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The reason for such a costly arrangement is not clear, and the 
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chloroplast genomes would provide the answer has proved 
unfounded. We cannot think of compelling reasons why the 

proteins made in mitochondria and chloroplasts should be made 
there rather than in the cytosol.
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the quinone can still reside mostly within the membrane, as expected
for a highly hydrophobic moiety. This is in contrast to suggestions that
clusterN2 is 30–60 Å away from themembrane and the quinonemoves
to it along a hydrophobic ‘‘ramp’’10. Additional quinone-binding sites
in subunits NuoL35 and NuoM36 have been proposed. There is no clear
evidence for them in the structure, although it cannot be excluded that
the quinone binds at the surface of these subunits.

Functional implications

The overall architecture of complex I has strong implications for the
coupling mechanism. All antiporter-like subunits, including Nqo14,
are separated from the quinone-binding site and the interface with
the hydrophilic domain by a belt of two layers of a-helices in the
Nuo7, 10, 11 bundle. This arrangement precludes a direct link between
electron transfer and proton translocation via the antiporter-like sub-
units. Many cross-linking studies have indicated conformational
changes in complex I upon reduction23,37–39. In our ‘combined’ mech-
anism proposed previously, in the course of the catalytic cycle, one
proton is translocated by ‘direct’ coupling via cluster N2 and its
unusual coordinating tandem cysteines and the rest are driven by
conformational changes involving the four-helix bundle of Nqo4
and helix H1 of Nqo6, which shift upon reduction13. We can see
now that the four-helix bundle is in direct contact with the Nqo8
subunit, and that helix H1 is also likely to contact the longest helix in
Nqo8 (TM1, Fig. 3d). Thus, these Nqo4/6 helices are well positioned
to transmit conformational changes to Nqo8 and the Nqo7, 10, 11
bundle (cross-links between Nqo7 and Nqo10 change upon reduc-
tion37). The six outermost helices of Nqo8 (including TM1) are highly
tilted (by up to about 40u) relative to the lipid bilayer normal, which
may reflect the role of Nqo8 in conformational coupling. Further-
more, conformational changes in Nqo8 and the Nqo7, 10, 11 bundle
may be aided by quinone movement to and from cluster N2 on bind-
ing, reduction and release. This would agree with the suggestion that
most of the energy from NADH is released only on delivery of its
second electron to quinone40.

The unusual, conserved, long amphipathic helix HL of NuoL/
Nqo12 (Figs 1 and 3) is well positioned to act as a mechanical link
transmitting conformational changes from near the Q-site to the
antiporter-like subunits. Helix HL is in direct contact with one of
the discontinuous helices in each of the three antiporter-like subunits
(red in Fig. 1 and HD1 in Fig. 2). Such helices are thought to be
involved in ion translocation by introducing a charge (and some
flexibility) into the core of the membrane24. The other three dis-
continuous helices (orange in Fig. 1 and HD2 in Fig. 2) may not be
involved directly in the translocation as they are farther away from
helix HL. A possible mechanism (Fig. 4) is that conformational
changes in Nqo8 and the Nqo7, 10, 11 bundle affect the nearby
C-terminal helix of Nqo12 (Fig. 3) and a tilt of this helix leads to a
piston-like motion of helix HL along the membrane domain. This
movement synchronously tilts the three nearby discontinuous
helices, resulting in proton translocation. From charged residues
predicted to be located deep within the membrane, one glutamate
and one lysine are conserved in all three antiporter-like subunits and
they are essential for energy transduction (Glu 144 and Lys 234 for
E. coli NuoM; Supplementary Fig. 4)25,41,42. Glu 144 is located in TM
helix 5, for which there are weak a-helical prediction scores in the
middle and it may therefore be discontinuous. This glutamate may
thus be located in the discontinuous helices contacting helix HL.
During turnover, an ionizable residue in such a position, if exposed
in the proton channel with suitable environment, could bind and
release protons on the opposite sides of themembrane via conforma-
tional changes driven by helix HL.Without such amechanical link, it
would be difficult to imagine how conformational changes might
propagate over the considerable length of the membrane domain.

A net result of such conformationally driven catalytic cycle would be
three translocated protons (one per antiporter-like subunit). The
fourth proton can be translocated via cluster N2 and its tandem

cysteines13, if an appropriate network of charged residues is formed
in the loops between the twomain domains (not resolved in the struc-
ture). Alternatively, in view of the elevated position of cluster N2 over
themembrane (Figs 3 and 4), the translocation of this protonmay also
be conformation-driven, via subunits Nqo7, 10, 11 (ref. 28) (orNqo8).
Subunit Nqo11 also contains a conserved and essential for energy-
transducing activities glutamate within predicted TM helix28,43.

Multi-subunit Mrp antiporters are thought to represent a com-
mon ancestor of complex I and membrane-bound hydrogenases15,
and the essential Glu 144 is also conserved in these enzymes25,44. The
antiporter subunit MrpA, hydrogenase-4 subunit HyfB and subunit
NdhF from the chloroplast Ndh complex, related to NuoL, all con-
tain, according to secondary structure predictions, a long cytoplas-
mic helix between their fifteenth and sixteenth TMhelices. Therefore,
ion-translocating membrane protein complexes related to complex I
may operate using a mechanical link similar to helix HL.

The overall architecture of this large molecular machine is now
clear. F-ATPase has been compared to a turbine. In a similar vein,
complex I seems to resemble a steam engine, where the energy of the
electron transfer is used to move a piston, which then drives, instead
of wheels, a set of discontinuous helices. The full mechanistic details
remain to be clarified by atomic structures of the membrane domain
and the entire complex.

METHODS SUMMARY
Complex I was purified from E. coli strain BL21 as described previously17.
Membrane and hydrophilic domains were separated by treatment with high
concentration of Mg21, and the membrane domain was purified further on a
Mono-S HR5/5 column. For crystallization, a protein solution (10–11mgml21

in 10mM sodium acetate pH4.8, 50mM NaCl and 0.05% n-dodecyl-b-malto-
side (DDM)) was mixed first with 0.5% n-heptyl-b-glucoside and 2mgml21

lipids and then, in sitting drop or microbatch plates, with 0.1M sodium acetate
pH4.8, 0.8–1.0M sodium or potassium formate and 9% PEG4000. The diffrac-
tion properties were improved by dehydration of crystals in 40% PEG4000
before cryo-cooling. Phasing was performed with Ta6Br12 cluster derivatives.
Electron density was improved by multi-crystal averaging and density modifica-
tion, using three phased and one unphased non-isomorphous data sets. The

N2

Q
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2 e–

NADH NAD+

HL HL

Cytoplasm

Periplasm
H+

H+H+ H+

Figure 4 | Proposed model of proton translocation by complex I. NADH,
via FMN (magenta), donates two electrons to the chain of Fe-S clusters (red
and yellow spheres), which are passed on (blue line), via terminal cluster N2,
to the quinone (dark blue, moved out of the membrane by about 10 Å).
Electron transfer is coupled to conformational changes (indicated by
arrows) in the hydrophilic domain, observed13 for Nqo4 four-helix bundle
(green cylinders) andNqo6 helix H1 (red). These changes are transmitted to
the amphipathic helix HL (magenta), which tilts three discontinuous helices
(red) in antiporter-like subunits, changing the conformation of ionizable
residue inside respective proton channels, resulting in translocation of three
protons. The fourth proton is translocated at the interface of the two main
domains. The hydrophilic domain surface is shown in grey, whereas the
membrane domain surface is coloured as in Fig. 3.
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Thermus thermophilus 
Complex I - coloured to 
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Thermus thermophilus 
Complex I - coloured for
gene location in 
Caenorhabditis elegans

Red: encoded in mitochondrion
Yellow: encoded in nucleus
Grey: absent



Thermus thermophilus 
Complex I - coloured for
gene location in 
Arabidopsis thaliana

Red: encoded in mitochondrion
Yellow: encoded in nucleus
Grey: absent
Blue: encoded in both mitochondrion and 
nucleus
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1.  As now generally agreed, bioenergetic organelles evolved from free-living bacteria. 
2.  Gene transfer between the symbiont or organelle and the nucleus may occur in either direction and is 

not selective for particular genes.
3.  There is no barrier to the successful import of any precursor protein, nor to its processing and 

assembly into a functional, mature form. 
4.  Direct redox control of expression of certain genes was present in the bacterial progenitors of 

chloroplasts and mitochondria, and was vital for cell function before, during, and after the transition 
from bacterium to organelle. The mechanisms of this control have been conserved.

5.  For each gene under redox control, it is selectively advantageous for that gene to be retained and 
expressed only within the organelle. 

6.  For each bacterial gene that survives and is not under redox control, it is selectively advantageous for 
that gene to be located in the nucleus and expressed only in the nucleus and cytosol.  If the mature 
gene product functions in chloroplasts or mitochondria, the gene is first expressed in the form of a 
precursor for import. 

7.  For any species, the distribution of genes between organelle and nucleus is the result of selective forces 
that continue to operate. 

8.  Those genes for which redox control is always vital to cell function have gene products involved in, or 
closely connected with, primary electron transfer. These genes are always contained within the 
organelle. 

9.  Genes whose products contribute to the organelle genetic system itself, or whose products are 
associated with secondary events in energy transduction, may be contained in the organelle in one 
group of organisms, but not in another. 

10.  Components of the redox-signalling pathways upon which co-location for redox regulation depends 
are themselves not involved in primary electron transfer, and so their genes have been relocated to 
the nucleus. 
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Prediction

Explanation of previous knowledge

Distribution of genes for components of 
photosynthetic phosphorylation between 

chloroplasts and the cell nucleus
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