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ABSTRACT: The prokaryotic proton-translocating NADH-quinone oxidoreductase (NDH-1) is an L-shaped
membrane-bound enzyme that contains 14 subunits (NuoA—NuoN or Nqol—Nqol4). All subunits have
their counterparts in the eukaryotic enzyme (complex I). NDH-1 consists of two domains: the peripheral arm
(NuoB, -C, -D, -E, -F, -G, and -I) and the membrane arm (NuoA, -H, -], -K, -L, -M, and -N). In Escherichia
coli NDH-1, the hydrophilic subunits NuoC/Nqo5/30k and NuoD/Nqo4/49k are fused together in a single
polypeptide as the NuoCD subunit. The NuoCD subunit is the only subunit that does not bear a cofactor in
the peripheral arm. While some roles for inhibitor and quinone association have been reported for the NuoD
segment, structural and functional roles of the NuoC segment remain mostly elusive. In this work, 14 highly
conserved residues of the NuoC segment were mutated and 21 mutants were constructed using the
chromosomal gene manipulation technique. From the enzymatic assays and immunochemical and blue-
native gel analyses, it was found that residues Glu-138, Glu-140, and Asp-143 that are thought to be in the
third a-helix are absolutely required for the energy-transducing NDH-1 activities and the assembly of the
whole enzyme. Together with available information for the hydrophobic subunits, we propose that Glu-138,
Glu-140, and Asp-143 of the NuoC segment may have a pivotal role in the structural stability of NDH-1.

The proton-translocating NADH-quinone oxidoreductase
(NDH-1" for bacteria and complex I for mitochondria) catalyzes
the reduction of Q by using NADH as an electron donor coupled
to the translocation of protons across the inner mitochondrial or
the bacterial cytoplasmic membrane (/—3). Complex I is the
largest enzyme complex of the respiratory chain; in the case of the
bovine enzyme, it is composed of 45 different subunits (4). In
contrast, bacterial NDH-1 is generally composed of 14 subunits
that are homologues of the 14 subunits that comprise the central
core of the mitochondrial enzyme (I, 5, 6). Earlier structural
studies (7) showed that NDH-1, like complex I, consists of two
domains: One is a hydrophobic domain composed of seven
subunits related to the proton translocation process, and the
other is a hydrophilic domain (peripheral arm) that hosts another
seven subunits containing all the redox components (flavin mono-
nucleotide and eight to nine iron—sulfur clusters) (2, 7—13).
Crystallographic analysis of the peripheral arm of Thermus
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thermophilus NDH-1 greatly advanced our knowledge of its
structure (10, 11).

Escherichia coliNDH-1 possesses 13 subunits (NuoA—NuoN)
encoded by the nuo operon. The peripheral arm of the E. coli
enzyme has six subunits (NuoB, -CD, -E, -F, -G, and -I) (/). In
most organisms, NuoCD is separated into two subunits, with the
NuoC segment being a homologue of Rhodobacter capsulatus
NuoC (15)/T. thermophilus Ngo5 (16)/bovine 30k (/) and the
NuoD segment a homologue of R. capsulatus NuoD (15)/T.
thermophilus Nqo4 (16)/bovine 49k (/). NuoCD is the only subunit
in the peripheral arm that does not bear a cofactor. Subunit NuoD/
Nqo4/49k has been reported several times to be involved in the
binding and reduction of Q (17— 19). Information about the role of
the NuoC segment remains limited. The sequence comparison of
the NuoC segment of E. coli NuoCD with its counterparts in
diverse organisms revealed the presence of highly conserved
residues. To gain insight into the role of NuoC/Nqo5/30k, we
constructed site-directed mutants of the residues conserved in the
NuoC segment of E. coli NDH-1 by taking advantage of the
chromosomal DNA manipulation technique that we have success-
fully adopted for characterization of various hydrophobic subunits
of the membrane domain (20—25). Use of bacterial systems has
advantages for the structural and functional study of complex I and
NDH-1 and can be applied to both hydrophobic core subunits and
peripheral core subunits (6, 14, 15, 26). The absence of the so-called
“accessory subunits” provides a simpler system to handle. Also,
unlike the mitochondrial system, there are no potential complica-
tions associated with the import of proteins and cofactors that
require ATP and membrane potential. The possible engagement of
the NuoC segment in the architecture of NDH-1 is discussed.

©2010 American Chemical Society
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EXPERIMENTAL PROCEDURES

Materials. The pGEM-T Easy Vector was from Promega
(Madison, WI). The QuikChangell XL site-directed mutagenesis
kit and the Herculase-enhanced DNA polymerase were obtained
from Stratagene (Cedar Creek, TX). Materials for PCR product
purification, gel extraction, and plasmid preparation were from
Qiagen (Valencia, CA). Endonucleases were from New England
Biolabs (Beverly, MA). The gene replacement vector, pK O3, was
kindly provided by G. M. Church (Harvard Medical School,
Boston, MA). The BCA protein assay kit and the SuperSignal
West Pico chemiluminescent substrate were from Pierce
(Rockford, IL). The goat anti-rabbit IgG horseradish peroxidase
conjugate was from GE Healthcare (Piscataway, NJ). NADH,
dNADH, DB, and chemicals were from Sigma-Aldrich (St.
Louis, MO). p-Nitroblue tetrazolium was from EMD Biosciences
(La Jolla, CA). Oxonol VI and ACMA were from Invitrogen
(Carlsbad, CA). Antibodies against E. coli NDH-1 subunits
NuoB, NuoCD, NuoE, NuoF, NuoG, and Nuol were obtained
previously by our laboratory (24). Cap-40 was a generous gift
from H. Miyoshi (Kyoto University, Kyoto, Japan) (27). Oligo-
nucleotides were synthesized by Valuegene (San Diego, CA). All
other materials were reagent grade and were obtained from
commercial sources.

Cloning and Mutagenesis of the E. coli nuoCD Gene.
Cloning and mutagenesis for the E. coli nuoCD gene were
performed as described previously (20—24, 28) and are summar-
ized in Figure 1. Sequence alignment of several organisms was
conducted to identify the conserved residues of the NuoC
segment (Figure S1 of the Supporting Information). The first
193 amino acid residues of the NuoCD subunit have been
extracted on the basis of alignment with the sequences of the
Nqo5/NuoC subunit and homologues from several organisms.
We refer to this part as the NuoC segment in this work. Primer
sequences designed to insert point mutations in the selected
residues are listed in Table S1 of the Supporting Information.
The DNA fragment encoding the NuoC segment plus 1 kb
upstream and downstream was amplified by PCR from E. coli
DH5a using primers A and D. The constructs harbored a BamHI
restriction site (Figure 1). The amplified product was cloned into
the pPGEM-T Easy vector and finally subcloned into integration
vector pKO3, resulting in plasmids named pGEM/nuoC and
pKO3/nuoC, respectively, as shown in Figure 1a. A 1 kb DNA
segment upstream with the 5'-sequence of the nuoCD gene was
amplified by PCR using primers A and B, generating fragment
nuoC-U. Another 1 kb DNA segment downstream with the 3'-
sequence of the nuoCD gene was amplified using primers C and
D, generating fragment nuoC-D. Both fragments were cloned in
the pGEM-T Easy vector. The spectinomycin-encoding gene
(spc) was obtained by amplification from transposon Tn554 of
Staphylococcus aureus using primers E and F, both containing the
HindIII restriction site (Figure 1b). The spc fragment obtained
was cloned into the pGEM-T Easy vector and finally inserted
between fragments nuoC-U and nuoC-D utilizing the HindIIl
restriction sites. The complete construction was assembled in
vector pKO3, generating gthe pKO3/nuoC (spc) plasmid with the
help of BamHI restriction sites (Figure 1c). To introduce point
mutations into the nuoCD gene, we used plasmid pGEM /nuoC as
a template along with the primers carrying the desired mutation
and the QuikChangell XL site-directed mutagenesis kit. The
mutated fragments were then inserted into the pKO3 plasmid
utilizing the BamHI restriction sites, generating the pKO3/nuoC
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FIGURE 1: Schematic representation of the strategy for nuoC segment
cloning, insertion of a spc cassette into the E. coli nuoCD gene, and
construction of site-specific NuoC segment mutants. In this work, we
selected the part of the nuoCD gene that encodes the homologous
segment of Nqo5 from 7. thermophilus (NuoC). Arrows indicate the
primers used in this study. (a) Amplified product nuoC with 1 kb
upstream and 1 kb downstream (NuoC) was cloned into the pPGEM-T
Easy vector and subcloned into the pKO3 vector, resulting in
plasmids named pGEM/nuoC and pKO3/nuoC, respectively. (b)
The spectinomycin-encoding gene (spc) was obtained by using prim-
ers E and F, both containing the HindIII restriction site. (c) spc was
cloned into the pPGEM-T Easy vector and inserted between fragments
nuoC-U and nuoC-D utilizing the HindllI restriction sites and finally
assembled in the pKO3 vector [pKO3/nuoC (spc)] with the help of
BamHI restriction sites.

fragment (mutant). All sequences were confirmed by DNA
sequencing.

Preparation of the nuoC Segment Knockout and Mutant
Cells. E. coli strain MC4100 [F~, araD139, A(arg F-lac) U169,
ptsF25, relAl, fIb5301, rpsL 150.4" ] was used to generate knock-
out (KO-C) and site-specific mutations of the NuoC segment in
the nuoCD gene using the pKO3 system (29) with a minor
modification as described previously by Kao et al. (20). The
KO-C mutant was constructed by replacement of the NuoC
segment of the nuoCD gene in the NDH-1 operon for the nuoC
(spc) fragment inserted into the pK O3 plasmid. In the subsequent
steps, KO-C competent cells were created to generate the mutants
using the pKO3/nuoC (mutant) plasmids for the recombination
process. A control KO-C-rev (KO-C-revertant) was generated in
the same way using the pKO3/nuoC fragment carrying the wild-
type nuoCD gene instead of the pKO3/nuoC fragment (mutant)
for the recombination process. The correct introduction of point
mutations into the chromosome was verified by direct DNA
sequencing.

Bacterial Growth and Membrane Preparation. The
E. coli membrane preparation was made as reported previously
(22—24). Briefly, cells were grown in 250 mL of Terrific Broth
medium at 37 °C until the Agy reached 2. Then the cells were
harvested by centrifugation at 5800g for 10 min and frozen
at —80 °C. The membrane vesicles were prepared according to
the method described previously (20—22).

Activity Measurements. Analysis of the E. coli NDH-1
NuoC segment mutant activity was conducted according to the
methods described previously (20). The reactions were performed
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FIGURE 2: Structural analyses near the third a-helix of the E. coli NuoC segment. (A) Proposed 3D model for the interface area of the NuoC and
NuoD segments of the E. coli NuoCD subunit. The 3D model was obtained for E. coli by homology modeling based on the crystallographic data
of the T thermophilus enzyme (10) using MODELER 9v8. Visualization was achieved with PyMOL version 1.2 (32). (B) Comparison of the
primary sequence in and near the third a-helix of the NuoC segment between the E. coli NuoCD and its homologues: NuoCD_Eco, E. coli
NuoCD (GenBank entry NP_416789); Nqo5_Tth, T. thermophilus Nqo5 (GenBank entry YP_005887.1); NuoCD_Rsp, R. sphaeroides NuoC
(GenBank entry YP_3531178.1); Nqo5_Pde, Paracoccus denitrificans Nqo5 (GenBank entry YP_916036.1); NUGM_Y1i, Yarrowia lipolytica
NUGM (GenBank entry XP_504891.1); 30 kDa_Necr, Neurospora crassa 30 kDa (GenBank entry XM _952596.2); 30 kDa_Hsa, Homo sapiens 30
kDa (NDUFS3) (GenBank entry NP_004542.1); SU-9_Aca, Acanthamoeba castellanii SU-9 (GenBank entry NP_042560.1); SU-9_Nta,
Nicotiana tabacum SU-9 (GenBank entry YP_173479.1); HycE_Eco, HycE from E. coli hydrogenase-3 (GenBank entry NP_417201.1);
HyfG_Eco, HyfG from E. coli hydrogenase-4 (GenBank entry NP_416982.1). The conserved residues are colored red.

at 30 °C using dNADH as the substrate in a SLM DW-2000
spectrophotometer. ANADH-K;Fe(CN), reductase activity was
determined at 30 °C with 80 ug of protein/mL of membrane
samples in 10 mM potassium phosphate (pH 7.0), | mM EDTA,
10 mM KCN, and 1 mM K;3Fe(CN)g. The reactions were started
by the addition of 150 uM dNADH, and the measurements were
followed at 420 nm. The dINADH-DB reductase activity was
performed under similar conditions, except that K;Fe(CN), was
replaced with 60 uM DB and the measurements were followed at
340 nm. The dNADH oxidase activity was measured using the
same conditions, but without addition of KCN or DB to the
reaction buffer. Cap-40 (10 uM) (27) was used for monitoring the
inhibition of energy-transducing dNADH-DB reductase and
dNADH oxidase activities. The extinction coefficients used for
activity calculations were as follows: 359 = 6.22mM ' cm ™! for
dNADH, and e459 = 1.00 mM ' em ™" for K5Fe(CN)g.

The membrane potential generated by the NDH-1 mutants
was monitored optically using oxonol VI as a reporter (2/). The
reactions were conducted at 30 °C with 0.33 mg of protein/mL of
membrane samples in 50 mM MOPS (pH 7.3), 10 mM MgCl,,
and 50 mM K Cl buffer containing 2 uM oxonol VI. The reactions
were started via the addition of 200 uM dNADH, and the
absorbance changes at 630—603 nm were recorded. Proton pump
activity was followed by ACMA fluorescence quenching as

described by Amarneh and Vik (30). As a respiratory substrate,
200 uM dNADH was added to the reaction mixtures. FCCP
(2 uM) was used to dissipate the membrane potential and the
proton gradient across the membranes.

Western Blotting Analysis and Blue-Native Gel Electro-
phoresis. The contents of the NDH-1 subunits in the NuoC
segment mutants were analyzed using antibodies against NuoB,
NuoCD, NuoE, NuoF, NuoG, and Nuol subunits in a Western
blot experiment. The assembly of NDH-1 in NuoC segment
mutants was evaluated by blue-native PAGE (BN-PAGE) as
reported by Schagger and von Jagow (3/) with minor modifica-
tions (23). The NADH dehydrogenase activity staining of the
BN-PAGE gels was conducted with a 1 h incubation at 37 °C in
the presence of 2.5 mg/mL p-nitroblue tetrazolium and 150 uM
NADH. The reaction was stopped with 7% acetic acid.

Other Analytical Procedures. Protein concentrations were
determined using the BCA protein assay kit (Pierce) with bovine
serum albumin as a standard according to the manufacturer’s
instructions. Any variations from the procedures and details are
described in the figure legends.

Three-Dimensional (3D) Structure Modeling. A 3D mod-
el of the E. coli NuoCD subunit was constructed using homology
modeling program MODELER 9v8 (32). The coordinates for
T. thermophilus NDH-1 [Protein Data Bank (PDB) entry 3IAS]
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Table 1: Enzyme Activities of E. coli MC4100 NDH-1 and Various NuoC Segment Mutants

strain dNADH-K;Fe(CN)g activity® % dNADH oxidase activity” % dNADH-DB activity” %
wild type 1816+ 8 100 659+6 100 636 £41 100
KO-C 662+9 36 6+1 1 16+£2 3
KO-C-rev 1746 + 64 96 831 +£22 126 674 £ 58 106
E138A 890 +£49 49 11+1 2 18+4 3
E138Q 798 + 14 44 134 £8 20 185+7 29
E138D 925+41 51 29+1 4 41+£2 6
E140A 763 £26 42 3243 5 43+1 7
E140Q 604+ 6 33 45410 7 68+ 12 11
E140D 1718 £ 63 94 562+1 85 664 +£32 104
D143A 903 £28 50 10£5 2 22+£3 3
D143N 12524+40 69 361 5 58+3 9
D143E 1863+ 12 103 868 £ 11 132 816 £ 14 128
S104A 1870+ 17 103 699+ 1 106 727+ 15 114
A134S 1489+ 92 82 nd‘ nd‘
R139A 1579+ 12 87 671+9 102 75217 118
G146A 1856 + 3 102 771 +£3 117 724 £17 114
F149A 1979 £+ 68 109 nd® nd®
RIS6A 2250+ 1 124 864 L5 131 781 £29 123
GI166A 2061 +£24 113 868 £7 132 741 £19 117
HI167A 1683 £ 16 93 485+6 74 614413 97
P168A 1652 £ 68 91 494 £33 75 534+53 84
KI171A 1385+ 14 76 466 £+ 12 71 508+3 80
KI171R 1455+ 17 80 SIS+3 78 55749 88
P182A 1819+ 16 100 470+ 10 71 560+ 68 88

“Activity in nanomoles of K3Fe(CN), reduced per milligram of protein per minute. °Activity in nanomoles of dNADH oxidized per milligram of protein per

minute. “Not determined.

were used as a template. The alignment file consisted of sequences
from the target (E. coli NuoCD) and the template (T thermophilus
Nqo5 and Nqo4 concatenated). Chain 5 and chain 4 of the
T. thermophilus NDH-1 coordinates were extracted (in this order)
and used as a template structure file. Sequence alignment was
conducted using CLUSTAL W (33). The 3D structure was
visualized and analyzed with PyMOL version 1.2 (34). Measure-
ments and appearance manipulation were conducted with the
Wizard tools available in the software.

RESULTS

Sequence Analysis of the NuoC Segment in E. coli ND H-
. There are at least 14 conserved amino acid residues in the
E. coli NuoC segment and its homologues: Ser-104, Ala-134,
Glu-138, Arg-139, Glu-140, Asp-143, Gly-146, Phe-149, Arg-
156, Gly-166, His-167, Pro-168, Lys-171, and Pro-182 (Figure S1
of the Supporting Information). According to the 3D structural
model of Thermus NDH-1, the Nqo5 subunit contains five helices
and five (-sheets (10, 11). Taking advantage of a relatively high
degree of amino acid sequence similarity between the Thermus
and E. coli NDH-1, we constructed a 3D structural model of the
E. coli NuoCD subunit based on crystallographic data of the
Thermus Nqo4 and Nqo5 subunits (/0, /1) using homology
modeling software MODELER (32). A reasonably well-fitted
model of the E. coli subunit was obtained (Figure S2 of the
Supporting Information). Most of the conserved residues are
located either in the third a-helix (Ala-134, Glu-138, Arg-139,
Glu-140, and Asp-143) or in the surrounding area (Gly-146, Phe-
149, Arg-156, Gly-166, His-167, and Pro-168) as displayed in
Figure 2. We constructed mutants of all 14 highly conserved

residues of the NuoC segment using the chromosomal gene
manipulation technique and used these mutants for the char-
acterization of the individual residues.

Effects of NuoC Segment Mutation on the NDH-1
Activities. E. coli contains an alternative NADH dehydrogenase
(NDH-2) in addition to NDH-1. To measure the activities
derived solely from NDH-1, we used dNADH as the substrate
because NDH-2 cannot catalyze INADH oxidation (35). We
conducted three types of assays, namely, dNADH oxidase
activity, INADH-Q oxidoreductase activity, and dANADH dehy-
drogenase [{NADH-K;Fe(CN), reductase] activity, to assess the
effects of the mutations.

Because the point mutations were checked by DNA sequen-
cing of the nuoCD gene and its flanking regions only, we could
not rule out the possibility that the gene replacement process
might have altered other genes. To address this issue, we
reintroduced the native NuoC segment into the knockout (KO-C)
mutant following the same procedure used to generate point
mutants (KO-C-rev mutant). As shown in Table 1, the KO-C-rev
mutant displayed properties indistinguishable from those of the
wild-type strain in all enzymatic activities tested. Furthermore,
immunoblotting results of the membranes with antibodies spe-
cific to the peripheral subunits (Figure 3) and the pattern of the
NADH dehydrogenase staining in the BN-PAGE of the mem-
branes (Figure 4) exhibited no difference between the KO-C-rev
mutant and the wild-type strains. This proved that the procedure
used to introduce point mutations into the chromosome did not
cause any modification at the protein level that affected the
NDH-1 respiratory function. The KO-C-rev mutant, thus, could
serve as an appropriate reference strain in addition to the original
MC4100 wild-type strain.
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FIGURE 3: Western blots using antibodies corresponding to the six
peripheral subunits (NuoB, NuoCD, NuoE, NuoF, NuoG, and
Nuol) of membrane preparations from mutants of Glu-138, Glu-
140, and Asp-143. E. coli membranes (10 ug of protein per lane) were
loaded on 10 to 15% Laemmli SDS—PAGE gels (50).

We first tested all mutants constructed for the dNADH-
K;Fe(CN)g reductase assay (Table 1). The activity of the KO-C
mutant was 36% of that of the wild type. Point mutants E138A,
E138D, E138Q, E140A, E140Q, and D143A exhibited sup-
pressed activities varying from 30 to 50% of the control.
D143N showed a moderate decrease with approximately 70%
of the control activity. In contrast, no or little activity loss was
observed with mutants E140D, D143E, S104A, A134S, R139A,
Gl46A, F149A, R156A, G166A, H167A, P168A, KI171A,
KI17IR, and P182A. We then measured the dANADH oxidase
activity. In those mutants that had no significant loss of
dNADH-K;Fe(CN) reductase activity, the dANADH oxidase
activity was also not affected, suggesting that the mutated
residues are not essential. We note that the INADH oxidase
activity and dNADH-Q oxidoreductase activities behaved in a
similar manner among the mutants tested, implying that the
observed effects are due mainly to the NDH-1 mutations but not
to alteration of the downstream subunits as described pre-
viously (22). In contrast, mutations of the negatively charged
Glu-138, Glu-140, and Asp-143 residues had the greatest impact.
With regard to the energy-transducing NDH-1 activities, almost
total abolishment was observed with E138A, E138D, E140A,
E140Q, D143A, and D143N.

From the data of the enzymatic activities of NDH-1 of the
mutants, we anticipated that Glu-138, Glu-140, and Asp-143 are
essential residues. Therefore, we performed further studies on
these three carboxyl residues.

Contents of Peripheral Subunits of the Mutants of the
Three Essential Residues. We analyzed the effect of the
mutation on the content of peripheral subunits of E. coli NDH-1
membranes. Antibodies against peripheral subunits NuoB,
NuoCD, NuoE, NuoF, NuoG, and Nuol were used for this
purpose. As seen in Figure 3, all the peripheral subunits, including
NuoCD, were entirely missing in membranes of the KO-C mutant.
The E138A, E140A, and D143 A mutations resulted in a significant
loss of subunit NuoCD and nearly all other hydrophilic subunits.
In contrast, E140D and D143E substitutions did not affect the
content of any of the tested hydrophilic subunits, while mutant
E138D had a relatively low content for all the hydrophilic subunits.
Replacement of these carboxylic residues with their corresponding
amide displayed distinct results. Interestingly, mutants E140Q and
D143N exhibited a significantly smaller amount of the peripheral
subunits than the wild type, while in the case of the E138Q mutant,
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FiGuRE 4: Effect of mutating the three most conserved carboxyl
residues on E. coli NDH-1 assembly. BN-PAGE gels from mem-
branes of E. coli were stained for NADH dehydrogenase activity. A
comparison of the wild type, NuoC segment knockout (KO-C),
revertant (KO-C-rev), and some of NuoC segment mutants is shown.
The location of the NDH-1 band is marked on the left.

the amount of peripheral subunits was relatively high compared to
the amounts of the two amide mutants mentioned above.

Effect of the Mutations on Subunit Assembly of NDH-1
of the Mutants of the Three Essential Residues. To directly
verify whether mutations in the NuoC segment of the NuoCD
subunit affect assembly of NDH-1, we performed BN-PAGE
analysis of the Glu-138, Glu-140, and Asp-143 mutants
(Figure 4). The results are mostly in good agreement with the
data obtained from the assay of AINADH-K;Fe(CN)y reductase
activity. As expected, the NDH-1 band was detected for mutants
E140D and D143E, suggesting normal subunit assembly in these
mutants (Figure 4). In contrast, mutants E138A, E140A, and
D143A with almost null ferricyanide activity lacked a NDH-1
band. Mutants that had considerably lower ferricyanide activities
displayed no NDH-1 band (E138Q, E138D, E140Q, and
D143N). In the case of E138Q, nearly normal amounts of the
peripheral subunits were observed in the membranes as described
above. It appears that the NDH-1 of mutant E138Q is inactively
assembled and is susceptible to the detergent extraction during
the BN-PAGE procedure. These data suggest that negative
results with BN-PAGE need to be interpreted with caution and
may require additional experiments when assessing the assembly
of mutanted NDH-1.

Electrochemical Potential and Proton Translocation of
the Three Conserved Carboxyl Residue Mutants. Next, we
have determined the proton translocation ability of membrane
vesicles for the three carboxyl residue mutants using ACMA as
the fluorescent indicator. In addition, the electrochemical poten-
tial (AW) was monitored by following the absorbance changes of
oxonol VI in response to dNADH oxidation (Figure 5). All
activities were dissipated when using the uncoupler FCCP. No
AW was observed for the membrane vesicles of the KO-C mutant.
A complete absence of proton translocation and AW was
observed for the alanine mutants of the conserved acidic residues
of the o-helix as expected from their lack of NDH-1 assembly.
Partial proton translocation was observed in the case of E138Q),
while almost complete restoration of proton translocation ability
was observed for the conserved mutants E140D and D143E
(Figure 5A). Similar trends were seen for the conserved mutants
mentioned above in the AW measurements (Figure 5B). These
results indicate that E140D and D143E have normal energy-
coupled NADH-Q oxidoreductase activity.

DISCUSSION

The NuoC/Nqo5/30k subunit has a unique presence in the
peripheral domain of NDH-1 and complex I. It carries no known
cofactor, and no functional role in the catalysis of the enzyme has
been identified. What is intriguing is that a counterpart of the
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FiGURE 5: Effects of mutations of Glu-138, Glu-140, and Asp-143 on proton translocation and membrane potential generated by dNADH
oxidase activity in the E. coli membrane vesicles. (A) Generation of a pH gradient (ApH) generated by ANADH oxidation in E. coli membrane
preparations of the wild type and mutants of the three acidic conserved residues in the NuoC segment of the NuoCD subunit. ApH was monitored
by the quenching of the fluorescence of ACMA at room temperature. Wavelengths of 410 nm (excitation) and 480 nm (emission) were used.
dNADH (0.2 mM) was added as the substrate (a) or 2 uM FCCP (b) as the uncoupler to dissipate the gradient. The assay mixture consisted of
50 mM MOPS (pH 7.3), 10 mM MgCl,, 50 mM KCl, 2 uM ACMA, and 150 ug of protein/mL. (B) Detection of the membrane potential change
(AW) generated by dNADH oxidation in E. colimembrane preparations for the wild type and NuoCD mutants. AW was monitored on membrane
samples (330 ug of protein/mL) by the absorbance change at 630—603 nm at 30 °C using oxonol VI as a reporter. The assay mixture contained
S0mM MOPS (pH 7.3), 10 mM MgCl,, 50 mM KCl, and 2 uM oxonol VI. An addition of 0.2 mM dNADH (a) or 2uM FCCP (b) was made to the

reaction mixture.

NuoC subunit exists in the energy-converting [Ni-Fe] hydrogenase
(Ech) from Methanosarcina barkeri, which consists of only six
subunits (36). It seems as if NuoC is a member of the “core of the
core subunits”, which led us to believe it bears a critically important
role. Indeed, this work demonstrates that there are at least three
essential amino acids in the NuoC segment of the E. coli NuoCD
subunit (Glu-138, Glu-140, and Asp-143) whose single point
mutation could cause total disruption of the peripheral domain.
All three residues are located in the same third o-helix. These highly
conserved acidic residues are also conserved in the EchD subunit
(75Axxx79Ex8]Exx849xx87Gxx9°F) of M. barkeri (36, 37) as well as
the HycE subunit of hydrogenase-3 and the HyfG subunit of
hydrogenase-4 from E. coli (Figure 2B) (3, 38, 39).

In the first 3D structural model determined for the peripheral
arm of Thermus NDH-1 (PDB entry 3FUG) by Sazanov’s group,
a possible ionic interaction was suggested between the conserved
acidic residue Asp-120 of Nqo5 (Asp-143 in E. coli) and the
C-terminal Arg-409 of Nqo4 (Arg-600 in E. coli) (10). In the
further refined structural model reported recently by the same
group (PDB entry 31AS) (11), the region around the third helix
has been adjusted. In place of Asp-120, another conserved acidic

residue Glu-117 (Glu-140 in E. coli) is now close to Arg-409
(2.8 A). Glu-117 is also close to Lys-369 of Nqo4 (Arg-560 in
E. coli) (3.3 A). When the E. coli NDH-1 model was super-
imposed onto the Thermus structural model, a quite similar
spatial relationship among the three residues was seen (Figure
S3 of the Supporting Information). Glu-140 of the NuoC
segment was 2.7 A from the C-terminal Arg-600 of the NuoD
segment and 3.1 A from Arg-560 of the NuoD segment. We can
therefore speculate that ionic interaction between Glu-140 and
the two positively charged residues in the NuoD segment may
contribute to the structural integrity of the subunit. In fact, in the
Y. lipolytica enzyme, mutating the C-terminal Arg-466 (Arg-600
in E. coli) to Met was reported to change the ubiquinone affinity
and inhibitor sensitivity (40). Our preliminary experiments
suggest that the mutation of Arg-560 or Arg-600 of E. coli
NDH-1 causes partial inhibition of the NADH oxidase activity.
Two other essential residues, Glu-138 and Asp-143, do not seem
to have a possible ion-pairing partner either in the Thermus
structural model or in our hypothesized E. coli model.

What constitutes the most notable observation in this work is
the fact that the highly conserved Glu-138 and Asp-143 whose
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FIGURE 6: (A) Cartoon representation of part of the peripheral domain of the Thermus NDH-1 (PDB entry 31AS) showing highly conserved
amino acid residues located in subunits Nqo4 and Nqo5. The E. coli naming of the subunits is given in parentheses. An approximate position of the
membrane is drawn according to the work of Berrisford and Sazanov (/7). The amino acid residues in Nqo5 highlighted in cyan correspond to the
conserved residues in the NuoC segment of E. coli NuoCD studied in our work. The amino acid residues in Nqo4 highlighted in magenta indicate
highly conserved residues that are located on or near the surface of the molecule on the same side as the conserved residues in Nqo5. (B) Cartoon
representation of Thermus NDH-1 (PDB entry 3M9S) consisting of the peripheral arm and the transmembrane domain (48) highlighting the three
core of the core subunits, namely, Nqo5/NuoC/30k (red), Nqo4/NuoD/49k (green), and Nqo8/NuoH/ND1 (orange). In panel B, parts a and b are

side views and part c is a top view.

replacement led to almost complete destruction of the integrity of
the peripheral domain are centered around the third helix
(Figure 2). Glu-140 of this helix may be contributing to the
interaction with the NuoD segment as discussed above, but Glu-
138 and Asp-143 are located on the outward-facing side of the
helix. We can speculate that modification of this area of the
molecule might prevent correct folding or appropriate interaction
with other subunits. We have previously reported that the NuoH
(NDI) subunit of the membrane domain plays a critical role in
the assembly of NDH-1 through its cytoplasmic loops (24) in
addition to various inhibitor-binding sites (4/—46). Among all
membrane domain subunits we have studied, NuoH was the only
subunit whose single-point mutation resulted in incomplete
assembly of NDH-1 (20—24). The longest cytoplasmic loop of
NuoH is predicted to be nearly 50 amino acids long. Another
interesting piece of information relating to this long loop came
from an earlier work with Paracoccus NDH-1 in which re-
placement of a few residues in the loop was shown to alter the
kinetic parameters of NADH-Q oxidoreductase activity (47). Itis
possible that the NuoH subunit, with the loop extending into the
peripheral arm, might interact with subunit NuoCD and together
serve as a structural support for the entire NDH-1. In fact, our
point mutation experiments of NuoH suggest that the conserved
charged residues in the four cytoplasmic loops may interact with
NuoCD and NuoB (24). In addition to the residues in the NuoC
segment studied in this work, several highly conserved residues
are found in the NuoD segment that are seemingly not facing the
Q-binding cavity predicted in the Thermus NDH-1 structure
(Figure 6A). It is possible that they are involved in the postulated
interaction with NuoH. Recently, Sazanov’s group reported a 3D
structural model of the whole Thermus NDH-1 (48). Although
the resolution is too low to decipher the atomic structure of the
membrane domain, itis clearly seen that the Nqo8/NuoH subunit
in the membrane is located almost right beneath the Nqo4+5/
NuoCD subunit as if they are forming a central core connecting

the two domains (Figure 6B). We should also point out that the
aforementioned six-subunit Ech from M. barkeri contains coun-
terparts of NuoC, NuoD, and NuoH (36). Furthermore, it is
quite interesting that recent work on the biogenesis of complex I
in mitochondria reportedly identified a subcomplex containing
the 30k (NuoC) and ND1 (NuoH) subunits, but not any of the
other ND subunits (49). Provided the same synthetic pathway
exists for NDH-1, it is conceivable that defects in the 30k (NuoC)
subunit might result in a total or partial failure of an assembly of
the whole complex, again in agreement with our current work.
The speculated subunit—subunit interaction between NuoCD
and NuoH remains to be determined experimentally.

In conclusion, through the investigation of highly conserved
residues of the NuoC segment in the NuoCD subunit of E. coli
NDH-1, we have highlighted the role of three highly conserved
carboxyl residues (Glu-138, Glu-140, and Asp-143) in the
NuoCD subunit in the overall architecture of NDH-1. The key
feature includes its potential engagement in the connection
between the peripheral domain and the membrane domain
providing support for the integrity of the whole enzyme structure.
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cartoon representation of the 3D model of the NuoCD subunit of
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NDH-1 showing possible ionic interactions between residues
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