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The bacterial proton-translocating NADH:quinone oxi-
doreductase (NDH-1) consists of two domains, a peripheral arm
and a membrane arm. NuoH is a counterpart of ND1, which is
one of seven mitochondrially encoded hydrophobic subunits,
and is considered to be involved in quinone/inhibitor binding.
Sequence comparison in a wide range of species showed that
NuoH is comprehensively conserved, particularly with charged
residues in the cytoplasmic side loops. We have constructed 40
mutants of 27 conserved residues predicted to be in the cyto-
plasmic side loops of Escherichia coli NuoH by utilizing the
chromosomal DNA manipulation technique and investigated
roles of these residues. Mutants of Arg37, Arg46, Asp63, Gly134,
Gly145, Arg148, Glu220, andGlu228 showed low deamino-NADH-
K3Fe(CN)6 reductase activity, undetectable NDH-1 in Blue
Native gels, low contents of peripheral subunits (especially
NuoB and NuoCD) bound to the membranes, and a significant
loss of the membrane potential and proton-pumping function
coupled to deamino-NADH oxidation. The results indicated
that these conserved residues located in the cytoplasmic side
loops are essential for the assembly of the peripheral subunits
with the membrane arm. Implications for the involvement of
NuoH (ND1) in maintaining the structure and function of
NDH-1 are discussed.

The H�-translocating NADH:quinone (Q)3 oxidoreductase
(EC 1.6.5.3) is a complex membrane-bound enzyme that cata-

lyzes electron transfer from NADH to Q coupled with proton
pumping across the inner mitochondrial membrane (complex
I) or the bacterial cytoplasmic membrane (NDH-1) (1, 2). The
Escherichia coli NDH-1 is composed of 13 subunits and all 13
nuo-encoded subunits from E. coli (NuoA-N) have their homo-
logues present in the mitochondrial enzyme that contains 45
subunits (3–5). A chromosomal deletion of all nuo genes has
been achieved earlier by homologous recombination in E. coli
(6). Thus NDH-1 serves as a model system to elucidate the
structure and function of complex I due to its structural sim-
plicity and ease of gene manipulation (7–10). Electron micro-
scopic analyses have established that NDH-1/complex I has a
characteristic L-shaped structure consisting of two domains, a
peripheral arm protruding into the cytoplasm (or the matrix)
and a membrane domain embedded within the cytoplasmic
membrane (or the inner mitochondrial membrane) (11–13).
The NADH binding site and all known redox cofactors of com-
plex I are located in the peripheral domain (14, 15). This was
also confirmed by the crystal structure of the peripheral arm
from Thermus thermophilus (16). Unlike the peripheral arm,
themembrane armdoes not contain any prosthetic group iden-
tified so far. Information about the structural and functional
roles of these membrane domain subunits are rather limited
despite recent progress in the field of structural biology. Based
on the projection structure of themembrane domain anddeter-
gent-based fractionation study that led to the disruption of the
membrane arm into fragments containing NuoL/M, NuoA/
K/N, and NuoH/J subunits, a speculative arrangement of the
membrane segment of E. coli NDH-1 has been proposed,
wherein subunits NuoA, NuoK, NuoN, NuoJ, and NuoH are
present in the vicinity of the peripheral arm, whereas the NuoL
and NuoM subunits are distantly located from the peripheral
segment (17–20). It is believed that these membrane-bound
subunits play roles in proton translocation (8–10) and qui-
none/inhibitor binding (21, 22) and their alteration is linked to
many human diseases (23).
The ND1 subunit is one of seven mitochondrial-encoded

hydrophobic subunits (ND1–6 and 4L) of the membrane arm
of complex I. The ND1 subunit is a mutational hot spot for
mitochondrial diseases like LHON (24) and MELAS (25),
underscoring its physiological role. Subunit NuoH in E. coli (a
homolog of the mitochondrial ND1 subunit) is one of the most
conserved subunits of themembrane domain.Mutations in the
NuoH (Nqo8) subunit from Paracoccus denitrificans were pre-
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viously reported to alter the affinity of complex I for ubi-Q (26).
Various inhibitors were reported to label the ND1/NuoH sub-
unit (21, 22, 27, 28). Subunit NuoH/ND1 is believed to be
involved in Q/inhibitor binding (29). The essential role of ND1
on the activity and assembly of complex I was implied earlier in
Chlamydomonas reinhardtii, inwhich deletion of theND1 sub-
unit prevented the assembly of complex I (30). Subunit NuoH/
ND1 was thus assumed to play roles in assembly/communica-
tion between the peripheral and membrane domains (31).
However, experimental evidence is lacking. Sequence compar-
ison among various species shows that charged residues in all
four cytoplasmic side loops of the NuoH subunit are compre-
hensively conserved. There are numerous implications for
short-range electrostatic forces involved in maintaining sub-
unit-subunit interactions as reported for V-ATPase (32). Thus,
it is likely that theNuoH subunit interacts electrostatically with
neighboring subunits by means of these charged amino acids.
To investigate the role of the residues that could be associated
with subunit-subunit interaction, we have systematically gen-
erated a set of point mutations of highly conserved amino acid
residues of the NuoH subunit from E. coli, and thus attempted
to understand the structural and functional importance of this
subunit. The results indicate that NuoH, through its conserved
residues in the cytoplasmic side loops, is involved in connecting
the membrane arm with the peripheral arm, presumably with
the NuoB and/or NuoCD subunit of NDH-1.

EXPERIMENTAL PROCEDURES

Materials—The pGEM-T Easy Vector was from Promega
(Madison, WI). The QuikChange� II XL site-directed
mutagenesis kit and Herculase�-enhanced DNA polymerase
were obtained from Stratagene (Cedar Creek, TX). The endo-
nucleases were from New England Biolabs (Beverly, MA).
Materials for PCR product purification, gel extraction, and
plasmid preparation were from Qiagen (Valencia, CA). The
gene replacement vector, pKO3, was a generous gift from Dr.
George M. Church (Harvard Medical School, Boston, MA).
Oxonol VI and ACMA were from Molecular Probes (Eugene,
OR). Capsaicin-40 was generously provided by Dr. Hideto
Miyoshi (Kyoto University, Kyoto, Japan). The BCA protein
assay kit and SuperSignal West Pico chemiluminescent sub-
strate were from Pierce (Rockford, IL). dNADH, NADH, DB,
chloramphenicol, and spectinomycin (Spc) were from Sigma.
p-Nitro blue tetrazolium was from EMD Biosciences (La Jolla,
CA). Goat anti-rabbit IgG horseradish peroxidase conjugate
was from GE Healthcare (Piscataway, NJ). Oligonucleotides
were synthesized by IDT (Coralville, IA). All other materials
were reagent grade and obtained from commercial sources.
Cloning and Mutagenesis of the E. coli nuoH Gene—The

strategies used for cloning andmutagenesis for the E. coli nuoH
gene were in principle similar to those we reported for nuoA,
nuoJ, nuoK, and nuoM genes (7–10) and illustrated in Fig. 1.
Sequences of primers used for this purpose are listed in supple-
mental Table S1. A DNA fragment, which includes the nuoH
gene, its upstream 1-kb DNA segment, and its downstream
1-kb DNA segment, was amplified from E. coli DH5� by PCR
using primers A and D. The amplified DNA fragment contain-
ing the nuoH gene was then cloned into pGEM-T-Easy vector

following the manufacturer’s protocol, and its sequence was
verified by DNA sequencing. The fragment bearing the nuoH
gene was then subcloned into integration vector pKO3. The
resulting plasmids were designated pGEM/nuoH-T and pKO3/
nuoH-T, respectively (Fig. 1A). Later, a 1-kb DNA upstream
segment including the 5�-sequence of the nuoH gene was
cloned by PCR using primers A and B, generating fragment
nuoH-U. Similarly, a 1-kbDNAdownstream segment including
the 3� sequence of the nuoH gene was cloned by PCR using
primers C andD, generating fragment nuoH-D. Both fragments
were cloned in pGEM-T Easy Vector. The spectinomycin
encoding gene from transposon Tn554 of Staphylococcus
aureus (33) was obtained by PCR amplification using primers
E2 and F2, both containing the HindIII restriction site. The spc
fragment obtained was cloned in pGEM-T Easy Vector. Fur-
thermore, the spc gene was inserted between nuoH-U and
nuoH-D fragments with the help of the HindIII site generating
the nuoH(spc) fragment (Fig. 1B) and then assembled in pGEM
generating the pGEM/nuoH(spc) plasmid (Fig. 1C). The frag-
ment harboring the spc cassette was finally subcloned in pKO3
with the help of SmaI and SalI restriction sites generating the
pKO3/nuoH(spc) plasmid (Fig. 1C). To prepare pKO3 vectors
carrying mutated nuoH genes, pGEM/nuoH-T was first
mutagenized individually with the synthetic oligonucleotides
listed in supplemental Table S1 using the QuikChange II XL
site-directed mutagenesis kit according to the manufacturer’s
instructions to introduce nuoH point mutations. The genera-
tion of the desired mutations was confirmed by direct DNA
sequencing. The pGEM constructs were then digested with
SmaI and SalI, and DNA fragments containing the desired
nuoH point mutations were finally transferred to integration
plasmid pKO3 at the SmaI/SalI sites. The resulting plasmids
were referred to as pKO3/nuoH (mutant). To evaluate possible
effects of the entire process of genemanipulation in generation
of point mutations on the E. coli cells, we also constructed a
control pKO3 vector, using the same procedure except that the
wild-type nuoH gene derived from pGEM(nuoH-T) without
anymutationwas inserted into the SmaI and SalI sites of pKO3.

FIGURE 1. Schematic representation of the strategy of nuoH cloning,
insertion of a Spc cassette in the E. coli nuoH gene, and construction of
site-specific nuoH mutants. Arrows (A–D, E2, and F2) indicate the primers
used in this study.
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Preparation of nuoH Knock-out and Mutant Cells—E. coli
strain MC4100 (F�, araD139, �(arg F-lac)U169, ptsF25, relA1,
flb5301, rpsL 150.��) was used to generate knock-out and site-
specific mutations of nuoH employing the pKO3 system. The
process was carried out according to the method of Link et al.
(34) with a minor modification as described previously by Kao
et al. (9). E. coli nuoH knock-out (NuoH-KOmutant) was con-
structed by replacement of the nuoH gene in the nuo operon for
the nuoH(spc) fragment inserted in the pKO3 plasmid. The
NuoH-KO mutant obtained was verified by PCR sequencing
using specific oligonucleotides and stored in glycerol at�80 °C.
In subsequent steps the pKO3/nuoH (mutant) plasmids were
used for construction of site-directed nuoHmutants. The con-
trol mutant (KO-rev) was generated in the same way except
that, instead of using pKO3/nuoH (mutant), the pKO3
(nuoH-T) carrying the wild-type nuoH gene was employed in
the recombination process. The correct introduction of point
mutations in the chromosome was finally confirmed by direct
DNA sequencing.
Bacterial Growth and Membrane Preparation—The E. coli

membrane preparation was done according to Kao et al. (8). In
brief, cells were first grown in LBmedium from freshly streaked
plates at 37 °C for 10 h and used to inoculate 250 ml of terrific
broth and cells were cultivated at 37 °C with shaking until A600
was �2. The cells were then harvested and resuspended at 10%
(w/v) in a buffer containing 10 mM Tris-HCl (pH 7.0), 1 mM
EDTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluo-
ride, and 15% (w/v) glycerol. 0.5 mg/ml of lysozyme was added
to the cell suspension followed by incubation on ice for 30 min
and sonicated twice with a 15-s pulse. The cell suspension was
then passed twice through the “French pressure cell press” at
25,000 p.s.i. After cell debris was removed, the supernatant was
ultracentrifuged at 50,000 � g for 35 min in a Beckman Spinco
60Ti rotor. The collected pellet was resuspended in the same
buffer, and the resultingmembrane suspension was either used
immediately for enzyme assays or stored in small aliquots at
�80 °C for later use.
Gel Electrophoresis and Immunoblotting Analysis—10 �g of

protein from each membrane suspension was first subjected to
SDS-PAGE using the discontinuous system of Laemmli (35).
The expression of theNDH-1 subunits was then determined by
using antibodies specific to NuoB, NuoCD, NuoE, NuoF,
NuoG, NuoI, and NuoM in Western blot experiments. The
assembly of NDH-1 was evaluated by using BN-PAGE accord-
ing to Schägger and von Jagow (36) with minor modifications
(10). ForNADHdehydrogenase activity staining of NDH-1 gels
were incubated in 2 mM Tris-HCl (pH 7.5) containing 2.5
mg/ml of p-nitro blue tetrazolium and 150�MNADH for 2 h at
37 °C. The reaction was stopped with 7% acetic acid.
Enzymatic Assay—In addition to NDH-1, E. coli also con-

tains an alternative NADH-Q oxidoreductase, NDH-2. The
E. coliNDH-2 is a small, FAD-dependent enzyme that is insen-
sitive to capsaicin (37, 38) and cannot oxidize dNADH (39).
Thus, to measure the activities derived solely from NDH-1, we
used dNADH as the substrate in enzymatic assays throughout
this study. All measurements of enzymatic activity were carried
out at 30 °C using a Olis-SLM DW-2000 spectrophotometer.
The dNADH oxidase activity was assayed at 340 nm as

described previously (10). The dNADH-DB reductase activity
measurements were conducted in the presence of 10 mM KCN,
0.15 mM dNADH, and 0.1 mM DB. The dNADH-K3Fe(CN)6
reductase activity wasmeasured at 420 nm in the presence of 10
mM KCN, 0.15 mM dNADH, and 1 mM K3Fe(CN)6. The �340 �
6.22 mM�1 cm�1 for dNADH and �420 � 1.00 mM�1 cm�1 for
K3Fe(CN)6 were used for analyses.
The generation of membrane potential by NuoH mutants

was monitored optically with indicator dye oxonol VI as
described previously (8–10). The reaction was started by addi-
tion of 0.2 mM dNADH and absorbance changes at 630 minus
603 nm were monitored. Proton-pumping activity of NDH-1
was estimated from ACMA fluorescence quenching as
described by Amarneh and Vik (40). The reaction was initiated
by adding 0.2 mM dNADH.
Other Analytical Procedures—Protein concentrations were

determined by the BCA protein assay kit (Pierce) using bovine
serum albumin as the standard according to themanufacturer’s
instructions. Any variations from the procedures and other
details are described in the figure legends.

RESULTS

Sequence Analysis of the NuoH Subunit—The E. coli NuoH
subunit is a polypeptide of 325 amino acid residues. A topology
of the E. coli NuoH subunit was proposed based on the most
reasonable predictions offered by a composite of computer pro-
grams including TopPredII (41, 42), PHDhtm (43), TMHMM
(44), SOSUI (45–47), Tmpred (48), and HMMTOP (49). The
E. coli NuoH subunit is predicted to contain eight transmem-
brane segments (designatedTM1–8 from theN toC terminus),
with both the N- and C-terminal regions oriented toward the
periplasmic side of the membrane (Fig. 2). The final model also
accommodated the experimentally determined topology of the
Rhodobacter capsulatus NuoH subunit (31).
According to the sequence alignment, many residues were

found to be extensively conserved particularly in all four cyto-
plasmic side loops (C1–4) (supplemental Fig. S1). These loops,
especially C1 and C3, are highly enriched in charged residues,
indicative of the electrostatic interactionwith neighboring sub-
units. Our data base search revealed that in C1, Arg37, Arg46,
Pro49, and Asp63 are almost perfectly conserved among all spe-
cies examined. Residues Glu36, Gln44, Lys70, and Glu71 are
highly conserved except that, in some species, they are replaced
by some other similar residues. Similarly, C3 contains Asp213,
Glu220, andGlu228 as almost invariant residues, whereasArg209,
Glu216, andGlu218 are highly conserved. It should be noted that
most of these residues are also conserved in the EchB, HycD,
and HyfC subunits of multisubunit membrane-bound energy-
converting [Ni-Fe] Ech hydrogenase, hydrogenase 3, and
hydrogenase 4 complexes, respectively.
Subunit ND1 is described to be a mutational hot spot for

LHON (24) andMELAS (25). A good number of disease-related
mutations in the ND1 subunit are reported to occur in residues
that are located in highly conserveddomains of extramembrane
loops facing the matrix side (24, 50). LHON/MELAS mutation
E24K (51) (E. coli numbering E36), MELAS mutations R25Q
(E. coli numbering Arg37) (52), G131S (53) (E. coli numbering
Gly145), and E214K (25) (E. coli numbering Glu228) are exam-
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ples of four residues associated with these pathogenic muta-
tions present in the matrix side extramembrane loops of sub-
unit ND1. These residues are highly conserved between the
human ND1 subunit and homologues of many species. Resi-
dues associated with LHONmutation E143K (24) (E. coli num-
bering Glu157) are almost completely conserved.
To clarify the structural and functional roles of the conserved

residues as well as residues corresponding to those linked to
human diseases, we have generated a set of 40 point mutations
covering 27 different residues of the E. coliNuoH subunit using
homologous recombination targeted directly to the chromo-
some (9) (see Table 1 for the complete list of mutants).
Effects of NuoH Mutation on the dNADH-K3Fe(CN)6 Reduc-

tase Activity of NDH-1—Table 1 includes dNADH-K3Fe(CN)6
reductase activity of all mutants together with wild-type. This
activity derives from the NADH dehydrogenase segment of
complex I/NDH-1 and, therefore, could be generally used as an
estimate for the amount of the active peripheral domain asso-
ciated with the membrane. The NuoH-KO mutant retained
very little activity of the dNADH-K3Fe(CN)6 reductase
(�11% of parent membranes), which was similar to most of
the other hydrophobic subunit knock-out mutants, except for
NuoM-KO (�35%) (10). Correspondingly, the NuoH-KO
mutant exhibited almost null activity of the energy-coupled
NDH-1 activities (dNADHoxidase and dNADH-DB reductase;
see below) comparable with deletion mutants of other hydro-
phobic subunits studied to date (NuoA, J, K, and M) (7–10).
This in fact agreeswith the commonly accepted geometry of the
membrane domain that places NuoJ, NuoH, NuoA, NuoK, and
NuoN near the peripheral arm and NuoM and NuoL in a dis-
tant location (13, 19, 54, 55).

As shown inTable 1, theKO-revmutant displayed properties
indistinguishable from the wild-type strain in all enzymatic
activities measured. The complete restoration of the activity to
the level of the parental MC4100 strain demonstrates that the
homologous recombination procedure adopted here worked
out exactly as expected. Consequently, the KO-rev mutant
could serve as an appropriate reference strain in addition to the
originalMC4100 wild-type strain. In good agreement with pre-
vious assembly experiments (7–10), membranes of all point
mutants of various transmembrane segments (V206G, E241A,
and E241Q) displayed the dNADH-K3Fe(CN)6 reductase activ-
ity comparable with that of the wild-type. In contrast, point
mutants of all C1–4 displayed various degrees of inhibition of
the dNADH-K3Fe(CN)6 reductase activity. The most drastic
decrease in the dNADH-K3Fe(CN)6 reductase activity was seen
for mutation of invariantly conserved residues, particularly
those with charged residues in C1 and C3. Mutations of invari-
antly conserved Arg residues located in C1 (R37A and R46A)
resulted in a �80 and �53% reduction of activities, respec-
tively. Replacement of the same Arg residues by other basic Lys
(R37K and R46K) only partially restored the activity by �15–
20%, highlighting the importance of Arg residues at this loca-
tion for the structure. Replacing the highly conserved residue
Asp63 with either a corresponding amide Asn or a nonpolar Ala
resulted in loss of activity of �76 or �82%, respectively. In
contrast to this seemingly drastic effect, replacingAsp63with an
acidic Glu brought about a complete restoration of ferricyanide
activity. Less drastic but still significant diminution of the activ-
ities occurredwithmutations at Pro49 andGlu71 positions. Two
mutants of Glu36, E36D and E36A, exhibited small but measur-
able inhibition (15–25%) in the dNADH-K3Fe(CN)6 reductase

FIGURE 2. Speculative topology of the E. coli NuoH subunit. The prediction has been performed on the basis of a composite of computer programs,
including the reported topology of its Rhodobacter counterpart (31). The eight transmembrane segments of the E. coli NuoH subunit from the N terminus to the
C terminus are designated TM1– 8. The four cytoplasmic side loops are marked as C1–C4, whereas P1–P3 represent three periplasmic side loops. The N and C
terminus of the subunit are exposed to the periplasmic side of the membrane. Amino acid residues mutated in this study are displayed as black squares, and
some are marked by their E. coli numbering.
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activity. The negative charge at this position does not seem to
be essential for the activity.
In C2, mutation of the invariantly conserved Arg148 resulted

in�50% reduction in the activity. The disease-relatedmutants,
G134V and G134L, exhibited a more significant reduction
(�50%) of dNADH-K3Fe(CN)6 reductase activity than the

G134A mutant (�30%). A similar result was obtained with
mutation of Gly145, the residue associatedwith the humanND1
mutation, G3697A (human numbering G131S). The G145A
mutant had activities close to those from the wild-type strain,
whereas G145V had detectably lower activities (�50%). Muta-
tion of the other three residues Ser155, Tyr156, andGlu157 to Ala
did not have any appreciable effects on the activities. Glu157 is
well conserved, and the corresponding position in human ND1
subunit is associated with LHON. Interestingly, mutation
(E157K) mimicking the LHON (human numbering E143K) in
this position augmented the activity to 160% (see Table 1 and
supplemental Fig. S1). A similar result has been reported earlier
by Valentino et al. (24), where they attributed the higher activ-
ity for the LHON mutation (G3733A, human numbering
E143K) to a higher mitochondrial proliferation. Similarly,
mutation of the highly conserved residues carrying a carboxyl
group (D213A, E220A, and E228A) in C3 resulted in 50–60%
reduction in the activities. A small activity loss was observed
with mutations of R209A. Similar trends were reported by
recent studies of MELAS mutations (human numbering
E214K) using the Paracoccus and E. coli systems (50). In the
case of mutations related to C4, replacing the conserved Asp295
residue with Ala resulted in �42% loss of the activity, whereas
mutation of D295E resulted in the complete restoration of
activity. Smaller but still considerable reduction of the activities
occurred with mutations at the Arg286 and Lys303 positions,
whereas mutation of another conserved charged residue,
Arg291, did not affect the activity.
Subunit Assembly of NDH-1 of NuoH Mutants—We used

BN-PAGE and NADH dehydrogenase activity staining to
directly verify the presence of assembled NDH-1 in the con-
structed mutants. As illustrated in Fig. 3, no intact NDH-1 was
observed in the NuoH-KO mutant. In contrast, membranes
isolated from the wild-type and NuoH KO-rev mutants con-
tained similar amounts of fully assembled NDH-1, once again
validating that there was no problem in the process of chromo-
somal manipulation. As expected, mutants that had low ferri-
cyanide activities displayed either no assembly (R37A, R46A,
D63A, D63N, G134L, E220A, E220Q, E228A, and E228Q) or a
significantly diminished level of the assembled complex (R37K,

R46K, G134V, G145V, R148A,
D213A, and D295A). The point
mutants that had ferricyanide activ-
ity similar to wild-type (K70A,
Y156A, E157A, E157K, E241Q, and
E241A) were akin to the wild-type
with regard to their assembly.
Subunit Contents of NDH-1 of

NuoH Mutants—Immunochemical
analyses were performed to system-
atically examine the subunit con-
tents of the NDH-1 in the cytoplas-
mic membranes from all NuoH
mutants. We selected a total of
seven subunit-specific antibodies
for detection; six antibodies are
against all subunits present in the
peripheral domain (NuoB, NuoCD,

FIGURE 3. NADH dehydrogenase activity staining of BN-PAGE gels of membrane preparations from
E. coli. Membranes from the wild-type (WT), NuoH knock-out (KO), NuoH knock-out revertant (KO-rev), and
site-specific NuoH mutants were compared. The arrow shows location of the NDH-1 band. The concentration
of dodecyl �-maltoside used was 1%. Electrophoresis was performed as described under “Experimental Pro-
cedures.” After electrophoresis the gels were incubated with 2.5 mg/ml p-nitro blue tetrazolium and 150 �M

NADH for 2 h at 37 °C. The reaction was stopped by 7% acetic acid.

TABLE 1
Enzyme activities of the membrane-bound NDH-1 of E. coli wild-type
and various NuoH mutants

a Activity in nanomole of dNADH/mg of protein/min.
b Activity in nanomole of K3Fe(CN)6/mg of protein/min.
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NuoE, NuoF, NuoG, andNuoI) and one antibody against a sub-
unit located in the membrane domain (NuoM) (Fig. 4). Inter-
estingly, divergent results were observed in the subunits that
make up the peripheral domain ofE. coliNDH-1.As seen in Fig.
4, peripheral subunits NuoCD, NuoE, NuoF, NuoI, and NuoB
and the hydrophobic subunit NuoMwere almost entirely miss-
ing in membranes of the NuoH KO cells. Membranes of the
NuoHKOcells contained very small amounts ofNuoG subunit.
This observation further validates that NuoH is required for
efficient assembly of the NDH-1 complex. The amounts of the
peripheral subunits of point mutants such as K70A, R148A,
Y156A, E157A, and E241A were identical to those of the wild-
type. It appears that NDH-1 of mutant R148A is inactively

assembled and very fragile as judged from the results of BN-
PAGE and dNADH-K3Fe(CN)6 reductase. As expected, for
many of the constructed pointmutants of different cytoplasmic
loops, significant and divergent quantitative differences were
observed for the seven NDH-1 subunits tested. Most interest-
ingly, the membranes of many of the loop mutants that had
reasonably lower ferricyanide activity (less than �50%) (Table
1) contained very small amounts of peripheral subunits of
NuoB and NuoCD. In C1, membranes from the mutants of
invariantly conserved residuesArg37,Arg46, andAsp63 contained
fairly low amounts ofNuoE,NuoF,NuoB,NuoI, andNuoCD sub-
units. Lower levels of NuoE andNuoB subunits were observed for
mutants of Glu36. Similarly, the mutants of invariantly charged
residuesGlu220 andGlu228 inC3had rather lowamountsofNuoB,
NuoE, NuoF, NuoG, and NuoCD subunits (Fig. 4).
Taken together, it is quite clear that many of the site-specific

NuoH mutations of various cytoplasmic loops analyzed in this
study drastically affected the assembly of NDH-1. Invariantly
conserved residues Arg37, Arg46, Asp63, Gly134, Gly145, Glu220,
and Glu228 are essential for the assembly of peripheral subunits
to the membrane arm and, thus activity of NDH-1.
Effects of NuoH Mutation on the Energy-transducing NDH-1

Activity—In this work, we also introduced site-directed muta-
tions in some of the charged amino acids that are conserved and
predicted to be in the TMs of the NuoH subunit. The point
mutants analyzed displayed varied degrees of inhibition of
dNADH oxidase and dNADH-DB reductase activity. Mutation
of the highly conserved Glu36, which is present at the interface
of TM1, significantly reduced the energy-transducing NDH-1
activity (E36A, �80% inhibition). The well conserved Glu157,
which is present at the interface of TM3, has the corresponding
position in human ND1 subunit associated with LHON.Muta-
tion E157A diminished the activity by 71% but scarcely affected
the dNADH dehydrogenase activity, although, interestingly,
mutation E157K had energy-coupledNDH-1 activity compara-
ble with the wild-type. Although neither Glu36 nor Glu157 are
likely to be directly involved in proton translocation because
the mutants of these residues did not inhibit completely the
energy-transducing activities, it seems possible that Glu36 and
Glu157 might act as catalysts for turnover (conformational
change) of the energy-coupled NDH-1 reaction. Less drastic
but still significant diminution of the energy-transducing activ-
ity occurred with mutations at the Gln44, Glu218, Glu241, and
Asp295 positions (�40–60% inhibition).
We determined kinetic parameters for DB to investigate

whether the residues in C1–4 play some roles in Q binding. An
apparent Km of 2.8 �M for DB was observed for the wild-type
strain. Regarding the mutants (Km in parentheses), C1 mutant
E36D (1.1 �M) showed a somewhat increased affinity for DB,
whereasC4mutantD295E (2.5�M) had about the same value as
that of the wild-type. Mutants Q44A (6.2 �M), D63E (4.9 �M),
E71A (5.0�M), E157K (6.1�M), E216A (5.9�M), andK303A (6.5
�M) all exhibited amoderately lower affinity for DB.Overall, no
drastic change in Km value for DB was observed among the
mutants.We also investigated the effects of theNuoHmutation
on inhibitory characteristics of capsaicin-40. The IC50 value of
capsaicin-40 of most of these mutants was determined to be in
the range of 0.11–0.21 �M, which is almost the same as that of

FIGURE 4. Immunoblotting of membrane preparations from wild-type
(WT), NuoH knock-out (KO), NuoH knock-out revertant (KO-rev), and site-
specific NuoH mutants. E. coli membranes (10 �g of protein per lane) were
loaded on a 15% Laemmli SDS-polyacrylamide gel. After electrophoresis, the
proteins were transferred onto nitrocellulose membranes and Western blot-
ting was carried out using the SuperSignal West Pico system. Antibodies spe-
cific to NuoB, NuoCD, NuoE, NuoF, NuoG, NuoI, and NuoM were used. Goat
anti-rabbit IgG horseradish peroxidase conjugate was used as secondary anti-
body for the detection of the bands. Note that mutants E157K, R286A, K303A,
and R291A are not shown as they were the same as the wild-type.
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wild-type (0.14–0.17 �M). The data suggest that neither Q
binding nor capsaicin-40 binding are significantly modified by
these point mutations.

Measurements of Electrochemical
Potential and Proton Translocation
of NuoH Mutants—Because elec-
tron transfer activities of the
mutants varied from normal to
almost null with varying effects on
the assembly of the enzyme, itwas of
interest to examine the generation
of membrane potential and proton
gradient. Fig. 5 shows representa-
tive traces of oxonol VI response,
organized according to cytoplasmic
loops. As expected, no �� was
observed in membrane vesicles of
the knock-out mutant, and the
membrane vesicles of KO-rev
mutant generated a signal compara-
ble with that of the wild-type strain.
Similarly, negligible �� was ob-
served for the membrane vesicles of
the mutants that had no assembly
(R37A, R37K, R46A, D63N, D63A
(C1); G145V (C2); E220A, E220Q,
E228A, E228Q (C3)) as per our
observation. Themutant R46K gen-
erated a small membrane potential.
E36A and E36D mutations had
moderate effects (C1). Mutation of
another highly conserved Gly134,
either to bulky Val or Leu caused a
considerable reduction in ��,
whereas substituting Ala had an
insignificant effect (C2). Likewise,
in case of invariantly conserved
Gly145, replacing this small group
with a bulky groupVal resulted in an
almost complete loss of the ability
of the enzyme to generate ��,
whereas Ala substitution brought
back the normal membrane poten-
tial (C2). The same nearly total dim-
inution of �� was seen with the
mutant of invariant residue Arg148
(C2). Interestingly, mutation D295A
had a moderate decrease in mem-
brane potential, and its (moder-
ately) mutated twin, D295E (C4), as
well as E71A (C1) and E218A (C3)
had a slightly higher absorbance
change but was still much lower
than that of the wild-type strain.
The formation of the proton gra-

dient was monitored using ACMA
(Fig. 6). Wild-type and the KO-rev
mutant exhibited an almost identi-

cal response. The signal was completely dissipated by carbon-
yl cyanide p-trifluoromethoxyphenylhydrazone. No proton
translocation was observed in the NuoH-KO mutant. The

FIGURE 5. Detection of the membrane potential generated by dNADH oxidation in E. coli NuoH mutants.
Membrane vesicles were prepared from each of the constructed mutants, and the membrane potential
changes were monitored by the absorbance changes of oxonol VI at 630 – 603 nm at 37 °C. The assay mixture
typically contained 50 mM MOPS (pH 7.3), 10 mM MgCl2, 50 mM KCl, 2 �M oxonol VI, and E. coli membrane
samples (330 �g of protein/ml). The first arrow indicates addition of 0.2 mM dNADH and the second arrow
indicates addition of 2 �M carbonyl cyanide p-trifluoromethoxyphenylhydrazone to the assay mixture. The
traces for the mutants are depicted on the basis of their presence in the cytoplasmic loops (C1–C4) along with
the controls (CTL). It should be noted that Y156A and E157A are kept along with C2 mutants as they were at the
interface. The mutants having the membrane potential similar to the wild-type are not shown.

FIGURE 6. Generation of a pH gradient coupled to dNADH oxidation in E. coli NuoH mutants. Membrane
vesicles were prepared from each of the constructed mutants, and the extent of proton translocation was
measured by quenching the fluorescence of ACMA at room temperature with an excitation wavelength of 410
nm and emission wavelength of 480 nm. At the time indicated by the arrows, 0.2 mM dNADH (first arrow) or 10
�M carbonyl cyanide p-trifluoromethoxyphenylhydrazone (second arrow) was added to the assay mixture
containing 50 mM MOPS (pH7.3), 10 mM MgCl2, 50 mM KCl, 2 �M ACMA, and E. coli membrane samples (150 �g
of protein/ml). C1 mutants: 1, WT; 2, D63E; 3, P49A; 4, E36D; 5, E36A; 6, E71A; 7, R46K; 8, R37A; 9, R37K; 10, R46A;
11, D63A; 12, D63N. C2 mutants: 1, WT; 2, E157A; 3, G134A; 4, Y156A; 5, G145A; 6, G134L; 7, G134V; 8, G145V; 9,
R148A. C3 mutants: 1, WT; 2, E218A; 3, R209A; 4, E220A; 5, E228A; 6, D213A; 7, E220Q; 8, E228Q. C4 mutants: 1,
WT; 2, KO-rev; 3, R286A; 4, K303A; 5, D295E; 6, D295A; 7, NuoH KO. Controls (i.e. WT, KO, and KO-rev mutants) are
displayed along with the mutants of cytoplasmic loop 4 (C4). As shown are Y156A and E157A in group C2. The
mutants that exhibited proton pumping activity akin to the wild-type are not shown.
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results for nearly all of the mutants are in good accord with the
membrane potential or with data obtained from the assay of
dNADH oxidase and dNADH-DB reductase activities. Identi-
cal to their inability to generate membrane potential, the
mutants (R37A, R37K, R46A, D63N, D63A, (C1); G134V,
G145V, R148A, (C2); D213A, E220A, E220Q, E228A, E228Q,
(C3)) did not show any sign of proton translocation. The
mutants R46K (C1), G134L (C2), and D295A (C4) displayed
significantly slower proton translocation and did not reach sta-
tionary phase within the experimental time. E36A, E36D, E71A
(C1), andD295E (C4) showed a slightly higher proton pumping
ability but were still much lower than that of the wild-type
strain. Othermutants exhibited no significant effects on proton
pumping activity.

DISCUSSION

The membrane domain of NDH-1 contains seven subunits,
all of which are homologues of mammalian mitochondrially
encoded subunits. Systematic mutagenesis of hydrophobic
domain subunits NuoA (ND3), NuoJ (ND6), NuoK (ND4L),
NuoM (ND4), andNuoN (ND2) has not only helped us to char-
acterize the essential carboxyl residues necessary for energy-
coupled activities but also established E. coliNDH-1 as a useful
model system for studying complex I (7–10, 40, 56–58). Deter-
gent-based fractionation studies showed that the ND1 subunit
(mitochondrial counterpart of NuoH) is present in subcomplex
I�, which comprises the peripheral domain and part of the
membrane domain (19, 59). This leads to a suggestion thatND1
may be located near the peripheral domain. Upon sequence
comparison theNuoH subunit was found to be extensively con-
served among various species, particularly in all four loops fac-
ing the cytoplasmic side (supplemental Fig. S1). Interestingly,
this is the only subunit among all seven membrane domain
subunits, wherein residues in the cytoplasmic side loops are so
vastly conserved. These cytoplasmic side loops are relatively
large in comparison to a majority of other membrane domain
subunits. Furthermore, these loops are highly enriched in
charged residues (Fig. 2 and supplemental Fig. S1), particularly
C1 and C3, and thus appear to be involved in binding with
peripheral subunits.
The dNADH-K3Fe(CN)6 reductase activity that evaluates

the effects on the stability of the mutations (Table 1) showed
that, in a majority of point mutants of these cytoplasmic side
loops, the activity was significantly lower comparedwith that of
the wild-type (20–60%). Further analyses with BN-PAGE (Fig.
3) and immunological methods (Fig. 4) corroborated the
dNADH-K3Fe(CN)6 reductase activity results, and the assem-
bly of NDH-1 was found to be completely or partially disturbed
in the loopmutants studied. Similarly, the membrane potential
(Fig. 5) and proton translocation ability (Fig. 6) of nearly all of
these mutants were in good agreement with the above result.
Remarkably, nearly all of these residues associatedwith disturb-
ing the assembly of NDH-1 (Arg37, Arg46, Asp63, Gly134, Gly145,
Arg148, Glu220, or Glu228) are almost universally conserved
among a wide variety of species (see supplemental Fig. S1). Fur-
thermore, these NuoH mutants exhibit diminished peripheral
subunits (Fig. 4), due to incomplete assembly of thewhole com-
plex. The most prominent observation was that some of the

mutants showed quite low amounts of NuoB and NuoCD. It is
interesting to note that Nqo4 (NuoD) and Nqo6 (NuoB) also
contain an unusually high proportion of charged amino acids
(see, for example, Ref. 20). From the crystal structure it is quite
comprehensible that NuoD/Nqo4/49K and NuoB/Nqo6/PSST
have many charged residues present in the loops that face the
interface between the membrane domain and the Q-cavity.
According to Sazanov (20), these charged residues are likely to
be involved in interaction with hydrophobic subunits. Subunit
NuoB/Nqo6/PSST is the central subunit housing the terminal
iron-sulfur cluster N2 that acts as an immediate electron donor
to Q (60, 61). There may therefore be a role for short-range
electrostatics in maintaining NuoH/NuoB and/or NuoH/
NuoCD interactions (possibly maintaining the Q-cavity/NuoH
interaction) (29). The proposed interaction of NuoH andNuoB
is in good agreement with the fact that ND1 (NuoH) and PSST
(NuoB) were earlier shown to be functionally coupled in a pho-
toaffinity labeling experiment (62). Additional support is from
the energy-converting hydrogenase (Ech) family (63). Ech is
composed of 6 different subunits (EchA–F). These subunits are
homologues of NuoM(or L), NuoH, NuoB, NuoC, NuoD, and
NuoI, respectively. Themembrane segment of Ech is composed
of two subunits: EchA (NuoM or L) and EchB (NuoH) (64).
Considering that the peripheral arm of Ech is made up of four
homologues ofNDH-1 and thatNuoMorNuoL ofNDH-1 does
not interact with the peripheral arm of NDH-1, we can specu-
late that EchB (NuoH) is involved in interaction with the
peripheral arm. In addition, as described above, the eight essen-
tial residues in cytoplasmic loops of NuoH are conserved in
EchB (see supplemental Fig. S1).
According to a recent report (65), formation of fully assem-

bled complex I as a result of the union of various pre-assembled
subcomplexes, occurs in a semi-sequential manner; the mem-
brane part is formed at an early stage of assembly, whereinND1
(NuoH), ND6 (NuoJ), and PSST (NuoB) subunits are added to
the B17 subunit containing subcomplex. This further binds to a
hydrophilic subcomplex containing the 30- and 49-kDa sub-
units (fused together as NuoCD in E. coli) and subsequently
more subcomplexes and subunits are added leading to the for-
mation of holo-complex I. Given the observation that the
NuoH subunit is incorporated into the NDH-1 structure at an
early stage of its assembly (66), it is conceivable that the reduced
levels of fully assembled complex I observed in this work might
be due to an impaired assembly of complex I with consequent
degradation of unincorporated subunits.
Piericidin and capsaicin structurally resemble Q and are

demonstrated to act as a competitive inhibitor forQ in complex
I (67, 68) as well as in the E. coli membrane-bound glucose
dehydrogenase (69, 70). Therefore, these inhibitors and cata-
lytic Q most likely share the same binding site. Our present
results showed that the Km value for DB and the IC50 value of
capsaicin-40 were hardly affected by mutating residues of the
cytoplasmic side loops of the NuoH subunit, suggesting that
they apparently do not directly participate in Q/inhibitor bind-
ing. It should be noted that the kinetics assays could not be
performed onmutants that have significantly lostNDH-1 activ-
ities. Similar studies fromother laboratories reported alteration
of Km values for short chain Q in certain mutants of the Para-
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coccus Nqo8 subunit (a homologue of NuoH) (26, 71). In their
case, mutated residues, Glu158, Glu212, and Glu247 (Glu157,
Val206, and Glu241 in E. coli NuoH) are all predicted to be
located in the transmembrane segments. They also reported
that the Paracoccus mutation (A65T) mimicking LHON
affected the Km value for DB. This Ala65 is not conserved and is
replaced by Met64 in E. coli.
Mutants of the eight essential residues in NuoH exhibited

almost no activities of the dNADH oxidase and dNADH-DB
reductase, whereas their dNADH-K3Fe(CN)6 reductase activi-
ties were moderately inhibited. These results are interpreted in
at least two ways. It is known that dNADH-K3Fe(CN)6 reduc-
tase activity requires only a two-subunit assembly (NuoE and F)
(72), whereas the dNADH-DB reductase activity needs a deli-
cate architecture of NDH-1. Therefore, one explanation is that
those essential residues are located near the catalyticQ-binding
site and thus affect onlyDB reduction. Another explanation has
to dowith possible structural alterations. Given the finding that
modification of certain residues in the cytoplasmic loops causes
dislodging of the peripheral arm, it would not be surprising to
see, in other mutations, imperfect association between the
peripheral and membrane domain subunits that leads to little
or no Q reduction.
In conclusion, the present study highlights various aspects of

the NuoH/ND1 subunit in NDH-1 assembly and activity. Our
data suggest that invariantly conserved residues Arg37, Arg46,
Asp63, Gly134, Gly145, Arg148, Glu220, andGlu228 are all essential
for stability and, thus activity of complex I. The results clearly
indicate that NuoH, through its conserved residues in the cyto-
plasmic side loops, is involved in connecting the membrane
arm with the peripheral arm. Based on our results we hypothe-
size that various conserved residues in all four cytoplasmic
loops connect theNuoH subunit of themembrane armwith the
NuoB and/or NuoCD subunit of the peripheral arm of NDH-1,
placing it in a region that is hypothesized to be critical for the
catalytic Q binding. The results from the disease-mimicking
mutation using E. coli NDH-1 demonstrates that the bacterial
system is a useful model of studies of mitochondrial complex I
diseases.
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