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The proton-pumping NADH:ubiquinone oxidoreductase, respiratory complex I, couples the electron transfer
from NADH to ubiquinone with the translocation of protons across the membrane. In Escherichia coli the com-
plex is made up of 13 different subunits encoded by the so-called nuo-genes. Mutants, in which each of the
nuo-genes was individually disrupted by the insertion of a resistance cartridge were unable to assemble a
functional complex I. Each disruption resulted in the loss of complex I-mediated activity and the failure to ex-
tract a structurally intact complex. Thus, all nuo-genes are required either for the assembly or the stability of a

ﬁ?’gﬁ r:esilydmgemse functional E. coli complex . The three subunits comprising the soluble NADH dehydrogenase fragment of the
Complex [ complex were detected in the cytoplasm of several nuo-mutants as one distinct band after BN-PAGE. It is dis-
Assembly cussed that the fully assembled NADH dehydrogenase fragment represents an assembly intermediate of the
Escherichia coli E. coli complex I. A partially assembled complex I bound to the membrane was detected in the nuoK and nuoL
Chaperone mutants, respectively. Overproduction of the ANuoL variant resulted in the accumulation of two populations

Lysine decarboxylase of a partially assembled complex in the cytoplasmic membranes. Both populations are devoid of NuoL. One

population is enzymatically active, while the other is not. The inactive population is missing cluster N2 and
is tightly associated with the inducible lysine decarboxylase. This article is part of a Special Issue entitled:
Biogenesis/Assembly of Respiratory Enzyme Complexes.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The proton-pumping NADH:ubiquinone oxidoreductase, also
called complex I, is the main entry point for electrons from NADH
into the respiratory chains of most mitochondria and many bacteria
[1-7]. Its mechanism is not understood due to its enormous complex-
ity. The eucaryotic complex consists of about 45 different subunits,
seven of which are encoded by mitochondrial DNA [1, 2, 8]. The bac-
terial complex I is generally made up of 14 individual subunits,
named NuoA to NuoN in Escherichia coli [3, 4,9, 10]. They are encoded
by the genes nuoA to nuoN [9]. As in a few other bacteria, the E. coli
genes nuoC and nuoD are fused leading to a complex consisting of
13 subunits [10, 11]. X-ray crystallography and electron microscopy
revealed that complex I is made up of a peripheral arm, which is
built up by the hydrophilic subunits NuoB, CD, E, F, G, and I, and a
membrane arm containing the polytopic subunits NuoA, H, ], K, L,
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M, and N [12-15]. The peripheral arm contains the redox groups of
the E. coli complex [, namely one flavin mononucleotide (FMN) and
nine iron-sulfur (Fe/S) clusters [6, 7, 16-19]. The structure of this
arm of the Thermus thermophilus complex I was resolved at molecular
resolution revealing the electron pathway from the FMN to the most
distal Fe/S cluster N2 discussed as direct electron donor to the sub-
strate ubiquinone [18, 20]. Recently, the structure of the entire com-
plex from T. thermophilus and Yarrowia lipolytica was determined at
4.5 and 6.3 A resolution, respectively, revealing the two-part struc-
ture of the complex and the arrangement of 64 transmembranous-
helices as well as one large ‘horizontal’ helix on NuoL [14, 15]. This
helix is most likely used to couple the energy released by the electron
transfer reaction in the peripheral arm with proton translocation in
the membrane arm [6, 14, 21].

While the assembly of the mitochondrial complex I from eucary-
otes has been investigated in detail [22,23] and see contribution by
M. Ryan, this BBA special issue, nothing is known about the assembly
of the bacterial complex. Phylogenetic analyses have shown that the
bacterial complex evolved from preexisting modules for electron
transfer and proton translocation [3, 10, 14, 24, 25]. The soluble
NADH dehydrogenase module, also present in soluble NAD-
dependent hydrogenases and dehydrogenases, comprises the elec-
tron input part of the complex. A preparation of this module has
been obtained in E. coli either by splitting the complex or overexpres-
sing the corresponding genes [11, 26, 27]. It comprises the subunits
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Fig. 1. Growth characteristics of various E. coli nuo-mutant strains in LB-medium. The
nuo-mutant strain BW25113nuoF::nptl (open circles) grows slower and to a lower
cell density than the parental strain BW25113 (full circles). The growth curves of the
other nuo-mutant strains were virtually identical to that of the nuoF mutant strain. Epi-
somal complementation of the disrupted nuo-gene on the chromosome as examplified
by strain BW25113nuoF::nptl/pCA24NnuoF (open triangles) led to a growth curve sim-
ilar to that of the parental strain.

NuoE, F, and G and harbors the FMN, the binuclear Fe/S clusters N1a
and N1b, and the tetranuclear Fe/S clusters N3, N4, N5, and N7 [11,
17, 19, 28]. The NADH dehydrogenase module delivers the electrons
from NADH via the FMN and the Fe/S clusters to the amphipathic hy-
drogenase module, which is also a part of a family of multi-subunit
membranous [NiFe] hydrogenases [29]. The reduction of ubiquinone
most likely takes place in the interface between this and the third
module, the transporter module. The transporter module contains
subunits homologous to some subunits of multi-subunit monovalent
cation/proton antiporters [24, 25, 30, 31]. So far, neither a cofactor
has been detected in the module nor does it contain a typical se-
quence motif for binding a cofactor. It is reasonable to assume that as-
sembly intermediates of the bacterial complex possibly resemble
these modules.

Here, we report that the deletion of any of the nuo-genes resulted
in a complete loss of complex I activity in the membrane and the loss
of a structural intact complex. However, the cytoplasm of several nuo-
mutants contains the fully assembled NADH dehydrogenase fragment
equipped with its cofactors. In addition, membrane-bound fragments
of complex [ were found in the nuoK and nuoL mutants. Overproduc-
tion of the ANuoL variant led to the accumulation of two partially as-
sembled complex I populations in the membrane, one being tightly
associated with the inducible lysine decarboxylase. A possible role
of the lysine decarboxylase for the assembly of the complex is
discussed.

2. Characterization of the nuo-mutants

E. coli mutants with individually disrupted nuo-genes were
obtained from the ‘Keio collection’ of the Nara Institute of Science
and Technology, Japan [32]. E. coli strain BW25113, a derivative of
E. coli K-12 BD792, was used as parental strain [33]. Gene disruption
was accomplished by the insertion of a kanamycin resistance car-
tridge. The correct insertion of the resistance cartridge was checked
by PCR techniques [31]. Strains were grown in 400 mL LB medium
containing 50 mg/L kanamycin in a 1 L baffled conical flask at 37 °C.
Under these conditions the growth rate of the nuo-mutants was ap-
proximately 1.5 times less than that of the parental strain and
reached approximately half of the final optical density (Fig. 1). No dif-
ferences were detected among the mutant strains. This indicated a
loss of complex I activity in all mutants.

The presence of a functional complex I was examined by measur-
ing the physiological NADH oxidase activity of the parental strain and
the nuo-mutants (Table 1). Membranes were prepared as described
[19] and resuspended in 50 mM MES/NaOH, 50 mM NaCl, pH 6.0.

The NADH and succinate oxidase activity of cytoplasmic membranes
were measured with a Clarke-type oxygen electrode at 30 °C as de-
scribed [34]. E. coli contains two membrane-bound NADH dehydroge-
nases, the energy-converting complex I and a non-energy-converting,
alternative NADH dehydrogenase both contributing to the NADH ox-
idase activity of the cytoplasmic membranes [35, 36]. The activities of
the two NADH dehydrogenases were distinguished by their sensitiv-
ity to annonin VI, a specific inhibitor of complex I [36, 37]. Strain
BW25113 exhibited a specific NADH oxidase activity of 0.55 U/mg,
which was inhibited to 45% by annonin VI (Table 1). Thus, nearly
half of the NADH oxidase activity of strain BW25113 is mediated by
complex I, which is in agreement with data obtained from other E.
coli strains [37-41]. The inhibitor-insensitive activity derived from
the alternative NADH dehydrogenase. The specific NADH oxidase ac-
tivity of the nuo-mutants varied between 0.30 and 0.35U/mg
(Table 1). This activity was completely insensitive to annonin VI,
demonstrating that it derived entirely from the alternative NADH de-
hydrogenase. The succinate oxidase activity of the parental and the
nuo-mutant strains was not influenced by the mutations and varied
between 0.20 and 0.25 U/mg. The NADH and succinate oxidase activ-
ity of the mutant membranes demonstrated that the disruption of the
nuo-genes resulted exclusively in a loss of complex I activity and did
not influence other components of the respiratory chain.

To consider a possible polar effect caused by the insertion of the
resistance cartridge, the nuoB and nuoF mutants were complemented
with the corresponding wild type nuo-gene in trans. Expression of the
cloned genes was induced by an addition of 0.1 mM isopropyl-B-p-
thiogalactopyranoside or 0.2% arabinose. Cells were grown in the
presence of 43 mg/L chloramphenicol. The nuoB- and nuoF-mutant
strains complemented with either plasmids pBADnuoB [42] or
pCA24NnuoF [43] exhibited a growth curve like that of the parental
strain (Fig. 1). They showed an NADH oxidase activity of 0.48 U/mg
similar to the parental strain. This activity was inhibited to 42 and
45% by annonin VI, respectively. Thus, the integration mutagenesis

Table 1
E. coli strains used and the NADH-derived activities of the cytoplasmic membranes.

Strains NADH Inhibition by NADH/ferricyanide NADH oxidase
oxidase annonin VI oxidoreductase activity/NADH/
activity activity ferricyanide

oxidoreductase
[U/mg] [%] [U/mg] activity

BW25113 0554+0.1 45 2.1+03 0.26

BW25113 0354+0.03 0 1.2+£03 0.29

nuoA::nptl

BW25113 0314+0.03 0 1.2+03 0.26

nuoB::nptl

BW25113 0324003 0 1.0+£0.3 0.32

nuoCD::nptl

BW25113 0324003 0 1.1+£03 0.29

nuoE::nptl

BW25113 0314003 0 1.1+£03 0.28

nuoF::nptl

BW25113 0314003 0 1.1+£03 0.28

nuoG::nptl

BW25113 0324+0.03 0 1.2+03 0.27

nuoH::nptl

BW25113 0324+0.03 0 1.2+03 0.27

nuol::nptl

BW25113 0304+0.03 0 1.2+£03 0.25

nuoJ::nptl

BW25113 0314003 0 14+03 0.22

nuoK::nptl

BW25113 0304+0.03 0 1.5+£03 0.20

nuoL::nptl

BW25113 0314+0.03 0 1.2+03 0.26

nuoM::nptl

BW25113 0334003 0 1.2+03 0.28

nuoN::nptl
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seems to have only a marginal polar effect on the transcription of the
downstream genes.

3. Detection of the NADH dehydrogenase fragment in the cyto-
plasm of the nuo-mutants

Recently, we detected the EPR signals of the binuclear Fe/S clus-
ters of the soluble NADH dehydrogenase fragment in the cytoplasm
of the AnuoN mutant of the E. coli strain AN387 [44]. From this, we
concluded that the cytoplasm of this strain contains the fully assem-
bled NADH dehydrogenase fragment [44]. To investigate whether
the proteins comprising the fragment are also detectable in the cyto-
plasm and whether this fragment can be identified in other nuo-
mutant strains, the cytoplasm of the parental BW25113 strain and
the individual nuo-mutants was analyzed by means of BN-PAGE.
The cytoplasm was diluted to 3.5 mg/mL and 100 pg cytosolic pro-
teins were applied to a continuous gradient BN-gel from 6 to 13% ac-
rylamide, pH 7.0 [45] (Fig. 2). In order to detect proteins with NADH
dehydrogenase activity, the gel was stained with NADH and NBT [46].
However, this staining is not specific for complex I. To specifically de-
tect the position of the NADH dehydrogenase fragment in the gel, the
purified fragment and the cytoplasm of strain BL21 (DE3)/pET-11a/
nuoB-G/NuoF¢ overproducing the fragment [47] were also applied
on the gel. As control the cytoplasm of the parental strain BW25113
was used. A sharp and strongly stained band with an apparent molec-
ular mass of approximately 200 kDa as judged from the position of
protein markers was detected in the lanes loaded with the purified
fragment and the cytoplasm of strain BL21 (DE3)/pET-11a/nuoB-G/
NuoF¢ as well as in the lanes loaded with the cytoplasm from the
nuoH-, nuol-, nuoJ-, nuoK-, nuoM, and nuoN-mutant strains (Fig. 2).
A faint band at the identical position was detected in the nuoA-,
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Fig. 2. Detection of the NADH dehydrogenase fragment in the cytoplasm of various
E. coli nuo-mutant strains. (A) BN-PAGE of the cytoplasm of the nuoA d), nuoB e),
nuoCD f), nuoE g), nuoF h), nuoG i), nuoH j), nuol n), nuoJ o), nuoK p), nuoL q), nuoM
r), and nuoN s) mutant strains after activity staining with NADH and NBT. As controls
the purified NADH dehydrogenase fragment was applied to lanes a) and k) and the cy-
toplasm of E. coli strain BL21(DE3)/pET-11a/nuoB-G/NuoF¢ overproducing the NADH
dehydrogenase fragment was loaded on lanes b) and 1). For comparison, the cytoplasm
of the parental strain BW25113 was applied to lanes ¢) and m). The apparent molecular
masses are indicated as well as the position of the NADH dehydrogenase fragment
(‘NDF'). (B) Identification of the subunits comprising the NADH dehydrogenase frag-
ment by immunological means. Four aliquots of the cytoplasm of strain
BW25113nuoN::nptl were run on a BN-PAGE and the position of the NADH dehydroge-
nase fragment was determined by staining with NADH and NBT a). Subunits NuoE b),
NuoF c), and NuoG d) were identified by western blot analysis using specific anti-
bodies. The position of the subunits in the gel was identical to that of the NADH dehy-
drogenase fragment.

nuoB-, and nuoCD-mutant strains. The molecular mass of the NADH
dehydrogenase fragment is 170 kDa, which is in good agreement
with the mass determined by BN-PAGE. To prove that this band cor-
responds to the NADH dehydrogenase fragment consisting of the sub-
units NuoE, F, and G, the cytoplasm of the nuoN-mutant strain was
loaded onto three lanes and after BN-PAGE the proteins were trans-
ferred to a nitrocellulose membrane and incubated with antibodies
specifically directed against NuoE, F, and G [48-50]. Subunits NuoE
(18.6 kDa), NuoF (49.3 kDa), and NuoG (100.2 kDa) were immuno-
logically detected at the same position in the gel and this position
was identical to the one of the bands stained with NBT (Fig. 2). No sig-
nals were obtained using antibodies against NuoB and Nuol (data not
shown).

The staining of bands by NADH and NBT indicated that the NADH
dehydrogenase fragment contained the FMN cofactor. To determine
whether the fragment in the cytoplasm of the nuo-mutants also con-
tained the Fe/S clusters, the cytoplasm was investigated by means of
EPR spectroscopy [40]. It was concentrated 10-fold by ultrafiltration
using an Amicon Ultra-15 centrifugal filter unit (MWCO 100 kDa,
Millipore) and divided in two aliquots. One aliquot was reduced by
NADH, the other diluted with an equivalent volume of buffer. The
EPR spectra of the NADH-reduced and air-oxidized cytoplasm from
the parental strain and the nuo-mutant strains were recorded at
40 K and difference spectra were calculated (Fig. 3). Using this ap-
proach the binuclear Fe/S clusters N1a and N1b of the overproduced
NADH dehydrogenase fragment were detected in the cytoplasm
when the fragment was fully assembled [11, 17, 47]. The signals of
the clusters N1a (g y, ,=1.92, 1.94, and 1.99) and N1b (g,,, =2.03
and 1.94; Fig. 3) were clearly present in the difference spectra of
the nuoH, nuol, nuoJ, nuoK, nuoM, and nuoN mutant strains. They
were detected in slightly different concentrations in the individual
mutants possibly due to differences in their stability or a variance in
the treatment of the cytoplasm during concentration. In some cases,
the g,-signal of N1a at g=1.99 overlaps with a radical signal at
g=2.00. Only very faint signals of these clusters were detectable in
the cytoplasm of strains nuoA, nuoB and nuoCD (Fig. 3), in accordance
with the smaller amount of the fragment in these mutants detected
by BN-PAGE (Fig. 2).

It was not possible to detect the tetranuclear Fe/S clusters N3 and
N4 of the fragment in the cytoplasm due to a spectral overlap with
larger signals deriving from Fe/S clusters of other cytoplasmic en-
zymes [11]. However, the presence of the FMN cofactor and the
binuclear Fe/S clusters clearly indicate that the fully assembled
NADH dehydrogenase fragment is accumulated in the cytoplasm of
the nuoH-, nuol-, nuoj-, nuoK-, nuoM-, and nuoN-mutant strains. It is
reasonable to assume that the fragment is also fully assembled with
its cofactors in the cytoplasm of the nuoA-, nuoB-, and nuoCD-
mutant strains, but that the Fe/S clusters are hardly detectable due
to the low abundance of the fragment.

4. Detection of complex I fragments in the cytoplasmic membrane
of the nuo-mutants

The two membrane-bound E. coli NADH dehydrogenases exhibit
NADH/ferricyanide oxidoreductase activity. In cytoplasmic mem-
branes, this activity is an indication of the amount of both NADH de-
hydrogenases present. In complex I, this artificial activity is conferred
by the peripheral NADH dehydrogenase fragment of the complex
and does not involve the participation of quinones. The specific
NADH/ferricyanide oxidoreductase activity was nearly halved in
the nuo-mutant membranes compared to that of the parental strain
confirming the loss of complex I (Table 1). To search for partially
assembled complex I bound to the membrane and containing the
NADH dehydrogenase fragment, the ratio of the NADH oxidase
and NADH/ferricyanide oxidoreductase activity of the nuo-
mutants membranes was compared. The loss of complex I has a
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Fig. 3. Detection of the binuclear Fe/S clusters of the NADH dehydrogenase fragment in
the cytoplasm of various E. coli nuo-mutant strains. EPR difference (NADH-reduced
minus air-oxidized) spectra of the cytoplasm from strain BL21(DE3)/pET-11a/nuoB-
G/NuoF¢, overproducing the NADH dehydrogenase fragment (a), the parental strain
BW25113 (b), the nuoN mutant strain (c), the nuoCD mutant strain (d), and the nuoE
mutant strain (e) are shown. Spectra similar to (c) were obtained with the nuoH,
nuol, nuoj, nuok, nuoM, and nuoN mutant strains. Spectra similar to (d) were obtained
with the nuoA and nuoB mutant strains. Spectra similar to (e) were obtained with the
nuoF, nuoG and nuoL mutant strains. The spectra were recorded at 40 K and 1 mW. The
protein concentration was adjusted to 40 mg/mL. For comparison the spectrum of the
isolated NADH dehydrogenase fragment (5 mg/mL) reduced with NADH is also shown
(f). Other EPR conditions were: microwave frequency, 9.45 GHz; modulation ampli-
tude, 0.6 mT; time constant, 0.124 s; scan rate, 17.9 mT/min.

slightly greater impact on the NADH/ferricyanide oxidoreductase
activity than on the NADH oxidase activity leading to a similar or
insignificantly higher ratio in the corresponding mutants
(Table 1). However, the ratio is expected to decrease when a frag-
ment with NADH/ferricyanide oxidoreductase activity but without
NADH:ubiquinone oxidoreductase activity is enriched in the mem-
brane. According to this measure, a membrane-bound complex I
fragment was expected in the nuoK and nuoL mutants (Table 1).
To detect the most distal Fe/S cluster N2 possibly associated with
such a fragment, cytoplasmic membranes of the parental strain and
the nuo-mutants were analyzed by EPR-spectroscopy. Cluster N2 is
located on subunit NuoB, which is closely connected to the mem-
brane arm [14, 18]. Due to its axial symmetry the cluster exhibits a
sharp signal at g=1.91, which is detectable in the membrane [41,
42]. Cytoplasmic membranes of the parental and the nuo-mutant
strains were adjusted to a protein concentration of approximately
60 mg/mL and reduced with dithionite. To obtain a better signal/
noise ratio, difference spectra were calculated. The spectrum of the
membranes from the nuoA mutant strain was subtracted from the
spectra of all other mutant strains. The nuoA mutant was chosen as

1.92 1.91

()

Mwmmm»w

(d)

354 366 378 390
magnetic field [mT]

I T
330 342

Fig. 4. Detection of Fe/S cluster N2 in E. coli cytoplasmic membranes by EPR difference
spectroscopy. The membranes of strains BW25113 (a), the nuoL (b), the nuoK (c), and
the nuoB (d) mutant were reduced by dithionite and spectra were recorded. From
these spectra the spectrum of dithionite-reduced cytoplasmic membranes from the
nuoA mutant strain was subtracted. The resulting difference spectra are shown. Differ-
ence spectra similar to (d) were obtained from all residual nuo-mutant strains. The po-
sition of the signals at g=1.91 and 1.92 are indicated by dotted lines. The spectra were
recorded at 13 K and 5 mW. Other EPR conditions were as given in Fig. 3.

reference because there was no indication that a membrane-bound
fragment of complex I was present in the mutant (see below). Differ-
ence spectra similar to that shown in Fig. 4 were also obtained by
using either the nuoB or the nuoCD mutant strain as reference (data
not shown). The difference of the EPR spectrum of the parental strain
minus that from the nuoA mutant strain showed a small but signifi-
cant signal at g=1.91 (Fig. 4). This signal was attributed to cluster
N2 and was missing in the membranes from most other nuo-
mutants. However, it was detected in the membranes of the nuoL mu-
tant strain (Fig. 4) indicating the presence of N2 in this mutant. The
membranes from the nuoK mutant strain exhibited a small but signif-
icant signal around g = 1.92, which was neither present in the paren-
tal strain nor in any of the other nuo-mutants (Fig. 4). It is possible
that the disruption of nuoK led to a change in the environment of
cluster N2 resulting in a shift of the signal.

To examine the possibility that a stable, but only partially assem-
bled complex I is accumulated in the cytoplasmic membranes of the
nuoK and nuoL mutants, the membrane proteins of the parental strain
and the nuo-mutant strains were solubilized with dodecyl-maltoside
and applied to sucrose gradient centrifugation [26]. The NADH/
ferricyanide oxidoreductase activity of the fractions of the gradient
was measured (Fig. 5). The fully assembled E. coli complex I of the
parental strain sedimented through two thirds of the gradient as
observed with other strains [26, 51]. No activity peaks were detected
at the corresponding position in the extract from all nuo-mutant
strains (Fig. 5) indicating that none of the nuo-mutants contained a
fully assembled or stable complex I as expected from the insensitivity
of the NADH oxidase activity to annonin VI (Table 1). It is noteworthy
that the amount of the alternative NADH dehydrogenase, which sed-
iments at a position around fraction 3 under these conditions, was not
enhanced in the nuo-mutants derived from strain BW25113.
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Fig. 5. Detection of fully and partially assembled complex I by sucrose gradient centri-
fugation of dodecyl-maltoside solubilized cytoplasmic membranes. Extracts from
strains BW25113 (closed square), the nuoB (open square), the nuoK (open triangle),
and nuoL (open circle) mutant strains were separated by means of gradients of 5-
30% (w/v) sucrose in 50 mM MES/NaOH, pH 6.0, 50 mM NaCl and 0.1% dodecyl malto-
side. Fractions of the gradients (numbered 1-20 from top to bottom) were collected
and analyzed for NADH/ferricyanide oxidoreductase activity. The activity was normal-
ized to 30 mg of protein loaded on the gradients for a better comparison. An activity
profile similar to that of the nuoB mutant strain was obtained with all residual nuo-
mutant strains.

A prominent peak of the NADH/ferricyanide oxidoreductase activ-
ity was detected in the extract from the nuoL mutant in the middle of
the gradient (Fig. 5). The peak most likely stems from complex I miss-
ing subunit NuoL, which has a molecular mass of 66.4 kDa [9, 16]. A
partially assembled complex I missing NuoL would therefore have a
molecular mass of approximately 470 kDa, which is in accordance
with the position of the activity peak in the gradient. Due to its low
abundance it was not possible to further purify this partially assem-
bled complex to homogeneity.

The NADH/ferricyanide oxidoreductase activity profile of the su-
crose gradient of the extract obtained from the nuoK mutant showed
a small peak around fraction 7, corresponding to the position of the
NADH dehydrogenase fragment (Fig. 5). Again, this partially assem-
bled complex was not stable enough to allow further purification. If
the activity peak was caused by the NADH dehydrogenase fragment,
as indicated by its position in the gradient, it must derive from a larg-
er fragment containing other, hydrophobic complex I subunits. Other-
wise it would not be contained within the membrane fraction. It is
likely that the NADH dehydrogenase fragment was cleaved from its
membrane anchoring subunits by the detergent extraction. The resid-
ual membranous subunits were not detected by our assay because
they do not exhibit NADH/ferricyanide oxidoreductase activity.

5. Overproduction and characterization of the ANuoL variant

As it was not possible to purify the partially assembled complex I
from the nuoL mutant strain due to its low abundance, all nuo-genes
but nuoL were overexpressed in a strain lacking complex I. A deriva-
tive from E. coli strain BW25113, in which the nuo-operon was delet-
ed by genomic replacement methods was used as host strain (M.
Vranas and T. Friedrich, unpublished results). This strain was trans-
formed either with the plasmid pBADnuoy;s containing all nuo-genes
[40] or with the plasmid pBADnuoy;s, nuoL::nptl/sacRB containing all
nuo-genes but nuoL [21]. This system was used for the overproduction
of complex I and the ANuoL variant. As described above, the membrane
proteins of strains BW25113Anuo/pBADnuoy;s and BW25113Anuo/
pBADnuoy;s, nuoL::nptl/sacRB were solubilized with dodecyl-maltoside
and separated by sucrose gradient centrifugation (Fig. 6). The NADH/
ferricyanide oxidoreductase activity of the strain producing the parental
complex sedimented through two thirds of the gradient as shown in
Fig. 5. Thus, a fully assembled complex was obtained by overexpression
of the nuo-genes from plasmid pBADnuoy;s. In contrast, the activity
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Fig. 6. Detection of overproduced complex I by sucrose gradient centrifugation of
dodecyl-maltoside solubilized cytoplasmic membranes. Extracts from strains
BW25113Anuo/pBADnuoy;s (closed square) and BW25113Anuo/pBADnuoy;s, nuoL::
ntpl/sacRB (open diamond) were separated by means of gradients of 5-30% (w/v) su-
crose as described in Fig. 5. The activity was normalized to 30 mg of protein loaded
on the gradients for a better comparison.

sedimented in fractions of lower density in the extract from the strain
lacking nuoL on the plasmid (Fig. 6). Thus, the activity profile of the
sucrose gradient centrifugation obtained from the overproducing
strains was virtually identical to that obtained from the chromosomal
mutants (Figs. 5,6).

The ANuoL variant was purified from the overproducing strain by
anion-exchange chromatography and affinity chromatography as
reported [40]. As expected, the preparation did not contain subunit
NuoL but it contained an additional protein in substoichiometric
amounts with an apparent molecular mass of 80 kDa. In order to sep-
arate this putative impurity from the variant, an additional anion-
exchange chromatography on SQ-15 in 50 mM MES, 50 mM Nacl,
0.1% DDM, pH 6.0 was performed (Fig. 7). Unexpectedly, the elution
profile showed two absorption maxima with NADH/ferricyanide oxi-
doreductase activity of approximately equal size (Fig. 7; Table 2).
SDS-PAGE of both peaks revealed the presence of all complex I sub-
units but NuoL in both peaks. Only the second peak contained the ad-
ditional 80 kDa band (Fig. 7). This band was identified as the
inducible lysine decarboxylase (Ldcl or CadA) by N-terminal sequenc-
ing (eight residues) and mass spectrometric analysis (sequence cov-
erage of 43%). In some preparations this protein band was hard to
identify because it has a similar apparent molecular mass as a proteo-
lytic fragment of NuoG [47]. The second peak containing CadA eluted
as a single homogeneous peak from a subsequent size-exclusion
chromatography indicating the homogeneity of the preparation. It
was not possible to remove CadA from the preparation by chromato-
graphic methods. Even a re-chromatography using the affinity mate-
rial with extensive washing after binding did not lead to the loss of
CadA from the preparation demonstrating its firm attachment to the
ANuoL variant.

To determine further differences between the two peaks obtained
in the second anion-exchange chromatography, the electron transfer
and proton translocation activity were measured. For this purpose,
the preparations were reconstituted into proteoliposomes as de-
scribed [21]. In the presence of 150 uM NADH and 60 uM decyl-
ubiquinone, the ANuoL variant lacking CadA showed an electron
transfer rate of 1.5 umol-min~'-mg™ !, which is 80% of the activity
of the complex from the parental strain. Both, wild type and variant,
were inhibited to 90% by the complex I specific inhibitor piericidin
A. Proton translocation was measured as quench of the ACMA fluores-
cence. Under the same experimental conditions, the complex from
the parental strain showed a 40% quench of the ACMA fluorescence
while the ANuoL variant quenched the ACMA signal by 18%. Thus,
the electron transfer reaction of the ANuoL variant present in the
first peak after anion-exchange chromatography was only slightly re-
duced by the loss of NuoL, while its proton translocation activity was
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Fig. 7. Isolation of the two ANuoL variants produced in strain BW25113Anuo/
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on Pro Bond Ni? *-IDA (b); chromatography on Source-Q15 (c); absorbance at 280 nm
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Table 2
Isolation of the E. coli complex I variants from strain BW25113Anuo/pBADnuoyy;s nuoL::
nptl/sacRB starting from 26 g cells (wet weight).

Volume Protein  NADH/ferricyanide oxidoreductase  Yield

activity
Total Specific
Preparation [mL] [mg] [umol-min~'] [umol-min~'-mg~'] [%]
Membranes 63 695 1390 2.0 100
Detergent 61 583 1220 2.1 88
extract

Fractogel 54 103 700 6.8 51
Probond-IDA 1.1 39 420 109 30
Source 15Q

Peak 1 0.2 1.0 120 120 9
Source 15Q

Peak 2 0.6 1.1 130 124 9

approximately halved [21]. This is in good agreement with the pro-
posal that the large ‘horizontal’ helix on NuoL is involved in transmit-
ting energy released by the redox reaction to the proton translocation
site [6, 14, 21].

The ANuoL variant present in the second peak of the anion-
exchange chromatography and associated with CadA was completely
inactive with respect to electron transfer and proton translocation.
Both peaks from the anion-exchange chromatography were analyzed
by EPR spectroscopy after reduction with a 1000-fold molar excess
NADH. The spectra of the binuclear Fe/S clusters recorded at 40 K
were identical in both preparations (data not shown). However, the
spectra recorded at 13 K revealed that the inactive population was
lacking the most distal cluster N2 explaining its inactivity (Fig. 8).
By western blot analysis it was evident that subunit NuoB containing
N2 was present in the preparation (data not shown).

Thus, overexpression of all nuo-genes except nuoL in an E. coli
strain lacking complex I led to the production of two populations of
a partially assembled complex I. One population was missing NuoL
and has retained a nearly unchanged electron transfer activity and a
roughly halved proton translocation activity [21]. The other popula-
tion was lacking NuoL but was tightly associated with CadA. This pop-
ulation is lacking N2 and therefore enzymatically inactive.

6. Discussion and outlook

The mechanism of complex I is not yet fully understood although
the recent determination of the structures of the complex from
T. thermophilus and Y. lipolytica [14, 15] was a milestone in complex
I research. Complementary to structural studies, the investigation of
the assembly of such huge and modularly built machinery may shed
light on the function of the individual modules and their interactions
within the complex. The first step in studying the assembly of the
E. coli complex I involves the question whether all genes of the nuo-
operon are essential for the production and the assembly of a func-
tional complex. Our data with mutants containing individually dis-
rupted nuo-genes by insertion of a resistance cartridge show that
this is indeed the case. The nuo-mutant strains showed a decreased
growth rate (Fig. 1) and complex I mediated activity could not be
detected in the cytoplasmic membranes (Table 1). In addition, no
structurally intact complex could be extracted from the mutant mem-
branes (Fig. 5). Thus, all nuo-genes are needed for the production or
the assembly of a functional complex I in E. coli.

The insertion of the kanamycin resistance cartridge did not cause a
strong polar effect because we were able to complement the nuoB and
nuoF mutants with the corresponding wild-type gene in trans (Fig. 1).
This is in accordance with reports in the literature describing the suc-
cessful complementation of mutants with a resistance cartridge
inserted in nuoA, B, CD, G, H, J, K, M, and N [28, 39-42, 49, 50, 52-
56]. The slightly reduced complex I activity measured in all these
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Fig. 8. EPR spectra of the two populations of the ANuoL variant produced in strain
BW25113Anuo/pBADnuoy;s, nuoL::ntpl/sacRB. The spectrum of the first (a) and the sec-
ond (b) peak after anion-exchange chromatography is shown. The samples were re-
duced by NADH and the spectra were recorded at 13K and 5 mW. Other EPR
conditions were as given in Fig. 3. The differences between the two spectra are
shown in (c).

experiments is most likely due to a mild polar transcriptional effect of
the integration mutagenesis. The fact that the individual nuo-genes
either overlap, meet each other or are separated by small intergenic
sequences in the nuo-operon [9] indicates translational coupling of
the genes. The progression of the ribosome on the mRNA may be re-
quired to create the structures needed at the translational initiation
site of the following nuo-gene, which may be otherwise trapped in a
secondary structure. The marginal polar effect of the inserted kana-
mycin resistance cartridge has also been reported for the mutagenesis
of the nuo-operon in Rhodobacter capsulatus [57].

It was shown with R. capsulatus that disruption of the homologues
of nuoH, J, K, L, and N led to a complete loss of complex I [57, 58]. No
complex I fragments were detected in these mutant strains. A C-
terminal deletion of subunit NuoG leads to the loss of a functional
E. coli complex I [59]. The mutant grew poorly on minimal salt medi-
um containing acetate as the sole carbon source and failed to produce
the inner L-aspartate chemotactic band on tryptone swarm plates.
This is most likely due to the fact that the NADH/NAD ™ ratio is out
of balance in cells lacking a functional complex I [59, 60] and that el-
evated levels of NADH inhibit the function of the TCA cycle and the
glyoxylate shunt [61].

Separation of the cytoplasmic proteins of the nuoH, nuol, nuoj,
nuok, nuoM, and nuoN mutant strains by BN-PAGE resulted in a single
band consisting of the subunits NuokE, F, and G and showing NADH de-
hydrogenase activity (Fig. 2). The position of the band corresponds to
a molecular mass of approximately 200 kDa indicating that no other
complex [ subunits were associated with this fragment. The absence
of the fragment in the nuoE, NuoF and nuoG mutants was expected
as the corresponding subunits comprise the fragment. It is most likely
not found in the cytoplasm of the nuoL mutant because it is entirely
present in the partially assembled complex I detected in the cytoplas-
mic membranes of this strain (Fig. 5). The same holds true for the
nuoK mutant, however, as the partially assembled complex of the
nuoK mutant strain seems to be instable as indicated by sucrose gra-
dient centrifugation (Fig. 5), it is most likely that a part of the NADH
dehydrogenase fragment is split off the membrane leading to its pres-
ence in the cytoplasm of the strain. The smaller amount of the frag-
ment in the cytoplasm of the nuoA, nuoB, and nuoCD mutant strains
might be caused by the mild polar effect due to the insertion of the re-
sistance cartridge leading to a smaller amount of mRNA and subse-
quently to a lower concentration of the fragment in the cytoplasm.
The presence of the FMN (Fig. 2) and of the binuclear Fe/S clusters
N1aand N1b (Fig. 3) in the fragment indicates that it is fully assembled.

The fully assembled NADH dehydrogenase fragment present in
the cytoplasm of most nuo-mutant strains might represent an assem-
bly intermediate of complex I in E. coli, which would be compatible
with evolutionary schemes that have been proposed for the bacterial
complex I [3, 10, 24, 25]. In the models, the acquisition of first NuoG
and then NuoE and NuoF is the last step in the evolution of the pro-
genitor of today's complex I of bacteria and eucaryotes. However, it
is also conceivable that it is a stable fragment resulting from the
decay of a larger assembly intermediate present in the corresponding
nuo-mutant strains.

Membrane-bound fragments of the complex were detected in the
nuoK and nuoL mutant strains (Figs. 4,5). Neither of the fragments
showed any detectable NADH:ubiquinone oxidoreductase activity
(Table 1), however, their abundance in the mutant strains is very
low and the resulting low activity might be covered up by that of
the alternative NADH dehydrogenase. Due to their low abundance
we were not able to characterize the subunit composition of the partial-
ly assembled complex in the chromosomal mutants. The EPR-signals of
N2 were clearly detected in the nuoL mutant membrane indicating no
disturbances in its environment (Fig. 4). While the partially assembled
complex in the nuoL mutant seems to be rather stable, the one present
in the nuoK mutant tends to lose the NADH dehydrogenase fragment
(Fig. 5). The EPR spectrum of the nuoK mutant membranes showed
the signal of an Fe/S cluster reminiscent to that of N2, however, at a
slightly different position (Fig. 4). According to the structure of the T.
thermophilus complex NuoK is located in close proximity to NuoB har-
boring N2 [14, 18]. The loss of NuoK might lead to a change of the envi-
ronment of NuoB resulting in a change of the position of EPR-signal of
cluster N2.

A biochemical characterization of the partially assembled complex
produced in the absence of nuoL was possible by overexpression of all
nuo-genes but nuol in a strain lacking complex I. Two populations of a
partially assembled complex I were accumulated in the membranes
of this strain. One population is lacking NuoL but contains all EPR-
detectable Fe/S clusters. It showed redox-driven proton translocation
although with approximately half of the H* /e~ stoichiometry of the
parental strain [21]. This is in agreement with the finding by electron
microscopy that NuoL and NuoM are located at the distal part of the
membrane arm and can be removed individually while retaining the
other complex I subunits [62]. The other population was inactive
due to the absence of N2. More surprisingly, the inducible lysine de-
carboxylase CadA was tightly associated with this preparation.

CadA converts lysine to cadaverine using pyridoxal phosphate as
cofactor to decarboxylate the a-carboxyl group of lysine [63, 64].
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Together with the lysine/cadaverine antiporter CadB, CadA is
expected to play a role in pH homeostasis at weak acidic conditions
(pH~5) by consuming intracellular protons and neutralizing the
acidic by-products of fermentation acids [64, 65]. Maximum expres-
sion of the cadBA operon is achieved under anaerobic conditions at
low pH and an excess of lysine [66]. It might be speculated that
CadA is fortuitously bound to complex I as it consumes intracellular
protons and complex I is a major sink for intracellular protons. How-
ever, CadA is neither bound to the fully assembled complex nor to the
active ANuoL variant. It is tightly attached to the inactive ANuoL var-
iant, indicating that this localization is not due to an affinity to a
proton-rich environment. It is noteworthy, that CadA forms a distinc-
tive complex with another protein named RavA [67]. RavA is a mem-
ber of MoxR protein family of AAA™ ATPases, which are discussed to
act as molecular chaperones important for the formation of protein
complexes or mediating the insertion of metal cofactors in apo-
proteins [68]. Indeed, it was demonstrated that CoxD, another mem-
ber of the MoxR protein family, is involved in the biogenesis of the
[CuSMo00;] cofactor of the Oligotropha carboxidovorans CO dehydro-
genase [69]. Thus, it is tempting to speculate that CadA activates a
so far unknown member of MoxR protein family of AAA™ ATPases,
which is involved in the biogenesis of the distal Fe/S cluster N2 of
the E. coli complex I. However, it cannot be excluded that CadA
binds to the partially assembled complex to keep it in an assembly
competent state. To gain further insight into the role of CadA for the
assembly of complex I, we are currently investigating the assembly
state of complex I in cadA and ravA mutant strains.

Acknowledgements

This work was supported by the Deutsche Forschungsge-
meinschaft. We thank Drs. Takao Yagi and Akemi Matsuno-Yagi for
the kind gift of the specific antibodies directed against NuoE, NuoF,
and NuoG. We thank the Keio collection, Nara Institute, Japan, for pro-
viding us with nuo-mutant strains. We are grateful to Linda Williams
for her help in preparing the manuscript.

References

[1] H.Weiss, T. Friedrich, G. Hofhaus, D. Preis, The respiratory-chain NADH dehydro-
genase (complex I) of mitochondria, Eur. J. Biochem. 197 (1991) 563-576.

[2] J.E. Walker, The NADH:ubiquinone oxidoreductase (complex I) of respiratory
chains, Q. Rev. Biophys. 25 (1992) 253-324.

[3] T. Friedrich, Complex I: a chimaera of a redox and conformation-driven proton
pump? J. Bioenerg. Biomembr. 33 (2001) 169-177.

[4] T. Yagi, A. Matsuno-Yagi, The proton-translocating NADH-quinone oxidoreductase

in the respiratory chain: the secret unlocked, Biochemistry 42 (2003) 2266-2274.

U. Brandt, S. Kerscher, S. Drose, K. Zwicker, V. Zickermann, Proton pumping by

NADH:ubiquinone oxidoreductase. A redox driven conformational change mech-

anism? FEBS Lett. 545 (2003) 9-17.

T. Ohnishi, E. Nakamaru-Ogiso, S.T. Ohnishi, A new hypothesis on the simulta-

neous direct and indirect proton pump mechanism in NADH-quinone oxidore-

ductase (complex I), FEBS Lett. 584 (2010) 4131-4137.

L.A. Sazanov, Respiratory complex I: mechanistic and structural insights provided

by the crystal structure of the hydrophilic domain, Biochemistry 46 (2007)

2275-2288.

J. Carroll, M. Fearnley, J.E. Walker, Definition of the mitochondrial proteome by

measurement of molecular masses of membrane proteins, Proc. Natl. Acad. Sci.

U.S. A. 103 (2006) 16170-16175.

U. Weidner, S. Geier, A. Ptock, T. Friedrich, H. Leif, H. Weiss, The gene locus of the

proton-translocating NADH: ubiquinone oxidoreductase in Escherichia coli. Orga-

nization of the 14 genes and relationship between the derived proteins and sub-

units of mitochondrial complex I, ]. Mol. Biol. 233 (1993) 109-122.

[10] T. Friedrich, K. Steinmidiller, H. Weiss, The proton-pumping respiratory complex I
of bacteria and mitochondria and its homologue in chloroplasts, FEBS Lett. 367
(1995) 107-111.

[11] M. Braun, S. Bungert, T. Friedrich, Characterization of the overproduced NADH de-
hydrogenase fragment of the NADH:ubiquinone oxidoreductase (complex I) from
Escherichia coli, Biochemistry 37 (1998) 1861-1867.

[12] T. Friedrich, B. Bottcher, The gross structure of the respiratory complex I: a Lego
System, Biochim. Biophys. Acta 1608 (2004) 1-9.

[13] E.A. Baranova, P.J. Holt, L.A. Sazanov, Projection structure of the membrane do-
main of Escherichia coli respiratory complex I at 8 A resolution, J. Mol. Biol. 366
(2007) 140-154.

(5

(6

[7

[8

[9

[14] R.G. Efremov, R. Baradaran, L.A. Sazanov, The architecture of respiratory complex
I, Nature 465 (2010) 441-447.

[15] C. Hunte, V. Zickermann, U. Brandt, Functional modules and structural basis of
conformational coupling in mitochondrial complex I, Science 329 (2010)
448-451.

[16] T. Friedrich, The NADH:ubiquinone oxidoreductase (complex I) from Escherichia
coli, Biochim. Biophys. Acta 1364 (1998) 134-146.

[17] M. Uhlmann, T. Friedrich, EPR signals assigned to Fe/S cluster N1c of the Escheri-
chia coli NADH:ubiquinone oxidoreductase (complex I) derive from cluster N1a,
Biochemistry 44 (2005) 1653-1658.

[18] L.A. Sazanov, P. Hinchliffe, Structure of the hydrophilic domain of respiratory
complex I from Thermus thermophilus, Science 311 (2006) 1430-1436.

[19] T. Pohl, T. Bauer, K. Dorner, S. Stolpe, P. Sell, G. Zocher, T. Friedrich, Iron-sulfur
cluster N7 of the NADH:ubiquinone oxidoreductase (complex I) is essential or
stability but not involved in electron transfer, Biochemistry 46 (2007)
6588-6596.

[20] WJ.Ingledew, T. Ohnishi, An analysis of some thermodynamic properties of iron-
sulphur centres in site I of mitochondria, Biochem. J. 186 (1980) 111-117.

[21] S. Steimle, C. Bajzath, K. Dérner, M. Schulte, V. Bothe, T. Friedrich, Role of subunit
NuoL for proton translocation by respiratory complex I, Biochemistry 50 (2011)
3386-3393.

[22] U. Schulte, Biogenesis of respiratory complex I, J. Bioenerg. Biomembr. 33 (2001)
205-212.

[23] R.O. Vogel, ].A. Smeitink, L.G. Nijtmans, Human mitochondrial complex I assem-
bly: a dynamic and versatile process, Biochim. Biophys. Acta 1767 (2007)
1215-1227.

[24] T. Friedrich, H. Weiss, Modular evolution of the respiratory NADH:ubiquinone ox-
idoreductase and the origin of its modules, J. Theor. Biol. 187 (1997) 529-540.

[25] C.Mathiesen, C. Hagerhall, The ‘antiporter module’ of respiratory chain complex I
includes the MrpC/NuoK subunit — a revision of the modular evolution scheme,
FEBS Lett. 549 (2003) 7-13.

[26] H. Leif, V.D. Sled, T. Ohnishi, H. Weiss, T. Friedrich, Isolation and characterization
of the proton-translocating NADH: ubiquinone oxidoreductase from Escherichia
coli, Eur. ]. Biochem. 230 (1995) 538-548.

[27] B.Béttcher, D. Scheide, M. Hesterberg, L. Nagel-Steger, T. Friedrich, A novel, enzy-
matically active conformation of the Escherichia coli NADH:ubiquinone oxidore-
ductase (complex I), J. Biol. Chem. 277 (2002) 17970-17977.

[28] E.Nakamaru-0Ogiso, T. Yano, T. Yagi, T. Ohnishi, Characterization of the iron-sulfur
cluster N7 (N1c) in the subunit NuoG of the proton-translocating NADH-quinone
oxidoreductase from Escherichia coli, . Biol. Chem. 280 (2005) 301-307.

[29] R.Hedderich, L. Forzi, Energy-converting [NiFe] hydrogenases: more than just H2
activation, J. Mol. Microbiol. Biotechnol. 10 (2005) 92-104.

[30] T.H. Swartz, S. Ikewada, O. Ishikawa, M. Ito, T.A. Krulwich, The Mrp system: a
giant among monovalent cation/proton antiporters? Extremophiles 9 (2005)
345-354,

[31] V.K. Moparthi, B. Kumar, C. Mathiesen, C. Hdgerhdll, Homologous protein sub-
units from Escherichia coli NADH:quinine oxidoreductase can functionally replace
MrpA and MrpD in Bacillus subtilis, Biochim. Biophys. Acta 1807 (2011) 427-436.

[32] T. Baba, T. Ara, M. Hasegawa, Y. Takai, Y. Okumura, M. Baba, K.A. Datsenko, M.
Tomita, B.L. Wanner, H. Mori, Construction of Escherichia coli K-12 in-frame,
single-gene knockout mutants: the Keio collection, Mol. Syst. Biol. 2 (2006) 2006.

[33] KA. Datsenko, B.L. Wanner, One-step inactivation of chromosomal genes in
Escherichia coli K-12 using PCR products, Proc. Natl. Acad. Sci. U. S. A. 97 (2000)
6640-6645.

[34] T.Pohl, J. Walter, S. Stolpe, H.J. Soufo, P. Graumann, T. Friedrich, Effects of the de-
letion of the Escherichia coli frataxin homologue CyaY on the respiratory NADH:
ubiquinone oxiodreductase, BMC Biochem. 8 (2007).

[35] M.W. Calhoun, R.B. Gennis, Demonstration of separate genetic loci encoding dis-
tinct membrane-bound respiratory NADH dehydrogenases in Escherichia coli, ].
Bacteriol. 175 (1993) 3013-3019.

[36] T.Yagi, T. Yano, S. Di Bernardo, A. Matsuno-Yagi, Procaryotic complex I (NDH-1),
an overview, Biochim. Biophys. Acta 1364 (1998) 125-133.

[37] T. Friedrich, P. van Heek, H. Leif, T. Ohnishi, E. Forche, B. Kunze, R. Jansen, W. Tro-
witzsch-Kienast, G. Hofle, H. Reichenbach, H. Weiss, Two binding sites of inhibi-
tors in NADH: ubiquinone oxidoreductase (complex I). Relationship of one site
with the ubiquinone-binding site of bacterial glucose:ubiquinone oxidoreduc-
tase, Eur. J. Biochem. 219 (1994) 691-698.

[38] T.Hamada, N. Ichimaru, M. Abe, D. Fujita, A. Kenmochi, T. Nishioka, K. Zwicker, U.
Brandt, H. Miyoshi, Synthesis and inhibitory action of novel acetogenin mimics
with bovine heart mitochondrial complex I, Biochemistry 43 (2004) 3651-3658.

[39] B. Amarneh, S.B. Vik, Mutagenesis of subunit N of the Escherichia coli complex L.
Identification of the initiation codon and the sensitivity of mutants to decylubi-
quinone, Biochemistry 42 (2003) 4800-4808.

[40] T. Pohl, M. Uhlmann, M. Kaufenstein, T. Friedrich, Lambda Red-mediated mutagene-
sis and efficient large scale affinity purification of the Escherichia coli NADH:ubiqui-
none oxidoreductase (complex I), Biochemistry 46 (2007) 10694-10702.

[41] D. Flemming, A. Schlitt, V. Spehr, T. Bischof, T. Friedrich, Iron-sulfur cluster N2 of
the Escherichia coli NADH:ubiquinone oxidoreductase (complex I) is located on
subunit NuoB, J. Biol. Chem. 278 (2003) 47602-47609.

[42] D.Flemming, P. Hellwig, S. Lepper, D.P. Kloer, T. Friedrich, Catalytic importance of
acidic amino acids on subunit NuoB of the Escherichia coli NADH:ubiquinone ox-
idoreductase (complex I), J. Biol. Chem. 281 (2006) 24781-24789.

[43] M. Kitagawa, T. Ara, M. Arifuzzaman, T. loka-Nakamichi, E. Inamoto, H. Toyonaga,
H. Mori, Complete set of ORF clones of Escherichia coli ASKA library (a complete
set of E. coli K-12 ORF archive): unique resources for biological research, DNA
Res. 12 (2005) 291-299.



[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

H. Erhardt et al. / Biochimica et Biophysica Acta 1817 (2012) 863-871

D. Schneider, T. Pohl, J. Walter, K. Dérner, M. Kohlstddt, A. Berger, V. Spehr, T. Friedrich,
Assembly of the Escherichia coli NADH:ubiquinone oxidoreductase (complex I), Bio-
chim. Biophys. Acta 1777 (2008) 735-739.

H. Schdgger, G. von Jagow, Blue native electrophoresis for isolation of membrane
protein complexes in enzymatically active form, Anal. Biochem. 199 (1991)
223-231.

D.R. Kuonen, P.J. Roberts, LR. Cottingham, Purification and analysis of mitochon-
drial membrane proteins on nondenaturing gradient polyacrylamide gels, Anal.
Biochem. 153 (1986) 221-226.

S. Bungert, B. Krafft, R. Schlesinger, T. Friedrich, One-step purification of the
NADH dehydrogenase fragment of the Escherichia coli complex I by means of
Strep-tag affinity chromatography, FEBS Lett. 460 (1999) 207-211.

H. Towbin, T. Staehelin, J. Gordon, Electrophoretic transfer of proteins from poly-
acrylamide gels to nitrocellulose sheets: procedure and some applications, Proc.
Natl. Acad. Sci. U. S. A. 76 (1979) 4350-4354.

M.C. Kao, E. Nakamaru-Ogiso, A. Matsuno-Yagi, T. Yagi, Characterization of the
membrane domain subunit NuoK (ND4L) of the NADH-quinone oxidoreductase
from Escherichia coli, Biochemistry 44 (2005) 9545-9554.

M.C. Kao, S. Di Bernardo, E. Nakamaru-Ogiso, H. Miyoshi, A. Matsuno-Yagi, T. Yagi,
Characterization of the membrane domain subunit Nuo] (ND6) of the NADH-
quinone oxidoreductase from Escherichia coli by chromosomal DNA manipula-
tion, Biochemistry 44 (2005) 3562-3571.

V. Spehr, A. Schlitt, D. Scheide, V. Guénebaut, T. Friedrich, Overexpression of the
Escherichia coli nuo-operon and isolation of the overproduced NADH:ubiquinone
oxidoreductase (complex I), Biochemistry 38 (1999) 16261-16267.

M. Kervinen, J. Patsi, M. Finel, L.E. Hassinen, A pair of membrane-embedded acidic
residues in the NuoK subunit of Escherichia coli NDH-1, a counterpart of the ND4L
subunit of the mitochondrial complex I, are required for high ubiquinone reduc-
tase activity, Biochemistry 43 (2004) 773-781.

M. Kervinen, R. Hinttala, H.M. Helander, S. Kurki, J. Uusimaa, M. Finel, K. Majamaa,
L.E. Hassinen, The MELAS mutations 3946 and 3949 perturb the critical structure
in a conserved loop of the ND1 subunit of mitochondrial complex I, Hum. Mol.
Genet. 15 (2006) 2543-2552.

G. Belevich, L. Euro, M. Wikstrom, M. Verkhovskaya, Role of the conserved argi-
nine 274 and histidine 224 and 228 residues in the NuoCD subunit of complex I
from Escherichia coli, Biochemistry 46 (2007) 526-533.

[55] J. Torres-Bacete, E. Nakamaru-Ogiso, A. Matsuno-Yagi, T. Yagi, Characteriza-

tion of the NuoM (ND4) subunit in Escherichia coli NDH-1: conserved charged
residues essential for energy-coupled activities, ]. Biol. Chem. 282 (2007)
36914-36922.

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

871

L. Euro, G. Belevich, D.A. Bloch, M.I. Verkhovsky, M. Wikstrom, M. Verkhovskaya,
The role of the invariant glutamate 95 in the catalytic site of Complex I from
Escherichia coli, Biochim. Biophys. Acta 1787 (2009) 68-73.

A. Dupuis, E. Darrouzet, H. Duborjal, B. Pierrard, M. Chevallet, R. van Belzen, S.P.
Albracht, J. Lunardi, Distal genes of the nuo operon of Rhodobacter capsulatus equiv-
alent to the mitochondrial ND subunits are all essential for the biogenesis of the re-
spiratory NADH-ubiquinone oxidoreductase, Mol. Microbiol. 28 (1998) 531-541.
A. Dupuis, M. Chevallet, E. Darrouzet, H. Duborjal, J. Lunardji, J.P. Issartel, The com-
plex I from Rhodobacter capsulatus, Biochim. Biophys. Acta 1364 (1998) 147-165.
H.J. Falk-Krzesinski, A.J. Wolfe, Genetic analysis of the nuo locus, which encodes
the proton-translocating NADH dehydrogenase in Escherichia coli, ]. Bacteriol.
180 (1998) 1174-1184.

C. Promper, R. Schneider, H. Weiss, The role of the proton-pumping and alterna-
tive respiratory chain NADH:ubiquinone oxidoreductases in overflow catabolism
of Aspergillus niger, Eur. ]. Biochem. 216 (1993) 223-230.

B.M. Prii3, J.M. Nelms, C. Park, AJ. Wolfe, Mutations in NADH:ubiquinone oxido-
reductase of Escherichia coli affect growth on mixed amino acids, J. Bacteriol. 176
(1994) 2143-2150.

E.A. Baranova, D.J. Morgan, L.A. Sazanov, Single particle analysis confirms distal
location of subunits NuoL and NuoM in Escherichia coli complex I, J. Struct. Biol.
159 (2007) 238-242.

D.L. Sabo, E.A. Boeker, B. Byers, H. Waron, E.H. Fischer, Purification and physical
properties of inducible Escherichia coli lysine decarboxylase, Biochemistry 13
(1974) 662-670.

[64] J.W. Foster, Escherichia coli acid resistance: tales of an amateur acidophile, Nat.

[65]

[66]

Rev. Microbiol. 2 (2004) 898-907.

P.L. Moreau, The lysine decarboxylase CadA protects Escherichia coli starved of
phosphate against fermentation acids, J. Bacteriol. 189 (2007) 2249-2261.

N. Watson, D.S. Dunyak, E.L. Rosey, J.L. Slonczewski, E.R. Olson, Identification of
elements involved in transcriptional regulation of the Escherichia coli cad operon
by external pH, ]. Bacteriol. 174 (1992) 530-540.

[67] J.Snider, . Gutsche, M. Lin, S. Baby, B. Cox, G. Butland, J. Greenblatt, A. Emili, W.A.

Houry, Formation of a distinctive complex between the inducible bacterial lysine
decarboxylase and a novel AAA + ATPase, ]. Biol. Chem. 281 (2006) 1532-1546.

[68] J. Snider, G. Thibault, W.A. Houry, The AAA + superfamily of functionally diverse

[69]

proteins, Genome Biol. 9 (2008) 216.

A. Pelzmann, M. Ferner, M. Gnida, W. Meyer-Klaucke, T. Maisel, O. Meyer, The
CoxD protein of Oligotropha carboxidovorans is a predicted AAA 4+ ATPase chaper-
one involved in the biogenesis of the CO dehydrogenase [CuSMo02] cluster, J.
Biol. Chem. 284 (2009) 9578-9586.



	Disruption of individual nuo-genes leads to the formation of partially assembled NADH:ubiquinone oxidoreductase (complex I) in Escherichia coli
	1. Introduction
	2. Characterization of the nuo-mutants
	3. Detection of the NADH dehydrogenase fragment in the cytoplasm of the nuo-mutants
	4. Detection of complex I fragments in the cytoplasmic membrane of the nuo-mutants
	5. Overproduction and characterization of the ΔNuoL variant
	6. Discussion and outlook
	Acknowledgements
	References


