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Abstract—The Na*-translocating NADH:quinone oxidoreductase (Na*-NQR) is a component of the respiratory chain of
various bacteria that generates a redox-driven transmembrane electrochemical Na™ potential. The Na*-NQR activity is
known to be specifically inhibited by low concentrations of silver ions. Replacement of the conserved Cys377 residue with
alanine in the NgrF subunit of Na*™-NQR from Vibrio harveyi resulted in resistance of the enzyme to Ag* and to other heavy
metal ions. Analysis of the catalytic activity also showed that the rate of electron input into the mutant Na*-NQR decreased
by about 14-fold in comparison to the wild type enzyme, whereas all other properties of x,+C377A Na"™-NQR including its

stability remained unaffected.
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The Na*-translocating NADH:quinone oxidoreduc-
tase (Na*-NQR) is a redox-driven sodium pump that
generates a transmembrane electrochemical Na* poten-
tial [1]. This enzyme has been shown to operate in the
respiratory chain of various bacteria including several
pathogenic microorganisms [2, 3]. The enzyme consists
of six subunits (NqrA-F) [4] encoded by the six genes of
the ngr operon [5, 6]. The NqrF subunit is homologous to
numerous flavin-containing oxidoreductases.

The C-terminal domain of NqrF resembles ferre-
doxin:NADP™ oxidoreductases of the FNR family and
comprises binding motifs for NADH and FAD [5, 7]. The
N-terminal domain shares homology with ferredoxins
bearing a [2Fe-2S] cluster and contains four conserved
cysteine residues involved in formation of the iron—sulfur

Abbreviations: DDM, n-dodecyl-B-D-maltoside; dNADH,
reduced nicotinamide hypoxanthine dinucleotide; FNR, ferred-
oxin:NADP* oxidoreductase; HQNO, 2-n-heptyl-4-hydroxy-
quinoline N-oxide; K;, menadione; Na*™-NQR, Na*-translocat-
ing NADH:quinone oxidoreductase; NEM, N-ethylmaleimide;
Q, ubiquinone; QH,, ubiquinol; T,,, unfolding temperature.
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center [5, 8]. Thus, NqgrF is a polypeptide that combines
NADH:ferredoxin oxidoreductase and ferredoxin [7].
The five other subunits of Na*-NQR (NqgrA-E) do not
have any noticeable homology to other proteins with
known functions.

Na*-NQR is thought to contain the following set of
prosthetic groups: one [2Fe-2S] cluster, one noncova-
lently bound FAD, two covalently bound FMN residues,
and one noncovalently bound riboflavin [9]. Subunit
NgrF binds NADH, FAD, and the [2Fe-2S] cluster [5, 7,
8]. Covalently bound FMN residues are attached by
phosphoester bonds to threonine residues in subunits
NgrB and NqrC [10], whereas the location of riboflavin
in the structure of the enzyme remains unknown [9].

The overall reaction of NADH oxidation and
quinone reduction catalyzed by Na™-NQR in vivo can be
described by the following equation:

NADH + H}, + Q + 2Naj, - NAD* + QH, + 2Na{,. (1)
This redox reaction is coupled with a vectorial trans-

fer of two sodium ions across the membrane, i.e. the ratio
Na*/e for Na*-NQR is 1 [11]. The dependence of quinone
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reductase activity of Na*-NQR (Eq. (1)) on concentration
of sodium ions is hyperbolic, and the value of the apparent
KN* for the enzyme from Vibrio species is about 2-3 mM
[12]. Na*-NQR is rather specific to NADH. It does not
oxidize NADPH, and among artificial analogs it interacts
only with dANADH and thio-NADH [12, 13].

In addition to the native quinone reductase reaction
(Eq. (1)), the enzyme can also catalyze a so-called
NADH-dehydrogenase reaction [14] that includes a sin-
gle-electron reduction of soluble quinones (K;, Qy, Q,,
etc.) or some other electron acceptors (hexaam-
mineruthenium(III), ferricyanide, etc.). This artificial
activity does not depend on the concentration of sodium
ions and is not coupled with energy conservation. Only
the FAD-binding domain of the NqrF subunit seems to
be required for this activity [7, §].

Only a few inhibitors of Na*-NQR are known. The
antibiotic korormicin specifically inhibits Na™-NQR at the
level of its interaction with ubiquinone. Korormicin affects
the enzyme without competition with quinone, and its inhi-
bition constant is ~0.1 nM [15]. The effect of HQNO on
Na"-NQR is similar [16], but the affinity of this inhibitor to
the enzyme is significantly weaker (0.3-0.4 uM) [12, 16].

Na*-NQR from Vibrio sp. is also sensitive to low
concentrations of silver ions [17], to some other heavy
metal ions (Cd?*, Pb**, Zn**, and Cu?*) [13], as well as to
SH-reagents [12]. These inhibitors influence the initial
steps of the Na*-NQR catalytic cycle and probably pre-
vent interaction of the enzyme with NADH [13].

Na*-NQRs from different bacterial sources have dif-
ferent sensitivity to inhibitors. For example, Na*-NQR
from Azotobacter vinelandii is not sensitive to low HQNO
concentrations [12], Na*-NQR from Klebsiella pneumo-
niae is fully resistant to both Ag* and N-ethylmaleimide
(NEM) [12], while korormicin, a strong inhibitor of Na*-
NQR from V. alginolyticus, has no effect on the homolo-
gous enzyme from Haemophilus influenzae [18]. As there
was a correlation between inhibition of different Na*-
NQRs by Ag™ and NEM, it was proposed that inactiva-
tion of Na*-NQR by heavy metal ions is caused by mod-
ification of some of its cysteine residue(s) [12]. It was
demonstrated previously that isolated NqrF subunit [19]
and even the NADH- and FAD-binding domain of the
NaqrF subunit [7] are still able to perform NADH dehy-
drogenase activity, and this activity is inhibited by silver
ions [7, 19]. These data mean that the Ag*-sensitive cys-
teine residue must be located in the NADH- and FAD-
binding domain of the NqrF subunit. In the present work
on the enzyme from V. harveyi, it is demonstrated that
this reactive residue is Cysyqr-377.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacteri-
al strains used in this study are listed in Table 1.
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Escherichia coli cells were routinely grown at 37°C in LB
medium. The Vibrio strains were grown at 32°C in FM
medium as described in [20]. Antibiotic concentrations
for E. coli were kanamycin at 50 pg/ml, ampicillin at
125 pg/ml, and tetracycline at 10 pug/ml; for V. harveyi:
rifampicin at 100 pg/ml, kanamycin at 50 pg/ml, and
tetracycline at 5 ug/ml; for V. cholerae: ampicillin at
150 pg/ml and streptomycin at 50 pg/ml.

Construction of expression vector bearing the gene
encoding a truncated NqrF subunit. The gene sequence
encoding the truncated NqrF subunit (NqrF’, the soluble
variant of NqrF containing its Fe-S domain and FAD-
binding domain [7]) was amplified by PCR with
NQRF'_dir and pBAD_rev primers using pBADngr4
plasmid [21] as the template. The amplified 1173 bp frag-
ment was cloned into TA-cloning pGEM-T vector
(Promega, USA), resulting in the pG7_F’ plasmid. Then
the ngrF’ fragment was subcloned into pBAD/Myc-His
(Invitrogen, USA) vector using Ncol and EcoRI restric-
tion sites, resulting in the pPBAD_NqrF'11 plasmid. This
plasmid was transferred into V. cholerae O395N1
toxT::lacZ cells by electroporation.

Site-directed mutagenesis. Mutagenic primers for
substitution of Cys377 to Ala were designed (for the for-
ward primer sequence see Table 1, NQRFC377A dir).
An additional Apal restriction site was built into the
primers to facilitate identification of the mutated plas-
mids by restriction enzyme digestion. Mutagenesis was
carried out using the QuikChange II kit (Stratagene,
USA) and pBAD_NqrF’11 plasmid as the template. The
generated mutant plasmids were checked by Apal restric-
tion, and a correct plasmid (pBAD_C377A) was selected.
Then the Af/11-Bpul4l (781 bp) part of suicide vector
pKnFhisAKm [22] was replaced by the Af/11- Bpu14I frag-
ment of pBAD C377A (a fragment containing the
C377A mutation), resulting in pKn_CA789. This plasmid
was used for replacement of the native chromosomal ngrF
gene of V. harveyi with the six-histidine tagged ngrF bear-
ing the C377A mutation. To do this, the pKn_CA789
plasmid was transferred into the V. harveyi R3 strain via
conjugation using E. coli SM10Apir as the donor, and a
TcS KmR Rf® phenotype clone (FCA9) characteristic of a
double-crossover introduced mutation was selected. The
C377A mutation in a V. harveyi FCA9 chromosome was
confirmed by restriction analysis of an appropriate PCR
product.

To express the mutated (C377A) ngrF’, the
pBAD_ C377A plasmid was transferred into V. cholerae
O395N1 toxT::lacZ cells by electroporation.

Membrane vesicles were isolated from V. harveyi cells
as described in [23].

Recombinant His-tagged NqrF’ was isolated from V.
cholerae O395N1/pBAD_NqrF'l11 cells. For ngrF’
induction the cells were grown to the middle of exponen-
tial phase (A4g = 0.3-0.4). After this the growth medium
was supplemented with 0.05% of L-arabinose, and the
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Table 1. Bacterial strains, plasmids, and primers used in this study

Strains Genotype or description Source
V. harveyi R3 wild type; Rf} [20]
V. harveyi VHtag60 R3; C-terminal (His)4-tag fusion in ngrF; Km® Rf® [22]
V. harveyi FCA9 VHtag60; C377A substitution in NgrF;, Km® Rf*® this work
V. cholerae O395N1 toxT::lacZ nonpathogenic strain of V. cholerae; Sm® [39]
E. coli Sm10Apir thi thr leu tonA lacY supE recA::RP4-2-Tc::Mu; Km® [40]

Plasmids
pBAD/Myc-His recombinant protein expression vector; ApR Invitrogen
pBADnqr4 pBAD/Myc-His bearing ngr operon of V. harveyi; Ap® [21]
pBAD_ NgqrF'l1 pBAD/Myc-His bearing truncated ngrF without 1-72 nucleotides; Ap® this work
pBAD_C377A pBAD_NqrF'11; C377A substitution in NqrF’; Ap® this work
pKnFhisAKm pKNOCK bearing unidirectionally transcribed ngrF fused [22]

with (His)-tag, Km-resistance cassette, and AppE; KmR, TcR

Primers Sequence*
NQRF'_dir 5-CTTTTCGCcAtGgCTAAGCTT
pBAD_rev 5'-TCATCCGCCAAAACAGC
NQRFC377A_dir 5'-GACTGTGAATACTACATGgcgGGcCCACCTATGATGAACG

* Nucleotides substituted during mutagenesis are designated by lower case letters and artificially introduced restriction sites are underlined.

cells were grown in this medium for 3 h. The cells were
harvested by centrifugation (10,000g, 10 min) and washed
twice with medium containing 300 mM NaCl, 10 mM
Tris-HCI, and 5 mM MgSO, (pH 8.0). The cell pellet was
suspended in medium containing 300 mM NaCl, 20 mM
Tris-HCI, 5 mM MgSO,, and 5 mM imidazole (pH 8.0),
and the suspension was passed twice through a French
press (16,000 psi). Cell debris and membrane vesicles
were removed by centrifugation at 180,000g (60 min). The
His-tagged NqrF’ was purified from the supernatant as
described previously [22] but without addition of deter-
gents to any of the column buffers.

His-tagged Na*-NQR complex was purified from
VHtag60 cells as described previously [22].

NADH and dNADH oxidation by membrane vesicles
and by purified Na*-NQR was measured using a Hitachi
557 spectrophotometer at 340 nm, 30°C. For membrane
vesicles the measurements were performed in a medium
containing 20 mM Tris-HCI (pH 8.0), 5 mM MgSO,, and
100 mM KCI or NaCl. In the case of purified Na*-NQR
the reaction medium was supplemented with 0.025%
DDM. To measure dANADH:K; oxidoreductase activity,

menadione (50 uM) was also added to the reaction medi-
um. The extinction coefficient g4, taken for NADH and
dNADH was 6.22 mM~-cm™'. The apparent K¢NPH ya]-
ues for ANADH oxidase activity in membrane vesicles
were determined as described previously [24].

3-D structure prediction for the fragment of the NqrF
subunit of Na*-NQR from V. harveyi. The structure was
predicted for the fragment of the NqrF subunit sequence
starting from Ile126 and ending on Gly406. This part of
the protein contains FAD- and NADH-binding motifs.
For homology modeling the 128-412 a.a. domain of sub-
unit F of Na™-NQR from P. gingivalis with known crystal
structure (PDB entry 2R6H, chain A) was used as a tem-
plate. Selected sequence fragments sharing 53.1% of
identity were aligned using ClustalX software. This align-
ment was submitted to the Swiss-Model server
(http://swissmodel.expasy.org) [25] using an Alignment
Mode for structure modeling of the NqrF fragment. The
obtained 3-D model was refined by superposition of its
coordinates with those of the template using the
DeepView/Swiss-PdbViewer program [26]. To analyze
the architecture of the electron input site, the docking of
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FAD into the obtained model of V. harveyi NqrF frag-
ment was performed. For this the resolved structure of the
NqrF of Na*-NQR from P. gingivalis containing FAD
cofactor was superimposed with the modeled NqrF of
Na*-NQR from V. harveyi using VMD software. Then
the coordinates of FAD resolved within the F subunit of
P. gingivalis Na*-NQR were translated into the modeled
V. harveyi NqrF structure using the DeepView/Swiss-
PdbViewer program.

ThermoFAD experimental setup. Experiments were
performed as described in [27] using an iCycler iQ real-
time PCR detection system (Bio-Rad Laboratories,
USA) with FAM-490 detection protocol. Unfolding
curves (thermograms) were determined using a tempera-
ture gradient from 25 to 80°C, performing a fluorescence
measurement within 10 sec after every 0.5°C increase
step. The experiments were carried out in RT-PCR wells
with medium containing 25 pl of 100 mM NaCl, 10 mM
Hepes-Tris (pH 8.0), 0.1 mM EDTA, and ~15 uM of
Na*"-NQR or NgrF'. In the case of Na"™-NQR the exper-
imental medium was additionally supplemented with
0.05% DDM.

FAD and riboflavin release from Na*-NQR upon its
thermodenaturation. Na*-NQR was unfolded using the
temperature gradient from 25 to 80°C essentially as
described above. At a desired temperature a sample was
collected, cooled in ice, and the mixture of the protein
and released soluble cofactors was immediately separated
using a Microcon YM-10 centrifugal filter (Millipore,
USA). The flavins from the obtained protein-free solu-
tion were analyzed by HPLC as described in [21].

SDS-polyacrylamide gel electrophoresis and detec-
tion of covalently bound flavins in Na*-NQR were per-
formed according to [2].

Protein concentration was determined using the
bicinchoninic acid method with bovine serum albumin as
a standard.

Na*-NQR concentration was calculated using the
known extinction coefficients: for oxidized Na*-NQR,
€465.520 = 43.4 mM~'-cm™!; for the reduced minus oxidiz-
ed Na*-NQR spectrum, g45.770 = 44.3 mM-cm™! and
€465.520 = 31.8 mM~l-cm™! [28].

RESULTS AND DISCUSSION

Structural analysis of the NqrF subunit of Na*-
translocating NADH:quinone oxidoreductase. As men-
tioned above, Ag® is a specific inhibitor of the NADH-
dehydrogenase and quinone reductase activities of Na*-
NQRs from different Vibrio species [17, 29]. This inhibi-
tion is apparently caused by modification of some cys-
teine residue in the NqrF subunit [7, 12, 19]. Recently,
the structure of the NADH- and FAD-binding regions of
NgrF from Porphyromonas gingivalis (PDB ID: 2R6H)
and V. cholerae [30] has been determined by X-ray dif-
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fraction. Structure analysis of NqrF from P. gingivalis
reveals that Cys383 is the main candidate for modifica-
tion by Ag*. As shown in Fig. 1a, this residue is located in
close proximity (6.5 A) to the noncovalently bound FAD.
This means that the modification of Cys383 by heavy
metal ions or by SH-reagents can prevent hydride ion
transport from NADH to FAD and hence interrupt the
Na*-NQR activities. Even though Cys383 is partially
shielded from the solvent by Phe411 and several other
neighboring residues (see Fig. 1b), it can be accessible at
least for small molecules.

All other cysteine residues in the FAD-binding
domain of the NqrF subunit are distant from the NADH-
dehydrogenase site and are embedded into the protein
globule, i.e. they should be inaccessible to the solvent.
This makes Cys383 with its reactive SH-group the only
possible candidate for interaction with heavy metal ions
and with SH-reagents.

Sequence alignment of NqrF subunits from various
bacteria and of some of their homologous proteins (see
Fig. 2) shows that Cysy,r-383 from P. gingivalis is
absolutely invariant. It is present not only in all NqrF
subunits but also in various ferredoxin:NADP* oxidore-
ductases. This allows testing the role of this residue in
Na*-NQR sensitivity to heavy metal ions by site-directed
mutagenesis on the well-studied bacterium V. harveyi.
Structure prediction of the NqrF subunit of Na™-NQR
from this bacterium showed that its Cys377, a counterpart
of Cysygr-383 from P. ogingivalis, is also located at the
atomic distance of 6.5 A from the noncovalently bound
FAD and is partially accessible for the solvent.

Site-directed mutagenesis of Cys377 in the NqrF sub-
unit of Na*-NQR from V., harveyi and study of the mutant
enzyme on membrane vesicles. To test the involvement of
Cysngr-377 of Na'™-NQR from V. harveyi in interaction
with silver ions, this residue was replaced by alanine using
site directed mutagenesis, and the mutation was trans-
ferred into a V. harveyi chromosome. The strain obtained
(FCA9) allowed us to study properties of the mutated
Na*"-NQR in membrane vesicles as well as to purify this
enzyme using affinity chromatography.

The ratio of NADH-dehydrogenase to quinone
reductase activities of a Na*-NQR preparation is a very
useful indicator of its functional properties [31]. The res-
piratory chain of marine bacteria of genus Vibrio con-
tains two different NADH:quinone oxidoreductases:
Na"-NQR and NDH-2 [12, 32]. It is known that various
Na*-translocating NADH:quinone oxidoreductases are
able to oxidize either NADH or its analog dNADH,
while noncoupled NADH:quinone oxidoreductases
(NDH-2) oxidize only NADH, but not dNADH [12,
23]. Thus, it is possible to use dNADH oxidase and
dNADH:K, oxidoreductase activities of membrane vesi-
cles from Vibrio to determine the quinone reductase and
NADH dehydrogenase activities of Na*-NQR, respec-
tively [12]. As shown earlier in [31], the ratio of



190 FADEEVA et al.

Fig. 1. a) Location of conserved Cys383 with respect to bound FAD in the NgrF subunit of Na*-NQR from P. gingivalis (PDB entry 2R6H,
chain A). The atomic distance between N(5) of the isoalloxazine ring of the FAD and the sulfur atom of the cysteine residue is shown in A. b)
The fragment of the molecular surface in the catalytic site of the NgrF subunit of Na*-NQR from P. gingivalis. Positions of FAD and Cys383
spatially separated by Phe411 are shown. The picture was prepared using VM D software [38].
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NgrF_Pgi (354)
NgrF Vha (348)
NgrF Kpn (348)
NgrF_Nme (346)
NgrF_Pae (347)
FNR Ppu  (280)
FNR1 Ath (287)

*

WTGYVGFIHQVIYD--NYLKDHDAPEDIEYYMCEGPGPMANAVKGMLENLGVPRNMLFFB-DFG-——~——~~
WDGYTGFIHNVLYE--NYLRDHEAPEDCEYYMCGPPMMNAAVIGMLKDLGVEDENILLD-DFGG--——-—~
WIGHTGFIHNVLYE--NYLRDHPAPEDCEFYMCGPPVMNAAVIKMLKDLGVEDENILLD-DFGG--—-———-
WDGYTGFIHNVVYE--NHLKNHEAPEDCEF¥MCGPPIMNQSVIKMLKDLGVEDENILLD-DFGG——————~—
WIGLTGFIHNVLFE--NYLKDHPAPEDCEFYMCGPPMMNAAVIKMLTDLGVERENILLD-DFGG--—-———-
YP-QKGYVTQYIEP--KQL----NGGEVDIYLEGPPPMVEAVSQYTIRAQGIQPANFYYE-KFAASA-———-
EKGEKMYIQTRMAEYAEELWELLKKDNTFVYMEGLKGMEKGIDDIMVSLAAKDGIDWLEYKKQLKRSEQWNVEVY

Fig. 2. Sequence alignment of C-terminal region of NgrF subunits and ferredoxin:NADP* oxidoreductases (FNR). NqrF_Pgi, NgrF from P.
gingivalis (accession number NP_906227); NqrF_Vha, NqrF from V. harveyi (QIRFV6); NqrF_Kpn, NqrF from K. pneumoniae
(BAH61888); NqrF_Nme, NqrF from Neisseria meningitidis (YP_974604); NqrF_Pae, NqrF from Pseudomonas aeruginosa (NP_251684);
FNR_ Ppu, toluate 1,2-dioxygenase electron transfer component from Pseudomonas putida (NP_542869); FNR1_Ath, ferredoxin:NADP*-
oxidoreductase 1 from Arabidopsis thaliana (NP_201420). The conserved cysteine residue is marked by an asterisk.

dNADH:K; oxidoreductase to dANADH oxidase activi-
ties in membrane vesicles from a wild type V. harveyi
strain is 1.8-1.9, see also Table 2. For membrane vesicles
from the mutant strain FCA9 a similar ratio was deter-
mined (Table 2). However, the values of the specific
dNADH:K; oxidoreductase and dNADH oxidase activi-
ties in the mutant strain were lower compared to the wild
type cells. The dNADH oxidase activity of membrane
vesicles from the mutant strain FCA9 was stimulated by
sodium ions similarly to the wild type strain, and this
activity was sensitive to the specific Na"™-NQR inhibitor
HQNO to the same extent as in the control strain
VHtag60 (Table 2). Thus, replacement of Cysy,z-377 by
alanine in Na*-NQR from V. harveyi decreases the spe-
cific activities of the enzyme in membrane vesicles but is
not accompanied by significant changes in its other main
functional properties.

Sensitivity of the mutant variant of Na*-NQR to
heavy metal ions. As shown earlier in [12] and as seen in
Fig. 3, addition of 1 uM Ag™ to the reaction medium leads
to almost complete inhibition of the dNADH oxidase
activity of membrane vesicles isolated from a wild type
strain of V. harveyi. After replacement of the Cysy,,-377
with Ala, this activity became resistant to micromolar
concentrations of silver ions (Fig. 3).

It was demonstrated earlier that the Na*-NQR activ-
ities are also inhibited by other heavy metal ions (Cd**,

Pb%*, Zn?*, and Cu®") [13]. We addressed the question of
whether these ions inhibit the enzyme similarly to silver
ions by modification of Cysy,,r-377. As shown in Table 3,
addition of 100 pM of Cd**, Zn?*, or Cu®" to the reaction
medium resulted in almost complete inhibition of
dNADH:K,; oxidoreductase activity of membrane vesicles
from the wild type strain. In contrast, in the case of the
mutant strain the same addition of Cd** or Zn>" had no
effect on the activity, and addition of Cu?" resulted only
in its minor decrease. The same results were obtained
when NEM, a SH-reagent, was used as an inhibitor (data
not shown). These results indicate that the Na*-NQR
inactivation by Ag” as well as by other heavy metal ions is
caused by modification of the conserved Cys377 in the
NgrF subunit.

It is known that Na*-NQRs from different bacterial
sources have different sensitivity to Ag* and NEM [12].
For example, in spite of the presence of the conserved
cysteine residue (corresponding to Cysy,-377 in V. har-
veyi) in Na"™-NQR from K. pneumoniae (see Fig. 2), this
enzyme is shown to be fully resistant to both Ag™ and
NEM [12]. Moreover, it is known that ferredoxin:NADP*
oxidoreductases, which also contain this cysteine residue
(see Fig. 2), are insensitive to submillimolar concentra-
tions of heavy metals as well [33]. Therefore, the different
sensitivity of Na*-NQRs from diverse bacterial sources is
determined rather by different accessibility of the con-

Table 2. Rates of NADH and dNADH oxidation by membrane vesicles isolated from different V. harveyi strains

Activity?
Strain Ratio®
dNADH oxidase dNADH:K; oxidoreductase NADH oxidase
V. harveyi VHtag60 (wild type) 0.20 (+)*(+)** 0.37 0.35 1.8
V. harveyi FCA9 (y,C377A) 0.06 (+)*(+)** 0.11 0.46 1.8

* Stimulation of activity by sodium ions.
** Sensitivity of activity to HQNO (4 uM).

* Activities are given in umol of (d)NADH oxidized per min per mg protein, data of a typical experiment are shown.

® Ratio of dNADH:Kj oxidoreductase to dNADH oxidase activities.

BIOCHEMISTRY (Moscow) Vol. 76 No. 2 2011
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served cysteine residue (Cysygp-377 in V. harveyi) than
by different content of this amino acid.

Thus, the site-directed mutagenesis of Cysy,g-377
brings rather surprising results. On one hand, as expected
the replacement of this residue results in resistance of
Na*-NQR to heavy metal ions. On the other hand, in
spite of absolute invariance of this cysteine residue in the
primary sequences of NqrFs and of the other homologous
proteins, its replacement is not accompanied by signifi-
cant changes in the main functional properties of the
enzyme other than sensitivity to heavy metals. However,
it is difficult to imagine that Cys377 was evolutionally
conserved just to make Na*-NQR activity sensitive to
SH-modifying reagents. In other words, the Cys377
replacement should be presumably connected with some
other changes in the characteristics of Na*-NQR. This
prompted us to study properties of Na*-NQR with
ngrrC377A replacement in more detail.

Only one distinction of the mutant variant of the
enzyme has been detected. As mentioned above, the spe-
cific Na*-NQR activities in membrane vesicles from the
mutant FCAO9 strain were lower compared to the wild type
strain (see Table 2). This effect can be hypothetically
linked with decrease in the enzyme affinity to dANADH.
However, determination of the apparent KSNAPH on the
membrane vesicles from the mutant and control strains

wild type

AD340 =0.02

NgrF_C377A

p——
30 sec

Fig. 3. Inhibition of INADH oxidase activity by Ag" measured in
membrane vesicles isolated from V. harveyi VHtag60 (wild type)
or from V. harveyi FCA9 (yo,#C377A) strains. Activities were
measured in medium containing 20 mM Tris-HCI (pH 8.0),
5 mM MgSO,, 100 mM NaCl. Additions: AgNO;, 1 uM.

FADEEVA et al.

Table 3. Inhibition of AINADH:K; oxidoreductase activi-
ty of membrane vesicles from VHtag60 (wild type) and
FCA9 (ng:zC377A) V. harveyi strains by heavy metal ions

Residual activity, %
Heavy metal
wild type NgrC377A
Zn** (100 uM) 7 94
Cd** (100 pM) 2 100
Cu?* (100 pM) 11 68

using the dNADH-oxidase activity showed that
Ng:FC377A replacement even caused increase in the
apparent Na“-NQR affinity to dNADH and resulted in
about 3-times lower K, than in the wild type; K,, = 14.7 =
0.3 uM versus K,, = 46.5 = 1.2 uM for the mutant and
wild type strains, respectively. Thus the low specific activ-
ities of the mutant Na"™-NQR in the membrane vesicles
could be caused by either decrease in the catalytic con-
stant value (k) or decrease in the protein stability, which
leads to lower content of the active enzyme in the mem-
branes. To distinguish between these alternatives, we
compared the activity and stability of the purified mutant
and wild type enzymes.

Characterization of catalytic properties of purified
Na*-NQR with y,C377A replacement. The wild type and
the y,#C377A variants of Na"™-NQR were purified from
the corresponding V. harveyi cells using affinity chro-
matography, and the main properties of these proteins
were determined. Analysis by SDS-PAGE showed that
the purified y,+C377A Na"-NQR had the same subunit
composition as the wild type enzyme. Measurement of
the fluorescence intensity of covalently bound flavins in
the purified enzymes revealed that the amount of these
prosthetic groups is equimolar to protein content in both
wild type and mutant Na*-NQR proteins. The optical
spectrum of the mutant enzyme was similar to that of the
wild type Na"™-NQR (data not shown).

The known extinction coefficients for the purified
Na"™-NQR [28] allow determination of the specific
enzyme activity in turnovers per second, i.e. to compare
the real k_, values for different enzyme preparations. It
was shown that the replacement of the Cysyg,z-377 results
in about 14-fold decrease in Na*-NQR enzymatic activi-
ty. In the case of the NADH-dehydrogenase reaction, the
activity values were 51 £ 9 and 740 £ 50 sec™' for the
mutant and the wild type enzymes, respectively. It is note-
worthy that the same results were earlier obtained for
spinach FNR. The C272S mutant (the counterpart of the
Cysngr-377 from V. harveyi) FNR showed a 35-fold
reduction in catalytic efficiency with respect to the wild
type enzyme due to a substantial decrease in k, [34].
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wild type

NADH-dehydrogenase activity, %

Time, min

Fig. 4. Inhibition of NADH-dehydrogenase activity of purified wild
type (squares) and the y,,C377A mutant (circles) Na"™-NQR upon
aerobic incubation of the enzymes with NADH. Data of a typical
experiment are shown. The wild type (0.3 mg protein per ml) and
the mutant y,zC377A (0.9 mg/ml) Na*™-NQRs were incubated at
30°C in medium containing 10 mM Tris-HCI (pH 8.0), 200 mM
NaCl, and 0.05% DDM. The mixture was supplemented with
NADH (5 mM), and the rates of NADH-dehydrogenase activity
were measured at appropriate time points.

Purified preparations of the enzyme allowed us to
test the involvement of Cysy,r-377 in some additional
properties of Na*-NQR. It is known that this enzyme in
purified form undergoes irreversible inactivation during

a

1.0 {1.0
2
c
> 081 10-8
S
2 0.6 106
©
g
c 0.4- 10.4
O
o
S 0.21 Jo.2
L

0.0 {mm—mrr=" , , ' 40.0

30 40 50 60 70 80

Released flavin, mol/mol Na*-NQR

193

aerobic incubation with NADH in the absence of elec-
tron acceptors [35]. As shown in Fig. 4, the inactivation
of the y,+C377A Na"™-NQR variant proceeded signifi-
cantly slower compared to the wild type enzyme. Thus, it
seems that Na*-NQR inactivation under aerobic incuba-
tion with NADH is caused, at least partially, by oxidation
of Cysygr-377.

Thermostability of purified Na*-NQR complexes as
well as isolated NqrF’ (soluble variant of NqrF) subunits.
To compare the stability of mutated and wild type Na*-
NQR complexes, the so-called “ThermoFAD” method
[27] was used. In this technique, the flavin cofactor is
exploited as an intrinsic probe to monitor protein folding
and stability, taking advantage of the different fluorescent
properties of flavin-containing proteins between the fold-
ed and denatured state. As the fluorescence of flavin
cofactors in flavoproteins is usually quenched by the pro-
tein environment when the protein is properly folded
[36], it is possible to measure the unfolding temperature
of a flavoprotein by monitoring the increase in the fluo-
rescence of the cofactor [27].

A typical thermogram for the wild type Na*-NQR
complex is shown in Fig. 5a. As can be seen, it consists of
two overlapping sigmoidal curves: one with a sharp slope
having unfolding temperature value T,, = 50°C, and the
other with a gentle slope and T,, ~ 62°C (the unfolding
temperatures were determined as the maxima of the
derivative of the direct curve, see Fig. 5b). Since Na*-
NQR contains four different flavins as prosthetic groups
[9, 37], the thermogram (Fig. 5) should be the sum of the
unfolding processes taking place in four different flavin-
binding domains of the enzyme. To attribute the unfold-
ing of the FAD-binding domain from the NqrF subunit to
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Fig. 5. a) Thermal stability of the wild type Na*-NQR complex determined by changes in flavin fluorescence (squares, the left ordinate axis), or
by measurement of FAD (circles) and riboflavin (triangles) release (the right ordinate axis). b) Thermal stability curves of the wild type Na*-NQR
complex (closed squares) in comparison with the isolated wild type NqrF subunit (open circles) determined by changes in flavin fluorescence.
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Fig. 6. a) Thermal stability of wild type (closed squares) and y,,C377A (open circles) Na*-NQR complexes. b) Thermal stability curves for
the wild type (closed squares) and y,,+C377A (open circles) NqrF’ subunits. Unfolding processes were determined by measurement of changes

in flavin fluorescence.

one of the determined transitions, we measured a ther-
mogram for the isolated wild type NqrF’ subunit (Fig.
5b). Melting of this subunit matched the low-temperature
transition in the entire Na*-NQR complex not only by
the T,, value, but also by the shape of the curve. The
kinetics of release of different flavins from Na"™-NQR
during the time course of thermodenaturation has also
been studied. As can bee seen in Fig. 5a, the release of
FAD corresponds to the low-temperature transition in
Na*-NQR with T,, = 50°C, while riboflavin release is
related to the high-temperature transition with T, =
62°C. These results indicate that the transition with T, =
50°C corresponds to unfolding of the FAD-binding
domain of the NqrF, while the transition with T,, = 62°C
is melting of the riboflavin-binding domain from the yet
unrecognized subunit. Unfortunately, because two FMN
residues are covalently bound to Na™-NQR, it was impos-
sible to establish the unfolding temperatures for FMN-
binding domains of the NqrB and NqrC subunits.

The “ThermoFAD” technique was also used to com-
pare stability of the y,C377A variants of either isolated
NqrF' subunit or Na*-NQR complex with corresponding
proteins of the wild type. As can be seen in Fig. 6 (a and
b), the thermograms of these proteins are very similar.
The norC377A mutation resulted in a slight broadening
of the peak corresponding to the unfolding of the FAD-
binding domain without any shift of its T,,. These data
indicate that Cys377 replacement in NqrF subunit does
not lead to destabilization of Na*-NQR. These data are
in agreement with the results of thermoinactivation of the
enzymatic activity of Na*-NQR. At 48°C the wild type
and the y,C377A variants of Na"™-NQR complex were

inactivated with about the same rates (k,,, = 0.085 sec™!

and k., = 0.093 sec™', respectively).

While antibacterial effects of silver salts were first
noticed long ago, Na*-NQR has been recently recog-
nized as one of the targets for Ag* [17, 29]. Since Na*-
NQR is widespread among pathogenic microorganisms
[2, 3], silver containing compounds were even proposed
to be an attractive potential target for the development of
“smart” drugs and therapeutic strategies that would have
minimal side effects at acceptable antimicrobial potency
[3]. In the present work on Na™-NQR from V. harveyi, it
was demonstrated that inhibition of the enzyme by Ag*
and by other heavy metal ions is mediated by modifica-
tion of its conserved Cysy,p-377 residue. It was also
shown that the Cysy,-377 mutation affects only the rate
of NADH oxidation, making the input of electrons into
the enzyme of about 14-times slower than in the wild type
Na*-NQR, whereas all other properties of the enzyme
including the stability remain unchanged.
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