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ABSTRACT: The Na'-translocating NADH: ubiquinone oxidoreductase {N4QR) generates an electro-
chemical Na potential driven by aerobic respiration. Previous studies on the enzyme Vibrio
alginolyticushave shown that the NaNQR has six subunits, and it is known to contain FAD and an FeS
center as redox cofactors. In the current work, the enzyme from the marine bactébionharveyi has

been purified and characterized. In addition to FAD, a second flavin, tentatively identified as FMN, was
discovered to be covalently attached to the NgrC subunit. The purifietiareyi Na"™-NQR was
reconstituted into proteoliposomes. The generation of a transmembrane electric potential by the enzyme
upon NADH:Q oxidoreduction was strictly dependent on"l\Naesistant to the protonophore CCCP, and
sensitive to the sodium ionophore ETH-157, showing that the enzyme operates as a primary electrogenic
sodium pump. Interior alkalinization of the inside-out proteoliposomes due to the operation of'the Na
NQR was accelerated by CCCP, inhibited by valinomycin, and completely arrested by ETH-157. Hence,
the protons required for ubiquinol formation must be taken up from the outside of the liposomes, which
corresponds to the bacterial cytoplasm. The fNBQR operon from this bacterium was sequenced, and

the sequence shows strong homology to the previously reporteédi&R operons fronV. alginolyticus
andHaemophilus influenzaélomology studies show that a number of other bacteria, including a number

of pathogenic species, also have an"NNQR operon.

Unemoto and collaboratorg)(first found that the marine  ditional FMN cofactor {2— 16). The enzyme can use either
bacteriumVibrio alginolyticusis able to generate a respira- NADH or dNADH as an electron donor and ubiquinone,
tion-dependent electric potential and expel sodium againstmenadione, or ferricyanide as electron acceptor. The quinone
its gradient in the presence of uncouplers. Later they showedreductase activity is dependent on™Nand is sensitive to
that this was due to the activity of a unique sodium- HQNO (12, 17—-20). Na"*-NQR does not pump Hand

translocating NADH-ubiquinone oxidoreductase {(M4QR), shows no sequence homology to either thettdnslocating
which is induced at alkaline pH and can generate an NADH-ubiquinone oxidoreductases or the nonenergy-
electrochemical Nagradient during aerobic respiratiobh- conserving NADH-ubiquinone oxidoreductasés, (21, 22).

3). This Na gradient can be used for flagellar rotation, amino  The Na-NQR operon inV. alginolyticusis composed of
acid transport, and possibly ATP synthess—{). The six structural genes that correspond to the six subunits present
enzyme works as an energy-conserving primary pamp, in the Na'-NQR complex 14, 22, 23). Three subunits, NgrA,
with a proposed Nde~ stoichiometry of 18). Biochemical C, and F [previously designated as they, and subunits,
studies of the NaNQR have all used the enzyme from the respectively {2)] are relatively hydrophilic, while the other
marine bacteriunV. alginolyticus However, in addition to three subunits, NqrB, D, and E are very hydrophobic and
its function in marine bacteri®), the Na-NQR has recently  were not detected in early studies of the enzyf®.(NqrF
been identified in the pathogenic bacteridiaemophilus
m_flu_enzae(lO) and has been implicated in the virulence of ! Abbreviations: CCCP, carbonyl cyanidechlorophenylhydrazone;
Vibrio cholerae(11). EDTA, ethylenediaminetetraacetic acid; ETH-1B\-dibenzylN,N'-
Purified Na-NQR from V. alginolyticusis known to diphenyl-1,2-phenylene diacetamide; FAD, flavin adenine dinucleotide;

contain FAD and an FeS center as redox cofactors, and therePMN, flavin adenine mononucleotide; Hepels;[2-hydroxyethyl]-
flicting reports concerning the presence of an ad- piperazineN'-[2-ethanesulfonic acid]; HPLC, high-performance liquid
are con g rep g p chromatography; HQNO, g-heptyl-4-hydroxyquinoliné-oxide; LDAO,
lauryldimethylamine oxide; MALDI, matrix-assisted laser desorption
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NADH:Ubiquinone Oxidoreductase froM. harveyi
contains binding motifs for NADH, FAD, and the iren
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MgSQ,, 0.5% tryptone, 0.25% yeast extract, 0.4% (vol/vol)

sulfur center, and is involved in the NADH dehydrogenase glycerol, 0.5 mM KHPQ,, and 50 mM Tris-HCI, pH 8.3.

activity (13, 20—22). Little is known about the function of

NADH dehydrogenase and;Q@eductase activities of Na

the other subunits. Sequence alignments show no homologieNQR were measured at 3C using a Hitachi 557 spectro-

to known sodium transporting proteins.

photometer as described by Pfenninger-ILg)( Protein

Although many bacteria have been reported to possessconcentration was estimated by means of the bicinchoninic

respiration-dependent primary Ngumps 9, 24, 25), the
DNA sequences of only two NaNQRs have been reported,
one fromV. alginolyticusand another froni. influenzaga
nonmarine bacterium 10). Previous studies have also
indicated the presence of N&NQR in Vibrio harveyi (9,

acid method using bovine serum albumin as a standard.
Covalently bound heme was detected using the heme staining
method described previousI2q). Primer synthesis, DNA
sequencing and the protein N-terminal sequencing were
performed at the University of lllinois Biotechnology Center.

26), a marine bacterium studied mainly because of its Mass spectrometry was performed at the School of Chemical
luminescent system. In the current work, the purification and Sciences Mass Spectrometry Laboratory at the University

characterization of NaNQR from Vibrio harveyi are
described, together with the complete sequence ohtire

of lllinois.
Purification of Na™-NQR. V. haveyi cells were broken

operon. The enzyme, as expected from the previous studiesyy using a French Press. Unbroken cells and cells debris

with the Na-NQR from V. alginolyticus(16), is demon-

were removed at 225@0(10 min). Membranes were col-

strated to be a primary sodium pump in reconstituted |ected by centrifugation (16006090 min), washed once
proteoliposomes. A new finding is that NqrC subunit of the with buffer 1 (100 mM NaCl, 0.05 mM EDTA, 5% glycerol,

V. harveyi Na"™-NQR contains a covalently bound flavin,

and 10 mM Tris-HCI; pH 7.5), and resuspended in the same

which appears to be FMN attached to the protein via pyffer. Membranes were solubilized with 1% LDAO as
histidine-219. The enzyme appears to contain 1 equiv of eachgescribed before28). The extract was applied onto a

of the following prosthetic groups: FMN (covalent), FAD

Fractogel TSK DEAE-650(S) column (26x 60 mm)

(noncovalent), an FesS cluster, and a tightly bound ubiquino- equilibrated with buffer 2 (buffer 1 containing 0.1% LDAO).

ne.

The column was washed with buffer 2 containing 140 mM

Recently, many microbial genomes have been fully or NaCl, and then the NaNQR was eluted by linear NaCl
partially sequenced. By searching these sequence datagradient from 140 to 300 mM. Active fractions were applied

operons closely homologous to the known'NéQRs are

directly onto a Q-Sepharose column (¥680 mm) equili-

shown to be present in a number of bacteria, including severalprated with buffer 2 containing 300 mM NaCl. The column

pathogenic bacteriaV. cholerae(11), H. influenzae(10),
Neisseria gonorrheaéeisseria meningitidjsrersinia pestis
Shewanella putrefaciend?seudomonas aerugingsand
Porphyromonas gingiralis. It appears that sodium bioen-
ergetics and the Na NQR in particular may play significant
roles in pathogenic bacteria.

MATERIALS AND METHODS

ChemicalsQ,; and horse heart cytochroraevere obtained
from Sigma, oxonol VI from Molecular Probes, pyranin from

was washed with three bed volumes of this buffer and the
Na"-NQR was eluted by 425 mM NaCl in buffer 2. The
purified enzyme was then subject to SPBAGE and mass
spectrometry.

Determination of the N&NQR CofactorsNoncovalently
bound flavins were extracted from N&NQR using the
method described previousl29). Extracted flavins were
separated by reversed-phase HPLC using an Altex Ultras-
phere-ODS column (dimensions: 250 4.6 mm). The
solvent was 20% methanol and 10 mM g#O,-KOH (pH

Kodak, Bio-Beads from Bio-Rad, and trypsin (sequencing 6.0), and the flow rate was 1 mL/min. Flavins were detected
grade) was from Boehringer-Mannheim. Other reagents usedat 450 nm. The retention times for FAD and FMN standards
were of analytical grade. Restriction enzymes were from were 6.1 and 9.4 min respectively. Covalently bound flavin
GIBCO-BRL; Vent polymerase was obtained from New was detected as described previoush@)( Quinone was
England Biolabs. Wizard Genomic DNA purification kit was —extracted and quantified as described by Shestopa@0y (
from Promega, and QIAquick PCR purification and QIAquick The quinone extract frotAzotobactervinelandiimembranes
gel extraction kits were from Qiagen. was used as the standard fog. Q

Genome Sequencing Dafreliminary genome sequence Identification of the Flain Ligand A total of 3.4ug of
data fromV. cholerag Porphyromonas gingalis, and S. purified Na"-NQR was electrophoresed on an SEFAGE
putrefaciensvere obtained from The Institute for Genomic gel, and the fluorescent NgrC subunit (apparent molecular
Research (website at http://www.tigr.org). The sequence datamass of 32 kDa), was excised from the gel and washed with
of Y. pestisN. meningitidisvere produced by the Sequencing 20 mM NHHCO; and 50% acetonitrile. The washed gel
Group at the Sanger Centre and can be obtained from websit&hand was dried and rehydrated in 20 mM M€O;, and
at http://www.sanger.ac.ull. gonorrheaggenome sequenc- 0.5 ug of trypsin (in 1 mM HCI) was added. The mixture
ing data were produced by University of Oklahoma’s was incubated at 36C for 24 h. After incubation, the gel
Advanced Center for Genome Technology website at http:// was washed with 60% acetonitrile, 0.1% trifluoroacetic acid,
www.genome.ou.edu. The sequence datRfaeruginosa  and then dried. The trypsin digest was separeted by HPLC.
were produced by the Cystic Fibrosis Foundation, the The effluent was monitored at 220 nm and by fluorescence
University of Washington Genome Center, and PathoGenesis(excitation 444 nm, emission 525 nm). The material from

Corporation, website at http://www.pseudomonas.com.

General Methods. V. haeyi cells were grown at 30C
in medium containing 250 mM NacCl, 10 mM KCI, 5 mM

the fluorescent peak from the HPLC separation was used
for N-terminal sequence analysis. The sample was placed
into a sequencing cartridge and subjected to a total of 10
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5 s s ‘. 3% Table 1: Purification of N&NQR from V. harveyi
]:olA rnqrA J — nqrB r :irC L ngrD [_ nqrE JanrF J‘i total specific
IR 2R 3R 4R SR activity activity yield purification
. . . . urification ste units units/m % n-fold

Ficure 1: Corresponding positions of the designed primers on the P - P (unitsF _{ ) ¢ )
Na*-NQR operon fromV. alginolyticus Arrows indicates the ~~ Membrane vesicles 1079 15 100
direction of the primers, forward (F) or reverse (R). Five pairs of ~LDAO extract 1007 3.9 93.3 25

rimers were designed based on published-N@R gene sequence ~ 2ctodel TSKDEAE-650(S) 481 16.9 4r.8 1
p Q-sepharose 365 42.5 36.2 27.7

from V. alginolyticus(GenBank accesion number AB008030).

aUsing NADH: menadione oxidoreductase activity. One unit is
d defined as Jumol of NADH consumed/min.

cycles of Edman degradation to determine the amino aci

sequence.
Mass SpectrometryMolecular mass determination was l 453 nm

determined using the Voyager DESTR (Perseptive Biosys- 010

tems) MALDI/TOF spectrometer. The matrix was prepared

by dissolving 1.5 mg of [2-(4-hydroxyphenylazo(benzoic 0.08

acid)] (HABA) in 1 mL of 66% acetonitrile (ACN), 33%
water, 0.1% trifluoroacetic acid (TFA) mix. A total of 400
pmol of Na'-NQR was precipitated by adding 10Q of
10% TCA solution, and the pellet was washed twice with
water and redissolved in 99% formic acid. The sample was 0.04
diluted to a final concentration of 45 pmal/ with the formic
acid. One microliter of a 1:20 dilution of protein to matrix

0.06

Absorbance

. 0.02
was spotted on to the target for analysis. All mass spectra
were externally calibrated.
Reconstitution of Proteoliposomes with NSQR Pro- 000 & 250 <00 =50 500

teoliposomes foAW generation experiments were prepared
mixing 1.74 mL of buffer A (100 mM Hepes-Tris and 0.05 o _ o ) o
mM EDTA; pH 6.5), with 0.26 mL 0.5 Mh-octylglucoside Ficure 2: Visible difference spectra (oxidized minus dithionite

- . reduced) of Na&-NQR. The characteristic peak for flavins at 450
and 20 mg of soybean phosphatidylcholine (Type-2S). The |, is indicated with an arrow. (A) Purified NaNQR, the spectrum

mixture was sonicated to homogeneity and"NNQR (0.7 was measured in 50 mM Hepes, 150 mM NaCl, and 0.1% LDAO,
nmol) was added. The mixture was stirred for 30 min at room pH 7.5; protein concentration was 0.78 mg/mL. (B) Difference

temperature and then Bio-Beads (540 mg) were added andspectrum of the supernatant after TCA precipitation of the protein.

; total of 0.65 mg of the N&-NQR was precipitated with 5% TCA
incubated 3 more hours. After that, the solvent was Separan:"(ﬁ‘oIution. After centrifugation the pellet was washed with 5% TCA.

from th? Blo-Beads.and centrifuged at ]j27906r 90 min. The combined supernatant fractions were neutralized by adding 1

Proteoliposomes with entrapped pyranin were prepared asvi K,HPO, (up to pH 7.0) and used for determination of the

above, but buffer B was used instead (100 mM Hepes, 25 noncovalently bound flavin. The pellet was resuspended in 100 mM

mM NaOH, 25 mM KOH, 0.7 mM pyranin, and 0.05 mM Nfalr-]IzPOL; (F:H 7|.Ot)) conéetfilning 1(%)5Dﬁ5 and used for detirrr?inati"on
; ; of the covalently bound flavin. (C) Difference spectrum of the pellet

EDTA titrated by_ Mes to pH 6.5). The prote_ohposomes were resuspended in SDS solution,

washed once with buffer B without pyranin.

Generation oAW by Na'-NQR was monitored by oxonol  yere designed based on the sequenc¥.oflginolyticus
V1. The sample contained 100 mM Hepes-Tris (sodium free herefore, some deviations could be expected in the primers.
medium) or 100 mM Hepes-NaOH, pH 7.548/mL oxanol  £ojlowing PCR, the entire operon was cloned from genomic

VI, 100 uM Q, and proteoliposomes (&g protein/mL). DNA into a pUC19 plasmid and was sequenced again to
The mixture was preincubated for 5 min prior to addition of grect the possible errors.

the substrate AW was estimated spectrophotometrically

(dual-wave measurements of the optical density difference ReSULTS

at 625-587 nm) using a Shimadzu UV-3000 spectropho-

tometer. The reaction was initiated by adding NADH (0.4  Catalytic PropertiesAs shown in Table 1, the purified

mM). Generation ofApH by Na'-NQR was monitored by ~ Na"™-NQR from V. harveyi has a specific NADH dehydro-

fluorescence from entrapped pyranin, using a Hitachi F-2000 genase activity of 42 units/mg (a 27.7-fold purification

fluorimeter at 510 nm (excitation, 458 nm). The sample compared to cell membranes). SBBAGE (not shown)

contained buffer B, 10@M Q; and proteoliposomes (&g shows bands corresponding to each of the six gene products,

protein/mL). The mixture was preincubated for 5 min and similar to the result obtained by Nakayama and collaborators

the reaction was initiated by the additon of NADH (0.4 mM). with the enzyme fronV. alginolyticus(14). However, there
Sequencing of NaNQR Operon Genomic DNA was are additional bands which are likely to be contaminants.

Wavelength, nm

purified from V. harveyi using the Wizard Genomic DNA The oxidized minus reduced spectrum of the purified
purification kit. Five pairs of primers were designed based enzyme (Figure 2A) has a peak at 453 nm, typical of
on published homologous NaNQR gene sequence frovh flavoproteins. The enzyme is able to use menadione as an

alginolyticus PCR was performed using Vent Polymerase electron acceptor and can utilize NADH or dNADH (but not
and genomic DNA fronV. hareyias template. The obtained NADPH) as donor. The appareKt, for NADH is 30 uM
PCR products were then sequenced. The correspondingand for dANADH is 80uM. The purified N&-NQR reduced
position of the primers is shown in Figure 1. The primers Q; with a specific activity of 11.2 inits/mg. This reaction is
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- - - excitation provided by a mass spectrometric analysis of the enzyme.
— emission S18 On the basis of the translated sequence, the molecular mass
[ l of NgrC should be 27 674 Da (without the first methionine).
l However, a molecular mass of 28 120 Da was determined
experimentally for this subunit by MALDI mass spectrom-
A etry. The difference, 446 Da, corresponds within error to
the molecular mass of FMN (454 Da), indicating that the
! ‘e covalently bound flavin is probably FMN.
/ * Identification of the Flain Ligand The fluorescent NqrC
/ subunit was digested with trypsin, and the resulting peptides
were separated by HPLC. The HPLC chromatogram shows
- one major fluorescent peak (35.14 min), which has a
L corresponding peak in the absorbance profile recorded at 220
nm (not shown). The material from the fluorescent peak from
TR T R v e ey the HPLC separation was subject to a total of 10 cycles of
Edman degradation. The sample gave a clear sequence:
Wavelength, nm GGAPEGSEXG. This corresponds to one of the expected
Ficure 3: Fluorescence spectra of NqrC subunit. PurifiedNa  NqrC tryptic peptides, from G211 to K253. The “X”
NQR was electrophoresed isolated following SEFAGE. The  corresponds to the place where histidine-219 is expected,
fluorescent band (NgrC subunit) was taken from the gel and its |, did not appear. This result strongly suggests that the
fluorescence spectra were recorded in 10 mM bR®| pH 7 flavin is linked histidine i ition 219 in th
(emission at 518 nm and excitation at 360 nm). Sﬁ\éll:]nilts inked to histidine In position in the NqrC
strongly dependent on sodium concentration. The apparent Ubiquinone.Quinone analysis of the partially purified
Km for sodium in the absence of potassium and magnesiumNa*"-NQR by solvent extraction followed by HPLC showed
is about 100 mM. The @reductase activity of the purified that the content of ubiquinone-8 is approximately stoichio-
enzyme is strongly inhibited by HQNO withy s of about metric with the amount of FAD extracted in the enzyme.
0.15uM. This result is in agreement with the observations reported
Cofactor Determination. Flain. The soluble flavin in Na- by Pfenninger-Li and co-workerd §) for the enzyme from
NQR was determined in the partially purified preparation V. alginolyticus This shows that, like th&. alginolyticus
(after the Fractogel TSK DEAE column) as well as in the enzyme, Na-NQR from V. hareyi contains a quinone-
final isolated enzyme, by solvent extraction followed by binding site, which binds quinone tightly enough to retain a
HPLC. In all cases, FAD was the only flavin found. significant fraction through the enzyme purification proce-
The total flavin content of the purified NeNQR was also ~ dure.
determined after precipitation of the protein by trichloroacetic ~ Reconstituition.The Na-NQR was successfully recon-
acid (TCA). The protein was denatured by TCA and the stituted into liposomes using the detergeruactylglucoside
oxidized minus reduced spectra of the supernatant and theand Bio-Beads. The resulting proteoliposomes were used to
pellet (resuspended in SDS) were recorded (Figure 2, panelsstudy the formation oAW and ApH by Na"-NQR. Figure
B and C). The spectra show that flavins are present in both 4A shows that NADH:Qoxidoreduction by the reconstituted
fractions: 3.1 nmol/mg protein in the supernatant and 2.9 enzyme in sodium-containing medium results in a change
nmol/mg in the pellet. Since the NaNQR molecular weight  in oxonol VI fluorescence, indicating the formation AF
is 211 kDa (1 mg of protein corresponds to 4.76 nmol), this (interior positive) by the proteoliposomes. The signal decay
suggests that the enzyme probably contains one nonco-observed approximately 30 s after NADH addition is due to
valently bound FAD and one covalently bound flavin. exhaustion of the substrate. The formation A% was
When the purified N&NQR protein was analyzed by stimulated by monensin (Figure 4C), slightly inhibited by
SDS-PAGE, one protein band exhibited strong yellow/green the protonophore CCCP (Figure 4B), and arrested entirely
fluorescence under UV illumination, suggesting a covalently by the sodium ionophore ETH-157 (Figure 4E) or by a
bound group attached to the protein. The most likely combination of CCCP and nigericin (Figure 4D). Formation
candidates are flavins and cytochromeTo determine if of AW was not observed in sodium-free medium (Figure
this fluorescence was due to a covalently bound heme on a4F). These data indicate that NAIQR from V. harveyi
contaminating polypeptide, the gel was stained for heme- operates as an electrogenic sodium pump, and that the
induced peroxidase activity using tetramethylbenzidine, as enzyme is not able to use protons instead of sodium.
described by Thomag7). No evidence of covalent heme pH changes in the interior of the proteoliposomes during
was found. The fluorescent protein was excised from the NADH:Q, oxidoreduction were followed by measuring the
gel and extracted. Fluorescence excitation and emissionfluorescence of entrapped pyranin. Under these conditions,
spectra of extracted band were recorded (Figure 3). Theproteoliposomes generated\aH (interior alkaline) (Figure
emission spectrum has a peak at 518 nm, which is indicative5). This process was stimulated by CCCP (Figure 5B); it
of a flavin group. The fluorescent protein band was trans- was slightly decreased by valinomycin (Figure 5C) and could
ferred to a poly(vinyliden difluoride) (PVDF) membrane for be completely abolished by the sodium ionophore ETH-157
N-terminal sequencing. The result shows that the protein has(Figure 5D), nigericin plus CCCP (Figure 5E), alamethicin
ASNNDSIKKT as its N-terminal sequence, confirming that (Figure 5F), or gramicidin D (Figure 5, panels—#).
this is the NgrC subunit of NaNQR. Further evidence for The observed interior alkalinization can be explained by
the presence of a covalently bound flavin in'INdQR was two different mechanisms: (i) electrophoretic efflux of

300
390

[N]
=3
S
T
~
d

=3
S
T
~
~

Fluorescence, relative units
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A B 5B) and strongly decreased by the sodium ionophore ETH-
NADH _— NADH 157 (Figure 5D). This indicates that the interior alkalinization
x ¢/ \ ceer ¢ K\ results from proton efflux to discharge tiéV created by
] i sodium pumping and not from net proton consumption for
. o the formation of quinol. It also means that the protons for

=20 sec ubiquinol production are taken up from outside of the
C liposomes, which corresponds to the bacterial cytoplasm. The

D
CCCP +
NADH nigericin  NADH limited effect of valinomycin onApH formation can be
Monensin i i ~ probably attributed to a low initial concentration of potassium
J i - E— \ inside the vesicles.

Sequencing of NaNQR.The Na-NQR operon fronV.
harveyi was sequenced as described in the Materials and
Methods. The sequence is highly homologous to th&-Na
E L — NQR in V. alginolyticus and encodes six polypeptides.
ETH.S7  NADH NADH Reading frame 1 contains the genes for NgrA, B, and D,
l and reading frame 2 contains NqrC, E, and F. The final gene
— sequence of NaNQR from V. hareyi (~ 6 kb) has been
o K _ deposited in GenBank (accession humber AF165980).

FIGURE 4. AW generation by reconstituted N&QR. AW was The program TMPRED (Prediction of Transmembrane
measured following the changes in absorbance of oxonol VI{625 Regions and Orientation program; http://www.isrec.isb-

587 nm) in the presence of 50 mM NaCl. Additions were made sjj ch) was used to predict the transmembrane helices and
where indicated by the arrows. In all cases the reaction was started

AA (625-598) =0.004

with the additon of NADH (0.4 mM). (A) Only NADH; (B) 1M membrane sidedne_ss. The NgrA subunit has no predicted
CCCP; (C) 2uM monensin; (D) 1M CCCP, 0.5uM nigericin; transmembrane helices. NqrB, D, and E are predicted to be
(E) 5uM ETH-157; (F) sodium-free medium. very hydrophobic and to contain 8, 5, and 6 transmembrane

helices, respectively. NqrC has one predicted transmembrane

gramicidin gramicidin helix. Direct amino acid sequencing shows that the N-
A B J terminal methionine is missing from NgrC, which is also
: // B the case for the enzyme fro¥h alginolyticus(23). NqrF is
S NADH predicted to have two transmembrane helices near the
ik ¢/ CCCr ADH N-terminus, and in addition, NgrF includes sequence motifs
<3 P L J | suggesting the presence of an iresulfur center, FAD, and
2 min B L NADH binding sites, in agreement with the predictions of
c D Rich and collaboratorsl@).
gramicidin Homology StudyAlthough it has been shown that Na
valinomyein — nspyy L FIHAST Gapy  Eramicidin NQR exists in marine and moderately halophilic bacted)a (
| | T v v the DNA sequences of only two N&NQR'’s have been
S T previously reported in the literature, one frédmalginolyticus
(13, 31), and another froni. influenzag10), a nonmarine
E . bacterium. By searching unfinished genomes with Blast, the

CCCP + nigericin entire Na-NQR operon was found in several other bacteria,
NADH including V. cholerae(see also reB4), N. gonorrheaeN.

! J L LL ! meningitidis Yersinia pestisS. putrefacienss. aerugin

y b e giudis p P ns-s. ginosa

- P. gingialis. The deduced NaNQR protei f
FicURe 5: ApH generation by reconstituted N&QR. pH changes - gingwalis. The deduce QR protein sequences from

in the interior of the proteoliposomes were measured by the changeth€se bacteria suggest that all six structural subunits share
in fluorescence of entrapped pyranin (excitation, 458 nm). Additions Strong homology. NqrC, whose length varies considerably
were made where indicated by the arrows. (A)gmL gramicidin; among the different bacteria, is the least conserved subunit
(15) 1/ r/#\LA Cr(a:n(ich);:(; i%_ﬂ(%/;né- glvlraénT'g‘_jig?7($)11“'\/'/[‘]’1""_"“?;““}&%'%;_ with identity scores ranging 28-380.8% with respect to that
(Ep)tg(l,uMgCCCP-i- (,).5//tMIL:'ligeriCin)+ 1#9//&% grar%icidin; (Fj qf V. haryeyl (E|gure 6). In contrast, the Ie_ngth of the other

5 ug/mL alamethicint 1 ug/mL gramicidin. five subunits is conserved, and the amino acid sequence

identity ranges 33:299.5%.Chlamydia trachomatjsChlamy-
protons to neutralize sodium influx and/or (ii) by proton dia pneumoniagandActinobacillus actinomycetemcommi-
consumption for the formation of ubiquinol. The latter will tansalso have genes homologous to all six subunits of-Na
be seen only if the protons are taken up from the inside of NQR, but in these organisms, the genes are not organized
the liposomes, which corresponds to the bacterial periplasm.into a single operon. The Blast search also revealed several
If the interior alkalinization of the proteoliposomes arises more distant homologies. Four of the NAIQR subunits,
from electrophoretic proton flow, it should be stimulated by NqgrB, C, D, and E showed homology to nitrogen fixation
protonophores and strongly inhibited by sodium ionophores. proteins in Rhodobacter capsulatu§3?) as well as to
If this alkalinization is caused by the formation of quinol, predicted gene products froEscerichia coli NqrB, D and
this process should be partially sensitive to protonophoresE were found to be homologous to three gene products in
and resistant to sodium ionophores. Experimentallly, the Thermotoga maritimgpossibly involved in electron-transfer
formation of ApH was slightly increased by CCCP (Figure reactions 83).

gramicidin  gjamethicin yopy gFamicidin
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Ficure 6: Sequence alignment of NqrC subunit. Conserved residues are shaded. Part of the sequence of the fluorescent peptide which was
isolated is shown in bold leters, and H219 is indicated (*). The sequen¥ke lmdrveyi has been submitted to GenBank and is available

under accesion number AF165980. The GenBank accession numbers for the other sequahcagiamyticus ABO08030;V. cholerae
AAD29962-67;H. influenzae U32702.

DISCUSSION to cysteine 84). There is no recognized sequence motif
Enzyme Aciitty. The N&-NQR operon fronV. haneyi around the covalent attachment site. But in several of the

has been cloned and sequenced, and the properties of thgovalent flavoproteins, there is separate binding motif

purified enzyme have been studied. The catalytic properties"Jlslsomatel"d V.Vlth lthe. bou_nd -ﬂavm, Con5|st||ng of ahGL},{—X
of the enzyme (i.eKn for NADH, dNADH, sodium:K; for Gly-X-Gly dinucleotide binding sequence close to the amino

HQNO) are very similar to those of the enzyme from e PBF 9IS Faie B0 COTTRe B o s that
alginolyticus Clearly, theV. hareyi Na"™-NQR is closely q ’

related to the enzyme . alginolyticus could potentially be the covalent site of flavin attachment,

Cofactors of N&-NQR.It is generally agreed that thé one conserved cysteine, one histidine, and three tyrosine
alginolyticus Na*-NQR c.ontains FAD and an EeS cluéter residues. The fluorescent peptide isolated from NgrC contains

: the only conserved histidine (H219), suggesting that the
12, 15, 16). H hi and U tdlp) al ted th > i
E)re’sen’ce )of :yr?Snl:gcalengsmb%un% ?ZE;I)Nrei?]O;r?e qurA covalent flavin is attached to histidine-219 in NqrC. The

subunit. The current work shows that the 'NdQR from mstl:\jluée mtl)\lle;y .Ca.r:j be Icovgilently bo‘érl?l o the ﬂfg”}( V'O?
V. hameyi also contains noncovalently bound FAD and, in (e N(3) or N(1)-imidazole nitrogen and the current data do

addition, has a second flavin (probably FMN) covalently not distinguish b‘?tw_ee” these optlon$4)_(_ The mass
bound to the NgrC subunit. Furthermore, we observed that SPectrometry dat?‘ |r_1d|cate, but dq not def|n|t|v_ely prove, that
the NgrC subunit from the enzyme purifed frovh algi- the covalent fIaV|_n is FM_N. P055|blly,. NqgrC binds to FMN
nolyticusalso exhibits fluorescence under UV illumination, Vid @n 8:-N(3) histidyl linkage, similar to that recently
suggesting that this is a common property of the enzyme. report_ed In sarcosine oxidasesf. This vy||| require further
Mewis and co-workers34) have reported that there are examination. In any event, these dgta |nd|catg that the .quC
more than 20 enzymes that contain covalently bound flavins, Subunit from thev. hareyi enzyme is directly involved in
These covalent flavoproteins can be divided in two groups €/€ctron transfer.
according to the type of linkage to the flavin; in one group,  Ubiquinone The V. harveyi Na'-NQR contains a subs-
the flavin binds to the protein via thex8methylene group  toichiometric amount of ubiquinone-8 associated with the
of the isoalloxazine ring, and in the second group, the flavin purified enzyme. This suggests that, like thealginolyticus
binds via the C6 atom of the isoalloxazine ring. The first enzyme 16), Nat-NQR fromV. harveyicontains a quinone-
group includes enzymes in which the flavin (FAD or FMN) binding site, which binds tightly enough to retain a significant
is bound via tyrosine, histidine, or cysteine. In the second fraction (i.e., at least 0.1) of the bound molecules through
group, the flavin (FMN only) has only been found attached the enzyme purification procedure. The presence of this
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apparently tightly bound quinone has been interpreted to 3.
mean that the enzyme has two quinone-binding sites, one
for a quinone cofactor, possibly involved in sodium trans-
location, and a second, catalytically exchangeable, site by
which the enzyme comunicates with the Q-pobB,(16). 5.
Reconstitution The reconstituted/. hareyi Na"™-NQR
functions as a primary sodium pump to generate a trans-
membraneAW. This agrees with earlier findings on the
alginolyticusenzyme 16). In the current work, the movement 7
of protons linked to NADH:Q oxidoreduction by NaNQR
has been examined for the first time in a reconstituted system. 8.
We show that aApH is created by a secondary process, 9
caused by electrophoretic 'Hflow to discharge theAW '
generated by the primary Ngpump. The enzyme does not
generateApH directly, and the protons required for the 11.
formation of ubiquinol must be taken up from the cytoplas-
mic side of the membrane, the same side as protons produced12:
by the oxidation of NADH. 13
Homology StudiesThe predicted N&NQR protein se- '
quence fronV. hareyiis closely homologous to those for 14,
V. alginolyticus(23, 31) andH. influenzae(10) but shows
very little similarity to Ht-translocating-NADH-ubiginone
oxidoreductases. In addition, N&NRQ sequences are now
available from a number of disease-causing bacteria including
V. cholerae(11), N. gonorrheagN. meningitidis Yersinia 17.
pestis S. putrefaciensPs. aeruginosgandP. gingirvalis.
The larger number of sequences has made it possible use 18-
sequence alignments to make predictions with more confi- 19
dence, and these confirm all of the previously identified 54
cofactor-binding motifs (NADH, FAD, and FeS}Z%, 13
21). 21.
The presence of the genes encodingNER in a number 22.
of nonmarine bacteria, including several prominent human F3
2

4,

15.

pathogens, suggests that this enzyme may be of some general
importance. Some strains bif influenzaecontain an active
Na"-NQR and require up to 200 mM NacCl for optimal
growth (10), and Yersinia pestiss also able to survive at 25
Na" concentrations as high as 150 mBe|. Of particular
interest is the recent demonstration that the expression of =
the virulence genes . choleraeis affected by changes in 27.
membrane Na flux (11). Furthermore, inhibition of N&

NQR by HQNO (or deletion of the genes) causes elevated 28.
toxT activity, suggesting that NaNQR may play a role in 29
the virulence of the bacterium. Now that a number of '
pathogenic bacteria are known to have the genes for Na 3.
NQR, the questions of whether N&QR is expressed in

these bacteria and whether this enzyme has a role in virulence

4

deserve to be investigated. 3L
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