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The proton-pumping NADH:ubiquinone oxidoreductase, re-
spiratory complex I, is the main entrance of electrons into

the respiratory chains of mitochondria in most eukaryotes and
many bacteria. It couples the transfer of two electrons from
NADH to ubiquinone with the translocation of four protons
across the membrane (current consensus value), thus contribut-
ing to the proton motive force used for energy-consuming
processes.1�6

The bovine complex consists of 45 subunits and has a
molecular mass of∼1 MDa.7 The bacterial homologues generally
consist of 14 subunits that are named NuoA�N (from NADH:
ubiquinone oxidoreductase) or Nqo1�14 (from NADH:quinone
oxidoreductase). Because of the homology of the subunits, the
common cofactor content, and the common catalytic activity,
bacterial complex I is regarded as a simpler model for the
eukaryotic complex.8 Electron microscopy revealed the two-part
structure of the complex consisting of a peripheral arm protruding
into the aqueous phase and a membrane arm buried in the lipid
bilayer.9,10 The peripheral arm contains the NADH binding site
and all cofactors, while proton translocation takes place in the
membrane arm.The ubiquinone binding site is supposedly located
at the interface of the two arms.11�13

The structure of the peripheral arm of Thermus thermophilus
complex I revealed the putative electron pathway fromNADHby
a chain of seven iron�sulfur (Fe�S) clusters to the ubiquinone
binding site.14,15 However, the coupling of the electron transfer
reaction to proton translocation as well as the mechanism of

proton translocation is not understood. Most notably, the
membrane arm contains three subunits named NuoL, NuoM,
and NuoN, which derive from a common ancestor and which are
homologues of monovalent cation/Hþ antiporters.4,16,17 It is
most reasonable to assume that they are involved in proton
translocation. The recently determined structure of complex I
from T. thermophilus and Yarrowia lipolytica revealed that these
antiporter-like subunits are located at the most distal position of
the membrane arm.18,19 They consist of 14 transmembraneous
(TM) helices each arranged in a core of four central helices
surrounded by a ring of 10 residual helices. The latter include two
discontinuous TM helices connected by a loop in the membrane.
It was proposed that this type of helix is important for ion
translocation in transporters.20 In addition, the structure of the
bacterial complex revealed the presence of a 110 Å amphipathic
helix aligned parallel to the membrane arm. The same structural
element was found in the mitochondrial complex, however, at a
length of 60 Å.19 The amphipathic helix is anchored on both ends
of NuoL by two additional TMhelices. This unique domain is the
C-terminal part of NuoL and conserved within the family of
energy-converting hydrogenases and antiporters.18 It clearly
distinguishes NuoL from its homologues, NuoM and NuoN.
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ABSTRACT: The NADH:ubiquinone oxidoreductase, respira-
tory complex I, couples the transfer of electrons fromNADH to
ubiquinone with a translocation of protons across the mem-
brane. The complex consists of a peripheral arm catalyzing the
electron transfer reaction and a membrane arm involved in
proton translocation. The recently published X-ray structures of
the complex revealed the presence of a unique 110 Å “hor-
izontal” helix aligning the membrane arm. On the basis of this
finding, it was proposed that the energy released by the redox
reaction is transmitted to the membrane arm via a conforma-
tional change in the horizontal helix. The helix corresponds to
the C-terminal part of the most distal subunit NuoL. To
investigate its role in proton translocation, we characterized the electron transfer and proton translocation activity of complex I
variants lacking either NuoL or parts of the C-terminal domain. Our data suggest that the Hþ/2e� stoichiometry of the ΔNuoL
variant is 2, indicating a different stoichiometry for proton translocation as proposed from structural data. In addition, the sameHþ/
e� stoichiometry is obtained with the variant lacking the C-terminal transmembraneous helix of NuoL, indicating its role in energy
transmission.



3387 dx.doi.org/10.1021/bi200264q |Biochemistry 2011, 50, 3386–3393

Biochemistry ARTICLE

It was proposed that the helix is used as a piston to transmit the
energy released by the redox reaction in the peripheral arm to
proton translocation in the membrane arm. It is generally
assumed that complex I translocates four protons per NADH
oxidized across the membrane.21�23 According to the structure
of the bacterial complex, Efremov et al.18 proposed that by an
unknownmechanism the ubiquinone reduction induces a piston-
like movement of the amphipathic helix in the membrane arm.
Because of this movement, the three antiporter-like subunits,
NuoL, NuoM, and NuoN, are opened (and closed), leading to a
translocation of one proton by each of the subunits. It is
proposed that the fourth proton is translocated at the quinone
binding site by another yet unknown mechanism. In contrast,
Ohnishi et al.24 postulated that only two protons are translocated
by the antiporter-like subunits.

To investigate the role of the additional C-terminal domain of
NuoL in proton translocation and to shed some light on the
possible mechanism of proton translocation, we overproduced
and isolated variants of the complex either lacking NuoL or
containing C-terminally truncated versions of NuoL. All variants
revealed inhibitor-sensitive electron transfer activity. After re-
constitution in proteoliposomes, they exhibited redox-driven
proton translocation but to a reduced extent. From our data,
we conclude that there are at least two coupling sites in complex I
and that the C-terminal domain of NuoL is essential for the
translocation of 2Hþ/2e�.

’MATERIALS AND METHODS

Materials and Strains.A derivative from Escherichia coli strain
BW2511325 from which the nuo operon had been deleted by
genomic replacement methods was used26 (M. Vranas and T.
Friedrich, unpublished results). In addition, E. coli strains DH5R27

(Invitrogen) and DH5RΔnuo28 and plasmids pCA24NnuoL,29

pUM24,30 pKD46,25 and pBADnuoHis
30 were used in this study.

(For a detailed description of strains and plasmids, see Tables
S1 and S2 of the Supporting Information.) Ampicillin (100 μg/
mL), chloramphenicol (170 μg/mL), and kanamycin (50 μg/
mL) were supplemented where necessary. All enzymes used for
recombinant DNA techniques were obtained from Fermentas
(St. Leon-Roth, Germany) and DNA oligonucleotides from
MWG Operon (Ebersberg, Germany) (Table S3 of the Sup-
porting Information).
Site-Directed Mutagenesis. Plasmid pCA24NnuoL29 was

used to introduce mutations into nuoL. Primer pairs pCA_nuo-
L_Y544Stop and pCA_nuoL_W592Stop (Table S4 of the
Supporting Information) were used to create plasmids pCA24N-
nuoL/Y544Stop and pCA24NnuoL/W592Stop.
λ-Red-Mediated Recombination. Electrocompetent

DH5RΔnuo/pKD46 cells were prepared and electroporated as
described previously.28 The nptIsacRB cartridge was amplified
from pUM24 with the primer pair nuoL_nptIsacRB (Table S3 of
the Supporting Information). The nuoL gene on pBADnuoHis
was replaced by the selection cartridge by λ-Red-mediated
recombination;26 50 μL of electrocompetent cells was mixed
with 50 ng of pBADnuoHis and 250 ng of the linear DNA
fragment. To select recombinants, 200 μL of the cells was plated
onto LB agar with kanamycin. Plasmids were isolated from KmR

clones and purified by linearization via SacI restriction. DH5R
cells were transformed with the linearized plasmid and grown on
LB agar supplemented with kanamycin. The nptIsacRB cartridge
on pBADnuoHis was replaced by a polymerase chain reaction

(PCR) product containing the desired mutation in nuoL by a
second λ-Red-mediated recombination step. For this purpose, a
linear DNA fragment was amplified from pCA24NnuoL carrying
the mutation with the primer pair pCA_nuoL (Table S3 of the
Supporting Information). Electrocompetent DH5RΔnuo/
pKD46 cells were cotransformed with 50 ng of pBADnuoHis/
nuoL::nptIsacRB and 100�300 ng of the PCR product. Recom-
binants were selected on YP agar supplemented with chloram-
phenicol and 10% (w/v) sucrose at 30 �C. Plasmids from CamR

and SucR clones were isolated. All mutations were confirmed by
DNA sequencing (GATC, Konstanz, Germany).
Isolation of Complex I and the Variants. The complex and

its variants were isolated as described previously.30 Additional
anion exchange chromatography was included to enhance purity.
In general, the membrane proteins were extracted using
n-dodecyl β-D-maltopyranoside (DDM) (AppliChem) and se-
parated by anion exchange chromatography on Fractogel EMD
TMAE Hicap (Merck). Fractions with NADH/ferricyanide
oxidoreductase activity were pooled and subjected to affinity
chromatography on Ni-IDA material (Invitrogen). The column
was washed, and bound proteins were eluted in an imidazole
gradient.30 The preparations were further purified on a 15 mL
Source 15Q (Amersham Biosciences) column equilibrated in
50 mMMES/NaOH, 50 mMNaCl, and 0.1% DDM (pH 6.0) at
a flow rate of 1.5mL/min. Bound proteins were eluted in a 40mL
linear gradient from 150 to 350 mM NaCl in 50 mM MES/
NaOH and 0.1% DDM (pH 6.0). Peak fractions with NADH/
ferricyanide oxidoreductase activity were combined and concen-
trated (Amicon Ultra-15, Millipore, 100 kDa molecular mass
cutoff). Typical courses of the preparations are given in Tables
S5�S8 of the Supporting Information. The homogeneity of the
preparations was analyzed by size exclusion chromatography;
200�300 μg of the preparations was applied to a 26mL Superose
6 10/300 GL column (GE Healthcare) equilibrated in 50 mM
MES/NaOH, 50 mM NaCl, and 0.1% DDM (pH 6.0). The
protein was eluted in the same buffer at a flow rate of 0.5 mL/
min.
Electron Transfer Activity. The physiological NADH:decyl-

ubiquinone oxidoreductase activity of the preparations was
measured by monitoring the decrease in the NADH concentra-
tion at 340 nm using an ε of 6.3mM�1 cm�1 (TIDAS II, J&M31).
The preparations were reconstituted in proteoliposomes as
described previously.31 Proteoliposomes (5 μL) containing 6.5 μg
of either complex I or the variants were added to the assay buffer
[5mMMES/NaOH, 50mMKCl, and 2mMMgCl2 (pH 6.0)] at
30 �C. The final concentration of the enzyme was 1.3 μg/mL.
Decyl-ubiquinone (60 μM) was added, and the assay was
incubated for 1 min. The reaction was started via addition of
150 μM NADH.
Proton Translocation Activity. The generation of a proton

gradient was determined by monitoring the fluorescence
quenching of 9-amino-6-chloro-2-methoxyacridine (ACMA,
Sigma). Proteoliposomes (5 μL) with 6.5 μg of complex I,
0.2 μM ACMA, and 60 μM decyl-ubiquinone (Sigma) were
added to the assay buffer [5 mMMES/NaOH, 50 mM KCl, and
2 mM MgCl2 (pH 6.0)] at 30 �C and incubated for 1 min. The
fluorescence was detected with an LS 45 luminescence spectro-
meter (Perkin-Elmer) at an excitation wavelength of 430 nm and
an emission wavelength of 480 nm. The reaction was started via
addition of 150 μM NADH (Roth).
EPR Spectroscopy. EPR measurements were taken with a

Bruker EMX 1/6 spectrometer operating at X-band (9.2 GHz).
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The sample temperature was controlled with an Oxford instru-
ment ESR-9 helium flow cryostat. The preparations (1.5�3 mg/
mL) were reduced with a 1000-fold molar excess of NADH and
frozen at �78 �C as described previously.30

Other Analytical Procedures. NADH/ferricyanide oxidore-
ductase activity was measured as the decrease in absorbance at
410 nm using an ε of 1 mM�1 cm�1.32 The measurements were
performed at room temperature with an Ultrospec 1100 pro
spectrophotometer (Pharmacia) in 50 mM MES/NaOH and
50 mMNaCl (pH 6.0) supplemented with 0.2 mMNADH. The
reaction was started via addition of 5 μL of the protein sample.
Protein concentrations were determined by the Biuret method
using BSA as a standard. The concentration of purified complex I
was determined by the absorbance at 280 nm minus that at
310 nm (TIDAS II, J&M) using an ε of 763 mM�1 cm�1 for fully
assembled complex I and 665 mM�1 cm�1 for the ΔNuoL
variant as derived from the amino acid sequence.33 Sodium
dodecyl sulfate�polyacrylamide gel electrophoresis (SDS�
PAGE) was performed as described previously34 using a 3.9%
stacking gel and a 10% separating gel. Mass spectrometric
analysis was conducted at the Zentrum f€ur Biosystemanalyse,
Albert-Ludwigs-Universit€at, with a Q-TOF mass spectrometer
(Agilent 6520, Agilent Technologies).

’RESULTS

Generation of Mutants. The 21 kb expression plasmid
pBADnuoHis containing all 13 E. coli nuo genes under the control
of the inducible Para promotor is too large for site-directed
mutagenesis. Therefore, the 6 kb plasmid pCA24NnuoL contain-
ing only nuoL was mutated and introduced into the expression
plasmid. First, nuoL on pBADnuoHis was replaced by the
nptIsacRB selection cartidge via λ-Red-mediated recombination.
To prevent unwanted crossover recombination with the chro-
mosomal nuo genes, chromosomal deletion strain DH5RΔnuo
was used for recombineering. Plasmid pBADnuoHis/nuoL::nptI-
sacRB was used for the overproduction of the ΔNuoL variant. In
a second recombination step, the selection cartridge was replaced
with a linear DNA fragment containing the mutated version of
nuoL, which was amplified from subclone pCA24NnuoL. The

NuoL variants Y544Stop and W592Stop contain a stop codon
leading to truncations in the middle and at the end of the horizontal
helix (Figure 1). As a result, the W592Stop variant is missing the
C-terminal TM helix and the Y544Stop variant is missing this helix
and approximately half of the amphipathic helix (Figure 1). Expres-
sion strain BW25113Δnuo was transformed with the expression
plasmids. The chromosomal nuo deletion ensured that the mutant
strains contained only the episomal variant of complex I.
Isolation of the Parental Complex and the Variants. The

parental complex and its variants were isolated from the corre-
sponding strains by affinity chromatography and two anion
exchange chromatographies. The complex and the variants
eluted at 290 mM NaCl after the first anion exchange chroma-
tography step, at 380 mM imidazole via affinity chromatography,

Figure 1. Positions of the truncations inserted into the amphipathic helix of NuoL (green-blue). The side view of the membrane arm of E. coli complex I
(Protein Data Bank entry 3M9C) is shown. The approximate positions of the amino acid residues replaced by a stop codon are denoted with an arrow.

Figure 2. SDS�PAGE of the preparations. The wild type was in lane 1,
the ΔNuoL variant in lane 2, and the Y544Stop variant in lane 3. The
positions of subunits NuoL, NuoM, and NuoN identified by mass
spectrometry are indicated.
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and at 190 mM NaCl after the second anion exchange chromatog-
raphy step. From 30 g of cells, 7mg of complex I, 5�6mg ofΔNuoL
and the Y544Stop variant, and 2 mg of the W592Stop variant
were obtained (Tables S5�S8 of the Supporting Information).

SDS�PAGE of the preparation of the parental complex revealed
the presence of all subunits of complex I (Figure 2). The presence of
NuoL was demonstrated by mass spectrometry of bands extracted
from the gel after tryptic digestion as indicated in Figure 2. The
preparation of the ΔNuoL variant contained all subunits except
NuoL.Wewere not able to detect a sequence compatible withNuoL
in any of the tryptic digests of slices of the corresponding gel by mass
spectrometry. The preparations of the variants with a C-terminally
truncated NuoL contained the subunit as demonstrated by mass
spectrometry of tryptic digests (Figure 2). The truncations in NuoL
obviously led to an increased level of binding of SDS per milligram of
NuoL as the short forms of NuoL show a lower apparent molecular
mass as expected from the mass deduced from the sequence. The
apparent molecular masses of the truncated versions of NuoL were
similar to that of NuoM.
The homogeneity and the stability of the preparations were

demonstrated by analytical size exclusion chromatography
(Figure 3). Complex I eluted as a single peak after 12.5 mL
and the ΔNuoL variant after 14 mL, which is consistent with its
lower molecular mass. Both peaks show a similar shape with
some end tailing. The preparations of the variants with C-term-
inally truncated NuoL eluted with a nearly identical profile after
12.7 mL.
EPR Spectroscopy. The Fe�S cluster content of the prep-

arations was analyzed by EPR spectroscopy (Figure 4). The
signals of binuclear Fe�S clustersN1a (gx = 1.92, gy= 1.94, and gz
= 2.00) and N1b (g ) = 2.03, and g^ = 1.94) were detected at 40 K
in all preparations. In addition, the signals of tetranuclear Fe�S
clusters N2 (g ) = 1.91, and g^ = 2.05), N3 (gx = 1.88, gy = 1.92,
and gz = 2.04), and N4 (gx = 1.89, gy = 1.93, and gz = 2.09) were
detected at 13 K. Thus, the preparations contained all EPR-
detectable Fe�S clusters with identical spectral parameters.
Electron Transfer and Proton Translocation Activity. The

physiological NADH:decyl-ubiquinone oxidoreductase activity of
complex I, the ΔNuoL variant, and the two Stop variants was
measured after reconstitution of the preparations in proteolipo-
somes (Table 1). In total, 80% of the protein added to the
reconstitution assay was found in the proteoliposomes for all
preparations. The orientation of the reconstituted proteins in the
proteoliposomes was determined by measuring the NADH/ferri-
cyanide oxidoreductase activity of the proteoliposomes before and
after incubation with 0.5% DDM for 10 min.31 Approximately half
of all preparations were oriented as right-side-out vesicles, while the
other half resulted in inside-out vesicles.
In the presence of 150 μM NADH and 60 μM decyl-

ubiquinone, the parental complex exhibited an electron transfer

Figure 3. Analytical size exclusion chromatography of the preparations
of complex I (black) and the ΔNuoL variant (red).

Figure 4. EPR spectra of complex I and the ΔNuoL variant. Panel a
shows the spectra recorded at 40 K and 2 mW and panel b those
recorded at 13 K and 5 mW. The signals are attributed to the individual
Fe�S clusters (nomenclature of Ohnishi). Other EPR conditions were
as follows: microwave frequency, 9.462 GHz; modulation amplitude,
0.6 mT; time constant, 0.164 s; scan rate, 17.85 mT/min.

Table 1. NADH:Decyl-ubiquinone Oxidoreductase and
Proton Translocation Activity of Complex I and Several NuoL
Variants after Reconstitution in Proteoliposomesa

proteoliposome

contents

NADH:decyl-ubiquinone

oxidoreductase activity

(μmol min�1 mg�1)

ACMA fluorescence

quenching (%)

complex I 1.5 ( 0.2 (5) 40 ( 5 (5)

ΔNuoL 1.2 ( 0.2 (5) 18 ( 3 (5)

W592Stop 1.3 ( 0.2 (2) 14 ( 2 (2)

Y544Stop 1.2 ( 0.1 (4) 12 ( 2 (4)
a Each reaction was started by the addition of 150 μM NADH. The
number of preparations from which the standard deviation was calcu-
lated is given in parentheses.
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rate of 1.5 μmol min�1 mg�1. The activity of theΔNuoL variant
was determined to be 1.2 μmol min�1 mg�1 under the same
experimental conditions, which is 80% of the parental activity.
Both activities were inhibited to 90% by the complex I specific
inhibitor piericidin A. The W592Stop variant and the Y544Stop
variant exhibited inhibitor-sensitive electron transfer rates of 1.3
and 1.2 μmol min�1 mg�1, respectively (Table 1).
An aliquot of the proteoliposomes used for the electron

transfer activity measurement was used to determine the gen-
eration of a proton gradient by measuring the quench of the
ACMA fluorescence (Table 1 andFigure 5). The addition of 150μM
NADH to complex I proteoliposomes incubated with 60 μM
decyl-ubiquinone led to a 40% fluorescence quench. Proteolipo-
somes containing the preparation of the ΔNuoL variant
quenched the ACMA signal by 18%. The signals were fully
sensitive to CCCP and piericidin A (Figure 5), demonstrating
that they derive from a proton gradient generated by the redox
reaction of complex I. The proteoliposomes containing the
Y544Stop variant and the W592Stop variant were also used for
measuring proton translocation activity. The redox reaction of
the Y544Stop and W592Stop variants quenched the ACMA
fluorescence by approximately 15% (Table 1 and Figure 6).

’DISCUSSION

The type(s) of coupling sites connecting the electron transfer
reaction with proton translocation in complex I as well as their
number is still unknown. The presence of an either redox-
driven35 or conformationally driven36 coupling site was pro-
posed. Our group and that of Sazanov and co-workers proposed a
mixed mechanism that included both types of coupling sites.4,15

The importance of the quinone chemistry for proton transloca-
tion has been addressed several times.35,37�39 From the recently
published structure of the T. thermophilus complex, the presence
of a coupling site related to the quinone reduction in a still
unknown manner and a series of three conformationally driven
coupling sites were proposed.18 Thus, the data derived from the
structure hint at a mixedmechanism of proton translocation. The
contribution of the individual coupling sites to the translocation
of 4Hþ/2e� has so far not been determined experimentally,
although it was proposed that direct coupling driven by the
quinone chemistry contributes to the translocation of one and
indirect coupling to the translocation of three protons per two
electrons.18

To determine the role of the C-terminal domain of NuoL for
proton translocation by complex I, we characterized variants either
lacking the C-terminal helix (W592Stop), lacking this helix and
approximately half of the amphipathic helix (Y544Stop), or lacking
the entire subunit NuoL (ΔNuoL). The variants were produced
with an overproduction system recently established in our labora-
tory allowing protein purification via an affinity tag.30 All prep-
arations were pure and stable and contained the expected protein
composition derived via SDS�PAGE in combination with mass
spectrometry. It was not unexpected to obtain fully assembled and
structurally intactΔNuoL variants ofE. coli complex I because it was
shown that NuoL can be selectively removed from the complex by
changing the detergent to diheptanoyl-sn-glycero-3-phosphocholine
without decreasing the stability of the residual complex.40

After the reconstitution in proteoliposomes, the ΔNuoL
variant exhibited 80% of the electron transfer activity of the
parental complex (Table 1). This activity was fully sensitive to
piericidin A as was the parental complex. These data indicate that
the loss of NuoL has an only very mild effect on the electron
transfer activity. This was expected because of the distal location

Figure 5. Proton translocation by complex I (black) and theΔNuoL variant (red) after reconstitution in proteoliposomes. The quench of the ACMA
fluorescence was measured after the reaction had been started with NADH (a, arrow). The quenching was completely sensitive to an addition of CCCP
(a, arrow). Incubation of the proteoliposomes with either CCCP (b) or piericidin A (c) prevented fluorescence quenching.

Figure 6. Proton translocation by the W592Stop variant (black) and
the Y544Stop variant (red) after reconstitution in proteoliposomes. The
reaction was started by an addition of NADH, and the proton gradient
dissipated after the addition of CCCP.
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of this subunit within the membrane arm. However, as the long
horizontal helix of NuoL folds back from the most distal position of
the membrane arm to the interface between the two arms, its
C-terminal helix is within 40�50 Å of the proposed quinone binding
site. Apparently, the loss of the C-terminal helix and the loss of the
long amphipathic helix of NuoL also have an only verymild influence
on the binding and reduction of the quinone. The inhibitor-sensitive
NADH:decyl-ubiquinone oxidoreductase activity of the Stop variants
was 85% of that of the parental complex (Table 1).

Aliquots of the proteoliposomes were examined for their
ability to translocate protons across the membrane. Proton
translocation was assayed by ACMA quenching, allowing an
only qualitative interpretation of the data. Assuming that the
parental complex has aHþ/2e� stoichiometry of 4,21�23 our data
indicate that the ΔNuoL variant exhibits a Hþ/2e� stoichiom-
etry of 2.2. Not all right-side-out proteoliposomes are tightly
coupled and give rise to the quenching of the ACMA signal.
Nevertheless, these proteoliposomes contribute to the measured
electron transfer activity. Because the preparations were obtained
from identical protocols and because the proteoliposomes were
made under identical conditions, we assume that the error in the
determination of the pH gradient is similar in all samples. Our
data indicate that NuoL is most likely involved in the transloca-
tion of two protons and not of three as proposed.18 If the
mechanism proposed from the structural data is correct, the
ΔNuoL variant should be able to translocate 1Hþ/2e�. How-
ever, the experimentally determined value of 2.2Hþ/2e� is closer
to the value of 2Hþ/2e� proposed by Ohnishi et al.24 According
to this proposal, NuoN is not involved in proton translocation
because mutations of conserved charged residues within the
subunit had no effect on proton translocation.41 This is further
substantiated by the finding that in higher metazoans the three
N-terminal helices of NuoN are missing.42 On the basis of that, it
was proposed that NuoN rather supports the anchoring of the
amphipathic helix of NuoL and promotes the coupling of
electron transfer with proton translocation.42 It was also shown
that NuoN contains the L-(X3)-H-(X2)-Tmotif on a cytoplasmic
loop.41 This motif was proposed as a quinone binding motif for
respiratory complexes.43 The assumption that NuoN might be
involved in quinone binding is further substantiated by the fact
that it is labeled with a photoaffinity analogue of asimicin, a
specific quinone site inhibitor of complex I.44 Thus, according to
our data, the three antiporter-like subunits are most likely
involved in the translocation of 2Hþ/2e�. It is proposed that
the two residual protons are translocated at the quinone binding
site involving the reaction of two different semiquinones.39

To investigate the role of the C-terminal domain of NuoL not
conserved in its homologuesNuoM andNuoN, two stop variants
were created. Because the resolution of the complex I model does
not allow the identification of individual amino acid residues,
suitable positions for the mutations were estimated from se-
quence comparisons and secondary structure predictions in
combination with the structural model (Figure 1). The W592Stop
variant missing the C-terminal TM helix and the Y544Stop variant
missing this helix and half of the amphipathic helix are capable of
proton translocation. Both variants exhibit a stoichiometry of
1.6Hþ/2e�. This value is lower than that determined for the
ΔNuoL variant. The difference could be due to a disordered or
flexible arrangement of the amphipathic helix or residual amphi-
pathic helix, respectively, no longer connected to themembrane arm
by theC-terminal TMhelix ofNuoL. In addition, we cannot exclude
the possibility that a disordered amphipathic helix within the stop

variants allows a random opening and closing of the antiporter-like
subunits not coupled with the electron transfer reaction. This
scenario would also lead to a decrease in the proton gradient across
the membrane.

Nevertheless, the Hþ/2e� stoichiometry of the W592Stop
variant missing the C-terminal helix is only slightly reduced to
that of the ΔNuoL variant lacking the entire subunit. This
stoichiometry is not significantly changed by deletion of half of
the amphipathic helix (Y544Stop variant). This shows that the
additional C-terminal domain of NuoL is essential for coupling
the energy released by the redox reaction within the peripheral
arm with proton translocation in the membrane arm. How this
transmission takes place on a molecular level has yet to be
established. However, our data indicate that the C-terminal TM
helix of NuoL is needed to transmit conformational changes from
the ubiquinone binding site to the membrane arm.

Taken together, our data indicate that in agreement with the
structural data there are at least two different coupling sites for
energy conservation in complex I. The reduction of the quinone
contributes two protons, and the opening and closing of two of
the antiporter-type subunits, most likely NuoL and NuoM,
contributes another two protons to the overall stoichiometry
of 4Hþ/2e� of the complex. For the latter, the presence of the
C-terminal TM helix of NuoL is essential.
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