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Abstract Respiration involves the oxidation and reduction of
substrate for the redox-linked formation of a protonmotive force
(PMF) across the inner membrane of mitochondria or the plas-
ma membrane of bacteria. A mechanism for PMF generation
was first suggested by Mitchell in his chemiosmotic theory. In
the original formulations of the theory, Mitchell envisaged that
proton translocation was driven by a ‘redox loop’ between two
catalytically distinct enzyme complexes. Experimental data
have shown that this redox loop does not operate in mitochon-
dria, but has been confirmed as an important mechanism in
bacteria. The nitrate respiratory pathway in Escherichia coli
is a paradigm for a protonmotive redox loop. The structure of
one of the enzymes in this two-component system, formate de-
hydrogenase-N, has revealed the structural basis for the PMF
generation by the redox loop mechanism and this forms the
basis of this review.

© 2003 Published by Elsevier Science B.V. on behalf of the
Federation of European Biochemical Societies.
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1. Introduction

The respiratory electron transport chain (ETC) present in
the inner membrane of mitochondria and in the cytoplasmic
membrane of prokaryotes converts energy derived from redox
reactions into a protonmotive force (Ap, or PMF) across the
membrane [1,2]. The PMF has two components: the electro-
chemical gradient (Ay), and the concentration difference of
protons (ApH) across the membrane. The cell uses the PMF
to drive both the synthesis of ATP (adenosine 5’-triphos-
phate) from ADP (adenosine 5’-diphosphate) and substrate
transport. Given the central role of electron transport in these
processes, a considerable amount of research has focused on
attempting to explain the precise molecular mechanism behind
the generation of PMF.
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In Mitchell’s original mechanistic explanation of the chem-
iosmotic theory, he described the oxygen respiratory chain as
a series of redox loops between the respiratory enzymes in the
membrane, where electrons were transferred from the outside
to the inside of the membrane and then co-transported back
across the membrane with protons, in the form of quinol [2].
Redox loops are found in pathways involving enzymes, which
contain the active sites for the substrate and the quinone on
opposite sides of the membrane. By this arrangement, chem-
ical or scalar protons are produced and consumed on opposite
sides of the membrane. These early theories were later modi-
fied by the addition of the more complex mechanisms of the
Q-cycle for the ubiquinol-cytochrome ¢ oxidoreductase (cyt
bc; complex), and proton pumping by reduced nicotinamide
adenine dinucleotide (NADH):ubiquinone oxidoreductase
(Complex I) and cytochrome ¢ oxidase (Complex IV). A com-
bination of these mechanisms has been shown to generate the
PMF when molecular oxygen is the terminal electron accep-
tor.

During oxidative phosphorylation, the generation of a
PMF across the inner membrane of mitochondria and bacte-
rial species is mediated via a series of membrane-bound en-
zyme complexes (Complexes I-1V). These respiratory enzymes
form an ETC and use the release of free energy by the oxi-
dation of substrates to pump protons against the membrane
potential. The electrons are generated from the substrate
NADH and succinate, produced by the oxidation of glucose
via glycolysis and the Krebs cycle. Oxidation of NADH by
Complex I and succinate by Complex II (succinate:ubiqui-
none oxidoreductase), releases electrons that are transferred
through redox centers and via quinone through the ETC and
finally reduce molecular oxygen to water. The subsequent flow
of protons back across the membrane via ATP synthase re-
leases free energy for the production of ubiquitous ATP from
ADP and phosphate. The crystal structures of three of the
complexes (II-IV) [3-6] in the ETC and F; ATPase [7] togeth-
er with biochemical data have provided details of how these
proteins cooperate to generate a PMF. In oxidative phosphor-
ylation, the redox loop originally formulated in Mitchell’s
chemiosmotic theory is not operational, although there are
similarities in the loops formed between Complex I/II and
the cyt be; complex (Complex III) as well as in the Q-cycle [8].

2. Flexibility in prokaryotes enables them to induce alternative
respiratory pathways depending on environmental factors

In addition to oxidative phosphorylation, most prokaryotes
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have the ability to use alternative, inducible respiratory path-
ways utilizing terminal electron acceptors other than molecu-
lar oxygen. In anaerobic environments the diverse range of
electron acceptors includes sulfur, nitrogen, selenium, and
transition metals such as Fe(III) and Mn(IV) [9,10]. Environ-
mental factors determine the respiratory pathway induced,
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and since the H*/e™ ratios differ for the enzymes, this vari-
ability has consequences for energy conservation [10]. One
major alternative respiratory pathway is the nitrate respira-
tory pathway, which is induced by anaerobiosis and the pres-
ence of nitrate [11]. Under these conditions the production of
two energy-yielding enzymes is induced: formate dehydroge-
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Fig. 1. The nitrate respiratory pathway. A: Fdh-N is illustrated in red and Nar in blue. The substrate and menaquinone binding sites of the
enzymes are situated on opposite sides of the membrane, enabling PMF generation via the redox loop mechanism. Electrons are transferred
from the formate oxidation site in the periplasm to the nitrate reduction site situated on the cytoplasmic space of Nar. Menaquinone couples
these two reactions and translocates two H* from the N-side to the P-side, generating PMF. In panel B, the redox centers and potential of the
system are illustrated. The highly exergonic reaction allows electrons to be transferred against the membrane potential.
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nase-N (Fdh-N) and dissimilatory nitrate reductase (Nar).
These two cooperate in generating a PMF through the redox
loop mechanism by utilizing the electrons from substrate (for-
mate) oxidation and reduction of nitrate coupled by the lipid
mobile electron carrier menaquinone (Fig. 1).

3. Example of a redox loop: the nitrate respiratory pathway

The nitrate respiratory pathway, best characterized in Es-
cherichia coli and Paracoccus denitrificans [12-14], consists of
Fdh-N and Nar, members of an enzyme family binding the
bis-molybdopterin guanine dinucleotide (bis-MDG) cofactor
in their active site [15]. In the absence of oxygen and in the
presence of nitrate, these enzymes serve as oxidoreductases to
provide energy for the bacterial cells.

Both Fdh-N and Nar are membrane-bound heterotrimeric
enzymes that contain bis-MGD cofactor, heme, and non-heme
iron. Additionally Fdh-N is one of only three E. coli proteins
that contain intrinsic selenocysteine (SeCys) [12,16]. Purified
Fdh-N and Nar consist of two membrane-associated domains
and an integral membrane domain. All three subunits of Fdh-
N are coded for by the FdnGHI operon. The o-subunit
(FdnG) is a membrane-associated subunit, incorporating a
SeCys residue and a [4Fe-4S] cluster in addition to bis-
MGD cofactor [17]. The B-subunit (FdnH) is another mem-
brane-associated subunit which contains four [4Fe-4S] clus-
ters and one transmembrane helix. The y-subunit (Fdnl) is the
integral membrane subunit, which anchors the other two sub-
units to the membrane. It also incorporates two heme b
groups and a menaquinone binding site. Similarly, the Nar-
GHI operon codes for the three subunits of Nar. NarG and
NarH code for the membrane-associated subunits, which bind
bis-MGD cofactors and four iron—sulphur clusters (FeS), re-
spectively. The product of Narl in the integral membrane
subunit contains two heme b groups and a menaquinol oxi-
dation site.

In this system, formate is oxidized on the periplasmic side
of Fdh-N to CO, and HT, releasing two electrons that are
transferred across the membrane to a bound menaquinone,
which upon reduction takes up two protons from the cyto-
plasm. The formed menaquinol then diffuses across the mem-
brane to the quinol oxidation site on the periplasmic side of
Nar, releasing the protons to the periplasm and transferring
the electrons to the nitrate reduction site on the cytoplasmic
side of the membrane. Here, nitrate is reduced to nitrite, con-
suming two cytoplasmic protons. Energy is conserved in this
system by the net movement of negative charge across the
membrane as well as a net movement of protons [15]. This
model is supported by the analysis of proton movements in
spheroplasts in response to nitrate reduction when electron
donors that input electrons to Nar on different sides of the
membrane are employed [18-20].

4. Crystal structure of Fdh-N complex provides insight into
PMF generation by the redox loop mechanism

Proof of the redox loop mechanism in this system came in
the form of the crystal structure of the oxidized form of Fdh-
N (PDB entry 1KQF) [21]. The high resolution (1.6 A) of this
structure provided detailed insight into the electron transfer
pathway, and the topology and placement of the redox centers
has successfully explained how this system generates a PMF
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via the redox loop mechanism. The structure revealed that the
catalytic o-subunit is situated on the periplasmic side of the
membrane, while biochemical data strongly suggest that the
equivalent subunit of Nar is located on the cytoplasmic side of
the membrane. As stated earlier, this opposite directionality is
the key to energy-efficient PMF generation by the redox loop
mechanism.

4.1. Fdh-N; overall composition and redox centers

The redox centers of Fdh-N are aligned almost linearly
from the bis-MGD cofactor of the catalytic site, through the
single [4Fe—4S] cluster in the a-subunit and the four [4Fe—4S]
clusters in the B-subunit, and finally the two heme b groups in
the integral membrane y-subunit. The overall structure and
redox centers of Fdh-N are shown in Fig. 2. The catalytic
o-subunit has a similar overall structure and position of its
prosthetic groups as the other related bis-MGD enzymes with
known structure. These include a periplasmic Nar from De-
sulfovibrio desulfuricans [22], and Fdh-H from E. coli [23],
which is part of the formate hydrogenlyase complex. The
structure of Fdh-N shows how the catalytic site Mo-atom is
coordinated by the cis-thiolate groups of the bis-MGD cofac-
tors as well as directly to the intrinsic SeCys. The B-subunit is
anchored to the membrane with a single transmembrane o-
helix and contains four [4Fe-4S] clusters arranged in two
pairs. The integral membrane y-subunit is composed of four
transmembrane helices, coordinating two heme b groups situ-
ated on opposite sides of and perpendicular to the membrane
normal.

4.2. Electron transfer in Fdh-N

In this first half of a redox loop, electrons are transferred
from formate in the o-subunit to menaquinone in the y-sub-
unit. The electron transfer from formate (standard redox po-
tential, —420 mV) to menaquinone (—75 mV) is a highly ex-
ergonic reaction, allowing the transfer of two electrons against
the membrane potential, and the subsequent generation of a
proton gradient. In Fdh-N, edge-to-edge distances between
the redox centers are in the range from 6 to 11 A, which is
shorter than the reported 14 A limit of physiological electron
transfer [24]. The shortest distance between metal centers be-
tween two adjacent monomers is 26.5 A, indicating that elec-
tron transfer only occurs within the monomer and that the
monomer is the functional unit of the enzyme, despite the
formation of the physiological trimer.

In the catalytic site, situated in the periplasmic space, elec-
trons are transferred directly from the substrate to the Mo-
cofactor [23]. The electrons released there are transferred to
the B-subunit though the [4Fe—4S] cluster (FeS-0) in the o-
subunit. In the B-subunit, electrons are transferred through
four [4Fe—4S] clusters in the order of FeS-1, FeS-4, FeS-2
and FeS-3. The structure of Fdh-N showed that the coordi-
nation pattern of the [4Fe—4S] clusters in the B-subunit is the
same as predicted for Nar by mutation analysis [25,26]. This
information, together with sequence analysis, shows that Nar
and Fdh-N have very similar o~ and B-subunits, indicating a
similar electron transport mechanism, although with reverse
electron flows. No measurements of the redox potentials of
the Fdh-N [4Fe-4S] clusters have been made, although the
corresponding clusters in Nar have been studied. These stud-
ies have shown that there is a large variation between the
redox potentials of the iron—sulfur clusters (+130, —420,
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Fig. 2. A monomer of Fdh-N viewed from the plane of the membrane. The catalytic a-subunit is shown in dark blue, the electron transfer [3-
subunit in red and the membrane intrinsic y-subunit in marine. The bis-MGD cofactor as well as the two heme » molecules are shown in black
(oxygen in red), with the active site Mo atom in green. Iron atoms in the iron—sulfur clusters are colored gray while sulfur and cardiolipin are
shown in yellow. HOQNO is shown in purple. Also illustrated is the electron transfer pathway, which is linear and spanning close to 90 A
from Mo to the quinone binding site. Center-to-center and edge-to-edge (parentheses) distances between the redox centers are shown. This fig-
ure was made using MOLSCRIPT [34] and rendered using RASTER3D [35].

—55 and +180 mV for clusters 1, 4, 2 and 3, respectively) [25],
which could be explained by the observation that the Fdh-N
clusters 2 and 4 are hydrogen-bonded by several positively
charged residues [21]. From FeS-3, electrons are transferred
to heme bp in the y-subunit, then across the membrane to
heme bc against the membrane potential.

4.3. 2-Heptyl-4-hydroxyquinoline-N-oxide (HOQNO) binding
site and possible proton uptake channel

In addition to the native structure, the structure of Fdh-N
with bound quinone inhibitor was obtained (PDB entry
1KQG). Quinone requirement for the Fdh-N/Nar system
has been demonstrated in studies by Taniguchi et al. [27],
who found that HOQNO inhibited formate-nitrate oxidore-
ductase activity, but had little or no effect on reduced meth-
ylene-blue—nitrate oxidoreductase activity. This was later con-
firmed by Enoch and Lester [28], working with purified
preparations of Fdh-N and Nar. The menasemiquinone ana-
log HOQNO was successfully used for soaking into Fdh-N
crystals and the resultant 2.8 A structure revealed the quinone
reduction site at the cytoplasmic side of the membrane,
placing the active sites for formate and quinone on opposite
sides of the membrane. Furthermore, a possible solvent chain
leading out to the cytoplasm from the reduction site has

been identified. This would allow reduced quinol to receive
protons from the cytoplasm, consistent with the chemiosmotic
theory.

The binding pocket is formed by residues from two trans-
membrane helices (tm? II and tm" III) and the loop region
between them (Fig. 3A). In the inhibitor structure, the N-
oxide group of HOQNO (homologous to O; of menaquinone)
forms a hydrogen bond with His"'®°, a heme b¢ ligand. This is
the first example where the heme ligand is directly involved in
quinone binding. The ligand for the OH group of HOQNO
(homologous to O4 of menaquinone) is less clear, although a
water molecule (w1990) has been suggested to be a direct li-
gand. The N, atom of Asn?''® was also suggested to be a
possible ligand, although the CO-N angle (85°) is not suitable
for stable hydrogen-bond formation. A mutant of the equiv-
alent residue to Asn?'!% (Asn!'?® — Asp) of Wollinera succino-
genes [NiFe] hydrogenase, shows less than 10% quinone re-
duction activity compared to the wild type [29]. This shows
that the residue is important for the menaquinone binding,
although it may not act as a direct ligand.

In the published native structure, a water molecule (w1990)
is connected to the cytoplasmic space via a water chain, main-
tained by hydrogen bonds to polar residues including GluY!%
and His"!” and one propionate from heme bc. In the presence
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Fig. 3. Structure of the integral membrane domain of Fdh-N. A: View parallel to the membrane. Transmembrane helices for the y-subunit are
numbered from tm y I to tm y IV, and the one from the B-subunit is labeled as tm . Residues involved in the binding of the two heme b
groups and the HOQNO are also shown. Red dots correspond to water molecules involved in a possible proton pathway from the cytoplasm
to the menaquinone binding site. B: Menaquinone binding site and water molecules in a possible proton pathway. This figure was made using
MOLSCRIPT [34] and rendered using RASTER3D [35].

of HOQNO, the water chain connects the OH group (equiv- 5. PMF generation mechanism in the Fdh-N/Nar system
alent to O4 of menaquinone) with the cytoplasmic space. We
believe that this is the proton pathway to the menaquinone Thus, the HOQNO-inhibited structure revealed the mena-

binding site. quinone reduction site at the cytoplasmic side of the mem-
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brane, compared to the location of the menaquinol oxidation
site of Nar at the periplasmic side. Support for the quinol
oxidation site being located on the periplasmic side of Nar
comes from the observation that electron donation by the
membrane-impermeable diquat radical is blocked by the qui-
nol analog HOQNO [19]. Also, the redox potentials of the
two heme bs of E. coli Nar were estimated in partially purified
enzyme to be (at pH 7.0) +10 and 125 mV [30]. The lower-
potential heme has a reduction potential close to that of the
relevant quinone/quinol couple, consistent with this heme
being the initial electron acceptor from quinol at the periplas-
mic face of the membrane. If the high-potential heme is situ-
ated on the cytoplasmic side of the membrane, then the po-
tential difference between the heme bs could provide some of
the work required to move the electrons against the trans-
membrane electrochemical potential (150-200 mV).

As mentioned earlier, the H"/e™ ratios differ for the en-
zymes and pathways induced. The ratio is also dependent
on the topology of the enzymes. Fdh-N can couple the redox
reaction to the reported proton translocation (H"/e™ =1) by
the orientation of the substrate sites for formate and mena-
quinone [19,21]. Similarly, Nar yields an H*/e™ =1 ratio dur-
ing menaquinol oxidation [19,31,32]. This can be compared to
the menaquinol:fumarate reductase, which has an H"/e™ ratio
of 0 due to the arrangement of the substrate sites. Proton
release during menaquinol oxidation and proton consumption
during fumarate reduction both take place on the cytoplasmic
side of the membrane [33].

The Fdh-N structure, in combination with the Nar topolo-
gy information and mutation analysis, demonstrates that Fdh-
N and Nar generate PMF by the redox loop mechanism. In
this respiratory pathway, two electrons are transferred from
the formate oxidation site in the periplasm to the NO5 reduc-
tion site in the cytoplasm. In the process, two protons are
taken up from the cytoplasm at the Fdh-N menaquinone re-
duction site, and translocated across the membrane and re-
leased to the periplasm from the menaquinol oxidation site in
Nar. This follows the principles in Mitchell’s original chem-
iosmotic theory.

6. Outlook

There is a large quantity of biochemical and mutational
data for the second enzyme in the pathway, Nar. However,
to date no structural data are available. The final piece in the
puzzle will fall into place when the structure of Nar is re-
vealed, providing the definitive proof of Mitchell’s redox
loop mechanism almost 40 years after he first formulated
his theory and 25 years after he won the Nobel prize for his
seminal work.
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