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Abstract Oligonucleotide probes based on the N-terminal amino acid sequences of the NqrA and NqrC subunits were used to clone genes for the 
Na’-dependent NADH-ubiquinone oxidoreductase complex from Vibrio alginolyticus. Four consecutive ORFs were identified encoding subunit 
proteins of 48.6,46.8, 27.7 and 22.6 kDa, respectively (NqrA-D). A further ORF, showing 71% homology to the BolA protein of Escherichio coli, 
was located upstream. From sequence comparisons, we conclude that the Na’-dependent NADH-ubiquinone oxidoreductase complex of I! 
alginolyticus is clearly distinct from the corresponding H’-dependent enzymes of both prokaryotes and eukaryotes. 
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1. Introduction 

NADH-ubiquinone oxidoreductase (complex I) transfers 
electrons from NADH to ubiquinone and links this to proton 
translocation across the mitochondrial inner membrane. Com- 
plex I from eukaryotes has been extensively studied in Bos 

taurus and Neurospora crassa; the B. taurus complex I is 
thought to comprise 41 subunits and can be biochemically split 
into three fractions: FP (flavoprotein), IP (iron-sulphur pro- 
tein) and HP (hydrophobic protein-ND subunits) [l]. The FP 
fraction contains a catalytic 51 kDa subunit containing 
NADH- and FMN-binding sites, a 24 kDa [2Fe-2S] subunit 
and a 10 kDa subunit. Seven of the genes are mitochondrially 
encoded and are highly hydrophobic; one subunit, NDl, con- 
tains a ubiquinone-binding site while another, ND2, is reactive 
towards both rotenone and DCCD [l]. Recently, gene clusters 
coding for proton-translocating NADH-ubiquinone oxidore- 
ductases have been identified in two prokaryotes: Paracoccus 

denitrificans and Escherichia cob [2,3]. 
By contrast, the marine bacterium Vibrio alginolyticus has 

been shown to produce an electrochemical Na’ gradient in 
aerobic respiration as the result of a sodium-translocating 
NADH-ubiquinone oxidoreductase, which is induced at alka- 
line pH [4-71. The resulting sodium motive force is used to drive 
ATP synthesis, flagellar rotation and solute transport [1,8,9]. 
This alternative to H’ coupling in membrane reactions enables 
bacteria to maintain a cytoplasmic pH near to neutrality in an 
alkaline environment. The Na’-dependent NADH-ubiquinone 
oxidoreductase complex is distinct from a Na+-independent 
NADH-ubiquinone oxidoreductase also found in K alginolyt- 

icus, in that Na’-dependent NADH-ubiquinone oxidoreduc- 
tase is sensitive to inhibition by silver ions and by 2-n-heptyl-4- 
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Abbreviations: ORF, open reading frame; PAGE, polyacrylamide gel 
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The sequence has the EMBL nucleotide sequence database accession 
number 237111. 

hydroxyquinoline N-oxide (HQNO), can generate a membrane 
potential, reduces quinone using a one-electron pathway 
(rather than a two-electron pathway), and can utilize the 
NADH analogue deaminoNADH[lO-131. Early biochemical 
studies indicated that the purified Na’-dependent NADH- 
ubiquinone oxidoreductase complex is composed of three sub- 
units: a, /I and y, with apparent M, of 52, 46 and 32 kDa, 
respectively [14]. The FAD-binding p-subunit demonstrates 
NADH dehydrogenase activity, accepting electrons from 
NADH and reducing hydrophilic quinones, such as menadi- 
one, by a one-electron transfer reaction to produce semiqui- 
nones. This reaction is independent of Na’. However, the 
reduction of hydrophobic quinones, such as ubiquinone, is 
Na’-dependent and is catalyzed by the FMN-containing a- 
subunit in the presence of the B-subunit [ 10,14,15]. The y sub- 
unit was proposed to increase the affinity of the p-subunit for 
quinones and to assist in the electron transfer reaction from /I 
to a [16]. As part of a programme to study the structure and 
function of the sodium pump complex in I! alginolyticus, we 

have cloned and sequenced four genes of the Na’-dependent 
NADH-ubiquinone oxidoreductase complex and the results are 
presented in this communication. 

2. Materials and methods 

2.1. Protein purification and N-terminal sequencing 
Cells of K alginolyticus were grown at 30°C in a medium of 5 g/l 

peptone, 5 g/l yeast extract, 39 g/l NaCl and 5 fl dipotassium hydrogen 
orthophosphate. The initial pH of the medium was adjusted to 8.5 with 
Tris base. The culture was aerated with 95% 02/5% CO, and pH was 
maintained above 8.2 with NaOH. Cells were harvested in late-log 
phase and washed in 20 mM Tris-HCl, 1 M NaCl, pH 8.0. Cells were 
lysed by osmotic shock in 40 mM Tris-HCI, 5 mM EDTA at pH 8.0, 
treated with RNase and DNase, pelleted by centrifugation at 
18,000 x g,, and stored frozen in 20 mM Tris-HCl, 10 mM NaCl, 10% 
(v/v) glycerol, pH 8.0. 

Membranes were prewashed with 0.1% Synperonic PE/F68 detergent 
and the Na’-dependent NADH-ubiquinone oxidoreductase solubilized 
with 1% (w/v) lauryl maltoside in 20 mM Tris-HCI, 10 mM NaCl, 5% 
(v/v) glycerol, pH 8.0. Insoluble material was removed by centrifuga- 
tion at- 70,000-x g., for 60 min. The supernatant was applied to a 
column of DEAE Seuharose CL6B and eluted in 0.5% (w/v) laurvl 
maltoside, 300 mM NaCl, 20 mM Tris-HCl, pH 8.0, and then’further 
purified by preparative gel electrophoresis (BioRad 491 Prep Cell) using 
a 4% (w/v) acrylamide gel containing 1% (w/v) agarose in a gel buffer 
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Fig. 1. Restriction and gene map of the upstream cluster of nqr genes in Vibrio alginolyticus. 

of 0.1% (w/v) lauryl maltoside, 1 M Tris-HCl, pH 8.8. The elution 
buffer was 0.1% (w/v) lauryl maltoside, 20 mM Tris-HCl, 10 mM NaCl, 
5% (v/v) glycerol, pH 8.0. Individual polypeptides were separated on 
10% SDS-PAGE gels using appropriate molecular weight markers and 
electroblotted onto PVDF membranes using the method of Matsudaira 
[17]. Proteins were stained with Amido black and the excised bands 
analyzed for N-terminal sequence on an Applied Biosystems Analyser 
(WELMET). Activity of NADH dehydrogenase was detected on native 
gels using deaminoNADH and Nitrotetrazolium blue. 

2.2. Construction and screening of a genomic DNA library 
Genomic DNA was purified from K alginolyticus NCIMB 11038 by 

standard methods, restricted with EcoRI and used to construct a library 
in the 1 vector NM1149 [18]. Oligonucleotide probes were made by 
OSWEL (University of Edinburgh). These were probe 1, S-GATG- 
AT(CT)AC(ACGT)AT(CT)AA(AG)AA(AG)GG-3’ (degeneracy 64, 
based on MITIKKG of the a-subunit); probe 2, S-CA(AG)AA 
(AG)GA(AG)GA(AG)AC(AGCT)AA-3’ (degeneracy 32, based on 
QKEETK of the yl-subunit); probe 3, S-CC(AGT)CA(AG)GC- 
(AGT)GA(AG)CA(AG)GT-3’ (degeneracy 72, based on PQAEQV of 
the yl-subunit); probe 4, Y-AA(CT)AA(CT)GA(CT)TC(AGT)AT 
(ACT)GG-3’ (degeneracy 72, based on NNDSIG of the y2-subunit); 
and probe 5,5’-AA(CT)AA(CT)GA(CT)AG(CT)AT(ACT)GG-3’ (de- 
generacy 48, based on NNDSIG of the y2-subunit). These were end- 
labelled with 32P and used for plaque hybridization at low stringency 
(2 x SSC, 22°C). Positively hybridizing plaques were picked, purified 
twice and re-probed at higher stringency (0.1 x SSC, 30°C). 

2.3. Subcloning and sequencing 
DNA was prepared from positively hybridizing clones, cut with the 

appropriate restriction enzyme and the fragments sized by agarose 
gel-electrophoresis. The DNA was blotted onto nitrocellulose filters, 
and Southern hybridization with the “P-1abelled probes was used to 
identify the 5’ end of the corresponding nqr gene. Nucleotide sequence 
analysis was carried out on the double-stranded templates using a T7 
polymerase method (Pharmacia). For GC-rich regions, a method using 
Taq polymerase and deazaGTP (Promega) was preferred. Both strands 
were sequenced using either vector primers (Universal and Reverse) or 
synthesized oligonucleotide primers (OSWEL). Sequences were ana- 
lyzed using both the University of Wisconsin Genetics Computer 
Group programs and BLITZ (EMBL, Heidelberg) [19]. 

3. Resuks 

3.1. N-terminal sequencing of the a- and y-subunits 
The Na’-dependent NADH-ubiquinone oxidoreductase 

complex from Y alginolyticus was partially purified as de- 
scribed above. Zymogram staining of enzyme activity on non- 
denaturing PAGE gels indicated a M, of 254 kDa for the com- 
plex. The subunits were separated on SDS-PAGE gels. From 
the partially purified preparations of NADH-ubiquinone re- 
ductase, we were able to identify four subunits: a (55 kDa), /I 
(50 kDa), yl (33 kDa) and y2 (30 kDa). These were blotted 
onto PVDF membranes and the N-terminal sequences deter- 
mined as MITIKKGLDL for the a-subunit, QKEETKTEA- 
APQAEQVQ for the yl-subunit, and ASNNDSIKKTLGW- 
IGL-LV for the y2-subunit. No N-terminal sequence for the /3 
subunit could be obtained because of blocking at the N-termi- 
nus. 

3.2. Identljkation and sequencing of nqrA and nqrC 
From the N-terminal amino acid sequences, oligonucleotide 

probes were designed to probe the jl library. Several clones 
hybridizing to probe 1 (nqrA, a-subunit) were isolated and 
purified. From one positive clone, a 10.7 kb EcoRI insert was 
mapped and shown to give five Hind111 fragments of approxi- 
mate sizes 2.9, 2.7, 1.9, 1.65 and 1.0 kb. A partial restriction 
map of the cloned DNA is shown in Fig. 1. The 1.9 kb Hind111 
fragment hybridized with probe 1 and was subcloned into the 
sequencing vector pTZ19R (Pharmacia). DNA sequencing 
showed that the first 254 bp of DNA were of jl origin, repre- 
senting the large region between Hind111 and EcoRI in this 
vector and thereby locating the 1.9 kb fragment as being on the 
left end of the original 10.7 kb EcoRI fragment. Within the 1.9 
kb Hind111 fragment, three ORFs were detected. The first en- 
codes a polypeptide of 102 amino acid residues, which showed 

Fig. 2. The nucleotide and deduced protein sequences of the nqr and bolA genes. Double underlined protein sequence indicates sequence used to design 
oligonucleotide probes. Singly and doubly underlined protein sequence denotes that determined by amino acid sequencing. Double underlined 
nucleotide sequence denotes putative Shine-Dalgarno sequences. The region of nucleotide sequence with opposing arrows above the sequence 
represents a region of dyad symmetry adjacent to a poly(dT) region (single underline) that could act as a transcription terminator for the bolA gene. 
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71% similarity and 55% identity with the bolA gene of E. coli 
[20]. The second ORF encodes a putative polypeptide of 80 
amino acid residues. No strong homologies could be found to 
other proteins in the SWISSPROT database, but a 24% identity 
over 33 residues with chain 5 of the putative chloroplast 
NADH-plastoquinone oxidoreductase from Oryza sativa was 
observed [21]. The third ORF contained the sequence MITI- 
KKG determined from the a-subunit and extended to the end 
of the 1.9 kb Hind111 fragment. Further sequencing of the 
adjacent 2.7 kb Hind111 fragment, the overlapping 0.6 kb XbaI 
and the 0.9 kb XbaI-PstI fragments (Fig. 1) gave the sequence 
of the C-terminal portion (Fig. 2). Sequence comparison using 
the MOTIFS program detected no evidence of the presence of 
the highly conserved GAG(A/R)Y motif found in the FMN- 
containing subunit of complex I [l-3]. 

Hybridization experiments with probe 5 to detect the gene 
for the y2-subunit showed that this gene was located on a 3.1 
kb XbaI fragment subcloned from the original 10.7 kb EcoRI 
clone. This fragment contained a unique PstI site that divided 
the fragment into a 2.2 kb and an 0.9 kb fragment (Fig. 1). 
Probe 5 reacted with the 2.2 kb fragment. Thus, the nqrC gene 
was shown to map to the same region of the chromosome as 
the nqrA gene and comprised an ORF of 768 bp in the same 
orientation as the nqrA gene and 1.2 kb downstream from the 
end of the nqrA gene. The N-terminal amino acid from sequenc- 
ing agreed exactly with that obtained by protein analysis. 

3.3. Sequencing of nqrB and nqrD 
Two further ORFs, corresponding to nqrB and nqrD, were 

found on further sequencing of the region between nqrA and 
nqrC and the region immediately downstream of nqrC. NqrB 
is located immediately downstream of nqrA and extends 1278 
bp from the 0.9 kb XbaI-PstI fragment into the 2.2 kb PstI- 
XbaI fragment. Downstream of nqrC, an ORF of 630 bp was 
found and this was termed nqrD. We have also found an ORF, 
designated nqrE, adjacent to nqrD, which has not been com- 
pletely sequenced. Hydropathy plots of NqrB and NqrD indi- 
cate that they are integral membrane proteins that possess a 
number of putative membrane-spanning helices (data not 
shown). 

prokaryotes was apparent at high PAM values (250-350). 
However, these homologies were not to a single subunit of 
Complex I but to a number of different hydrophobic subunits. 
For example NqrB showed homology to chain 4 (equivalent to 
ND4) of Paramecium tetraurelia, chains 1 (equivalent to NDl) 
and 5 (equivalent to ND5) of Oenothera bertiana and NqrD to 
chain 4 of Synechocystis spp., subunits 13 and 14 (equivalent 
to bovine ND4 and ND2, respectively) of PI denitrificans, and 
chain 5 of both Anopheles gambiae and Drosophila yakuba. At 
PAM 250 the matches for NqrB and NqrD were 8 and 14% 
respectively; the corresponding values at PAM 350 were 15 and 
21%. By contrast the same comparisons between the corre- 
sponding subunits of complex I from various species gave val- 
ues in the range 2&> 90%. Comparison of the predicted num- 
ber, the number of results expected by chance to have a score 
greater or equal to the given score for the specific comparison, 
showed very low values for the corresponding hydrophobic 
subunits from different species (i.e. statistically meaningful) and 
also showed the previously described relationships between 
chain 5, chain 4 and chain 2 of complex I from different species 
[23]. The predicted numbers for comparisons between NqrD 
and hydrophobic subunits of complex I were high and of the 
same order as the predicted numbers for comparisons between 
chains 4 and 6, or between chains 4 and 1 of different species. 
In addition NqrB and NqrD also showed low homology to ion 
transporters over a range of PAM values (40-350). NqrD 
showed homology to Na’-channel proteins over individual 
transmembrane segments (e.g. CIN2 of Rattus norvegicus). The 
Na’-channel proteins have repeated units consisting of three 
transmembrane helices (Sl-S3) followed by a positively 
charged segment (S4), thought to be the voltage sensor, and two 
further transmembrane helices [24,25]. By contrast NqrA and 
NqrC showed no obvious homology to proteins in the data- 
base. The deduced properties of the four completely sequenced 
subunits are shown in Table 1. 

4. Discussion 

Sequence comparisons of the proteins encoded by the nqrA- 
D genes was carried out using the BLITZ programme, over a 
range of PAM [22] values (40-350), to determine homology 
with other proteins in the SWISSPROT database over short 
and long regions. For NqrB and NqrD, a low homology to 
hydrophobic subunits of complex I from both eukaryotes and 

Independent evidence shows that the structural genes for the 
u- (nqrA) and y2- (nqrC) subunits are located close together on 
the chromosome of r alginolyticus. The amino acid residues 
corresponding to the nucleotide sequences of the oligonucleo- 
tide probes for both nqrA and nqrC were found at the N-termini 
of the predicted amino sequences, and the amino acid sequence 
determined from nucleotide sequencing agreed well with that 
obtained by protein sequencing for 19 residues of NqrC and 10 

Table 1 
Summary of properties of polypeptides encoded by the nqrA-D genes of V alginolyticw 

Subunit NqrA NqrB NqrC NqrD 

M, 48,622 46,809 21,612 22,602 
No. residues 446 426 257 210 
PI 5.58 9.12 4.91 9.28 
N-Terminus MITIKKGLDL- MPRYYREGV- MASNNDSIKK- MSSAQNVKKS- 
Predicted no. of membrane- 

spanning helices 0 612 1 (N-terminal) 4-6 
Comments Very hydrophobic Hydrophobic N-terminal Very hydrophobic 

region 
Weak homologies with Weak homologies with 
complex I subunits and complex I subunits and 
sodium channel proteins sodium transporters 
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residues for NqrA (Fig. l), confirming that the sequences of 
these two genes do correspond to the a- and yZsubunits of the 
partially purified Na’-dependent NADH-ubiquinone reduc- 
tase. The serine codon of AGC found for residue 7 of nqrC is 
consistent with the observation that probe 5, but not probe 4, 
hybridized to the N-terminal region of the nqrC gene. The 
predicted M, values of 48.6 kDa for the a-subunit and 27.6 kDa 
for the y2-subunit are in reasonable agreement with the exper- 
imental values of 55 and 30 kDa determined from SDS-PAGE 
gels, as it is well documented that membrane proteins give 
poorer correlation than soluble proteins. Although no FMN- 
binding site was detected by sequence analysis, this does not 
preclude the a-subunit having FMN as a prosthetic group. 
Searching the databases indicates that even for the highly con- 
served fumarate reductases, the FAD consensus sequence 
RSH[ST]x(2)-A-x-GG is only found in a limited number of 
proteins. To date, a sequence coding for the catalytic subunit 
of the enzyme and containing NADH- and flavin-binding sites 
has not been identified and this gene may be located further 
downstream. Searching for binding sites using the program 
MOTIFS did not reveal any NADH-, [Fe-S]-, or FAD-binding 
sites in the four genes. For E. coli, F! denitrc$cans and B. taurus 

there is strong conservation of these binding sites in the c.51 
kDa catalytic subunit [2,3]. 

Comparison of the amino acid sequences for proteins NqrA- 
D indicated that they are not closely related to the functionally 
corresponding complex I of either prokaryotes or eukaryotes. 
Indeed the observation that the low homologies between NqrD 
and subunits NDl, ND2, ND4 and ND5 of complex I from 
various species are very similar support the postulate that the 
Na’-dependent NADH-ubiquinone oxidoreductase are either 
unrelated or diverged early in evolution from complex I. It is 
pertinent to note that both ND2, ND4 and ND5 subunits have 
been postulated to evolve from a common ancestor by gene 
duplication [26]. A further distinction between the Na’-depend- 
ent NADH-ubiquinone oxidoreductase and complex I lies in 
the operon structure. For E. coli and II denitriJicans the gene 
order is identical. For E. coli the subunit sizes in kDa and the 
gene order are (B. taurus equivalents in brackets): 16 (ND3), 
25 (20 IP), 22 (23 IP), 46 (49 IP), 19 (24 FP), 50 (51 FP), 75 (IP) 
followed by the mainly very hydrophobic proteins 36 (NDl), 
20 (23), 20 (ND6), 11 (ND4L), 66 (ND5), 51 (ND4) and 52 
(ND2) [2]. The genes for the peripheral membrane proteins are 
adjacent (nuoC-G). For l! alginolyticus the subunit sizes in kDa 
are, in order: 49, 47 (HP), 28 and 23 (HP), which bears little 
correspondence to the arrangement for E. coli. The divergence 
between the Na’-dependent NADH-ubiquinone oxidoreduc- 
tase of V alginolyticus and complex I of E. coli is in contrast 
to the case for other genes, eg. bolA and unc genes of V algi- 

nolyticus and E. coli, which are much more closely related [27]. 
The extent and nature of the AT-rich promoter control region 
for nqrA is as yet uncertain. Downstream of bolA is a region 
of dyad symmetry followed by a T-rich region (Fig. 2) that is 
characteristic of a rho-independent transcriptional regulator 
[28]. It is preceded by an A-rich sequence upstream of the 
GC-rich motif that is complementary to the T-rich tail. Such 
A-rich sequences are thought to increase the efficiency of termi- 
nation [29]. The location of the bolA terminator region within 
ORFl makes it likely that this putative gene product is not 
produced as a translational product. Evidence from N-terminal 
sequencing strongly indicates that the NqrA subunit begins 
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MITIKK etc., rather than MFKTTS, but further experiments 
to determine the transcriptional and translational starts are in 
progress. 

In summary we have cloned and sequenced four genes for the 
Na’-dependent NADH-ubiquinone oxidoreductase of Vibrio 

alginolyticus. Our data is consistent with the hypotheses that 
Na’-dependent NADH-ubiquinone oxidoreductase is distinct 
from the H’-translocating complex I, that the nqr genes form 
part of an operon, that the complex is larger than the three 
subunits isolated previously, and that at least two proteins 
(NqrB and NqrD) may form ion channels. Further experiments 
are in progress to determine the function of these subunits and 
the regulation of nqr gene expression. 
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