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ABSTRACT. The NDA4L subunit is the smallest mitochondrial DNA-encoded subunit of the proton-
translocating NADH-quinone oxidoreductase (complex I). In an attempt to study the functional and structural
roles of the NuoK subunit (th&scherichia colihomologue of ND4L) of the bacterial NADH-quinone
oxidoreductase (NDH-1), we have performed a series of site-specific mutations naakgene of the

NDH-1 operon by using the homologous recombination technique. The amino acid residues we targeted
included two highly conserved glutamic acids that are presumably located in the middle of the membrane
and several arginine residues that are predicted to be on the cytosolic side. All point mutants examined
had fully assembled NDH-1 as detected by blue-native gel electrophoresis and immunostaining. Mutations
of nearly perfectly conserved Glu-36 lead to almost null activities of coupled electron transfer with a
concomitant loss of generation of electrochemical gradient. A significant diminution of the coupled activities
was also observed with mutations of another highly conserved residue, Glu-72. These results may suggest
that both membrane-embedded acidic residues are important for the coupling mechanism of NDH-1.
Furthermore, a severe impairment of the coupled activities occurred when two vicinal arginine residues
on a cytosolic loop were simultaneously mutated. Possible roles of these arginine residues and other
conserved residues in the NuoK subunit for NDH-1 function were discussed.

The mitochondrial respiratory chain is composed of five different subunits have been identified in complex | from
enzyme complexes. Among them, the NADH-quinone oxi- bovine heart mitochondria with a combined molecular mass
doreductase (compleX)lis the largest, most intricate, and of almost 1000 kDa3). In contrast to the mitochondrial
least understoodl]. Complex | catalyzes the first step of enzyme, the bacterial Htranslocating NADH-quinone oxi-
electron transport by the oxidation of NADH thus providing doreductase (NDH-1) contains only 13 or 14 subunits
two electrons for the reduction of quinone to quinol. This (designated Ngo114 for Paracoccus denitrificansand
electron-transfer process in the complex | is coupled to the Thermus thermophiluand NuoA-N forEscherichia col?
translocation of four protons across the inner membrane to (4, 5). All bacterial subunits are homologues of the subunits
generate an electrochemical proton gradie)t Forty-six of the mitochondrial core enzyme and represent the minimal

requirement for sufficient energy transduction by complex |
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propane-1,3-diol; MOPS, 3Nmorpholino)propane-sulfonic acid; ox-
onol VI, bis-(3-propyl-5-oxoisoxazol-4-yl)pentamethine oxonol; ACMA,
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the connector function bridging the peripheral and the (BamHI) Agel (BamHI)
membrane armsl(—13). The membrane arm also consists EL‘} S

of seven subunits (NuoA, -H, -J, -K, -L, -M, and -N)4— l '}T Bﬁ;

16), which are homologues of mtDNA-encoded subunits > >—>—> > —
(ND1-6 and ND4L) (L7, 18). Unlike the peripheral arm, muoH nuol nuoJ nuoK nuoL nuoM
the membrane arm does not contain any identified redox pCRScript(nuoK), pKO3(nuok)
prosthetic groups. Despite recent progress in the development a | ? 5

of tools for structural biology studies, information about the .

functional and structural roles of these membrane-bound b :p CRscnpt(”"OKg"sP % pKO3(""0K"'='SP )
subunits is still limited. Nevertheless, it is most likely that

thesg membran_e-bound sgbu_n?ts are ir_lvolved nttdns- c S pCRSeript (spc)
location and quinone and inhibitor binding—21). ' spe <

D
Subunit NuoK (mitochondrial ND4L subunit) is the

smallest of the membrane domain subunits of the NDH-1. 1 Kbp

There have been several observations that may indicatepgyre 1: Schematic representation of the strategguaiK cloning,
involvement of the NuoK subunit in the essential function insertion of a Spc cassette in thecoli nuoKgene, and construction

of the NDH-1. For example, disruption of timeloK gene in of site-specifimuoKmutants. Arrows (A-H) illustrate the primers
Rhodobacter capsulatusads to the inactivation of NDH-1 used in this study. The restriction enzymes in the parentheses are
activity (22). Also, it has been pointed out that Nuok/ND4L ~NeWlY introduced into thé. coli DNA.

is evolutionally related to the membrane-bound type-4
hydrogenase, HyfE, d&. coli (23) and to one particular class
of antiporters, MrpC Z4). It was further suggested that a

extraction were obtained from Qiagen (Valencia, CA). The
BCA protein assay kit, SuperSignal West Pico chemilumi-
multisubunit antiporter module of MrpC containing the nescent substrate, and Imject Activated Immunogen Conju-

NuoKLMN homologues was recruited to the ancestral gation kit were obtained from Pierce (Rockford, IL).
complex | and might play a role in the proton translocation ~ Cloning and Mutagenesis of the E. coli nuoK Gefike
machinery. Previously, we experimentally determined the Strategies used for cloning and mutagenesis ofitheoli
topology of theParacoccusNuoK subunit (5). The Para- nuoK gene were in principle similar to those we reported
coccusNuoK subunit is composed of three transmembrane for the nuoJgene 26) and illustrated in Figure 1. A DNA
segments (named TM13 from the N- to the C-terminus) fragment, which includes theuoK gene, its upstream 1-kb
with the N- and C-terminal region facing the periplasmic DNA segment, and its downstream 1-kb DNA segment, was
and cytoplasmic side of the membrane, respectively. Ac- amplified fromE. coli DH5a by PCR using primer A (5
cording to the proposed topology of the NuoK subunit, there GGATCGTTATCGTGGTCGTATCGTTC-3 and primer
are two highly conserved glutamic acid residues located in B (5-GGATCOCAAGTGGAAAATCGCCGCATC-3). The

the middle of the transmembrane spans (TM2 and TM3). It italicized bases represented the introduced restriction site
was, therefore, speculated that these two residues might playpant! on both ends of the cloned fragment, and the
important roles in the Coup"ng mechanism of NDH-1/ underlined bases were altered frobh coli DNA. The
complex I. In fact, Kervinen et al26) recently reported that ~ SPectinomycin-encoding gene from transposon Tn554 of
mutating or moving the two glutamates of tecoli NDH-1 Staphylococcus aurefg7) was obtained by PCR amplifica-

could severely impair the electron transfer activity and cell tion using the sense primer C{&CCGGTCAGTGGAAC-
growth. To further study the roles of the two glutamic acids GAAAACTCACGTTAAG-3') and the antisense primer D

as well as other charged residues in this subunit, we chose(S-ACCGGTTTCTTTCTATTTTCAATAGTTAC-3') both
to introduce mutations directly in tHe. coli chromosomal  containing arAgd restriction site (italicized). The amplified
NDH-1 operon to mimic the real situation in the living cells. DNA fragments containing theuoK gene and the Spc
Using this approach, we constructed a series of mutants anccassette were then individually subcloned into pPCR-Script
characterized them with regard to coupled activities and Amp SK(+) by following the manufacturer’s protocol, and
assembly of the NDH-1. The results indicated that the NuoK their sequences were verified by sequencing. The resulting
subunit is required for propeE. coli NDH-1 function. plasmids were designated pCRScmptgK) and pCRScript-
(sp9, respectively (Figure 1a,c).
EXPERIMENTAL PROCEDURES Introduction of a site-specific mutation directly into the
Materials DCCD, dNADH, DB, chloramphenicol, and nuoK gene of theE. coli NDH-1 operon requires the
spectinomycin (Spc) were from Sigma (St. Louis, MO). generation of auoKgene knock-out mutant. We employed
Capsaicin 40 (cap-40) was kindly provided by Dr. Hideto a chromosomal mutagenesis system based on homologous
Miyoshi (Kyoto University, Kyoto, Japan). Bis-(3-propyl- recombination specifically designed f&r coli (28). In this
5-oxoisoxazol-4-yl)pentamethine oxonol (oxonol VI) and gene replacement system, the pKO3 vector used contains a
9-amino-6-chloro-2-methoxyacridine (ACMA) were pur- temperature-sensitive replication origiepATs), a chloram-
chased from Molecular Probes (Eugene, OR). The pCRScriptphenicol-resistant genedf), and aBacillus subtilis sacB
Cloning kit was from Stratagene (La Jolla, CA). Site-directed gene encoding levansucrase. These characteristics make
mutations were generated by using the GeneEditor Mutagen-possible the positive and negative selection for chromosomal
esis Kit from Promega (Madison, WI). The gene replacement integration and excision. The construction of the pKO3
vector, pKO3, was a generous gift from Dr. George M. carrying NuoK knock-out DNA was shown in Figure 1b.
Church (Harvard Medical School, Boston, MA). Materials Because th&. coli nuoKgene has a naturally occurridgd
for plasmid preparation, PCR product purification, and gel site which is located close to théénd of the gene, adgd —
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Table 1: Primers for Introduction of a Site-Specific Mutation into Ehecoli NuoK Subunit

mutation mutagenic primer sequefce
R25A 5-GGTCTGGTTATCGCTCGCAATCTGCTGTTTATG-3
R25K 5-GGTCTGGTTATCAAGCGCAATCTGCTGTTTATG-3
E36A 5-GTTGATTGGTCTGGCAATCATGATTAACG-3
E36Q B3-GTTGATTGGTCTGCAAATCATGATTAACG-3
E72A 5-GCGGCGGCAGCAGCGAGTATC-3
E72Q 3-GCGGCGGCACAAGCGAGTATC-3
R85A 5-TGCAACTTCACGCTCGTCGCCAGAAC-3
R85K 5-CTGCAACTTCACAAACGTCGCCAGAACCTG-3
R87A 5-ACTTCACCGTCGTGCCCAGAACCTGAAC-3
R87K 5-AACTTCACCGTCGTAAACAGAACCTGAACATC-3
F15A 5-CTCGCGGCAATCTTAGCCGTTCTTGGCTTAACCG*3
G21V 5-CGTTCTTGGCTTAACCGTTCTGGTTATCCGTCGC-3
R26A 5-CCGGTCTGGTTATCCGTGCCAATCTGCTGTTTATGTTG-3
R26K 5-TAACCGGTCTGGTTATCCGTAAGAATCTGCTGTTTATGTTGATTGGTC-3
R25A/R26A B-CCGGTCTGGTTATCGCTGCCAATCTGCTGTTTATGTTG:3

aUnderline indicates mutation.

Agd fragment carrying a Spc cassette can be directly insertedPrimer C and primer D were located within the Spc cassette,
into the E. coli nuoKgene without making alterations to its and the primer E and primer F were complementary to
original sequence. Therefore, the pCRScapt{ was di- upstream and downstream of the clofeadoli chromosome,
gested withAgd, and the DNA fragment containing the Spc respectively. By checking the size of the amplified DNA
cassette was then purified and ligated into Agel-digested fragment, not only the presence of the Spc cassette but also
pCRScriptiuoK) to generate a plasmid named pCRScript its location in the genomic DNA could be confirmed. The
(nuoK:spg. A BanrHI—BanHI fragment digested from this ~ NuoK knock-out MC4100 cells were first grown ink2YT

construct was then cloned into tBanHI site of pKO3 to medium and then made competent. Later, these competent
produce pKO3tuoK:spg. cells were applied to introdugauoK point mutations in the
To prepare the pKO3 vectors carrying mutatedoK E. coligenome using a similar procedure as just described

genes, the pCRScriptifoK) was first mutagenized individu- ~ €xcept that the selection of the candidate recombinants was
ally with the synthetic oligonucleotides listed in Table 1 using Ccarried out by screening for spectinomycin sensitivity in
the GeneEditor in vitro site-directed mutagenesis system addition to chloramphenl_col sensitivity. The control mutant
(Promega) according to the manufacturer's instructions to (KO-rev) was generated in the same way except that, instead
introduce thenuoK point mutations. The generation of Of using pKO3(uoK mutants), the pKO3(oK) carrying
desired mutations was confirmed by DNA sequencing using the wild-typenuoK gene was employed in the recombination
primer G (3-CTTACAACATGGACTGATCCTCG-3) and/ process. _Followmg the selection process, poss@le colonies
or primer H (3-TCACTTACTGAATCGATGTTCAGG-3). were subjected to colony PCR with the sense primer E and
As seen in Figure 1, these two primers are situated within the antisense primer H to amplifyuok-containing DNA

the nuoK gene and located upstream and downstream of thefragments. The correct mtrodgcnon of point mutations in the
intended mutation sites, respectively. The above pCRScriptchromosome was finally confirmed by direct sequencing of
constructs were then digested wiBamHI, and DNA these amplified fragments using primer G. Bacterial cell
fragments containing the desiradoK point mutations were ~ culture and membrane preparation were carried out as
finally transferred to integration plasmid pKO3 at BanH| reported earlierZ6).

site. The resulting plasmids were referred to as pKDBK Antibody ProductionTo facilitate the identification of the
mutants). To evaluate possible effects of the entire processNuoK subunit, an oligopeptide, H-CLNIDSVSEMRG-OH

of gene manipulation in generation of point mutations on (designated NuoKc), derived from the C-terminal region of
theE. colicells, we also constructed a control pKO3 vector, theE. coliNuoK subunit with an extra cysteine incorporated
designated pKO3uoK), using the same procedure except for conjugation, was linked to maleimide-activated bovine

that the wild-typenuoK gene derived from pCRScripijoK) serum albumin (Pierce, Rockford, IL) to serve as an

without any mutation was inserted into tBanHI site of immunogen according to the manufacturer’s instructions.

pKO3. Antibodies against the C-terminal regionskf coli NuoA
Preparation of Knock-Out and Mutant Cell§he pKO3- and NuoJ subunits had previously been produced in a similar

(nuoK::spg gene replacement vector which carried the NuokK Way (26, 29). In contrast, the inclusion bodies of overex-
knock-out allele was transformed inffo colistrain MC4100 ~ Pressed NuoB, NuoCD, NuoE, NuoF, NuoG, and Nuol
(F~, araD139,A(arg F-lac)U169, ptsF25, relAl, flb5301, subu_n_lts were u_sed_ for raising these penphe_ral subunit-
rpsL 1504-). The occurrence of homologous recombination, SPecific antibodies in rabbits9). The antibodies were
which depended on chromosomal integration and excision, &ffinity-purified according to Han et al30).

was evaluated using the selection procedure developed by Gel Electrophoresis and Immunoblotting Analysien
Link et al. (28) with some minor modifications as described micrograms of protein samples from each membrane suspen-
previously @9). After selection of the plausible clones, sion was first subjected to SBAGE according to Laem-
colony PCR was performed with primer E{&CGCGAAT- mli (31), followed by transferring to nitrocellulose mem-
GTACCCGGAAGAGC-3) and primer D or with primer C branes and identification of individual subunits using affinity-
and primer F (5AGATGTTCTGTTCGTGATGGCAG-3. purified, subunit-specific antibodies. The assembly of NDH-1
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was evaluated by using BN-PAGE according to ‘$ygde
and von Jagowd2) with some minor modifications. Briefly,
the E. colimembrane samples containing &a9 of protein
were resuspended in 4Q of 50 mM Bistris-HCI (pH 7.0)
buffer with 750 mM aminocaproic acid, followed by
membrane solubilization through the addition qgfl6of 10%
(w/v) n-dodecylf-maltoside and 5Qug/mL DNase. The
resulting suspensions were incubated on ice ¥oh and
subjected to centrifugation at 149 @@ a Beckman airfuge
for 10 min. The supernatant was carefully collectedt(
uL), and glycerol was added to a final concentration of 15%
to facilitate sample application. To separate the enzym
complexes, a minigel format (Bio-Rad) with a 7% separating

gel and a 4% stacking gel was employed here. Shortly before

conducting the BN-PAGE, &L of 5% Coomassie blue in

500 mM aminocaproic acid was added to the samples. Ten

Kao et al.

manufacturer’s instruction. Any variations from the proce-
dures and other details are described in the figure legends.

RESULTS

Sequence Analysis of the NuoK Subufigjure 2A shows
the amino acid sequence alignment of subunit NuoK/Nqo11/
ND4L from diverse sources ranging from mammals to
bacteria. When compared to other subunits of NDH-1/
complex I, NuoK is one of the less-conserved subunits. The
E. coli NuoK subunit and the human ND4L subunit share

e only 23% sequence similarity. Despite the significant dif-

ference in the primary structure, the hydropathy profiles of
these homologous NuoK/Ngo11/NDA4L subunits are actually
quite similar. Figure 2B presents a hypothetical topology of
the E. coli NuoK subunit which was drawn based on the

microliters of the above samples was then loaded into each€XPerimentally determined topology of tRe denitrificans

well, and the BN-PAGE was performed in the cold room at

80 V until the protein samples entered into the stacking gel.
The cathode buffer containing 0.02% Serva Blue G was then
replaced by the same buffer but with only 0.002% dye. The

electrophoresis was resumed and continued3ft at 200

Ngoll (NuoK) subunit15) together with the predictions
obtained from several well-adopted computer programs such
as TMHMM (37), TopPred2 88), TMpred @9), and HM-
MTOP (40). TheE. coliNuoK subunit is predicted to contain
three transmembrane segments (designated-T3ftom N-

V. At the end of electrophoresis, the gel was washed severall®, C-terminus), with the N- and the C-terminal region

times in 2 mM Tris-HCI (pH 7.5) buffer and then subjected
to Western blotting followed by immunodetection using the
affinity-purified anti-NuoB antibody.

Activity AssaysIn contrast to mammalian mitochondria
which contain complex | as the only NADH-quinone
oxidoreductase, it is generally recognized tHat coli
produces another type of NADH dehydrogenase, NDH-2.

However, these two enzymes can be differentiated becaus

only complex I/NDH-1 can use dNADH as a substr&8)(

Therefore, dNADH was used as the respiratory substrate
throughout the entire study. Enzymatic assays, which in-

cluded dNADH oxidase activity, dNADH-DB reductase
activity, and dNADH-KFe(CN) reductase activity, were
conducted at 37C using a SLM DW-2000 spectrophotom-
eter as described previously4). For each measuremei,
coli membranes equivalent to 8@ of protein per mL of

assay mixture were used. To test the capsaicin sensitivity of

the NDH-1, 10uM of a synthetic analogue (cap-40) was
used to inhibit the reactior8g). For DCCD inhibition tests,
the E. coli membranes (1@g/uL) were first treated with 2
mM DCCD for 4 h atroom temperature and assayed for
dNADH-DB reductase activity. Equal volume of ethanol (the

oriented toward the periplasmic and the cytoplasmic side of
the membrane, respectively. According to the sequence
alignment, only seven residues are well-conserved in this
subunit. Among them, two highly conserved glutamates, Glu-
36 and Glu-72E. colinumbering), are of particular interest
because they are predicted to be deeply embedded in TM2
and TM3, respectively, and have a functional group capable
é)f participating in proton translocation. Our database search
revealed that Glu-36 is almost perfectly conserved among
all species and Glu-72 is highly conserved except that, in
some parasites, this residue is replaced by serine. Another
highly conserved residue, Arg-25, which is predicted to reside
in a short loop connecting TM1 and TM2, also carries a
charged group. As for Arg-85 and Arg-87, they are well-
conserved in bacteria but not in eukaryotes. These two
residues are close to the C-terminal end which is located in
the cytoplasm.

On the basis of the above sequence analyses, we first
constructed 10 site-specific NuoK mutants including the two
conserved Glu residues in the transmembrane segments and
the three Arg residues located on the cytosolic side (R25A,
R25K, E36A, E36Q, E72A, E72Q, R85A, R85K, R87A, and

solvent used to dissolve DCCD) was added to the membraneR87K). In the second set of mutations, we targeted two
samples as a control. The initial activities were calculated highly conserved residues in the TM1 and an additional Arg

by using extinction coefficients of 6.22 mM cm™* for
dNADH and 1.00 mM?! cm™* for KsFe(CN). Membrane
potential (inside positive) and proton gradient (inside acidic)
were measured using inside-dgit coli membrane vesicles
as reported previously®6). Briefly, membrane potential was

residue in a cytosolic loop (F15A, G21V, R26A, R26K, and
R25A/R26A). The correct generation of these mutations was
confirmed by DNA sequencing.

Effects of NuoK Mutation on the NDH-1 Adty. In
addition to NDH-1,E. coli also contains another NADH-

monitored using oxonol VI by recording absorbance change quinone oxidoreductase, NDH-2. Tl coli NDH-2 is a

at 630— 603 nm. Formation of proton gradient was observed
by following fluorescence quenching of ACMA, as described
by Amarneh and Vik36). The respiratory substrate was 0.2
mM dNADH. Uncoupler FCCP, potassium ionophore vali-
nomycin, and electroneutraltH* exchanger nigericin were
added as indicated.

Other Analytical Procedure®rotein concentrations were
determined by the BCA protein assay kit (Pierce) using

small, FAD-dependent enzyme which is not sensitive to
capsaicin and cannot use dNADH as a substZ3g (t does

not couple electron transport to proton translocation. In our
preliminary studies, NADH-driven respiration of the wild-
type membranes was 65% sensitive to capsaicin, indicating
that ~35% of the NADH oxidase activity was ascribed to
NDH-2 (data not shown). To measure the activities derived
solely form NDH-1, we used dNADH as the substrate. We

bovine serum albumin as the standard according to theconducted three types of assays, namely, dNADH oxidase
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E. coli 1 HIFLQHGLILAAILFVLGLTGL*VI -RRNLLFMLIGLEIMINASALAFVVAGSYWGQTDGQ 59
Paracoccus 1 MIGLTHYLVVGAILFVIGIFGIFVNRKNVIVILMSIELMLLAVNINFVAFSTHLGDLAGQ 60
Thermus 1 ~~+~MSYLLTSALLFALGVYGY|. LTRRTAILVFLSIELMLNAANLSLVGFARAYG.LDGQ 54
Yeast 1 ~~~~~~~MFIGTIILVLSFLGFVFNRRNIILAFICLETMLLGINLILLRNSVLFDDISGS 53
Xenopus 1 ~MILIHFSFCSA..FILGLTGLALNRSHILSILLCLEGMLLMSMDGIVLTPLHLTIYLSS 57
Chicken 1 ~MYPLHFSFYSA..FTFSSLGLAFHRTHLISALLCLESMMLSMFIPLSIWPVENQTPSFA 57
Human 1 ~MHLIYMNIMLA..FTISLLGMLVYRSHLMSSLLCLEGMMLSLFIMATLMTLNTHSLLAN 57
TM.3 PP NuoKc
E. coli 60 |[VMYILAISLAAAEASIGLALLLQLHRRRONLNIDSVSEMRG 100

Paracoccus 61 |VFTMFVLTVAAAEAAIGLAILVVF RGTIAVEDVNVMKG 101
Thermus 55 [VAALMVIAVAAAEVAVGLGLIVAIFRHRESTAVDDLSELRG 95

Yeast 54 [LFAIVIIILAGVESAIGLSLLVSYYRLRGVINSYGI~~~~~ 89
Xenopus 58 MMLYIMLPFAAPEAATGLSLNSDHYTTHGTDKLFSLNLLEC 98
Chicken 58 |[LVPILMLAFSACEAGTGLAMLVASARTHGSDHLHNLNLLQC 98
Human 58 [IVPIAMLVFAACEAAVGLALLVST YGLDYVHNLNLLQC 98

(B)

Cytoplasm

Periplasm

Ficure 2: (A) Comparison of the deduced amino acid sequence dEtlmli NuoK subunit with its homologues from various organisms.

The alignment was carried out by using the PILEUP programs of GCG soft@dreSequence sources and their Swiss-Prot accession
numbers are (from top to bottork) coli K-12 [P33606],P. denitrificangP29923],Thermus thermophiludB-8 [Q56226], yeasYarrowia

lipolytica [Q9B6D4], Xenopus laeis [P03904], chickerGallus gallusP18942], andHomo sapien§P03901]. Amino acid residues mutated

in this study are marked by dots. Three predicted transmembrane segments3Y & enclosed in boxes (see Figure 2B for details). The
segment marked NuoKc indicates the oligopeptide region used to raise the antibody specific to the C-terminal regienaafiitNeloK.

(B) Proposed topology of the. coliNuoK subunit. The prediction has been performed on the basis of the reported topolodyavhitsccus
counterpart 15). As described in Results, the three transmembrane segments Bf ttwi NuoK subunit from the N-terminus to the
C-terminus are designated TM3B. The loops are designated L1 and L2. The N-terminus and C-terminus of the subunit are exposed to the
periplasmic side and the cytoplasmic side of the membrane, respectively. The mutated amino acid residues are displayed by black squares.

activity, INADH-DB reductase activity, and dNADH dehy- abolishment of activities with E36A and E36Q and signifi-
drogenase activity, to assess the effects of the mutations. cantly reduced activities with E72A and E72Q. These results
Because the point mutants were checked only by sequenc-agree with those reported by Kervinen et ab)( in which
ing the nuoK gene and its flanking regions, we could not Mmutants E36Q and E72Q were shown to have the phenotype
rule out a possibility that introduction of any modification of poor growth on malate. Among the three Arg residues
during the gene replacement process altered other essentidested, mutation of Arg-25, which is located in a loop
genes. To address this question, we reintroduced the nativeconnecting TM1 and TM2, resulted in70% reduction
nuoK gene into the knock-out mutant by following the same (R25A and R25K) in the activities, while mutation of the
procedure used to generate point mutants (KO-rev mutant).other two did not have any appreciable effects. This prompted
As shown in Table 2, the KO-rev mutant displayed properties Us to investigate Arg-26 that is adjacent to Arg-25 in the
indistinguishable from the wild-type strain in all enzymatic same cytosolic loop. Unlike the Arg-25 mutation, placing a
activities tested. This proved that the procedure used tolys (R26K) residue did not cause the activity reduction.
introduce point mutations in the chromosome did not have However, the Ala substitute (R26A) gave rise to 64%
any modification at the protein level that affected the NDH-1 inhibition, almost to the same extent as that in the R25
respiratory function. Consequently, the KO-rev mutant could mutants. These residual activities were further lowered when
serve as an appropriate reference strain in addition to theboth Arg-25 and Arg-26 were replaced with Ala in a double
original MC4100 wild-type strain. mutant (R25A/R26A). In the second set of experiment, we

The point mutants constructed displayed different degreesh@ve included two residues, F15 and G21, both of which
of inhibition of dNADH oxidase activity and dNADH-DB ~ are located in the TM1 and are highly conserved among
reductase activity. We note that the two activities behaved SPecies. The activity decrease was either small (F15A) or
in a similar manner among the mutants tested, implying that moderate (G21V).
the observed effects are due mainly to the NDH-1 mutations Itis generally recognized that cap-40 acts as a competitive
but not to alteration of the downstream enzymes. Mutation inhibitor for quinone in NDH-1/complex | and represses only
of the highly conserved Glu residues in the transmembraneenergy-coupled activities3p) and that the binding site of
segments (E36 and E72) had the greatest impact, almost totathis inhibitor is located within the membrane domain of the
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Table 2: Enzyme Activities of the Membrane-Bound NDH-1Eofcoli Wild-Type and Various NuoK Mutants
NDH-1 activities

dNADH-0, dNADH-DB dNADH—K3Fe(CN)
(nmol dNADH/mg protein) Iso (nmol dNADH/mg protein) DCCD (nmol KsFe(CN)/mg protein)

NuoK mutant /min (Cap-40Y) /min inhibition® /min
wild 469 + 20 (100%) 0.13 571 24 (100%) 71% 1278 27 (100%)
KO 5+ 1 (1%) 39+ 4 (T%) 180+ 5 (14%)
KO-rev 466+ 18 (99%) 0.11 566t 22 (99%) 2% 129% 21 (101%)
R25A 121+ 4 (26%) 0.10 15H 6 (26%) 67% 1246t 50 (97%)
R25K 132+ 6 (28%) 0.10 176t 7 (31%) 71% 1252+ 26 (98%)
E36A 6+ 2 (1%) 40+ 4 (T%) 1211+ 34 (95%)
E36Q 12+ 2 (3%) 42+ 4 (7%) 1270+ 29 (99%)
E72A 201+ 9 (43%) 0.12 273k 12 (48%) 67% 1316 27 (103%)
E72Q 108+ 5 (22%) 0.10 149t 5 (26%) 69% 1269 26 (99%)
R85A 469+ 21 (100%) 0.14 564 25 (99%) 70% 1332 38 (104%)
R85K 458+ 16 (98%) 0.14 556t 11 (97%) 71% 1312 29 (103%)
R87A 460+ 16 (98%) 0.13 568 13 (99%) 70% 1321 25 (103%)
R87K 512+ 17 (107%) 0.14 603 25 (106%) 73% 135% 24 (106%)
F15A 412+ 18 (88%) 0.14 514 18 (90%) 2% 1306 17 (102%)
G21Vv 273+ 10 (58%) 0.10 354 8 (61%) 70% 1268t 23 (99%)
R26A 171+ 6 (36%) 0.09 222+ 9 (39%) 65% 1158t 18 (91%)
R26K 483+ 20 (103%) 0.14 62@- 14 (109%) T7% 122% 23 (96%)
R25A/R26A 66+ 3 (14%) 80+ 4 (14%) 1150+ 20 (90%)

a Activities were measured at least three times and given as thednstamdard deviation. The assays were conducted ¥ 37The concentration
of capsaicin-404M) that causes 50% inhibitiori.Percent inhibition of the dNADH-DB activity after DCCD treatment at 2 mM 4oh atroom
temperature.

complex. In our preparation &. coli membranes from the Subunit Contents of NDH-1 of NuoK Mutantsnmu-
wild-type strain, the dNADH-dependent respiration was nochemical analyses were performed to systematically
inhibitable up to 97% by cap-40 (data not shown). We then examine the subunit contents of the NDH-1 in the cytoplas-
investigated the inhibition effects using the NuoK mutants mic membranes from all NuoK mutants. We selected a total
constructed. As shown in Table 2, no significant difference of nine subunit-specific antibodies for detection; three
in thelsp values of cap-40 between wild-type and the mutants antibodies are against subunits present in the membrane
was found, suggesting that the cap-40 binding site is not domain (NuoK, NuoJ, and NuoA) and six antibodies against
modified by these point mutations. However, involvement subunits located in the peripheral domain (NuoB, NuoCD,
of Glu-36 in cap-40 binding remains to be seen because theNuoE, NuoF, NuoG, and Nuol) (Figure 3). In our preliminary
activity was too low to be analyzed. studies, antibodies against NuoKc, NuoJc, NuoAc, NuoCD,
Another inhibitor that acts upon the membrane domain NuoE, NuoF, NuoG, NuoB, and Nuol recognized a band in
and specifically diminishes the energy-coupled activity of theE. colimembranes with an apparent molecular mass of
NDH-1/complex | is DCCD. Therefore, we surveyed the 11-, 21-, 16-, 65-, 20-, 50-, 91-, 22-, and 21-kDa, respec-
mutants for their sensitivity to DCCD. In this case the tively.
dNADH-DB activity was measured because of possible As shown in Figure 3, the antibody specific to NuoKc
inhibition of terminal oxidase by DCCD. All point mutants  reacted with wild-type but did not react with the NuoK
examined showed the same degree of DCCD inhibition as knock-out mutant. In addition, the same antibody also
the wild-type strain. Again, activities of the Glu-36 mutants recognized a band in all point mutants with signal intensities
were too low to yield reliable data. similar to those of the wild-type membranes, indicating that
Table 2 includes dNADH-KFe(CN) reductase activity = the NuoK subunit was expressed and assembled in the
of all mutants together with wild-type. This activity derives membranes of all NuoK point mutants. It is worthwhile
from the NADH dehydrogenase segment of the complex | mentioning that the NuoK subunit of E72A exhibited slightly
/NDH-1 and, therefore, could be used as an estimate for theslower electrophoretic mobility as compared to the wild-
amount of active peripheral domain associated with the type strain. We have observed similar mobility abnormality
membrane. The knock-out mutant retained only 14% of for theE. coliNuoA subunit mutant D79A29). In that case,
dNADH-K3Fe(CN) reductase activity as compared to wild- the abnormal mobility of the NuoA subunit was improved
type membranes, indicating that most of the functionally significantly by suspending the membranes in the Laemmli’'s
active peripheral arm was absent when the enzyme wassample buffer with an additioha M urea, followed by
devoid of the NuoK subunit. We have observed similar incubation in the boiling water for 10 min before loading
results with NuoA 29) and NuoJ 26) knock-out mutants.  on the SDS gels. However, when the same harsh conditions
In contrast, all constructed point mutants invariantly exhibited were applied to the sample treatment in this study, the NuoK
the same activity as wild-type. Therefore, it seems likely that subunit aggregated and did not enter the gel (data not shown).
none of the point mutations introduced in the NuoK subunit As for the other membrane domain subunits tested, NuoA
caused loss of the peripheral domain. However, a preciseand NuoJ were also missing from the membranes of the
assessment of the assembly status requires more direcNuoK knock-out mutant. Interestingly, divergent results were
methods such as determination of the subunit contents ofobserved in the subunits that made up the peripheral domain
the individual membrane preparations as described below.of the E. coli NDH-1. As seen in Figure 3, small amounts
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FiGurRe 4: Immunoblotting of BN-PAGE gels of membrane

Anti-Nuol e

preparations fronE. coli. The electrophoresis was performed as
described in Experimental Procedures. After BN-PAGE Bheoli
membrane proteins were transferred to nitrocellulose membranes.
Subsequently, the nitrocellulose membranes were immunostained

Ficure 3: Immunoblotting of membrane preparations from the
wild-type (W), NuoK knock-out (KO), NuoK revertant (KO-rev),

and site-specific NuoK mutants. Antibodies specific to NuoKc,
NuoJc, NuoAc, NuoB, NuoCD, NuoE, NuoF, NuoG, and Nuol were
used.E. coli membranes (1@g of protein per lane) were loaded
on a 13% Laemmli SDS polyacrylamide gel. After electrophoresis,
the proteins were transferred to nitrocellulose membranes and
Western blotting was carried out with SuperSignal West Pico system
(Pierce) according to Han et aB@). The secondary antibody used
for detection was goat anti-rabbit IgG horseradish peroxidase
conjugate (Pierce).

with the affinity-purified NuoB antibody as described in Figure 3.
(A) Membranes from the wild-type (W), NuoK knock-out (KO),
NuoK revertant (KO-rev), and NuoK point mutants were compared.
The dodecyl maltoside concentration was 1.25%. The arrow shows
the location of the band recognized by the anti-NuoB antibody.
(B) Membranes from the wild-type (1) and the R25A/R26A double
mutant (2) were solubilized at the indicated concentrations of
dodecyl maltoside (DM). Other conditions were the same as in panel
A.

of NuoB, NuoE, NuoF, NuoG, and Nuol subunits were toside, we ran the experiment with increasing concentrations
present in the membranes of NuoK knock-out cells, whereasof this detergent and compared the results between wild-
the amounts of the NuoCD subunit appeared to be the samdype and the R25A/R26A mutant. The result is shown in
as those found in the membranes of the wild-type strain. This Figure 4B. At 1% dodecyl maltoside, the NDH-1 is visible
observation may seem to indicate that NuoK is required for only in wild-type. When the detergent concentration was
efficient assembly of the NDH-1 complex. However, the increased to 1.25%, which is our regular condition, the
exact role of the NuoK subunit on the assembly of NDH-1 mutant showed the NDH-1 band but the signal was less than
must be evaluated when antibodies against other membranehe wild-type sample. At a higher detergent concentration,
domain subunits (i.e., NuoH, NuoN, NuoM, and NuolL) the density of the band increased for both wild-type and the
become available. As for the NuoK point mutants, the mutant and the migration pattern was now skewed. Evidently,
intensities of signals corresponding to all the tested subunitsthe NDH-1 complex of the R25A/R26A mutant is more
in the membranes were comparable to those found in theresistant to the detergent and thus tends to show decreased
wild-type membranes. Apparently, none of the mutations intensity on the BN-PAGE unless an excess amount of
generated in this study had any appreciable change in thedetergent is employed. It is conceivable from the results of
subunit contents of NDH-1. contents of the individual subunits and the whole enzyme
Subunit Assembly of NDH-1 of NuoK Mutans directly complex that none of the site-specific NuoK mutations
verify the presence of assembled NDH-1 in the constructedintroduced in this study affected the assembly of NDH-1
mutants, we used BN-PAGE to analyze these membranecomplex.
samples. After BN-PAGE, the amount of the fully assembled = Measurements of Electrochemical Potential of NuoK
complex was evaluated through immunoblotting using an Mutants Since electron transfer activities of the mutants
antibody specific to the NuoB subunit. As illustrated in varied from normal to almost null without any effects on
Figure 4A, no intact NDH-1 was observed in the NuoK the assembly of the enzyme, it was of interest to examine
knock-out mutant. In contrast, membranes isolated from the the generation of membrane potential and proton gradient.
wild-type and all site-specific NuoK mutants, except for the Membrane potential was monitored by following the absor-
double mutant R25A/R26A, seemed to contain similar bance change of a reporter dye, oxonol VI. Figure 5 shows
amounts of fully assembled NDH-1. The results are mostly representative traces of oxonol response. Addition of ANADH
in good agreement with the data obtained from the assay ofto the membrane vesicles prepared from the wild-type strain
dNADH-KsFe(CN} reductase activity. The R25A/R26A increased the signal indicating the generationdf (inside
mutant, however, displayed a greatly diminished level of the positive) which was then dissipated by an uncoupler, FCCP.
assembled complex despite the fact that it has full ANADH- The signal was enhanced in the presence of nigericin and
KsFe(CNJ) activity. We suspected that the discrepancy might totally abolished by nigericin and valinomycin as expected
be due to a procedural difference between the activity (data not shown). Preincubation of the membrane samples
measurement and the BN-PAGE. Because the BN-PAGE with an inhibitory concentration of cap-40 also prevented
requires dissociation of the membrane using dodecyl mal- the AW formation (data not shown). As anticipated, A¥
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Ficure 5: Detection of the membrane potential generated by dNADH oxidatid&h @oli NuoK mutants. Membranes were prepared from
each of the constructed mutants, and the membrane potential was monitored by the absorbance change of oxonoH\6G& 680 at
37°C. At the time indicated by arrows, 0.2 mM dNADH or®1 FCCP was added to an assay mixture containing 50 mM MOPS (pH7.3),
10 mM MgChk, 50 mM KCI, 2 uM oxonol VI, andE. coli membrane samples (4@@ of protein/mL).

dNADH FCCP by the addition of FCCP. No proton translocation activity
+ * was observed in the NuoK knock-out mutant. Similarly, the
9. . Glu-36 mutants did not show any sign of proton pumping

activity. Membranes from E72Q and R25A/R26A had
significantly lower fluorescence quenching {443%), whereas
those from E72A, R25A, R25 K, R26A, and R26K exhibited
moderate fluorescence quenching {87 %). As for R85A,
R85K, R87A, and R87K, they all displayed wild-type-like
fluorescence quenching. Similar results were obtained using
DB as the electron acceptor (data not shown). When
compared, the data akpH largely agreed with the data on
1 min AW,
Ficure 6: Generation of a pH gradient by dNADH oxidation in
E. coli NuoK mutants. Membranes were prepared from each of DISCUSSION
the constructed mutants, and the extent of proton translocation was .
measured by the quenching of the fluorescence of ACMA at room Among the seven mtDNA-encoded subunits of complex
temperature with an excitation wavelength of 410 nm and an |, the ND4L is the smallest subunit with only about 100
emission WaVelength of 480 nm. At the time indicated by a_rI’OWS, am|n0 ac|d res|dues The prote|n appears to have three
0.2 mM dNADH or 10uM FCCP was added to an assay mixture |, ;iative transmembrane helices. Two highly conserved
containing 50 mM MOPS (pH7.3), 10 mM Mg£ 50 mM KClI, 2 . .
#M ACMA, and E. coli membrane samples (156 of protein/ carboxyl residues, Glu-36 and Glu-72, of tBecoli NDH-1
mL). Traces are 1, wild-type; 2, NuoK revertant; 3, R26A; 4, R25A; are predicted to be located in the middle of the membrane.
5, E72A; 6, R25A/R26A; 7, E72Q; 8, E36Q; and 9, knock-out.  Recently, Kervinen et al.26) reported that both carboxyl
residues irkE. coliwere important for cell growth and enzyme

was observed in the membranes of the knock-out mutant, activity. They adopted the in trans complementation approach
and the membrane vesicles of KO-rev mutant generated ajn which the knock-ounhuoK gene was complemented by
signal comparable to that of the wild-type strain. Mutation gn expression plasmid carrying a point-mutatedK gene.
of highly conserved Glu-36, to either Ala or Glu, resulted |n this method, complementation with the normabK gene
in a complete loss of the ability of the enzyme to generate yielded only partial restoration of the activity (about-10
AW. In the case of another highly conserved, acidic residue 20% in minimal medium and 4650% in rich medium).
Glu-72, replacing the carboxyl group with an amide group Similar techniques used for complementation of Re
caused a significant reduction W, whereas substituting capsulatusNuoK knock-out mutant only restored 59% of
Ala had a moderate effect. The same moderate diminutionthe wild-type activity £2). One possible reason for the lack
of AW was seen with all mutants of Arg-25 and Arg-26. of full restoration is the polar effect that might influence the
The double mutant R25A/R26A generatedAd that is  expression of the downstream genes. In the present study,
slightly less than that of R25A or R26A. Other mutants we used homologous recombination to introduce site-directed
involving Arg-85, Arg-87, Phe-15, and Gly-21 all had\&¢ mutations directly into thé. coli chromosome. With this
somewhat smaller than that of the wild-type strain. When approach, the KO-rev mutant constructed from the knockout
DB was used as the electron acceptor, basically the samemutant and the unmutateduoK gene fully restored the
results were obtained (data not shown). NDH-1 function. Thus, this method ensures that the altered

The formation of proton gradienf\pH, inside acidic) was  properties observed in the point mutants result solely from
monitored through fluorescence quenching of ACMA. Rep- the mutationsper seand not from possible artifacts. Our
resentative traces are shown in Figure 6. Membrane vesiclesdata indicated that mutations of Glu-36 completely abolished
from wild-type and the KO-rev mutant exhibited an almost the coupled electron-transfer activities as well as formation
identical response with a maximum quenching of 77% after of electrochemical gradient. Mutations of Glu-72 also exerted
addition of dNADH. The signal was then completely reversed severe effects, although to a lesser extent. These results

40%

AF/F=



Roles of Conserved Residues of NuoK SubuniEincoli NDH-1 Biochemistry, Vol. 44, No. 27, 2009553

confirm that the carboxyl groups at these particular locations complete loss of the enzyme activity, apparently due to lack
in the NuoK subunit are important for normal NDH-1 of fully assembled complex I.
functions. In this study we have conducted site-directed mutations

A severe loss of enzymatic activities after mutating by directly introducing mutations at the level of chromosomal
residue(s) of a subunit could possibly be due to a drastic DNA to explore functional and structural roles of tBecoli
alteration of the structure, such as incomplete assembly ofNuoK subunit in NDH-1. Together with the earlier applica-
the complex. However, our present study shows that this istion of this promising approach on subunits NuoA and NuoJ,
not the case with our NuoK mutations. The NDH-1 of the it is clear that we can extend the study carried out on the
mutants with the least activity still retained the same subunit bacterial system and gain a comprehensive view on complex
contents as the wild-type strain as judged from Western |.
blotting. Furthermore, the presence of the whole complex
was confirmed by BN-PAGE across all the mutants. The ACKNOWLEDGMENT
combined results are far more convincing than the commonly W
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