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ABSTRACT: Life relies on the constant exchange of different forms of energy, i.e., on
energy transduction. Therefore, organisms have evolved in a way to be able to harvest the
energy made available by external sources (such as light or chemical compounds) and
convert these into biological useable energy forms, such as the transmembrane difference of
electrochemical potential (Δμ̃). Membrane proteins contribute to the establishment of Δμ̃
by coupling exergonic catalytic reactions to the translocation of charges (electrons/ions)
across the membrane. Irrespectively of the energy source and consequent type of reaction, all
charge-translocating proteins follow two molecular coupling mechanisms: direct- or indirect-
coupling, depending on whether the translocated charge is involved in the driving reaction.
In this review, we explore these two coupling mechanisms by thoroughly examining the
different types of charge-translocating membrane proteins. For each protein, we analyze the
respective reaction thermodynamics, electron transfer/catalytic processes, charge-trans-
locating pathways, and ion/substrate stoichiometries.
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1. INTRODUCTION

Life relies on the constant exchange of different forms of
energy, i.e., on energy transduction. In this way, organisms
have developed intricate molecular mechanisms of harvesting,
conservation, and transduction of energy. Bioenergetics is a
vast scientific domain which studies the biochemistry and
biophysics of such mechanisms with a direct impact on the
fields of cell biology, chemical biology, microbiology, and
physiology.
In its most generic conceptualization, the energy metabolism

of an organism is the network of biochemical reactions that
produce what we have come to know as energy currencies of
life. Among these, ATP is immediately recognized as such,
being considered a product of catabolism used in anabolic
reactions. NAD(P)H is another example of an energy
currency; in the case of photosynthesis, NADP+ is reduced
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in the photosynthetic electron transfer chain so NADPH can
be used in the Calvin cycle. Another energy currency, which is
universal for all known living organisms, is the transmembrane
difference of electrochemical potential (Δμ̃; membrane
electrochemical potential). The energy stored in the form of
Δμ̃ is used to power all kinds of essential cellular processes
such as ATP synthesis, active transport across the membrane,
flagellum rotation or thermal dissipation, among others (Figure
1).

Life has evolved in a way that allows biological systems to
harvest the energy made available by external sources (such as
light or chemical compounds) to produce energy currencies.
For example, ATP may be obtained by substrate level
phosphorylation, in which a chemical reaction is directly
coupled to ATP synthesis or by oxidative phosphorylation,
which involves the establishment of a transmembrane
difference of electrochemical potential. Remarkably, only few
reactions are thermodynamically able to allow substrate level
phosphorylation.1 Oxidative phosphorylation was highly
discussed in the middle of the last century.2−5 According to
Peter Mitchell’s chemiosmotic hypothesis,3 the transmembrane
difference of the electrochemical potential can be established
by membrane proteins that couple their exergonic catalytic
reactions to the translocation of charges (electrons or ions)
across the membrane. The energy (Gibbs energy change, ΔG)
involved in the chemical reaction powers the thermodynami-
cally unfavorable charge translocation across the membrane.
This hypothesis was extended to photosynthetic systems, in
which membrane electrochemical potential can also be
established by light-driven charge-translocating proteins.
Charge translocation that leads to the formation of the

membrane electrochemical potential is coupled to a
thermodynamically favorable reaction and can thus be
classified as (a) redox-driven, (b) light-driven, (c) decarbox-

ylation-driven, (d) dephosphorylation-driven, or (e) methyl
transfer-driven. The types of reactions illustrated in Figure 2
differ on the reaction coupled to the establishment of the
membrane electrochemical potential, but most importantly,
and irrespectively of the energy source and consequent type of
reaction, from a mechanistic perspective, all charge-trans-
locating proteins follow two possible molecular coupling
mechanisms: direct- or indirect-coupling (Figure 2). The
majority of these reactions are thermodynamically reversible at
the expenses of Δμ̃.6−8
In this review, we focus on these two charge-translocating

mechanisms: direct- or indirect-coupling, depending on
whether the translocated charge is involved in the driving
reaction. For that, we explore different types of charge-
translocating membrane proteins. Our broad study includes
historically key respiratory chain proteins as the complexes I to
IV, as well as other Δμ̃ generating enzymes, which have never
been delved into from this perspective. For each charge-
translocating protein we analyze the respective reaction
thermodynamics, electron transfer/catalytic pathways, charge
translocation process, and ion/substrate stoichiometries. Out
of the scope of this review are the molecular mechanisms
involved in Δμ̃-driven energy transducing proteins such as the
Δμ̃-driven mechanical work proteins (like bacterial flagella) or
Δμ̃-driven transport proteins (like the Na+/H+ antiporter or
the lactose/H+ symporter), meaning proteins that consume
rather than form a membrane electrochemical potential.
Nevertheless, due to their roles in the process of oxidative
phosphorylation, brief discussions on ATP-synthases and
succinate dehydrogenase are included.

2. TRANSMEMBRANE DIFFERENCE OF THE
ELECTROCHEMICAL POTENTIAL

The transmembrane difference of the electrochemical
potential, Δμ̃ is a universal form of cellular energy that is
only established by charge-translocating membrane proteins,
which use the favorable Gibbs energy change (ΔG) from
chemical or isomerization reactions to perform electrochemical
work by translocating charges (electrons or ions, H+ or Na+)
across the membrane.9

Δμ̃ is created by the translocation of electrons or/and of
ions (I, specifically H+ and/or Na+) against the respective
electric field and/or in the direction of their highest
concentration. In this way, Δμ̃ may be considered as the
escape tendency of charged molecules due to both a
concentration gradient and an electrical potential. Thus, Δμ̃
contemplates an electrical (ΔΨ) and a chemical component
(ΔpI) (eq 1, eq 2 and eq 3, for one mol of respective ion):

μΔ ̃ = ·ΔΨ − ·ΔF RT I2.3 pI (1)

I being the ion (please note that in this case I+ is a mono
cation, H+ or Na+) translocated between the two sides of the
membrane.
Specifically, for H+ and Na+, we have

μΔ ̃ = ·ΔΨ − ·Δ+ F RT2.3 pHH (2)

μΔ ̃ = ·ΔΨ − ·Δ+ F RT2.3 pNaNa (3)

in which F and R are the Faraday and Gas constants,
respectively, and T is the temperature. The electrical
component, ΔΨ, refers to the difference of the electrical
components of the two sides of the membrane. ΔpI is the
difference between the pI values (−log10[I], I being the ion; H+

Figure 1. Energy transduction. Schematic representation of a cell
membrane (in gray) containing energy transducing membrane protein
complexes. These membrane proteins contribute to the establishment
of a transmembrane difference of the electrochemical potential (Δμ̃)
by coupling the Gibbs energy change (ΔG), involved in chemical (a)
or light (b) reactions, to the thermodynamically unfavorable
translocation of charges (electrons/ions) across the membrane
(solid blue arrows). One side of the membrane is referred as being
negative (−) and the other positive (+). Δμ̃ can drive different
cellular processes (dashed blue arrows), such as the synthesis of ATP
(c), transport of solutes across the membranes (solid black arrow)
(d), and flagellar movement (e).

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.0c00830
Chem. Rev. 2021, 121, 1804−1844

1805

https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00830?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00830?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00830?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00830?fig=fig1&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00830?ref=pdf


or Na+) observed at the two sides of the membrane. In most
respiratory systems, the electrical component ΔΨ is dominant
compared to ΔpI.
Charge-translocating membrane proteins may generate or

consume membrane electrochemical potential, either in the
form of Δμ̃H+ or Δμ̃Na+. In fact, these two types of membrane
electrochemical potential have equivalent roles, as they have
been observed to power the same membrane linked
biochemical work as the synthesis of ATP, transport of solutes,
or motility (Figure 1). Moreover, Δμ̃H+ and Δμ̃Na+ can be
generated across the same membrane (as in the case of
prokaryotes and outer cell membrane of plants and fungi) or
separately using specially adapted membranes (such as the
mitochondrial or chloroplastidial ones, which use Δμ̃H+; or the
animal plasma membrane, which depends on Δμ̃Na+).10,11 Δμ̃H+

and Δμ̃Na+ are interconverted, according to the cell needs, by
the action of Na+/H+ antiporters.
Δμ̃I, has units of kJ mol−1 and, when divided by the Faraday

constant (F = 96.5 kJ mol−1·V−1), it is expressed in volts (V),
being thus referred to as ion motive force, Δp (eq 4). In this
case,

μ
Δ =

Δ ̃
= ΔΨ −

·Δ
p

F
RT I

F
2.3 pI

(4)

Thus, the Gibbs energy change associated with the ion motive
force can be indicated as

Δ = − · ·ΔG m F p (5)

with m being the number of translocated charges.
Considering an average Δp of 180 mV, the ΔG of the

reaction has to be at least −17.4 kJ/mol, in order to translocate
a minimum of one charge (m) against the electrochemical
potential.
When an oxidoreduction reaction powers the charge

translocation, ΔG may be expressed as

Δ = − · ·ΔG n F E (6)

in which ΔE is the difference between the reduction potentials
of the two half-reactions and n the number of electrons
involved in the reaction. Combining eq 5 and eq 6, we get

·Δ = ·Δn E m p (7)

In an oxidoreduction reaction, in order to translocate one
charge, the ΔE of the reaction has to be 180 or 90 mV (Δp =
180 mV), in an one-electron or two-electron transfer reaction,
respectively. Very importantly, the transport of one negative
charge from the positive (P) to the negative (N) side of the
membrane is equivalent to the transfer of one positive charge
in the opposite direction. The relation expressed in eq 7 will be
useful when discussing H+/e− stoichiometries of the different
redox-driven charge-translocating enzyme complexes (see
below). Likewise, eq 5 will be helpful for the analyses of the
number of ions possibly translocated by decarboxylation,
dephosphorylation, or methyl transfer reactions.
In literature, specifically in textbooks, the physiological value

of the ion motive force takes almost exclusively into account
the value obtained for the mitochondria. In addition to this
value, which was determined to be around 180 mV (negative
on the side facing the matrix),12 Δp has been measured for the
bacteria Escherichia coli (160 mV, in aerobiosis, or 140 mV, in
anaerobiosis),13 Wolinella succinogenes (170 mV, during
polysulfide respiration),14 Staphylococcus aureus (200 or 140
mV, during aerobic or anaerobic growth at pH 7,
respectively)15 and for the archaeon Methanosarcina barkeri
(130 mV, during methanogenesis)16 (in all prokaryotes the
negative side of the membrane is that facing the cytoplasm).
Although this sampling comprises a reduced number of
organisms/organelles, these are diverse enough and seem to
indicate that respiratory membranes present Δp values
between 130 and 200 mV, depending on the growth

Figure 2. Mechanisms for the establishment of the transmembrane difference of the electrochemical potential (Δμ̃). Schematic representation of a
cell membrane containing energy transducing membrane protein complexes. Charge translocation that leads to the formation of the membrane
electrochemical potential is coupled to a thermodynamically favorable reaction and can thus be classified as (i) redox-driven (a, b, d), (ii) light-
driven (c, h), (iii) methyl transfer-driven (e), (iv) decarboxylation-driven (f), or (v) dephosphorylation-driven (g). Irrespectively of the energy
source and consequent type of reaction, all charge-translocating proteins follow two molecular coupling mechanisms: direct- or indirect-coupling.
In a direct-coupling mechanism, the translocated charges are involved in the catalytic reaction and the energy conservation occurs through the
movement of these charges, electrons (solid red arrows) and protons (solid blue arrows), across the membrane (gray boxes), against their
electrochemical gradient (a−c). For electron transfer to be possible, due to the membrane width, the presence of prosthetic groups inside
membrane proteins is required (black dot). In an indirect-coupling mechanism, the translocated charges are not involved in the catalytic reaction,
which takes place at the periphery of the membrane facing the negative (N, −) or positive side (P, +) (for clarity, only one of these possibilities is
schematized in the figure). The Gibbs energy change of the catalytic reaction powers the movement of ions (H+ or Na+) through the membrane
from the N- to the P-side of the membrane (d−h).
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conditions. Even so, additional experimental evidence focusing
on unrelated taxa and diverse growing conditions should be
gathered, to further understand the physiological range of Δp.
Considering that membranes are 40−50 Å wide, the
mentioned Δp values generate a biologically relevant electric
field across the lipid membrane. This compels biological
systems to regulate Δp, so that it does not increase and exceed
the physiological limit, leading to membrane disruption, or to
avoid going below the threshold needed for ATP synthesis,
transport or mobility.

3. ESTABLISHMENT OF THE ELECTROCHEMICAL
POTENTIAL

The transmembrane difference of the electrochemical potential
(Δμ̃ in kJ mol−1) or the ion motive force (Δp in mV) is only
established by performing electrochemical work across a
biological bilayer. Membranes are impermeable to charges
due to the apolar nature of their lipid bilayer constitution,
allowing them to function as capacitors, sustaining electric
fields. In this way, one side of the membrane is referred to as
being negative (N-side) and the other as positive (P-side). The
only way charges (electrons or cations, specifically H+ or Na+)
can cross biological membranes, thus contributing to the
establishment of the Δμ̃, is to go through specialized protein
complexes. The two possible molecular mechanisms used by
membrane protein complexes to do so are the direct-coupling
and indirect-coupling, which are schematically represented in
Figure 2.
In a direct-coupling mechanism, the translocated charge is

directly involved in the chemical reaction, being an integrant
part of the substrates or products. In this case, the catalytic
reaction involves an oxidoreduction and the translocating
mechanism requires that the two half-reactions take place at
opposite sides of the membrane, in which the oxidation
reaction occurs at the P-side and the reduction reaction takes
place at the N-side. Alternatively, the catalytic reaction may
take place inside of the membrane, with the consumption of
electrons and protons from opposite sides, i.e., electrons from
the P-side and protons from the N-side, as in the case of
oxygen reductases (see below). The Gibbs energy change
involved in these oxidoreduction reactions powers the
movement of charges through the membrane.17−19 In addition,
in the direct coupling mechanism, the presence of prosthetic
groups inside membrane proteins is required. This is because
according to Marcus theory, together with the experimental
work of Moser and Dutton,20,21 electron transfer in biological
systems may occur at distances no longer than ∼18 Å, a much
shorter distance than the 40−50 Å width of membranes.
In an indirect-coupling mechanism, the translocated charges

are not involved in the catalytic reaction. In this case, the
Gibbs energy change, involved in the chemical reaction (not
necessarily an oxidoreduction), powers the movement of ions
(H+ or Na+), the coupling ion, through the membrane, from
the N- to the P-side of the membrane. The chemical reaction
occurs at the periphery of the membrane facing the P-side or
N-side. The transmembrane proteins of the complexes
performing an indirect-coupling mechanism, present regulated
pathways for ion conduction. In the case of the coupling ion
being the H+, the channels are formed by amino acid residues
with side chains that can establish hydrogen bonds. This
constitutes a hydrogen bond network, which allows proton
transfer by successive breaking and concomitant formation of
hydrogen bonds, as it occurs in water, known as a Grotthuss-

type mechanism.22−24 Although Na+ transport cannot occur by
such type of mechanism, the determinants of the specificity of
a channel for H+ or Na+ are not clear yet. H+-binding seems to
require the presence of hydrophilic groups, while Na+

coordination needs several ligands with an appropriate spatial
geometry.25−27 In some proteins, small differences in just one
specific amino acid residue seem to determine the specificity
for H+ or Na+,27−30 suggesting that a relation between the
specificity of the substrate/catalytic reaction and the type of
the coupling ion does not exist.
In the following subsections, we thoroughly examine the

molecular mechanisms and respective reaction thermodynam-
ics of membrane protein complexes that translocate charges
across the membrane.

3.1. Direct-Coupling Mechanism

Charge-translocating proteins can contribute to the formation
of the Δμ̃ by a direct-coupling mechanism (Figure 2) in which
the translocated charges are directly involved in the catalytic
reaction. Charge translocation across the membrane, which
contributes to the buildup of a Δμ̃, is powered by the Gibbs
energy change of the catalytic reaction. The reaction involved
is an oxidoreduction, and energy conservation takes place
through the movement of electrons across the membrane, from
the P- to the N-side, or through the movement of electrons
and protons that are consumed inside the membrane. The first
situation has been historically mentioned as a redox loop or
charge separation mechanism, whereas the second has been
referred as a redox loop modified by a “proton well”
mechanism.31,32 The redox loop mechanism was proposed to
involve hydrogen atom carriers that would transport electri-
cally neutral hydrogen from the negatively charged N-side of
the membrane to the positively charged P-side, with
simultaneous occurrence of electron transfer in the opposite
direction. In fact, it is this electron transfer, which is
electrogenic, i.e., performs electrical work, that contributes to
the buildup of the membrane electrochemical potential. In
theory, this direct mechanism does not necessarily imply
oxidoreduction reactions involving protons or hydrogen atoms
carriers. The enzyme tetraheme membrane cytochrome
complex (Tmc) is an example of a system that contributes
to the buildup of the membrane electrochemical potential by
catalyzing an oxidoreduction reaction without the intervention
of protons (see below).
Given that the translocated charge is involved in the catalytic

reaction, in the case of a direct-coupled mechanism, the
catalytic reaction and the charge translocation activity cannot
be dissociated, i.e., the process cannot be uncoupled. As
mentioned above, because membranes are 40−50 Å wide, the
presence of prosthetic groups in a transmembrane subunit is
required for electron transfer.20 In many cases, the electron
transfer occurs through more than a single prosthetic group,
usually two b-type hemes, placed ∼15 Å apart and at opposite
sides of the membrane. Although most direct-coupling
mechanisms contribute to the formation of the Δμ̃ by electron
transfer, these proteins are usually referred through the
literature as H+-translocating systems because the transport
of one negative charge from the P- to the N-side of the
membrane is equivalent to the transfer of one positive charge
in the opposite direction, with a H+/e− stoichiometry of 1.
Therefore, throughout the text, we will be referring to the H+/
e− stoichiometry even in the cases in which the translocated
charge is a negative one.
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3.1.1. Redox-Driven Charge Translocation. 3.1.1.1. For-
mate Dehydrogenase Family. Among enzymes performing
energy conservation by a direct-coupling mechanism, the
membrane-bound formate dehydrogenase (Fdn-N), or
formate:quinone oxidoreductase, is one of the most studied
enzymes (Figure 3, Fdn-N). The homotrimeric Fdn-N
complex, active under anaerobic conditions, was biochemically
characterized inE. coli (Fdn-N) andW. succinogenes
(FdhABC).33−35 Fdn-N, encoded by the FdnGHI operon, is
composed of three subunits whose structure was determined at
1.6 Å (PDB 1KQF).36,37 The catalytic subunit, or α-subunit
(FdnG), contains a molybdo-bis(pyranopterin guanine dinu-
cleotide) (Mo-bisPGD) cofactor and one [4Fe-4S]2+/1+ cluster.
The four-cluster protein (FCP) or β-subunit (FdnH) is an
electron transfer subunit with four [4Fe-4S]2+/1+ clusters,
anchored to the membrane by 1 transmembrane helix (TMH).
The so-called membrane anchor protein (MAP) (FdnI), also
referred to as γ-subunit, has four transmembrane helices
(TMHs), containing two b-type heme groups (each one close
to opposite sides of the membrane, bN and bP) and a
menaquinone-binding site close to the N-side of the
membrane. The catalytic subunit, FdnG, and the electron
transfer subunit, FdnH, are attached to FdnI at the P-side of
the membrane (Figure 3, Fdn-N).36 All the redox centers of
Fdn-N are aligned in a single chain. Formate is oxidized at the
FdnG subunit by the Mo-bisPGD cofactor, which transfers the
electrons directly to the closest [4Fe-4S]2+/1+ cluster. The
electrons are then transferred through the four [4Fe-4S]2+/1+

clusters, present in the FdnH subunit, and the b-type hemes in
FdnI to the quinone, which binds near the N-side of the
membrane and accepts electrons directly from heme bN.

19,36

Formate oxidation (Em,7 (formate/carbon dioxide) = −432 mV, Table
1)38 with menaquinone reduction (Em,7 (menaquinone ox/red) = −74

mV)38,39 is an exergonic reaction, with a reduction potential
difference (ΔE) of +358 mV, at pH 7. ΔE is related to Δp by
eq 7 (n·ΔE = m·Δp), where m is the number of charges that
can be translocated and n the number of electrons involved in
the reaction. If we consider an average Δp of 180 mV, a ΔE of
at least 180 mV is necessary to promote one electron transfer
through the membrane from the P- to the N-side of the
membrane. So, the ΔEFdn‑N (two electrons are involved in the
reaction) provides enough energy for the translocation of
charges across the membrane. In fact, Fdn-N was shown, in E.
coli spheroplasts, to translocate two charges per two electrons,
with a H+/e− stoichiometry of approximately 1.36,40,41 Please
note, as mentioned above, that it is the translocation of
electrons from the P- to the N-side of the membrane that is
associated with energy conservation. However, the trans-
location of electrons through the membrane from the P- to the
N-side of the membrane is equivalent to the translocation of a
positive charge from the N- to the P-side, and thus in most
studies H+/e− ratios are reported. E. coli contains another
formate dehydrogenase, the aerobic formate dehydrogenase
(Fdh-O) homotrimer, encoded by the fdoGHI cluster, which is
assumed to have the same topology as Fdn-N due to the high
similarity in their amino acid sequences.42 Nevertheless, Fdh-O
and Fdh-N differ in the respective electron acceptor. Fdh-O is
expressed under aerobic conditions and uses ubiquinone
(Em,7 (ubiquinone ox/red) = +113 mV)38 instead of menaquinone,
the physiological electron acceptor of Fdn-N.43 As in the case
of Fdn-N, the Gibbs energy change of this reaction (ΔEFdn‑O =
+545 mV) is enough to translocate through the membrane the
two electrons involved in ubiquinone reduction (Table 2).
Group-1 [NiFe] hydrogenase (Hyd-1), the methanophena-

zine-reducing hydrogenase (Vho) and the octa-hemecyto-
chrome complex (Ohc) have the same subunit topological

Figure 3. Formate dehydrogenase family. Schematic representation of formate dehydrogenase (Fdn-N) monomer, group-1 [NiFe] hydrogenase
(Hyd-1) monomer, methanophenazine-reducing hydrogenase (Vho), octa-hemecytochrome complex (Ohc), and thiosulfate reductase (Phs),
which perform energy transduction by a direct-coupling mechanism. The Gibbs energy change of the oxidoreduction reactions powers the
translocation of electrons (involved in the catalytic reaction), from the positive (P, +) to the negative (N, −) side (solid red arrows) of the
membrane (gray box) and leads to the generation of a transmembrane electrochemical potential (Δμ̃). The translocation of electrons (involved in
the catalytic reaction), from the N- to the P-side of the membrane (dashed red arrows), dissipates the Δμ̃. Electron transfer that takes place outside
of the membrane (dashed gray arrows) does not contribute to the Δμ̃. Orange subunits, represent membrane subunits that contribute to the
buildup of the Δμ̃; dashed orange subunits, membrane subunits responsible for the dissipation of the Δμ̃. ΔE, difference between the reduction
potentials of the two half-reactions; ΔE > 0, exergonic reaction; MQ, oxidized menaquinone; MQH2, reduced menaquinone; MP, oxidized
methanophenazine; MPH2, reduced methanophenazine; HCOO−, formate; CO2, carbon dioxide; H2, hydrogen; H+, proton; Tplc3, type I
tetraheme cytochrome c3; S2O3

2−, thiosulfate; S2
−, sulfide; SO3

2−, sulfite. Cubes, pyramids, dots, and others represent the different prosthetic groups
as mentioned.
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configuration as Fdn-N, with a diheme cytochrome b subunit, a
quinone-binding site on the N-side of the membrane and a
catalytic subunit at the P-side of the membrane (Figure 3).44

Group-1 [NiFe] hydrogenase (Hyd-1) are membrane-
bound enzymes that catalyze the reduction of menaquinone by
oxidation of molecular hydrogen (Em,7 (H+/H2) = −414 mV)38

(Figure 3, Hyd-1). The prototype Hyd-1 from W. succinogenes
(HydBACWs) consists of two periplasmic subunits (HydA and
HydB) and one membrane subunit (HydC). HydB is the
largest subunit containing the nickel−iron catalytic center,
while HydA is the smallest subunit harboring three iron−sulfur
clusters. HydC is the membrane subunit with two b-type
hemes, whose amino acid sequence is similar to that of
FdnI.17,64 HydBACWs is anchored to the P-side of the
membrane by the C-terminal of the small subunit and the
integral membrane subunit HydC.65 HydBACWs shows
similarity to hydrogenase HyaABCEc of E. coli. The
homodimeric crystal structure of HyaABCEc (PDBs 3UQY,
4GD3) reveals the presence of the nickel−iron cluster in the
large subunit (HyaA), and the three iron−sulfur clusters

forming an electron wire in the small subunit (HyaB),66,67 as in
all [NiFe]-hydrogenases;44 in this subunit, a [3Fe-4S]1+/0

cluster is located between the two [4Fe-4S]2+/1+ clusters.66

The membrane subunit (HyaC) has the menaquinone-binding
site close to the N-side of the membrane and binds two b-type
hemes in opposite sides of the membrane.66,68 Hyd-1 catalyzes
an exergonic reaction (ΔEHyd‑1 = +340 mV) coupled to the
formation of Δμ̃, generated by the transmembrane electron
transfer from hydrogen to menaquinone. In HydBACWs
containing proteoliposomes, the hydrogen:2,3-dimethyl-1,4-
naphthoquinone (DMN) oxidoreductase activity was calcu-
lated to generate Δμ̃, with a H+/e− stoichiometry of 1.69,70 In
E. coli, Hyd-1 is able to catalyze the reverse reaction, i.e., the
electron transfer from menaquinone to H2, which dissipates
Δμ̃.71
The methanophenazine-reducing hydrogenase (Vho)

(Figure 3, Vho), present in methanogens, is structurally similar
to Hyd-1.72−74 Vho catalyzes the oxidation of hydrogen in the
P-side of the membrane and transfers electrons via the two b-
type hemes to metanophenazine (Em,7 (methanophenazine ox/red) =
−165 mV),56 near the N-side of the membrane. In
Methanosarcina mazei, the involvement of Vho in energy
conservation was shown, with a H+/e− ratio of 0.9, during the
reduction of the water-soluble metanophenazine analogue 2-
hydroxyphenazine by H2(ΔEVho = +249 mV).47

The octa-hemecytochrome complex (Ohc) (Figure 3,
Ohc), present in sulfate reducing bacteria, is a three-subunit
complex, OchABC. OhcA and OchB are periplasmic subunits,
with eight c-type hemes and three [4Fe-4S]2+/1+ clusters,
respectively, while OhcC is a membrane subunit with two b-
type hemes.75,76 Ohc interacts with the hydrogenase/
tetraheme cytochrome c3 (TpIc3)

77 couple (Em,7 (H+/H2) =
−414 mV) and is suggested to reduce menaquinone. By
similarity to Fdn-N complex, this complex can be hypothesized
to contribute to the formation of Δμ̃, because its quinone-
binding site would be located close to the N-side of the
membrane and the reaction is sufficiently exergonic (ΔEOhc =
+340 mV) to translocate electrons against the Δμ̃.
Thiosulfate reductase (PhsABC) catalyzes menaquinone:-

thiosulfate oxidoreduction and has amino acid sequence
similarities to Fdn-N of E. coli.78 By analogy, the periplasmic
subunits PhsA and PhsB have binding motifs to the Mo-
bisPGD cofactor and to four iron−sulfur clusters, respec-
tively.78,79 The membrane FdnI-like subunit, PhsC, anchors
the PhsAB to the membrane and is predicted to be a
cytochrome b with two hemes located at opposite sides of the
membrane with a menaquinol-binding site at the N-side.17

PhsABC oxidizes menaquinol and converts thiosulfate to
sulfide and sulfite78,80 (Em,7 (thiosulfate/sulfide+sulfite) = −402 mV)38

(Figure 3, PhsABC). However, such a highly endergonic
reaction (ΔEPhsABC = −328 mV) can only be driven by Δμ̃,
considering that in physiological conditions the concentrations
of thiosulfate, sulfide, and sulfite are such that the ΔE for the
overall reaction decreases to −200 mV.78 In fact, in Salmonella
enterica, this reaction was shown to be driven by Δμ̃.78 The
movement of electrons from the N- to the P-side of the
membrane, dissipate the Δμ̃ and is the driving force of the
reaction. In vitro, S. enterica PhsABC was able to catalyze the
reverse of the physiological reaction.78

3.1.1.2. Nitrate Reductase Family. Nitrate reductase
(NarGHI) from E. coli is a homodimer quinol:nitrate
oxidoreductase, expressed during nitrate respiration by the
narGHJI operon.81 NarGHI is structurally similar to Fdn-N

Table 1. Reduction Potentials of Reducing and Oxidizing
Agents Involved in Redox Reactionsa

redox pair Em,7 (mV)

ammonia/hydroxylamine +73045

APS/sulfite −6046

CoB-S-S-CoM/HS-CoM + HS-CoB −14347

cytochrome c ox/red +25048

demethylmenaquinone ox/red +3649

DMSO/DMS +16050

DsrC ox/red −15051

F420 ox/red −34052

Fe3+/Fe2+ +77238

ferredoxin ox/red −50053

formate/carbon dioxide −43238

fumarate/succinate +3338

H+/H2 −41438

HiPIP ox/red +25054

menaquinone ox/red −7438

methane/methanol +16955

methanophenazine ox/red −16556

methyl-menaquinone-6 ox/red −22014

NAD+/NADH −32038

nitrate/nitrite +43338

nitric oxide/nitrous oxide +118057

nitrite/ammonia +34058

H2O/O2 +82038

O2
−/O2 −18059

plastocyanin ox/red +37060

plastoquinone ox/red +8061

polysulfide/hydrogen sulfide −26062

semiubiquinone/ubiquinone −16048

tetrathionate/thiosulfate +19863

thiosulfate/sulfide + sulfite −40238

ubiquinone ox/red +11338

aEm,7, standard redox potential at pH 7. APS, adenosine 5′-
phosphosulfate; CoB-S-S-CoM, coenzyme B-coenzyme M hetero-
disulfide; HS-CoM, coenzyme M; HS-CoB, coenzyme B; DMSO,
dimethyl sulfoxide; DMS, dimethyl sulfide; DsrC, heterodisulfide
protein; Fe3+, ferric ion; Fe2+, ferrous ion; H+, proton; H2, hydrogen;
HiPIP, high-potential iron−sulfur protein; NADH/NAD+, nicotina-
mide adenine dinucleotide; O2

−, superoxide; O2, oxygen; H2O, water;
ox, oxidized state; red, reduced state.
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(PDB 1Q16),82 although the peripheral subunits NarG and
NarH are anchored on the N-side of the membrane to the
diheme cytochrome b subunit, NarI. This means that NarGHI
presents an inverted orientation in relation to the membrane
when comparing to Fdn-N (Figure 4, NarGHI).82 Likewise,
the quinol binding site, at NarI, is located close to the P-side of
the membrane and not close to the N-side as observed for the
quinone binding site of Fdn-N. The eight redox centers of
NarGHI, aligned as an electron transfer wire (heme bP, heme
bC, [3Fe-4S]

1+/0 cluster, four [4Fe-4S]2+/1+ clusters, and Mo-
bisPGD cofactor), provide a pathway for the transfer of the
electrons from quinol to nitrate (Em,7 (nitrate/nitrite) = +433 mV,
Table 1).38,82 NarGHI catalyzes an exergonic reaction
(ΔENarGHI‑MQ = +507 mV or ΔENarGHI‑UQ = +320 mV, if the
electron donor is menaquinol or ubiquinol, respectively),
which allows the transfer of the two electrons involved in the

reaction from the P- to the N-side of the membrane, resulting
in a H+/e− stoichiometry of 1.83 In Thermus thermophilus, the
nitrate reductase has an additional subunit, NarC, with two c-
type hemes, oriented toward the P-side.84 The role of this
subunit in electron transfer is still unclear, but it was shown to
be essential to nitrate respiration by this organism.84,85 NarC
was hypothesized to be implicated in electron transfer to the
soluble nitrite (Nir) or nitric oxide (Nor) reductases during
nitrate respiration.86 In several archaeal denitrifiers, NarGH
subunits are predicted to be transported to the P-side of the
membrane (pNarGHI) due to the presence of a twin-arginine
translocation (Tat) signal sequence.87 The presence of a Tat
signal sequence is indicative that the folded protein is
translocated from the N- to the P-side of the membrane.
Nevertheless, bioinformatic analysis of Tat signal sequences
and reporter gene fusions have to be interpreted with

Table 2. Protein Complexes Performing Charge Translocation by Direct-Coupling Mechanisma

enzyme reducing substrate oxidizing substrate Δμ̃ ΔE (mV) I+/e−

formate dehydrogenase Fdn-N HCOO− MQ + +358 1(a)

Fdn-O UQ +545 1a

group-1 [NiFe] hydrogenase Hyd-1 H2 MQ + +340 1(a)

methanophenazine-reducing hydrogenase Vho H2 MP + +249 1(a)

octa-heme cytochrome complex Ohc TpIc3 red MQ + +340 1a
thiosulfate reductase PhsABC MQH2 S2O3

2− −(a) −328 1a

nitrate reductase NarGHI MQH2 NO3
− + +507 1

UQH2 +320 1(a)

membrane-bound heterodisulfide reductase HdrDE MPH2 CoBSSCoM + +22 1(a)

quinone-interacting membrane-bound OR QmoABC MQH2 AprAB ox + +14(b) 1a
membrane-bound superoxide oxidase SOO O2

− UQ +(a) +293 1a
tetraheme membrane cytochrome complex Tmc TpIc3 red DsrC ox + +264 1a

cytochrome bc1 complex bc1 MQH2 cyt c ox + +324c) 1
UQH2 +137c) 1(a)

cytochrome b6 f complex b6 f PQH2 Pc ox + +290 1(a)

cyt c ox +170 1(a)

cbsAB-soxLN-odsN UQH2 cyt c ox + +137 1
cytochrome bd oxidase bd oxidase MQH2 O2 + +892 + 705 1(a)

UQH2 1(a)

photosystem II PSII H2O PQH2 + −738(d) 1(a)

photosystem I PSI Pcred Fd ox + −870(d) 1(a)

reaction center II RCII cyt c red MQ + −324(d) 1
UQ −137(d) 1

reaction center I RCI cyt c red Fd ox + −750(d) 1
aΔμ̃, transmembrane difference of the electrochemical potential; +, protein contributes to the buildup of the Δμ̃; −, redox reaction dependent of
Δμ̃; ΔE, difference between the reduction potentials of the two half-reactions; ΔE > 0, exergonic reaction; ΔE < 0, endergonic reaction; I+/e−,
stoichiometry of the number of ions translocated per electron; HCOO−, formate; MQ, oxidized menaquinone; MQH2, reduced menaquinone; UQ,
oxidized ubiquinone; UQH2, reduced ubiquinone; H2, hydrogen; MP, oxidized methanophenazine; MPH2, reduced methanophenazine; TpIc3, type
I cytochrome c3; S2O3

2−, thiosulfate; NO3
−, nitrate; CoBSSCoM, coenzyme M-coenzyme B heterodisulfide; AprAB, adenosine 5′-phosphosulfate

reductase; O2
−, superoxide; DsrC, heterodisulfide protein; cyt c, soluble cytochrome c; O2, oxygen; H2O, water; PQH2, reduced plastoquinone; Pc,

plastocyanin; Fd, ferredoxin; ox, oxidized state; red, reduced state; OR, oxidoreductase. (a) experimentally observed; (b) bifurcation/confurcation
mechanism with a third unknown redox partner; (c) electron bifurcation mechanism; (d) light-driven reaction. Please note that these reactions
involve the transfer of two electrons and that the transport of one negative charge from the positive (P) to the negative (N)-side of the membrane
is equivalent to the transfer of one positive charge in the opposite direction, therefore, we refer to the I+/e− stoichiometry even in the cases in which
the translocated charge is a negative one. For further explanations, see text.
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caution.88 The expected topology of pNarGHI, in the case of
NarGH subunits are transported to the P-side, implies that this
enzyme would not contribute to the establishment of the Δμ̃
because no electrical work would be performed as the electrons
involved in the reaction would be, in this case, transferred from
the negative to the positive side of the membrane.
Like NarGHI, the membrane-bound heterodisulfide reduc-

tase (HdrDE) and the quinone-interacting membrane-bound
oxidoreductase complex (QmoABC) have the catalytic subunit
on the N-side of the membrane and the quinol-binding site
near the P-side of the membrane.89

The membrane-bound heterodisulfide reductase
(HdrDE) (Figure 4, HdrDE), present in methanogenic
archaea,90 couples methanophenazine oxidation to the
reduction of the coenzyme B-coenzyme M heterodisulfide
(CoB-S-S-CoM) (Em,7 (CoB‑S‑S‑CoM/HS‑CoM+HS‑CoB) = −143
mV).47,56 HdrDE is composed of two subunits, a membrane
subunit NarI-like (HdrE) and a peripheral subunit at the N-
side of the membrane (HdrD). HdrE subunit is a b-type
cytochrome described to harbor a low-spin and a high-spin
heme and oxidizes methanophenazine. HdrD subunit contains
two [4Fe-4S]2+/1+ and is involved in the heterodisulfide
reduction.91 Some authors proposed that only the low-spin
heme (at the N-side of the membrane) and the high-potential
[4Fe-4S]2+/1+ cluster were involved in catalysis.92,93 However,
the heterodisulfide reduction by Hdr was shown to be coupled
to the buildup of Δμ̃, with a H+/e− stoichiometry of 0.9,47

meaning that electron transfer across the membrane has to take
place to performed electrical work, which would imply the
involvement of the two hemes b. The ΔE of the
oxidoreduction reactions of Hdr (ΔEHdrDE = +22 mV) is not
sufficient to overcome the Δp of 180 mV and, consequently,
the transfer of the two electrons through the membrane against
Δμ̃. In Methanosarcina acetivorans, HdrDE enzyme was
proposed to be involved in direct electron transfer to Fe3+.94

In this case, the methanophenazine oxidation by Fe3+

(Em,7 (Fe3+/Fe2+) = +772 mV)38 has a ΔE of +937 mV, which

could allow electron transfer across the membrane (H+/e− =
1).
The quinone-interacting membrane-bound oxidoreduc-

tase complex (QmoABC), observed in sulfate-reducing
prokaryotes,90 is composed of three Hdr-like subunits.
QmoA and QmoB are cytoplasm facing FAD-containing
proteins and additionally, QmoB contains two [4Fe-4S]2+/1+

clusters. QmoC subunit is a fusion of HdrD and HdrE
proteins, containing a cytochrome b transmembrane domain
and a hydrophilic cytoplasmic domain with two [4Fe-4S]2+/1+

clusters.93 QmoABC was proposed to transfer electrons from
menaquinol to adenosine 5′-phosphosulfate (APS) reductase
(AprAB) (Em,7 (APS/sulfite) = −60 mV)46,95 (Figure 4, Qmo).
The ΔE of the redox reactions of Qmo (ΔEQmoABC = +14 mV),
as observed in the case of Hdr, is not sufficient to allow charge
translocation through the membrane against Δμ̃ (Δp = 180
mV). For this reaction to be possible, QmoABC was suggested
to perform either an electron bifurcation or an electron
confurcation mechanism46,51 (Figure 4, Qmo). In an electron
bifurcation mechanism, quinone oxidation would occur in one
electron transfer stepwise manner. The first oxidation of
menaquinol would be initiated by an unknown high reduction
potential acceptor and the formation of a semimenaquinone
(strong reducing agent) would favor the reaction of the low
potential acceptor, in this case AprAB. The electron bifurcation
mechanism concept will be further discussed for the bc1
complex (see below). In an electron confurcation mechanism,
menaquinol and ferredoxin were hypothesized to be the
electron donors to QmoABC.46

3.1.1.3. Membrane-Bound Superoxide Oxidase. Mem-
brane-bound superoxide oxidase (SOO) is a superoxide:ubi-
quinone oxidoreductase (Figure 5), biochemically character-
ized from E. coli.59 The crystal structure of E. coli’s membrane-
bound superoxide oxidase (CybB) (PDB 5OC0) shows an
integral membrane protein with 4 TMHs and two b-type
hemes at opposite sides of the membrane. A positively charged
funnel on the P-side of the membrane exposes the edge of the
porphyrin ring of the cytochrome b, where the oxidation of

Figure 4. Nitrate reductase family. Schematic representation of nitrate reductase (NarGHI) monomer, membrane-bound heterodisulfide reductase
(HdrDE), and quinone-interacting membrane-bound oxidoreductase complex (QmoABC), which perform energy transduction by a direct-
coupling mechanism. The Gibbs energy change of the oxidoreduction reactions powers the translocation of electrons (involved in the catalytic
reaction), from the positive (P, +) to the negative (N, −) side (solid red arrows) of the membrane (gray box) and leads to the generation of a
transmembrane electrochemical potential (Δμ̃). MQ, oxidized menaquinone; MQH2, reduced menaquinone; MP, oxidized methanophenazine;
MPH2, reduced methanophenazine; NO3

−, nitrate; NO2
−, nitrite; CoM-SH, coenzyme M; CoB-SH, coenzyme B; CoB-S-S-CoM, coenzyme B-

coenzyme M heterodisulfide; AprAB, adenosine 5′-phosphosulfate reductase. For further explanations, see legend of Figure 3.
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superoxide (Em,7 (O2/O2−) = −180 mV) is proposed to
occur.59,96 The reduction of ubiquinone was hypothesized to
take place on the N-side of the membrane.59 The arrangement
of the b-type hemes and the Gibbs energy change of the
reaction (ΔEcybB = +293 mV), allows CybB to contribute to
the generation of Δμ̃,59 through the translocation of electrons
from the P- to the N-side of the membrane. The reverse
reaction of CybB was also observed when the enzyme was
incubated with an excess of ubiquinol.59

3.1.1.4. Tetraheme Membrane Cytochrome. The tetra-
heme membrane cytochrome complex (Tmc) (Figure 6) is a
four subunit (TmcABCD) oxidoreductase that does not use
quinone as substrate. TmcA is a type II tetraheme cytochrome
c3 located at the P-side of the membrane; TmcB is a subunit
homologous to HdrD, with two [4Fe-4S]2+/1+ clusters and one

[4Fe-4S]3+/2+ cluster, located at the N-side of the membrane;
TmcC is an integral membrane diheme cytochrome b,
homologous to the NarI subunit; and TmcD is a
tryptophan-rich subunit at the N-side of the membrane.97 All
the redox centers of Tmc are reduced by the hydrogenase/
TpIc3 couple, indicating that Tmc transfers electrons from the
oxidation of H2, at the P-side, to an electron acceptor at the N-
side of the membrane.97 Because of the homology between
TmcB and HdrD, the Tmc complex is suggested to interact
with DsrC, a soluble heterodisulfide protein (Em,7 (DsrC ox/red) =
−150 mV), and act as a disulfide reductase.51 In this way, Tmc
would catalyze TpIc3:DsrC oxidoreduction, an exergonic
reaction (ΔETmc = +264 mV), which would allow the transfer
of two electrons from the P- to the N-side of the membrane
and thus contribute to the generation of Δμ̃ with an H+/e−

stoichiometry of 1.
3.1.1.5. Cytochrome bc1 Complex. Cytochrome bc1

complex, also referred to as complex III, is an oligomeric
membrane protein complex with quinol:cytochrome c
oxidoreductase activity. It is found as a structural and
functional homodimer in the cytoplasmic membrane of
prokaryotic organisms or in the inner mitochondrial membrane
of eukaryotes.98 The respective structures show different
compositions, from only three subunits in some bacteria
(PDB 2YIU)99 to 11 subunits in mitochondria (PDB
1BE3),100 but the catalytic core is common and consequently,
all bc1 complexes operate by the same mechanism. The core
subunits include cytochrome b, cytochrome c1, and the Rieske
iron−sulfur protein (ISP). Cytochrome b is an integral
membrane protein that contains two b-type hemes, the low
reduction potential heme bL and the high reduction potential
heme bH. Heme bL is located toward the P-side while heme bH
is close to the N-side of the membrane. This transmembrane
subunit has two binding sites for quinone/quinol molecules:
the first one, known as QP (also named Qo), is found near the
P-site of the membrane, and the second, known as QN (also
named Qi), is located closer to the N-side of the membrane.
Cytochrome c1 consists of a single transmembrane α-helix
attached to a periplasmic domain containing a c-type heme.
The Rieske subunit, also attached to the membrane by an α-
helix, contains a high potential [2Fe−2S]2+/1+ cluster (in which
one of the iron ions is coordinated by two histidine residues
instead of two cysteine residues) in a periplasmic domain.99,100

The other subunits, present in the eukaryotic complexes, are
designated as supernumerary subunits and do not have a well-
established function.100 Cytochrome bc1 complex operates by
the so-called Q-cycle mechanism, performing the electron
transfer from quinol to a soluble cytochrome c
(Em,7 (cytochrome c ox/red) = +250 mV, in mitochondria), a process
coupled to energy conservation (Figure 7).8,48,101−103 The Q-
cycle, despite having quinol oxidation and cytochrome c
reduction sites located at the P-side of the membrane, relies on
the same principles as those for the direct-coupling
mechanism, in which energy is conserved by electron transfer
across the membrane from the P- to the N-side of the
membrane. This is because the Q-cycle is also involved in the
reduction of another quinone molecule at the N-side. During
the Q-cycle, quinol is oxidized at the QP-site and the two
electrons involved are transferred to two different electron
acceptors: [2Fe-2S]2+/1+ cluster (Em,7 = +280 mV) from the
Rieske protein and heme bL (Em,7 = −100 mV) from the
diheme cytochrome b.8,48,104 The [2Fe-2S]2+/1+ cluster, with
the highest reduction potential of the two acceptors, is the

Figure 5. Membrane-bound superoxide oxidase. Schematic repre-
sentation of the membrane-bound superoxide oxidase (SOO), which
performs energy transduction by a direct-coupling mechanism. The
Gibbs energy change of the oxidoreduction reactions powers the
translocation of electrons (involved in the catalytic reaction) from the
positive (P, +) to the negative (N, −) side (solid red arrows) of the
membrane (gray box) and leads to the generation of a transmembrane
electrochemical potential (Δμ̃). UQ, oxidized ubiquinone; UQH2,
reduced ubiquinone; O2

−, superoxide anion; O2, oxygen. For further
explanations, see legend of Figure 3.

Figure 6. Tetraheme membrane cytochrome complex. Schematic
representation of tetraheme membrane cytochrome complex (Tmc),
which performs energy transduction by a direct-coupling mechanism.
The Gibbs energy change of the oxidoreduction reactions powers the
translocation of electrons (involved in the catalytic reaction) from the
positive (P, +) to the negative (N, −) side (solid red arrows) of the
membrane (gray box) and leads to the generation of a transmembrane
electrochemical potential (Δμ̃). Tplc3, type I tetraheme cytochrome
c3; DsrC, heterodisulfide protein. For further explanations, see legend
of Figure 3.
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initial acceptor of the first electron, which is then transferred to
the soluble cytochrome c through cytochrome c1.

8,103,105 The
transfer of the second electron to heme bL occurs because the
first quinol oxidation step forms an unstable semiquinone at
the QP-site (Em,7 (UQ·‑/UQ) = −160 mV) and heme bL (Em,7 =
−100 mV), in its oxidized state, is in close proximity.48,106

These conditions, in practice, allow the almost simultaneous
two-electron oxidation of the quinol. The almost simultaneous
transfer of two electrons to a high- and low-potential electron
acceptors in close proximity to the catalytic site is the basis of
the so-called electron bifurcation mode for energy conserva-
tion.105 The transfer of the first electron to the [2Fe-2S]2+/1+

cluster leads to a conformational change of the Rieske protein
that ensures the efficiency of the electron bifurcation at the QP-
site.107,108 The second electron is then transferred through the
second b-type heme (heme bH) to the QN-site, where a
quinone is reduced, allowing direct-coupling to occur by the
translocation of one electron across the membrane from the bL
heme (P-side) to the bH heme (N-side), for every quinol
oxidized. The overall reaction of Q-cycle involves the oxidation
of two quinol molecules, the reduction of two cytochrome c
and the transfer of two electrons across the membrane, from
the P- to the N-side, to the reduction of one quinone.48 The
movement of the electrons across the membrane performs
electrical work with a H+/e− stoichiometry of 1, experimentally
observed in proteoliposomes containing the bc1 complex.109 In
Acidithiobacillus ferrooxidans, the bc1 complex was demon-
strated to work in the reverse direction, i.e., with cytochrome
c:ubiquinone oxidoreductase activity when growing on iron at
low pH.6−8 In this case, bc1 complex dissipates the Δμ̃.
In plants and algae chloroplasts and cyanobacteria, a related

membrane protein complex is present, the cytochrome b6 f
complex.110,111 This complex has plastoquinol:plastocyanin/
cytochrome c6 oxidoreductase activity (Em,7 (plastoquinone ox/red) =
+80 mV, Em,7 (plastocyanin ox/red) = +370 mV),60,61 analogous to
the reaction catalyzed by cytochrome bc1 complex, and is part
of the electron transfer chain between the two photosynthetic
reaction center complexes, photosystems II and I. Eukaryotic
cytochrome b6 f complex is composed of eight subunits with six

prosthetics groups (PDB 1Q90).112 Four of these subunits are
common to cytochrome bc1 complex, including the catalytic
core: diheme cytochrome b, cytochrome f (also a cytochrome c
in which one of the heme axial ligands is the protein C-
terminal) and the Rieske iron−sulfur cluster. As for the two
additional prosthetic groups, they are chlorophyll a and heme
cn. The function of chlorophyll a is unknown, but it was
proposed to have a structural role similar to the function of
lipids in membrane proteins.110 Heme cn, located on the N-
side of the b6 f complex, near the bH heme, is suggested to be
involved in plastoquinone reduction.113 Cytochrome b6 f also
contributes to the formation of Δμ̃ by a Q-cycle mechanism112

(ΔE = +290 mV or ΔE = +170 mV, plastocyanin or
cytochrome c6 as electron acceptor, respectively) (Table 2).
Archaea do not contain the typical cytochrome bc1/b6 f

complex; instead, a complex with ubiquinol-cytochrome c
oxidoreductase activity, codified by the gene cluster cbsAB-
soxLN-odsN, is present. The archaeal complex, named
cytochrome ba complex in Acidianus ambivalens,114 is
composed of five subunits: the diheme cytochrome b
homologue, SoxN, the Rieske protein, SoxL, the high potential
cytochrome, CbsA, and the nonredox-active subunits, CbsB
and OdsN.114,115 The prediction of two quinone/quinol-
binding motifs in SoxN subunit supports the hypothesis that
this complex may also operate by a Q-cycle mechanism.114

3.1.1.6. Cytochrome bd Oxidase. Cytochrome bd oxidase
is a quinol:oxygen oxidoreductase with high oxygen
affinity.116,117 The enzyme is composed of two transmembrane
subunits (CydA and CydB in cytochrome bd-I oxidase or
AppC and AppB in cytochrome bd-II oxidase from E. coli),
which present the same fold, each comprising nine TMHs.
Cytochrome bd oxidases from proteobacteria contain a third
transmembrane subunit, CydX (CydH in E. coli), which is
composed of 1 TMH, crucial for the activity of the
enzyme.118−121 Cytochrome bd oxidase contains three
prosthetic groups, heme b558, heme b595 and heme d, arranged
in a triangular manner, buried ∼15 Å from the P-side of the
membrane in CydA (Figure 8). The quinol-binding site is also
present in subunit CydA, close to the P-side of the
membrane.120 The enzyme may catalyze the oxidation of
menaquinol or ubiquinol for the reduction of oxygen to water

Figure 7. Cytochrome bc1 complex. Schematic representation of
homodimeric cytochrome bc1 complex, which performs energy
transduction by a direct-coupling mechanism. The Gibbs energy
change of the oxidoreduction reactions powers the translocation of
electrons (involved in the catalytic reaction), from the positive (P, +)
to the negative (N, −) side (solid red arrows) of the membrane (gray
box) and leads to the generation of a transmembrane electrochemical
potential (Δμ̃). UQ, oxidized ubiquinone; UQH2, reduced
ubiquinone; Cytc, soluble cytochrome c. For further explanations,
see legend of Figure 3.

Figure 8. Cytochrome bd oxidase. Schematic representation of
cytochrome bd oxidase, which performs energy transduction by a
direct-coupling mechanism. The catalytic reaction takes place inside
of the membrane (gray box) with the consumption of electrons and
protons from opposite sides, i.e., electrons from the P-side (solid red
arrows) and protons from the N-side (solid blue arrows), leading to
the generation of a transmembrane electrochemical potential (Δμ̃).
UQ, oxidized ubiquinone; UQH2, reduced ubiquinone; O2, oxygen;
H2O, water. For further explanations, see legend of Figure 3.
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(Em,7 (O2/H2O) = +818 mV).38 The reaction is exergonic enough
to allow energy conservation, and in fact its contribution to the
establishment of Δμ̃ was shown.117 The contribution occurs by
a direct-coupling mechanism as the buildup of the Δμ̃ is
achieved through movement of substrate protons (used for the
reduction of oxygen to water) taken from the N-side to the
catalytic site close to the P-side of the membrane (Figure
8).117,122−125 The structures of the enzyme (PDB 5DOQ from
Geobacillus thermodenitrificans; PDB 6RKO from E. coli)
suggested the presence of two proton conducting channels,
one located at CydA and another present in CydB, which allow
proton conduction up to the catalytic site.120,121 On the basis
of mutagenesis studies and G. thermodenitrificans and E. coli
cytochrome bd oxidase structures, several amino acid residues
were proposed to be part of the two H+ pathways: glutamate
(Glu101cydA, Glu108cydA), serine (Ser142cydA, Ser139cydA,
Ser32cydB), threonine (Thr58cydA, Thr73cydA), tyrosine
(Tyr115cydA, Tyr18cydB, Tyr103cydB), glutamine (Gln39cydA),
histidine (His128cydA, His36cydB), aspartate (Asp25cydB), and
arginine (Arg99cydB) (nomenclature according to G. thermode-
nitrificans cytochrome bd oxidase structure).120,121,126−128

For every two quinol molecules (four electrons) needed for
the reduction of oxygen to water, four protons are translocated
across the membrane, generating a H+/e− stoichiometry of 1,
an experimentally determined value.122,125 The direct-coupling
mechanism of cytochrome bd oxidase differs from the other
mechanisms referred above because the two hemes b are in the
same plane of the membrane, near the P-side, and it is the
movement of positive charges across the membrane (H+), from
the N-side to the catalytic site, on the P-side of the membrane,
that allows energy conservation. Nevertheless, it is included in
the definition of the direct-coupling mechanism discussed in
this review because its contribution to the formation of the Δμ̃
results from the translocation of charges directly involved in
the catalytic reaction.
3.1.2. Light-Driven Charge Translocation. 3.1.2.1. Pho-

tosystem II and Photosystem I. Light-driven charge trans-
locating proteins are also associated with the buildup of the
Δμ̃, using light (photons) to drive endergonic reactions. In
green plants, algae, and cyanobacteria, the transduction of
energy from photons into Δμ̃ occurs in the membrane
complexes photosystems II (PSII) and photosystem I (PSI)
by a direct-coupling mechanism (Figure 9).129,130 PSII, which
homodimeric crystal structure was determined from the
cyanobacterium Thermosynechococcus elongatus (PDB 1W5C),
comprises, in the core, two reaction center proteins (D1 and
D2) and two antenna subunits (CP43 and CP47).131 D1 and
D2 are membrane proteins with five TMHs, similar to each
other, which contain two parallel electron transfer wires
spanning the membrane, composed of chlorophyll pigments,
pheophytin and bound plastoquinone. The Mn4CaO5 cluster
which composes the catalytic center for water oxidation is
present at the surface of D1 facing the P-side of the membrane
and plastoquinone reduction takes place close to the N-side of
the membrane. The chlorophyll pigments of D1 and D2
subunits, in the middle of the membrane, form the excitable
pigment P680 of the reaction center.131 CP43 and CP47
subunits have six TMHs arranged in a circular manner flanking
the D1 and D2 subunits, respectively. These subunits, with
antenna chlorophyll pigments, are responsible for light-
harvesting.131,132

The homotrimeric structures of PSI from cyanobacterium
Synechococcus elongatus (PDB 1JB0)133 and pea plant (PDB

4Y28)134 show that each PSI monomer is composed of, at
least, 12 subunits. PSI reaction center comprises PsaA and
PsaB subunits, each one with 11 TMHs. These subunits have
the electron transfer cofactors (chlorophyll pigments, phyllo-
quinones, and a [4Fe-4S]2+/1+ cluster) arranged in two
branches. The pair of chlorophyll pigments at the center of
PsaA and PsaB form the excitable pigment P700. In contrast to
PSII, which has CP43 and CP47 for light-harvesting, PSI has
the antenna chlorophyll pigments bound to the PsaA and PsaB
subunits. PSI has two additional [4Fe-4S]2+/1+ clusters in the
PsaC subunit at the N-side of the membrane, where ferredoxin
reduction occurs.129,133,134 Plastocyanin oxidation takes place
at the P-side of the membrane.
Photosystem II performs water oxidation to O2

(Em,7 (O2/H2O) = +818 mV) with reduction of plastoquinone
(ΔEPSII = −738 mV), while photosystem I catalysis the transfer
o f e l e c t ron s f rom p l a s tocyan in to f e r r edox in
(Em,7 (ferredoxin ox/red) = −500 mV)53 (ΔEPSI = −870
mV).61,135−137 Both water and plastocyanin oxidations take
place facing the N-side of the membrane, while plastoquinone
and ferredoxin and a reductions occur at the P-side, so the
reaction catalyzed by the photosystems involves electron
transfer through the membrane from the P- to the N-side
(Figure 9). The two oxidoreduction reactions performed by
the photosystems are thermodynamically unfavorable, and the
electron transfer across the membrane from the N- to the P-
side makes the two reactions even more unfavorable. In this
way, the reactions can only take place by the supply of energy,
which in these cases is supplied by photons. In PSII, upon
absorption of a photon, an excited state of P680 (P680*) is
established, becoming a very strong reductant, that transfers
one electron through the cofactors of D1 subunit (chlorophyll
pigment, pheophytin, and bound plastoquinone, PQA) to the

Figure 9. Photosystem II and photosystem I. Schematic representa-
tion of photosystem II (PSII) and photosystem I (PSI) monomers,
which perform energy transduction by a direct-coupling mechanism.
The two oxidoreduction reactions performed by the photosystems are
thermodynamically unfavorable, and the electron transfer across the
membrane from the N- to the P-side of the membrane makes the two
reactions even more unfavorable. In this way, the reaction can only
take place by the supply of energy, which in these cases is supplied by
photons. The translocation of electrons (involved in the catalytic
reaction) from the positive (P, +) to the negative (N, −) side (solid
red arrows) of the membrane (gray box) leads to the generation of a
transmembrane electrochemical potential (Δμ̃). ΔE < 0, endergonic
reaction; PQ, oxidized plastoquinone; PQH2, reduced plastoquinone;
Yz, pheophytin; QA, QB, and Q, bound plastoquinone; P680 and P700,
excitable pigments; Pc, plastocyanin; Fd, ferredoxin. For further
explanations, see legend of Figure 3.
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electron acceptor plastoquinone (PQB) on the N-side of the
membrane. The release of the electron from P680* generates a
species with very high reduction potential , P680

+

(Em,7 (P680+/P680) = +1300 mV), that is able to oxidize water.
Water oxidation occurs at the Mn4CaO5 cluster of D1, and the
electron is transferred to P680

+ via a redox-active tyrosine
residue side chain on D1 (Tyrz) (Figure 9, PSII).

129,131,137 In
PSI, similar to what happens in PSII, the excitation of P700
(P700*) leads to the transfer of one electron through the A0
chlorophyll pigments, phylloquinone and [4Fe-4S]2+/1+

clusters to ferredoxin at the N-side of the membrane. P700
+

(Em,7 (P700+/P700) = +450 mV) may be then reduced by the
oxidation of plastocyanin (Figure 9, PSI).129,133,137

PSII and PSI are thus light driven oxidoreductases, which
perform electrical work by electron transfer across the
membrane, presenting thus a direct coupling mechanism. In
fact, both photosystems are known to contribute to the
establishment of the Δμ̃ with a H+/e− stoichiometry of 1.138

In purple and green sulfur bacteria, the light-driven
oxidoreductase activity, coupled to energy conservation, occurs
in reaction centers, reaction center I (RCI) or reaction center
II (RCII), closely related to PSI or PSII, respectively.129,130

RCI catalyzes the cytochrome c:ferredoxin oxidoreduction
(ΔERCI = −750 mV), while RCII catalyzes the cytochrome
c:quinone oxidoreduction (ΔERCII = −137 mV or ΔERCII =
−324 mV, if the electron acceptor is ubiquinone or
menaquinone, respectively) (Table 2).129,130 Absorption of a
photon promotes the movement of electrons, involved in the
respective unfavorable oxidoreduction reactions, through the
respective reactions centers, from the P- to the N-side of the
membrane, which contributes to the establishment of the Δμ̃.
3.2. Indirect-Coupling Mechanism

In an indirect-coupling mechanism, the Gibbs energy change
involved in the catalytic reaction powers the movement of ions
(H+ or Na+) through the membrane from the N- to the P-side.
This is also referred as a chemical-driven ion-pumping
mechanism. The catalytic reaction occurs at the periphery of
the membrane, facing the P- or the N-side of the membrane,
and the ion translocation proceeds through specific and
regulated channels across the membrane (Figure 10). In
contrast to the direct-coupling mechanism, the translocated

charges in this case are not involved in the catalytic reaction
and thus the process may be uncoupled, i.e., the catalytic and
transport activities may be dissociated. Several respiratory
proteins are chemical-driven ion-pumps, and many are
specifically redox-driven ion-pumps. In addition to oxidor-
eduction, the catalytic reaction coupled to the ion translocation
may be either a methyl-transfer, decarboxylation, dephosphor-
ylation, or a light-driven reaction (Figure 2, Tables 3 and 4).

3.2.1. Redox-Driven Charge Translocation.
3.2.1.1. NrfD-Like Subunit Containing Enzymes Family.
Several enzymes performing charge translocation by an
indirect-coupling mechanism have the peripheral subunits
connected to the membrane through an integral membrane
protein, composed of 8−10 TMHs and devoid of any cofactor,
the so-called NrfD-like subunit. Sequence analyses indicate
that NrfD homologues are present in many diverse enzymes,
such as polysulfide reductase (PsrABC), respiratory alternative
complex III (ACIII), periplasmic nitrite reductase (Nrf), sulfur
reductase complex (SreABC), quinone reductase complex
(QrcABCD), nine-heme cytochrome complex (Nhc), group-2
[NiFe] hydrogenase (Hyd-2), DMSO reductase (DmsABC),
and tetrathionate reductase (TtrABC).139−141

The first representative structure of the NrfD-like protein
containing enzyme was obtained for the T. thermophilus
polysulfide reductase (PsrABC) homodimer (PDB 2VPZ).62

PsrABC is composed of two periplasmic subunits (PsrAB) and
one NrfD-like membrane subunit (PsrC). The catalytic PsrA
subunit contains a Mo-bisPGD cofactor and a [4Fe-4S]2+/1+

cluster. PsrB subunit has four [4Fe-4S]2+/1+ clusters that
compose an electron transfer wire. The integral membrane
subunit PsrC (NrfD homologue with 8 TMHs), which anchors
the PsrAB complex to the membrane, contains the quinol-
binding site in close distance to one of the [4Fe-4S]2+/1+

clusters of PsrB at the P-side of the membrane and was
hypothesized to contain a putative proton pathway.62 The
putative proton pathway, partially occupied by water
molecules, is composed of polar amino acid residues;
glutamate (Glu224), arginine (Arg177 and Arg239), threonine
(Thr220 and Thr155), and serine (Ser183). Arg239 was
shown to be strictly conserved in PsrC, TtrC, NrfD and
DmsC.62 Menaquinol:polysulfide oxidoreductase activity of
PsrABC from T. thermophilus was never observed in vitro and
the enzyme is assigned as a polysulfide reductase based on
sequence similarity to PsrABC from W. succinogenes.142 In W.
succinogenes, the electron donor for polysulfide respiration is
methyl-menaquinol-6 (Em,7 (methyl‑menaquinone‑6 ox/red) = −220
mV).14 Menaquinol is oxidized at PsrC and electrons are
transferred via the [4Fe-4S]2+/1+ clusters to the Mo-bisPGD
site, where polysulfide is reduced (Em,7 (polysulfide/hydrogen sulfide) =
−260 mV).62,139 Considering that ΔE is related to Δp by the
eq 7 (n.ΔE = m.Δp) where m is the number of charges that can
be pumped and n the number of electrons involved in the
reaction, the sulfide reduction by PsrABC in T. thermophilus
(ΔEPsr‑T = −186 mV) or W. succinogenes (ΔEPsr‑W = −40 mV),
under standard conditions, is endergonic, suggesting that these
enzymes may use the membrane electrochemical potential by
reverse proton transport (from the P- to the N-side of the
membrane) to power the respective reactions, i.e., in this case
the enzyme would perform Δμ̃-driven redox reactions (Figure
11, PsrABC). In fact, in W. succinogenes PsrABC activity was
shown to be dependent on Δμ̃.14
A cryoelectron microscopy structure of another NrfD-like

protein containing enzyme was determined for the monomeric

Figure 10. Indirect-coupling mechanism. Schematic representation of
a cell membrane (gray box) containing energy transducing membrane
protein complexes operating through an indirect-coupling mechanism.
The chemical reaction (oxidoreduction (a, b) or other (c)) occurs at
the periphery of the membrane, conceptually facing any of the sides of
the membrane. However, only examples of membrane proteins
performing oxidoreduction reactions may have the respective catalytic
subunits facing the positive (P, +) or the negative (N, −) side of the
membrane. Ion translocation proceeds through specific and regulated
channels across the membrane (solid blue arrows). Alternatively, ion
translocation may be powered by light (d).
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respiratory Alternative complex III (ACIII) from Rhodother-
mus marinus (PDB 6F0K)143 and Flavobacterium johnsoniae
(PDB 6BTM).144 ACIII is a quinol:cytochrome c/high-
potential iron−sulfur protein (HiPIP) oxidoreductase.145,146

In addition to the reduction of the soluble cytochrome c or
HiPIP, ACIII can directly interact with the caa3 oxygen
reductase.147 ACIII has the same activity as the cytochrome bc1
complex, i.e., it is a quinol:electron carrier oxidoreduc-
tase,145,148 but the two complexes are structurally and
evolutionary unrelated. ACIII is composed of six conserved
subunits, ActABCDEF.143,145,149,150 ActA and ActE are penta-
and monoheme c-type cytochromes, respectively. ActB has two
domains being domain B2, an iron−sulfur protein with one
[3Fe-4S]1+/0 and two [4Fe-4S]2+/1+ clusters, a homologue to
PsrB. Domain B1 resembles molybdopterin-containing pro-
teins (PsrA), however, no prosthetic groups are present. ActC
and ActF are membrane NrfD-like subunits with 10 TMHs.151

The two subunits are devoid of prosthetic groups. ActC has
one quinol-binding site in close proximity to the [3Fe-4S]1+/0

cluster from ActB, in a similar position to that of the PsrC
quinol-binding site.62,143 ActD is a transmembrane subunit
without any redox cofactors. The hemes and the iron−sulfur
clusters in ACIII form two electrontransfer wires that diverge
at the [3Fe-4S]1+/0 cluster.143 Upon quinol oxidation, electrons
are hypothesized to be transferred to the [3Fe-4S]1+/0 cluster
and successively through the heme wire, reducing the soluble
cytochrome c, HiPIP, or the caa3 oxygen reductase.147,152,153

The structure of ACIII revealed the existence of putative
proton pathways in the NrfD-like subunits (ActC, ActF) that
could allow proton translocation through a Grotthuss-like
mechanism.62,143 The proton pathway in ActC comprises
highly conserved amino acid residues; aspartate (Asp197,
Asp191), arginine (Arg196, Arg119, Arg114, Arg395),
glutamate (Glu450, Glu122, Glu394, Glu326, Glu338), serine

Figure 11. NrfD-like subunit containing enzymes family. Schematic representation of polysulfide reductase (PsrABC) monomer, respiratory
alternative complex III (ACIII), periplasmic nitrite reductase (NrfABCD), quinone reductase complex (QrcABCD), nine-heme cytochrome
complex (Nhc), group-2 [NiFe] hydrogenase (Hyd-2), DMSO reductase (DmsABC), and tetrathionate reductase (TtrABC), which performs
energy transduction by an indirect-coupling mechanism. The translocation of ions (H+ and/or Na+, not involved in the catalytic reaction), from the
negative (N, −) to the positive (P, +) side (solid blue arrows) of the membrane (gray box), leads to the generation of a transmembrane
electrochemical potential (Δμ̃). Endergonic reactions (e.g., PsrABC) are Δμ̃-driven (dashed blue arrows), i.e., dissipate Δμ̃ by reverse ion transport
(H+ or Na+ are translocated from the P- to the N-side of the membrane). Electron transfer that takes place outside of the membrane (dashed gray
arrows), does not contribute to the Δμ̃. Blue subunits, membrane subunits that contribute to the buildup of the Δμ̃; dashed blue subunits,
membrane subunits responsible for the dissipation of the Δμ̃. ΔE, difference between the reduction potentials of the two half-reactions; ΔE > 0,
exergonic reaction; ΔE < 0, endergonic reaction; MQ, oxidized menaquinone; MQH2, reduced menaquinone; NO2−, nitrite; NH3, ammonia; cytc,
soluble cytochrome c; Sn

2−, polysulfide; H2S, hydrogen sulfide; Tplc3, type I tetraheme cytochrome c3; H2, hydrogen; H
+, positively charged

hydrogen ion; DMSO, dimethyl sulfoxide; DMS, dimethyl sulfide; S4O6
2−, tetrathionate; S2O3

2−, thiosulfate.
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(Ser103, Ser180), threonine (Thr100, Thr125), tyrosine
(Tyr176, Tyr270, Tyr323), and histidine (His97, His247)
residues. In ActF, the proton pathway is not so strongly
conserved and includes aspartate (Asp184, Asp358), arginine
(Arg100, Arg308), glutamate (Glu103, Glu301), serine
(Ser180, Ser80, Ser238), tyrosine (Tyr233, Tyr290), and
histidine (His88, His355) residues.143 Considering a Δp of 180
mV, an electron acceptor with a reduction potential of +250
mV (cytochrome c, HiPIP) in R. marinus152,154,155 and
menaquinol as electron donor, the ΔEACIII (+324 mV)
provides enough energy for pumping up to four protons for
every two electrons (H+/e− = 2) (Figure 11, ACIII).
ActC, ActF, and PsrC have one putative proton pathway

each and presumably, all the transmembrane NrfD-like subunit
also contain a putative proton pathway, being able to
translocate protons.

The periplasmic nitrite reductase (Nrf) performs mena-
quinol:nitrite oxidoreductase activity (Em,7 (nitrite/ammonia) =
+340 mV).58 It was the first complex recognized to have a
NrfD subunit with the characteristics of this family of proteins
and consequently provided the family’s name: NrfD-like
subunit.140 In E. coli, Nrf is encoded by the nrfABCD gene
cluster.156,157 NrfA contains the nitrite reducing site and is a
periplasmic penta-heme cytochrome c that interacts with NrfB.
NrfB is also a penta-heme cytochrome c, homologous to ActA
and NrfC (homologous to ActB1 domain/PsrB) is an iron−
sulfur subunit with four [4Fe-4S]2+/1+ clusters, both are
peripheral subunits.156,158 These subunits are connected to
the membrane through the integral membrane protein NrfD,
which contains 8 TMHs. Menaquinol is oxidized at NrfD and
electrons are transferred to NrfA, through the iron−sulfur
clusters and/or the hemes of NrfC and NrfB, respectively.158

Because all NrfD-like proteins are hypothesized to contain ion

Table 3. Protein Complexes Performing Redox-Driven Charge Translocation by Indirect-Coupling Mechanisma

enzyme reducing substrate oxidizing substrate Δμ̃ ΔE (mV) I+/e−

polysulfide reductase PsrABC MQH2 Sn
2− −(a) −186 1

alternative complex III ACIII MQH2 cyt c ox + +324 2
periplasmic nitrate reductase NrfABCD MQH2 NO2

+ + +414 2
sulfur reductase complex SreABC MQH2 Sn

2− − −186 1
quinone reductase complex QrcABC TpIc3 red MQ + +340 1(a)

nineheme cytochrome Nhc TpIc3 red MQ + +340 2
group-2 [NiFe] hydrogenase Hyd-2 H2 MQ + +340 2

DMSO reductase DmsABC MQH2 DMSO + +234 1.5
DMQH2 +124 0.5

tetrathionate reductase TtrABC MQH2 S4O6
2− + +272 1.5

complex I CpI NADH MQ + +246 2(a,b)

UQ +433 2(a)

photosynthetic NADH dehydrogenase-like complex NDH Fd red PQ + +582 2(a)

energy-converting hydrogenase Ech Fd red H2 + +86 0.5(a)

H2 Fd ox − −86

membrane-bound hydrogenase MBH Fd red H2 +(a) +86 0.5
membrane-bound sulfane reductase MBS Fd red Sn

2− + +240 2
Na+-pumping NADH:quinone OR Na+-NQR NADH UQ + +433 1(a)

Rhodobacter nitrogen fixation complex Rnf Fd red NAD+ +(a) +180 1
NADH Fd ox −(a) −180 1
Fd red MP ox +335 2

membrane-bound particulate methane monooxygenase pMMO MQH2 + CH4 O2 + −(c) 3
ammonia monooxygenase AMO MQH2 + NH3 O2 + −(d) 1
proton-translocating transhydrogenase TH NADH NADP+ − 0 1(a)

aΔμ̃, transmembrane difference of the electrochemical potential; +, protein contributes to the buildup of the Δμ̃; −, redox reaction dependent of
Δμ̃; ΔE, difference between the reduction potentials of the two half-reactions; ΔE> 0, exergonic reaction; ΔE < 0, endergonic reaction; I+/e−,
stoichiometry of the number of ions translocated per electron; MQ, oxidized menaquinone; MQH2, reduced menaquinone; NO2−, nitrite; cyt c,
soluble cytochrome c; Sn

2−, polysulfides; TpIc3, type I cytochrome c3; H2, hydrogen; DMQH2, demethylmenaquinone; DMSO, dimethyl sulfoxide;
S4O6

2−, tetrathionate; NADH/NAD+, nicotinamide adenine dinucleotide; PQ, oxidized plastoquinone; UQ, oxidized ubiquinone; Fd, ferredoxin;
CH4, methane; NH3, ammonia; NADP+, nicotinamide adenine dinucleotide phosphate; OR, oxidoreductase; ox, oxidized state; red, reduced state.
(a) experimentally observed; (b) an additional energy source has to be involved in order to achieve this stoichiometry and this source was
suggested to be the partial dissipation of the Δμ̃ by Na+-translocation from the positive (P) to the negative (N)-side of the membrane; (c) the
standard Gibbs energy change (ΔG0) of methane monooxygenation, with menaquinol reducing substrate, is −210 kJ mol−1; (d) the ΔG0 of
ammonia monooxygenation, with menaquinol reducing substrate, is −67.6 kJ mol−1. Please note that these reactions involve the transfer of two
electrons with the exceptions of the catalyzed reaction by pMMO and AMO, which involves four electrons. For further explanations, see text.
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conducting channels and the energy involved in the reaction
allows the translocation of up to four ions (ΔE = +414 mV),
NrfABCD complex gathers the structural and thermodynamic
conditions to be a redox-driven ion translocating complex
(Figure 11, NrfABCD). NrfABCD can contribute to the
buildup of the Δμ̃ with a maximum H+/e− stoichiometry of 2.
In W. succinogenes, the Nrf complex is codified by the nrfHA.
In this case, NrfA is associated with the membrane by the N-
terminal transmembrane helix of NrfH, a tetra-heme
cytochrome c involved in quinol oxidation.58,157 NrfHA does
not contain any ion conducting transmembrane subunit, and
thus it is not able to contribute to the buildup of the Δμ̃.
The sulfur reductase complex (SreABC) is a quinol:sulfur

oxidoreductase, similar to PsrABC (Figure 11, see PsrABC).
SreABC was characterized in Acidianus ambivalens and Aquifex
aeolicus.159,160 The catalytic SreA subunit has a Mo-bisPGD
cofactor and a [4Fe-4S]2+/1+ cluster, SreB contains four [4Fe-
4S]2+/1+ clusters and SreC is a transmembrane subunit with
eight TMHs, homologous to NrfD.141 In A. ambivalens the
presence of a Tat signal peptide suggests that SreAB subunits
are located at the P-side of the membrane, while in A. aeolicus
the peripheral subunits SreAB are likely placed at the N-side of
the membrane, because a Tat signal peptide is absent.159,160 As
in PsrABC from T. thermophilus, the SreABC complex
catalyzes an endergonic reaction (ΔE = −186 mV), which
means that, most probably, this reaction is Δμ̃-driven,
irrespective of the orientation of the catalytic subunits
(Table 3).
The quinone reductase complex (QrcABCD) is a

TpIc3:menaquinone oxidoreductase, homologous to ACIII
but with a simpler subunit composition.161 Qrc has four
subunits, three periplasmic subunits (QrcABC) and one NrfD-
like membrane subunit with 10 TMHs (QrcD). QrcA,
homologous to ActA, is a c-type hexa- or penta-heme subunit,
depending on the organism. QrcB and QrcC are homologous
to the two domains of ActB, with QrcC harboring one [3Fe-
4S]1+/0 cluster and three [4Fe-4S]2+/1+ clusters. QrcD, closely
related to ActC and ActF of ACIII, has a predicted quinone-
binding site, at the P-side of the membrane, and a half proton
pathway, spanning from the N-side of QrcD toward the
predicted quinone-binding site. This proton pathway is
composed of conserved amino acid residues; aspartate
(Asp70), tyrosine (Tyr88, Tyr110, Tyr150), asparagine
(Asn100), glutamate (Glu157, Glu164, Glu413), and histidine
(His199) residues.161−163 The reaction performed by
QrcABCD, involves a ΔE of +340 mV (considering the
hydrogenase/TpIc3 couple), allowing translocation of up to
four ions across the membrane to the built up of a Δμ̃.
Desulfovibrio vulgaris QrcABCD was shown to be electrogenic,
with a H+/e− stoichiometry of 1.163 Moreover, QrcABCD was
suggested to contribute to Δμ̃ by a direct-coupling mechanism
as that observed in cytochrome bd oxidase. In this case, H+

would be uptake as substrate, from the N-side, the reduction of
menaquinone at the P-side instead of for the reduction of
O2.

163 The QrcABCD complex from Desulfovibrio alaskensis
was shown to catalyze the reverse reaction164 and, in this case,
the reaction would be associated with the translocation of H+

from the P- to the N-side of the membrane.
The nine-heme cytochrome complex (Nhc) complex is

also a TpIc3:menaquinone oxidoreductase.165 NhcA is a
periplasmic subunit with nine c-type hemes, which structure
has been determined for the protein from D. desulfuricans
(PDB 10FW).166 NhcB is a transmembrane subunit with a

periplasmic hydrophilic N-terminal domain with four [4Fe−
4S]2+/1+ clusters. NhcC and NhcD are integral membrane
proteins, being NhcC (9 TMHs) homologous to
NrfD.75,167,168 As observed to QrcABCD, the ΔE of this
reaction is +340 mV, which allows the translocation of up to
four ions across the membrane (Figure 11, Nhc).
Group-2 [NiFe] hydrogenase (Hyd-2) of E. coli is a

hydrogen:menaquinone oxidoreductase expressed under anae-
robic conditions.169 Hyd-2 is composed of four subunits,
HybOABC. HybOAC, responsible for hydrogen oxidation, are
periplasmic subunits anchored to HybB in the membrane, at
the P-side (PDB 6EN9). HybB is a NrfD-like protein with 10
TMHs. HybO contains one [3Fe-4S]1+/0 and two [4Fe-
4S]2+/1+ clusters, HybC has the [NiFe] catalytic center170 and
HybA harbors four [4Fe-4S]2+/1+ clusters.171 The Gibbs energy
change from the hydrogen:menaquinone oxidoreductase
reaction (ΔE = +340 mV), allows the translocation of up to
four ions across the membrane to the built up of a Δμ̃ (Figure
11, Hyd-2). Studies with E. coli Hyd-2 showed that the reverse
reaction of Hyd-2 (menaquinol:hydrogen ion oxidoreductase)
is inhibited by the addition of chemical uncouplers, which
collapse the Δμ̃, suggesting that the physiological reaction of
Hyd-2 (hydrogen:menaquinone oxidoreductase) is coupled to
proton translocation from the N- to the P-side of the
membrane.71

The DMSO reductase (DmsABC) catalyzes the reduction
of dimethyl sulfoxide (DMSO) to dimethyl sulfide (DMS)
(Em,7 (DMSO/DMS) = +160 mV)50 by the oxidation of
menaquinol.67 The catalytic subunit DmsA has a Mo-bisPGD
cofactor and one [4Fe-4S]2+/1+ cluster and the DmsB subunit
contains four [4Fe-4S]2+/1+ clusters.172 DmsAB subunits are
anchored to the membrane by DmsC, a quinol-interacting
NrfD-like subunit with eight TMHs.173,174 Biochemical data,
including alkaline phosphatase experiments, suggests that
DmsAB subunits are facing the N-side, however, the
observation of a Tat signal peptide on DmsAB and the
presence of DmsC quinone-binding site at the P-side strongly
indicate that DmsAB is facing the P-side of the mem-
brane.174−176 DmsABC complex oxidizes menaquinol and is
described as an electroneutral enzyme, i.e., does not conserve
energy. However, DmsC is a NrfD-like proteins and the
presence of a putative proton pathway, like those observed in
ActC and PsrC from ACIII and PsrABC, respectively, can be
hypothesized. In fact, the Gibbs energy change upon DMSO
(ΔE = +234 mv) reduction by menaquinol is higher than Δp
(180 mV) and is thus sufficient for energy conservation, by
coupling the redox reaction to ion-pumping, translocating up
to three ions (H+/e− = 1.5, the reaction involves two
electrons) (Figure 11, DmsABC). Demethylmenaquinone
(Em,7 (demethylmenaquinone ox/red) = +36 mV) was also proposed as
a redox mediator during DMSO respiration49 and, in this case,
the ΔE of the reaction, catalyzed by the DmsABC enzyme is
lower (ΔE = +124 mv) and consequently the expected H+/e−

stoichiometry is 0.5. Please note that the reaction involves two
electrons and thus the stoichiometry would be one trans-
located charge per each oxidized DMSO molecule.
Tetrathionate reductase (TtrABC) reduces tetrathionate to

thiosulfate (Em,7 (tetrathionate/thiosulfate) = +198 mV).63 The top-
ology and composition of the TtrABC are similar to that of
DmsABC. TtrA is the catalytic subunit, with a Mo-bisPGD
cofactor and one [4Fe-4S]2+/1+ cluster, and TtrB is an iron−
sulfur subunit harboring four [4Fe-4S]2+/1+ clusters. TtrC is a
NrfD-like protein with nine TMHs, which interacts with
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menaquinol and provides membrane association to TtrAB at
the P-side of the membrane.79,177 Like DmsABC, TtrABC was
described as electroneutral. Nevertheless, the reduction of
tetrathionate (ΔE = +272 mv) by menaquinol is higher than
Δp (180 mV) and allows energy conservation, by coupling the
redox reaction to ion-pumping (H+/e− = 1.5, the reaction
involves two electrons) (Figure 11, TtrABC).
3.2.1.2. Complex I and Group-4 [NiFe] Hydrogenases

Family. Complex I of the mitochondrial respiratory chain
cata lyzes the two-e lectron oxidat ion of NADH
(Em,7 (NADH/NAD+) = −320 mV)38 and the reduction of
ubiquinone, coupled to charge translocation from the N- to
the P-side of the membrane (Figure 12, complex I).
Mitochondrial complex I is composed of 14 core subunits,
responsible for the catalytic reaction and proton translocation,
and several accessory subunits, making up to a 42 subunits
complex. The 14 core subunits are common to bacterial
complex I (NDH-I) (named NuoA-N or Nqo1−14 in E. coli or
T. thermophilus nomenclature, respectively) and are thus
considered the minimal functional unit of complex I. The
structures of the membrane domain of the E. coli enzyme
(PDB 3M9C)178 and of the entire enzyme of T. thermophilus

(PDB 4HEA),179 Yarrowia lipolytica (PDB 4WZ7),180 Bos
taurus heart mitochondria (PDB 5COD),181 Ovis aries heart
mitochondria (PDB 5LNK),182 and Mus musculus heart
mitochondria (PDB 6G2J)183 were determined. The peripheral
domain of the core enzyme is constituted by seven subunits
(NuoB-G and NuoI) and contains the NADH and quinone
catalytic sites, as well as all prosthetic groups (one FMN and a
series of iron−sulfur clusters, two [2Fe-2S]2+/1+ and at least six
[4Fe-4S]2+/1+). Oxidation of NADH takes place at the so-
called electron input module (NuoE-G), and the electrons are
conducted through the iron−sulfur clusters into the quinone-
binding site. The membrane domain (subunits NuoA, NuoH
and NuoJ-N) is devoid of prosthetic groups and contains four
putative proton pathways, each one proposed to translocate
one proton per catalytic turnover, resulting in the proposed
pumping H+/e− stoichiometry of 2.184−189 Three of those
pathways have been proposed to be present in subunits NuoL,
M, and N, which are structurally homologous to each other. In
E. coli, the proton pathways were suggested to be formed by
the conserved amino acid residues lysine (Lys399L, Lys229L,
Lys265M, Lys234M, Lys395N, Lys247N, Lys217N) and gluta-
mate (Glu144L, Glu407M, Glu144M, Glu133N) in NuoL, M,

Figure 12. Complex I and group-4 [NiFe] hydrogenases family. Schematic representation of complex I, energy-converting hydrogenase (Ech),
membrane-bound hydrogenase (MBH), and membrane-bound sulfane reductase (MBS), which performs energy transduction by an indirect-
coupling mechanism. The translocation of ions (H+ and/or Na+, not involved in the catalytic reaction), from the negative (N, −) to the positive (P,
+) side (solid blue arrows) of the membrane (gray box), leads to the generation of a transmembrane electrochemical potential (Δμ̃). Dissipation of
the Δμ̃ (dashed blue arrows) may allow the translocation of additional ions, from the negative to the positive side of the membrane. MQ, oxidized
menaquinone; MQH2, reduced menaquinone; NADH/NAD+, nicotinamide adenine dinucleotide; Fd, ferredoxin; H2, hydrogen; H

+, positively
charged hydrogen ion; Sx

2−/Sn
2−, polysulfides. For further explanations, see legend of Figure 11.
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and N subunits.190 The fourth proton pathway was proposed
to be present in subunits NuoH, J, and K, being composed of
amino acid residues at the interface of these subunits:
glutamate (Glu72K, Glu36K) and tyrosine (Tyr59J).190 The
H+ is the accepted coupling ion for all complexes I,
nevertheless, Na+ was reported as being also a coupling ion
of complexes I from E. coli,191 Klebsiella pneumoniae,192,193 and
Y. lipolytica,194 although not corroborated by others. For the
complexes I from R. marinus and E. coli,195−197 as well as for
the deactive form of the bovine enzyme,198 a Na+/H+

antiporter activity was reported, which was not observed for
the complex I of Paracoccus denitrificans. In fact, subunits
NuoL, NuoM, and NuoN are homologous to subunits MrpA
and MrpD of the so-called Mrp (Multi resistance and pH)
Na+/H+ antiporters and were named antiporter-like sub-
units.199 Furthermore, in the case of complexes I from R.
marinus and E. coli because these complexes use menaquinone
as electron donor, instead of ubiquinone, the Gibbs energy
change of the oxidoreduction reaction (ΔE = +246 mV, two
electrons involved) is not sufficient to supply the translocation
of 4 H+ (H+/e− = 2). Thus, an additional energy source has to
be involved in order to achieve that stoichiometry, and this
source was suggested to be the partial dissipation of the Δμ̃ by
Na+-translocation from the P- to the N-side of the membrane28

(Figure 12, complex I). The antiporter activity decreases the
energetic barrier, allowing the translocation of up to four
H+.1,28 Complex I reaction is fully reversible at the expense of
Δμ̃.200
Homologues of Complex I are capable of oxidizing

alternative cytoplasmic electron carriers such as F420
(Em,7 (F420 ox/red) = −340 mV)52 or ferredoxins (as in the case
of the photosynthetic NADH dehydrogenase-like complex)
and reducing different membrane-soluble electron carriers,
such as ubiquinone, menaquinone, or methanophenazine.201

The conserved core of subunits, as observed in the case of
complex I, is responsible for coupling the oxidoreduction
reaction to charge translocation across the membrane, while
the presence of alternative electron input modules and
modifications in the catalytic sites allows the utilization of
different substrates. The subunits responsible for electron
transfer and charge translocation are also conserved in other
membrane multisubunit energy-conserving redox enzymes,
such as group-4 [NiFe] hydrogenases.202

The photosynthetic NADH dehydrogenase-like complex
(NDH) is a ferredoxin:plastoquinone oxidoreductase with an
L-shaped structure, similar to complex I (PDB 6NBY).203

NDH is composed of 11 of the 14 complex I core subunits.
The peripheral NdhH, I, J, and K subunits are homologous to
NuoD, I, C, and B subunits, respectively. Attached to the
peripheral arm, several oxygenic-photosynthesis-specific (OPS)
subunits allow ferredoxin oxidation. NdhA, C, E, and G
subunits (NuoH, A, K, and J homologues) couple the
ferredoxin oxidation with plastoquinone reduction. NdhB, D,
and F subunits are the antiporter-like subunits (NuoN, M, and
L).203,204 On the basis of conserved charged amino acid
residues, three proton pathways were proposed to be present
in NdhBDF and an additional proton pathway in NdhA, C, E,
and G subunits.203 Considering the electron transfer between
ferredoxin and plastoquinone, the Gibbs energy change (ΔE =
+580 mV), with a Δp of 180 mV, allows the translocation of up
to three H+ per electron. In spinach thylakoids, the proton
pump activity of NDH was measured and a H+/e−

stoichiometry of 2 was obtained.205 The reverse reaction

catalyzed by NDH was proposed to occur physiologically in
chloroplasts under conditions of high Δp.205
Group-4 [NiFe] hydrogenases catalyze the reversible

electron transfer between cytoplasmic electron donors and
hydrogen, coupled to charge-translocation across the mem-
brane.
Energy-converting hydrogenase (Ech) is a member of the

so-called group-4 [NiFe] hydrogenases with the simplest
subunit composition, being constituted by six subunits, all
homologous to subunits of complex I. Peripheral subunits
EchC, D, E, and F are homologous to subunits NuoB, C, D,
and I, respectively, and the membrane subunits EchA and B are
homologous to the antiporter-like subunits (NuoLMN) and
NuoH subunit, respectively. Ech catalyze the oxidation of
ferredoxin and the reduction of H+ to H2. In Ech homologues,
the presence of additional electron input modules allows the
oxidation of alternative substrates to ferredoxin, such as
formate or carbon monoxide.206,207 During acetoclastic
methanogenesis of M. barkeri, Ech catalyzes the exergonic
oxidoreduction reaction between ferredoxin and H+ (ΔE =
+86 mV), generating H2 and translocating one proton across
the membrane (H+/e− = 0.5, considering that the reaction
involves two electrons and a Δp of 130 mV, measured for M.
barkeri during methanogenesis)16,208,209 (Figure 12, Ech).
Under autotrophic growth, Ech was described to catalyze the
endergonic reduction of ferredoxin by H2,

208 a reaction that is
only possible at expenses of Δμ̃. In membrane vesicles from
Thermoanaerobacter kivui, Ech activity was shown to trans-
locate both H+ and Na+, from the N- to the P-side of the
membrane.209

Other members of the group-4 [NiFe] hydrogenase family,
such as the membrane-bound hydrogenase (MBH), contain
additional subunits not homologous to subunits of complex I.
The structure of MBH from Pyrococcus furiosus (PDB 6CFW),
composed of 14 subunits, revealed the presence of a
hydrogenase module (MbhJ, K, L, and N), anchored to the
membrane by subunit MbhM (NuoH homologue), and a
membrane module composed of Mrp homologues (MbhA-H,
homologous to MrpB-G).210 The largest membrane subunit
MbhH, homologous to the antiporter-like subunits of complex
I (NuoLMN) and to MrpD, and the small subunits MbhD and
MbhG, homologous to NuoJ and NuoK, respectively, were
suggested to contain putative proton pathways.210 A Na+-
translocation pathway was proposed to be present in subunits
MbhA, MbhB, MbhC, and MbhF, with the involvement of
aspartate (Asp35B), threonine (Thr36B, Thr72B, Thr39C,
Thr42C, Thr43C), and proline (Pro88C) amino acid residues
in the coordination of Na+ ions.210 Like Ech, Mbh produces H2
by using reduced ferredoxin as electron donor and the Gibbs
energy change (ΔE = +86 mV), considering a Δp of −130
mV,16 allows the translocation of one ion (I+) per reaction
across the membrane (I+/e− = 0.5, considering that the
reaction involves two electrons) (Figure 12, MBH). In P.
furiosus inverted membrane vesicles, MBH was shown to be
involved in the generation of a Δμ̃, by H+ translocation.211 In
addition, MBH was suggested to translocate both H+ and Na+

and may generate a Δμ̃Na+210,212 because in P. furiosus a Na+-
dependent ATP synthase is present.213 Translocation of H+

was proposed to occur through MbhH, from the N- to the P-
side of the membrane. H+ may flow back (from the P- to the
N-side) via a second ion pathway and drive the translocation of
a Na+ through the Na+ pathway. The Δμ̃H+ initially formed is
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used to drive the Na+/H+ antiporter activity and, consequently,
to established a Δμ̃Na+.210,212
Some organisms, such as P. furiosus, have a membrane

complex with a subunit composition similar to that of MBH
but, in this case, the amino acid binding motifs for the
coordination of the [NiFe] cluster are missing in its catalytic
subunit and, consequently, do not have hydrogenase activity.
This complex, first named membrane-bound respiratory
complex (MBX) and recently renamed membrane-bound
sulfane reductase (MBS), was isolated from P. furiosus and
was shown to oxidize ferredoxin and reduce polysulfides.214

MBS i s composed o f 13 subun i t s (MbsABC-
DEGHH′MJKLN), homologues to all of the 14 subunits of
P. furiosus MBH, except that of MbhI. MBS contains a
duplication of MbhH (MbsH′) and a fusion of MbhE and
MbhF (MbsE).215 By analogy with MBH, MBS is also
proposed to contribute to the generation of a Δμ̃. MBS
oxidoreduction activity involves a Gibbs energy change (ΔE =
+240 mV), larger than that involved in the oxidoreduction
activity of Ech or MBH, possibly resulting in a higher
translocation of protons (H+/e− = 2, considering a ΔpI of 130
mV).16 Additional charges, as Na+, could be translocated
through the antiporter-like subunit that is present in this
enzyme214 (Figure 12, MBS).
3.2.1.3. NQR Complex. Na+-pumping NADH:quinone

oxidoreductase (Na+-NQR) is an integral membrane protein
complex, present in the Bacteria domain,90 that couples the
oxidation of NADH and reduction of ubiquinone to the
translocation of Na+. Na+-NQR is composed of six subunits
(NqrABCDEF) and, except for NqrA at the N-side of the
membrane, all the subunits are transmembrane proteins. NqrF
and NqrC have one TMH each, with the hydrophilic domains
toward the N- and P-side, respectively. NqrB has 10 TMHs,
and NqrD and NqrE each have six TMHs. Seven redox
cofactors have been described to be present, based on the
crystallographic structure of Vibrio cholerae Na+-NQR (PDB
4P6V): a noncovalently bound FAD and a [2Fe-2S]2+/1+

center in NqrF, two covalently bound FMN on NqrB and
NqrC, a noncovalently bound riboflavin on NqrB, a tightly
bound ubiquinone-8 on NqrA,216,217 and a Fe site in NqrD-E
(Figure 13).218

The electron transfer is proposed to occur via NADH,
FADNqrF, [2Fe-2S]NqrF, FeNqrD‑E, FMNNqrC, FMNNqrB, ribo-
flavinNqrB, and ubiquinone-8NqrA and then to the electron
acceptor, ubiquinone-8.219 The oxidoreduction reaction takes
place at the N-side of the membrane, and its Gibbs energy
change (ΔE = +433 mV) is sufficient to translocate Na+ across
the membrane, possibly through a hydrophilic pathway in
NqrB composed of the Asp346, Phe338, Phe342, Ile164,
Leu165, and Val64 amino acid residues,219 thus contributing to
the establishment of Δμ̃Na+. Although the Gibbs energy change
of the oxidoreduction reaction would allow the translocation
up to five Na+, considering a Δp of 180 mV, Na+-NQR was
observed to translocate two Na+ per NADH oxidation (Na+/e−

= 1).219−224 Interestingly, in Pseudomonas aeruginosa, NQR
was shown to translocate H+ instead of Na+.225

3.2.1.4. Rnf Complex. The Rhodobacter nitrogen fixation
complex (Rnf) was first characterized in Rhodobacter
capsulatus having NADH:ferredoxin oxidoreductase activity.226

Most likely, the electron flow in Rnf complex is reversible
because, in Acetobacterium woodii, M. acetivorans, Clostridium
ljungdahlii, Clostridium tetanomorphum, Bacillus fragilis, and V.
cholerae, the Rnf complex was characterized as a ferredox-

in:NAD+ oxidoreductase enzyme.227−230 Moreover, in A.
woodii, the forward and the reverse reactions were demon-
strated to be essential for growth under different condi-
tions.228,231 Rnf is a membrane complex, present in Bacteria
and Archaea,90 usually composed of six subunits (RnfABC-
DEF).226 RnfA, D, G, and E subunits share high similarity with
the NqrE, NqrB, NqrC, and NqrD subunits, respectively.219

Except for RnfC, all the subunits are membrane integral
proteins. RnfA and RnfE are each one predicted to have 6
TMHs, apparently devoid of any cofactor. The complex has
two covalently bound FMN molecules located at the RnfG and
RfnD subunits on the P-side of the membrane. RnfB and RnfC
are the substrates interacting subunits, ferredoxin and NAD+,
respectively,.228,232,233 RnfB subunit of M. acetivorans was
predicted to have several [3Fe-4S]1+/0 and [4Fe-4S]3+/2+

clusters,234 while in A. woodi, RnfB subunit, six [4Fe-4S]3+/2+

clusters were identified.233 In A. woodi, RnfC subunit has two
[4Fe-4S]3+/2+ clusters identified by EPR.233 A possible third
flavin may be located in RnfC.227,228,233 Because of the
similarity with NqrB from the Na+-pumping NADH:quinone
oxidoreductase (see above), A. woodi RnfD is probably
responsible for ion translocation. In A. woodi, the Rnf complex
oxidizes ferredoxin with the reduction of NAD+, and in Rnf-
containing membrane vesicles, the reduction was shown to be
coupled to the formation of Δμ̃Na+.227 Considering a Δp of 180
mV, the Gibbs energy change of the reaction (ΔE = +180 mV,
two electrons involved) allows the translocation of up to two
Na+ (Na+/e− = 1) (Figure 14). The reverse reaction,
ferredoxin reduction, needs to be driven by Δμ̃Na+228 (ΔE =
−180 mV), as also observed for the Rnf complex of R.
capsulatus.226 The Rnf complex fromM. acetivorans, in addition
to the canonical constitution, has a c-type cytochrome and a
hypothetical membrane integral protein.234 This c-type
cytochrome is proposed to reduce methanophenazine.230

With methanophenazine as electron acceptor, instead of
NAD+, the Gibbs energy change (ΔE = +335 mV) is larger
and could allow the translocation of up to four Na+ across the

Figure 13. Na+-pumping NADH:quinone oxidoreductase complex.
Schematic representation of Na+-pumping NADH:quinone oxidor-
eductase complex (NQR), which performs energy transduction by an
indirect-coupling mechanism. The translocation of ions (Na+, not
involved in the catalytic reaction), from the negative (N, −) to the
positive (P, +) side (solid blue arrows) of the membrane (gray box),
leads to the generation of a transmembrane electrochemical potential
(Δμ̃). UQ8, bound ubiquinone 8; UQ, oxidized ubiquinone; UQH2,
reduced ubiquinone; NADH/NAD+, nicotinamide adenine dinucleo-
tide. For further explanations, see legend of Figure 11.
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membrane (Na+/e− = 2). In the case of C. ljungdahlii, the Rnf
complex was proposed to translocate H+ instead of Na+.235

3.2.1.5. Membrane-Bound Monooxygenases. Membrane-
bound particulate methane monooxygenase (pMMO) and
ammonia monooxygenase (AMO) are membrane enzymes
involved in nitrification and methanotrophy, respectively.
These two enzymes, composed of three subunits each, share
high sequence similarity and are thought to be evolutionarily
related.236 pMMO oxidizes methane to methanol
(Em,7 (methane/methanol) = +169 mV),55 while AMO oxidizes
ammonia to hydroxylamine (Em,7 (ammonia/hydroxylamine) = +730
mV).45,237,238 Both enzymes concomitantly oxidize quinol to
quinone and reduce O2 to water (Figure 15).

The structure of pMMO (PDB 1YEW), from the
methanotroph Methylococcus capsulatus, revealed a homotrimer
with each protomer composed of pmoA, pmoB, and pmoC
subunits.239 The membrane subunits pmoA and pmoC consist
of seven and five TMHs, respectively. The pmoB subunit,
structurally similar to subunit II of HCO cytochrome c oxygen
reductase,239 consists of two cupredoxin-like domains, one at
the N-terminal and the other at the C-terminal, linked by two
TMHs.239−241 The cupredoxin-like domains of pmoB, facing
the P-side of the membrane, contain a monocopper site (type
2) and a dicopper center close to the membrane interface.239

The monocopper site was only observed in the structure of
pMMO from M. capsulatus239,241−243 and was thus suggested
not to be involved in the catalytic activity of pMMOs.244,245

Biochemical and mutagenesis data suggest that the dicopper
center is the active site.242,245,246 Within the membrane,
located in pmoC subunit at 20 Å from the dicopper center, a
metal-binding site close to the membrane surface is present.
This metal, assigned in the structure of M. capsulatus239 and
Methylocystis sp. strain M pMMOs241 as a zinc ion, is
coordinated by conserved residues from pmoC and pmoA
subunits. In Methylosinus trichosporium243 and Methylocystis sp.
strain Rockwell243 pMMO structures, the same ion was
identified as a copper and the zinc ion identified before was
suggested to be an artifact during M. capsulatus and
Methylocystis sp. strain M pMMO purification and crystal-
lization.242−244 An additional tricopper-binding site was
proposed to be present between pmoA and pmoC and to be
also involved in methane hydroxylation.247−249

The function of the transmembrane regions has not been
elucidated, however, pMMO activity is partially inhibited by
zinc and, by analogy to heme-copper oxygen reductases, where
a proton-pump exit pathway is blocked by zinc, it was
suggested that zinc may also inhibit proton transfer steps in
pMMO.242,250 The catalytic mechanisms of pMMO and AMO
have been intensively discussed but remain unclear. Never-
theless, the two enzymes are suggested to oxidize a quinol (two
electrons) before catalyzing the monooxygenation reac-
tion.244,251,252 According to eq 5 and considering a Δp of
180 mV (Δμ̃ = 17.4 kJ mol−1), the Gibbs energy change of
each of the two monooxygenation reactions (CH4 + O2 +
MQH2 → CH3 OH + H2 O + MQ, ΔG0

pMMO = −210 kJ
mol−1; NH3 + O = +MQH2 → NH2 OH + H2 O + MQ,
ΔG0

AMO = −67.6 kJ mol−1) is sufficient for ion translocation
(H+ or Na+), with a higher I+/e− stoichiometry in the case of
pMMO (I+/e− = ∼3) than in that of AMO (I+/e− = ∼1).
Please note that a total of four electrons are involved in each
reaction.

3.2.1.6. Proton-Translocating Transhydrogenase. Proton-
translocating transhydrogenase (TH), present in the
mitochondrial inner membrane and in the cytoplasmic
membrane of prokaryotic cells, couples the reversible transfer
of hydride ions between NADH/NAD+ and NADP+/NADPH
(Figure 16). TH is a homodimer, and each monomer has three
different domains with specific functions. The crystal structures
of the individual domains of TH from several sources are
available253−259 and structures of the intact enzyme from T.
thermophilus (PDB 4O9U) and ovine (PDB 6S59) were
obtained at 6.93 and 2.9 Å resolution, respectively.260,261

The two periplasmatic domains, domain I and domain III,
located at the N-side of the membrane, are the binding sites for
NADH/NAD+ and NADPH/NADP+, respectively. The
hydride transfer occurs across the interface between domains

Figure 14. Rhodobacter nitrogen fixation complex. Schematic
representation of Rhodobacter nitrogen fixation complex (Rnf),
which performs energy transduction by an indirect-coupling
mechanism. The translocation of ions (Na+, not involved in the
catalytic reaction), from the negative (N, −) to the positive (P, +)
side (solid blue arrows) of the membrane (gray box), leads to the
generation of a transmembrane electrochemical potential (Δμ̃).
NADH/NAD+, nicotinamide adenine dinucleotide; Fd, ferredoxin.
For further explanations, see legend of Figure 11.

Figure 15. Membrane-bound monooxygenases. Schematic represen-
tation of membrane-bound particulate methane monooxygenase
(pMMO) and ammonia monooxygenase (AMO), which perform
energy transduction by an indirect-coupling mechanism. The
translocation of ions (H+ and/or Na+, not involved in the catalytic
reaction), from the negative (N, −) to the positive (P, +) side (solid
blue arrows) of the membrane (gray box), leads to the generation of a
transmembrane electrochemical potential (Δμ̃). Q, oxidized quinone;
QH2, reduced quinone; CH4, methane; CH3OH, methanol; O2,
oxygen; H2O, water; NH3, ammonia; NH2OH, hydroxylamine. For
further explanations, see legend of Figure 11.
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I and III.262 Domain II spans the membrane with 12 to 14
TMHs and the presence of two proton pathways (one per
monomer) was revealed in the crystal structures.260 For E. coli
TH, His91, Ser139, and Asn222 have been identified as
important residues for proton translocation by mutagenesis
studies.260 The reduction potentials of NADH/NAD+

(Em,7 (NADH/NAD+) = −320 mV) and NADPH/NADP+

(Em,7 (NADPH/NADP) = −320 mV)263 couples are similar, which
means that the physiological reaction, the transfer of a hydride
between NADH and NADP+, that occurs in excess of NADP+,
is thermodynamically unfavorable and only takes place by
coupling it to the dissipation of Δμ̃.261 In fact, the
translocation of one H+ from the P- to the N-side per hydride
transferred was determined (H+/H− = 1).264 Nevertheless, the
reaction was shown to be reversible in the presence of higher
concentrations of NADPH and lower Δμ̃.261
3.2.2. Methyl Transfer-Driven Charge Translocation.

3.2.2.1. Na+-Translocating Methyltransferase Complex. Na+-
translocating methyltransferase complex (Mtr) is a multi-
subunit membrane protein complex that catalyzes the transfer
of the methyl group from methyl-tetrahydromethanopterin
(CH3−H4MPT) to coenzyme-M (CoM) coupled to Na+

translocation across the membrane (Figure 17). In metha-
nogens lacking cytochromes, Mtr is described to be the only
protein complex responsible for the establishment of Δμ̃.265
The best studied Mtr complexes are those from Methano-
thermobacter marburgensis (formerly known as Methanobacte-
rium thermoautotrophicum strain Marburg)266 and M. mazei
strain GÖ1,267 however, the catalytic and Na+ translocation
mechanisms remain elusive. Mtr contains eight subunits (MtrA
to H), and the catalytic reaction occurs at the peripheric
domain facing the N-side of the membrane, which is composed
of five subunits, MtrA, MtrB, MtrF, MtrG, and MtrH. MtrA,
MtrB, MtrF, and MtrG subunits contain a single TMH, while
MtrH is devoid of a membrane anchor. MtrC, MtrD, and MtrE
are transmembrane proteins with seven, six, and six TMHs,
respectively.268 MtrE harbors a highly conserved sequence
motif, which was proposed to bind a zinc ion.269 Subunit MtrA
contains the catalytic prosthetic group, a 5-hydroxy-benzimi-
dazoyl-cobamide cofactor (also known as factor III). MtrH is

proposed to contain the binding site for CH3−H4MPT and to
mediate the transfer of the methyl group from the CH3−
H4MPT to the 5-hydroxy-benzimidazoyl-cobamide cofactor at
MtrA. MtrE is proposed to catalyze the transfer of the methyl
group from the 5-hydroxy-benzimidazoyl-cobamide cofactor of
MtrA to the coenzyme-M (CoM).268,270 The translocation of
Na+ is proposed to occur through this subunit.270 MtrE has a
TMH with a highly conserved aspartate residue (Asp168),
which was hypothesized to be essential for Na+ trans-
location.268 Considering eq 5, the Gibbs energy change of
the reaction (ΔG0 = −30 kJ mol−1)268 allows the translocation
of up to two Na+, considering a Δp of 130 mV16 (Δμ̃ = 12.5 kJ
mol−1), which was determined for M. mazei (Figure 17). In
Mtr containing proteoliposomes a Na+/CH3−H4MPT stoi-
chiometry of 1.7 was determined (Table 4).267 Methyl transfer
can also occurs in the opposite direction, which is associated
with consumption of Δμ̃.271,272

3.2.3. Decarboxylation-Driven Charge Translocation.
3.2.3.1. Na+-Transport Decarboxylases. The Na+-transport
decarboxylases (NaT-DC) family, which appears to be
exclusively present in anaerobic bacteria, includes oxaloacetate
decarboxylase, methylmalonyl-CoA decarboxylase, glutaconyl-
CoA decarboxylase, and malonate decarboxylase.273 NaT-DC
couples the Gibbs energy change of the decarboxylation
reaction to the transport of Na+ across the membrane, thus
contributing to the establishment of Δμ̃ (Figure 18).
Oxaloacetate decarboxylase (OAD) is composed of three

different subunits designated as α, β, and γ, while
methylmalonyl-CoA decarboxylase (MMD) and glutaconyl-
CoA decarboxylase (GCD) are constituted by five (α, β, γ, δ,
and ε) and four subunits (α, β, γ, and δ), respectively.274−276

The structure of β and γ subunits was obtained to OAD from
Salmonella typhimurium.277 In oxaloacetate decarboxylase, the
catalytic subunit, subunit α, is a peripheral cytoplasmic
membrane-bound protein with two different domains, an N-
terminal carboxyltransferase domain and a C-terminal biotin-

Figure 16. Proton-translocating transhydrogenase. Schematic repre-
sentation of one monomer of the proton-translocating trans-
hydrogenase (TH) complex, which performs energy transduction by
an indirect-coupling mechanism. The translocation of ions (H+, not
involved in the catalytic reaction), from the positive (P, +) to the
negative (N, −) side (dashed blue arrows) of the membrane (gray
box), leads to the dissipation of the transmembrane electrochemical
potential (Δμ̃). NADH/NAD+, nicotinamide adenine dinucleotide;
NADPH/NADP+, nicotinamide adenine dinucleotide phosphate. For
further explanations, see legend of Figure 11.

Figure 17. Na+-translocating methyltransferase complex. Schematic
representation of Na+-translocating methyltransferase complex (Mtr),
which performs energy transduction by an indirect-coupling
mechanism. The translocation of ions (Na+, not involved in the
catalytic reaction), from the negative (N, −) to the positive (P, +)
side (solid blue arrows) of the membrane (gray box), leads to the
generation of a transmembrane electrochemical potential (Δμ̃). ΔG,
Gibbs energy changed; ΔG < 0, exergonic reaction; CH3−H4MPT,
methyl-tetrahydromethanopterin; H4MPT, tetrahydromethanopterin;
CoM-SH, coenzyme M; CoM-S-CH3, methyl-coenzyme M. For
further explanations, see legend of Figure 11.
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binding domain.274,278,279 In the case of methylmalonyl-CoA
decarboxylase and glutaconyl-CoA decarboxylase, the two
domains comprisse two individual proteins, subunit α
(carboxyltransferase domain) and subunit γ (biotin-binding
domain).276,280−282 β subunit is an integral membrane protein,
with 10 TMHs with a few charged and conserved residues.
This subunit was described as containing two different Na+-
binding sites and was hypothesized to be responsible for Na+

translocation.274,283 Mutational analyses using K. pneumoniae
oxaloacetate decarboxylase, allowed to infer that aspartate
(Asp203β) and serine (Ser382β) amino acid residues act as
Na+-binding sites, while asparagine (Asp373β), glycine
(Gly377β), serine (Ser382β), and arginine (Arg389β) residues
could be part of a Na+ pathway.284 In S. typhimurium
oxaloacetate decarboxylase, single-point mutations and iso-
thermal titration calorimetry data suggests a role of aspartate
(Asp203), serine (Ser382), and asparagine (Asn412) amino
acid residues in Na+-binding.277 The small γ subunit of
oxaloacetate decarboxylase and δ subunit of methylmalonyl-
CoA decarboxylase are similar to each other, although in the
first case a Zn2+-binding site is present, which is not observed
in the latter.276,278,280,285 There is no sequence information in

the δ subunit of glutaconyl-CoA decarboxylase. The C-
terminal of the small ε subunit, of methylmalonyl-CoA
decarboxylase, is similar to δ subunit, and it may have evolved
by gene duplication.280 Malonate decarboxylase (MAD) is the
most distantly related member of the NaT-DC family.
Malonate decarboxylate comprises several hydrophilic and
membrane-bound subunits. Decarboxylation of malonate is
more complex than the decarboxylation of oxaloacetate,
methylmalonyl-CoA and glutaconyl-CoA, because it involves
a prior transformation of malonate to malonyl-CoA.286,287

MadA subunit was identified as the acyl-carrier protein (ACP)
transferase component, which catalyzes the transfer of the
acetyl-thioester to malonate. MadB is similar to the membrane-
bound β subunit and thereby was hypothesized to translocate
Na+ across the membrane. MadC and MadD, homologue to
the α subunit, are involved in the carboxyl transfer. MadE is
the acyl-carrier protein (ACP) and MadF was identifies as the
biotin protein.288

Oxaloacetate decarboxylase (Figure 18) was the first enzyme
of the NaT-DC family demonstrated to act as a Na+ primary
pump.289 According to eq 5 and considering a Δp of 180 mV
(Δμ̃ = 17.4 kJ mol−1), the Gibbs energy change of the
decarboxylation (ΔG0 = −30 kJ mol−1)290 may allow the
translocation of up to two Na+. In fact, in oxaloacetate
decarboxylase containing proteoliposomes, a Na+/decarbox-
ylation stoichiometry of 2 was measured.291 The methyl-
malonyl-CoA decarboxylases from Veillonella alcalescens and
from Propionigenium modestum also seem to pump two Na+ per
decarboxylation.291−293 Possibly, as oxaloacetate and methyl-
malonyl-CoA decarboxylases, glutaconyl-CoA decarboxylases
(ΔG0 = −30 kJ mol−1) may also pump two Na+ per
decarboxylation (Na+/decarboxylation = 2). Malonate decar-
boxylation involves a lower Gibbs energy change (ΔG0 =
−17.4 kJ mol−1),274 which allows translocation of up to one
Na+ per decarboxylation (Na+/decarboxylation = 1) (Table 4).

3.2.4. Dephosphorylation-Driven Charge Transloca-
tion. 3.2.4.1. Membrane-Bound Pyrophosphatases. Mem-
brane-bound pyrophosphatases (mPPases) couple the
hydrolysis of pyrophosphate (PPi) to the generation of Δμ̃
by translocating Na+ and/or H+ across the membrane.29,294

mPPases are widespread among prokaryotes and present in
plants and in several protists.90,294 mPPases are homodimeric
proteins, each having monomer 16 TMHs that form two
concentric rings. The inner ring is composed of six TMHs and
forms a gated ion transport funnel, while the outer wall is
composed of 10 additional TMHs and surrounds the inner

Table 4. Protein Complexes Performing Chemical-Driven Charge Translocation by Indirect-Coupling Mechanisma

enzyme chemical reaction Δμ̃ ΔG° (kJ mol−1) I+/reaction

Na+-translocating methyltransferase complex Mtr methyl transfer + −30 2(a)

oxaloacetate decarboxylase OAD decarboxylation + −30 2(a)

methylmalonyl-CoA decarboxylase MMD decarboxylation + −30 2(a)

glutaconyl-CoA decarboxylase GCD decarboxylation + −30 2
malonate decarboxylase MAD decarboxylation + −17.4 1
membrane-bound pyrophosphatases mPPase PPi hydrolysis + −20/−25 2(a)

ATP synthase ATP synthase ADP phosphorylation −a) +33.8 3(a), 4(a)

P-type ATPase P-ATPase ATP hydrolysis + −33.8 1(a), 2(a), 3(a)

microbial rhodopsin bR isomerization + +180(b) 1(a)

aΔμ̃, transmembrane difference of the electrochemical potential; +, protein contributes to the buildup of the Δμ̃; −, reaction dependent of Δμ̃;
ΔG0, standard Gibbs energy change; ΔG < 0, exergonic reaction; ΔG > 0, endergonic reaction; I+/reaction, stoichiometry of the number of ions
translocated during the reaction; PPi, pyrophosphate; ADP, adenosine diphosphate; ATP, adenosine triphosphate. (a) Experimentally observed;
(b) light-driven reaction. For further explanations, see text.

Figure 18. Na+-transport decarboxylases. Schematic representation
of oxaloacetate decarboxylase (OAD), which performs energy
transduction by an indirect-coupling mechanism. The translocation
of ions (Na+, not involved in the catalytic reaction), from the negative
(N, −) to the positive (P, +) side (solid blue arrows) of the
membrane (gray box), leads to the generation of a transmembrane
electrochemical potential (Δμ̃). ΔG, Gibbs energy changed; ΔG < 0,
exergonic reaction; C4H4O5, oxaloacetate; C3H4O3, pyruvate; CO2,
carbon dioxide. For further explanations, see legend of Figure 11.
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ring. The catalytic site is located on the N-side of the
membrane and at the entrance of the funnel.29 mPPases are
classified into different classes according to their coupling ion
(H+- or Na+- or Na+/H+-PPases) and potassium dependency
(K+-dependent and K+-independent PPases).294,295 Na+-
PPases and Na+/H+-PPases are usually K+-dependent enzymes.
The contribution to the formation of Δμ̃ is described to be
performed via a putative ion pathway composed of conserved
charged amino acid residues (lysine, asparagine, and arginine),
observed in the crystal structures of Vigna radiata H+-PPase
(PDB 4A01) and Thermotoga maritima Na+-PPase (PDB
4AV6).294,296,297 A semiconserved glutamate amino acid
residue (Glu53), located in the cytoplasm−membrane inter-
face, is considered to play an important role in the ion-pump
function.298 The location of the Na+-binding site was not yet
identified, but four amino acid residues, glutamate (Glu53,
Glu57), serine (Ser54), and asparagine/lysine (Asn/Ser46),
were suggested to be important for Na+-binding in Na+-PPases
and for H+ translocation in H+-PPases based on mutagenesis
studies.296,299−302 Although several proposals have been put
forward, the coupling mechanism between the catalytic
reaction and the ion/ions transport is not known.
To translocate a minimum of one ion across the membrane,

according to eq 5, the ΔG of the reaction has to be lower than
−17.4 kJ mol−1, considering a Δp of 180 mV (Δμ̃ = 17.4 kJ
mol−1). The Gibbs energy change during PPi hydrolysis (ΔG0

= −20 to −25 kJ mol−1)29,303 allows the translocation of a
maximum of 1 ion (I+/PPi = 1) (Figure 19). The H+/PPi

stoichiometries of the red beet and pea vacuolar H+-PPases
were determined to be 1.304,305 However, a H+/PPi
stoichiometry of 2 was determined for the pea mitochondrial
H+-PPase.304 In Rhodospirillum rubrum membrane vesicles, a
H+/PPi stoichiometry close to 2 was measured and the authors
suggested that in R. rubrum chromatophores the H+-PPase
works under a lower Δp (Δp < 180 mV).306

3.2.4.2. ATPase/ATP Synthase. ATPase/ATP synthase
(rotary ATPases) are charge-translocating complexes that,
catalysis ATP hydrolysis (ΔG0 = −33.8 kJ mol−1)307 to
generate Δμ̃, or perform ATP synthesis (ΔG0 = +33.8 kJ
mol−1),307 at the expense of Δμ̃, by ion-translocation through
the membrane (Figure 20). ATPases/ATP synthases were

classified in three families: F-, V-, and A-type ATPases. F-type
and A-type ATPases catalyze the synthesis of ATP,308 while V-
type ATPases lost their ability to synthesize ATP.309 Like V-
type ATPases, the bacterial F-type ATPases and A-type
ATPases may also work as ATP-driven ion pumps.310 F-
ATPases/ATP synthases and V-ATPases are present in
bacteria, mitochondria, and chloroplasts, while A-ATPases/
ATP synthases are restricted to archaea.310

All the rotary ATPases/ATP synthases share the same
minimal overall structure, having two major domains,
designated as FO/AO/VO and F1/A1/V1 (these are commonly
named according to the domains of the mitochondrial F-ATP
synthase, FO and F1) (PDB 1BMF, 3U2F).311,312 Both
domains are linked through one to three peripheral stalks for
stabilization, regulation, and counteracting rotation and one
central stalk for torque transmission. The number of peripheral
stalks varies according to the ATPase/ATP synthase type: F-
ATPases have one, A-ATPases have two and V-ATPases have
three.313,314 The catalytic domain, F1, located at the N-side of
the membrane, catalyzes the synthesis/hydrolysis of ATP,
while F0 is the transmembrane domain responsible for the
transport of ions across the membrane.314,315

Bacterial FOF1-ATPase/ATP synthase comprises the soluble
F1 domain (α3β3γδε) and the transmembrane FO domain
(ab2c8−15) composed of different subunits with different
stoichiometries. Subunits γ and ε form the central stalk and
are bound to FO. FO domain has a ring-shaped oligomer of c-
subunits (c-ring). a subunit is in close contact with subunit b2,
which forms a peripheral stalk that connects the trans-
membrane subunits to the α3β3 and δ subunits. The
mitochondrial FOF1-ATP synthase has 7−9 additional
subunits, but besides these differences, F-ATP synthases are
structurally and functionally similar.311,316−318

The Δμ̃ drives the rotation of the c-ring, clockwise for ATP
synthesis, causing conformational changes in the central stalk
and consequently in the catalytic domain. The result of the
complete rotation of the c-ring (360°) is the synthesis of three
ATP molecules coupled to the translocation of H+ from the P-

Figure 19. Membrane-bound pyrophosphatases. Schematic represen-
tation of membrane-bound pyrophosphatases (mPPase) monomer,
which performs energy transduction by an indirect-coupling
mechanism. The translocation of ions (H+ and/or Na+, not involved
in the catalytic reaction), from the negative (N, −) to the positive (P,
+) side (solid blue arrows) of the membrane (gray box), leads to the
generation of a transmembrane electrochemical potential (Δμ̃). ΔG,
Gibbs energy changed; ΔG < 0, exergonic reaction; PPi,
pyrophosphate; Pi, inorganic phosphate. For further explanations,
see legend of Figure 11.

Figure 20. ATPase/ATP synthase (rotary ATPases). Schematic
representation of A/F-type ATP synthase and V-type ATPase, which
perform energy transduction by an indirect-coupling mechanism. The
translocation of ions (H+ and/or Na+, not involved in the catalytic
reaction), from the positive (P, +) to the negative (N, −) side
(dashed blue arrows) of the membrane (gray box), leads to the
dissipation of the transmembrane electrochemical potential (Δμ̃).
ΔG, Gibbs energy changed; ΔG > 0, endergonic reaction; Pi,
inorganic phosphate; ADP, adenosine diphosphate; ATP, adenosine
triphosphate. For further explanations, see legend of Figure 11.
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side to the N-side of the membrane.319,320 The rotation of the
c-ring in the reverse direction (anticlockwise) is driven by ATP
hydrolysis and ions are translocated from the N-side to the P-
side, contributing in this way to the establishment of Δμ̃.321
Some ATPases/ATP synthases from archaea and from
anaerobic bacteria have Na+ as the coupling ion. The ion
specificity of ATP synthases seems to be determined at the
level of the c-ring. For H+ translocation, a conserved negatively
charged amino acid residue (aspartate or glutamate) is present
in c-rings.322 For Na+ transport, in addition to the negatively
charged residue, there are three more amino acid residues
coordinating the ion-binding (glutamine/glutamate, glutamate,
and threonine/serine), which were found in all methanogens
and halobacteria as well as in species of the genera
Desulfurococcus, Ignisphaera, Staphylothermus, Thermococcus,
Pyrococcus, and Nanoarchaeum.310,323 P. furiosus and Ilyobacter
tartaricus ATP synthases have one Na+-binding site each,
located within one c-ring and coordinated by glutamate
(Glu142P.furiosus, Glu65I.tartaricus), glutamine (Gln113P.furiosus,
Gln57P.furiosus, Gln32I.tartaricus), threonine (Thr56P.furiosus, Thr67
I.tartaricus), valine (Val63I.tartaricus), serine (Ser66I.tartaricus), and
leucine (Leu53P.furiosus) amino acid residues.310,324 In M.
ruminanteum ATP synthase, two Na+-binding sites were
observed. One is located within one c-ring subunit, in which
Na+ is coordinated by glutamate (Glu140), glutamine
(Gln111, Gln61), threonine (Thr60), and leucine (Leu57),
like in P.furiosus, and the second one is located between two c-
rings, and it is coordinated by glutamate (Glu59), glutamine
(Gln30, Gln142), threonine (Thr141), and leucine
(Leu138).310,323 In all the Na+-binding sites, a tyrosine residue
is present and, although not directly involved in the
coordination of Na+, forms a hydrogen bond with the
glutamate and stabilizes the geometry of the ion-coordination
shell (Tyr60-Glu142 in P. furiosus; Tyr64-Glu140 and Tyr145-
Glu59 in M. ruminanteum).310,323 The number of c-subunits
forming the c-ring is variable among species and can range
from 8 to 15.325 H+-ATP synthase from spinach chloroplast
has 14 subunits in the c-ring, while T. thermophilus enzyme has
12 c-subunits and yeast mitochondrial, E. coli and Bacillus PS3
enzymes have 10 c-subunits, which results in different H+/ATP
ratios.326−330 Each c-ring has at least one potential ion-binding
site and, therefore, the number of ion-binding sites determines
the number of ions translocated per each 360° rotation of the
c-ring.331 To synthesize one ATP molecule, according to eq 5
and considering a Δp of 180 mV (Δμ̃ = 17.4 kJ mol−1), the
ATP synthase has to translocate at least two ions. For yeast
mitochondrial and Bacillus PS3 ATP synthases, a H+/ATP
ratio of 3 was experimentally measured,326,327 whereas for
spinach chloroplast, E. coli, and T. thermophilus enzymes, it was
measured a ratio of approximately 4.328−330 In M. acetivorans
inverted membrane vesicles was demonstrated that the ATP
synthase is driven, under physiological conditions, by both H+

and Na+ gradients.332 The ion/ATP ratio indicates the number
of ions translocated to synthesize one molecule of ATP.
3.2.4.3. P-type ATPases. P-type ATPases are a large protein

family that also drives translocation of ions through the
membrane against the electrochemical potential and at the
expenses of ATP hydrolysis.307 The most studied enzymes are
H+-ATPase (PDB 5KSD),333 Na+/K+-ATPase (PDB
3B8E),334 and Ca2+-ATPase (PDB 1SU4).335 All of these
contain five functional and structurally distinct domains: three
peripheral domains (A, actuator; N, nucleotide-binding; P,
phosphorylation) at the N-side of the membrane, and two

transmembrane domains (T, transport; S, class specific support
domain).336,337 Besides H+, Na+, K+, and Ca2+, P-type ATPases
may also translocate heavy metals (e.g., Ag+, Cu2+, Zn2+, Cd2+,
and Hg2+) and phospholipids.336,338

The charge-translocation mechanism of P-type ATPases is
based on the ion-binding site affinity and the existence of two
different conformation states, E1 and E2, with high and low
affinity to the cation substrate, respectively336,337 (Figure 21).

ATP hydrolysis provides P-ATPases with a Gibbs energy
change of −33.8 kJ mol−1 to drive ion translocation against a
concentration gradient difference of 104-fold and/or an
electrical potential of 180 mV. According to eq 5 and
considering a Δp of 180 mV (Δμ̃ = 17.4 kJ mol−1), ATP
hydrolysis allows the translocation of up to two ions. With the
exception of H+-translocating enzymes, P-ATPases use H+ or
K+ as counterions in order to reduce the effect of the electrical
potential and thus be able to translocate a higher number
(usually three to four) of charges per cycle (ATP hydrolysis).
Thus, the electrical gradient built up across the membrane, by
moving for example Ca2+ or Na+, is partially compensated by
the counterions.
Charge-translocation stoichiometries of P-type ATPases

were determined for Ca2+-ATPase, Na+/K+-ATPase, H+/K+-
ATPase, and H+-ATPase. The calmodulin-binding Ca2+-
ATPase, also known as plasma membrane Ca2+-ATPase
(PMCA), translocates Ca2+ from the N- to the P-side of the
membrane with a Ca2+/ATP stoichiometry of 1. The H+/Ca2+

ratio in PMCA ATPase, measured in liposomes, varies from 1
to 2.337,339,340 In Listeria monocytogenes, Ca2+-ATPase
(LMCA1) transports one Ca2+ per ATP, from the N- to the
P-side of the membrane, using H+ as a counterion (H+/Ca2+/
ATP = 1).341 In both PMCA and LMCA1 Ca2+-ATPases, the
translocation of Ca2+ occurs at the expenses of Δμ̃ and ATP.
Na+/K+-ATPase contributes to the formation of Δμ̃ by
exchanging three Na+, from the N-side, for two K+ from the
P-side of the membrane per molecule of ATP (Na+/ATP = 3,
Na+/K+ = 1.5).342 The gastric H+/K+-ATPase translocates H+

from the N- to the P-side of the membrane and showed, per

Figure 21. P-type ATPases. Schematic representation of P-type
ATPase, which performs energy transduction by an indirect-coupling
mechanism. The translocation of ions (not involved in the catalytic
reaction), from the negative (N, −) to the positive (P, +) side (solid
blue arrows) of the membrane (gray box), leads to the generation of a
transmembrane electrochemical potential (Δμ̃). Dissipation of the Δμ̃
(dashed blue arrows) may allow the translocation of additional ions,
from the negative to the positive side of the membrane. ΔG, Gibbs
energy changed; ΔG < 0, exergonic reaction; Pi, inorganic phosphate;
ADP, adenosine diphosphate; ATP, adenosine triphosphate. For
further explanations, see legend of Figure 11.
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ATP molecule, a H+/K+ stoichiometry of 1.343 The plasma
membrane H+-ATPase, of fungal and plant cells, transports one
H+ per ATP (H+ = 1), from the N- to the P-side of the
membrane, without the translocation of a counterion, as
observed in the others P-type ATPases.337

K+-ATPase, heavy metal-ATPase, and putative phospholipid
flippases do not translocate H+ and/or Na+ and, therefore, are
not discussed in this review. The Ca2+-ATPase found in the
sarcoplasmic reticulum of animals (SERCA pump), despite
being electrogenic, with H+/Ca2+ stoichiometries varying from
1 to 2,337,344 is out of the scope of this review because this P-
type ATPase does not contribute to the establishment of Δμ̃,
the energy currency of cells.
3.2.5. Light-Driven Charge Translocation. 3.2.5.1. Mi-

crobial Rhodopsin. The simplest light-driven charge-trans-
locating proteins are the microbial rhodopsins, which are
found in microorganisms from Archaea, Bacteria, as well as
Eukarya.345,346 The light-driven H+-pump homotrimer bacter-
iorhodopsin from Halobacterium salinarum was the first
microbial rhodopsin discovered and the first protein whose
structure was determined (PDB 1BRD).347 Microbial rhodop-
sins are composed of a single membrane subunit of seven
TMHs, in which a retinal chromophore, oriented transversely
to the membrane, is covalently bound.346,348 Upon photo-
excitation of microbial rhodopsin (ΔG0 = −170 to −400 kJ
mol−1),349 the retinal chromophore isomerizes from all-trans to
the 13-cis isomer (ΔG0 = +180 kJ mol−1),346 and the relaxation
of the retinal chromophore, back from this cis state to the
original all-trans conformation, is coupled to H+-translocation
from the N- to the P-side of the membrane346,350,351 (Figure
22). In fact the Gibbs free energy involved in the relaxation of

the retinal chromophore (ΔG0 = −180 kJ mol−1) is sufficient
to perform electrochemical work by charge translocation across
the membrane and thus contributes to the establishment of
Δμ̃.346,350,351 In the case of Halobacterium halobium bacterio-
rhodopsin, a stoichiometry of H+/photon of 1 was
determined.351 The conformational changes of the retinal
chromophore lead to changes in the protonation state of
several residues ensuring the directionality of ion translocation
(Asp96, Asp85, Asp212, Arg82, Glu194, Glu204).346,348,352

Besides H+, microbial rhodopsins may translocate specifi-
cally Na+ or Cl−, as in the cases of the Na+-pump rhodopsin
from the marine flavobacterium Krokinobacter eikastus353 and
of the Cl−-pump rhodopsins from H. halobium354 and
Nonlabens marinus.355 The light-driven Cl-pump rhodopsin,
also known as halorhodopsin, translocates Cl− from the P- to
the N-side of the membrane.354 Microbial rhodopsins can be
distinguished by characteristic sequences. H+-pump bacterio-
rhodopsins have aspartate, threonine, and aspartate/gluta-
mate/lysine amino acid residues in the active site (DTX
motif). Na+-pump rhodopsins have asparagine, aspartate, and
glutamine (NDQ motif) in the active site, while Cl−-pump
halorhodopsin may have asparagine, threonine, and glutamine
(NTQ motif) or threonine, serine, and alanine (TSA
motif).356,357 Interestingly, when glutamine (Glu123) from
Dokdonia sp. PRO95 Na+-pump rhodopsin is replaced with
aspartate or glutamate, the mutated rhodopsin became a H+-
pump rhodopsin.358 The replacement of aspartate (Asp85)
from H+-pump bacteriorhodopsin with threonine confers Cl−-
pump activity to the mutated bacteriorhodopsin.359

3.3. Coexistence of the Direct- and Indirect-Coupling
Mechanisms

As described to this point, membrane potential generating
proteins follow either a direct or an indirect coupling
mechanism, depending on whether the translocated charges
are involved in the catalytic reaction. Remarkably, some of
these energy transducing proteins operate simultaneously
through both direct- and indirect-coupling mechanisms
(Table 5).

3.3.1. Heme-Copper Oxygen Reductases. Heme-
copper oxygen reductases (HCOs), also commonly referred
as complex IV in mitochondrial respiratory chain, are
transmembrane enzymes that may oxidize quinols (qHCO),
menaquinol or ubiquinol, or periplasmic electron carriers
(cHCO), such as cytochromes c, blue copper proteins
(Em,7 (plastocyanin ox/red)= +370 mV), or HiPIPs (Em,7 (HiPIP ox/red
= +250 mV),54 to reduce oxygen to water (Em (H2O/O2) = +820
mV) (Figure 23). HCOs are constituted by up to four subunits
in the case of prokaryotes and up to 13 subunits in
eukaryotes.360,361 The first obtained structures of HCO from
a bacteria, that of Paracoccus denitrificans (PDB 1AR1),362,363

and from an eukaryote, that of the mitochondria from bovine
heart (PDB 1OCC),364 show that these enzymes share the so-
called core subunits responsible for the function.
Subunit I, common to all HCOs, has a low-spin heme and a

binuclear center, in which oxygen reduction takes place,
formed by a high-spin heme and a copper ion (CuB). This
subunit is also responsible for charge translocation, having
proton pathways that converge from the N-side to the catalytic
site, located inside the membrane at ∼20 Å from the P-side.
On the basis of the conservation of amino acid residues of such
proton pathways, HCOs were classified in type A1, A2, B, and
C.360,365 Type A1 enzymes, which include the mitochondrial
enzyme, have two proton pathways, named D- and K-channels,
due to the presence of conserved aspartate and lysine residues,
respectively. These enzymes have a glutamate residue in the D-
channel, close to the catalytic center, considered a key residue
for the coupling mechanism.361,362,364,366 An additional proton
pathway, the H-channel, was identified in the structure of the
mitochondrial HCO.366−368 Type A2 HCOs have the two
proton pathways with the same composition as those of type
A1 enzymes, with the important exception of the above-

Figure 22. Microbial rhodopsins. Schematic representation of
microbial rhodopsin monomer, which performs energy transduction
by light-driven indirect-coupling mechanism. The translocation of
ions, from the negative (N, −) to the positive (P, +) side (solid blue
arrows) of the membrane (gray box), leads to the generation of a
transmembrane electrochemical potential (Δμ̃). ΔG, Gibbs energy
changed; ΔG > 0, endergonic reaction. For further explanations, see
legend of Figure 11.
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mentioned glutamate residue, whose side chain spatial
occupancy is filled by the side chain of a tyrosine residue.
This tyrosine and a sequence consecutive serine residue
compose the YS motif characteristic of type A2 HCOs, as
suggested first for R. marinus enzyme and later confirmed by
the structural data on the caa3 oxygen reductase from T.
thermophilus (PDB 2YEV).369,370 Type B and C enzymes seem
to contain only one proton pathway, alternative to the K-
channel.361 Cytochrome ba3 oxygen reductase from T.
thermophilus is the most studied type B enzymes (PDB
3S39).371 Type C includes all the cytochrome cbb3 oxygen
reductases and structure of the enzyme from Pseudomonas
stutzeri (PDB 5DJQ) is available.361,372

Subunit II from type A and B cHCOs (oxidizing periplasmic
electron carriers) have a binuclear copper center, CuA; while
subunit II from qHCOs (quinol oxidizing enzymes, ubiquinol
oxidase for example) do not present any cofactor. In addition
to CuA, a C-terminal extension of one or two c-type hemes
domains may be present in subunit II of some cHCOs. In the
case of type C HCOs, cytochrome cbb3 oxygen reductases,
subunit II is not present and two additional subunits, a mono-
and a diheme c proteins constitute the minimal functional unit
of these enzymes.
The catalytic reaction involves a ΔE higher than +500 mV

(ΔE c y t o c h r o m e c : o x y g e n o x i d o r e d u c t i o n = + 56 8 mV ;
Δ E u b i q u i n o l : o x y g e n o x i d o r e d u c t i o n = + 7 0 5 m V ;
ΔEmenaquinol:oxygen oxidoreduction = +892 mV). This value, also
considering that four electrons are involved in the reaction, is
sufficient to allow charge translocation across the membrane,
in the presence of Δμ̃ = 180 mV. In fact, HCOs have been
shown to contribute to the formation of the Δμ̃ with a
stoichiometry of H+/e− up to two, which means that a total of
up to eight charges are translocated across the membrane per
O2 reduction. In this case, the enzyme performs both direct-

and indirect-coupling mechanisms. The catalytic reaction,
which takes place inside of the membrane, was shown to
involve four electrons, transferred from the P-side and four
protons up taken from the N-side.368 This process, which
involves four charges, constitutes a direct-coupling mechanism
as previously described for cytochrome bd (see above). The
remaining up to four charges are translocated by an indirect-
coupling mechanism (ion pump), involving H+ translocation
from the N- to the P-side of the membrane.368 H+/e−

stoichiometry of 1 was measured for the mitochondrial
bovine-heart cytochrome c oxidase,373 cytochrome caa3 oxygen
reductase, from R. marinus,374 cytochrome cbb3 oxygen
reductase, from Rhodobacter sphaeroides,375 cytochrome ba3
oxygen reductase, from T. thermophilus,376 and cytochrome bo3
oxygen reductase from E. coli and Vitreoscilla sp.377,378 The
combination of H+-pumping (indirect-coupling mechanism,
H+/e− = 1) and the electrons and H+ to reduce oxygen within
the membrane (direct-coupling mechanism, H+/e− = 1) results
in an overall H+/e− stoichiometry of 2.
Conceptually, a redox-driven pump may translocate both H+

or Na+ ions and HCOs seem not to be the exception. The
cytochrome cbb3 oxygen reductase from Thioalkalivibrio
versutus was shown to pump Na+,379 contributing in this way
to the establishment of Δμ̃Na+ (Na+/e− = 1 plus H+/e− = 1
from the direct-coupling mechanism). The primary structure of
this enzyme is highly similar to those of H+-translocating
HCOs; nevertheless a Na+ pathway was suggested, involving a
unique amino acid substitution at the N-side in subunit I.379 A
glutamate residue (Glu323), also suggested to be critical for
H+-pump in cbb3 oxygen reductases, was hypothesized to
compose a Na+-binding site, because it is surrounded by
several polar residues that form a Na+ coordination shell.379

3.3.2. Nitric Oxide Reductases. Nitric-oxide reductases
(NOR), responsible for the two-electron reduction of nitric

Table 5. Protein Complexes Performing Charge Translocation by Mixed-Coupling Mechanisma

enzyme reducing substrate oxidizing substrate Δμ̃ ΔE (mV) I+/e−

heme-copper oxygen reductases HCO MQH2 O2 + +892 2(a,b)

UQH2 +705 2(a,b)

cyt c red +568 2(a,b)

HiPIP red +568 2(a,b)

nitric-oxide reductases cNOR cyt c NO −(a) +930 0
CuANOR MQH2 +(a) +1254 >1(b)

qNOR UQH2 +(a) +1067 >1b)

dissimilary sulfite-reductase complex DsrMKJOP S2O3
2− DsrC ox + +252 1.5(c)

succinate dehydrogenase SDH C4H4O4
2− UQ − +80 1(a)

MQ −107 1(a)

fumarate reductase Frd MQH2 C4H2O4
2− − +107 1(a)

aΔμ̃, transmembrane difference of the electrochemical potential; +, protein contributes to the buildup of the Δμ̃; −, redox reaction dependent of
Δμ̃; ΔE, difference between the reduction potentials of the two half-reactions; ΔE > 0, exergonic reaction; ΔE < 0, endergonic reaction; I+/e−,
stoichiometry of the number of ions translocated per electron; MQ, oxidized menaquinone; MQH2, reduced menaquinone; UQ, oxidized
ubiquinone; UQH2, reduced ubiquinone; cyt c, soluble cytochrome c; HiPIP, high-potential iron−sulfur protein; O2, oxygen; NO, nitric oxide;
S2O3

2−, thiosulfate; DsrC, heterodisulfide protein; C4H4O4
2−, succinate; C4H2O4

−2, fumarate; ox, oxidized state; red, reduced state. (a)
stoichiometry experimentally observed; (b) translocation of four electrons and protons, in opposite directions, by a direct-coupling mechanism (I+/
e− = 2) plus translocation of four ions (H+ or Na+) by an indirect-coupling mechanism; (c) translocation of two electrons from the positive (P) to
the negative (N)-side of the membrane, by a direct-coupling mechanism, plus translocation of one ion (H+ or Na+) by an indirect-coupling
mechanism. Please note that DsrMKJOP reaction involves the transfer of two electrons. The transport of one negative charge from the P- to the N-
side of the membrane is equivalent to the transfer of one positive charge in the opposite direction, therefore, we refer to the I+/e− stoichiometry
even in the cases in which the translocated charge is a negative one.. For further explanations, see text.
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oxide to nitrous oxide and water (Em,7 (nitric oxide/nitrous oxide) =
+1180 mV),57 are closely related to HCOs, having a similar
catalytic subunit (subunit I). The subunit I of NOR, as that of
HCO, contains a low-spin heme (heme b or a modified heme
o, in some archaeal NORs) and a binuclear active site but in
this case composed of a high-spin heme b and an iron ion,

instead of a copper ion.380−382 NORs are homotrimer
complexes distributed in three different families, cNOR,
CuANOR, and qNOR depending on the respective electron
donors: cytochromes c, copper proteins (azurin), or
quinol.381,383 cNORs include a monoheme cytochrome c
subunit, which constitutes the electron entry point; CuANORs
contain a dinuclear copper site CuA (homologue to subunit II
of type A and B cHCOs); and qNORs have a single catalytic
subunit that interacts directly with quinols (subunit I), as
qNORs subunit II has no prosthetic groups. The nitric oxide
reduction reaction by any of the possible electron donors
involves a ΔE higher than +900 mV, which allows energy to be
conserved in the form of Δμ̃ (ΔEcytochrome c:nitric oxide oxidoreduction
= +930 mV; ΔEubiquinol: nitric oxide oxidoreduction = +1067 mV;
ΔEmenaquinol: nitric oxide oxidoreduction = +1254 mV). CuANOR from
Bacillus azotoformans and qNOR from Neisseria meningitidis
were shown to contribute to the establishment of Δμ̃.383,384 It
was suggested that protons needed for water production are
taken up from the N-side and electrons are delivered from the
P-side what constitute a direct-coupling mechanism (H+/e− =
1) (Figure 24). However, the existence of an indirect-coupling
mechanism cannot be excluded385 and, in this situation, the
H+/e− stoichiometry is expected to be higher than 1. In both
cases, the presence of a H+-conducting pathway, composed of
polar residues (Glu516, Gln545, Glu591, Glu594, Asn622, and
Tyr660), at the same position of that of the alternative K
channel observed in type B HCOs, was suggested based on
functional and mutagenesis analyses, as well as on the structure
of qNOR from Geobacillus stearothermophilus (PDB 3AYF).385

Intriguingly, cNORs seem to be unable to contribute to Δμ̃;386
as in this case the protons required for the reaction are
hypothesized to be delivered from the P-side of the membrane
and not from the N-side. The structure of cNOR from
Pseudomonas aeruginosa (PDB 3WFB) seems to support this
hypothesis.387

3.3.3. Dissimilatory Sulfite-Reductase Complex. Dis-
similatory sulfite-reductase complex (DsrMKJOP) is a
transmembrane thiosulfate:DsrC oxidoreductase with periph-
eral subunits on both sides of the membrane, isolated and
characterized from Archaeoglobus fulgidus (Hme, Hdr-like
menaquinol-oxidizing enzyme complex),388 Allochromatium

Figure 23. Heme-copper oxygen reductases. Schematic representation
of cytochrome c:oxygen oxidoreductase (cHCO) and quinol:oxygen
oxidoreductase (qHCO), which perform energy transduction by a
mixed-coupling mechanism. The translocation of electrons, from the
positive (P, +) to the negative (N, −) side (solid red arrows), and
protons, from the N- to the P-side (solid blue arrows) of the
membrane (gray box), leads to the generation of a transmembrane
electrochemical potential (Δμ̃). Please note that these electrons and
protons are involved in the catalytic reaction, and thus this
contribution to Δμ̃ occurs through a direct-coupling mechanism.
Additionally, the translocation of ions (H+ and/or Na+, not involved
in the catalytic reaction), from the N- to the P-side of the membrane
(solid dark blue arrows), also contribute to the generation of the Δμ̃,
in this case through an indirect-coupling mechanism. Electron transfer
pathway, that takes place outside of the membrane (dashed gray
arrows), does not contribute to the Δμ̃. Orange and blue subunits
represent membrane subunits that contribute to the buildup of the
Δμ̃. ΔE, difference between the reduction potentials of the two half-
reactions; ΔE > 0, exergonic reaction; Cytc, soluble cytochrome c;
MQ, oxidized menaquinone; MQH2, reduced menaquinone; O2,
oxygen; H2O, water.

Figure 24. Nitric oxide reductases. Schematic representation of the cytochrome c:nitric oxide oxidoreductase (cNOR), quinol:nitric oxide
oxidoreductase (qNOR), and dicopper cytochrome c:nitric oxide oxidoreductase (CuANOR) monomers. Only qNOR and CuANOR contribute to
the establishment of transmembrane electrochemical potential (Δμ̃), by a mixed-coupling mechanism. Cytc, soluble cytochrome c; MQ, oxidized
menaquinone; MQH2, reduced menaquinone; N2O, nitrous oxide; NO, nitric oxide. For further explanations, see legend of Figure 23.
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vinosum389 and D. desulfuricans.390 DsrMK subunits are closely
related to those of membrane-bound heterodisulfide reductase,
HdrDE (see above, section 3.1.1.2, Nitrate reductase family),
where DsrM is homologous to the membrane cytochrome b
subunit HdrE.390 The DsrK, facing the N-side of the
membrane, is homologous to the iron−sulfur subunit HdrD,
binding two [4Fe-4S]2+/1+ clusters, and one [4Fe-4S]3+/2+

cluster.388,390 DsrK reduces a disulfide bond at DsrC
(Em,7 (DsrC ox/red) = −150 mV),51,391 a small protein that
works as a physiological partner of the soluble DsrAB sulfite
reductase.392,393 DsrJ, on the P-side of the membrane, is a
triheme cytochrome c subunit, having each heme a different
axial coordination (His/His, His/Met, and His/Cys),394 DsrO
has four [4Fe-4S]2+/1+ clusters.390 The unusual heme
coordination of DsrJ suggests an interaction with thiosulfate
(Em,7 (thiosulfate/sulfide+sulfite) = −402 mV),38 because the His/Cys
heme coordination is also present in the thiosulfate-oxidizing
subunits from Rhodovulum sulfidophilum SoxXA and Allochro-
matium vinosum TsdA.395,396 DsrP is a NrfD-like protein with
10 TMHs,391 possibly containing ion conducting pathways.
Surprisingly, heterologous production of DsrP from A. vinosum,
identified this subunit as a b-type cytochrome.389 Because
DsrM and DsrP are homologues to the quinone-interacting
HdrE and NrfD subunits, respectively, the presence of two
quinone-binding sites in DsrMKJOP complex, as well as the
involvement of quinones/quinols in the reaction cannot be
excluded.389

The thiosulfate:DsrC oxidoreduction involves a ΔE of +252
mV and, considering a Δp between 110 mV and 155 mV,
measured in diverse sulfate-reducing bacteria,397 it may allow
the translocation of up to three charges (H+/e− = 1.5, two
electrons involved). In this way, we hypothesized that two
charges (H+/e− = 1) are transferred by a direct coupling
mechanism involving DsrM (the cytochrome b subunit) and
one ion (H+/e− = 0.5) is translocated through an indirect
coupling mechanism operated by DsrP, a NrfD-like protein
(Figure 25).
3.3.4. Succinate Dehydrogenase/Fumarate Reduc-

tase. Succinate:quinone oxidoreductase, commonly referred
as succinate dehydrogenase (SDH) or complex II, catalyzes
the oxidation of succinate to fumarate and the reduction of
quinone to quinol. The reverse reaction, reduction of fumarate
and quinol oxidation, is catalyzed by quinol:fumarate
oxidoreductase (QFR), also known as fumarate reductase
(FRD). While SDH is involved in aerobic metabolism and
directly links the citric acid cycle to the electron transfer chain,
FRD participates in anaerobic respiration, having fumarate as
the terminal electron acceptor. It is still not clear whether the
enzymes can be functionally replaced by each other in vivo, as
proposed for E. coli398 and Rhodoferax fermentans.399

Structurally, the canonical SDH/FRD is composed of two
peripheral subunits, A (SdhA/FrdA) and B (SdhB/FrdB),
localized on the N-side of the membrane, and containing a
FAD cofactor and three iron−sulfur clusters ([2Fe-2S]2+/1,
[4Fe-4S]2+/1+, and [3Fe-4S]1+/0), respectively. The electrons
resulting from succinate oxidation are conducted through these
two subunits to the membrane subunit, SdhC/FrdC (or
subunits, SdhC/FrdC and SdhD/FrdD), which contains the
quinone-binding site and, in some cases, b-type hemes.
According to the iron−sulfur clusters composition and the
membrane domain nature, SDH/FRD can be classified into
five types, A to E. Type A and type B have two b-type hemes
displayed in the same way as those of cytochrome b subunit

described above for other proteins performing a direct
coupling mechanism. In type B enzymes, cytochrome b is a
single polypeptide (SdhC/FrdC), possibly resulting from a
fusion of the sdhC/f rdC and sdhD/f rdD genes, whereas type A
is composed of two polypeptides (SdhC/FrdC and SdhD/
FrdD); type C enzymes have two membrane subunits but only
a single heme close to the peripheral subunits; type D
members have no heme cofactors, despite having a membrane
topology similar to types A and C; and type E complexes (not
considered a canonical SDH/FRD) have a single peripheric
membrane-associated subunit named SdhE/FdrE containing a
cysteine-rich motif with unknown function.400 SDH/FRD of
types C, D, and E, due to the characteristics of their respective
membrane proteins (absence of prosthetic groups that allow
electron transfer across the membrane or absence of
transmembrane protein), cannot translocate charges across
the membrane.400

The homodimeric structure of the diheme cytochrome b of
FRD from W. succinogenes (PDB 1QLB)401−403 revealed that
the fumarate-reducing site and the menaquinol-binding site of
the enzyme are localized at opposite sides of the membrane.
This architecture implies electron transfer from the P- to the
N-side of the membrane and a direct-coupling mechanism
(Figure 26, FRD), which could contribute to the buildup of
Δμ̃. However, FRD was described as being electroneutral,
which is in agreement with the thermodynamics of the
catalyzed reaction.69,404 Electrons resulting from menaquinol
oxidation have to cross the membrane to reduce fumarate
(Em,7 (succinate/fumarate) = +33 mV),38 but the ΔE involved in the
reaction (ΔE = +107 mV) is not sufficient to overcome Δμ̃

Figure 25. Dissimilatory sulfite-reductase complex. Schematic
representation of dissimilatory sulfite-reductase complex
(DsrMKJOP), which performs energy transduction by a mixed-
coupling mechanism. The translocation of electrons (involved in the
catalytic reaction), from the positive (P, +) to the negative (N, −)
side (solid red arrows) of the membrane (gray box) and the
translocation of ions (H+ and/or Na+, not involved in the catalytic
reaction), from the N- to the P-side of the membrane (solid blue
arrows), leads to the generation of a transmembrane electrochemical
potential (Δμ̃), through a direct and indirect coupling mechanisms,
respectively. Electron transfer pathway, that takes place outside of the
membrane (dashed gray arrows), does not contribute to the Δμ̃.
S2O3

2−, thiosulfate; S2−, sulfide; SO3
2−, sulfite; DsrC, heterodisulfide

protein. For further explanations, see legend of Figure 23.
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and, consequently, to drive the reaction. To suppress these
thermodynamic constrictions, FRD was hypothesized to
couple the two-electron transfer with the parallel translocation
of two H+ from the P- to the N-side of the membrane by an
indirect-coupling mechanism, through a proton pathway
named E-pathway,405 where Glu180C and His44C amino acid
residues were identified as important constituents of this
pathway406,407 (Figure 26, FRD). In this way, the Gibbs energy
change of partial dissipation of Δμ̃ would be used to power the
catalytic reaction. This hypothesis was experimentally
supported by the results obtained with a FRD mutant,
reconstituted in liposomes, with an impaired E-pathway. This
mutant was not able to perform menaquinol oxidation, but in
the presence of 2-methyl-3-methylamino-1,4-naphthoquinone
(MMAN), a synthetic quinone with lower reduction potential
(Em,7 (MMAN ox/red) = −124 mV), both wild-type and the mutant
enzymes could catalyze the reaction and contribute to the
buildup of Δμ̃ with a H+/e− stoichiometry of 1.404 In
physiological conditions, ΔE is not enough to sustain energy
conservation and the catalytic reaction only proceeds when
coupled to a compensatory parallel H+ translocation through
the E-pathway, which leads to an electroneutral reaction
(translocation of one proton and one electron in the same
direction, from the P- to the N-side of the membrane). This is
a process similar to what is observed for the P-ATPases or to
that proposed for menaquinone reducing complex I, in which
counterions are used in order to reduce the effect of the

electric potential and, therefore, be able to translocate charges
against the Δμ̃.
Diheme SDHs catalyze the electron transfer between

succinate and menaquinone (ΔE = −107 mV), originating
fumarate and menaquinol (Figure 26, SDH). As the two half
reactions take place at opposite sides of the membrane, the
reaction follows a direct-coupling mechanism dependent on
the Δμ̃, as experimentally observed in Bacillus licheniformis.408

The movement of electrons across the membrane, from the N-
to the P-side, which dissipates Δμ̃, is the driving force for the
menaquinone reduction.

4. CONCLUSION
Energy transduction is the conversion of energy from one form
into another. Membrane proteins carry out energy trans-
duction by coupling light-harvesting or chemical reaction to
charge-translocation through a membrane, performing electro-
chemical work, which leads to the establishment of a
transmembrane difference in electrochemical potential, Δμ̃.
The diversity of enzymes described in this work shows that
these membrane proteins can generate Δμ̃ employing two
general mechanisms: direct- or/and indirect-coupling (Figure
2).
In the direct-coupling mechanism the Gibbs energy change

of a reaction allows the movement of charges across the
membrane, in which the translocated charge is directly
involved in the chemical reaction, being an integrant part of
the substrates or products. In this way, the chemical reaction
and the translocating process cannot be dissociated, i.e., the
direct mechanism can never be uncoupled. The catalytic
reaction is always an oxidoreduction, and thus the charges
involved in the establishment of Δμ̃ are electrons and/or
protons. Sodium ion does not participate in cellular redox
chemistry; for this reason, it cannot be involved in a direct-
coupling mechanism.
When the translocated charges are electrons, the two half-

reactions take place at opposite sides of the membrane, in
which the oxidation reaction occurs at the P-side and reduction
reaction takes place at the N-side. The transfer of electrons
occurs along the membrane width and, because this width
(∼40−50 Å) is larger than the allowed distance for electron
transfer (∼15−20 Å), the presence of prosthetic redox groups
in a transmembrane subunit are required. We observed that the
most frequent known complexes performing energy con-
servation by a direct-coupling mechanism contain diheme
cytochrome b subunits (Table 1). These subunits are
structurally distinct in the number of TMHs and in the
location of the histidine residues that coordinate the b hemes,
but the two hemes are always placed in the same orientation in
relation to each other, i.e., one is close to the N-side and the
other to the P-side of the membrane, with the porphyrin rings
aligned and perpendicular to the membrane surface.89,141,409

The arrangement of the two b hemes, bL and bH, in relation to
the membrane, is not related to their redox potential either the
electron flow direction.410

Alternatively, the catalytic reaction may happen inside of the
membrane with the consumption of charges coming from
opposite sides, i.e., electrons from the P-side and protons from
the N-side, as in the case of oxygen reductases. Although HCO
perform both a direct- and indirect-coupling mechanism, the
cytochrome bd oxidase exclusively displays a direct-coupling
mechanism in which protons are translocated from the N-side
of the membrane and electrons are transferred from the P-side

Figure 26. Succinate dehydrogenase/fumarate reductase. Schematic
representation of fumarate dehydrogenase (FRD) and succinate
dehydrogenase (SDH) monomers. In FRD, which performs energy
transduction by a mixed-coupling mechanism, the translocation of
electrons (involved in the catalytic reaction) is powered by the
transmembrane electrochemical potential (Δμ̃) (dashed blue arrows).
I.e., the translocation of electrons, from the positive (P, +) to the
negative (N, −) side (solid red arrows) of the membrane (gray box),
is coupled with the translocation of H+ (not involved in the catalytic
reaction) from the P- to the N-side of the membrane (E-pathway). In
SDH, which performs energy transduction by a direct-coupling
mechanism, the translocation of electrons (involved in the catalytic
reaction), from the N- to the P-side of the membrane (dashed red
arrows), dissipates the Δμ̃. Electron transfer that takes place outside
of the membrane (dashed gray arrows) does not contribute to the Δμ̃.
Dashed blue and orange subunits represent membrane subunits
responsible for the dissipation of the Δμ̃. ΔE > 0, exergonic reaction;
ΔE < 0, endergonic reaction. MQ, oxidized menaquinone; MQH2,
reduced menaquinone; C4H4O4

2−, succinate; C4H2O4
−2, fumarate.

For further explanations, see legend of Figure 23.
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to the catalytic center of the enzyme (buried ∼15 Å from the
P-side of the membrane), where they are used as substrates for
O2 reduction to H2O.
Protein complexes performing indirect-coupling mechanism

use the Gibbs energy change of a chemical reaction to power
the movement of charges through the membrane against the
respective potential (Table 2 and Table 3). In this case, the
translocated charges are not substrates or products of the
reactions, i.e., they are not directly involved in the reaction and
thus an indirect mechanism may be uncoupled. The ion
translocating subunits do not need to have redox cofactors but
should contain ion conducting pathways. The majority of the
charges translocated by complexes operating by an indirect-
coupling mechanism are H+ and Na+ ions, referred to as the
coupling ion. The selected ion is independent of the catalytic
reaction, as H+ or Na+ can be translocated by complexes
performing different catalytic activities or complexes perform-
ing the same activity may be able to translocate H+ or
Na+.28,209,210,212,215,296,297,375,379 In some ion translocating
subunits, the change of just one amino acid residue in an ion
pathway modifies its specificity for H+ or Na+, as has been
observed for membrane-bound pyrophosphatases and micro-
bial rhodopsins.298,358,411

Some membrane enzymes combine the direct- and indirect-
coupling mechanisms to generate Δμ̃ (Table 4), as for example
the members of the HCOs family, which in the case of type A
enzymes, uptake four protons from the N-side and transfer
four electrons from the P-side of the membrane to be used in
oxygen reduction (direct-coupling) and additionally, trans-
locate four more protons (indirect-coupling).
We also observed that most energy transducing membrane

proteins are in general modular complexes capable of
combining different catalytic modules to different charge
translocating modules.89,409 For example, both diheme
cytochrome b (involved in direct-coupling) and NrfD
homologues (involved in indirect-coupling) may function as
the membrane charge translocating modules in energy
transducing complexes with different catalytic subunits.
Likewise, the same catalytic subunit may be combined with a
different membrane charge-translocating module, as for
example group-1 and group-2 [NiFe] dehydrogenases, in
which similar hydrogenase subunits interact with a cytochrome
b or a NrfD-like subunit, respectively.
The number of charges possibly translocated depends on

both the Gibbs energy change of the driving reaction and the
magnitude of Δμ̃, as well as on the structural characteristics of
the membrane proteins. In a direct-coupling mechanism,
providing that the thermodynamics involved allows charge
translocation, the observed stoichiometry is always one
translocated charge per electron, H+/e− = 1. This is because
the translocated charge is used in the catalytic reaction, being
at the same time the translocated charge and substrate or
product of the half reactions. In an indirect-coupling
mechanism, the possible stoichiometry could in theory be as
high as the ratio between the Gibbs energy change of driving
reaction and the magnitude of Δμ̃. In this case, stoichiometric
values higher than 1 are possible, as observed in the case of
complex I.184−189 Importantly, stoichiometric values lower
than 1 are also viable, if for example an antiport activity is
additionally coupled to the system. Such an antiport activity
could lower the energetic barrier for the net translocation of
ions and thus would allow a net translocation of less than one
ion. This is what we proposed for the R. marinus complex I28

(see above, section 3.2.1.2, complex I and group-4 [NiFe]
hydrogenases family). Because this complex uses menaquinone
as electron donor, instead of ubiquinone, the Gibbs energy
change of the oxidoreduction reaction is not sufficient to
supply the translocation of four protons. Thus, an additional
energy source has to be involved in order to achieve that
stoichiometry, and this source was suggested to be the partial
dissipation of the Δμ̃ by Na+-translocation from the P- to the
N-side of the membrane.28 This is also the principle used by
some P-ATPases, which use H+ or K+ as counterions in order
to reduce the effect of the electrical potential and thus be able
to translocate a higher number of charges per cycle342 (see
above, section 3.2.4.3 P-type ATPases). The possibility of the
occurrence of stoichiometric values lower than 1 might also
explain the surprising growth of prokaryotes under extreme
energy limitations.265 This was elegantly presented by Müller
and Hess as the minimum biological energy quantum.1

In prokaryotes, both Δμ̃H+ and Δμ̃Na+ coexist in the same
membrane, while in eukaryotes Δμ̃H+ and Δμ̃Na+ are localized
in different membranes. The majority of the organism seem to
rely on the Δμ̃H+,90,412 but some microorganisms depend on
the Δμ̃Na+ to survive.413 The use of Na+ as a coupling ion was
referred to as an ancestral mode of membrane energy
metabolism and an adaptation to extreme conditions due to
the membrane proton leakiness.10

In the recent years, we have observed an exponential
increase of structural data on charge-translocating membrane
proteins, mainly because of technical improvement of
cryoelectron microscopy.414 The data collected had unprece-
dent repercussions on the knowledge of these membrane
proteins. However, a full understanding of their respective
coupling mechanisms still needs thorough functional studies.
These studies should include membrane protein reconstitution
in order to determine I+/e− stoichiometries, experimental
demonstration of reversibility, and determinations of intra-
cellular pH and membrane potential values of a significative
sampling of organisms. Furthermore, future biochemical
investigation of charge translocating membrane proteins
should look for pushing the boundaries of what is currently
known in mechanistic and structural terms. The future
identification of currently unrevealed module combinations
or unknown driving reactions (direct coupling mechanism,
powered by an oxidative decarboxylation, for example) will test
the conceptual frame proposed in this work, either
corroborating and expanding it, or dismissing it.
Life totally depends on membrane systems, not only by the

reason they function as cell borders but also because
membranes allow the establishment and maintenance of the
most universal form of energy currency in biological systems,
the transmembrane difference of electrochemical potential, Δμ̃.
Life is most diverse, but the establishment of this electro-
chemical potential by membrane proteins, that couples
chemical or light reactions to charge translocation across
membranes, follows only two principals: direct-coupling or
indirect-coupling mechanisms.
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(47) Ide, T.; Baümer, S.; Deppenmeier, U. Energy Conservation by
the H2:Heterodisulfide Oxidoreductase from Methanosarcina mazei
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Active Site Rearrangement and Structural Divergence in Prokaryotic
Respiratory Oxidases. Science 2019, 366, 100−104.

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.0c00830
Chem. Rev. 2021, 121, 1804−1844

1836

https://dx.doi.org/10.1128/JB.187.12.3990-3996.2005
https://dx.doi.org/10.1111/j.1365-2958.2008.06429.x
https://dx.doi.org/10.1111/j.1365-2958.2008.06429.x
https://dx.doi.org/10.1111/j.1365-2958.2008.06429.x
https://dx.doi.org/10.1111/j.1365-2958.2008.06429.x
https://dx.doi.org/10.1111/j.1574-6968.2007.00887.x
https://dx.doi.org/10.1111/j.1574-6968.2007.00887.x
https://dx.doi.org/10.1111/j.1574-6968.2007.00887.x
https://dx.doi.org/10.1046/j.1365-2958.2002.02797.x
https://dx.doi.org/10.1046/j.1365-2958.2002.02797.x
https://dx.doi.org/10.1016/j.bbabio.2012.09.005
https://dx.doi.org/10.1016/j.bbabio.2016.03.028
https://dx.doi.org/10.1021/bi9726483
https://dx.doi.org/10.1021/bi9726483
https://dx.doi.org/10.1074/jbc.M004809200
https://dx.doi.org/10.1074/jbc.M004809200
https://dx.doi.org/10.1074/jbc.M004809200
https://dx.doi.org/10.1074/jbc.M004809200
https://dx.doi.org/10.1016/S0005-2728(03)00065-3
https://dx.doi.org/10.1016/S0005-2728(03)00065-3
https://dx.doi.org/10.1038/s41467-018-04097-9
https://dx.doi.org/10.1038/s41467-018-04097-9
https://dx.doi.org/10.1038/s41467-018-04097-9
https://dx.doi.org/10.1016/j.bbabio.2016.01.001
https://dx.doi.org/10.1016/j.bbabio.2016.01.001
https://dx.doi.org/10.1016/j.bbabio.2016.01.001
https://dx.doi.org/10.1016/j.freeradbiomed.2010.04.011
https://dx.doi.org/10.1016/j.freeradbiomed.2010.04.011
https://dx.doi.org/10.1016/j.freeradbiomed.2010.04.011
https://dx.doi.org/10.1021/bi0610294
https://dx.doi.org/10.1021/bi0610294
https://dx.doi.org/10.1021/bi0610294
https://dx.doi.org/10.1126/science.1190899
https://dx.doi.org/10.1126/science.1190899
https://dx.doi.org/10.1016/j.bbabio.2011.09.017
https://dx.doi.org/10.1016/j.bbabio.2011.09.017
https://dx.doi.org/10.1016/j.bbabio.2011.09.017
https://dx.doi.org/10.1126/science.281.5373.64
https://dx.doi.org/10.1126/science.281.5373.64
https://dx.doi.org/10.1126/science.281.5373.64
https://dx.doi.org/10.1016/0014-5793(75)80098-6
https://dx.doi.org/10.1016/0014-5793(75)80098-6
https://dx.doi.org/10.1016/0014-5793(75)80098-6
https://dx.doi.org/10.1016/0022-5193(76)90124-7
https://dx.doi.org/10.1016/0022-5193(76)90124-7
https://dx.doi.org/10.1146/annurev.physiol.66.032102.150251
https://dx.doi.org/10.1146/annurev.physiol.66.032102.150251
https://dx.doi.org/10.1023/A:1005419712731
https://dx.doi.org/10.1023/A:1005419712731
https://dx.doi.org/10.1023/A:1005419712731
https://dx.doi.org/10.1002/bies.201100134
https://dx.doi.org/10.1002/bies.201100134
https://dx.doi.org/10.1016/j.tibs.2005.02.001
https://dx.doi.org/10.1073/pnas.97.9.4567
https://dx.doi.org/10.1073/pnas.97.9.4567
https://dx.doi.org/10.1016/S0968-0004(01)01897-7
https://dx.doi.org/10.1016/S0968-0004(01)01897-7
https://dx.doi.org/10.1016/S0968-0004(01)01897-7
https://dx.doi.org/10.1111/j.1432-1033.1992.tb17312.x
https://dx.doi.org/10.1111/j.1432-1033.1992.tb17312.x
https://dx.doi.org/10.1111/j.1432-1033.1992.tb17312.x
https://dx.doi.org/10.1126/science.1090165
https://dx.doi.org/10.1126/science.1090165
https://dx.doi.org/10.1126/science.1090165
https://dx.doi.org/10.1023/B:PRES.0000011926.47778.4e
https://dx.doi.org/10.1023/B:PRES.0000011926.47778.4e
https://dx.doi.org/10.1023/B:PRES.0000011926.47778.4e
https://dx.doi.org/10.1111/j.1751-1097.2008.00444.x
https://dx.doi.org/10.1016/j.plaphy.2013.12.011
https://dx.doi.org/10.1016/j.plaphy.2013.12.011
https://dx.doi.org/10.1016/j.bbabio.2008.09.009
https://dx.doi.org/10.1016/j.bbabio.2008.09.009
https://dx.doi.org/10.1023/A:1023742002493
https://dx.doi.org/10.1023/A:1023742002493
https://dx.doi.org/10.1023/A:1023742002493
https://dx.doi.org/10.1023/A:1023742002493
https://dx.doi.org/10.1186/1471-2164-15-946
https://dx.doi.org/10.1186/1471-2164-15-946
https://dx.doi.org/10.1186/1471-2164-15-946
https://dx.doi.org/10.1016/j.febslet.2014.03.036
https://dx.doi.org/10.1016/j.febslet.2014.03.036
https://dx.doi.org/10.1016/j.febslet.2014.03.036
https://dx.doi.org/10.1126/science.aaf2477
https://dx.doi.org/10.1126/science.aaf2477
https://dx.doi.org/10.1126/science.aay0967
https://dx.doi.org/10.1126/science.aay0967
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00830?ref=pdf


(122) Miller, M. J.; Gennis, R. B. The Cytochrome d Complex Is a
Coupling Site in the Aerobic Respiratory Chain of Escherichia coli. J.
Biol. Chem. 1985, 260, 14003−14008.
(123) Kolonay, J. F.; Maier, R. J. Formation of PH and Potential
Gradients by the Reconstituted Azotobacter vinelandii Cytochrome bd
Respiratory Protection Oxidase. J. Bacteriol. 1997, 179, 3813−3817.
(124) Bertsova, Y. V.; Bogachev, A. V.; Skulachev, V. P. Generation
of Protonic Potential by the bd-Type Quinol Oxidase of Azotobacter
vinelandii. FEBS Lett. 1997, 414, 369−372.
(125) Puustinen, A.; Finel, M.; Haltia, T.; Gennis, R. B.; Wikström,
M. Properties of the Two Terminal Oxidases of Escherichia coli.
Biochemistry 1991, 30, 3936−3942.
(126) Theßeling, A.; Rasmussen, T.; Burschel, S.; Wohlwend, D.;
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