobically. Under these conditions
the lyase has been shown, however, to be com-
pletely inactive (316). Pyruvate formate lyase
also occurs in S. faecalis (372) and in several
clostridia (647, 648, 720). In clostridia the func-
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tion of the enzyme has been shown to provide
the cells with formate for the synthesis of one
carbon unit rather than with acetyl CoA for the
synthesis of ATP (647).

Aldehyde dehydrogenase (acylating) cata-
lyzes the reversible dehydrogenation of acetal-
dehyde to acetyl CoA (93, 622). The enzyme
occurs in many bacteria (127, 182, 299, 551, 622,
657). In most anaerobic and facultative bacteria
the enzyme is involved in the formation of
ethanol or butanol from acetyl CoA or butyryl
CoA, respectively. In a few anaerobic bacteria,
however, the enzyme has been shown to be
involved in acetyl CoA formation, e.g., C. kluy-
vert (93) and Clostridium glycollicum (182,
618). This reaction probably also occurs in De-
sulfuromonas acetoxidans growing on ethanol
plus elemental sulfur (488) and in the S-orga-
nism (84, 519) isolated from Methanobacillus
omelianskii (76, 521), and in a few sulfate-re-
ducing bacteria growing on ethanol in associa-
tion with hydrogen-utilizing methanogenic bac-
teria. In C. kluyveri and C. glycollicum, the
aldehyde dehydrogenase (s) has been shown to
be operative with both NAD and NADP as
electron acceptor with a preference for NAD
(93, 182, 239, 240). In the S-organism the oxida-
tion of acetaldehyde appears to be dependent on
ferredoxin rather than on NAD, but a depend-
ence on CoA or P, could not be demonstrated
(76, 520, 521). The oxidation of acetaldehyde to
acetate must, however, in some way be coupled
with phosphorylation, as the organism can
grow on ethanol as sole energy source with the
concomitant formation of stoichiometric
amounts of acetate and H,, provided the H, is
continuously removed to keep the H, pressure
low and thus to make the reaction thermody-
namically feasible. The finding that cell-free
extracts of the S-organism contain phospho-
transacetylase and acetate kinase (521) sug-
gests that acetyl CoA may be an intermediate
in acetate formation from ethanol despite the
fact that a CoA dependence could not be
demonstrated in cell-free extracts.

B-Ketothiolases catalyze the reversible for-
mation of acetyl CoA from CoA esters of B-
ketoacids (for a review, see Gehring and Lynen
[185]). The equilibrium of the thiolase reaction
strongly favors the thiolytic cleavage (128, 226).
The enzyme occurs with varying specificity in
aerobic and in anaerobic organisms. In aerobic
organisms it is involved in fatty acid degrada-
tion, the synthesis of B-hydroxy-B-methylglu-
taryl CoA, and the synthesis and reutilization
of poly-B-hydroxybutyric acid. In many anaero-
bic bacteria the main function of the enzyme is
to catalyze the formation of acetoacetyl CoA
from acetyl CoA (55). This reaction is the initial
step in the synthesis of butyric acid in the
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butyric acid fermentations. Acetyl CoA is thus
used up rather than generated via B-ketothio-
lase. In a few anaerobic bacteria, however, the
thiolase reaction has been shown to be involved
in the formation of acetyl CoA, which is used to
synthesize ATP via phosphotransacetylase and
acetate kinase, e.g., C. kluyveri growing on
crotonate (54, 650) and Clostridium aminobu-
tyricum growing on a-aminobutyrate (215, 217,
216, 618).

There are indications that some anaerobic
bacteria can oxidize butyric acid and other sat-
urated fatty acids to acetate, presumably via
butyryl CoA and acetoacetyl CoA (for litera-
ture, see 109, 250). Protons are assumed to be
the electron acceptor. Under standard condi-
tions the formation of acetate and H, from bu-
tyrate is an endergonic reaction (AG* = +11.6
kcal/mol [+48.4 kdJ/mol]). If the hydrogen par-
tial pressure is, however, one-thousandth of an
atmosphere rather than one atmosphere as in
anaerobic sludge digesters, then the reaction
could proceed if the formation of acetate is not
coupled with phosphorylation. Fatty acid deg-
radation under anaerobic conditions has so far
only been observed in mixed cultures of hydro-
gen-forming plus hydrogen-utilizing bacteria.
No bacterium is known that can cause the reac-
tion alone.

The dehydrogenation of butyryl CoA to cro-
tonyl CoA (E,’ = —15 mV) (232) under anaero-
bic conditions with protons (H*/H,; E,’ = —420
mV) as electron acceptor is very difficult to
envisage. An explanation could be that the deg-
radation of fatty acids is catalyzed by a mul-
tienzyme complex without the formation of
freely diffusible intermediates. Thus the dehy-
drogenation of acyl CoA with H* as electron
acceptor could become thermodynamically fea-
sible.

In aerobically growing organisms, acetyl
CoA is formed mainly from pyruvate or from
the CoA esters of 8-ketoacids. The formation of
acetyl CoA from pyruvate proceeds via oxida-
tion with NAD and is catalyzed by the lipoate-
dependent pyruvate dehydrogenase complex
(522). This enzyme has not been found in any
anaerobic organism. It is present in some facul-
tative bacteria when growing under anaerobic
conditions. Evidence is available, however,
that under anaerobic conditions the pyruvate
dehydrogenase complex is inactive (214, 237).

Thioesters Other Than Acetyl CoA as Primary
“Energy-Rich” Intermediates

Acyl CoA esters other than acetyl CoA (pro-
pionyl CoA, butyryl CoA, p-hydroxyphenylace-
tyl CoA) are formed in anaerobic oxidations of
amino acids such as threonine, leucine, and
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tyrosine (Fig. 4). It is probable that each of
these energy-rich compounds can be used to
synthesize ATP via the corresponding acyl
phosphate. An enzyme catalyzing the forma-
tion of butyryl phosphate from butyryl CoA is
present in Clostridium butyricum and several
other clostridia (666, 671). A kinase has been
purified from C. butyricum that utilizes pro-
pionyl phosphate and butyryl phosphate (665).
Relatively little is known, however, about the
kinases and phosphotransacetylases acting on
the other acyl phosphates (44).

Acetyl Phosphate as the Primary “Energy-
Rich” Intermediate

Acetyl phosphate is formed from acetyl CoA
via phosphotransacetylase in most bacteria. In
a few anaerobic bacteria, however, acetyl phos-
phate may be generated from other precursors.
In Lactobacillus delbriickii, acetyl phosphate
rather than acetyl CoA is formed during pyru-
vate dehydrogenation (374, 555). The reaction is
catalyzed by a pyruvate dehydrogenase which
uses flavin adenine dinucleotide as electron ac-
ceptor (210). In Micrococcus lactilyticus (=Veil-
lonella alcalescens), an enzyme has been re-
ported to exist that catalyzes the formation of
formate and acetyl phosphate from pyruvate.
CoA appears not to be required in the reaction
(403, 404). In heterofermentative lactic acid
bacteria, acetyl phosphate is generated from
xylulose-5-phosphate via phosphoketolase (EC
4.1.2.9) (234) rather than from acetyl CoA. The
acetyl phosphate formed is used to synthesize
ATP if the bacteria grow on pentoses (235). If
the bacteria grow on hexoses, however, 2 mol of
NADH are formed in the reactions leading to
the formation of xylulose-5-phosphate (258). In
the absence of other electron acceptors, the ace-
tyl phosphate is used to reoxidize the NADH,
and ethanol is formed. Acetyl phosphate is
therefore not available for the synthesis of ATP
under these conditions.

xylulose-5-P + P, - GAP + acetyl-P + H,O

AG" = -10.5 kcal/mol
(—43.9 kJ/mol)

acetyl-P + ADP = acetate + ATP

AGY,; = —3.1 kcal/mol
(=13 kJ/mol)

(GAP = glyceraldehydephosphate; the AG"' of
the phosphoketolase reaction has been calcu-
lated from AGf" values [Table 15] assuming
AGf* [xylulose] = AGf" [ribose] and AG"' of
hydrolysis of xylulose-5-phosphate and of
glyceraldehydephosphate to be identical, and
from AG"' associated with acetyl phosphate hy-
drolysis [Table 4].)
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In Bifidobacteria (142, 560, 561; see also 300)
and in Acetobacter xylinum (574), phosphoketo-
lase catalyzes both the cleavage of xylulose-5-
phosphate to acetyl phosphate and glyceralde-
hydephosphate and the cleavage of fructose-6-
phosphate to acetyl phosphate and erythrose-4-
phosphate. Three moles of acetyl phosphate
and 2 mol of glyceraldehyde-phosphate are
formed from 2 mol of fructose-6-phosphate in
these organisms (via phosphoketolase, transal-
dolase [EC 2.2.1.2] and transketolase [EC
2.2.1.1]). As no dehydrogenation reactions are
involved in this process, all of the acetyl phos-
phate formed is available for the synthesis of
ATP. Phosphoketolase is found only in procar-
yotic organisms.

1,3-BPG as “Energy-Rich” Intermediate

The oxidation of GAP to 3-phosphoglycerate
(PG) is an important intermediary step in the
energy metabolism of all anaerobic and aerobic
organisms that use either carbohydrates or
glycerol as energy source. The reaction pro-
ceeds via 1,3-bisphosphoglycerate (1,3-BPG) as
energy-rich compound and is catalyzed by two
enzymes, glyceraldehydephosphate dehydro-
genase (EC 1.2.1.12) and phosphoglycerate ki-
nase (EC 2.7.2.3). One mole of ATP is formed
per mole of glyceraldehydephosphate oxidized:

GAP + NAD* + P, = 1,3-BPG + NADH + H*

AGY,s = +2.4 kcal/mol
(+10 kJ/mol)
1,3-BPG + ADP = PG + ATP

AGY,s = —4.8 kcal/mol
(—20.1 kJ/mol)

(AGY,s of the glyceraldehydephosphate dehy-
drogenase reaction was calculated from K =
[PGI[ATP][NADH][H*)/[GAP]{NAD][P,][ADP]
= 5.9 10°% [679] and AGY, of the phospho-
glycerate kinase reaction).

The electron acceptor for the oxidation of
GAP is NAD in almost every case examined.
Even in Clostridium thermoaceticum, in which
reduced NADP (NADPH) rather than NADH is
required for catabolic reduction reactions, the
GAP dehydrogenase (GAPDH) is specific for
NAD (643) (for a possible exception see Sen-
ior and Dawes [588]). In aerobic organisms the
NADH generated in the GAPDH reaction is
reoxidized with O, via the respiratory chain. In
anaerobic organisms O, is substituted by a va-
riety of different electron acceptors such as py-
ruvate, acetyl CoA, and even protons. Thus in
saccharolytic clostridia a considerable part of
the NADH generated in the GAPDH reaction is
used to form H, (296). NADH:ferredoxin oxido-
reductase and ferredoxin hydrogenase (EC

(334, 584)
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1.12.7.1) have been shown to catalyze this reac-
tion (293-295, 651).

CAP As “Energy-Rich” Intermediate

Ureido compounds (R-NH-CO-NH,) are
formed as intermediates in the energy metabo-
lism of a few bacteria that can grow on arginine
(8. faecalis [50, 136, 436]; Mycoplasma hominis
[564]), agmatine (S. faecalis [136, 430, 539]), or
allantoin (Streptococcus allantoicus [59, 672,
673]) as energy source. The ureido compounds
are degraded by phosphorolytic cleavage to car-
bamyl phosphate (CAP) and the respective
amines (amides). The carbamyl phosphate
formed is used to synthesize ATP via carba-
mate kinase (EC 2.7.2.2). (Certain strains of S.
faecalis can grow on media containing some
glucose and high concentrations of arginine
(136). The fermentation products are ornithine,
CO,, and 2 mol of ammonia (arginine dihydro-
lase pathway). Arginine is first hydrolyzed to
citrulline (487) via arginine deimidase (EC
3.5.3.6) which then undergoes a phosphoroclas-
tic cleavage to ornithine and CAP (114, 283) via
ornithine carbamoyltransferase (EC 2.1.3.3).
Bauchop and Elsden (50) have shown that ATP
formed in this way is used efficiently to in-
crease the growth of S. faecalis when other
essential nutrients are present in excess.

Arginine + H,0 — citrulline + NH;

AG" = -9 kcal/mol
(—37.7 kJ/mol)

Citrulline + P; = CAP + ornithine

AG® = +6.8 keal/mol (114)
(+28.5 kdJ/mol)

CAP + ADP = ATP + carbamate

AGY%, = —1.8 kcal/mol
(—17.5 kdJ/mol)

Carbamate + H,0 = bicarbonate + NH,

AG" = —0.8 kcal/mol (517
(—3.3 kJ/mol)

(AG"'" of arginine hydrolysis was calculated
from the equilibrium constant of the following
reactions: argininosuccinate lyase reaction [EC
4.3.2.1][K = 1.14 x 1072 M]; argininosuccinate
synthetase reaction [EC 6.3.4.5][K = 8.9]; as-
partate ammonia lyase reaction [EC 4.3.1.1] [K
= 2.3 x 102 M]; ATP + H,0 = AMP + PP,
[AGY,, = —9.96 kcal/mol] [data from Barman,
reference 45; for thermodynamic data on allan-
toin degradation see Bojanowski et al., refer-
ence 59].)

The generation of CAP from ornithine is
thermodynamically rather unfavorable. The
formation of citrulline from arginine, however,
is an irreversible reaction. Thus the overall

(284, 517)
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process becomes exergonic enough to allow the
synthesis of 1 mol of ATP from ADP and P,.
There is some evidence that creatine and cre-
atinine can be utilized as another source of
carbamyl phosphate by anaerobic bacteria
(635). It is also possible, but it has not yet been
demonstrated, that CAP may be formed during
the fermentation of some pyrimidines (42, 241).

Formyltetrahydrofolate as “Energy-Rich”
Intermediate

Formyltetrahydrofolate synthetase (EC
6.3.4.1) catalyzes the reversible formation of
formate and tetrahydrofolate (FH,) from for-
myl-FH, with the concomitant phosphoryla-
tion of ADP to form ATP (242, 243, 510, 273,
287, 288, 509):

formyl FH, + ADP + P, = formate + FH, + ATP

AGY, = +2.0 keal(mol (242
(+8.4 kdJ/mol)

The ATP formation via this reaction is an
extremely specialized process. Only one pu-
rine-fermenting clostridium, C. cylindrospo-
rum, is presently believed to use this mecha-
nism as a major path of ATP generation (42,
44). Even closely related purine-fermenting
clostridia, e.g., C. acidi-urici, degrade the pu-
rines so that acetyl phosphate rather than for-
myltetrahydrofolate is the source of high-en-
ergy phosphate (44). There are some indica-
tions, however, that formyl FH, may be used
to synthesize ATP also in the fermentation of
methanol by Methanosarcina barkeri (619,
726).

Formyltetrahydrofolate synthetase is found
not only in C. cylindrosporum and M. barkeri,
but also in many anaerobic and aerobic bacte-
ria, yeast plants, and animals. In these orga-
nisms the function of formyltetrahydrofolate
synthetase is, however, to synthesize formyl
FH, from formate and tetrahydrofolate rather
than the reverse reaction (for literature see
Thauer et al. [645]).

Succinyl CoA as “Energy-Rich” Intermediate

In the citric acid cycle succinyl CoA is
formed from a-ketoglutarate (aKQG) via a-ke-
toglutarate dehydrogenase (522) and succinate
is formed from succinyl CoA via succinate thi-
okinase (succinyl-CoA synthetase [EC 6.2.1.4
and EC 6.2.1.5]). The latter reaction is coupled
with the phosphorylation of GDP or ADP (for
review, see Bridger [75]):

aKG + CoA + NAD*
— succinyl CoA + CO, + NADH + H*

AG® = -17.1 keal/mol
(—29.7 kd/mol)
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succinyl CoA + ADP + P;
= succinate + ATP + CoA

AG,,, = —0.75 kcal/mol
(-3.1 kJ/mol)
(AG"’ of the ketoglutarate dehydrogenase re-
action was calculated from AGf® values with
CO, in the gaseous state [Table 131, AGY,, for
hydrolysis of succinyl CoA [Table 4], and AGY,
for NAD reduction with H, [Table 5)).

The formation of succinate from aKG is gen-
erally not believed to occur in anaerobically
growing organisms. An exception appears to
be found in P. rettgeri (341). This organism can
anaerobically grow on fumarate as sole energy
source; 7 mol of fumarate is disproportionated
to 6 mol of succinate and 4 mol of CO,. One
mole of the 6 mol of succinate formed is de-
rived from aKG via aKG dehydrogenation
rather than via fumarate reduction. From
growth yield studies evidence is available that
1 mol of ATP is formed in this reaction. Thus
succinate is probably formed from oKG via
aKG dehydrogenase (NAD dependent?) and
succinate thiokinase. It cannot be excluded,
however, that succinate formation is coupled
with phosphorylation via the following reac-
tions:
succinyl CoA + acetate

(209a)

= succinate + acetyl CoA

AG'" = —0.1 kcal(mol
(—0.4 kJ/mol)

acetyl CoA + P, = acetyl P + CoA

AGY,, = +2.2 keal/mol
(+9.0 kJ/mol)

acetyl P + ADP = acetate + ATP

AGYs = —3.1 keal/mol
(=13 kd/mol)

Both acetokinase and phosphotransacetylase
have been found in P. rettgeri. Whether the
organism contains a thiophorase that can cat-
alyze a CoA transfer from succinyl CoA to
acetate (11) is not known.

Desulfuromonas acetoxidans catalyzes the
oxidation of acetate to CO, with elemental
sulfur as the electron acceptor (488). As succi-
nate cannot be oxidized to fumarate (succi-
nate/fumarate; E,’ = +33 mV) with elemental
sulfur (S°/SH-; E,’ = —270 mV) (see Table 5),
the participation of the citric acid cycle in the
formation of CO, from acetate appears rather
unlikely.

Succinate thiokinase is found in many an-
aerobically growing organisms. The function
of the enzyme is, however, to catalyze the
formation of succinyl CoA from succinate
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rather than the reverse reaction. The succinyl
CoA is required for biosynthetic purposes, i.e.,
the synthesis of tetrapyrroles and of cysta-
thionine.

ENERGY CONSERVATION VIA ETP

In chemotrophic anaerobes, ATP synthesis
is frequently considered to be associated only
with electron-donating, formally hydrogen-
forming reactions and thus to proceed only via
SLP. However, in recent years, direct and in-
direct evidence has accumulated showing
that, in many both facultatively and obli-
gately anaerobic bacteria, ATP generation can
also be coupled to the electron accepting, for-
mally hydrogen-consuming reactions of en-
ergy metabolism. The most convincing demon-
stration is the finding that many strictly an-
aerobic bacteria can carry out mixed fermen-
tations with H, as electron donor and either
fumarate (382, 715), sulfate (608), nitrate
(263), or CO, (740) as electron acceptor and
obtain useful energy (ATP) from the intermo-
lecular redox process as evidenced by growth.
Since no mechanisms are known for SLP cou-
pled to H, oxidation, ATP is presumably
formed via ETP (44) (see sections, ATP Syn-
thesis Via SLP and ATP Synthesis Via ETP).

It is important to note that the demonstra-
tion of ATP synthesis coupled to a “hydrogena-
tion” reaction in one organism does not neces-
sarily mean that the reaction is always linked
with phosphorylation in all anaerobic orga-
nisms. In some anaerobic bacteria the hydro-
genation reaction may serve only as a sink for
electrons, the function of which is to drive
SLP.

~

Hydrogenation Reactions Evidently Coupled
with Phosphorylation

The reactions evidently coupled with phos-
phorylation will be discussed in the order of
increasing free energy changes associated with
the transfer of an electron equivalent from H,
to the respective electron acceptor (Table 8).

All of the methanogenic and the sulfate-re-
ducing bacteria and many of the fumarate-re-
ducing bacteria are strict anaerobes. The per-
centage of facultative organisms is higher in
‘the group of nitrate-reducing bacteria than in
the group of fumarate-reducing bacteria and is
almost 100% in the group of denitrifiers. From
the electron acceptors listed in Table 8 the
methane bacteria can only reduce CO,. The
sulfate-reducing bacteria, however, frequently
can also use fumarate, the fumarate-reducing
bacteria can also use either sulfate or nitrate,
and the nitrate-reducing bacteria can also use
either fumarate or nitrite.
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CO, reduction to methane.
CO, + 4H, —» CH, + 2H,0'

AG"' = —31.3 kcal/mol
(—131 kdJ/mol)
(CO,, H,, and CH, in the gaseous state)

All methane bacteria known to date can grow
on H, and CO, as sole energy source. With the
exception of Methanobacterium strain MOH
(81, 84), Methanobacterium thermoautotrophi-
cum (740), Methanosarcina barkeri (619),
Methanobacterium arbophilicum (739), and
strain F5 isolated by Prins et al. (506), they can
additionally use electrons generated from the
oxidation of formate for growth and methane
formation. M. barkeri can also grow on metha-
nol (58), and M. thermoautotrophicum can me-
tabolize acetate when grown on CO, plus H,
(742). Free intermediates appear not to be
formed during methane formation from CO,
and H, (41, 44, 714). A consistent view of the
reactions involved is not available. For a sum-
mary of what is known about the nutritional
requirements of methanogenic bacteria, see the
reviews by Pine (494) and Bryant et al. (82).
The biochemistry of methane formation has
been reviewed by Stadtman (619), Wolfe (713),
and McBride and Wolfe (399). The most recent
reviews on methane formation are by Taylor
(637) and Zeikus (736).

Enzymes and electron carriers involved in
CO, reduction to methane. CO, reduction to
CH, is mediated by an electron transport sys-
tem involving dehydrogenases, electron car-
riers, and probably four reductases (Fig. 5). The
components of the system are found in the

TABLE 8. Reductive processes coupled with

phosphorylation
—AGY®
kcal/elec-
Reaction® tron kd/electron
equiva-  equivalent
lent from from H,
H,
CO, reduction to methane 3.9 16.4
Sulfate reduction to sul- 4.5 18.8
fide
Fumarate reduction to 10.3 43.1
succi