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ABSTRACT. Redox titration of all optically detectable prosthetic groups of fftanslocating NADH:quinone
oxidoreductase (NaNQR) at pH 7.5 showed that the functionally active enzyme possesses only three
titratable flavin cofactors, one noncovalently bound FAD and two covalently bound FMN residues. All
three flavins undergo different redox transitions during the function of the enzyme. The noncovalently
bound FAD works as a “classical” two-electron carrier with a midpoint potertgl ¢f —200 mV. Each

of the FMN residues is capable of only one-electron reduction: one from neutral flavosemiquinone to
fully reduced flavin E, = 20 mV) and the other from oxidized flavin to flavosemiquinone anign €

—150 mV). The lacking second half of the redox transitions for the FMNs cannot be reached under our
experimental conditions and is most likely not employed in the catalytic cycle. Besides the flavins, a
[2Fe-2S] cluster was shown to function in the enzyme as a one-electron carrier VEEhaR-270 mV.

The midpoint potentials of all the redox transitions determined in the enzyme were found to be independent
of Na concentration. Even the components that exhibit very strong retardation in the rate of their reduction
by NADH at low sodium concentrations experienced no change ithealues when the concentration

of the coupling ion was changed 1000 times. On the basis of these data, plausible mechanisms for the
translocation of transmembrane sodium ions by INEQR are discussed.

NADH:quinone oxidoreductases from the marine bacteria molar ratio of ca. 1:111, 13, 14). In addition, N&-NQR
of the genusVibrio form a family of primary redox-driven  bears two covalently bound FMN residues that are attached
Na" pumps that generate transmembrane differences inby phosphoester bonds to threonine residues in subunits NqrB

electrochemical potentials of sodium ionsuya+)t (1—4). and NgrC 8, 14—16). Recently, a noncovalently bound
The efficiency of Na translocation by the enzyme was riboflavin was also reported in NaNQR (17). Note that it
shown to be 1 N&e™ (5). has been generally accepted that living organisms use

The Na-translocating NADH:quinone oxidoreductase riboflavin only as a precursor for FAD and FMN synthesis
(Na"-NQR) consists of six subunits (NgrAF) (6) that (18), and thus, N&NQR is so far the only enzyme in which
correspond to the six genes of thgr operon ¢, 8). Subunit riboflavin has been proposed to be a cofactor. However, there
NgrF possesses binding motifs for NADH, FAD, and an are no data about the subunit to which"N4QR riboflavin
iron—sulfur center and mediates the NADH dehydrogenase could bind. Moreover, there is a possibility that NdQR
activity of the enzyme?, 9, 10). The presence of the iren contains only three flavins, whereas the observed riboflavin
sulfur center in N&-NQR was confirmed by EPR spectros- is a hydrolysis product of FMN residuesg)(

copy that showed a [2Fe-2S]-type clustet{13). Na’-NQR The kinetics of reduction of NaNQR by NADH displays
isolated frpm_different bacterial species also contains tightly three distinct phases corresponding to reduction of three
bound ubiquinone-8 and noncovalently bound FAD with a gifferent flavin species, as shown by studies using stopped-
flow optical spectroscopyl@, 19). This reaction can be
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Foundation.

*To whom correspondence should be addressed. Pher358 9 NADH dehydrogenating domain of NeNQR. The second
191 58005. Fax:+358 9 191 58 001. E-mail: michael.verkhovsky@ part (after the coupling site) consists of the two slower phases
heLS,'ak'-f'- State Universi that are strongly dependent on the sodium concentration. It

s Ur?i?/((:e?;\i/ty (2L eversity: was shown that the two sodium-dependent phases reflect the

1 Abbreviations: DM, dodecyl maltoside; EPR, electron para- reduction of the neutral flavosemiquinone to the fully reduced
magneltiﬁ resonance; Fl, oxitiized flavinfi RIHeduced flavin; Fli flavin and that of the oxidized flavin to the anionic
neutral flavosemiquinone; ¥l anionic flavosemiquinone; LDAO, i ;
lauryldimethylamineN-oxide; Na-NQR, Na'-translocating NADH: flavosemiquinone, respectively. Therefore, W? .have. proposed
quinone oxidoreductaseAuna*, transmembrane difference of Na  that at least one of these one-electron transitions is coupled

electrochemical potentials. to the transmembrane sodium translocation by -N&R
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(4, 19). The question of the redox center through which in solution A [350 mM KCI, 5 mM imidazole, and 20 mM
electron transfer to the Natranslocation is coupled could  Tris-HCI (pH 8.0)], solubilized with 1% DM, and centrifuged
be resolved by equilibrium redox titration. The mechanism at 20000@ for 60 min. The supernatant was loaded onto a
of energy conversion between the redox transitions and theNi—NTA column equilibrated with solution B (solution A
transmembrane translocation of a sodium ion is still unknown containing 0.05% DM). The column was successively
for Nat-NQR. Generally, redoxelectrochemical coupling  washed with solution B containing 10 and 20 mM imidazole.
takes place if, for example, the electrostatic field formed upon Na*-NQR was then eluted from the column with solution B
reduction of a N&-NQR cofactor is compensated by the containing 100 mM imidazole. The enzyme obtained was
capture of the sodium ion from the cytoplasmic side of the concentrated and frozen at80 °C until it was used. This
membrane. The subsequent oxidation of this cofactor has topurification yielded Na-NQR preparations with specific
be accompanied by the ejection of the cation from the other NADH-dehydrogenase and;@eductase activities of 92 and

side of the membranel(7). If this mechanism is the case,

48 umol of NADH consumed per minute per milligram of

the redox potential of at least one enzyme cofactor should protein, respectively.

depend on the Naconcentration. Thus, redox titration of
Na"-NQR at different concentrations of N@aeems promis-

Na"-NQR from V. haveyi cells was purifieds described
previously (@2) with minor modifications. For protein

ing for understanding the catalytic mechanism of the enzyme solubilization, 2.5% Liponox-DCH was used instead of

and localization of the coupling site.

LDAO and all purification steps were carried out in the

In this work, redox titration of all the optically detectable presence of 0.2% Liponox-DCH instead of LDAO or DM.
Na"-NQR cofactors has been accomplished. We have found This procedure yielded NaNQR preparations with specific
the amazing result that under equilibrium conditions all the NADH-dehydrogenase and;@eductase activities of 48 and
determined redox transitions in the enzyme are sodium- 26 umol of NADH consumed per minute per milligram of
independent. protein, respectively.

SpectroelectrochemistrnBpectropotentiometric redox ti-
tration of Na'-NQR was carried out as described using an
optically transparent, thin layer electrode (OTTLE) c2ll-{

23). Potentials within the range 6f400 to 140 mV versus
the SHE were set with-20 mV steps during both oxidative
and reductive titration using a PAR263A potentiostat (Prin-
ceton Applied Research). Optical absorption spectra were
recorded in the spectral range of 35070 nm at a succession

of redox potentials. At each potential step, the onset of
) ) equilibrium on the working electrode was determined, as the

Cloning and Expression of the ngrABCDEF Operon from changes in the cell current and optical density at 460 nm
V. hareyi. The nqrABCDEF operon olV. hareyi with its became no longer significant (285 min/step). The titrations
own promoter was amplified from genomic DNA using PCR  yyere performed at 21C. The setup was PC-controlled in a

with “Long Reading” polymerase (“Sileks”) and primers dirA  fy|ly automated regime using Titrator version 2.41 (2604
(5-AAACAGCATCAAAACCGGACACT) and revF (5 2005) developed by N. Belevich (Helsinki, Finland).

GCCATAGATTCAATCACTTGCGG). The amplified frag- Two layers of gold minigrid (300 Ipi, each layer with a
ment (-6 kb) was cloned into the pGEM-T vector, resulting - 7094 transmittance, Buckbee-Mears, Europe GmbH) served
in the pLN52 plasmid. This plasmid was used as a template 55 the working electrode. The minigrid surface was prepared

MATERIALS AND METHODS

Bacterial Strains and Growth ConditionSscherichia coli
(XL1-Blue) and Vibrio choleraecells were grown in LB
medium at 37°C. Antibiotics that were used were 100/
mL ampicillin and 1Qug/mL tetracycline foiE. coliand 150
ug/mL ampicillin and 50ug/mL streptomycin forV. chol-
erae. Vibrio haveyicells were grown as described previously
(14).

for the next PCR with another pair of primers, ngrAdir
(5'-CAAGTGCccATgGTTACAATA) and nqgrF_rev (5
CACTTGCGGGaATTCcACC), containingdcd and Ecadrl

as described in ref3. A Pt wire immersedn 3 M KCl and
a saturated Ag/AgCI half-cell served as the counter electrode
and reference electrode, respectively.

sites, respectively. The PCR product obtained was cloned ¢ accelerate the redox equilibrium between the working

into the pBADMyc-HisC vector between itlcd and EcaRl
sites, resulting in pBAD/nqr4 plasmid (bearing timer
operon under control of an arabinose promoter with a six-
histidine tag fused in frame to the C-terminus of tigF
gene product). This plasmid was digesteddpnl and Ssp
restrictases, and-a2.6 kb band containing a part of ther
operon withngrF fused with the six-histidine tag was inserted
into the pLN52 plasmid between tlikpnl and Sal sites in
place of the original part of thegr operon. This procedure
resulted in cloning of the completeyr operon with the six-
histidine-taggeaqrF gene under control of thegr promoter
(PLN52-his1 plasmid).

The pLN52-his1 plasmid was incorporated iMocholerae
0395N1toxT::lacZ Angr cells (13) using electroporation
(20).

Recombinant His-tagged NaNQR was purifiedusing
affinity chromatography. Membranes from cells\afchol-
erae0395N1toxT::lacZ Angr/pLN52-his1 were suspended

electrode surface and the solubilized enzyme molecules,
hexaamminerutheniungf, = 50 mV), pentaaminechloro-
ruthenium E, = —130 mV), and methyl viologeng, =
—455 mV) were used as redox mediators (Eievalues and
stabilities of the mediators when present in a mixture were
checked in situ using cyclic voltammetry). No optical
contribution from hexaammineruthenium or pentaamine-
chlororuthenium (ABCR GmbH & Co.) was detected in the
spectral range that was studied. The contribution from methyl
viologen was taken into account during the data analysis.

For the spectroelectrochemical experiments; IN&@QR
samples were washed with buffer C [150 mM KCI, 20 mM
HEPES-Tris (pH 7.5), 0.05% DM, 5@M methyl viologen,
400 uM pentaaminechlororuthenium(lll) chloride, and 200
uM hexaammineruthenium(lll) chloride] and concentrated
on spinnable filters (Millipore) up to 586M Na*-NQR; the
mixture (~40uL) was used to fill the OTTLE cell. All redox
potentials that are quoted refer to the SHE.
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Redox Titration of N&NQR Using Lactate/Pymate
Redox BufferNa'-NQR samples+3 mg/mL) in 20 mM
HEPES-Tris (pH 7.5), 50 mM KCI, and 0.05% DM were
titrated under strictly anaerobic conditions by varying the
lactate/pyruvate ratio (10 mM pyruvate and 610 mM
L-lactate) in the presence of NAD(5 mM) and lactate

dehydrogenase (1 unit). In these experiments, the Tris salts

of NAD, lactate, and pyruvate were used. In the absence
of added N4, the background sodium concentration in the
mixture was 2QuM. Anaerobic samples were prepared using
a vacuum line with several cycles of degassing and flushing
with argon gas.

Spectraof the kinetic phases of the NaNQR reduction
by NADH and spectra of glucose oxidase were obtained as
described previouslyl@). To estimate the quantity of Na
NQR cofactors during redox titration of the enzyme, the
following extinction coefficients were usedsso = 12.3
mM~t cmt (FI — FIHy), €s70 = 3.9 mMt cm™* (FIH* —
FIH,), andesso = 10.8 mMt cm™ (FI — FI*7) (24, 25).

Noncaalently bound flains were extracted from Na
NQR as described previousljt4). Extracted flavins were

separated by reverse-phase HPLC using a Prontosil 120-

5C18AQ column (dimensions of 75 mm 2 mm). A linear
gradient of methanol [total sweep from 10 to 70% (v/v), 25
min] in 5 mM MES-Tris (pH 6.0) with a flow rate of 0.1
mL/min was used. Flavins were detected at 360 nm. The
retention times for FAD, FMN, and riboflavin standards were
12.4, 14.0, and 15.1 min, respectively.

NADH-dehydrogenase and ;@eductase actities of
Na'-NQR were measured as described previousB).(

The protein content was determined by the bicinchoninic

acid method using bovine serum albumin as a standard. The

sodium concentration was measured by flame photometry.
All chemicals were analytical grade and were obtained from
Sigma-Aldrich unless otherwise stated.

RESULTS

The ngr operon was cloned from genomic DNA &f.
harveyi. By using this construct, a six-histidine tag was fused
with the C-terminus of the NgrF subunit, which is similar
to the approach described in rE8. The tagged/. harveyi
ngr operon was then heterologously expressed in\the
choleraeAnqr strain.

In this study, two types of enzyme preparation were
used: (i) NQR, the N&NQR partially purified by a
conventional technigue from the wild-typé harveyi cells,
and (ii) NQR-his, the recombinant enzyme highly purified
by affinity chromatography.

Spectropotentiometric Redox Titration of NBIQR The
redox titration of the enzyme was performed by the spec-
troelectrochemical approach at potentials betwedf0 and
140 mV with steps of 20 mV in both the oxidative and
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Ficure 1: Difference spectra (reduced minus oxidized) of NQR-

his obtained during spectroelectrochemical titration at redox

potentials from 140 te-400 mV with—20 mV steps. The spectrum

at 140 mV was used as the reference. Reduction caused a decrease

in the absorbance of the protein over the whole range of potentials.

The optical path length was 0.6 mm and the bulk volume/40

For conditions, see Materials and Methods.
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Ficure 2: Redox titration of NQR-his monitored at 46@)(and

515 nm @). The absorbance at 770 nm was taken as a reference.
Lines representing the theoretical titration curves at the selected
wavelengths were plotted using the fit parameters as in Figure 3.
Conditions were as described in the legend of Figure 1.

the sample, with the exception that there was a small positive
absorbance change upon reduction at very low redox
potentials. The latter was due to methyl viologen, whose
spectral changes were subtracted prior to further analysis.
Examination of the redox potentials outside the defined
region did not show any additional spectral changes within
the enzyme (data not shown).

Analysis of the first derivative of the optical density
measured at different wavelengths along the redox potential
axis brought out four maxima corresponding to the four redox
components in the data set. One of the peaks was sharper
and taller than the others and could be described well as a
two-electron component. At the same time, the three other
components were typical one-electron transitions.

The dependence of the optical density at two different
wavelengths on the redox potential is illustrated in Figure

reductive direction. The spectral changes in the protein upon2. The data for 460 nm, where oxidized flavins have their

reductive and oxidative titration were practically identical,

maximal absorbance, can be roughly described by two redox

and the hysteresis at any step was less than 10 mV. Fortransitions: (i) a two-electron transition & 2) with anEp,
further analysis, the spectra obtained under the sameof ca.—200 mV and (ii) a one-electron transition & 1)

potentials in the oxidative and reductive directions were
averaged.

Figure 1 shows a typical set of spectral changes of NQR-
his during redox titration in the presence of 50 mMINAt
each step, reduction caused a decrease in the absorbance

with an Ey, of ca. —150 mV (a minor contribution of two
transitions withEy, values of 10 and-270 mV are also
observed; see below). The data for 515 nm, where the major
contribution is expected from the reduction of Fi&thd an
&%—S cluster, could be described by two major one-electron
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Ficure 3: Spectral components of N&NQR (NQR-his prepara- g-0.02
tion) obtained from redox titration. Lines-# represent the spectral 8
components: line 1E, = 16 mV andn = 1; line 2,E,, = —155 o -0.0
andn = 1; line 3,E,, = —209 mV andn = 2; line 4,E,, = —272 g :b
mV andn = 1; and line 5, the residuals of the data fit (eq 1). s
Conditions were as described in the legend of Figure 1. g -0.01 C
[7/]
transitions with E,, values of ca.—270 and 10 mV, | 0.02
respectively. -
Thus, we made a global fitting of the complete data set
assuming that the system contains one two-electron and three -0.03 --209mV;n=2

one-electron transitions. The redox potential dependence of
the absorbance changes at any wavelength can be presented

as

4 /60)(En—El,
B i lO(n )En—Em)
AE) = Zlez X ” i
i= 10(” 60)En—Em) +1

1)

whereA; is the absorbance at a particular wavelength,
is the extinction of théth redox center at this wavelength,
En is the ambient redox potential in millivolts,, is the
midpoint redox potential of thith redox center in millivolts,
andn' is number of electrons required for reduction of the
ith redox center. Fitting the model (eq 1) to the data set
presented as a surfadg®E,) gave us foure; spectral
components and four values of th&y, midpoint potentials
(i=1,2,3,and 4).

The results of the fit are plotted in Figure 3 (lines4).
It is noteworthy that the constant term of the fit reflecting

-0.01

E =-272mV;n=1
m
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FIGURE 4: Absorption spectra of components obtained from redox
titration of Na"-NQR (NQR-his preparation) in comparison with
model spectra of flavins and the [2Fe-2S] cluster. (A) Spectrum of
the E, = 16 mV (n = 1) component ) compared with the
spectrum of one-electron reduction of neutral flavosemiquinone in
Na™NQR (18) (- - -). (B) Spectrum of thée,, = —155 mV (=

1) component ) compared with the spectrum of one-electron
reduction of FAD in glucose oxidase with the formation of anionic
flavosemiquinoneX8) (- - -). (C) Spectrum of th&, = —209 mV
(n= 2) component<) compared with the spectrum of two-electron
reduction of glucose oxidasé&®) (- - -). (D) Spectrum of theey,

changes which are not included in the spectral components= —272 mV (@ = 1) component+) compared with spectrum of

(Figure 3, line 5) is negligible compared to the components

reduction of spinach ferredoxin (- - -).

themselves. Thus, the four components found entirely The next componeng&y, = —155 mV,n = 1, Figure 4B,

represent the whole visible spectral change of the enzymesolid line) has a major trough at 458 nm and minor peaks at
detected within the potential range that was studied. This is 370, 400, and 515 nm. The spectrum is close to one found
also illustrated in Figure 2 where the fitting results are as the slowest kinetic component during the enzyme reduc-
replotted as the theoretical titration curves at 460 and 515tion by NADH (not shown) and assigned to the reduction of
nm (solid lines). Note that the curves fit well to the data oxidized flavin to flavosemiquinone anion. For demonstra-

that are plotted.

Assignment of the Spectral Components of-N®R The
component with the highest potenti&,(= 16 mV,n= 1,
Figure 4A, solid line) is characterized by minima at 510,

tion, Figure 4B also shows a model spectrum of the-FI
Fl= transition (dashed line) obtained by the anaerobic
photoreduction of the glucose oxidase under alkaline condi-
tions @, 19). The spectra are very similar, and we attribute

575, and 625 nm. This spectrum is similar to the spectrum the component with ai, of —155 mV to the FI— FI*~

that was obtained by a study of the kinetics of reduction of
Na"-NQR by NADH (Figure 4A, dashed line) and was
assigned to the Nadependent reduction of neutral flavo-
semiquinone to fully reduced flavin4( 19). Thus, we
attribute this spectral component to the FIH- FIH,
transition.

transition in Na-NQR.

The fitting procedure gave us one two-electron component.
Figure 4C shows the spectrum of this component (solid line)
together with the spectrum of the F+ FIH, transition
obtained by the two-electron reduction of glucose oxidase
(dashed line). These two spectra are also very similar to the
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Table 1: Midpoint Redox Potentials (in millivolts) of NeNQR Cofactors at pH 7%

NQR-his NQR
transition 50 mM Na 50 mM Na" 50uM Na* 50 mM Na" and 200uM NAD*
FIH* — FIH, 16 25 10 23
Fl— FI~ —155 —133 —161 —136
Fl — FIH, —209 (1= 2) —182 (1= 2) —207 1 =2) -183 (1= 2)
[2Fe-2S}" — [2Fe-2S} —272 —267 —272 —307

a2 The number of electrons transferred isrl=f 1) for all transitions unless otherwise stated. The potentials refer to the SHE.

spectrum of the sodium-independent fast phase of thefrom those of the N&NQR titration at 1000 times higher

reduction of the enzyme by NADH, which we assigned to

the two-electron reduction of a flavirl®). Therefore, we

consider the component with &, of —209 mV (= 2) to

be a two-electron reduction of oxidized flavin (H FIHy).
The lowest-potential componerEf = —272 mV,n =

1) of the N&-NQR titration is shown in Figure 4D (solid

sodium concentrations. We conclude that the midpoint redox
potential of all the redox components tested is practically
sodium-independent.

To check that sodium dependence does not appear upon
the binding of the natural electron donor NADH, we also
carried out the electrochemical redox titration of tNdQR

line). The spectrum reveals two troughs at 395 and 480 nmin the presence of 200M NAD* and again did not find
and significant changes in the long wavelength region. It is any shifts inE, values (see Table 1).

most likely that the component represents a redox transition The expected effect of sodium on tlg, of Nat-NQR

of the [2Fe-2S] cluster, because its redox properties are verycofactors was also tested by the equilibrium perturbation

similar to those of this N&NQR cofactor E,, = —267 mV,
n = 1), as determined using the EPR techniqu®).(
However, the spectrum of this component significantly differs
from the model redox difference spectrum of a [2Fe-2S]

method. For that purpose, the enzyme was poised at different
redox potentials €220, —190, and—160 mV) set by the
lactate/pyruvate pair in the presence of NABNnd lactate
dehydrogenase in the anaerobic sodium-free medium. Then

cluster obtained using spinach ferredoxin (Figure 4D, dashedNaCl was anaerobically added to a final concentration of
line). It is important that the component spectrum have a 50 mM. We expected that if the midpoint potential of any

little in common with any spectra of flavin species, and its
extinction is far too weak for the identification of this low-
potential component as an additional “fourth” flavin cofactor.
The relative quantity of the flavin cofactors can be
estimated using the extinction coefficients for different redox
transitions of FAD in glucose oxidas&9). In the set of data

of the cofactors were dependent on sodium concentration,
the addition of this cation at certain potentials would
significantly shift the equilibrium and change the spectrum
of the protein. However, we were not able to discern any
spectral change upon addition of NaCl (data not shown). This
result also confirms the lack of the direct thermodynamic

in Figure 1, which we decompose into different components coupling between the electron affinity of optically detectable

(Figure 4), the FI— FIH,, FI — FI'-, and FIH — FIH,
transitions are present at 49, 43, and 42, respectively,

Na*-NQR cofactors and sodium binding by this enzyme.
Flavin Content in Na-NQR It was proposed earlier that

which is rather close to the expected 1:1:1 stoichiometry Nat-NQR contains four different flavins: one noncovalently
(a minor deviation from the expected stoichiometry can be bound FAD, two covalently bound FMN residues, and one

explained by somewhat different molar extinctions of the
flavin species in N&NQR and glucose oxidase). Thus, the
redox titration of Na-NQR in the presence of 50 mM Na

demonstrates four redox transitions of four enzyme co-

factors: three flavins and one & cluster.

noncovalently bound riboflavirlQ, 17). However, our data
on the kinetics of the reduction of the enzyme by NADH
(19) and especially the thermodynamic properties of Na
NQR (this paper) strongly show that there are only three
flavin cofactors in the functionally active enzyme. Thus, to

Besides that of the recombinant NQR-his enzyme, we alsoresolve these contradictions, we tried to reinvestigate the

performed redox titration of wild-type NQR isolated from flavin content in Na-NQR.

the V. harveyi cells by the conventional method2). The The denaturation of NQR-his by trifluoroacetic acid
titration yielded redox components practically identical to followed by the separation of two fractions by sedimentation
those for the His-tagged enzyme (see Table 1), except thatrevealed 6.0 and 6.2 nmol of extractable and nonextractable
in the wild-type NQR two minor additional components due flavin/mg of protein, respectively. This result shows that
to the presence of cytochrombsand c were also detected almost equal quantities of covalently and noncovalently
(data not shown; the latter was obviously due to the impurity bound flavin are present in the enzyme, which is in

of the NQR preparation compared to NQR-his).

Effect of Sodium on the Midpoint Redox Potentials ofNa
NQR Cofactors The main aim of this work was the
determination of the dependence of tBg values of all

accordance with the data obtained previously with NQ&.(
Ultraviolet excitation of the electrophoresis gels of NQR

or NQR-his preparations showed two fluorescent bands

corresponding to NgrB and NqrC (data not shown). The data

cofactors on the sodium concentration. This knowledge indicate the presence of two covalently bound flavins in-Na
would let us define the steps in the catalytic cycle that are NQR, which is also in good agreement with earlier results
thermodynamically coupled to the translocation of sodium (3, 16).

ions. To find the maximum effect, the experiment was  Taking into account the equal quantities of covalently and
performed in sodium-free medium (containing—&0 uM noncovalently bound flavins, one could have concluded that
Na' as an impurity). However, as can be seen from Table Na"-NQR also contained two noncovalently bound flavins
1, the results of such measurements were not much differentand, therefore, four flavin cofactors in the enzyme as a whole.
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—— Ficure 6: Scheme of the redox transitions of NBIQR cofactors
11 12 13 14 15 16 and possible sequence of electron transfer from NADH to ubiquino-
Time, min ne.
Ficure 5: HPLC separation of the soluble flavin components . .
extracted from N&NQR (NQR-his preparation) after denaturation Intérestingly, the second half of both reactions (F+ FIH;

by trifluoroacetic acid. The quantities of FAD, FMN, and riboflavin ~ and FI— FIH*, respectively) was never reached within the
were estimated to be 3.9, 0.67, and 2.0 nmol/mg of protein, whole range of redox potentials that was studied. This finding

respectively. agreed with previous EPR data which show the presence of
) ) ) ~ the neutral flavosemiquinone in the completely oxidized
Indeed, the HPLC analysis of the trifluoroacetic acid enzyme and anionic flavosemiquinone in the fully reduced
extractable flavin fraction demonstrated the presence of enzyme (9, 26). To the best of our knowledge, this is the
riboflavin (Figure 5); this result was in full agreement with — first demonstration that two one-electron transitions of flavin
data reported previousiiQ, 17). However, all tested Na  reduction in an enzyme can be so strongly energetically
NQR preparations contained a much smaller quantity of separated.
riboflavin in comparison with FAD and also contain some  These results together with our previous datalét us
quant@t_y of FMN. In the example presented.in FigL_Jre 5, the assign the F= FIH, transition with anEn, of —200 mV to
quantities are 2.0, 3.9, and 0.67 nmol of riboflavin, FAD,  the reduction of noncovalently bound FAD in the NADH-
and FMN/mg of protein, respectively. In different prepara- dehydrogenase domain of RAQR located in the NgrF
tions, the riboflavin:FAD ratio varied from 0.4 to 0.6. This  gypunit. The two one-electron transitions (FtH FIH, with
value is surprisingly low compared to the expected ratio of 4n E of 20 mV and Fl— FI*~ with an E,, of —150 mv)
1:1. Itis very likely that riboflavin and FMN found after  can pe assigned to the reduction of two covalently bound
acid extraction in the solution are the result of partial N residues located in subunits NgrB and NgrC.
hydrolysis of the phosphoester bond of covalently bound Summarizing sequence analysis of the NRQR subunits
FMN. In this case, extractable flavin consists~e®.5 mol (7, 9), kinetics of the enzyme reduction by NADHY), and
of riboflavin and 1 mol of FAD an_d gives 1.5 mol of flavin/ e thermodynamic properties of its cofactors (this work),
mol of enzyme. The bound fraction would represent 2 mol \ye syggest a plausible scheme of electron transport within
of bound FMN residues minus 0.5 mol of hydrolyzed Na*-NQR (Figure 6).
riboflavin which is also 1.5 mol of flavin/mol of enzyme. The C-terminal domain of the NaNQR NgrF subunit is
Such a result gives the apparent 1:1 ratio of bound and homologous to ferredoxin:NADPoxidoreductases of the
extractable flavins and explains completely the data set thatpyg family; it contains NADH and FAD binding sites
was obtained. (7,9). The N-terminal domain of NgrF resembles ferredoxins
bearing a [2Fe-2S] cluster. Thus, NgrF is a polypeptide that
DISCUSSION combines NADH:ferredoxin oxidoreductase and a ferredoxin
In this work, we have performed redox titration of all the (9). Therefore, it seems obvious that at the beginning of the
redox cofactors of N&NQR that have absorbance in the catalytic cycle two electrons from NADH are transferred to
visible spectral region: three flavins and one-=:cluster. the noncovalently bound FAD. Then the electrons are
The data obtained are very unusual. Surprisingly, all three apparently uncoupled, resulting in a FAD semiquinone and
flavins in Na'-NQR undergo different redox transitions areduced [2Fe-2S] cluster. The electron from the-rsulfur
during the function of the enzyme. One of them works as a cluster can be further transferred to covalently bound FMN
“classical” two-electron carrier, although the two others are residues and finally to ubiquinone. On the basis of the results
capable of only a single one-electron reduction step. This of our redox titration, we assume that the electron from the
conclusion agrees well with our earlier kinetic analysis of iron—sulfur cluster is transferred to the FMN, producing Fl
reduction of Na-NQR by NADH and EPR study of the and then to the FIH producing FMNH (see Figure 6).
enzyme 18). The one-electron transitions that we were able  The kinetics of the reduction of NaNQR by NADH
to observe were the F+ FI*~ and FIH — FIH; transitions. studied earlier clearly shows two major componehs 19).
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The first component was interpreted as the two-electron side and the release of another™Nfaom the periplasmic
flavin reduction, its rate being essentially independent of side. The oxidation of this cofactor would be coupled to
sodium concentration. This sodium-independent componenttranslocation of the sodium ion from the cytoplasmic side
possibly includes the electron transfer from FADtd the to the periplasmic side of the enzyme. Such a mechanism
[2Fe-2S] cluster. However, with respect to the thermo- does not lead to any sodium dependence of the midpoint
dynamic instability of FAD semiquinone (in redox titration redox potential(s), because reduction and oxidation do not
this cofactor behaves like a pure two-electron mediator) and change the amount of sodium ions bound to the enzyme.
the lowerEy, of the [2Fe-2S] cluster compared to that of the  (3) There is another possibility that N&QR is working
FAD/FADH; couple, this transition is energetically unfavor- not as a thermodynamic but rather as a kinetic machine. In
able. Thus, the steady-state [2Fe-2S] reduction takes placehis case, the sodium dependence of electron affinity of some
in only a small fraction of the enzyme and could not be Na™-NQR cofactor arises during the catalytic cycle only as
detected. a result of consequent and ordered events. In other words,
The second component of the reduction of NNQR by this sodium dependence is carried out only at a fixed stage
NADH was interpreted as two sequential steps of one- of the catalytic cycle, which is not accessible under ther-
electron reduction of two different flavin cofactors (the same modynamic equilibrium conditions.
way that we describe it in this paper). The rate of the second  Fyrther experiments are required to distinguish between
component was strongly increased in the presence of sodiumhe proposed alternatives for the mechanism of the coupling

ions. This is why we have assumed that one of latter of sodjum ion translocation to the electron transfer reactions
transitions could be coupled to the transmembrané Na iy Na*-NQR.

translocation 4, 12, 19). Formally, such an assumption
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