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Abstract: Bacteria power their energy metabolism using membrane-bound respiratory
enzymes that capture chemical energy and transduce it by pumping protons or Na* ions
across their cell membranes. Recent breakthroughs in molecular bioenergetics have
elucidated the architecture and function of many bacterial respiratory enzymes, although
key mechanistic principles remain debated. In this Review, we present an overview of the
structure, function, and bioenergetic principles of modular bacterial respiratory chains
and discuss their differences to the eukaryotic counterparts. We also discuss bacterial
supercomplexes, which provide central energy transduction systems in several bacteria,
including important pathogens, and which could open up possible avenues for treatment
of disease.

Introduction

Bacteria have a fascinating energy metabolism, which enables them to survive in a wide variety
of harsh surroundings, from acidic ponds and hot springs to anaerobic intestines of animals.
Their remarkable ability to adapt to their environment is reflected on the molecular level by the
function of modular respiratory chains, consisting of the enzyme complexes I, III, and 1V,
which catalyse the bacterial energy conversion process. These complexes catalyse the oxidation
of NADH (produced by oxidation of nutrients) by quinone, oxidation of the quinol by
cytochrome ¢, and oxidation of cytochrome ¢ by O», respectively. Under aerobic conditions
these membrane-bound energy transducers extract ‘high-energy’ electrons from a wide variety
of chemical substrates, depending on the growth conditions, transfer them to dioxygen, which
is reduced to water, and convert the free energy of the process to a proton or a sodium motive
force (PMF or SMF) by translocating protons or sodium ions across the cell membrane!. Under
anaerobic conditions other ultimate electron acceptors may be used, such as nitrite and nitrate,
or even molecules such as dimethylsufoxide (DMSO). The ion motive force normally operates
around 100-180 mV?, and drives synthesis of adenosine triphosphate (ATP) from adenosine
diphosphate (ADP) and inorganic phosphate (P;)>. The PMF also drives active transport of
solutes against their concentration gradient by secondary active transporter proteins!, which
also link the Na* and H" energetics together*. The established PMF consists of both electrical
(Ay°tin) and pH gradients (ApH®"-i"), which give rise to the chemiosmotic force across the

membrane!. In bacteria that grow at neutral pH (for example, E. coli), the PMF is mainly

composed of the electrical membrane potential, as in mitochondria, whereas in several
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pathogens, such as Helicobacter pylori and Salmonella enterica, the ApH component® between
an acidic outside and an alkaline cytoplasm is dominating.

The core physical principles of respiratory chains are strongly conserved across all
domains of life. However, in stark contrast to linear electron transport chains of eukaryotic
mitochondria, bacteria have branched respiratory chains, which can use different routes of
electron transfer depending on the growth conditions, for example, for oxidising the quinol by
O, either via c-type cytochromes or directly. In contrast to eukaryotes, certain bacteria can also
switch between aerobic and anaerobic conditions (the facultative anaerobes), in which, for
example, formate is oxidised by fumarate or nitrate instead of dioxygen®’. Due to a large
variation between bacterial respiratory chains, only a few selected examples are shown in Fig.
1, with focus on the aerobic soil-bacterium Paracoccus denitrificans, comprising a branch that
in many parts resembles mitochondrial respiration, and that of Escherichia coli, which is a
central model organism in microbiology, but has a rather exotic energy metabolism (Fig. 1).
The main focus of this Review is on aerobic respiratory chains of bacteria with only a limited
number of examples from the archaeal world.

The exact molecular principles of all bacterial, archaeal, and indeed mitochondrial
energy-transducing enzymes are still not fully understood, but they are all structurally and
functionally related to each other. The field underwent a giant leap in the recent decade by
resolved molecular structures due to advances in both membrane protein crystallography and
cryo-electron microscopy (cryo-EM) (Table 1). This structural data has provided a blueprint
for further functional and mechanistic studies by various approaches®. In this Review, we
present an overview of key bioenergetic and structural aspects of the main respiratory enzyme
complexes I, III, and IV that have been resolved in recent years, and the implications for

understanding the molecular principles of bacterial energy transduction.

Bioenergetic principles

Bacterial respiratory chains have redox spans of > 1 Volt, which are established between
electron-donating carriers such as nicotinamide adenine dinucleotide (NADH/NAD", En 7=-
320 mV; redox midpoint potential at pH=7 relative to the normal hydrogen electrode (NHE)),
flavin adenine dinucleotide (FADH2/FAD, Em7;=+31mV), formate (HCO,/CO, Em7=-420
mV), succinate (succinate/fumarate, Em7=+31 mV) and hydrogen (Ho/H", Exn7=0 mV), and
small inorganic electron acceptors with high electron affinities, the most prominent ones being
02/H20 (Em7=+815 mV) and NO/N2O (En,7=+1300 mV). This redox span gives rise to a
thermodynamic driving force of > 1 eV (around 23 kcal mol™! or 96 kJ mol™!, AG=-nFAE,, with
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n being the number of electrons and F the Faraday’s constant (~96,485 C mol ™)), which is
conserved by pumping protons or Na" ions across the bacterial membrane. On a more detailed
chemical level, the respiratory enzymes catalyse proton-coupled electron transfer (PCET)
reactions, in which the motion of the two elementary particles is tightly linked. With a high
PMF of around 200 mV, each proton transport across the membrane has a thermodynamic cost
of around 4.6 kcal mol™! (19.2 kJ mol!), and thus with a ~1 V redox span between the initial
donor and acceptor (for example, NADH and O), up to 5 H" are pumped for each transferred
electron. The stepwise drop in potential along the respiratory chain enables the redox energy to
be conserved rather than dissipated as heat, and the respiratory enzymes to operate at a high
thermodynamic efficiency.

Several bacteria can also power their energy conversion using a SMF (Apn."), which is
established by the sodium-translocating NADH:ubiquinone oxidoreductase (Nqr, Fig. 2, see
below) or oxaloacetate decarboxylase (0adGAB), and switch between H" and Na" pumping
modes* through the Na*/H* antiporters'®. For a review on bacterial Na* energetics, the reader
is referred to Ref.!!

The lipid membrane also forms an integral part of the protonmotive respiratory
machinery. In addition to providing an isolating layer that stores the PMF, the lipid headgroups
have been suggested to establish proton conduction pathways along the membrane surface!?,
and to participate in proton uptake in respiratory complexes!?, although exact mechanistic
principles of lipid-mediated proton conduction is still not fully understood!* '>. The lipids may
also have functional roles in stabilising respiratory supercomplexes, that is, assemblies of the
individual enzyme complexes, possibly regulating their activity (see below)!® 7. Overall, the
bacterial membranes have a diverse lipid composition'®, but many of them are composed of
zwitterionic lipids [G] such as phosphatidylethanolamine (75% in E. coli), and anionic lipids
such as phosphatidylglycerol (20% in E. coli) and cardiolipin (5% in. E. coli). Moreover, the
cytoplasmic membrane of, for example, actionbacteria comprises highly glycosylated lipids
with phosphatidylinositol and phosphatidylinositol mannoside, which affect the
physicochemical properties of the membrane. Interestingly, phosphatidylcholin, which forms
40% of the inner mitochondrial membrane, occurs less commonly in bacteria'®,

Proton conduction channels within the respiratory enzymes® !° are used to overcome the
high desolvation (Born) free energy [G] of transferring protons or ions across the low dielectric
of the membrane. On the molecular level this is achieved by water molecules?® and protonatable
protein residues (for example, Tyr, Glu, Asp, His, Ser, and Thr)?!, which establish ‘proton

wires’ , and enable the charge rather than the proton itself to be transferred in a Grotthuss-type
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hopping process [G]*°. To achieve active proton pumping, the respiratory enzymes convert the
free energy of the redox reactions to pKi,-modulation in buried titratable groups within the
proton channels. In contrast to protons that require conduction channels, electrons are nearly
2000-times smaller elementary particles, and their motion is governed by quantum mechanical
principles??-26. Most redox reactions are catalysed by metal centres embedded within in the
respiratory enzymes, and enable electron transfer by quantum mechanical tunnelling. The rate
of these electron transfer processes is determined by the thermodynamic driving force set by
the redox potential difference between the donor and acceptor groups, the reorganisation energy
associated with the structural relaxation upon oxidoreduction, as well as by the degree of
electronic coupling between the donor and acceptor, which depends on the distance between
the two?>?*. Many redox active centres in the respiratory complexes comprise iron-sulphur
(FeS) clusters, flavine, quinone and heme groups that are relatively close in redox potential,
have modest reorganization energies of 0.2-0.7 eV, and are positioned within a 5-14 A edge-
to-edge separation to enable charge separation on biologically relevant nanosecond to
millisecond time scales*%.

Bacterial cell respiration is a non-equilibrium process, in which the efficiency is
determined by the charge flux (charge transferred per time unit) and the thermodynamic driving
force?’. The free energy that is not conserved in proton pumping, synthesis of ATP, or active
transport, dissipates as heat. The bioenergetic cost associated with synthesis of an ATP
molecule is determined by the [ATP]/[ADP][P;] ratio, the so-called phosphorylation potential,
and the standard free energy of ATP synthesis. Under ‘typical’ microbial conditions AG is ~11
kcal mol™! (48 kJ mol!)in E. coli®®.

Due to the unique pseudo-symmetric architecture of the catalytic Fi-domain of F,F-
ATP synthase, formation of each ATP requires translocation of n/3 protons, where 7 is the
number of subunits in the membranous c-ring of the Fo-part?®. The F,Fi-ATP synthase of E.
coli and P. denitrificans have 10 and 12 c-rings, and the bacterial proteins therefore translocate
3.33 H" and 4 H" for the synthesis of each ATP molecule, respectively. FoFi-ATP synthases

with 7-16 c-ring subunits have been discovered in recent years*-32

, suggesting that cell
respiration in different organisms may run in different ‘gears’. The Na'-driven F.F-ATP
synthases operate by binding Na* to the c-ring, and there are some promiscuous isoforms that
can operate with both Na* and H" *2. The reader is referred to recent work on the structure and
function of bacterial FoF1-ATP synthase in Refs.?- 3!,

The bioenergetic efficiency of oxidative phosphorylation can be characterised by the

phosphate/oxygen (P/O) ratio, which determines the number of ATP molecules synthesised per
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transfer of two electrons, that is, ATP/2e". When the P/O ratio is multiplied by the number of
protons required for synthesis of one ATP molecule (H/ATP), one obtains the number of
protons pumped per two electrons, (H"/2¢”) = (ATP/2¢") x (H'/ATP)*, which can be used for
determining the bioenergetic efficiency under different respiratory conditions. However,
although the H'/ATP stoichiometry is quite precisely dictated by the structure of the F,F1-ATP
synthase**3%, determination of the P/O ratio must be approached by appropriate statistical
analysis of experimental data®’. During growth, bacterial oxidative phosphorylation operates at
an overall thermodynamic efficiency of around 30%?®, which may, however, be close to optimal

thermodynamic limits*.

Overview of the molecular architecture

Electrons enter bacterial respiratory chains from two-electron carriers, such as nicotinamide
and flavin adenine dinucleotide (NADH and FAD), hydrogen, or succinate, which provide
electrons to complex I enzymes of type I and II, hydrogenases, and complex II, respectively.
The electrons can also enter from oxidation of different organic compounds, for example,
methanol through methanol dehydrogenase (PDB ID: 1H4I), methylamine through
methylamine dehydrogenase (PDB ID: 2BBK) and amicyanin (PDB ID: 3C75), or formate,
through formate dehydrogenase (PDB ID: 1KQF).

The initial respiratory complexes transfer the electrons to quinones, which are aromatic
heterocyclic compounds that carry two electrons in the form of the reduced quinol species
(QHy). In contrast to many highly reactive and unstable free radicals, the one-electron reduced
semiquinone species (Q”- or QH") is relatively stable, which is of mechanistic importance for
several respiratory enzymes*’. The membrane-bound quinones have a carbon tail comprising
1-10 isoprenoid units, and an aromatic headgroup that varies between different bacteria, most
notably, high potential quinones such as ubiquinone (Q, Em7=90 mV), plastoquinone of
photosynthetic bacteria (Em7;=+t119 mV), and caldariella quinone of thermophilic and
acidophilic bacteria (Em ;=100 mV), as well as low potential quinones, such as menaquinone
(Em,7=-80 mV) and related species*!. In several bacteria*'*?>, the quinones can be switched
between high and low potential forms depending on O pressure, providing unique adaptation
benefits.

In P. denitrificans, the membranous pool of ubiquinone is reduced not only by NADH
through complex I, but also by succinate through complex II (succinate dehydrogenase, PDB
ID: INEK #), yielding fumarate, a reaction that is a part of the citric acid cycle, but does not

contribute to generation of PMF. The reduced Q-pool provides electrons further to complex II1
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(cytochrome bc1), from where the electrons continue byt the way of the soluble electron carrier
cytochrome ¢ (cyt ¢, Em7=+250 mV) to terminal heme-copper oxidases (HCOs, or complex IV)
(Fig. 1a). Depending on the growth conditions and the bacterial species, different terminal
oxidases may be expressed**. The HCOs shuttle the electrons further to Oz, which is reduced to
water, and couple the free energy to proton pumping across the bacterial membrane. In P.
denitrificans, a central step of nitrogen metabolism is catalysed by the NOR-family of HCOs
that reduce NO to N>O (Fig. la, Fig. 3)* %, The respiratory branch from NDH-1 through
complex III to complex I'V thus closely resembles the mitochondrial respiratory chains, whereas
the alternate pathways have no eukaryotic counterparts. P. denitrificans can also express a
terminal bb3 quinol oxidase*’, which may result in respiratory modes that resemble that of E.
coli (see below).

Although E. coli is one of the most commonly used microbial model systems, the wiring
of its respiratory chain differs substantially from the mitochondrial counterparts, most notably
by the lack of complex III, which catalyses the oxidation of quinol by cytochrome ¢ in many
respiratory but also in photosynthetic electron transport chains (Fig. 1b). Electrons enter E. coli
via NADH by both type-I and type-II complex Is (NDH-1 and NDH-2) that reduce the Qg pool,
from where the electrons continue to the terminal bos-type or bd-type oxidases, which catalyse
quinol oxidation by molecular oxygen (Fig. 1). The bos oxidase pumps protons with a
stoichiometry of 2 H*/e % 4% and bd-I is also electrogenic with a stoichiometry of 1 H'/e™ >,
although it is not a proton pump, whereas bd-II is reported to be non-electrogenic, although
results differ’!> 2. Expression of the bd-oxidases depends on the growth conditions®, and is

important for survival of E. coli under micro-aerobic conditions.

Complex I as electron entry point
Bacteria use three enzyme families as initial catalysts for electron transfer between NADH and
quinone (Fig. 2)*. The type-I NADH:ubiquinone oxidoreductases (NDH-1) are redox-driven
proton pumps that translocate 2 H*/e", and are closely related to the mitochondrial complex 1.
Bacteria also express the wunrelated non-electrogenic (0 H'/e’) alternate Type-II
NADH:ubiquinone oxidoreductase (NDH-2)*3, and, in addition, a sodium-translocating
NADH:ubiquinone oxidoreductase (Na*-Ngr, 1 Na‘/e’)>* 5, which is also unrelated to the
canonical complex I superfamily. E. coli expresses both NDH-1 and NDH-2, depending on the
growth conditions® 44,

The canonical bacterial complex I is an L-shaped, 0.5 MDa modular enzyme complex

that comprises 14 conserved core subunits that are highly homologous counterparts of the larger
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45 subunit mammalian complex I% °6-3%, Complex I catalyses electron transfer by a chain of 8-
9 FeS centres that are embedded in its hydrophilic domain, providing a tunnelling wire for the
electrons between NADH and quinone®®-%2, Reduction of quinone to quinol in a binding site,
located around 20 A above the membrane plane, triggers proton pumping across the membrane
domain (Fig. 2).

Complex I transduces the free energy gained from two-electron transfer between NADH
and Q (AGnapH—q=-0.42 eV per electron), which, depending on the quinone type (see above),
can be used to pump up to four protons across the bacterial membrane. A smaller pumping
stoichiometry is expected when bacteria operate using lower potential quinones such as
menaquinone (AGnapH-MQ=-0.24 V per electron). The redox-driven proton pumping is fully
reversible, and the enzyme can thus also drive NAD" reduction by quinol, powered by PMF.
Such reverse electron transfer (RET) is relevant under hypoxic conditions in mitochondria%?,
but it is unclear whether it is used in bacterial energy metabolism.

The membrane domain of complex I comprises antiporter-like subunits, which have
evolved from bacterial multi-resistance and pH-adaptation (Mrp) transporters and which
function as secondary active Na'/H" transporters. The antiporter-like NuoL, NuoM, and NuoN
subunits of E. coli complex I are responsible for pumping one proton each, whereas the fourth
proton is most likely pumped via the NuoH/A/J/K subunits® ¢4, The electron transfer domain in
complex I arose from the family of NiFe-hydrogenases®. In exotic members of the complex I-
family, the Q reduction site is replaced by a H" reducing NiFe-active site such as in the archeon
Pyrococcus furiosus®®. This family is related to membrane-bound hydrogenases that have an
important role in the bioenergetics and virulence of certain bacteria®’.

In photosynthetic bacteria such as Thermosynecoccus elongatus, complex I has
undergone modular adaptations that enable crosstalk with the photosynthetic machinery®-"!,
To this end, electrons are transferred from ferredoxin (Em,7=-420 mV) instead of NADH, and
in the NDH-1MS subfamily, the redox-coupled proton pumping machinery drives
concentration of CO; using a unique Zn?*-site within the CupA subunit®®.

Although the exact molecular mechanism of how the redox energy is converted into
proton pumping up to 200 A away from the active site of complex I still remains unclear, recent
studies suggest that the long-range process involves an electrostatic wave that propagates by
coupled conformational, electrostatic, and hydration changes along the membrane domain of
the complex® 72 73 ¢ also 56-58, 74,

The alternate Type-1I NADH:ubiquinone oxidoreductases comprise small three subunit

membrane-bound enzymes that also transfer electrons from NADH to quinone (Fig. 2).
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However, they are unrelated to Type | NADH:ubiquinone oxidoreductases, and belong instead
to the two-dinucleotide binding domains flavoprotein-superfamily, which contains several
proteins important for the bacterial metabolism. The non-electrogenic NDH-2 enzymes
contribute to the respiratory chain by reducing the Q pool, but they do not generate PMF. NDH2
is bound to the membrane by amphipathic helices instead of typical transmembrane segments.
A recent structure determined from S. aureus’, in addition to the eukaryotic enzyme’® 77,
provides starting points for understanding their mechanism. NDH2 could be a promising drug
target> 78 due to the lack of this protein in mammalian mitochondria.

The Na*-translocating NADH:quinone oxidoreductases (Na*-NQR) function as redox-
driven sodium pumps (Fig. 2)>4, and are also unrelated to both NDH1 and NDH2, but instead
contain subunits related to the Rhodobacter nitrogen fixation complex”. The recent structure
of Na*-NQR from Vibrio cholerae suggests how electron transfer from NADH through the
enzyme’s FAD, FeS, non-heme Fe centre, flavin and riboflavin groups, leads to the stepwise
reduction of Q to QH: (Fig. 2)” #. The quinone reduction and electron transfer drive Na*
pumping in the NqrB subunit, which is structurally related to urea and ammonia transporters

(Fig. 2).

The redox-loop of complex II1

The prokaryotic complex III or cytochrome bci (ubiquinone:cytochrome ¢
oxidoreducase) is a dimeric ~ 0.5 MDa membrane protein that transfers electrons between
quinol and cytochrome ¢ and couples the process to generation of PMF by a redox-loop
process*’. In photosynthetic bacteria, this function is achieved by the homologous cytochrome
bef 8!, which transfers electrons between plastoquinone and plastocyanin, shuttling them
between photosystem II (PSII) and photosystem I (PSI). Complex III comprises a cytochrome
b subunit with a high- and low-potential heme cofactor, heme bu and heme by, as well as a
Rieske iron-sulphur protein [G] and two Q-binding sites, located on opposite sides of the
membrane. The Q, site catalyses quinol oxidation close to the P-side (positively charged
periplasmic or luminal side) of the membrane, whereas the Q; site is connected to the N-side
(negatively charged cytoplasmic or stromal side).

In contrast to complexes I and IV that pump protons across the complete membrane
dielectric, complex III operates by a Mitchellian redox-loop mechanism [G], in which the
electrical charge moves across the membrane by transmembrane electron transfer, whereas the
protons are transferred electroneutrally in the form of hydrogen (quinol)*. This Q-cycle

mechanism® is initiated by QH> oxidation at the Q, site, where the two electrons are transferred
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by a bifurcated pathway. One of the branches lead through the Rieske FeS site to cytochrome
c1 and the soluble cytochrome ¢, whereas the second branch leads across the membrane through
the b and b hemes to the Q; site on the N-side, which is responsible for reducing a second
quinone molecule (Fig. 3a, b). Oxidation of the Q, site quinol triggers proton release to the P-
side, and diffusion of the resulting oxidised quinone to the membrane pool. The reaction cycle
is completed by a second QH: binding to the Q, site, release of the electrons and protons as
before, and reduction of the semiquinone to quinol at the Q; site, coupled to uptake of two
protons from the N-side (Fig. 3b).

Bacterial complex III can, in addition to ubiquinone, also operate with low potential
quinones, such as menaquinone (Em7=-80 mV). On a molecular level, this has been achieved
by substitutions in the highly conserved PEWY W-motif of the Qo-site®?, and introduction of a
low-potential Rieske FeS centre (+150 mV) instead of the high potential iron-sulphur protein
(>+260 mV) in combination with ubiquinone®* to level off the energetic differences, and
possibly to prevent dissipation of the energy as heat.

The alternative complex III (ACIII), recently discovered in Rhodobacter marinus®* and
Chloroflexus aurantiacus®, oxidises quinol and transfers the electrons to cytochrome oxidase,
but without any structural similarity to the canonical complex III enzymes. By contrast, ACIIIs
comprise 3Fe-4S and 4Fe-4S clusters and six heme cofactors, which transfer electrons to the
complex IV subunit (Fig. 3¢). The structure of ACIII in supercomplex with cytochrome aas3
from Flavobacterium johnsoniae was recently determined®®, and provides a unique system to

understand the function of bacterial supercomplexes (see below).

Modular adaptations of cytochrome ¢

The electrons of complex III are carried by the small, ~12 kDa, soluble electron carrier protein
cytochrome c (cyf c) that shuttles electrons between complexes III and IV. Cyf ¢ has a heme C
cofactor covalently linked to cysteine residues in a highly conserved CXXCH motif, but the
overall architecture of the protein varies in different bacteria. P. denitrificans used a soluble cy?
¢, similar to that in mitochondria, but certain bacteria, such as B. subtilis, use both membrane,
lipid and peptide anchored cyr c-modules®’. Moreover, in actinobacteria the ¢yt ¢ modules are
fused either to the terminal oxidase or to the complex III protein, as revealed by the recently
discovered III-IV> supercomplex from Mycobacteria smegmatis and C. glutamicum (see
below)!® 17- 88 A similar fused ¢yt c-module can also be found in terminal oxidases, such as

cytochrome cbbs 3 and cytochrome caas*°.
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Terminal respiratory oxidases

The terminal heme-copper oxidoreductases (HCOs) function as redox-driven proton pumps that
used the free energy gap (AGer como—02~-0.6 — -0.9 eV per electron) between the electron
donor ¢yt ¢ (Em,7=1+250 mV) or quinone®!/menaquinone” (Em 7=+90/-80 mV), and the electron
acceptor Oz (Em7=1815 mV). Electrons from cy? ¢ on the periplasmic P-side of the membrane,
or from quinol within the membrane, are transferred to the active site. Protons are taken up
from the opposite cytoplasmic N-side of the membrane along proton conducting channels both
to the active site to complete the O; reduction chemistry (O + 4e” + 4H" — 2H»0), as well as
across the membrane to the periplasmic P-side (proton pumping) (Fig. 4). Interestingly, both
proton pumping and the vectorial arrangement of the electron and proton transfers of the O
reduction chemistry contribute equally to the generation of PMF!®- %394,

The HCO superfamily comprises A-, B-, and C-type members, as well as the NOR-
subfamilies, which differ in their overall structural architecture, chemical composition of the
embedded heme-cofactors, and electron donor groups (cyt ¢ or quinone) (Fig. 4)°°. The
eukaryotic mitochondrial respiratory chains solely rely on the A-type oxidases, whereas
bacteria express all three type of oxidases depending on the growth conditions. For example,
P. denitrificans also express the NOR-family of HCOs, which is responsible for respiration by
conversion of NO into N,O*- 46,

The A-type HCOs pump one proton across the membrane for each electron and proton
transferred to the active site, thus leading to a thermodynamic stoichiometry of 2H*/e", whereas
less efficient proton pumping has been reported for the B- %% and C-type families (Fig. 4a)®’.
Although the thermodynamic driving force for the NO reduction is around 0.5 V higher than
that of O reduction, the cyt c-dependent ¢cNOR is reported to be non-electrogenic®®, and
dissipates the energy instead of using it for proton pumping for reasons that still remain unclear
(Fig. 4b)*. Recent studies, nevertheless suggest that the quinol-oxidising gNOR is electrogenic
(Fig. 1a)!%,

The terminal HCOs comprise a central conserved core subunit with an electron-queuing
a- or b-type heme, and an active site composed of heme as/b3/03, and a copper centre, Cus, at
which the reduction of oxygen to water takes place. Cug is coordinated in all HCOs by three
histidine residues, one of which forms a unique chemical crosslink to a tyrosine residue!®. The
chemical intermediates of the reaction cycle catalysed by canonical HCOs is rather well
understood!” 1%, and provides a good starting point for mechanistic understanding of the more

exotic bacterial HCOs.
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Mechanistic studies over the last decades suggest that the inter-heme electron transfer
directs protons both to the active site and across the membrane in the A-type of oxidases!® 1%
106 Although exact details remain unclear, both electric field variations and water molecules
are likely to provide central elements in the pumping mechanism by sorting protons and
preventing them from leaking backwards during the pumping process!®- 102106,

The protons are taken up by two water-filled proton transfer pathways, the D- and K-
channels in the A-family, whereas the chbs-type oxidases of certain pathogenic proteobacteria,
such as Vibrio cholerae and Helicobacter pylori, rely on only the K-channel counterpart to

)89, 107

conduct all protons (Fig. 4a . To survive under low Oz conditions, the active site heme b3

domain has also been modified by a carboxylate, which establishes a higher affinity for O that

is important in a micro-aerobic environment®® 197

. These adaptations possibly enable the cbbs
oxidases to reduce NO to N>O, which is the main task of the NOR-family!'%- 1% although in
NORs, the Cug has been replaced by an Fep site and the conserved histidine-tyrosine of the
other HCOs is also missing **-4°,

In the bos oxidases that form the terminal oxidases in E. coli (Fig. 4a), electrons enter
directly from quinone to the electron-queuing heme b centre from the membrane, instead of
using a cyt c-mediated pathway via Cua, and the protons released upon oxidation of QH; are
ejected to the P-side. The bos:s use the chemically unusual heme O*: 4% 19 in the oxygen
reduction site, but the enzymes otherwise resemble the A-type HCOs.

In contrast to terminal proton-pumping HCOs, the structurally unrelated bd-type oxidases also
catalyse the reduction of O> to H>O by quinol, but do not pump protons>. The catalytic core of
the recently resolved bd-type oxidases from E. coli''! comprises three heme cofactors, and an
electron queuing b-heme, with a high affinity Oz-reduction site formed at heme d, located
within the dimeric CydA core of the enzyme (Fig. 4b). The electrons enter from a Q-binding
loop via Qg in the CydB subunit that is exposed to the periplasmic side. Many pathogenic
bacteria, such as the enterohemorrhagic E. coli and Salmonella enterica, use a long Q-loop
domain (L variant) that could provide important drug targets, whereas some bacteria express
short loop Q domains (S variant). The bd-oxidases also contain a single CydX subunit, which

stabilises the overall hd-oxidase structure!!!- 112

, as well as a non-catalytic CydH subunit, which
interacts with lipids and stabilises the oxygen channel into the active site. The bd oxidases are
related to a class of cyanide insensitive oxidases (CIOs), named after their lack of cyanide
binding, in contrast to other HCOs. The cioA/B subunits of CIOs are homologous to CydA/B

of cytochrome bd, but the heme d is replaced by heme b'?’. These cytochrome bb’:s are
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important for respiration in, for example, Pseudomonas aeruginosa, a pathogenic bacterium

that can synthesize HCN.

Respiratory supercomplexes

In recent years, it has become clear that the respiratory enzymes are organised into larger
supercomplexes'!'® comprising different modular units of I-IIL; 4 15 ATII-IV3, [-IL-TV 15,
and M-IV, 16 17 8 with lipid molecules, in particular cardiolipin, gluing the complexes
together. Most supercomplexes have so far been identified in mitochondria, but, for example,

actinobacteria also use obligate respiratory supercomplexes for their energy transduction.1% 17:

3] The function of supercomplexes is currently not well understood, but it has been suggested
that they could provide a kinetic advantage!!®, have a role in substrate channelling although this

is in discussion!!”-118

, or limit non-specific contacts between different membrane-bound
proteins!!?, which in turn could optimise the electron flux through the respiratory chains.

The recently determined III:IV2 supercomplex from M. smegmatis'® 7 (Fig. 5) shows
modular adaptations, in which the cyt ¢ has been hard-wired between complexes I1I and IV, and
additional subunits that shield both proton channels and the contact between the electron
transfer subunits. The M. smegmagtis 1111V, supercomplex also has a unique dynamically
flexible superoxide dismutase (SOD) unit that is anchored to the membrane domain of the
supercomplex, and could have a functional role in shuttling electrons within the system.
Interestingly, Q203, an anti-mycobacterial drug used for treatment of tuberculosis, inhibits
IV, supercomplex, possibly by blocking the Q.-binding pockets!’. Blocking the energy
transduction or collapsing the PMF could provide possible ways to treat pathogenic bacteria as
alternatives to traditional antibiotics®. However, most compounds that collapse the PMF (for
example, valiomycin and gramicidin) or inhibit specific respiratory chain complexes (.for
example, piericidin, rotenone, stigmatellin and oligomycin) also affect the eukaryotic
counterparts. The unique architectures of the bacterial respiratory enzymes and their
supercomplexes could therefore provide new avenues for development of drugs that specifically

block the bacterial energy transduction machinery.

Concluding remarks
We have discussed the structure and function of bacterial respiratory chains, which convert the
energy from redox reactions into an electrochemical proton (or sodium) gradient stored across

the bacterial cytoplasmic membrane. In contrast to eukaryotes, bacteria use branched and highly
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modular respiratory chains, with several electron entry sites and alternative terminal acceptors.
Whereas certain bacteria, such as the soil-bacterium P. denitrificans have branches that closely
resemble the mitochondrial respiratory chains, others, such as E. coli, have an atypical wiring
that lacks key respiratory enzymes present in mitochondria. Many bacterial enzymes share the
common core architecture with the more complex eukaryotic counterparts, but alternative
variants and modular adaptations enable the bacterial enzymes to use a much broader set of
chemistries. Similar to eukaryotes, some bacteria can also organise their respiratory chain
enzymes into higher order supercomplexes, which are ‘glued’ together by cardiolipin and
modularly adapted subunits. Although the exact biological role of such bacterial respirasomes
remains unclear, their unique architecture in pathogenic bacteria may provide future
possibilities for drug design and open up new ways for treatment of infectious disease,
particularly upon emergence of resistance against commonly used antibiotics. Individual
members of the bacterial oxidoreductases discussed here, or engineered versions therefore, may
also be used in a wide variety of other practical applications, ranging from environmental
protection to the sustainable production of fuels for energy supply, thus providing possible
solutions both for the pharmaceutical and the energy industry. From a fundamental scientific
perspective, future research in the field is strongly focused on integration of structural and
mechanistic studies to elucidate fundamental biochemical principles, but it can also provide a

pre-requisite for understanding the function of a minimal cell and the molecular origins of life.
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Table 1. Examples of resolved structures of bacterial respiratory chain enzymes.

Protein | Organism | Function (¢'/e) | PDB ID (resolution) | References
Type I & II NADH:Q oxidoreductases
Complex I/NDH-1 | E. coli NADH — Q 3RKO, 3.0 A 120
2H'/e
T. thermophilus NADH — MQ 4HEA, 33 A 59
2H'/e
NDH-2 | C. thermarum 0H'/e ANWZ, 2.5 A 121
S. aureus 0H'/e 5NA4,2.6 A 122
NDH-I1L | T. elognatus Fd — PQ 6TIV,6HUM, 68, 69,70, 71
NDH-1MS 2He " 6NBY, 6KHJ, 3.0-
33A
Mbh | P. furiosus Fd — PQ 6CWF, 3.7 A 66
(archeon) 1 H'/e, Na"/H" "
Nqr | V. cholerae NADH — Q 4P6V,3.5 A 79
1 Na'/e™
Complex 111
Complex III (be1) | P. denitrificans QH: — ¢yt c 2YIU, 2.7 A 123
2H'/e
Alternative | R. marinus QH2— O2 6F0K, 3.9 A 86
complex 11
Terminal heme-copper oxidases
aas | P. denitrificans caytc— 02 3HB3,23 A 124
2H /e
aa3-MQ oxidase | B. subtilis MQH—0» 6KOE, 3.75 A %2
bos | E. coli QH2—02 IFFT,3.5A ot
2H'/e
bas | T. thermophilus atc— O 3S8F, 1.8 A 125
cbbs | P. stutzeri 1 H/e 3MK7,32 A 8
cNOR | P. geruginosa 2NO— N>O 300R, 2.7 A 4
gNOR | G. 2NO— N;0 3AYF, 25 A %
stearothermophilus | 1 H'/e""
bd-I oxidase | E. coli QH— O3 6RKO, 2.7 A; 6RX4, | 111126
1 He 33A
bd-II oxidase | G. thermo- QH2— O2 5D0Q, 3.1 A 12
denitrificans 0% orl HY/e?
Bacterial supercomplexes
M-IV2 | M. smegmatis MQH:>— O2 6HWH, 3.3 A; 16,17
6ADQ, 3.5 A
ACHI-IV | F. johnsoniae QHy— 02 6BTM, 3.4 A 86

" no proton pumping measurements available
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Figure 1. Examples of bacterial respiratory chains. Schematic representation of PMF-generating aerobic
bacterial respiratory chains from a, P. denitrificans and b, E. coli. The reported proton pumping is given for two
electron reduction steps. Complex II (succinate dehydrogenase) is not shown as the focus here is on PMF-
generating respiratory chains.
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756 Figure 2. Structure and function of initial electron acceptors in bacterial respiratory chains. The figure
757  shows Type I and Type-Il NADH oxidoreductases, with NDH1 (complex I, PDB ID: 4HEA, lefi) and NDH2
758  (PDBI ID: 4ANWZ, middle), and the Na*-pumping Nqr (PDB ID: 4P6V, right).
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Figure 3. The bacterial complex III and its Q-cycle mechanism. a, Oxidation of quinol in the Q. site of complex
IIT (PDB ID: 2Y1IU), drives proton release to the P-side and reduction of ¢y ¢ and a second quinone at the Qi site
by a bifurcated electron transfer process. b, Oxidation of a second quinol at the Q. site, leads to a similar process
as in a, and complete reduction of the semiquinone (SQ) at the Qi site and uptake of protons from the N-side. ¢,
the structure of the alternative complex III from Rhodobacter marinus (PDB ID: 6F0K). d, Schematic
representation of a redox-loop (left) and proton pump (right). In redox loops, for example, complex III, the protons
are released on respective sides of the membrane, while the electrical charge is translocated as transmembrane
electron transfer. The protons are transferred electroneutrally across the membrane as hydrogen atoms®?. In redox-
driven proton pumps, such as cytochrome ¢ oxidase or complex I, the protons are transferred across the membrane
dielectric, driven by the redox reaction.
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Figure 4. Bacterial terminal respiratory oxidases. a, The figure shows terminal HCO-oxidases (aa3 (PDB ID:
3HB3), bos; (PDB ID: 1FFT), and cbb; (PDB 1D:3MK7)), b, cNOR (PDB ID: 300R) and bd-I oxidase (PDB ID:
6RKO). The figure shows the complete four-electron reduction that complete one catalytic cycle.
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Figure 5. Bacterial respiratory supercomplexes. The bacterial III.IV2 supercomplex from M. smegmatis (model
based on PDB ID: 6HWH) and its possible charge transfer pathways is shown. In the resolved structure, one of
the mobile ¢yt ¢ domains is in a conformation expected to prevent electron transfer to the complex IV unit on the
right side!® 7. The SOD domain is not well-resolved in the cryoEM maps, but here modelled based on atomistic
simulations.
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|G] Glossary terms

Zwitterionic lipids: lipid molecules that carry both negative and positive electric point charges

Desolvation (Born) free energy: the electrostatic component of free energy arising from ion solvation
Grotthuss-type: an excess proton that diffuses within a hydrogen-bonded network of residues via the concerted
formation and breaking of covalent bonds between donor and acceptor pairs, followed by re-orientation of the

hydrogen-bonded network. Named after C.J.T. von Grotthuss who proposed the mechanism in 1806.

Rieske iron-sulphur protein: the Rieske iron-sulphur protein is the FezSz centre of complex III and is named
after its discoverer, the late John S. Rieske

Mitchellian redox-loop mechanism: the ‘redox-loop’ is the original proton translocation principle in Peter

Mitchell’s chemiosmotic theory, which involves direct electron transfer from the P-side to the N-side and coupled
proton release and uptake reactions at respective sides of the membrane
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