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ABSTRACT. The proton-translocating NADH-quinone oxidoreductase (NDH-Barfacoccus denitrificans

is composed of 14 different subunits (designated Neb4), seven of which are located in the membrane
domain and the other seven in the peripheral domain. It has been previously reported that membrane
domain subunit Ngo7 (ND3) directly interacts with peripheral subunit Nqo6 (PSST) by using a cross-
linker, m-maleimidobenzoyN-hydrosuccinimide ester, and heterologous expression [Di Bernardo, S.,
and Yagi, T. (2001FEBS Lett. 508385—388]. To further explore the near-neighbor relationship of the
subunits, a zero-length cross-linker, 1-ethyl-3-[3-(dimethylamino)propyl]jcarbodiimide (EDC), and the
Paracoccusmembranes were used, and the cross-linked products were examined with antibodies specific
to subunits Nqot11. The Nqo6 subunit was cross-linked to subunit Ngo9 (TYKY). In addition, a ternary
product of Ngo3 (75k), Nqo6, and Ngo7 and binary products of Nqo3 and Ngo6 and of Nqo6 and Nqo7
were observed, but a binary product of Nqo3 and Nqo7 was not detected. The Ngo4 (49k) subunit was
found to be associated with the Nqo7 subunit. Furthernm@aeacoccussubunits Nqo3, Nqo6, and Nqo7

were heterologously coexpressedBrmcherichia coli and EDC cross-linking experiments were carried

out using theE. coli membranes expressing these three subunits. The results were the same as those
obtained withParacoccusmembranes. On the basis of the data, subunit arrangements of NDH-1 were
discussed.

The proton-translocating NADH-quinone oxidoreductases two domains 9). One is a peripheral domain composed of
are members of the bacterial and mitochondrial respiratory seven subunits (Nge16 and Nqo9) and extruded into the
chains (designated NDHt&nd complex | in bacteria and  cytoplasmic phaselQ, 11). This segment bears all known
mitochondria, respectively)l( 2). The bacterial NDH-1 cofactors 4). The other is a membrane domain segment
generally contains one FMN and eight iresulfur clusters bearing seven hydrophobic subunits (Ngqo7, Nqo8, and
as cofactors J). Of these iror-sulfur clusters, two are  Ngol10-14) which are homologues of seven mitochondrially
binuclear clusters (N1a and N1b) and the remaining six are encoded subunits of complex | (NBB and 4L) (2, 13).
tetranuclear clusters (NIN5, N6A, and N6B) 4). These The Ngo6/PSST subunit is believed to house center N2 (the
cofactors are involved in electron transfer from NADH to E,, value of N2 is the highest of all the irersulfur clusters
quinone, and during this process, protons (or sodium ions) and is known to be pH-dependeént}4—16) and was labeled
are translocated across the cytoplasmic membrane. The H with a photoaffinity analogue of pyridaben, a potent complex
2e ratio has been reported to be ). (Elucidation of the | inhibitor (18). In addition, we have recently demonstrated
mechanisms of electron transfer and proton translocation isthat the Nqo6/PSST subunit directly interacts with the
challenging because of the complexity of the enzyme. membrane domain subunit Ngqo7/ND39|. It has been
Complex 1 is composed of 46 different subunits, and the syggested that the Nqo6/PSST and Ngo9/TYKY subunits
baCteriaI NDH'l, albe|t Sma”er, St|” Contains 14 dissimilar (Paracoccuﬂ)ovine) are at the interface between the pe_
subunits (Nqot 14y (6—8). The NDH-1 consists of atleast  yipheral domain and the membrane segment and thus play a
central role in energy transductiohQ; 11). Therefore, it is
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PSST, Nqo9/TYKY, Nqo3/75k, Ngo4/49k, and Nqo7/ND3 Anti-Nqo3 Nqo4 Nqo6 Nqo7 Nqo9
are close to each other and some are in direct contact.
114—
QO —
EXPERIMENTAL PROCEDURES 69—
57—
Antibody ProductionAntibodies specific to the individual —
subunits of ParacoccusNDH-1 were raised as reported B
previously (1, 20—22) and used after affinity purification.
The Ngot-6 and Ngo9 antibodies were raised in rabbits 29—
against the whole subunit, while the Ngo7, Ngo8, Nqo10, 23—
and Ngoll antibodies were produced in rabbits using e e
C-terminal oligopeptides of the individual subunits. 18— .
Chemical Cross-Linking Experiment&holate-treated -
Paracoccusmembranes were prepared as described previ- 9—

ously (10). The membranes were suspended at a proteinFgure 1: Immunoblotting of theParacoccusmembranes with
concentration of 1 mg/mL in 50 mM potassium phosphate affinity-purified antibodies specific to subunits Ngo3, Nqo4, Ngo6,
buffer (pH 7.5). The membrane samples were incubated with Ngo7, and Ngo9 oParacoccusNDH-1. Membrane samples (10
5 mM EDC and 5 mM Sulfo-NHS fo1 h at room ug of protein) were applied on each lane of a Laemmli SR8.5%

. . . polyacrylamide gel. The numbers to the left of the gel denote
temperature in the dark on a rotating Whe_el. The reaction o lecuiar sizes of marker proteins (kilodaltons).
was terminated by the addition of 50 mM Tris-HCI (pH 7.5).

After a 30 min incubation, an equal volume of2aemmli 45 incompatible plasmids introduced into the same cells
sample buffer was added, and the resulting samples wereyhich may lead to the ultimate loss of one plasmid.

?:l:bje(i}ﬁﬁl( tg SDSiPASVEra?dd \r/l\t/i?iSt(Tm il:r)]lottlfr;%i?r_lalyr?f(iasa Coexpression of the Paracoccus Ngo3, Ngo6, and Ngo7
0SS €d species were ldentitied using aminity-puriied o, nits in E. coli MembranesThe pKT230(Ngo7-6)

antibodies raised against the individual subunitsPafa- plasmid was first introduced intB. coli strain BL21(DE3)

coccusNDH-1. Extraction of peripheral su_bunlts was carried by CaC}-mediated transformation, and the transformed cells
out as follows. Membrane samples obtained after the cross-

S ) . were spread on LB agar plates containing B@/mL
:,'grk'ln5g n?irr?;?%lé)iec V;ﬁ;ef:g;?f;::f?hb;&i% m:gelt'i%gls Ii\r|1a; kanamycin. A well-isolated colony retrieved from the plate
liquid nitrogen/water bath at 38C. The suspensions were described above was grown in<2YT medium and then ;
centrifuged in a Beckman Airfugé at 30 psi for 15 min. The made_competent. These cells were then transformed with

! o lasmid pET11a(Nqo3) and screened on LB agar plates for
supernatant and resuspended pellets [in 50 mM potassiu

; : . oth kanamycin and ampicillin resistance. A single colony
gggig?gt:sbggggr(iﬂg d7.a5t)>]o\</vgre subjected to immunoblotting was selected and used to inoculate 5 mL ®f 2T medium

) _ ) with both kanamycin (5Q:g/mL) and ampicillin (100ug/
Construction of Coexpression VectoFr coexpression  m|) added and incubated overnight at&7, Two milliliters
of the ParacoccusNqo3, Ngo7, and Nqo6 subunits in  of this start culture was used to inoculate 250 mL of TB
Escherichia coli a two-plasmid coexpression system was medium supplemented with 1% glucose, A/mL kana-
employed in this study. The first expression vector for the mycin, and 10Qug/mL ampicillin. Cells were grown at 25
Nqo3 subunit, named pET11a(Nqo3), was constructed asec with shaking until theAse reached 0.5. Isopropyl--
described previously2@). The second vector used for thjpgalactopyranoside was then added to a final concentration
coexpression was generated as follows. A DNA fragment of 9.2 mM, and the culture was incubated for an additional
containing thengqo7andngo6genes was constructed from 29 K at 20°C with shaking at 250 rpm. Cell membranes
plasmid pXT-3 @4) using PCR. A sense primer €5  \yere prepared as described previous§)(
AGGGAGCCCAACCATATGGAATACCTGCTG-3 and Other Analytical ProceduresThe protein concentration

an antisense primer ' (68AGAGGGCTTCGGATCCGGCT- of membrane : ;
) S preparations was determined by the BCA
CACCTCACC-3) were synthesized (underlined bases altered protein assay kit (Pierce) according to the manufacturer's

to generate ahldd site at the translation initiation codon of protocol after solubilization of the membrane in 2% SDS.

thznqo?f ?ﬁne agd Barl Sit?. d?wn_srt;eam o;‘_f;hg [S)KI)R SDS-PAGE was performed using the discontinuous system
codon of thenqo6gene, respectively). The amplifie of Laemmli £6). Instead of being boiled, protein samples

was sub(_:]!pr:jecli)into pCR-S(_:ript @rr;p SKY ?[nd its isequ%nce were incubated at room temperature foh before being
\(/jvas_ ve? 'g CI%/ [\Teq;J%anjlf?éjd—% rr?;llj Dlrll\lgAl? asmi twas loaded onto the gel. Immunoblotting was carried out using
esignated pCR(NQo7-6). a ragmen the SuperSignal West Pico system (Pierce). Any variations

digested from pCR(Nqo7-6) was then purified and ligated - ; -
into the Ndd and BanH]I sites of the pET11a vector. The ;irgmetT:ggac:jcse.dures and other details are described in the
e

plasmid thus obtained was designated pET11a(Nqo7-6). Th
pET11a(Ngo7-6) plasmid was digested wiglll and EcaRl. RESULTS

The Bglll —EcaRI fragment, which contains thegqo7 and

ngo6 genes within the T7 expression cassette, was then Figure 1 displays the reactivity of tHéaracoccusnem-
subcloned into theBanHl and EcoRl sites of plasmid branes with the antibodies specific to subunits Nqo3, Nqo4,
pKT230 to generate the pKT230(Nqo7-6) expression vector. Nqo6, Nqo7, and Nqo9. Itis clear that each antibody strongly
The pKT230 vector, which is an IncQ broad host-range reacted with a single band in the SDS gels ofRta@acoccus
multicopy plasmid, was used to prevent the instability of membranes. The molecular sizes of the bands (72, 48, 19,
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Ficure 3: Effect of extraction by a chaotropic agent on the EDC-
cross-linked productsParacoccusmembranes were first treated
with (+) or without (=) 5 mM EDC as described in the legend of
Figure 2. The membranes were then incubated in the presence of
1.5 M Nal for 15 min at 30C. This procedure is known to remove
peripheral subunits of NDH-1. The membrane suspensions were
centrifuged with a Beckman airfuge, and the resulting supernatant
(S) and membrane suspensions (M) were mixed with an equal
volume of 2« Laemmli’'s sample buffer. Thirty microliters of each
sample was loaded on Laemmli SB$2.5% polyacrylamide gels.

Immunoblotting was carried out with affinity-purified antibodies

) specific to theParacoccudNDH-1 subunits indicated in the figure.
- —-—Nqo6+9 (41k)

W —a—Ngo6+7 (34k) enhance the coupling reaction by EDC at physiological pH.

Utilizing the EDC/Sulfo-NHS system, we investigated the
spatial relationship of the subunits that directly interact with
each otherParacoccusmembranes were incubated in the
presence of EDC and analyzed by immunoblotting using
affinity-purified antibodies specific to the 11 subunits of
9 <—Nqo4 (48k) ParacoccusNDH-1 described above. The EDC treatment
p— ~—Nqo6+7 (34K) gave rise to several new bands. They were detected by
antibodies to subunits Nqo3, Ngo4, Ngo6, Ngo7, and Nqo9,
but none of them reacted with antibodies to subunits Nqo1,
Ficure 2: Immunoblotting of theParacoccusmembranes after Nqgo2, Nqos, Nq08, Ngo10, and Nqoll. Figure 2A shows
treatment with a zero-length cross-linking reagent, EDC. Mem- that a cross-linked product of the 41 kDa band was
branes were incubated in the presence of 5 mM EDC as describedrecognized by antibodies against subunits Nqo6 and Ngo9.
in Experimental Procedures. Membrane sampleg(LOf protein) Furthermore, as shown in Figure 2B, the 34 kDa band was
were applied on each lane of Laemmli SDE)% polyacrylamide — yqtacted by Ngo6 and Nqo7 antibodies, the 94 kDa band by
gels. Immunoblotting was performed using affinity-purified anti- . - !
bodies specific to the individual subunits BaracoccusNDH-1 Nqo6 and Nqgo3 antibodies, and the 115 kDa band by the
[(A) anti-Ngo9 and anti-Ngo6 antibodies, (B) anti-Ngo3, anti-Ngos, Ngo3, Ngo6, and Ngo7 antibodies. It should be noted that a
and anti-Ngo7 antibodies, and (C) anti-Ngo7 and anti-Ngo4 binary product composed of Ngo3 and Ngo7 was not
antibodies]. The identified cross-linked products are marked on the getected in our experiments. In addition, in Figure 2C, the

right with the M, values. Note that in some cases overexposure of : : : .
the film was necessary to reveal minor cross-linked bands. For 57 kDa band reacted with antibodies against Ngo4 and Ngo7.

reproducibility, the experiments were carried out at least three times. A band with anM; of ~70 kDa that appeared in the anti-
Nqo7 blot (Figure 2B) is not a cross-linked product but the
14, and 21 kDa for Nqo3, Ngo4, Ngo6, Ngo7, and Ngo9, nonspecific band which was also seen in Figure 1.
respectively) are consistent with those of subunits isolated We have shown that the peripheral subunits can be
from the ParacoccusNDH-1 and expressed i&. coli (10, extracted with a chaotropic agent, while the membrane
19, 22, 23, 27—31). The antibody to subunit Nqo7 faintly = domain subunits resist the extractidt©(11). Therefore, if
reacted with a band with avi, of ~69 kDa. This band could  cross-linking occurs within the peripheral subunits, the
be extracted from th@aracoccusmembranes by treatment product should still be able to be extracted from the
with Nal (see below), suggesting that it was not related to membranes by Nal. In contrast, if a peripheral subunit is
membrane domain subunit Ngo7 (and did not disturb cross- linked to a membrane domain subunit, then it may no longer
linking experiments). Together with antibodies raised against be released from the membrane. Of particular interest was
the Ngol, Ngo2, Ngo5, Nqo8, Ngo10, and Nqol11 subunits the Nqo4-Nqo7 pair which would presumably span the two
(10, 18—21, 31), a total of 11 subunits can be detected in domains. Therefore, we carried out the extraction experiment,
our cross-linking experiments of NDH-1 in tiaracoccus and the result is presented in Figure 3. After incubation of
membranes. the Paracoccusmembranes with EDC, the membranes were
It has previously been demonstrated that the Nqo7 subunitsubjected to treatment with Nal. The suspensions were
directly interacts with the Ngo6 subunit by using a cross- centrifuged and separated into a soluble fraction and a
linker, mrmaleimidobenzoyN-hydroxysuccinimide ester, membrane fraction. Both fractions were examined by im-
with a 9.9 A arm (9). In contrast, EDC catalyzes formation munoblotting using anti-Ngo4 and anti-Nqo7 antibodies. The
of a peptide bond by coupling a carboxyl group to an amino Ngo7 subunit remained in the membrane, and the Nqo4 was
group and, therefore, works as a zero-length cross-linking mostly extracted from the membrane, in agreement with our
reagent. According to the literatur@4), Sulfo-NHS can previous observationd.(). The 57 kDa band that reacts with

C Anti-Ngo7 Nqo4

- o -a—Ngod+7 (57k)
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Ficure 4: Coexpression of thBaracoccusNqo7, Ngo6, and Nqgo3 subunits B coli membranes and effects of EDC treatment on the
expressed proteink. coliwas cotransformed witRaracoccuggenesngo?, nqog andngqo3 Membranes were prepared from the transformed

E. coli cells and incubated in the presencke) (or absence<) of 5 mM EDC. Immunoblotting was carried out with affinity-purified
antibody againsParacoccussubunits Ngo6 (left), Nqo3 (center), and Nqgo7 (right). Although the Ngo3 protein tended to be partially
degraded, the immunoblotting patterns of the degraded Ngo3 subunit were not changed after treatment with 5 mM EDC. Control membranes
were prepared from the nontransforntedcoli membranes. Membrane samples (@0of protein) were used for immunoblotting analyses.

The numbers on the left are the molecular sizes of the marker proteins.

the anti-Ngo4 and anti-Ngo7 antibodies was found predomi-
nantly in the membrane fraction, supporting the identification
of this cross-linked product. In addition, the anti-Nqo4
antibody reacted with a band with afy of ~65 kDa in the
EDC-treatedParacoccusmembranes. The fact that the 65
kDa band was not extracted by Nal suggests that the other
subunit cross-linked to Nqo4 in this product may be a
membrane domain subunit. Given tdeof 48 kDa for Nqo4,
the partner subunit may have awd, of 15-25 kDa.
Membrane domain subunits that fall in this range are Ngo7,
Ngo8, Ngo10, and Ngol11l. Antibodies to these subunits were
raised against their C-terminal oligopeptides. If the C- '
terminal parts of these subunits are involved in the cross- i
Il;nklnga antlgenlchItgts may b?blost. Tlhzrta‘ofre, t?r(]ase mergl FIGURE5: Speculative model of subunit interactions among Nqgo7,
rane domain subunits cannot be excluded from the possibI€y g6, Ngo9, Nqo4, Ngo3, Ngo5, Ngol, and Ngo2. It should be
candidates. noted that the sizes of the subunits in the figure are not proportional
To further confirm that the Ngqo3 and Nqo7 subunits to their molecular mass. The irersulfur centers are underlined.
interact with the Nqo6 subunit, we attempted to coexpress _Sub_units connected .by a solid block were demopstrated to interact
Paracoccusgenesngo3 nqo§ and nqo7 in E. coli and :2 tg;fg‘%ﬁgﬂé%&?gﬁg;; rgérl))r.esented with wavy lines were reported
investigated whether the expressed subunits are assembled

in E. coli membranes. It should be noted that when these Ngo7 antibodies, and the 94 kDa band was detected by anti-
genes were !ndlwdually expressedEn coli, the Nqo6 and Ngo6 and anti-Ngo3 antibodies. The 115 kDa band was
l\r|1q07|\| sugunltts) were fouf‘d 'R the meorgbr%g@, (:1';9) aﬂd recognized by all three antibodies. A NgoRqo7 product

the Ngo su unit \'/vasrﬁln tl.e cytos :f ).d qrht € was not detected. All the results from the heterologous
coexpression experimert, coliwas transformed with two expression system are in complete agreement with those

exzrﬁ]ssiot?] pIasm_idsi one3bears :f??tﬁn? nqof6 gen?_s, obtained with theParacoccusnembranes. Furthermore, we
and the other carries tmgjo3gene. After the transformation, previously demonstrated that the Nqo7 subunit is attached

E. coli membranes were prepared and subjected to immu—to the Nqgo6 subunitl(9). Therefore, it is conceivable that

nobIoFting anaIysNeSH Ihf coli r_nelgrjbrani prgp;}araéi}on the expressed Ngo3 and Nqgo7 subunits were cross-linked
CO:’_ItﬁII’ISgItS ol\\/lvn 7 b ) 'ts seetn(;n t'ﬁl‘t'rr]e ' r;_eblt der 1€ d through the Ngo6 subunit in th€. coli membranes. These
coll Ngos or Nqo /7 subunit reacted wi € antibody raise agree with the concept that the Ngo3 subunit directly interacts

against the respectivéaracchussubunit. In the case.o.f with the Ngo6 subunit which then connects to the Ngo7
Nqgo6, theE. coli protein exhibited a weak cross reactivity subunit in theParacoccusnembranes andice versa On

with the antiParacoccusNqo6 antibody as reported else- the basis of the available data, we have drawn a schematic

where (9) but not to an extent that would interfere with the model of subunit arrangements of NgoZ and Ngo9 as
assay. Interestingly, the expresgtatacoccudNqo3 subunit shown in Figure 5
e

was located in the membrane, indicating that the presenc
of the other two subunits caused migration of Nqo3 to the p|scussioN

membrane fraction. When tti& colimembranes containing

the three expressdelaracoccussubunits were treated with Itis known that cofactors of the NDH-1/complex I, FMN,
EDC, three new bands appeared at 34, 94, and 115 kDa.and iron—sulfur centers are all located in the peripheral
The 34 kDa band was recognized by anti-Nqo6 and anti- domain of the enzyme. However, the electron pathway

Ngo 8, 10, 11,12,
13 and 14

prerrread



3754 Biochemistry, Vol. 43, No. 12, 2004 Kao et al.

through the carriers is still largely speculative. Understanding specific mutants together with sequence motif analyses of
near-neighbor relationships of the subunits should provide the ubiquinone-binding site4(). Interestingly, Ohnishi’s

a clue as to how the redox events take place within the group observed strong magnetic interaction between center
domain. Earlier cross-linking experiments using isolated N2 and semiquinone radical in the oligomycin-treated bovine
bovine complex | and a cross-linker ethylene glycol bis- heart submitochondrial particles, which indicated the proxim-
(succinimidylsuccinate) showed that three subunits, 51k/ ity (8—11 A) between the semiquinone radicals and center
Ngo1l, 24k/Ngo2, and 9k, are associated with each other andN2 (41). Therefore, this semiquinone radical might represent
that the 51k/Ngol subunit is in the proximity of the 75k/ the quinone-binding site proposed to be on the Nqo4/49k
Ngo3 subunit 84). As illustrated in Figure 5, the Nge13 subunit. We cannot, however, eliminate the possibility of
subunits of theParacoccusenzyme house five ironsulfur the presence of another quinone-binding site as recently
centers, namely, N1a, N1b, and NR5 (31, 33, 35). Given reported by using photoaffinity labeling with isolatedcoli

the fact that the Ngo1 subunit binds NADH and presumably NDH-1 (42).

FMN, itis likely that the three subunits are involved in earlier =~ We are beginning to see the links, albeit slowly, around
steps of the electron transfedl). As for the downstream  the central core subunits that connect the peripheral part and
events, many lines of evidence lead us to believe that centerthe membrane domain of the NDH-1/complex I. A more
N2 is near or at the end of the chain and plays a key role in detailed picture should help elucidate the entire electron
the reaction with quinones and that N2 is located in the Ngo6/ pathways and energy coupling of this enzyme.

PSST subunitl5, 16). We have demonstrated in this paper

that the Nqo3/75k subunit is in direct contact with the Nqo6/ ACKNOWLEDGMENT
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