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ABSTRACT. Thengr operon fromVibrio cholerag encoding the entire six-subunit, membrane-associated,
Nat-translocating NADH:quinone oxidoreductase {NdQR), was cloned under the regulation of the
Psap promoter. The enzyme was successfully expressad cholerae To facilitate molecular genetics
studies of this sodium-pumping enzyme, a host straM.aholeraewas constructed in which the genomic
copy of thengr operon was deleted. By using a vector containing a six-histidine tag on the carboxy
terminus of the NgrF subunit, the last subunit in the operon, the recombinant enzyme was readily purified
by affinity chromatography in a highly active form from detergent-solubilized membranésabiolerae

The recombinant enzyme has a high specific activity in the presence of sodium. NADH consumption was
assessed at a turnover number of 720 electrons per second. When purified using dodecyl maltoside (DM),
the isolated enzyme contains approximately one bound ubiquinone, whereas if the detergent LDAO is
used instead, the quinone content of the isolated enzyme is negligible. Furthermore, the recombinant
enzyme, purified with DM, has a relatively low rate of reaction with (Q0—20 s%). In steady state
turnover, the isolated, recombinant enzyme exhibits up to 5-fold stimulation by sodium and functions as
a primary sodium pump, as reported previously forrfNNMQR from other bacterial sources. When
reconstituted into liposomes, the recombinant MEQR generates a sodium gradient and¥® across

the membrane. SDSPAGE resolves all six subunits, two of which, NgrB and NqgrC, contain covalently
bound flavin. A redox titration of the enzyme, monitored by Y¥sible spectroscopy, reveals thnee=

2 redox centers and ome= 1 redox center, for which the presence of three flavins and a-2Becenter

can account. Th¥. choleraeNa™NQR is well-suited for structural studies and for the use of molecular
genetics techniques in addressing the mechanism by which NADH oxidation is coupled to the pumping
of Nat across the membrane.

The Naf-translocating NADH:quinone oxidoreductase the membraneX). The activity of Na-NQR generates a
(Na"-NQR) is the main gateway for electrons into the aerobic sodium motive force (smf) that can be used to do metabolic
respiratory chain of many marine and pathogenic bacteriawork, such as driving the flagellum or transporting substrates
(1—4). Na*-NQR operates as a primary sodium pump, (6, 7).
coupling an electron transfer reaction (from NADkb The enzyme has been isolated from the marine bacteria
ubiquinone) to Na translocation across the membrane. It is Vibrio alginolyticusand Vibrio harveyi and studied exten-
likely that the enzyme pumps one sodium per electron acrosssively (2, 4). Na™-NQR is an assembly of six different
subunits (NgrA-F) which range in size frony21 to 50 kDa.

The subunits of NaNQR have no amino acid sequence

T Supported by grants from the National Institutes of Health (Grant
HL16101 to R.B.G.; Grant RR01811 to the EPR Research Center) and
the Cancer Center Support Grant (CA 21765) and ALSAC (American ! Abbreviations: CCCP, carbonyl cyanidechlorophenylhydrazone;

Lebanese Syrian Associated Charities) to C.C.H. AW, membrane potential; DMy-dodecyls-maltoside; EDTA, ethyl-
* To whom correspondence should be addressed. Phone: (217) 333-enedinitrilotetraacetic acidy,, midpoint potential (in millivolts); EPR,
4939. Fax: (217) 244-3186. E-mail: barquera@scs.uiuc.edu. electron paramagnetic resonance; ETH-M -dibenzyIN,N'-diphen-
* Department of Biochemistry, University of lllinois at Urbana- yl-1,2-phenylene diacetamide; FAD, flavin adenine dinucleotide; FMN,
Champaign. flavin adenine mononucleotide; HQNO f2heptyl-4-hydroxyquinoline
8 Institut fur Biophysik Universita Frankfurt. N-oxide; LDAO, n-dodecyIN,N-dimethylamineN-oxide; NADH, re-
'St. Jude Children’s Research Hospital. duced nicotinamide adenine dinucleotide; NTA, nitrilotriacetic acid;
Hlllinois EPR Research Center. oxonol VI, bis(3-phenyl-5-oxoisoxazol-4-yl)pentamethine oxonol; PAGE,
@ Department of Chemistry, University of lllinois at Urbana- polyacrylamide gel electrophoresis; Q-1, 2,3-dimethoxy-5-methyl-6-
Champaign. (3-methyl-2-butenyl)-1,4-benzoquinone; SDS, sodium dodecyl sulfate;
#Max-Planck-Institute of Biophysics. TCA, trichloroacetic acid.

10.1021/bi0118730 CCC: $22.00 © 2002 American Chemical Society
Published on Web 02/23/2002



3782 Biochemistry, Vol. 41, No. 11, 2002

homologies to any of the subunits of Complex I, thé-H
pumping NADH:quinone oxidoreductase present in many
bacteria as well as in the mitochondrion. However, given
the functional similarity between Complex | and NBQR,

Barquera et al.

PCR. Genomic DNA was prepared using the “Wizard DNA
genomic purification kit” from Promega. The following
primers were used: forward, GAG GAA TAA TAATG
ATT ACA ATA AAA AAG GGA TTG G; reverse, ACC

it is probable that these enzymes also share some mechanistifCC GAA GTC ATC CAG TAG. These primers correspond

features coupling redox chemistry to ion transp@it (

to the beginning ohqgrA to the end ofngrF. The forward

If one copy of each subunit is assumed, the aggregateprimer was designed to achieve expression of a native

molecular mass of NaNQR is 210 kDa. The genes for all

enzyme without including the N-terminal leader sequence

six subunits igrA—F) reside in a single operon. The enzyme usually introduced by this vector. The primer contains an
contains at least four different cofactors: a noncovalently in-frame stop codon and a translation reinitiation sequence,
bound FAD and a 2Fe2S center, both in subunit F, and Wwhich consists of a ribosome-binding site and the first ATG
two covalently bound FMNSs, one in subunit B and the other of the protein (bold above). In the reverse primer, the native

in subunit C 2, 9, 10).
NgrF also includes a motif typical of NADH binding sites,

stop codon was removed to maintain the continuity of the
reading frame through the C-terminal six-histidine tag.

suggesting that the substrate donates electrons to this subunit. PCR Conditions “Herculase” DNA polymerase (Strat-

Neither the order of electron flow through the different
prosthetic groups nor the pathway for sodium translocation
is yet defined.

The ngr operon is not confined to bacteria from marine

agene) was used to amplify the 5.8 kb fragment correspond-
ing to thengr operon. The PCR fragment was isolated by
agarose gel electrophoresis and purified using the “Wizard
PCR prep DNA purification system” (Promega). After

environments, but has a much broader distribution and canPurification, a *hanging adenine” was added by incubating

be found in a number of bacterial genomédd4)( Among
these are many pathogens, includvifprio cholerae This

the DNA in the presence of 1 unit of Tag DNA polymerase
(BRL). The DNA was then introduced into a pBAD-TOPO

also suggests that the use sodium as a chemiosmotic ion i&/€ctor. The ligation mix was then used to transform TOP-

widespread. In the case ®f. cholerag the ability of the
organism to maintain a sodium motive force (smf) appears
to be linked to pathogenesis. staand Mekalanod ) have
reported that when theqr operon is interrupted, virulence
factors are expressed at higher levels.

The ability to use genetic tools to study NBIQR would

10 competent cells which were plated on LB agampicillin
plates and incubated at 3C. Transformants containing the
ngr operon in the pBAD-TOPO vector were grown, and
plasmid DNA was extracted using the “Wizard Plus miniprep
DNA system” (Promega). The correct insertion and orienta-
tion of the ngr operon in the plasmid were checked by

clearly be advantageous in addressing specific questiong€Striction analysis, and the fidelity of the PCR was

about structurefunction relationships in the enzyme and in
studying the physiological role of the sodium motive force.
For this reason, we have chosen to examine the-N@QR
from V. cholerag an organism which has been shown to be
congenial to genetic manipulation and for which the genome
sequence has been determined. The six-§ewholerae nqr

operon was cloned and expressed in its parent organism

under the control of the g2p promoter. The expressed
enzyme was purified using a six-histidine affinity tag,
engineered at the carboxy terminus of NqgrF. The isolated

enzyme has high turnover. In the presence of sodium, the

NADH:Q-1 oxidoreductase activity is~100 gumol min~*
mg 1. When the enzyme is reconstituted into proteolipo-
somes, catalytic turnover leads to generation of a sodium
motive force.

This is the first report of a recombinant R&QR and
demonstrates that. choleraecan be used to produce this
membrane protein in sufficient amounts for biochemical,
biophysical, and structural studies.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions. V. cholerae
0O395N1 was used as a source of genomic DMAcholerae
0O395N1-toxT:lacAngrA-F (see below) was used as the host
for expression of theqr operon in the pBAD-TOPO vector.
Escherichia coliTOP10 (Invitrogen) was used for cloning.
V. choleraeand E. coli were grown in Luria-Bertani (LB)
medium at 37°C; when appropriate, ampicillin (100g/
mL) and streptomycin (5@g/mL) were added.

Cloning and Expression of the ngr Operoiihe V.
cholerae nqroperon was obtained from genomic DNA by a

confirmed by DNA sequencing. The complete operon was
sequenced in both directions using internal primers designed
according to the reported sequence (GenBank accession
number AF117331). Sequencing was performed by the
Biotechnology Center of the University of Illinois at Urbana-
Champaign. Thenqgr-pBAD-TOPO construct was then
introduced intoV. choleraeO395N1-toxT:lacAnqrA-F by
electroporation using the conditions reported previousdy. (
Expression of the recombinant N&IQR inV. choleraewas
checked by Western blotting using antibodies against the six-
histidine tag as described previoush3).

Deletion of the ngr Operorhe deletion of theqr operon
was achieved by homologous recombination. mgeoperon
and surrounding sequences were amplified from genomic
DNA by a PCR using the forward primer (GCC GGC CTG
CGT CCT GTC GCT CGT) and the reverse primer (GGA
ACA CCA TCA CGG TTC AGT) and cloned into pCR2.1
(Invitrogen). Internal deletion of th@qrA—F genes was
achieved using intern&rul sites. This results in an out-of-
frame deletion of amino acids 114147 of thengrA gene,
complete deletion of theiqrB—D genes, and deletion of
amino acids 267 of thengrF gene. The out-of-frame
fusion of thengrAandngF genes terminates 24 amino acids
downstream of the fusion site. The DNA was then subcloned
into the pWMO9L1 suicide vectod@) and introduced into the
chromosome of the 0395NbxT::lacZ strain following
sucrose selection as previously describ&g).(

Expression and Protein PurificatiorExpression inV.
choleraeof thenqr operon in the pBAD vector was achieved
by induction with 0.2%L-arabinose, added to the culture
during the log phase of growth. Cells were grown until the
end of the log phase and then harvested, washed with 10
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mM Tris-HCI (pH 7.5), 200 mM NacCl, and 5 mM MgS© when the enzyme was assayed under anaerobic conditions
and frozen at-80 °C until they were used. so that the only available electron acceptor was Q-1, the
The recombinant, His-tagged N&IQR complex was  estimated rate of Q-1 reduction was20% lower than
purified by affinity chromatography using a NNTA resin. expected from the NADH oxidation rate. The same activity
Because sodium plays an essential role in the function of values were obtained under aerobic assay conditions when
Na"™-NQR, the enzyme was prepared both with and without freshly prepared enzyme in DM (but not LDAO) was used,
sodium present using buffers containing either sodium or indicating a negligible reaction with Ofor this enzyme
potassium cation. As a first step, the bacterial membranespreparation. Hence, it is likely that the estimated extinction
were isolated as described previouslB); The membrane  coefficient for Q-1 reduction at 281.6 nm (8.1 micm™1)
fraction was washed with buffer containing either sodium is ~20% too high.
or potassium salts [i.e., 50 mM sodium (potassium) phosphate The turnover number was calculated using a molecular
(pH 8), 300 mM NacCl (KCl), 5% glycerol, and 5 mM mass for the recombinant N&NQR complex of 215 kDa,
imidazole] and then solubilized using 1% dodecyl maltoside which is~5 kDa higher than that of the native enzyme due
(DM) or in some cases LDAO (see below)fb h at 4°C. to the additional tag on NqrF.
The solubilization mixture was centrifuged at 1309G0r Spectrophotometric measurements were taken using an
30 min and then combined as a batch with-INiTA resin, SLM-Aminco DW2000 apparatus, which was equipped with
which had been equilibrated with the washing buffer a stirred semi-micro quartz cuvette (Hellma) so that injections
containing 0.1% DM (or LDAO). This mixture was gently could be made while recording. The system was constructed
agitated at £C for 30 min and then poured into an empty in such a way that the headspace above the liquid in the
column. The filled column was washed with 4 volumes of cuvette could be flushed with a continuous flow of water-
buffer containing 5 mM imidazole, followed by 5 volumes saturated nitrogen gas. In this way, oxygen could be removed
of buffer containing 10 mM imidazole, and the protein was from the samples before the reaction started. This was
then eluted from the column using buffer containing 50 mM particularly important for the enzyme prepared with LDAO.
imidazole. Imidazole and Ri were removed from the Quinone AnalysisHydrophobic cofactors were extracted
protein sample by dialysis against Nar K* phosphate  from the enzyme with a 6:4 mixture of methanol and
buffer in the presence of 10 mM EDTA and 0.1% DM (or petroleum ether, dried under flowing nitrogen gas, and then
LDAO). The enzyme was then frozen in aliquots and kept resuspended in ethanol. The resulting sample was analyzed
at —80 °C. for quinone content by HPLC using a Microsorb-MV 100
Analytical Gel Filtration.A Superose 6 column (2.4 mL) A HPLC column (Varian) in a Perseptive BIOCAD Sprint
in a “SMART purification system” (Pharmacia) with a two-  system. The column was equilibrated and run with ethanol
wavelength absorbance monitor was used. A sample of 240at a flow rate of 0.1 mL/min. The effluent was monitored at
ug of purified Na-NQR was injected and then eluted with 278 nm. Retention times for the quinone components were
a buffer of 50 mM sodium phosphate (pH 8), 100 mM NaCl, calibrated using Q-810) obtained by extraction of mem-
10 mM EDTA, 5% glycerol, and 0.05% DM. branes fromV. choleraeand V. harveyi, as well as com-
To study the cofactors that were covalently bound, the mercially obtained Q-10, as standards.
enzyme was denatured and precipitated with TCA. TCAwas  Spectroelectrochemistryror electrochemistry, purified
added to the purified enzyme to a final concentration of 5%. Na"-NQR in 0.05% DM, 50 mM sodium phosphate buffer
The denatured protein was centrifuged, and the supernatan{pH 8.0), and 100 mM NaCl was concentrated to ap-
and pellet were collected. The supernatant was neutralizedproximately 0.2 mM. Redox titrations, monitored by BV
by the addition of aliquotsfdl M potassium phosphate (pH  visible absorbance, were carried out by the method described
7). The pellet was resuspended in 100 mM sodium phosphatein refs 20 and21. Spectra were recorded at a succession of
buffer (pH 7) containing 1% SDS. Visible absorption spectra redox potentials during both oxidative and reductive phases
of the supernatant and resuspended pellet were recorded asf the titration at £C. The gold grid working electrode was
well as the fluorescence spectrum of the supernatant (datachemically modified with a 1:1 mix of 2 mM cysteamine
not shown). and a 2 mMmercaptopropionic acid solution. To accelerate
Enzymatic Actiity. The activity of the enzyme was the redox reaction, the following mediators were used at a
measured spectrophotometrically. Assays were carried outfinal concentration of 45 M each (midpoint potential vs
at room temperature (approximately 2Q) in the same  Ag/AgCl/3 M KCl in parentheses): ferrocenyltrimethylam-
buffer that was used for dialysis. Activity was measured monium iodide (437 mV), 1,idicarboxylferrocene (436
either as the level of oxidation of NADH (340 nm= 6.22 mV), diethyl-3-methylparaphenylenediamine (159 mV), fer-
mM~tcm™) (3, 16, 17) or as the level of reduction of Q-1.  ricyanide (216 mV), dimethylparaphenylenediamine (163
Since previous preparations of the enzyme have exhibitedmV), 1,1-dimethylferrocene (133 mV), tetramethylparaphen-
significant reaction rates withassays were performed both ylenediamine (62 mV), tetrachlorobenzoquinone (72 mV),
anaerobically and aerobically. One way to monitor Q-1 2,6-dichlorophenolindophenol (9 mV), ruthenium hexamine
reductase activity is to use a wavelength corresponding tochloride 8 mV), 1,2-naphthoquinone-63 mV), trimeth-
an isosbestic point for NADH oxidation (281.6 nm). The ylhydroquinone {108 mV), menadione<{220 mV), 2-hy-
extinction coefficient for the difference spectrum between droxy-1,4-naphthoquinone-333 mV), anthraquinone 2-sul-
reduced and oxidized Q-1 at this wavelength was estimatedfonate (~433 mV), neutral red {515 mV), and methyl
to be 8.1 mM! cml The extinction coefficient was viologen (654 mV). At the given concentrations, and with
determined with reference to a literature value for Q-1 in a path length of 1815 um, no spectral contributions from
ethanol (8), by making parallel dilutions from a concentrated the mediators in the visible range that was used could be
stock solution into ethanol and in the assay buffer. However, detected in control experiments with samples lacking the
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protein. Approximately 8«L of the protein solution was In the past, menadione has often been used as an electron
sufficient to fill the spectroelectrochemical cell. Measure- acceptor when the level of NADH oxidation was measured.
ments were taken using the Ag/AgCIl/3 M KCI reference With the V. choleraeenzyme, use of menadione gave an
electrode. activity of ~3 umol of NADH min~t mg?, which is
Electron Paramagnetic Resonance ConditioBgidized considerably lower than previously reported values. This
Na™-NQR samples in 50 mM sodium phosphate buffer (pH activity is not sensitive to HQNO, and it is not increased at
8), 100 mM NacCl, and 0.05% DM were transferred into high concentrations of sodium, indicating that the menadione
quartz EPR tubes (4 mm outside diameter). The enzyme wag'€action short-circuits the coupled redox reaction of the

frozen in liquid nitrogen. Samples were stored—&0 °C. enzyme. The low NADH:menadione activity of the current
No changes in the EPR signal were detected after incubationpreparation probably indicates that a nonphysiological
at this temperature for several weeks. menadione interaction site is less accessible in this enzyme

EPR experiments were performed on a Varian E-122 Preparation. o o
X-band (9.079 GHz) spectrometer. A microwave power of ~ 1he nearly 1:1 stoichiometry of NADH oxidation and
0.2 mW was used with a modulation amplitude of 2.0 G at duinol reduction contrasts with some previously reports of
100 kHz. Samples were run at 50 K using an Air Products Preparations of the enzyme from other sourds in which
Helitran cyrostat. The magnetic field was calibrated with a the rate of NADH oxidation was substantially greater than
Varian NMR gaussmeter, and the microwave frequency was the rate of quinol reduction. For example, the enzyme from
determined with an EIP frequency meter. V. alginolyticusconsumed 12@mol of NADH min~* mg™

Other MethodsReconstitution of the enzyme into lipo- (NADH:menadione activity), but when Q-1 was used as the

somes and measurementAd¥ using oxonol VI absorbance ~ CCeptor, only mol of quinone min® mg™ was reduced
have been described previous®).(The protein concentration (17). They ._1haru§31/| enzymfa cons;med 19@.10“r€°| of
was measured using the bicichonic acid (BCA) method. NADH dmm q mg (NADfH.mena lone ?ft'v'tyz' ut Q-1
SDS-PAGE in the presencef® M urea was performed ~ Was reduced at a rate of 382 umol min™ mg* (22).

using a Tris-Tricine discontinuous gel system (4% stacking Thu;, in most pr_evious pr\_eparations, the rate of NADH
gel, 16% resolving gel). oxidation was considerably higher than the rate of reduction

of ubiquinone. Apparently, these preparations are able to
RESULTS donate electrons to alternate electron acceptors. In agreement
with Bogachev et al.32), we have found that preparations

Cloning and ExpressiorThenqr operon was obtained by made with LDAO show significant ©consumption, but
a single PCR and cloned into a pBAD-TOPO expression when DM is used instead of LDAO, the extent of, O
vector. This construct was then introduced intd.a@holerae  consumption is dramatically reduced. There are some indica-
strain from which the genomiegr operon had been deleted. tions, here and in earlier reporta?j, that LDAO itself may
By using this plasmid, a six-histidine tag was introduced at also be able to act as an electron acceptor. In the current
the C-terminus of subunit F. Gene expression in the pBAD- work, when DM was used as a detergens,d@nsumption
TOPO vector is under control of an arabinose promoter was negligible (+2 xmol min~* mg%) compared to Q-1
(Psap). Expression of the recombinant N&IQR was reduction (77 umol min~* mg1). Unless otherwise indi-
induced by the addition of 0.2%arabinose to the growth  cated, all preparations used in this work were made in DM
medium during the middle of log phase growth. This did and contained no LDAO.
not have any toxic effect on the cells. Western blotting  The fact that the DM preparation consumes very little
following SDS-PAGE of cell fractions using anti-histidine  oxygen during turnover suggests that the rate of quinone
tag antibodies confirmed that the recombinant enzyme wasreduction is actually equal to the rate of NADH oxidation.
expressed and was localized to the bacterial membrane. Theéndeed, these activities were not affected when the reaction
antibodies labeled a band with a molecular mass of ap-was performed under anaerobic conditions. Taken together,
proximately 46 kDa, consistent with the expected location these results suggest that the discrepancy between NADH
of the His-tagged subunit F. oxidase and Q-1 reductase activities, reported above, is likely

Purification and Actiity. After detergent solubilization of ~ due to a systematic error in the spectrophotometric measure-
the bacterial membranes, N&IQR was purified in a single  ment of Q-1 activity (see Materials and Methods). If a 1:1
chromatographic step using a-NWTA resin. The best results ~ stoichiometry is assumed, the extinction coefficient that
were obtained using the detergent dodecyl maltoside (DM). should be used to monitor quinone reduction under the
Buffers used in the enzyme preparation also containedreported assay conditions is 6.2 mMcm™! at 281.6 nm.
sodium, which helped to stabilize the enzyme. Preparations Sodium Stimulation and HQNO Inhibition of NADH:
made in potassium-containing buffers were considerably lessUbiquinone Oxidoreductase Agitly. As previously reported
stable. Enzyme activity can be measured by following either for Na"™-NQR enzymes, the steady state activity is sensitive
NADH oxidation at 340 nm { = 6.22 mM* cm™) or to the presence of sodium in the assay buffer. At 200 mM
quinone reduction at 281.6 nma£ 8.1 mM1cm1). When Na', the NADH:quinone-1 oxidoreductase activity is 5 times
the level of oxidation of NADH was measured, preparations higher than in the absence of sodium (Figure 1j.df Li*
of the recombinant enzyme routinely gave specific activities is not nearly as effective at activating N&IQR, even at
of ~100umol min~* mg™?, or ~700 electrons per second. high concentrations. This specific requirement for sodium

Somewhat smaller values~{7 gmol min~t mg?1) were is similar to that reported for the enzymes frov algi-
obtained when the level of quinone reduction was measurednolyticusandV. hareyi (2, 3).
using the estimated extinction coefficient at 281.6 rna=( Another characteristic of all previously studied™NaQRs

8.1 mMtcm?). is their high sensitivity to HQNO23). The quinone reductase
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wavelength absorbance monitor set at 280 and 450 nm to
show protein and flavin, respectively. The elution profiles
°\. o o (not shown) at each of the two wavelengths gave a single
o e ) major peak, showing that the preparation is homogeneous.
2 3 4 s The apparent molecular mass from this column is 360 kDa,
[HQNO] uM using soluble proteins for calibration. It is likely that the

FiGURE 1. Steady state turnover of the recombinant QR from pr_otein Is a monomer (calculated molecular mass of 215 kD_a)
V. cholerae Coupled oxidation of NADH and reduction of Q-1 with b_"“”@' detergent; a more Com_plete hy‘?'foo!y”am'c
was assessed by following the disappearance of NADH at 340 analysis will be necessary to make this determination.
gr:m (@Sezfggtta?;;/grizoqtg acl)l]jaliuiﬁlité%nz r?znd m(eB)(e:feecetlrgl;l':r?mO- UV—Visible and EPR SpectroscopiésV—vis absorption
buffeFr)), >0 MM Tris-HCI (pHp8), 01% DKA, ang NgCI, K, or spectra of the reduced and oxidized enzyme under a variety
LiCl as indicated; 100M NADH and 104M Q-1 were added as of condltlpns were recorded using enzyme prepared from
substrates. several different batches of cell growth. Figure 3A shows
the spectrum of the purified NaNQR (as isolated, air-
activity of the recombinan¥. choleraeenzyme is strongly ~ oxidized). There is a broad absorbance maximum at-450
inhibited by HQNO, with activity being nearly abolished at 460 nm and a peak at 378 nm, both characteristics of
2 uM HQNO (Figure 1). flavoproteins. Addition of potassium ferricyanide did not
SDS-PAGE and Coealent Flavins. A number of different significantly change the absorbance spectrum, indicating that
preparations ofV. choleraeNa™-NQR were subjected to  the enzyme as isolated is in the fully oxidized state. The
SDS-PAGE in the presence 6 M urea (see Materials and €nzyme can be reduced by its substrate (NADH) or by
Methods). Figure 2 shows the results obtained with two dithionite. The oxidized-minuseduced difference spectrum
preparations, one prepared with sodium salts and the secon@Xxhibits peaks around 45@60 nm as expected of flavins
with potassium salts. The preparations appear to be identical (Figure 3B).
Figure 2A shows a gel of these two enzyme preparations In addition to the FMN prosthetic groups, which are
after Coomassie staining. The six structural subunits of the covalently attached to subunits B and C,"N¥QR has been
Na"™NQR complex (A-F) can be seen, including all three shown to contain a noncovalently bound FAD, believed to
hydrophobic subunits (B, D, and E). There are no major be bound to subunit F. To confirm the presence of nonco-
contaminants. valently bound flavin in the recombinakt choleraeNa*-
Previous studies on NaNQR fromV. hareyi (2) andV. NQR, the enzyme was denatured and the protein precipitated
alginolyticus (9) have found that subunits B and C of the using TCA. The oxidized-minus-reduced spectra of the
enzyme fluoresce because each contains a covalently boundesuspended pellet and supernatant (Figure 3C) both show a
FMN. When an SDS gel of the recombinahtcholeraeNa’ peak near 450 nm with a shape indicative of flavin(s). The
NQR is exposed to UV illumination (prior to staining), two extracted flavin has a fluorescence emission spectrum with
fluorescent bands corresponding in molecular mass toa peak at 525 nm (not shown), typical of flavins. Qualita-
subunits B and C are observed (Figure 2B), confirming the tively, these data are consistent with previous studies 6r Na
presence of the covalently bound flavins in ¥Mecholerae NQR, which have concluded that the enzyme contains two
enzyme. molecules of covalently bound FMN and one molecule of
Gel Filtration. To determine the homogeneity of theNa  noncovalently bound FADX 8, 24).
NQR preparation, the purified enzyme was subjected to gel Na'-NQR isolated fromV. alginolyticusandV. hareyi
filtration chromatography. Elution was followed using a two- contains a radical signal that can be observed by EPR

NADH oxidase activity, %

N
o
1

o -
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Wavelength (nm) FiGURE4: X-Band EPR spectra of. choleraeNa"-NQR, (A) air-
oxidized and (B) reduced by NADH (10 mM). The protein
concentration was 10&M (21.7 mg/mL). The spectra were
recorded at 50 K with a microwave power of 0.2 mW, a microwave
frequency of 9.08211 GHz, and a modulation amplitude of 0.2 mT.

=

0.20

spectroscopyA?). To investigate the properties of this radical
in the recombinant enzyme from. cholerag EPR spectra
were acquired and compared with those previously reported.
Figure 4 shows the spectra of the NADH-reduced and air-
oxidized forms of the enzyme. A signal arising from the
radical can be seen negr= 2 in both the spectra of the
oxidized and reduced enzyme. An additional signal, which
has been assigned to a 2F25 center, can be observed in
the spectrum of the reduced enzyme (see below). Remark-
. . . — . ably, the intensity of the radical signal is independent of the
400 40 500 850 600 690 redox state of the sample. On the basis of the line width and
Wavelength (nm) g value (2.0034), we tentatively assign the radical observed
in the oxidized form of the enzyme as a neutral flavin
C ' ' ' ‘ ; semiquinoneZb). This assignment is supported by the visible
1.0 . . spectrum in Figure 3B. Note the intensity at 560 nm, a
Y wavelength characteristic of neutral flavin radic&6)((see
) the arrow in Figure 3B). Since this radical appears to be
051 " 7 present in both the oxidized and reduced forms of the
’ enzyme, it is possible that the flavin from which it arises is
not a redox active cofactor in the enzyme.

In the spectrum of the reduced enzyme (Figure 4B), there
............. 1 is also an EPR signal arising from the 2F&S center. The
05 g values (2.0183, 1.9378, and 1.9325) are similar to those
reported previously for this center in N&QR (17, 22).

' ' : ' ‘ Double integration shows that the ratio of spins arising from
400 450 500 550 500 650 700 the radical and the 2Fe2S center is approximately 1.
Because the flavin radical and 2F2S signals overlap, an
accurate determination of this ratio was obtained by simula-
FIGURE 3: UV—visible spectra of the purified NaNQR from V. tion of the first integral (absorption) spectrum (not shown).
cholerae (A) Oxidized spectra: <) air-oxidized enzyme, -} This yields a radical to 2Fe2S ratio of 1.05+ 10%.

enzyme in the presence of 5M KiFe(CN) in air, and @) . . :
anaerobic enzyme in the presence of @ KaFe(CN). One No EPR signals, other than those of the flavin radical and
milligram of protein per milliliter was used in each sample. (8) the 2Fe-2S center, are observed at temperatures down to

Oxidized-minus-reduced spectrum. Spectrum B was normalized to 10 K.
the amount of protein used in trace A. Enzyme was added to 1 mL  Redox TitrationsA complete spectroelectrochemical redox

of sodium phosphate buffer (pH 8), 100 mM NaCl, 10 mM EDTA, .. _.. : . :
and 0.1% DM, and the air-oxidized spectrum was recorded. Then _tltratlon of the recombinant NaNQR was carried out. This

dithionite was added (a few grains) and the spectrum recorded againiS the first redox titration that accounts for all the possible
(C) Oxidized-minus-reduced spectra of the *N9QR from V. cofactors participating in electron transfer inNAQR. The
choleraeafter trichloroacetic acid denaturation showing bound and points in Figure 5 indicate the absorbance at 460 nm during
free flavins: ) resuspended pellet and) supernatant. Enzyme  the oxjdative and reductive phases of the titration. The flavins

(650ug) was denatured with 5% TCA. The pellet and supernatant .
were recovered, and their spectra were recorded under air-oxidizedand the 2Fe2S center absorb at this waveleng#7) The

conditions. Samples were then reduced by dithionite and the spectraSolid line in Figure 5 is the theoretical prediction, which gives
recorded again. the best fit to the data. The model includes four Nernstian
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Ficure 5: Redox titration taken in the oxidative direction of the PROTEOLIPOSOMES
V. choleraeNa™-NQR monitored by UV-visible absorbance at 460 gl |

nm. Solid circles represent the measured data. The continuous line F 3

shows the best fit for a sum of Nernstian potentials (vs $HE 3

consisting of threen = 2 midpoint potentials {257, —187, and 50

—127 mV) and onen = 1 midpoint potential {292 mV).

NADH
components: three = 2 components<{257, —187, and '

—127 mV, vs SHE pH 7) and onen = 1 component{292
mV). Presumably, the three = 2 components are flavins

and then = 1 component is the 2Fe€S center. a1
In a previously reported redox titratiog8), where a one- }

component fit was used to analyze the data, a midpoint
potential of —295 mV was reported, and assigned to FAD.

It is unlikely that this corresponds to any single component C
in the current four-component fit, even though one of these
components does have similar parametBgs£€ —257 mV,

n = 2). The midpoint potential assigned to tme= 1 il PROTEOLIPOSOMES
component{292 mV) is in rough agreement with the value % i ETH-157 {
obtained for the 2Fe2S center in thé/. harveyi enzyme = }

(=267 mV) in an EPR-monitored redox titratio&2).

Quinone Content of the Recombinant™€QR It has
been reported that NaNQR fromV. alginolyticuscontains
a tightly bound quinonel(?). This is also the case for thé
choleraeenzyme, although the results are dependent on the
detergent used in the preparation. Enzyme prepared using NADH
DM contains approximately 1 mol of ubiquinone-8 per mole |

of protein, whereas the enzyme prepared using LDAO is o
b

completely devoid of quinone.

Na" Translocation The most striking characteristic of
Na"-NQR is its ability to selectively translocate sodium ions Ficure 6: NADH oxidase activity of N&-NQR reconstituted in
electrogenically across the membrane. TWe cholerae liposomes. Activity was followed by the change in absorbance at
recombinant enzyme was reconstituted into liposomes using340 nm: (A) no sodium added, (B) 200 mM NaCl added, and (C)

: : . . 200 mM NaCl with 50uM ETH-157 added. Sample conditions:
a method described in réf The reconstituted NaNQR is 0 mM Hepes (adjusted to pH 6.5 using Tris base) angM0

fully active, demonstrating that the enzyme is stable during epTa. Additions of 10uM Q-1, 1004M NADH, and proteo-

the procedure, and also showing that the enzyme is incor-liposomes were made at the indicated points.

porated with the NADH binding domain facing the outside

of the liposome. Hence, the enzyme is expected to pumpETH-157, in the presence of sodium, leads to an 8-fold
Na' to the inside of the liposomes, generating a potential increase in activity. The generation &Y by the enzyme
which is positive inside. The sodium gradient has the effect was observed directly by following changes in the absorbance
of slowing enzyme turnover. This can be seen most clearly of oxonol VI (2). As shown in Figure 7, enzyme turnover
when theAW is collapsed by addition of a sodium ionophore. caused a dramatic change in the absorbance of this dye. The
Figure 6 shows the change in absorbance at 340 nm, whicheffect was reversed by the addition of the sodium ionophore
reflects the oxidation of NADH during turnover of the ETH-157. These results demonstrate that the recombinant
reconstituted enzyme. The addition of the sodium ionophore Na™-NQR from V. choleraeis able to generate AW, and
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Ficure 7: Generation of a membrane potential by'NdQR from
V. choleraeincorporated into liposomes. The membrane potential
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the enzyme. All six subunits and the previously reported
redox cofactors [at least three flavins (two covalent FMNs
and one noncovalent FAD), a 2F&S center, and tightly
bound ubiquinone-8] are present. Furthermore, when incor-
porated into proteoliposomes, the enzyme is able to trans-
locate sodium across the membrane, producingia

The high-quality biochemical preparation and the ability
to generate site-directed mutants make this an excellent
system for further study of the structure and mechanism of
this fascinating enzyme. The experimental advantages of
studying sodium as a translocated ion include the ability to
localize the ion to either side of the membrane bilayer, or
even sequestered within the protein. It is also feasible to
experimentally use a larger range of concentrations than is
typically possible with protons.

TheV. choleraegNa*-NQR enzyme is of particular interest
because it appears to play a role in the virulence of the
organism. Interruption of theqr operon inV. cholerae
results in an increased level of expression of virulence factors
(12). This observation raises a number of interesting ques-
tions about the role of NaNQR in the survival ofV.
choleraeas a free-living organism and how sodium bioen-
ergetics influences the physiology of the organism. The
ability to genetically modify N&-NQR within V. cholerae
will provide a new and important tool with which to address
these questions.

was measured by the change in absorbance of oxonol VI (625 minusACKNOWLEDGMENT

587 nm). The K preparation of the enzyme was used. Activity
was initiated by adding 10M Q-1 and 100uM NADH. (A) No
sodium added, with 50@g/mL oxonol VI in Hepes buffer. (B)
Same conditions as for panel A but in the presence of 200 mM
NaCl. (C) Same conditions as for panel B but in the presence of
50 uM ETH-157.

that this membrane potential is the result of the sodium
gradient created by the redox activity of the enzyme.

CONCLUSIONS

This work reports for the first time the successful
recombinant expression of thegr operon encoding Na
NQR fromV. cholerae A deletion of the genomic copy of
the ngr operon was made in the. choleraehost strain to
facilitate molecular genetics studies using the plasmid-borne
copy ofnqr.

A six-histidine tag was engineered at the end of the NqrF
subunit and resulted in a fully assembled enzyme that could
be easily purified by affinity chromatography. The resulting
preparation is stable, has a very high specific activity, and,
very importantly, does not react with,@ any significant
extent.

Na*-NQR contains an intrinsic free radical that can be

observed by EPR independent of the detergent used or 9.

whether sodium or potassium was used in the preparation.
Our preliminary data suggest that the radical observed in
the oxidized form of the enzyme is a neutral flavin semi-
quinone. Further characterization of the flavin radical is
currently in progress.

Biochemical characterization shows that ¥echolerae
enzyme is very similar to NaNQR previously isolated from
V. alginolyticusand V. harveyi. Hence, the presence of the
histidine tag on NgrF does not interfere with the function of

We thank Dr. Marilyn Schuman Jorns for helpful sugges-
tions on the flavin analysis, Dr. Theodore Hazlett for many
suggestions and discussions, Morris Funkhouser for his
skillful machining work, and Ash Pawate for his consistently
kind help with computer programs.
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