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omplex I (NADH/quinone oxi-
doreductase) is the only en-
zyme of the membrane-bound
respiratory chain to remain a
“black box.” Atomic resolution struc-
tural models are available for three of
the four energy-transducing respiratory
complexes: the cytochrome bc; complex,
cytochrome oxidase, and the F; domain
of ATP synthase. Detailed mechanisms
that integrate these structural models
with the results of spectroscopic and
functional studies are therefore being
constructed (1). In comparison, due to
its large size and subunit complexity,
and because its cofactors are difficult to
distinguish spectroscopically, complex I
has proved intractable. The complex is
L shaped (2) and, although the exact
cofactor content and ligation remain
unconfirmed, complex I is known to
contain a noncovalently bound flavin
mononucleotide at the active site for
NADH oxidation and a number of iron—
sulfur clusters (3). Complex I plays a
pivotal role in energy transduction. It is
the entry point for electrons into the
respiratory chain, and it contributes to
the proton-motive force (App+) across
the inner-mitochondrial membrane,
which is harnessed for the synthesis
of ATP (1). In mitochondria, it is well
established that complex I uses the
free energy from transferring two elec-
trons from NADH to ubiquinone to
pump four protons across the inner-
mitochondrial membrane (4, 5), and
it has been widely assumed that all com-
plexes I operate in the same way. In this
issue of PNAS, Gemperli et al. (6) chal-
lenge this central tenet and present evi-
dence that complex I from the entero-
bacterium Klebsiella pneumoniae pumps
sodium ions rather than protons across
the bacterial cytosolic membrane. In a
reconstituted system, the sodium ion
motive force (Auna+) supports ATP syn-
thesis by the sodium ion driven ATP
synthase from Ilyobacter tartaricus. Com-
plex I from Escherichia coli, closely re-
lated to the K. pneumoniae enzyme, has
also been proposed to be a primary
sodium ion pump (7).

Complex I from bovine heart mito-
chondria is composed of at least 45 dif-
ferent subunits (8), 14 of them being
conserved throughout the complex I
family. These 14 “core” subunits com-
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prise the simpler bacterial enzymes (9)
and therefore are deemed sufficient for
catalysis and energy transduction. The
core subunit conservation and homology
suggest that all complexes I operate by a
common mechanism. However, if bovine
complex I pumps four protons across
the membrane for each NADH oxidized
but complex I from K. pneumoniae
pumps two sodium ions (10), then this
conclusion must be questioned. These
different cation specificities and stoi-
chiometries have fundamental implica-
tions for our understanding of the
mechanism of complex I and its role in
energy transduction and metabolism,
and challenge the relevance of bacterial
complexes I as models for the mamma-
lian enzyme. It is therefore imperative
that the sodium ion pumping activity of
complex I from E. coli or K. pneumoniae
be verified independently by other re-
searchers. Furthermore, because only a
limited number of systems have so far
been characterized, equivalent analysis
of the complexes I from other species is
required before any significant generali-
zation may be made. Two interesting

Complex | from
K. pneumoniae pumps
sodium ions across
the bacterial cytosolic
membrane.

possibilities are that the sodium ion
specificity is more widespread than
has been suspected hitherto, and that
systematic differences in the electron/
cation stoichiometry exist. It is conceiv-
able that the more elaborate eukaryotic
enzymes contain an extra “module”
enabling them to pump two more pro-
tons than their bacterial counterparts.
Alternatively, the stoichiometry may
vary according to the free energy avail-
able: different quinones are used, and
proton and sodium ion motive forces
vary between species and in response
to conditions.

Determination of the cation specific-
ity of a number of complexes I will
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allow meaningful sequence compari-
sons to be drawn, and these may help
to identify the cation-binding sites. A
similar approach was employed suc-
cessfully for ATP synthase (11): most
ATP synthases use a proton motive
force, but closely related examples that
use a sodium ion motive force have
been identified in bacteria such as
Propionigenium modestum. A family of
sodium ion/proton antiporters identi-
fied in alkaliphilic bacteria contain
stretches of sequence similarity with
the membrane-bound ND2, 4, and 5
(NuoN, -M, and -L) subunits of com-
plex I (12, 13). On this basis, these
subunits have been proposed to bind
cations and to constitute a conforma-
tionally driven ion pump (14, 15).
However, the absence of any experi-
mental support for these speculations
demands that they be treated with
caution.

Before discussing the mechanism of
complex I, it is worth noting that the net
redox reaction is the transfer of two
electrons from NADH to quinone, with
the concomitant uptake of two protons.
Because the quinol product is released
into the bilayer, these chemical protons
cannot be substituted by sodium ions.
The chemical reaction itself is nonelec-
trogenic (it does not contribute to the
membrane potential), because the pro-
tons and electrons enter the bilayer
from the same side; these protons are
assumed to originate in the mitochon-
drial matrix to avoid dissipating the
proton motive force. Only the vectorial
protons, which cross the membrane
completely, may be replaced by
sodium ions.

The majority of proposals for the
mechanism of complex I (16) can be
classified as either Q cycle or redox
pump mechanisms. Examples of these
are now considered, under the assump-
tion that the mechanism is conserved
in both the sodium ion and proton-
pumping enzymes.

Dutton et al. (17) proposed that two
protons are translocated by complex I
by a modified Q cycle based on that of
the cytochrome bc; complex, but ener-
getically and vectorially complementary

See companion article on page 839.
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Fig. 1. The quinone/semiquinone redox pump.
(1) Reduction of the quinone causes protonation
from the matrix side; (2) a conformational change
exposes the semiquinone to the intermembrane
space; and (3) oxidation of the semiquinone causes
proton expulsion to the intermembrane space. The
energy required to pump the proton across the
membrane is provided by a decrease in the poten-
tial energy of the electron.

to it: complex I catalyzes the overall re-
duction of quinone instead of the oxi-
dation of quinol. In support of this hy-
pothesis, evidence for two bound
semiquinones in complex I has been
presented, and on the basis of their cou-
pling to iron-sulfur cluster N2, they may
be located at opposite sides of the mem-
brane (18). However, the number and
location of the quinone-binding sites in
complex I are disputed, and there are
two further arguments against this pro-
posal. First, the Q cycle accounts for
only two protons, and therefore it is in-
sufficient to support the pumping of
four protons by mitochondrial complex
I. Second, during catalysis, all of the
protons translocated across the mem-
brane have been, or will be, bound to
ubiquinol, which is free to diffuse in the
membrane bilayer (19). These two pro-
tons cannot be replaced by sodium ions
and therefore this mechanism, along
with any mechanism based on a Q cycle,
is precluded.

A redox pump uses the free energy
from electron transfer to translocate
protons across a hydrophobic barrier.
The quinone/semiquinone proton pump
suggested by Dutton et al. (17) to trans-
locate the second pair of protons for
each pair of electrons forms an illustra-
tive example (see Fig. 1). The quinone
gates a proton channel, which would
otherwise permit unrestricted proton or
ion movement in either direction. Re-
duction of the quinone causes a signifi-
cant increase in its pK (electron and
proton affinities are tightly coupled),
and a proton is taken up from the ma-
trix side. A conformational change to
expose the protonated semiquinone to
the intermembrane space is then re-
quired, before oxidation and the con-
comitant decrease in pK cause deproto-
nation and proton expulsion to the

intermembrane space. The quinone
must then return to its original confor-
mation, ready for the next cycle, and so
protons are shuttled across the hydro-
phobic barrier. A second potential redox
pump in complex I involves iron—sulfur
cluster N2, thought to be the electron
donor to bound quinone (18). The re-
duction potential of cluster N2 is re-
ported to be pH-dependent (20), sug-
gesting that a proton binds at, or close
to, the cluster, and the protonation state
of a nearby carboxylate responds to the
cluster oxidation state (21). This ar-
rangement corresponds to the “proton-
transfer module” found in a small
iron-sulfur protein, ferredoxin I from
Azotobacter vinelandii. In ferredoxin I,
the reduction of a [3Fe-4S] cluster, bur-
ied below the solvent accessible surface,
causes it to protonate. Proton transfer
across the hydrophobic protein barrier is
mediated by the swinging arm of an ad-
jacent carboxylate residue (22). The pKs
of both cluster and carboxylate depend
on the cluster oxidation state (electron
and proton affinities are tightly cou-
pled), so that the proton moves only in
response to movement of the electron.
Similarly, in complex I, proton transfer
may be gated by a carboxylate residue,
carrying protons across a hydrophobic
barrier in response to a change in the
oxidation state of cluster N2 (see Fig.
2). A similar role has been suggested for
a glutamate residue in cytochrome oxi-
dase (23). To increase the stoichiometry
above one proton per electron, pumping
modules may be connected in series.
However, both redox pumps described
above depend on the covalent binding
of a proton, and therefore, like the

Q cycle, they cannot switch to pumping
sodium ions.

Insights into how complex I trans-
duces redox energy into a sodium ion
motive force may be provided by the
NADH/quinone oxidoreductase (Na™*-
NQR) from marine and pathogenic or-
ganisms such as Vibrio alginolyticus and
Vibrio cholerae (24). Na*-NQR are pri-
mary sodium ion pumps, with a stoichi-
ometry of two sodium ions pumped per
NADH oxidized (25), but they display
no sequence similarity to complex I and
contain a different set of cofactors (26).
Therefore, there is little reason to sup-
pose that complex I and Na*-NQR op-
erate by the same mechanism. Neverthe-
less, a common mechanism, analogous
to the quinone/semiquinone proton
pump described above, has been sug-
gested (14). Because a sodium ion can-
not be covalently bound by a semiqui-
none, the requirement for charge
neutralization in a low dielectric is used
to explain why semiquinone formation
results in cation binding. However, it is
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Fig.2. Proton translocation across a hydrophobic
barrier in response to the reduction of iron-sulfur
cluster N2, mediated by a carboxylate residue.
(1) Reduction of cluster N2; (2) the increased pK of
the carboxylate causes it to collect a proton from
the solvent channel; (3) the carboxylic acid group
carries the proton across the hydrophobic barrier
to the cluster; and (4) proton transfer from the
carboxylic acid to the cluster (or a nearby group)
that has a high pK in the reduced state.

difficult to appreciate how reduction
and sodium ion binding can be coupled
strongly enough, and how proton bind-
ing to the semiquinone is avoided. Fur-
thermore, a low dielectric environment
is difficult to reconcile with a hydro-
philic channel that allows sodium ion
access.

The results of Gemperli et al. (6)
raise one further question: why should
the complexes I from E. coli and K.
pneumoniae be used to pump sodium
ions instead of protons? Primary sodium
ion pumps are widespread in prokary-
otes. They include decarboxylases, such
as the oxaloacetate decarboxylase of K.
pneumoniae (27), the methyltransferases
of methanogenic archaea (28), the Na™*-
NQR of marine and pathogenic orga-
nisms such as V. cholerae (24), and the
V-type ATPase from Enterococcus hirae
(29). Similarly, a sodium ion motive
force can be used in various ways, most
commonly for nutrient uptake (30) and
as a buffer for pH homeostasis, in con-
junction with sodium ion/proton anti-
porters (31). However, examples of a
sodium ion motive force being used for
ATP synthesis, for example in P. modes-
tum (27), and to power the flagellar mo-
tor, for example in V. cholerae (32), are
also known. Both the ATP synthase and
the flagellar motor of E. coli are pow-
ered by the proton motive force, but
E. coli does use a sodium ion motive
force for the uptake of nutrients such as
melibiose, glutamate, proline, and serine
(30), and it contains a complement of
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sodium ion/proton antiporters for ho-
meostasis. The factors that dictate a
preference for sodium ions over protons
are not clear, but primary sodium ion
pumps are typical of organisms that live
in environments of high external pH or
high salinity, perhaps because of the
increased importance of pH homeosta-
sis, or to minimize the effect of an unfa-
vorable contribution to Apy+ from ApH
(31). Although E. coli is not halophilic
or alkaliphilic, it may benefit from an
increase in robustness and adaptability
resulting from the use of two coupling
cations instead of one. It is interesting
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to note that sodium ion translocating
NADH/quinone oxidoreductases are
common among pathogens (24). Meta-
bolically, the identification of a sodium
ion translocating complex I in E. coli is
perhaps not so surprising.

In summary, complex I is an experi-
mentally challenging system, due to its
complexity and hydrophobicity, and be-
cause the flavin, iron-sulfur clusters,
and quinones are difficult to study spec-
troscopically. As a result, and because
no atomic resolution structural model
is available, the formulation of a
uniquely supported and convincing
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mechanism is not yet possible. The
mechanistic hypotheses described
above are those that appear most rea-
sonable in the light of currently avail-
able experimental data, but they are
strongly challenged by the assertion that
complex I can pump either sodium ions
or protons, and by apparent differences
in stoichiometry between homologues.
There remain many opportunities for
rigorous and innovative experiments to
establish a comprehensive understanding
of complex I, which will provide a com-
pelling challenge for the foreseeable
future.
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