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Abstract We previously cloned a part of ngr operon encoding
the Na*-translocating NADH-quinone reductase (NQR) from
the marine Vibrio alginolyticus [Hayashi et al., FEBS Lett. 356
(1994) 330-332]. From its nucleotide sequences, four consecutive
open reading frames (ORF) encoding the y-subunit (27.7 kDa),
two unidentified ORFs of 22.6 kDa and 21.5 kDa, and the
B-subunit (45.3 kDa) were recognized. The gene encoding the
a-subunit was located upstream, and together with the recent
report by Beattie et al. [FEBS Lett. 356 (1994) 333-338], the ngr
operon was found to be constructed from six consecutive struc-
tural genes, where nqrl, nqr3 and nqr6 correspond to the a-, y-,
and f-subunits, respectively, of the NQR complex.
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1. Introduction

Gram-negative marine and moderately halophilic bacteria
have a unique Na*-translocating NADH-quinone reductase
(NQR) complex as a first segment of the respiratory chain [1-5].
The enzyme complex purified from the marine Vibrio alginolyt-
icus was composed of three subunits, a, 8, and ¥ [6]. Recently
we have cloned a part of ngr operon that contains the structural
genes for the y-subunit and S-subunit [7]. At the same time,
Beattie et al. reported the presence of four consecutive open
reading frames in the ngr operon containing the structural
genes for the a-subunit and y-subunit [8]. Our sequence data
overlapped with those reported by Beattie et al. [8] at the struc-
tural gene for the y-subunit. Thus we could construct the align-
ment of structural genes in the ngr operon. This paper reports
the sequencing of the latter half of the ngr operon and the
complete alignment of 6 ORFs in the ngr operon.

2. Materials and methods

2.1. Materials

The subclone, p3Cl, was prepared as described in [7]. The probe
DNA was labeled with digoxigenin-dUTP with the DIG DNA labeling
kit (Boehringer-Mannheim Biochemica), and was used for the Southern
hybridization.

2.2. Analytical methods

Subcloning, restriction mapping, the preparation of template DNA,
and other standard methods were performed as described in [9]. DNA
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was sequenced by the dideoxy method using Sequenase Version 2.0
DNA Sequencing Kit (Amersham). The primers used for sequencing
were synthesized with Oligo1000 DNA Synthesizer (Beckman). A part
of DNA was sequenced by an Automated Fluorescent DNA Sequencer
(Shimazu DSQ-1000, Kyoto). Sequences were analyzed using the GEN-
ETYX-Mac.

3. Results

3.1. Sequencing of nqr genes

Fig. 1 shows the restriction maps and the strategies of nucle-
otide sequencing of p3Cl. The structural genes were renamed
using numbers as discussed below. The nucleotide and deduced
amino acid sequences of the cloned ngr genes are shown in Fig.
2, where 4,586 bps were sequenced. Four open reading frames
(ORF) were detected. The first ORF (ngr3) starting from the
nucleotide sequence of 965 had the predicted N-terminal and
intermediate amino acid sequences determined from the y-sub-
unit [7]. Its sequence has been reported in [10] and registered
under Accession Number D43958. It was composed of 256
amino acid residues with the M, value of 27,703 Da, which was
close to the experimental value of 32 kDa [6] determined by
SDS-PAGE gel electrophoresis. The nucleotide sequence of the
first ORF was in agreement with that of the ngrC gene reported
by Beattie et al. [8] except for one point. In our nucleotide
sequence, 1,513 and 1,514 were read as AT (Fig. 2), and thus
the predicted amino acid residue was converted from R to W.
The second ORF (ngr4) encoded 210 amino acid residues,
which was in complete agreement with that of ngrD. Undoubt-
edly, our sequence data overlapped with that of Beattie et al.
[8] at the first and the second ORFs. The third ORF (ngr5)
encoded 198 amino acid residues. This protein was not identi-
fied in the purified NQR complex.

The fourth ORF (ngr6) encoded 407 amino acid residues with
45,274 Da, which was close to the value of 46 kDa for the
B-subunit [6]. We previously prepared the probe B for the 8-
subunit, but it was inappropriate for the cloning of ngr operon
[7]. By cloning a gene from the genome of V. alginolyticus with
the probe B and sequencing its subclone, it was found that the
amino acid sequence predicted an outer membrane maltoporin-
like protein (unpublished results). Thus, the amino acid se-
quence for the B-subunit was incorrect. The region of the fourth
ORF was confirmed to be indispensable for the expression of
the f-subunit [7]. Moreover, the deduced amino acid sequence
contained a common structure for NADH- or FAD-binding
site. Thus, this ORF was assigned to be the structural gene for
the S-subunit. Downstream of this ORF was a region of dyad
symmetry followed by a T-rich region (Fig. 2), suggesting the
end of ngr operon.
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Fig. 1. Restriction maps and sequencing strategies of p3Cl. B, Bg/ll; H, HindIll; K, Kpul; P, PstI; Sa, Sall; Sp, Sphl; X, Xbal.

Table 1
Properties of four structural genes in the ngr operon

nqr3 nqrd nqrs ngré
Nucleotide residue 965-1,735 1,735-2,367 2,375-2,971 3,005-4,228
Amino acid residue 256 210 198 407
M, (Da) 27,703 22,602 21,540 45,274
pl 4.38 9.17 7.00 4.55
Corresponding subunit unknown unknown B
Membrane-spanning helix 1 67 6 1-2

4. Discussion

We previously used ngrA4, B and Cto call the structural genes
for the a-, B- and y-subunits [7]. Beattie et al. reported the
sequencing of four consecutive structural genes of ngr operon
from V. alginolyticus and these genes were named as ngrd, B,
C and D [8]. Among them, ngr4 and C were identified as the
structural genes for the a- and y-subunits, respectively. The
predicted N-terminal amino acid sequences coincided with our
previous data [7]. Moreover, the nucleotide sequences of ngrC
and D reported by Beattie et al. [8] coincided with those of the
first and the second ORFs in the present paper. It is clear that
the latter half of the ngr operon is sequenced in this paper. To
avoid confusion, we recommend renaming the structural genes
of the ngr operon with numbers starting from ngrA. Table 1
summarizes the properties of four structural genes in the ngr
operon. In combination with the data of Beattie et al. [8], the
nqr operon is apparently constructed from 6 ORFs, where nqri,
ngr3 and ngr6 encode the a-, y- and S-subunits, respectively.
The proteins encoded by ngr4 and ngr5 are very hydrophobic
and have several predicted membrane-spanning helices. The
amino acid sequences for proteins Nqr3-6 are not closely re-
lated to any subunits of H'-translocating NADH-quinone re-
ductase from prokaryotes [11,12] and eukaryotes [13,14], sug-
gesting a unique structure of the Na*-translocating NQR com-
plex.

Our purified NQR complex was composed of three subunits,
a, f and y [6]. Using ubiquinone-1 as a substrate, the three
subunits were essential for the Na*-dependent NADH-quinone
reductase activity. Therefore, the presence of three subunits is
a minimum requirement for the catalytic activity. The role of
subunits encoded by ngr2, ngr4 and nqgr5 is unknown at present,
and it is necessary to confirm their roles by reconstitution
experiments.
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Fig. 2. The nucleotide and deduced amino acid sequences of the ngr
genes. Each open reading frame was named as nqr3,4,5 and 6 as shown
in Table 1. Boxed amino acid sequences indicate the N-terminal and
intermediate sequences determined for the y-subunit. Underlined nu-
cleotide sequence denotes putative Shine-Dalgarno sequences. Arrows
represent a region of dyad symmetry adjacent to a poly(dT) region. The
data are submitted under the Accession Number D49364.
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10 20 30 40 S0 60 70 80 99 100 110 120
CAACTAGCGACAGTTATCTCTGGTAACTGGCACTACT GGCTAACT GAAAT GCT GGGCGGAACGATTGCCGCT GAT GCAGGGGT TGGCAGTAAGAT GCTACTAGGT GCGACCTACTTCCTA
140 150 160 170 180 190 200 pal:) 220 230 240
CCTATCTACGCAACAGTATTCCTTGTTGGT GGTTTCTGGGAAGT GCTTTTCTGTATGGT GCGTAAGCACGAAGTAAACGAAGGCTTCTITGTTACTTCTATCITGTTCGCACTTATCGTT
250 260 270 280 290 300 310 320 330 340 350 360
CCACCAACGCTACCT CTATGGCAAGCGGCACTAGGTAT CACATTTGGT GTTGTTGTTGCGAAGGAGAT CTT CGGTGGTACAGGT CGTAACTTCCTTAACCCTGCACTTGCAGGTCGTGCA
370 380 3% 400 410 420 430 440 450 460 479 480
TTCCTATTCTTCGCTTACCCAGCGCAAATCT CGGGT GACGTAGTAT GGACT GCAGCTGACGGCTTCTCTGGT GCAACTGCTCTTAGCCAAT GGGCTCAAGGTGGTAACGGTGCTCTAGTT
490 500 519 520 530 540 550 560 570 580 590
AACACAGTAACT GGTTCTCCTAT CACTTGGAT GGACGCTTTCAT CGGTAACATCCCTGGCT CTATTGGYGAAGTAT CGACT CTAGCT CTAAT GATCGGTGCAGCGATGATCGTTTACATG
619 620 630 640 650 660 670 80 690 700 710 720
CGAATCGCTTCATGGCGCAT CATTGCGGGCGTAAT GAT CGGTAT GATT GCAGTATCGACT CTGT T TAACGT GATCGGTT CTGACACTAACCCAAT GTTCAACAT GCCATGGCACTGGCAC
740 750 760 770 780 790 300 810 820 830 840
CTAGTTCTAGGT GGTTTT GCATTCGGTATGTTCTTCAT GGCAACGGACCCAGTAT CAGCGT CATTTACTAACAAAGGTAAATGGT GGTACGGCAT CCTGATTGGT GCAATGT GTGT GATG
850 860 870 880 890 900 910 920 930 940 950 960
ATCCGTGTAGTTAACCCGGCGTACCCAGAAGGTAT GAT GCTGGCGATTCTATTCGCGAACCTATT CGCACCT CTGTTCGACCATGTAGT GATT GAGAAGAACAT CAAGCGGAGACTAGCA

970 980 9% 1000 1610 1020 1030 1040 1050 1060 1070 1080
CGCTATGGCAAGTAATAACGACAGCATTAAAAAGACGCT GGGT GTTGTTAT CGGGTTGAGCCTTGTTTGTTCAATCATCGTATCAACAGCAGCAGTAGGT CTGCGTGATAAGCAAAAAGC
[rar3] M [A_ S N N D ST K KT L GVVIGLESLYCSIIVSTAAVGLRDEKR® QXA
19% 1106 1110 1120 1130 1140 1159 1160 1170 1180 119 1200
TAACGCTGTCCTAGATAAGCAATCAAAGAT CGTT GAAGTT GCAGGCATTGACGCGAACGGTAAGAAAGTACCAGAGCTATTTGCT GAGTACAT CGAACCTCGT CTGGTAGACCTTGAAAC
N AVLDEKAQSEKTIVEVAGIDANGSGE KT KVPELFAEYTIEPRLVDLET
1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
AGGTAACTTTACTGAGGGTAAT GCATCTACGTACGATCAGCGT GAAGCAT CAAAMAGATGCAGAACGTTCAAT CGCATTGACACCAGAAGAAGATGT CGCTGATATCCGTCGTCGTGCGAA
G NFTEGNASTYDOQREASKDAERSTIALT®PETEDVADTIRE KT RAN
1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440
TACAGCAGTGGT GTACTTAGTAAAAGACCAAGAT GAAGT CCAAAAAGT TAT CTTGCCTAT GCACGGTAAAGGACTATGGT CGAT GATGTATGCCTT TGTAGCCGTTGAAACT GATGGT AR
TAVVYVYLVYKDO QDEVYQKVYILPMHGEKTSGLWSMMYAFVAVETDGN
1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560
CACTGTGTCTGCTATTACTTACTACGAGCAAGGT GAAACT CCTGGACTTGGT GGT GAAGTAGAGAACCCTTCATGGCGCGATCAATT CATT GGCAAGAAATTGTACAATGAAGATCATCA
TVSAITYYE[QGETPGLGGEVERNTPSW¥WRDQFTIGEKTEKLYNEDHDQ C
1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680
GCCAGCGATTAAGGT CGTGAAAGGCGGCGCACCGCAAGGTTCT GAGCACGGTGTTGATGGCCTATCAGGAGCAACGCTCACTAGTAAT GGT GTTCAACACACATTTGACTTCTGGTTAGG
PAIKVVYEKSGGAPQGSEHGYDGLSGATLTSNGVQHTFDEFWLEG
1690 1700 1710 1720 173 1740 1750 1760 1770 1780 179 1800
TGACMGGGCWTGGTCCTI’T(CTAGCAMAGTTCGTGACMMCTTMCI’MTGTCTAGTGCA(AAMCG'ITMMAGAG(ATTCTAGCGCCAGTATTGGATM(MCC(MTCGCG

0D K GF GPFLAKVYRDGE.'L
MSSAQNVKKSILAPVLDNNPIA

181e 1820 1830 1840 1850 1860 1870 1830 1890 1900 1910 1928
CTACAAGTTCTTGGTGTATGTTCTGCT CTTGCAGT AACAACTAAACTAGAAACAGCTTTTGTAAT GACGCTAGCGGTAACATTTGTAACTGCGCT GTCTAACTTCTCT GTTTCATTGATC
LQVLGVCSALAVTTKLETAFVMTLAVTFVTALSNEFSVYSILI

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040
CGTAACCACATTCCTAACAGTGTGCGTATCATCGTTCAGATGGCAATTATCGCATCGCTAGTAATCGT GGTAGACCAGGT GCTAAAAGCTTACCTATACGATAT CTCTAAACAGCTATCT
R NHIPNSVRIIVQMATITIASLVIVVDQVYLEKAYLYDISIKQ QLS

2050 2060 2e70 2080 289 2100 2110 2120 2139 2140 2150 2160
GTATTCGTTGGTCTGATTATCACTAACTGTATCGTAAT GGGT CGTGLTGAAGCATTCGCAATGAAGT CTGCGCCAGTACCATCT CTTATTGACGGTATTGGTAACGGT CTAGGTTACGGT
VFVG6LIITNT CIVMGRAEAFAMKSAPVYPSLIDGIGNS GLG GYS®G G

217e 2180 2190 2200 221e 2220 2230 2240 2250 2260 2270 2280
TTCGTTCTTATCACTGTAGGTTTCTTCCGTGAGCTATTT GGCT CAGGCAAGCTATTTGGCCTAGAAGT TCTACCT CTAGT GAGCAACGGTGGTTGGTACCAGCCTAACGGCCTAATGCTA
FVLITVGFFRELTFGSGKLTFGLEVLPLWVSNG® GWYQPNG GLMIL

2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400
CTAGCACCATCAGCATTCTTCCTAATCGGCTTCCTTATCTGGGYAATCCGTATYCTGAAACCAGAACAAGT AGMGCGAAGGAGTMGGACGT(ATGGAACATYA(ATTAGT CTGTTAGT

LAPSAFFLTIGFLTIWVYIRTILEKPEGQ QVYEAEKE.
[asfu e v v 1 s 1oL v

2410 2420 2430 2440 2450 2460 2470 2489 2490 2500 2519 2520
TAAATCGATTTTCAT CGAAAACAT GGCTCTGT CTTTCTTCCTAGGTATGT GTACTTTCCTTGCCGTAT CTAAGAAGGTTAAGACCTCTTTCGGCCTAGGT GTTGCAGT TGTGGTAGTACT
K ST FIENMALSTFTFLGMCTFLAVSEKIKVYKTSFGLGVAVVYVVL

2530 2549 2550 2560 2570 2580 2590 2600 2610 2620 2630 2640
GACTATCGCTGTTCCT GTGAACAACCTAGTATACAACCTAGT TCTGAGAGAGAACGCGY TAGTTGAGGGCGT GGACCTTAGCTY CCTAAACTTCATCACCTTTATCGGTGTAATTGCAGC
TIAVPVNNLVYNLVYLRENALVETSGVYDLSFLNTFITIFIGYVTIAHA

2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 2760
ACTTGTACAGATTCTAGAGATGGTTCTAGACCGTTTCTTCCCACCTTTGTACAACGCGCTAGGCATCTTCCTACCGCTGATCACAGTAAACT GTGCAATCTTCGGTGGT GTATCTTTCAT
LVQILEMYLDREFFPPILYNALTEGTIFLZPLTITVNT CAIFGGVSTFWM
2770 2780 2790 2800 2810 2820 2830 2840 2850 2860 2870 2880
GGTACAACGT GACTACAACTTT GCTGAATCTATCGTTTACGGTTTCGGCTCTGGT GTGGGCTGGATGCTAGCAAT CGTTGCTCTTGCAGGTATCCGT GAGAAGAT GAAGTACTCTGACGT
VQRDYNTFAESTIVYGGFGSGY GW¥MLAIVALAGTIRET KMKYSDYV
2890 2900 2910 2920 2930 2940 2950 2960 2970 2980 299¢ 3000
ACCTCCAGGT CTACGTGGTCTTGGTATCACATTTATCACTGTAGGT CTTATGGCGTTAGGCTTTATGTCTTTCTCTGGTGTTCAACT GTAAGT CGGGTAAACCGCAACAATTAAGGAATA
PPGLRGLGITFTITVYGLMALGSGFMSTFSGVQL *

3010 3020 303e 3040 3050 3060 3e79 3080 3090 3100 3110 3120
GICAATGGACATTATTCTTGET GTAGT GATGTTTACTCTGAT CGTACTTGCACTAGTACTAGT GATTCTTTTCGCTAAGT CTAAGCTTGTACCAACAGGT GACATTACAATTTCTGTGAA
MDITILGVVMFTLIUVLIALVLVILTFAKSKTIULVPTGDITTISUVN

3130 3140 3150 3168 3170 3180 3190 3200 3210 3220 3230 3240
CGATGACCCTTCTCTGGCGATCGTTACACAACCAGGTGGTAAGCTACT GAGT 6CT CTAGCCGGTGCTGGCGTATTCGTATCTTCT GCTTGT GGTGGCGGT GGCT CATGTGGTCAGTGTCG
DDPSLAIVTQPGGEKTLTLSALAGAGVFVSSACGGG GG GSTCGGQCR
3250 3260 3270 3280 3290 3300 3310 3320 3330 3340 3350 3360
CGTAAAAGTTAAAT CAGGT GGT GGCGACAT CCTACCAACCGAGCTTGACCATATTACTAAAGGT GAAGCACGT GAAGGT GAGCGT CTAGCGT 6TCAGGT T GCTAT GAAAACT GACATGGA
VKVEKSGSGG6DILPTETLDHMHTITKTG GEA ARTETGETRTILACQVYAMEKTTDMD
3370 3380 3399 3400 3410 3420 3430 3440 3450 3460 3470 3480
CATCGAGCTTCCTGAAGAAATCTTCGGCGTTAAGAAGT GGGAATGTACCGTTATCTCTAACGATAACAAAGCGACATTCAT CAAAGAGCTTAAGCTACAAATT CCAGAT GGCGAATCAGT
I ELPEETFGVYKEKWEGCTVTISNDNEKATEFTIKELEKLROQIPDGES?V
3490 3500 3510 3520 3530 3540 3550 3560 3570 3580 3590 3600
ACCTTTCCGTGCTGGTGGTTACATCCAGATTGAAGCACCTGCTCACCACGT GAAATACGCAGACTACGATATTCCTGAGGAATACCGT GAAGACT GGGAGAAGTTCAACCTTTTCCGTTA
P FRAGGYTIQTIEAPAHMYKYADYDTIPETETYRTETDWET KT FNLTEFR RY
3610 3620 3630 3640 3650 3660 3670 3680 3690 3700 3710 3720
CGAGTCTAMGTTAACGAAGAGACAAT CCGTGCATACT CAAT GGCTAACTACCCAGAAGAGCACGGTAT CATCAT GCTTAACGTTCGTATCGCAACT CCGCCGCCGAACAACCCAGACGT
ESKVNEETTIRAYSMANSYPEEHGTITIMLNVYRTIATPPPNNTEPTDYV
3730 3740 3750 3760 3770 3780 3790 3300 3810 3820 3830 3840
ACCACCAGGCATCATGTCTTCGTACAT CTGGTCTCTAAMAGAAGGCGACAAGTGTACTATTTCTGGTCCATTTGGTGAGTTCTTT GCGAAAGATACAGAT GCAGAAAT GGTATTCGTAGG
PP GIMSSYTIWWSLEKETGDTEKT CTISGPFGETFTFAKDTODAEMVYEFVG
3850 3860 3870 3880 3890 3900 3010 3920 3930 3940 3950 3960
TGGTGGTGCTGGTATGGCTCCAATGCGCTCACACAT CTTCGACCAACTTAAGCGT CTACACTCTAAGCGTAAGAT GTCTTTCTGGTACGGCGCACGTTCTAAGCGTGARATGTTCTACGT
G GAGMAPMRSHTIFDO QLEKRLHSEKREKMSFMWYGARSTEKT REMEFY YV
3970 3980 3990 4000 4010 4020 4030 4040 4050 4060 4070 4080
AGAAGACTTCGATATGCTACAAGCTGAGAATGATAACTTCGTATGGCACT GTGCACTGT CTGAT CCACTTCCAGAAGATAACT GGGAT GGTTACACT GGCTTTATTCACAACGTTCTTTA
EDFODMLOQAENSDAMNTFTVWHCALSD®PLPETDNGMSEDGYT® GEFTHNUVLY
4090 4100 4110 4120 4138 4140 4150 4160 4170 4180 4190 4200
CGAGAACTAT CTACGT GAT CACGAAGCGCCAGAAGACT GTGAGTACTACAT GTGT GGTCCACCTATGATGAATGCGGCT GTTAT CGGCATGCTAMAGAT CTAGGT GTAGAGGATGAAAA
ENYLRDHTEAPEDT CEYYMCGPPMMNAAYVTIGMLEKTDLTSGVYETDEN
4210 4220 4230 4240 4250 4260 270 4280 4290 4300 4310 4320
CATCCTACTAGATGACTTCGGTGGTTAATCCCTCCAAGT GATT GAAT CTATGGCTAGCTCTCTAAGAGCTAGCCATTATTTTTTGTAGAAGT ARAAATAATATT CAACAGTT GATATAGG
I LLDDFGG?* — -~
4330 4340 4350 4360 4370 4380 4410 4420 4430 4440
TMTTGGATTTMGTAATCGGTCC(ATTCCCCATAYCAAT[(MCAA(ATTGGGAGTTAACMGTGAAMCGI’GGETTGTTGCATT(GC!TCTCTATTGATTI’TGGCTGGCTGTGAGCAG
4450 4460 4470 4480 4490 4500 4510 4520 4530 4540 4550 4560
CCAGCAGATCAAATTCATCTAAGTGGCCCTACCATGGGGACTTCT TATAACAT CAAATATATCGAGCAAGAT GGTATT CCTACGCCAAMAGCGATGCAGACGGAMTTGATCGCTTACTG
4570 4580
GAAGAGGTTAATGACCARAT GTCGAC
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