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Highlights
An energy-conservation strategy for
survival under energy-limited fermen-
tative conditions is suggested.

Besides proton FOF1-ATPase, alterna-
tive ways are discussed for the gen-
eration and maintenance of proton-
motive force (pmf).

The concept of a hydrogenase com-
plex is suggested; hydrogenases are
assembled in one large complex for H2

cycling and contribute to pmf genera-
tion and maintenance.
During fermentation FOF1 hydrolyzes ATP, coupling proton transport to proton-
motive force (pmf) generation. Despite that, pmf generated by ATP hydrolysis
does not satisfy the energy budget of a fermenting cell. However, pmf can also
be generated by extrusion of weak organic acids such as lactate and by
hydrogen cycling catalyzed by hydrogenases (Hyds). Here we highlight recent
advances in our understanding of how the transport of weak organic acids and
enzymes contributes to pmf generation during fermentation. The potential
impact of these processes on metabolism and energy conservation during
microbial fermentation have been overlooked and they not only expand on
Mitchell’s chemiosmotic theory but also are of relevance to the fields of
microbial biochemistry and human and animal health.
A ‘protonometer’ or ‘proton-sensor’
complex is proposed in bacteria.
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pmf Generation
About 60 years ago, Peter Mitchell proposed his chemiosmotic theory (see Glossary), which
described how during respiration in mitochondria ATP synthesis is coupled to proton transport
across the biological membrane, generating a pmf, or Dp (Figure 1) [1,2]. Since that time
research into bioenergetics has attempted to prove experimentally Mitchell’s theory and
deepen our understanding of this process, in particular to provide a detailed molecular
description of the theory.

Although Mitchell’s chemiosmotic theory initially did not meet with the universal approval of
biochemists, and despite alternative theories or proposals for ATP synthesis being suggested,
over the years the chemiosmotic theory has gained widespread acceptance [3–7]. The pmf is
formed from an electrical component – membrane potential (DC ), – and from a chemical
component, transmembrane proton concentration gradient (DpH). According to the original
theory, at least two protons should be transported for the synthesis of one ATP molecule [1].
Recent findings, however, have shown that translocation of three or more protons is likely to be
necessary. Moreover, not only single-ion (H+

[381_TD$DIFF]) but also two-ion (H+ + i+) translocation has been
proposed [8–10]. It is also conceivable that the chemical component might comprise not only
DpH but also a transmembrane potassium concentration gradient (DpK) (DpH + DpK) [8–10].
The relationship between the proton FOF1-ATPase and potassium transport systems during
fermentation has been shown and verified [11] and is discussed below.

Most of the experiments that proved the coupling of ATP synthesis to proton transport were
performed on respiration-based systems, such as mitochondria [1–7]. However, in many
ecological niches in nature, such as themammalian intestine, freshwater and ocean sediments,
and various soils, anoxic conditions prevail, where microorganisms survive by energy-limited
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Glossary
ATP: an energy-storage molecule
and the ‘universal energy currency’
of all organisms. It is formed from
ADP and inorganic phosphate (Pi)
via ATP synthase (FOF1-ATPase)
in the following reaction
ADP + Pi + H+

out Ð ATP + H2O + H+
in.

During fermentation the reaction is
reversed and ATP synthase works
towards ATP hydrolysis mode.
Chemiosmotic theory: suggested
by the British biochemist Peter
Mitchell in 1961. According to the
theory, in mitochondria during
respiration ATP generation is coupled
to the proton electrochemical
gradient (DmH+) using the energy of
NADH or FADH2 as the redox-driving
force. This hypothesis was
experimentally verified and in 1978
Peter Mitchell was awarded the
Nobel Prize in Chemistry.
Chemiosmotic theory was further
developed and used to describe
proton transport and the role of
DmH+ in bacteria and archaea during
fermentation or anaerobic respiration.
Nicotinamide adenine
dinucleotide (NAD)+/NADH: NAD is
a soluble coenzyme formed during
metabolism. NAD exists in two
forms: oxidized (NAD+) and reduced
(NADH). NAD+/NADH is involved in
various redox reactions accepting or
donating electrons, respectively. The
ratio of NAD+:NADH is usually called
the redox state of the cell. During
various metabolic processes, the
ratio of NAD+:NADH differs and the
value is important for cells to drive
redox reactions in one or the other
direction.
Proton-motive force (pmf): the
movement of ions across the
membrane depends on two factors:
an electrical (DC ) and a chemical
(Dpion) component. When positively
charged ions [e.g., protons (H+)]
move from the positive (+) side to the
negative (�) side or vice versa,
according to Coulomb’s law they will
generate DC. Moreover, by
generating DC the movement of ions
across the membrane creates a
concentration gradient, which forms
the DpH. The two gradients caused
by H+ are called the proton
electrochemical gradient (DmH+) and
the force generated by this gradient
is referred to as the pmf or Dp).
DmHþ ¼ FDC � ðln10ÞRTDpH where
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Figure 1. Generation of a Proton
Electrochemical Gradient (DmH+)
During Respiration or Fermentation.
According to Mitchell’s chemiosmotic
theory, during respiration (A) ATP genera-
tion via the proton FOF1-ATP synthase is
coupled to DmH+. During fermentation (B)
ATP is generated via substrate-level
phosphorylation and further hydrolyzed
by FOF1-ATPase coupling DmH+. Besides
FOF1-ATPase, fermentation end products
such as weak organic acids like lactate or
succinate can generate, or contribute to,
DmH+. Formate, one of the weak organic
acids that is produced during fermenta-
tion, is also transported across the mem-
brane but the generation of DmH+ via
formate transport has yet to be con-
firmed. X represents other potential mole-
cules that are transported to generate
DmH+. n is the number of transported
protons and m, z, j, and d represent the
numbers of other molecules transported.
fermentation processes [12–14]. Revealing the role of pmf under different conditions will have
an impact for the improvement of treatment strategies in medicine. It is known that many
pathogenic bacteria perform fermentation or survive under energy-limited conditions. In addi-
tion, cancer cells also survive under energy-limited conditions. Therefore, regulation of pmf will
help to kill these bacteria and may offer a therapeutic option for cancer treatment.

The wider implications of understanding energy conservation under fermentative conditions
also have considerable medical relevance, with regard to both combating bacterial infection
and tackling cancer, where many types of tumor cells essentially perform lactate fermen-
tation [15].

During fermentation, FOF1-ATPase mainly functions in the ATP hydrolysis mode and pmf is
generated or maintained by translocation of protons from the inside to the outside of the
cytoplasmic membrane [16]. This reaction is opposite to the one that occurs when FOF1-
ATPase synthesizes ATP during respiration (Figure 1) [17]. The principal biochemical functions
of the pmf under anaerobic conditions include: (i) providing a driving force for various transport
systems; (ii) modulating the activity of certain membrane enzymes; and (iii) supplying a driving
force for bacterial flagellar movement. It has been shown that during fermentation Escherichia
coli cells generate a pmf of ��120 mV, which is lower by �40 mV than the pmf generated
during aerobic respiration. The main contributor to pmf under anoxic conditions is DC [18]. This
finding raises the following questions: does Mitchell’s chemiosmotic theory account for the pmf
generated during energy-limited fermentation and is FOF1-ATPase the sole means of pmf
generation? The answers to these questions are the main goals of this Opinion article and have
basic and applied significance in biochemistry and related fields.
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F is the Faraday constant, DC is
the electrical potential, R is the
universal gas constant, T is the
temperature, and DpH is the
difference between the proton
concentration inside the cell and
outside the cell. Mitchell defined
pmf as Dp ¼ � DmHþð Þ=F. If the
ion is not H+ but sodium (Na+) or
potassium (K+), it will be a sodium
(DmNa+) or a potassium (DmK+)
electrochemical gradient,
respectively. The force that will be
generated by the gradient of these
ions will be a sodium- or
potassium-motive force,
respectively.
Redox potential: reduction or
oxidation–reduction (redox) potential
(ORP or Eh) describes the chemical
process or reaction to accept or to
lose electrons. ORP is measured in
volts (V) or millivolts (mV). Each
enzymatic reaction has its typical
range of ORP. The higher, or more
positive, the ORP, the greater the
ability to accept electrons. Negative
(�) redox potential describes mainly
anaerobic (without oxygen)
conditions. One of the common
reactions of anaerobic metabolism
involves H+/H2, which has an Eh of
�420 mV.
An Energy-Conservation Strategy by Producing Mixed Organic Acids During
Fermentation
Fermentation was originally described by Pasteur as ‘la vie sans air’. It is the process whereby
an organic substrate (e.g., glucose) is metabolized without the need for an external electron
acceptor. This contrasts with the process of respiration where an external electron acceptor
such as oxygen (O2) is used. Fermentation is generally not the preferred mode of growth for
microorganisms because only low amounts of ATP are generated [19,20]; however, this is often
determined by the habitat in which the microorganisms are found.

It is generally accepted that during glycolysis when one mole of glucose is fermented at
least two moles of ATP are synthesized, and if these are not used for biosynthetic
purposes they are hydrolyzed by FOF1-ATPase. Under strictly fermentative conditions,
maintenance of a pmf of �120 mV by ATP hydrolysis only would leave virtually no ATP for
biosynthetic reactions and other physiological processes. This implies that during fermen-
tation bacterial and archaeal cells require alternative routes for the generation and main-
tenance of pmf [19]. Moreover, this requires that enzymatic and other chemical reactions
must have an inordinately high efficiency to make them thermodynamically favorable. One
of the alternative mechanisms that augment pmf generation is the proton-coupled sym-
port of weak organic acids across the membrane, which generates an appropriate acid
gradient and thus pmf (Figure 1B). The feasibility of this proposal for pmf formation or
augmentation has been demonstrated for an electrogenic H+

[382_TD$DIFF]/lactate symporter [21,22].
From a physiological perspective, conservation of metabolic energy via excretion of
fermentation end products is needed for growing cells to transport various metabolites
and ions. Based on theoretical calculations and their experimental verification, it could be
shown that the bulk of the energy required by growing fermenting cells can be delivered by
the excretion of lactic acid [21].

The transport of weak organic acids can also be electroneutral and this depends on the external
pH [23–25]. While electrogenic transport contributes to the generation of DC , electroneutral
transport contributes to the DpH component of pmf. To determine whether transport is
electrogenic or electroneutral, the degree of dissociation of the corresponding weak acid must
be assessed [23–25]. Most likely, cells are able to switch between electroneutral and electro-
genic modes of export of a weak acid depending on the external pH and which fermentation
substrate is being used, and together these can contribute to the maintenance of either the
chemical or [383_TD$DIFF]electrical component of pmf.

In nature it is mainly the mixed-acid type of fermentation that prevails where end products are
weak organic acids (mainly lactic, succinic, formic, and acetic acids), alcohols (ethanol [384_TD$DIFF]or
butanol), and gases (H2, CO2). Depending on the external conditions (pH, oxidation–reduction
potential, the substrate and its concentration, etc.) the end products differ and can vary to allow
redox balance to be achieved [26,27]. In E. coli and several species of [385_TD$DIFF]Clostridia, where such
mixtures of weak organic acids are produced, it is suggested that these acids are formed to
allow maintenance of the pmf [28].

During the fermentation of alcohols, such as glycerol, which are more reduced than sugars,
these acids are also produced, but the composition of the mixture varies depending on the
external pH [26]. Interestingly, weak organic acids that can generate or contribute to pmf
generation are symported with H+ [21,29]. This suggests that the production of weak organic
acids has a unique role in regulating the intracellular pH, proton gradient, and ultimately the pmf
during anaerobic metabolism.
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According to Mitchell [1], the main generator of pmf should be FOF1-ATPase; however, based
on the arguments raised above this cannot be the only means of generation of pmf during
fermentation. The main difference compared with respiration is that weak organic acids are
produced and, according to experimental data from various sources, the transport of lactic acid
across the membrane generates a lactic gradient, which in terms of Dp attains a gradient of up
to �250 mV [21], while a succinic acid gradient can generate up to �70 mV of DC [29].
Considered from another perspective, these acids can dissipate the DpH [30]. The latter
observation is a clear indication that, besides FOF1-ATPase, fermentation end products can
generate or maintain pmf.

When the concentration of these acids remains in the micromolar range, there is no effect on
DpH and consequently none on pmf. However, when concentrations attain millimolar levels,
which is what is observed during fermentation [31], these acids could be shown to dissipate
DpH [30] and thus maintain or affect the pmf. This simple mechanism might help the cell to
survive under energy-limiting conditions andmight, therefore, be one of the reasons that early in
the evolution of life in the absence of oxygen, when organic compounds such as acids were
mainly produced during fermentation, bacteria were able to survive bymaking use of these acid
gradients [32].

H2 Cycling via Hyds as an Alternative Strategy to Maintain pmf
A further important fermentation product is H2. Notably, H2 is produced only under fermentative
conditions and catalyzed by Hyds [33,34]. Hyd enzymes catalyze the simple reversible redox
reaction of H2 Ð 2 H+

[386_TD$DIFF] + 2e�. It has been shown that the activity of Hyd enzymes depends on
active FOF1-ATPase [27,35,36]. Furthermore, Hyds contribute to the activity of FOF1-ATPase
and are involved in pmf generation during fermentation [37].

E. coli has a total of four membrane-associated [Ni-Fe]-Hyds, which either oxidize H2 or reduce
protons to produce H2 [27,38]. These multiple reversible enzymes form a H2 cycle and are
proposed to interact with existing proton cycles through the proton-transporting FOF1-ATPase
[19]. The role of H2 cycling in pmf generation is suggested for sugar (glucose) or alcohol (glycerol)
fermentation and was recently also shown during fermentation of mixed carbon sources [39,40].

Depending on the initial external pH and the carbon source used, in fermenting cells grown with
a mixture of glucose and glycerol or glycerol and formate, or in a mixture of all three carbon
sources, it could be shown that the Hyd enzymes could take on a compensatory role if another
Hyd was genetically removed from the cell [40,41]. This observation corroborates the proposal
that if H2 production occurs there is often a corresponding H2 oxidation necessary to close the
H2 cycle and their actions contribute to, and influence, the overall pmf. Minimally, two Hyd
enzymes are required for this cycle to work, and only when three of four of the E. coli Hyd
enzymes are mutated is a disturbance in H2 cycling observed. Moreover, when only one Hyd
enzyme remains, it usually functions to produce H2 as a means of achieving and maintaining
redox balance. The role of Hyd enzymes in pmf generation via H2 cycle formation was
confirmed in a study with an E. coli hypF mutant, which is unable to synthesize any Hyd
enzymes [37,42]. Besides E. coli,Clostridium beijerinckii, for example, also has multiple [Ni-Fe]-
and [Fe-Fe]-Hyd enzymes [43,44] and the hyperthermophilic archaeon Thermococcus koda-
karensis has several [Ni-Fe]-Hyd enzymes [45], which work towards H2 production or oxidation
depending on the external conditions.

When an E. coli hypFmutant (lacking Hyds) ferments glycerol at pH 7.5, the DC is ��155 mV,
which is 25 mV higher than in a wild-type strain [37]. The DpH is 0.5 during glycerol
394 Trends in Biochemical Sciences, May 2019, Vol. 44, No. 5



fermentation, while during glucose fermentation at pH 7.5 the DpH is 0. Thus, the main
contributor to the maintenance of the pmf is FOF1-ATPase [19,37]. Note that at pH 7.5 during
glucose fermentation, where DpH = 0, it is conceivable that, based on the two-ion theory [8],
DpH could be replaced, or compensated for, by DpK. During glucose fermentation potassium
flux is present, and K+ plays an important role in cell metabolism [46,47]. However, during
glycerol fermentation the potassium flux is negligible [48].

As the proton flux and ATPase activity during glycerol fermentation at pH 7.5 in a Hyd-negative
mutant are lower than in wild type, this explains why the cytoplasmic pH is 7.0 compared with
the outside, which is 7.5 [37]. By lowering the proton flux and ATPase activity it can be assumed
that DC is compensated by other maintenance mechanisms such as through H2 cycling, so
that overall the pmf is kept relatively stable.

Coupling Hyd and proton ATPase activities to regulate intracellular pH contributes to overall
pmf generation, which is pH dependent. In growing cells at pH 6.5, the formation of the proton
gradient is mainly achieved by the Hyd enzymes, because in the Hyd-negative mutant the
proton flux is decreased by�50% and the lower DC is compensated by the reversed DpH. The
weak organic acids formed under these conditions might also contribute to the reversed DpH,
indicating that during fermentation these form part of the general pmfmaintenance mechanism
[19,37].

Compared with fermentation of glycerol, the roles of the Hyd enzymes vary under glucose
fermentation. In particular, when cells are grown at pH 7.5 the Hyd enzymes (mainly the H2-
producing Hyd-4), FOF1-ATPase, and the potassium transport (Trk) system form an interaction
network (the postulated FOF1–Trk–Hyd supercomplex) to maintain pmf and to act as a system
to hydrolyze ATP and transfer H+ and e� via dithiol–disulfide interchange to secondary solute
transporters [11] (Box 1). Interestingly, when a mixture of carbon sources (glucose, glycerol,
and formate) is present the FOF1–Trk–Hyd network is active at pH 5.5 but not at pH 7.5 [49]. It is
concluded that under anaerobic conditions the potassium transport system consumes pmf
and the function of the Hyd enzymes is to contribute to pmf generation and integrity.

The physiological role of E. coliHyd-4, and analogous enzymes in other bacteria, is still debated
but is proposed to be a proton pump under H2-producing conditions [50]. It is proposed that,
depending on the external pH, the nature of the growth substrate, and its concentration, Hyd-4
can either produce or oxidize H2. Unlike Hyd-3, Hyd-4 has three additional membrane-bound
subunits, which are members of a family of proteins that include the ND2, ND4, and ND5
subunits of the proton-translocating NADH-ubiquinone oxidoreductases (complex I in mito-
chondria and Nuo in E. coli), and thus also probably translocates protons [50]. It was indirectly
shown that NADH dehydrogenase I can function as a proton pumpwhen the pmf is��140 mV
[18]. Interestingly, reversibility of Hyd-3, which is an ortholog of Hyd-4 but lacks the additional
membrane subunits [50], has been demonstrated during glucose fermentation at low pH
[51,52]. Our proposal is that the multisubunit Hyd-4 enzyme functions to balance the pmf by
either translocating protons during H2 production or consuming the pmf to oxidize H2. This is
conceivably its main role, because during glucose fermentation the pmf generated is on the
order of ��130 mV, which is enough for Hyd-4 to function as a proton pump, as has been
demonstrated for NADH dehydrogenase I [18]. In addition, active Hyd-4 enhances the effi-
ciency of NAD+/NADH recycling, and the use of protons by Hyd-4 for the generation of a local
proton gradient will further contribute to the overall cellular pmf. It is important to note that, in E.
coli, expression of the hyf operon encoding Hyd-4 is at a low level, and thus Hyd-4 must be a
low-abundance complex.
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The general mechanism of proton transport and pmf generation during fermentation of glucose
requires combined high potassium ion concentration, high H+

flux, ATPase activity, and the
activity of Hyd enzymes (Figure 2A). Potassium ions are needed in the first steps of fermentation
for the activity of the phosphofructokinase enzyme [53].

The same universal idea for the role of Hyd enzymes in proton ATPase activity and pmf
maintenance also occurs when glycerol is the fermentable substrate, but without the require-
ment for potassium ions. The general mechanism during glycerol fermentation requires a lower
pmf, low H+

flux, and ATPase activity (Figure 2B). The absence of a requirement for potassium
ions is because the corresponding potassium-dependent enzymes are not needed for either
glycerol uptake or its further fermentation.

Other Important Regulatory Considerations for pmf Generation During
Fermentation
Another important regulatory factor to consider is the ratio of NAD+:NADH (Box 1) [54]. During
glycerol fermentation NAD+:NADH is lower (more NADH) than in glucose fermentation [55].
Comparing glucose with glycerol fermentation explains why the Hyd enzymes have differing
contributions under the two growth modes, the key being the difference in the NAD+:NADH
ratio. To maintain sufficient freely available NAD+ during glucose fermentation, NAD+ needs to
be sequestered, possibly by binding to an enzyme to prevent excessive reduction to NADH. It is
important to maintain NAD+ levels, as continuous reduction to NADH will restrict glucose
utilization. Moreover, NAD+ binding to the Trk potassium transport proteins can decrease the
NAD+ level in the cell, which has been demonstrated [56].

During glycerol fermentation the problem is reoxidation of NADH [46]. Because there is no
involvement of the Trk system under these conditions, especially at pH 7.5, this is where the
Hyd enzymes, in particular Hyd-1, could be important. Hyd-1 activity is dependent on FOF1-
ATPase and it is proposed that non-formate-dependent H2 production is possible by the
acceptance of a proton from NADH oxidation (Box 1). The other proton required for H2

production might either be the H+ needed for NADH oxidation or be supplied by intermediate
metabolites of fermentation.

It is clear that Hyd enzymes influence the overall FOF1-ATPase activity and proton flux during
glycerol fermentation [48] and this raises the following questions that need to be addressed in
Box 1. Role of Oxidized and Reduced Pyridine Nucleotides During Fermentation

The ratio of NAD+:NADH determines the kinetics and thermodynamics of many redox reactions in the cell. During
glucose fermentation the formation of the FOF1-ATPase–Trk–Hyd (see Figure 2A in main text) interaction network
maintains the intracellular potassium concentration, intracellular pH homeostasis, and thus the pmf. In this respect,
when glucose is fermented NAD+

[380_TD$DIFF] is reduced to NADH and subsequently NADH must be reoxidized back to complete
the NAD+ Ð NADH cycle. The continuous oxidation–reduction of pyridine nucleotides serves as a good electron and
proton donor or acceptor to drive the FOF1-ATPase–Trk–Hyd system. In the FOF1-ATPase–Trk system, the reduction
and oxidation of pyridine nucleotides is determined by the activity of the Hyd enzymes, especially Hyd-4, which occurs
either directly or indirectly via thiol groups through FOF1-ATPase and Trk. These systems are interdependent and energy
dissipation would be reduced if the FOF1-ATPase–Trk–Hyd network were assembled in one complex and worked in
energy-conservation mode. The energy released through ATP hydrolysis is used to couple several reactions, including
transfer of electrons and protons to other membrane systems possibly via oxidation or reduction of the pyridine
nucleotide pool. During glycerol fermentation more NADH is generated and thus must be oxidized, and in this case the
FOF1-ATPase–Hyd system functions without involvement of the potassium transporter Trk. In this case, Hyd-1 and Hyd-
2 control the FOF1-ATPase–Hyd (see Figure 2A in main text) network to maintain pmf. Making use of these two
fermentation substrates, it could be shown that FOF1-ATPase is associated with membrane-bound enzymes and/or
transporters to regulate intracellular pH, ion concentrations and ultimately maintain pmf.
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Figure 2. Model Depicting the Roles
of the Proton FOF1-ATPase and
Hydrogenases During Fermentation
of Glucose or Glycerol. During fermen-
tation of glucose (A) FOF1-ATPase inter-
acts with the Trk potassium transport
system via the transfer of energy obtained
from ATP hydrolysis through dithiol–dis-
ulfide interchange, and the proton is
further transferred to the hydrogenase
(Hyd) complex for H2 production. Next,
the Hyd complex recycles H2, forming a
H2 cycle and transferring the protons to
NAD+ for reduction to NADH. Subse-
quently, NADH is oxidized and the pro-
tons are transferred to FOF1-ATPase; H

+

can be then further translocated to other
membrane-bound enzymes. Oxidized
NAD+ can also interact with the Trk sys-
tem so the proposed FOF1-ATPase–Trk
supercomplex can work as a H+/K+ anti-
porter. This interaction is effective for the
generation and maintenance of proton-
motive force (pmf). During glycerol fer-
mentation (B) FOF1-ATPase is suggested
to interact only with the Hyd complex and
no Trk-dependent potassium transport
system is involved. The Hyd complex
again generates a H2 cycle and interacts
with FOF1-ATPase directly or via thiol
groups to maintain the pmf. NADH is
oxidized to NAD+ and the protons are
transferred to the FOF1-ATPase–Hyd sys-
tem for further translocation to other
membrane-bound enzyme complexes.
future studies. (i) What is the main physiological role of the Hyd enzymes in fermenting bacteria?
(ii) Is the sole function of the Hyd enzymes to vent H2 (i.e., reducing equivalents) from the
fermenting cell or do they also contribute to energy conservation (Box 2)?

‘Proton Sensors’ or ‘Protonometers’ in the Bacterial Membrane
In the above sections, it was stated that during respiration FOF1-ATPase works in the direction
of ATP synthesis via translocation of protons into the cell (Figures 1 and 2). As the proton is one
of the main ions that is pumped in and out of cells, forming a proton cycle, this suggests that
there must be ‘proton sensors’ that can regulate the number of protons inside the cell (Box 2).

Under respiratory conditions, such proton sensors are deemed unnecessary. However, during
fermentation the DC component of the pmf is considerably lower than that during respiration.
The fact that more acids are produced, compared with during respiration, requires a system for
sensing and regulation of the proton cycle. Moreover, such a system would contribute to
Trends in Biochemical Sciences, May 2019, Vol. 44, No. 5 397



Box 2. The Need for a H+
[380_TD$DIFF]-Sensing System in Fermenting Cells

The idea for a ‘proton sensor’ or ‘protonometer’ in fermenting cells came from the everyday use of a common pHmeter
in the laboratory. To measure the pH of a solution, one needs a pH meter and a pH electrode. The pH electrode is
sensitive to H+ and shifts in proton concentration cause changes in the pH value, which are displayed on the pH meter.
Comparing respiring and fermenting cells, the amount of proton FOF1-ATPase is higher during fermentation and Hyd
enzymes are present and active, which suggests that the regulation of DmH+ and thus pmf is important for the cell. This
implies that there must be some unique proton sensor acting like a pH electrode to transmit information about the H+

concentration to the ATPase or other membrane-bound systems. This is where the proposed interactive network of four
Hyd enzymes is suggested to act as a ‘proton-sensing complex’, and by oxidizing or producing H2 and communicating
with FOF1-ATPase they contribute to the regulation and maintenance of the proton concentration and thus pmf. Such a
Hyd complex or proton-sensing complex could be viewed as a protonometer. The Hyd enzymes that are located in the
membrane act like ‘pH electrodes’ in fermenting cells and send information to FOF1-ATPase to pump protons out of the
cell or translocate them to membrane-bound enzymes or to secondary solute transporters by thiol groups (SH) via
dithiol–disulfide interchange (–HS SH–Ð –S–S–). Such a systemmust exist in cells to sense the ion that is important for
the generation of gradients of ion-motive force (e.g., a ‘sodium-sensing system’ to generate a sodium-motive force).

Outstanding Questions
Are the main principles during respira-
tion applicable for fermentation? Is it
possible to apply classical bioenerget-
ics knowledge during fermentation?

Respiration or fermentation: is the reg-
ulation of metabolic pathways during
fermentation more efficient?

What are the molecular mechanisms
that force FOF1 in fermenting cells to
interact with other membrane-bound
secondary transporters? Is there a
direct physical interaction or is this
interaction based solely on energy
conservation?

Are there unique mechanisms that the
cell employs to survive under energy-
limited fermentative conditions, disre-
garding the external conditions?

What is the physiological role of
hydrogenase enzymes? Can hydroge-
nases mimic the respiratory
complexes?

What are the alternative pathways for
pmf maintenance and generation?
Does a hydrogenase complex gener-
ate local pmf?

Can the phenomenon of the interac-
tion of FOF1 with solute secondary
transporters during fermentation be
applied in understanding and prevent-
ing the diseases caused by anaerobic
fermenting bacteria? Can this interac-
tion be a target for killing the cells by
disturbing the energetics during
fermentation?
regulation of proton [388_TD$DIFF][389_TD$DIFF]concentration mainly by regulating the DpH component of pmf. This is why
we suggest that one of the main functions of Hyd enzymes during fermentation is to maintain
such a cycle [27,34,57].

Hyd enzymes are not only important in regulating the activity of FOF1-ATPase and contributing
to proton flux and pmf generation. It is also proposed that the four Hyd enzymes in E. coli do not
work as separate entities but rather are assembled in one ‘proton-sensing complex’. It is
suggested that Hyd enzymes are ‘protonometers’ or proton sensors (Box 2) during fermenta-
tion and their main physiological role is to regulate the intracellular proton concentration by
balancing H2 production with oxidation. They are aided in this role by FOF1-ATPase and other
proton transport-related processes in the membrane. It should also be stressed that during
fermentation the amount of FOF1-ATPase in the bacterial cell is demonstrably greater than the
level during respiration [58], which corroborates the idea that during fermentation cells must
remove protons via pumping them out through FOF1-ATPase or Hyd-4. As Hyd enzymes are
redox sensitive, this enables them not only to produce H2 but also to pump protons, as has
been suggested for some membrane-bound proton transporters or pumps driven by redox
potential [59].

Concluding Remarks and Future Perspectives
Almost all experiments and theoretical discussions on the Mitchell chemiosmotic theory have
considered respiratory conditions under which FOF1-ATPase works towards ATP synthesis.
The bioenergetics of fermentation were studied only tangentially in this respect and no general
mechanism to account for ATP hydrolysis by FOF1-ATPase and pmf generation and mainte-
nance had been proposed (see Outstanding Questions). Metabolism takes different routes
during fermentation and FOF1-ATPase is not the sole generator of pmf as it is under
respiratory conditions. Major differences in the spectra of both the substrates and the
products of fermentation exist compared with respiration. Furthermore, there are major
differences in the NAD+

[387_TD$DIFF]:NADH ratio and the role of potassium and other ions and, importantly,
there are significant changes in the components of pmf, especially DpH, evident under this
growth mode.

Cell survival and proliferation under fermentation require highly efficient systems to overcome
the barriers of energy limitation and these are likely to be achieved by FOF1–Hyd–Trk or FOF1–
Hyd networks. These interaction networks are essential to minimize energy dissipation when
only low levels of ATP are attainable during fermentation [11]. The wider implications of
understanding energy conservation under fermentative conditions also have considerable
398 Trends in Biochemical Sciences, May 2019, Vol. 44, No. 5



medical relevance with regard to both combating bacterial infection and tackling cancer, where
many types of tumor cells essentially perform lactate fermentation [15].

The focus of future research will be the identification and verification of these proposed
alternative mechanisms of pmf generation, in particular the idea that Hyd enzymes act as
proton-sensing complexes (see Outstanding Questions). The idea of ion sensing can also be
suggested for microorganisms that use sodium [60], potassium, or other ion electrochemical
gradients, where the appropriate ionometers (sodiumometer or potassiumometer) must oper-
ate during fermentation.
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