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ABSTRACT. The ND6 subunit is one of seven mitochondrial DNA-encoded subunits of the proton-
translocating NADH-quinone oxidoreductase (complex 1). Physiological importance of the ND6 subunit

is becoming increasingly apparent because a number of mutations leading to amino acid changes in this
subunit have been found to be associated with known mitochondrial diseases. Udtisgltleeichia coli

enzyme (NDH-1), we have investigated the NuoJ subunitEtheoli counterpart of ND6) by employing

a chromosomal DNA manipulation technique. A series of point mutations was constructed directly on the
nuoJ gene in the chromosome targeting at highly conserved residues. Analyses with blue-native gel
electrophoresis and immunological methods revealed that, in all point mutants, the assembly of NDH-1
was normal and that the deamino-NADHHe(CN) reductase activity of the membrane was essentially

the same as that of the wild-type. However, energy-coupled NDH-1 activities were affected to varied
extents. Among them, mutants of the Val-65 residue that is located in the most conserved transmembrane
segment significantly lost the coupled electron-transfer activities and exhibited diminished membrane
potential and proton translocation. This may suggest that Val-65 or the area around it is important for
energy transduction of the coupling site 1. Together with the results on mutations related to human diseases,
possible functional roles of the NuoJ subunit have been discussed.

Mammalian complex | is the largest, most complicated, andThermus thermophiluand NuoA-N forE. coli)? (2, 3).

and least understood of the respiratory complexgs I All of them are homologues of the subunits of the mito-

consists of at least 46 different subunits, with a molecular chondrial core enzyme, including the seven mitochondrially
mass of~1000 kDa. In contrast, the bacterial™#rans- encoded ND subunits. NDH-1/complex | represents the first
locating NADH-quinone oxidoreductase (NDH-4yyhich membrane-bound electron transport complex of the respira-

is equivalent of complex |, is simpler and contains 14 tory chain and is responsible for coupling the transfer of two
subunits (designated Ngel4 for Paracoccus denitrificans ~ €lectrons from NADH to quinone with the translocation of
four protons across the membrane to generate a membrane
potential and proton gradient for ATP synthesl$. (
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encoded subunits (ND46 and NDA4L) 4, 15). Unlike the (BamHI) SgrAl (BamHI)

peripheral arm, no known prosthetic group has been found EL& 9| |

in the membrane arm. Despite the knowledge of the primary | 3 e

structure, very limited information is available about the > >—>—> > —
nuoH nuol  nuoJ nuokK nuol nuoM

functional properties and the arrangement of these membrane-
bound subunits. However, it is generally believed that the

pCRScript(nuoJ), pKO3(nuol)
1 |
T

membrane arm participates in‘ifor Na*) translocation and a ! ‘

quinone and inhibitor bindingl€—18). pCRSeript(nuoJ::spc), pKO3(nuoJ::5pc)
Recently, human complex |, especially the mitochondrially b | ' ’

encoded subunits, has increasing medical importance because ¢

mutations of the mtDNA have been shown to cause a wide c P PCRSeriptop0)

variety of human degenerative diseastd).(Among those D

mtDNA-encoded complex | subunits, ND6 is of particular 1 Kbp

interest because it h.as been recognized recently th&t[ﬂﬁ? FiIGURE 1: Schematic representation of the strategguasJcloning,
gene of complex | is a hot spot for pathogenic mutations insertion of a Spc cassette in thecoli nuoJgene, and construction
(20). Numerous point mutations leading to amino acid of site-specifimuoJmutants. Arrows (A-H) illustrate the primers
changes in this subunit have been found to be associated!sed in this study. The restriction enzymes in the parentheses are
with known mitochondrial diseases such as Leber’s heredi- NeWly introduced into thé. coli DNA.

tary optic neuropathy (LHONR(). In addition to pathogenic
mutations, the analyses of frameshift mutations in a mouse
cell line (22) and in the unicellular green algzhlamydomo-
nas reinhardtii (23) have shown that the ND6 subunit is
essential for the assembly of complex I. Furthermore, the
ND6 subunit has been suspected to be involved in the
quinone redox site in the membrane-buried portion of the
complex @0).

Previously, we experimentally determined the topology of
the ParacoccusNuoJ subunit 13). The ParacoccusNuoJ
subunit consists of five transmembrane segments (name
TM1-5 from the N- to the C-terminus) with the N- and
C-terminal regions directed toward the periplasmic and
cytoplasmic sides of the membrane, respectively. Interest-
ingly, examination of the proposed NuoJ model reveals that
all of the pathogenic mutations related to human ND6 gene
and conserved residues appear within or near the TM2 and
TMS3. Therefore, it is tempting to suspect that this region of
the NuoJ subunit plays an important role in the catalytic
function or structural arrangement of complex I. At present,
it seems extremely difficult to perform systematic manipula-
tion of mitochondrial DNA. We chosg. coli NuoJ as the
model system because gene manipulation techniques ar
much more advanced and well-developed in this bacterium.
According to sequence alignments and topological predic-
tions derived from a variety of computer programs (see
Results), the topology dE. coli NuoJ subunit is akin to its
counterpart oParacoccusBY direct introduction of muta-
tions in the E. coli chromosomal NDH-1 operon, we
constructed a series of mutants carrying point mutations on
conserved residues and characterized these mutants.

Probes (Eugene, OR). The BCA protein assay kit, Super-
Signal West Pico chemiluminescent substrate, and Imject
Activated Immunogen Conjugation kit were from Pierce
(Rockford, IL). dNADH, DB, chloramphenicol, and specti-
nomycin (Spc) were from Sigma (St. Louis, MO). All other
materials were reagent grade and obtained from commercial
sources.

Cloning and Mutagenesis of the E. coli nuoJ Genhke
vectors constructed in this study are shown in Figure 1. The
Jene encoding the NuoJ subunit togethehvetl kb DNA
segment upstream dra 1 kb DNA segment downstream
were amplified fromE. coli DH5a using PCR. To generate
the BanHI restriction site on both ends of the cloned
fragment, primer A (5SGCATGTGTGGATCOTATCCCG-
CAATTC -3') and primer B (6GTCTGCAACGGATCO -
GCGCAGATTTAC-3) were used, where the italicized bases
represented the restriction site sequence and the underlined
bases were altered froB coli. The spectinomycin-encoding
gene from transposon Tn554 8faphylococcus aure(24)
was obtained by PCR amplification using the sense primer
C (5-CGCCGGTGAACGAAAACTCACGTTAAG-3) and
éhe antisense primer D'(&®ACCGGCE&TTTCTATTTTC-
AATAGTTAC-3') both containing &grAl restriction site
represented by italicized bases. ThmJcontaining fragment
and the Spc cassette were individually subcloned into pPCR-
Script Amp SK(t), and their sequences were verified by
sequencing. The resulting plasmids were designated pCR-
Script(uoJ and pCRScripgpg, respectively (Figure 1a,c).

To introduce a site-specific mutation into theoJgene
of the E. coliNDH-1 operon, creation of auoJgene knock-
out mutant was a prerequisite. We have adopted the pKO3
EXPERIMENTAL PROCEDURES system developed by Link et al2%) that is based on

homologous recombination. In this gene replacement system,

Materials The pCRScript Cloning kit was from Stratagene the pKO3 vector employed containsepA(Ts) (temperature
(La Jolla, CA). Site-specific mutants were constructed using sensitive replication origin), a chloramphenicol-resistant gene
the GeneEditor Mutagenesis Kit from Promega (Madison, (caf), and aBacillus subtilis sacBjene encoding levansu-
WI). The gene replacement vector, pKO3, was a generouscrase. The pKO3 carrying NuoJ knock-out DNA was
gift from Dr. George M. Church (Harvard Medical School, prepared as follows. Because tBecoli nuoJcontains one
Boston, MA). Materials for PCR product purification, gel endogenousSgiAl site approximately one-third from the
extraction, and plasmid preparation were obtained from beginning of the gene, 8gAl —SgrAl fragment carrying a
Qiagen (Valencia, CA). Bis-(3-propyl-5-oxoisoxazol-4-yl)- Spc cassette can be inserted irEo coli nuoJ without
pentamethine oxonol (oxonol VI) and 9-amino-6-chloro-2- introduction of new restriction sites. On the basis of this,
methoxyacridine (ACMA) were obtained from Molecular the pCRScripgpqd was digested witlsgrAl, and the DNA
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Table 1: Primers for Introduction of a Site-Specific Mutation into

E. coli NuoJ Subunit

Kao et al.

tion of recombinants was carried out by screening for
spectinomycin sensitivity in addition to chloramphenicol
sensitivity. To demonstrate that the gene replacement pro-

mutation mutagenic primer sequefce q d in this studv did not introd | fects |
cedure used in this study did not introduce polar effects in

Y59C 5-ATTATCGTCTGCGCGGGTGCCATTATG-3 .

Y59F 5-ATTATCGTCTTCGCGGGTGCCATTATG-3 the point mutants, we have created a control_ mutant (KO-

G61V B-CGTCTACGCGGTTGCCATTATGGTG3 rev) that employed unmutated gene pK@®g), instead of

G61L 5-CGTCTACGCGCT TGCCATTATGGTG-3 pKO3(huoJmutants), in the recombination process.

mgz‘“\/ 553gg%ggﬁﬁ%;fg;gg;g;;gg;ggc 5 To confirm the presence of the mutations, the sense primer

VB5G 5. TGCCATTATGGGACTGTTCGTGTTC-3 E and the antisense primer H were applied in colony PCR

V65L 5_TGCCATTATGCTGCTGTTCGTGTTCG: to amplify nuoJcontaining DNA fragments. The obtained

F67A 5-TTATGGTGCTGGCCGTGTTCGTGGTG3 nuoJDNA fragments were then subjected to direct sequenc-

E80Q 5-TGGGCGGTTCA_CAAATCGAACAGG-S |ng using primer G.

ES0A 5-TGGGCGGTTCAGCAATCGAACAGG-3

Antibody Production.An oligopeptide, H-CDSAKRK-

? Underline indicates mutation. TEEHA-OH (designated NuoJc), derived from the C-terminal

region of thek. coli NuoJ subunit with an additional cysteine

fragment containing Spc cassette was then purified andincorporated for the purpose of conjugation was linked to
ligated into theSgrAl-digested pCRScript{uo). The plas- maleimide-activated bovine serum albumin (Pierce, Rock-
mid thus obtained was named pCRScripi@Jd:spg (Figure ford, IL) as an immunogen according to the manufacturer’s
1b). A BanHI—BanHI fragment of this construct was then protocol. Antibodies against C-terminal regions®f coli
cloned into theBanH]I site of pKO3, yielding pKO3{uod: NuoA and NuoK subunits (designated NuoAc and NuoKc,
spo. respectively) had been produced by the similar procedure

The pKO3 vectors carrying mutatenlioJ genes were  as reported earlieg). The NuoB-, NuoCD-, NuoE-, NuoF-,
prepared as shown in Figure 1. First, the pCRSaripd() NuoG-, and Nuol-specific antibodies were raised in rabbits
was used as the template to generaieJpoint mutations. against the whole subunit as described previouS)y27).
The pCRScriptfuo) was mutagenized with synthetic oli- The antibodies were affinity-purified according to Han et
gonucleotides listed in Table 1 using the GeneEditor in vitro al. (28).
site-directed mutagenesis system (Promega) according to the Bacterial Growth and Membrane PreparatioBells were
manufacturer’s instructions. All mutatatioJ genes were  first grown in 3 mL of LB medium from glycerol stocks at
verified by DNA sequencing using primer G'{bGAT- 37 °C for 10 h. Five hundred microliters of the culture was
AGCCATACTTGCGACCTTG-3 and/or primer H (5 used to inoculate 250 mL of terrific broth (TB), and cells
AGCGTAATACCCACTGCTTTAGC-3). These two prim- were cultivated at 30C with shaking untilAse was ~2.
ers are located inside thmioJ gene flanking the intended  The cells were then harvested in a SLA-1500 rotor at 6000
mutation sites. Each DNA fragment containing the desired rpm for 10 min. The cell pellet was resuspended at 10%
nuoJmutation was then isolated BanHI digestion from (w/v) in a buffer containing 10 mM Tris-HCI (pH 7.0), 1
the pCRScript constructs and transferred to integration mM EDTA, 1 mM DTT, 1 mM PMSF, and 15% (w/v)
plasmid pKO3 at theBanHlI site. The resulting plasmids  glycerol. The cell suspension was then passed through the
were referred to as pKOB@oJmutants). When thBanHI— French press once at 25 000 psi. After cell debris was
BanHI fragment directly derived from pCRScripi{oJ that removed by centrifugation in a Sorvall SS34 rotor at 12000
contained the wild-typauoJgene without any mutation was  rpm for 10 min, the supernatant was further ultracentrifuged
inserted into theBanH| site of pKO3, the construct was at 50 000 rpm for 30 min in a Beckman Spinco 60Ti rotor.
named pKO3fuoJ. The collected pellets were resuspended in the same buffer,

Preparation of Knock-Out and Mutant Cellshe knock- and the resulting membrane suspension was used im-
out allele cloned into the pKO3 gene replacement vector (i.e., mediately for enzyme assays or stored in small aliquots at
pKO3(huod:spg) was used to transfornit. coli strain —80 °C for later use.
MC4100 ¢, araD139 A(arg F-lac)U169, ptsF25 relAl, Gel Electrophoresis and Immunoblotting Analysign
flb5301, rpsL 15047), and homologous recombination was micrograms of protein from each membrane suspension was
performed according to Link et al2%) with some minor first subjected to SDSPAGE using the discontinuous
modifications as described previousl26f. The correct system of LaemmliZ9). Western blotting experiments were
generation of the chromosomal NuoJ knock-out mutant by then conducted to investigate the expression of individual
insertion of a Spc cassette in theaoJgene was verified by ~ NDH-1 subunit in the knock-out and point mutants. Antibod-
PCR amplification using primer E‘&@GTTCCTCGGGCT- ies against the membrane domain subunits NuoJc, NuoKc,
TTCCTTGATG-3) and primer D or primers C and F'(5 and NuoAc and the peripheral subunits NuoCD, NuoE,
TACCATGGTTGCGGCGTGGATC-3. Primers E and F NuoF, NuoG, NuoB, and Nuol recognized a band in Ehe
were complementary to upstream and downstream of thecoli membranes with an apparent molecular mass of 21, 11,
clonedE. colichromosome, respectively, and primers C and 16, 65, 20, 50, 91, 22, and 21 kDa, respectively.
D were located within the Spc cassette. With this design, To evaluate the assembly of NDH-1, membrane samples
not only the presence of the Spc cassette but also its locationwere subjected to blue-native (BN)-PAGE according to
in the genomic DNA was confirmed. The NuoJ knock-out Schager and von Jagows() in the mini-gel format (Bio-
MC4100 cells were stored as glycerol stocks-aB0 °C. Rad). TheE. coli membrane samples equivalent to 8G9
The NuoJ knock-out MC4100 competent cells were then of protein were resuspended in 40 of 50 mM Bistris-
applied to introducenuoJ mutated DNA in theE. coli HCI (pH 7.0) buffer containing 750 mM aminocaproic acid,
genome using a similar procedure except that the identifica- followed by addition of 6uL of 10% (w/v) n-dodecylfs-
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maltoside and 5@g/mL DNase for membrane solubilization. reader (Molecular Devices Corp.) with an excitation wave-
After incubation on ice for 3 h, the samples were centrifuged length of 410 nm and an emission wavelength of 480 nm.
at 149 00@ in a Beckman Airfuge for 10 min. The When appropriate, FCCP, valinomycin, and nigericin were
supernatant was collected40uL), and glycerol was added added to a final concentration of 10, 2, and u@M,

to a final concentration of 15% to facilitate sample applica- respectively.

tion. Shortly before running BN-PAGE, &L of 5% Other Analytical Procedure®rotein concentrations were
Coomassie blue in 500 mM aminocaproic acid was added determined by the BCA protein assay kit (Pierce) using
to the samples. Ten microliters of the previous samples werepovine serum albumin as the standard according to the
then loaded into a 7% separating gel with a 4% stacking manufacturer’s instruction. Any variations from the proce-

gel, and BN-PAGE was performed in the cold room at 80 V' dures and other details are described in the figure legends.
until entry of the protein sample into the separating gel.

Before the electrophoresis was continued at 200 V for 3 h, RESULTS
the cathode buffer containing 0.02% Serva Blue G was ) )
replaced by the same buffer but with 0.002% dye. Im- Sequence Analysis of the NuoJ Subdirtie NuoJ/Nqo10/
mediately after electrophoresis, the gel was washed severaND6 subunit is one of the less evolutionarily conserved
times in 2 mM Tris-HCI (pH 7.5) buffer and then subjected NDH-1/complex I subunitsYs). Figure 2A shows the amino
to immunoblotting analyses. Immunodetection was per- acid sequence alignment of this subunit from various
formed using affinity-purified antibody specific for NuoB, ~Organisms including mammals, fungi, and bacteria. Figure
Nuol, or NuoAc. 2B is a proposed topology of tie coli NuoJ subunit derived
Enzymatic Assaylt is well-known that NDH-1/complex from topological s_tudies of thl@. denitrificansNuoJ supunit
| and NDH-2 can be distinguished by use of dNADH because (13), together with predictions offered by a variety of
only the former can utilize this substrat8lj. Therefore, ~ COmputer programs including TMHMM36), HMMTOP
we have used dNADH as the substrate throughout this study.(37), TopPred2 88), and TMpred 89). According to this
Measurements of enzymatic activity were carried out at 37 Proposed model, thé&. coli NuoJ subunit contains five
°C using a SLM DW-2000 spectrophotometer. The dNADH defined hydrophobic stretches corresponding to transmem-
oxidase activity was assayed at 340 nm in 10 mM potassium Prane segments (named TM3 from the N-terminus), with
phosphate (pH 7.0) buffer containing 1 mM EDTA with the the N- anq C_—termmal regions facing the perlplasmlc and
addition of 0.15 mM dNADH as described i82), using cytoplasmic sides of the membrane, respectively. By search-
the E. coli membranes (8Qug of protein/mL). Nearly NG sequence databases and aligning primary sequences of
complete inhibition of this reaction was achieved by addition NU0J homologues available to date, we identified five
of 10 uM cap-40 B3). The dNADH-DB reductase activity residues tha_t are well-conserved in this s_ubunlt (marked with
measurements were conducted similarly, except that 10 mmgray boxes in Figure 2A). Of those residues, Tyr-59, Gly-
KCN and 1004M DB were also included in the assay 61, Val-65, and Phe-67&( coli numbering) are located in
mixture. The dNADH-KFe(CN) reductase activity was the TM3, and Glu80 is in a cytoplasmic loop |mmed|§1tely
measured at 420 nm in the same buffer in the presence ofafter TM3. TM3 represents the most phylogenetically
10 mM KCN, 0.15 mM dNADH, and 1 mM KFe(CN}). conserved part of this subunit. In addition, there are eight

Nonenzymatic reaction of dNADH-&e(CN) was sub- residues that are known to be associated with pathogenic
tracted from all measurements. The extinction coefficients Mutations, and six of them are located within TM3 or in its
used for activity calculations wekgs = 6.22 mM cmr . vicinity (arrows in Figure 2A). Among the pathogenic
for INADH andeszo = 1.00 mML cmr ! for KgFe(CN). mutations, M64V (both human ari. coli numbering) is

Membrane Potential Measuremerithe generation of ~ considered as the primary mutation for LHON. It is,
membrane potential by the NuoJ mutants was monitored _therefore, !lkely that the area encompassing TM3is critically
optically with the indicator dye oxonol VI. The standard IMportantin the NuoJ subunit, and we selected TM3 as the
reaction mixture contained 50 mM MOPS (pH 7.3), 10 mM Main target of the investigation. Because the membrane
MgCl,, 50 mM KCI, 2 «M oxonol VI, and theE. coli domain of NDH-1 is likely to participate in proton translo-
membrane samples (4@ of protein/mL). After the signal _cation, residues _capa_ble of _protonation may be of part_icular
had stabilized, the reaction was started by addition of 0.2 interest. From this point of view, Tyr-59 is a good candidate
mM dNADH. AW-induced absorbance change was moni- for the study because this residue is almost perfectly
tored at 630 minus 603 nm using a DW-2000 dual wave- conserved among homologues of NuoJ currently available
length spectrophotometer at 3Z. When desired, the proton  In Sequence databases, and the corresponding position in
ionophore FCCP, potassium ionophore valinomycin, and human ND6 is associated with LHON.

electroneutral K/H* exchanger nigericin were added to a  To clarify the structural and functional roles of the
final concentration of 2, 2, and 02V, respectively. conserved residues as well as residues corresponding to those

Fluorescence Assay for Proton TranslocatidProton- linked to human diseases, we have generated a series of point
pumping activity of NDH-1 was estimated from ACMA  mutants, including Y59C, Y59F, G61V, G61L, M64V, M64l,
fluorescence quenching as described by Amarneh and VikV65G, V65L, F67A, EBOQ, and E80A, using homologous
(34). The reaction mixture was the same as that for oxonol recombination targeted directly at chromosome. The exist-
VI assay except that oxonol VI was replaced withu® ence of these mutations was confirmed by DNA sequencing
ACMA, and theE. coli membrane samples were added at analyses.
150ug of protein/mL. The reaction was initiated by adding Subunit Assembly of NDH-1 in NuoJ MutationBo
0.2 mM dNADH. The fluorescence was recorded at room investigate whether mutation of the NuoJ subunit causes
temperature using a SpectraMax M2 fluorescence microplateincomplete assembly of NDH-1, we have performed-BN
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A
o0 o0 @
E. coli 1 FAFYICGLIAILATLRVI LYLIISLLAISGVFFS VFAGALEIIVYAGAIMVLEV, N 75
Paracoccus 1 FAFYLFAISACVAGFMVVIGRNPVHSVLWLILAFLSAAGLFVLQGAHFVAMLLVVVYVGAVAVLFL D 76
Thermus 1 MSLLEGLALFLLLLSGVL ILNFLVLAGVYVALDARFLGFIQVIVYAGAIVVLFLEVIMLLF 76
Yeast 1 MMYLTY[¥FIEITIFLAILCTIFII SILYMIALFVIAAMYLYLIGLGIFSLLYIMIY¥IGAIAVLFLEIITLLD 79
Xenopus 1 MI¥YMVSVSMMVLVLGLVAVA GLVLAAGAGCLVIVSFGESSFLSIVLFLIYLGGMLVVFAYSAA. 74
Chicken 1 MT¥FVIFLGICFMLGVLAVASNPSPYYGVVGLVVASVMGCGWLVSLGVSFVSLALFLVYLEGGMLVVEVYSVS 75
Human 1 MMYALFLLSVGLVMGFVGFS GLVLIVSGVVGCVIILNFGCEYMGLMVFLIYLGGMMUVEGYTT. I 75
o % t [3 3K X3 E 3R ;
E. coli 76 LGGSEIEQE.RQWLKPQVWIGPAILSAIMLVVIVYAILGVNDQGIDGTPISAK. « . vvueurrernnnns AVGITLFGP 136
Paracoccus 77 VDFAELKGE.LARYLPLALVIGVVLLAQLGIAFSGWIPSDQAESLRAAPVDAAVENTL. ..v0uvvuasas GLGLVLYDR 142
Thermus 77 AAQGEIGFDPLVRSRPLAALLALGVAGILAAGLWGLDLAFTQDLKGGLP........ [ ALGPLLYGD 134
Yeast 80 INSTELSVESNIRDLPLVLI.SLIVLTISGLMIYSNDSILINKLLEAFGNDYNTIITQDWFNIENTTLLTTIGNVLLTN 157
Xenopus 75 KPYPEAWGS.... FYVLVYLIGVLVWY.LFLG.GVEVD....GM.NKSSELGSYVMRGDWVGVA...... LM¥sSC 145
Chicken 76 DPYPEAWGD.... GYGLGFVL. . VVWMGVVLG. GL . VDFWKVGV . VTVDGGGVSFARLDFSGVA. .. ... VFY¥SC 139
Human 76 EEYPEAWGSGVEVLVSVLVGLAMEVGLVLWVKEYDGEVVVVVNFNSVESWMIYEGEGSGLIREDPIGAG...... ALYDY 148
NuoJc

E. coli 137 LAVELASMLLLAGLVVAFHV..... GREERAG. . . . EVLSNRKDDSAKRKTEEHA 184

Paracoccus 143 LMFQLAGLVLLVAMIGAIVLTM..... RHRKDVKRQNVLEQMWRDPAKTMELKDVEPGQGL 200

Thermus 135 FVLLAVGFLLMAATVVAVALVEPGKASRAKEAEKREEVAR 176

Yeast 158 FILLVLAIVLLLGIIGPIS HKE 185

Xenopus 146 W.WVIIVYWWVSIIINFVCGI SKSMWWESSCV 170

Chicken 140 GLFLVAGWGLLLALFVVLE GLSRGAIRAV 173

Human 149 WLVVVTGWTLFVGVYIVIEIARGN 174

Cytoplasm

Periplasm

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

The alignment was conducted with the PILEUP programs of GCG softwéyeGonserved residues are highlighted by gray boxes. Sequence
sources and their Swiss-Prot accession numbers are (from top to bofowrgli K-12 [P33605],P. denitrificangP29922],T. thermophilus

HB-8 [Q56225], yeasYarrowia lipolytica[Q9B6E9], Xenopus lagis [P03927], chickerGallus gallus/P18941], andHomo sapienf?03923].

Amino acid residues mutated in this study are marked by black dots. Five predicted transmembrane segmer&$ gfévEurrounded by

blocks according to Kao et all8). The segment marked NuoJc indicates the oligopeptide region used to raise the antibody specific to the
C-terminal region of thé. coli NuoJ. The amino acid residues reported for pathogenic point mutations in the human mitochondrial ND6
subunit are marked by arrows. (B) Proposed topology oftheoli NuoJ subunit. The prediction has been performed on the basis of the
reported topology of itfaracoccuscounterpart 13). As described in the Results, the five transmembrane segments Bf @i NuoJ

subunit from the N- to the C-terminus are tentatively designated ¥WN5. The loops are designated £14. The N- 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.

PAGE analysis of the constructed mutants. Unlike SDS  subunit-specific antibodies (Figure 4). For this purpose, we
PAGE, which denatures and separates enzyme complexefiave used antibodies available to date, which included six
into individual subunits, BNPAGE maintains enzyme antibodies against subunits located in the peripheral domain
complexes in their intact forms so that the amount of the (NuoB, NuoCD, NuoE, NuoF, NuoG, and Nuol) and three
fully assembled NDH-1 can be estimated by immunoblotting antibodies against subunits present in the membrane domain
using an antibody specific to one of its component subunits. (NuoA, NuoJ, and NuoK). The NuoJ knock-out mutant, as
In Figure 3, the assembled NDH-1 on a BRAGE gel of expected, entirely lacked NuoJ. It also showed diminished
our samples was visualized by using anti-NuoB antibody. amounts of other subunits, presumably due to incomplete
The NuoJ knock-out mutant apparently lacked a fully assembly of the whole complex. In the revertant mutant (KO-
assembled complex (see next paragraph for details). How-rev), all subunits existed at the same levels as the wild-type.
ever, the revertant mutant (KO-rev) and all 11 point mutants Similarly, as for the 11 constructed point mutants, no
showed the same level of the assembled NDH-1 as that ofsignificant quantitative difference was observed for the nine
the wild-type. Similar results were obtained when anti-Nuol NDH-1 subunits tested. In addition, all mutated NuoJ subunit
antibody or anti-NuoA antibody was used for detection (data exhibited the same electrophoretic mobility as the wild-type,
not shown). Apparently, none of the point mutations affected suggesting that these mutations did not result in an unstable
the assembly of the NDH-1 complex. or truncated NuoJ subunit. Taken together, our results

To confirm the assembly status and to investigate the indicate that there is no drastic change that may alter the
individual subunits of the NDH-1, we analyzed mut&ht assembly status of the NDH-1 in any of the point mutants
coli membranes on SDSPAGE by immunoblotting with constructed in this study.
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% Y S % i Q = < Qs Talbl\(/av?d TEnzymedA\(;tiv.ities ’c\)lf thJel\l/\I/Ietmlzrane-Bound NDH-1Eof
M == ol = ey 9 coli Wild- e and Various Nuo utants
3 SCEE88SSSLERE P
e " NDH-1 activities
—= 9 .'...-...... dNADH-0, dNADH-DB  dNADH-KsFe(CN)

NuoJ nmol dNADH/ 15, (Cap-40% nmol dNADH/  nmol KsFe(CN)/
mutant mg protein/min  in uM mg protein/min  mg protein/min

wild 478 (100%) 0.12 576 (100%) 1268 (100%)
KO 5 (1%) 29 (5%) 165 (13%)
FicurRe 3: Immunoblotting of the blue-native polyacrylamide gels KO-rev 485 (101%) 0.12 585 (102%) 1283 (101%)
of membrane preparations from tke coli wild-type (W), NuoJ Y59C 277 (58%) 011 331 (57%) 1208 (95%)
g Y59F 239 (50%) 0.11 274 (48%) 1298 (102%)
knock-out (KO), NuoJ revertant (KO-rev), and NuoJ point mutants GBIV 230 (48%
: ;) i . e - 6) 0.10 305 (53%) 1255 (99%)
by using the affinity-purified antibody specific to tfie coliNuoB 557, 328 (69%) 0.11 412 (72%) 1242 (98%)
subunit. The electrophoresis was performed as described invesay 404 (85%) 0.10 512 (89%) 1222 (96%)
Experimental Procedures. After blue-native polyacrylamide gel wmeal 494 (103%) 0.11 612 (106%) 1352 (107%)
electrophoresis, thE. coli membrane proteins were transferred to  v65G 61 (13%) 0.11 69 (12%) 1260 (99%)
nitrocellulose membranes. Subsequently, the nitrocellulose mem-vesL 99 (21%) 0.11 133 (23%) 1245 (98%)
branes were immunostained with the affinity-purified NuoB F67A 393 (82%) 0.12 493 (86%) 1308 (103%)
antibody using SuperSignal West Pico system (Pierce) accordingE80Q 476 (100%) 0.13 592 (103%) 1279 (101%)
to Han et al. 28). The secondary antibody used for detection was E80A 404 (85%) 0.10 510 (89%) 1294 (102%)

goat anti-rabbit IgG horseradish peroxidase conjugate (Pierce). The a activities were average values of at least three measurements. The
arrow shows the location of the immunoblotting band recognized assays were conducted at 32. ® The concentration of capsaicin-40

by the anti-NuoB antibody. that causes 50% inhibition.
- . .
2oom e % TP d <9 in a parallel fashion among the mutants tested. The KO-rev
> 2 g PREEsE2Set 2 & mutant exhibited virtually the same properties as the wild-

type strain. The complete restoration of the activity to the

Anti-NuoJc G M level of the parental MC4100 strain once again demonstrated

that the homologous recombination procedure adopted here

Anti-NuoKe  #il) M did not introduce polar effects on the genes downstream of

nuod The most dramatic effect on the dNADH oxidase/DB

Anti-NwoAc 4GS S SHaS reductase activities was observed with mutation of the

conserved residue Val-65. Replacing this residue with a Leu

AN-NUOB vy e e A and a Gly resulted in, respectively, ai80 and~90% loss

of the activities. Less drastic but still significant diminution

ANENECD - - s D G5 W S ey e = of the activities occurred with mutations at the Tyr-59, Gly-
61, Met-64, and Glu-80 positions. Tyr-59 is well-conserved,

Anti-NuoE % m--‘.’ and the corresponding position in human ND6 subunit is
_ associated with LHON. Mutations in this position diminished
ANENUOF e - ———— o e < the activities by 4252%. The two mutants of Glu-80, E80Q

and E80A, exhibited small but measurable differences in the
R p—— NDH-1 activities. While exchanging this acidic residue for
— the corresponding amide had virtually no effect, replacing
. - it with a nonpolar Ala resulted in an activity loss 6f15%.
Anti-Nuol P . : e
el eeeee Apparently, the negative charge at this position does not seem
FIGURE 4: Immunoblotting of membrane preparations from the be essential for the function. The G61V mutant exhibited a
wild-type (W), NuoJ knock-out (KO), NuoJ revertant (KO-rev), more significant reductior(50%) of the energy-transducing
and site-specific NuoJ mutants by using antibodies specific to the NDH-1 activities than the G61L mutant-B0%). A similar
NuoJc, NuoKc, NuoAc, NuoB, NuoCD, NuoE, NuoF, NuoG, and . . . : .
Nuol. The membranes (1 of protein per lane) were loaded on re_su_lt was obtained with the mutation of Met _64, the residue
a 13% Laemmli SDS polyacrylamide gel. After electrophoresis, Mimicking the human ND6(T14484C) mutation. The M64l

the proteins were transferred to nitrocellulose membranes, andmutant had activities close to those from the wild-type strain,

Western blotting was carried out as described in Figure 3. while M64V had detectably lower activities.
Cap-40 is a complex | inhibitor with the binding site
Effects of NuoJ Mutation on the NDH-1 Agty. We then  |ocated within the membrane domain of the complex.
measured electron-transfer activities of mutdat coli According to Satoh et al3@), cap-40 works as a competitive

membranes and summarized the results in Table 2. In goodinhibitor for quinone in the NDH-1/complex | and represses
agreement with the previous assembly experiments, mem-only the energy-coupled activity. In the wild-type strain, cap-
branes of all point mutants displayed the dNADHF&(CN) 40 at 10uM in the reaction medium inhibited 97% of
reductase activity comparable to that of the wild-type. Thus, dNADH oxidase activity and 92% of dNADH-DB reductase
the mutations introduced into the membrane subunit NuoJ activity (data not shown). As shown in Table 2, the df
apparently did not affect the intactness of peripheral domain cap-40 was unaffected in all the point mutants tested. This
subunits. finding indicated that none of the point mutants constructed
By contrast, dNADH oxidase activity and dNADH-DB  caused any major defects in the cap-40 binding site of NDH-
reductase activity were affected to varied degrees among thel. If this inhibitor shares a common binding pocket with
mutants. It should be noted that these two activities behavedquinone as reported4(, 41), our result may suggest that
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Ficure 5: Detection of the membrane potential generated by dNADH oxidatid&h goli NuoJ mutants. Membranes were prepared from

each of the constructed mutants, and the membrane potential was monitored by the absorbance change at the wavelength pair of 630 minus
603 nm at 37°C. At the time indicated by arrows, 0.2 mM dNADH @ valinomycin, 0.2uM nigericin, or 2uM FCCP was added to

the assay mixture containing 50 mM MOPS (pH 7.3), 10 mM Mg60 mM KCI, 2uM oxonol VI, andE. coli membrane samples (400

ug of protein/mL).
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the NuoJ subunit, or more precisely, the residues mutatedquenching as expected. ACMA quenching of the mutant
in this study, is not involved in quinone binding. coli membranes is shown in Figure 6B. In both the wild-
Membrane PotentialUsing E. coli membrane prepara- type strain and the KO-rev mutant, the degree of quenching
tions, we have measured membrane potential induced bywas nearly 80%. This response was completely repealed by
NDH-1 with oxonol VI as a reporter. As illustrated in Figure the addition of FCCP. The most striking effect was seen with
5A, initiation of respiration by the addition of dNADH the Val-65 mutants: V65G did not show any sign of proton
caused a rapid absorbance increase of oxonol VI at 630 minugranslocation, and V65L exhibited 38% quenching. Mem-
603 nm indicating a formation of energy-dependent mem- branes from G61V, G61L, M64V, and E80A showed a
brane potential (positive inside). A subsequent addition of quenching ranging from 56 to 64%. Mutants Y59C, Y59F,
nigericin, an ionophore that catalyzes electroneutral exchangeM64l, F67A, and E80Q had about the same quenching as
of K* for H* and thus specifically collapses thepH the wild-type (data not shown). Similar results were observed
component of protonmotive force, transiently enhanced the when DB was used as the electron acceptor (data not shown).
oxonol VI response. The oxonol signal was then entirely
abolished by addition of valinomycin, an ionophore that DISCUSSION
selectively increases the'kpermeability of the membrane In the present study, we have constructed a series of site-
and thus collapses th®¥ component of the protonmotive  directed point mutants of the NuoJ subuni€ofcoli NDH-1
force. The absorbance change of oxonol VI generated by (ND6 of complex I) to investigate possible functional roles
dNADH oxidation was measured with mutafi. coli of this membrane domain subunit. All these mutants exhib-
membranes (Figure 5B). As expected, the KO-rev mutant ited a fully assembled and stable NDH-1 as demonstrated
showed a response equivalent to the wild-type, both of which by BN—PAGE, and the dNADH-KFe(CN) reductase activ-
were completely reversed by addition of an uncoupler, FCCP. ity was comparable to that of the wild-type strain. This may
Interestingly, V65G generated very little membrane potential, not be surprising because replacing a single residue in a
and its moderately mutated twin, V65L, as well as M64V membrane domain subunit is unlikely to cause a drastic
and E8BOA had a slightly higher absorbance change but wasstructural change in the whole complex. Nevertheless, it is
still much lower than that of the wild-type strain. In contrast, important to know that none of the point mutations intro-
membranes from M64l and F67A had a membrane potential duced in this study leads to gross alteration of the whole
comparable to that of the wild-type strain, while those from NDH-1. Therefore, the observed effects of mutations on the
Y59C, Y59F, G61V, G61L, and E80Q were all lower to energy-coupled activities, namely, the dNADH oxidase and
some degree than that of the wild-type strain. Basically the dNADH-DB reductase activities, were the result of impaired
same results were obtained when DB was used as the electrogatalytic efficiency rather than an incomplete assemble of
acceptor (data not shown). the enzyme complex or a lack of stability of the NDH-1
Proton TranslocationFluorescent dye, ACMA, has been complex.
used extensively for monitoring the pH gradient across Among the seven mtDNA-encoded subunits of complex
biological membranes. As seen in Figure 6A for the wild- |, ND6 is one of the most frequently affected subunits by
type E. coli membranes, the ACMA fluorescence was mutations that are linked to human diseases. Interestingly,
quenched upon addition of dNADH (acidic inside), and the most of pathogenic mutations that have been associated with
degree of quenching reached its maximum in the presencehuman diseases are clustered within or near TM3. In
of valinomycin. Addition of nigericin abolished the ACMA  particular, two residues, Tyr-59 and Met-64, are known to
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(A) among species. Both in vitro and in vivo biochemical studies
JINADH on this mutation showed conflicting results regarding the
extent of complex | dysfunction in LHONL). In the present
study, the M64V mutant that is equivalent to the LHON
primary mutation T14484C (M~ V) exhibited slightly lower
N AFIF=40% energy-coupled activities and a moderate reduction in proton
V% e Tmin translocation and membrane potential.
In the amino acid sequence of the ND6 subunit, the region
w around TM3 is phylogenetically most conserved. We have
mutated highly conserved residues in this region. The most
(B) striking alteration of the activities occurred with the Val-65
dNADH ANADH  FCCP mutation. A large fraction of the coupled electron-transfer
activity was lost in both V65G~90%) and V65L 80%).
Diminution of membrane potential and proton gradient

+ T T
FCCP KO almost paralleled the decrease in the electron transfer
+ activities. The profound impact of V65G mutation is
manifested by its total loss of proton translocation. Because
W unprotonable residues such as valine are not likely to

participate in proton pumping directly, it may be speculated
that they contribute to a channel that transfers protons across
the membrane. In the case Bf coli transhydrogenase, it

Fcee was reported that four essential, conserved residues, His-

FCCP + 91, Ser-139, Asn-222, and Gly-252, appear in four separate
+ transmembrane segments of domain Il of theubunit of

M64V the enzyme that make up a four-helix bundle proton channel

Valinomycin

dNADH dNADH

KO-rev and are involved in proton translocatiof?y. It is possible
that a similar mechanism exists in the NDH-1. We have
dNADH dNADH recently investigated two carboxyl residues, Asp-79 and Glu-

81, located in the middle of TM2 of the. coli NuoA subunit

FCCP FCCP (ND3 of complex I) and found that mutations simultaneously
+ + introduced at these two positions almost completely abolished
the NDH-1 activities 26). In addition, two carboxyl residues,

Glu-36 and Glu-72, located in TM2 and TM3, respectively,
Go61v G61L of the E. coli NuoK subunit (ND4L of complex I) have also
been shown to behave in a similar mann&8)( Although
dNADH  Fccp aNapH relative positions of the three subunits, NuoA, NuoK, and
FCCP NuoJ, are not known at this moment, it is tempting to
envision that they together provide a channel for proton
V65G conductance as reported for the proton channel of the
V65L transhydrogenase. It should also be considered that removing
a hydrophobic side chain in the membrane segment might
have a high impact on the local structure. For example, it

FCCP was reported that dimerization of the transmembrane domain
+ of glycophorin A is mediated by a sequence motif that
includes two essential valine residuegl); Val-65 of the

ESOA NuoJ/ND6 subunit is highly conserved, and interestingly, it
Ficure 6: Generation of a pH gradient by dNADH oxidation in IS _Iocated ITTedlatl\ig/‘lf\(/)”OX\vmg the reSIdl:edOLtf;e&LSHON
E. coli NuoJ mutants. Membranes were prepared from each of the prlmf':l_ry mu a |_0n (_ ) S We, sugges.e €lo )(
constructed mutants, and the extent of proton translocation wasmadifications in this region, particularly in TM3, might
measured by the quenching of the fluorescence of ACMA at room influence the packing of the putative membrane-spanning
temperature with an excitation wavelength of 410 nm and an helices. The possibility of such alteration of the structure of

emission wavelength of 480 nm. At the time indicated by arrows, ;
0.2 mM dNADH. 2M valinomycin, 24M nigericin, or 104M the transmembrane helices has been suggested for ND6 based

FCCP was added to the assay mixture containing 50 mM Mops On homology-based modeling and computational prediction
(pH 7.3), 10 mM MgC4, 50 mM KCI, 2uM ACMA, and E. coli (49).
membrane samples (15@ of protein/mL). It is conceivable that site-directed mutation studies target-
ing at conserved amino acids as well as the residues related
be linked to LHON (9). Tyr-59 is an evolutionarily = to human diseases help us to clarify possible roles of
conserved residue with protonable function that lies within membrane domain subunits on the activity and the assembly
TMS3. Mutations of this residue (Y59C and Y59F) resulted of NDH-1. The work presented here is the first of such
in a significant inhibition £40-50%) of the energy- approaches applied to the ND6 subunit and should be
transducing NDH-1 activities as well as reduced membrane expandable to other subunits that are known to be clinically
potential. Met-64 is also in TM3 but is poorly conserved important in mitochondrial complex I.

dNADH
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