
The Na+-translocating NADH:quinone oxidoreduc-

tases (NQRs) are widely distributed among various bacte-

ria and function to generate a redox-driven transmem-

brane electrochemical Na+ potential across the cytoplas-

mic membrane [1, 2]. The NQR-type enzymes consist of

six subunits (NqrA-F) encoded by the six genes of the nqr

operon [3-5] and contain the following set of prosthetic

groups: one noncovalently bound FAD [1], two covalent-

ly bound FMN residues [6-8], one 2Fe-2S cluster [9],

and possibly also one tightly bound ubiquinone-8.

Subunit NqrF possesses binding motifs for NADH, FAD,

and 2Fe-2S cluster and mediates the NADH dehydroge-

nase activity of the enzyme [4, 10, 11]. Two covalently

bound FMN residues are attached by phosphoester bonds

to threonine residues in subunits NqrB and NqrC [7, 8].

Using EPR and optical spectroscopy, it was shown

that oxidized as well as fully reduced NQR preparations

contain flavin radicals with different properties. One of

them was observed in the oxidized enzyme and assigned

to a neutral flavosemiquinone. The second radical was

observed in the reduced enzyme and assigned to the

anionic form of flavosemiquinone [9, 12, 13]. These two

different flavin radicals are stabilized on different NQR

prosthetic groups (most likely on the two covalently

bound FMN residues) [12].

The efficiency of Na+ translocation by NQR was

shown to be 1 Na+/e– [14], but the mechanism of energy

conversion between the redox transitions and the trans-

membrane translocation of a sodium ion is still unknown

for this enzyme. The kinetics of NQR reduction by

NADH displays three distinct phases corresponding to

reduction of three different flavin species, as shown by

optical spectroscopy studies using the stopped-flow

approach [9, 12]. This reaction can be dissected into two
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for the correct folding and/or the stability of the NQR complex. Mass and EPR spectroscopy showed that NQR from V. har-

veyi bears only a 2Fe-2S cluster as a metal-containing prosthetic group.
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parts with respect to the coupling site location. The first

part (before the coupling site) is the sodium-independent

fast reduction of FAD to FADH2 at the NADH dehydro-

genating domain of NQR. The second part (after the cou-

pling site) consists of the two slower phases that are

strongly dependent on the Na+ concentration. It was

shown that the two sodium-dependent phases reflect the

reduction of the neutral flavosemiquinone to the fully

reduced flavin, and the oxidized flavin to the anionic

flavosemiquinone, respectively [12].

The simplest mechanism of redox-electrochemical

coupling implies that the reduction of an NQR cofactor

should be connected with the capture of the sodium ion

from the cytoplasmic side of the membrane. The subse-

quent oxidation of this cofactor has to be accompanied by

the ejection of the cation from the other side of the mem-

brane. If this mechanism is employed by NQR, the Em

value of at least one of its prosthetic groups should

depend on the Na+ concentration [2]. However, the mid-

point potentials of all the redox transitions determined in

the enzyme were found to be independent of Na+ con-

centration [15].

Nevertheless, studying of sodium-binding properties

of NQR by the 23Na NMR technique revealed that the

dissociation constant of Na+ for the oxidized enzyme is

24 mM and for the reduced enzyme about 30 µM. Thus,

reduction of NQR increases the affinity of the enzyme to

the coupling ion by about three orders of magnitude [16].

Moreover, redox titration of NQR monitored by changes

in linewidth of the 23Na NMR signal at 2 mM Na+

showed that the enzyme affinity to sodium ions follows

the Nernst law for a one-electron carrier with Em

about –300 mV [16]. These data indicate that the energy

conservation by NQR involves a mechanism modulating

ion affinity by the redox state of an enzyme redox cofac-

tor, which contradicts the abovementioned results of

spectroelectrochemical redox titration of the prosthetic

groups of NQR [15].

To explain these observations, we proposed that

NQR contains some additional redox prosthetic group

having no or negligible absorption in the visible region,

but which has the expected sodium dependence of its Em

[16]. First of all, such spectral properties could be

observed for some metals with transitional valence, which

are usually bound to a protein via cysteine residues, and

for cysteine residues capable for the formation of a disul-

fide bond. Therefore, in the present work we tried to

identify the conservative cysteine residues in NQR sub-

units and to reveal their role in the functioning of the

enzyme.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The Vibrio

harveyi and V. cholerae strains used in this study are listed

in Table 1. Bacterial cells were grown at 32°C in FM

medium [17]. To isolate sub-bacterial particles (SBP)

from uninduced cells of V. cholerae, the different strains

of this bacterium were grown for 18 h. For induction of

nqr operon the cells were grown to the middle of expo-

nential phase (OD600 = 0.3-0.4), and then the growth

medium was supplemented with 0.05% of L-arabinose

and the cells were grown in this medium for 3 h.

Antibiotics were used at the following concentrations:

ampicillin (Ap), 150 µg/ml; rifampicin (Rf), 100 µg/ml;

streptomycin (Sm), 50 µg/ml.

Sub-bacterial particles were isolated from V. cholerae

cells as described in [17].

Purification of recombinant His-tagged NQR from V.

cholerae cells and purification of NQR from V. harveyi

cells were performed as described previously [15].

Various metals in NQR preparations were determined

by mass spectrometry. Purified NQR preparations were

diluted with medium containing 20 mM KCl, 5 mM

Hepes-Tris (pH 7.5), 0.1 mM EDTA, and 0.05% dodecyl

maltoside and concentrated by ultrafiltration to protein

concentration of 0.32-0.65 mg/ml. To extract metals,

HNO3 (final concentration 2%) was added to the con-

centrated protein samples (experiment) and to the fil-

trates passed through the ultrafiltration membrane (con-

trol for metal content in protein-free reaction medium).

The resulting mixtures were centrifuged, and super-

natants were used for metal determination using an

Agilent 7500C ICP-MS apparatus.

SDS-polyacrylamide gel electrophoresis and detec-

tion of covalently bound flavins in NQR were performed

according to [6].

EPR spectra of NQR were determined on a Bruker

ESP-300 X-band EPR spectrometer at field modulation

frequency of 100 kHz. The temperature of the sample was

controlled with an ESR 900 liquid helium cryostat with

an ITC4 temperature controller (Oxford Instruments,

Great Britain).

Site-directed mutagenesis. The plasmid pBADnqr4

bearing the full nqr operon from V. harveyi under control

of arabinose promoter [15] was used as the template for

mutagenesis. For each mutation, a pair of primers was

designed; the sequence of the forward primer from each

pair is given in Table 1. Additional restriction sites were

built into the three primer pairs to facilitate identification

of mutated plasmids by restriction enzyme digestion.

Mutagenesis was carried out using the QuikChange II XL

kit (Stratagene, USA). The mutations were verified by

restriction enzyme digestion or by DNA sequencing. The

V. cholerae O395N1 toxT::lacZ ∆nqrA-F cells were then

transformed with the plasmids bearing the mutated gene

by electroporation.

NADH and dNADH oxidation by SBP were measured

using a Hitachi 557 spectrophotometer at 340 nm, 30°C.

The reaction medium contained 20 mM Hepes-Tris,

5 mM MgSO4, 100 mM KCl or NaCl, pH 8.0. To meas-
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ure dNADH:K3 oxidoreductase activity, the reaction

medium was supplemented with menadione (50 µM).

The extinction coefficient ε340 taken for NADH and

dNADH was 6.22 mM–1·cm–1.

Protein concentration was determined by means of

the bicinchoninic acid method [18] using bovine serum

albumin as a standard.

RESULTS AND DISCUSSION

Analysis of amino acid sequences of NQR subunits

and proteins homologous to NQR. NqrF subunit of NQR

from V. harveyi contains eight cysteine residues. It is well

known that four of them (Cys69, Cys75, Cys78, and

Cys110) are involved in formation of a 2Fe-2S cluster

[11]. Of the other four cysteine residues, only one

(Cys377) is strictly conserved. Since this NQR subunit

mediates only sodium-independent NADH-dehydroge-

nase function of the enzyme [10, 11], we did not study the

role of this conserved cysteine residue. NqrA, NqrB, and

NqrC subunits of NQR from V. harveyi contain five, two,

and one cysteine residue, respectively. However, none of

them are conserved. However, the NqrD and NqrE sub-

units contain two completely conserved cysteine residues

(Cys29 and Cys112 in NqrD, Cys26 and Cys120 in NqrE

for the enzyme from V. harveyi) (Fig. 1). Moreover, these

residues are also conserved in all known protein complex-

es homologous to NQR. As seen in Fig. 1, these residues

are present in the RnfE and RnfA subunits of the RNF

complex from various bacteria as well as in MA0662 and

MA0663 subunits of sodium-dependant ferredoxin:me-

thanophenazine oxidoreductase from the archaeon

Methanosarcina acetivorans [19].

According to proposed topological models of the

RnfE and RnfA subunits [20] as well as of NqrD and

NqrE subunits [21], all four conserved cysteine residues

are located within the transmembrane α-helices; more-

over, the cysteines were predicted to reside in the middle

of the membrane. Thus in vivo these residues could be

adjacent to each other and be able to bind some metal ion

or form a disulfide bond(s).

Analysis of metal content in NQR from V. harveyi. In

the present work, the content of various metal ions in dif-

ferent preparations of NQR from V. harveyi was deter-

mined by mass spectrometry. In accordance with the

presence of a 2Fe-2S cluster in NQR, different prepara-

tions of this enzyme contained 650-780 ng Fe per mg pro-

tein, which corresponds to 2.5-3.0 atoms of Fe per NQR

complex. All other metals tested (Co, Ni, Cr, Zn, Ti, Cd,

Strain

V. harveyi R3

V. cholerae O395N1 
toxT::lacZ

V. cholerae O395N1 
toxT::lacZ ∆nqrA-F

Plasmid

pBADnqr4

pD_C29A

pD_C112I

pE_C26G

pE_C120G

Primer

DC29A_dir

DC112I_dir

EC26G_dir

EC120G_dir

Phenotype

Wild type, RfR

Nonpathogenic strain of wild type, SmR

∆nqr, SmR

pBAD bearing nqr operon of V. harveyi, ApR

pBAD bearing nqr operon of V. harveyi with Cys29Ala substitution in NqrD subunit, ApR

pBAD bearing nqr operon of V. harveyi with Cys112Ile substitution in NqrD subunit, ApR

pBAD bearing nqr operon of V. harveyi with Cys26Gly substitution in NqrE subunit, ApR

pBAD bearing nqr operon of V. harveyi with Cys120Gly substitution in NqrE subunit, ApR

Sequence*

5'-GCTGCAGGTTCTTGGTGTAgcTTCTGCTCTTGCAGTAAC

5'-GGTCTTATCATCACGAATatTATCGTAATGGGTCGTGCTGAAGC

5'-GCACTGTCTTTCTTCCTAGGTATGgGTACcTTCCTTGCCGTATC

5'-CTGATCACAGTAAACgGcGCcATCTTCGGTGGTG

Source

[17]

[26]

[26]

[15]

this work

this work

this work

this work

Table 1. Bacterial strains, plasmids, and primers used in this study

* Nucleotides substituted during mutagenesis are designated by lower case letters and artificially introduced restriction sites are underlined.
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Mn, Mo, Ag, W, V, Sc) were present in NQR preparations

at very low levels (≤0.05 atom of a metal per NQR com-

plex). The content of copper ions was higher, but also

substoichiometric, 0.2-0.3 Cu atom per NQR complex. It

is also noteworthy that Cu was the main metal impurity in

our reaction medium (see “Materials and Methods” sec-

tion). This indicates that copper ions detected in NQR

are probably a contamination.

It is well known that the Fe-S cluster of NQR con-

tains two Fe atoms [10, 11], while in the current work we

have determined 2.5-3.0 Fe atoms per NQR complex.

Thus, theoretically NQR may bear an additional pros-

thetic group containing one Fe atom (like the Fe-S cen-

ter of rubredoxin). This center exhibits a characteristic

EPR spectrum in the oxidized state with the main rhom-

bic signal at g = 4.3 and also lines at g ≈ 9 [22]. As seen in

Fig. 2, the EPR spectrum of oxidized NQR along with

radical signal at g = 2.00 contains a rhombic signal at g =

4.3 (but not at g = 9, data not shown). However, the spin

concentration corresponding the signal at g = 4.3 was sig-

nificantly lower than the spin concentration calculated

from the radical signal (for the spectrum shown in Fig. 2,

the ratio of spin concentrations was less than 1 : 10; spin

concentration for radical signal was determined at

microwave power of 10 µW). It is also noteworthy that this

ratio varied in different NQR preparations. These data let

us assign the signal at g = 4.3 to a “junk iron” and con-

clude that NQR bears only the 2Fe-2S cluster as the sole

metal-containing prosthetic group.

Fig. 1. Sequence alignment of the NqrD and NqrE subunits of NQR. Vh_NqrD and Vh_NqrE – V. harveyi (accession numbers Q9RFV8 and

Q9RFV7, respectively), Av_NqrD and Av_NqrE – Azotobacter vinelandii (accession numbers ZP_00416258 and ZP_00416259), Cp_NqrD

and Cp_NqrE – Chlamydophila pneumoniae (accession numbers NP_224629 and NP_224630), Tm_NqrD and Tm_NqrE – Thermotoga mar-

itima (accession numbers NP_228061 and NP_228062), Ec_RnfE and Ec_RnfA – Escherichia coli (accession numbers P58344 and P76181),

Rc_RnfE and Rc_RnfA – Rhodobacter capsulatus (accession numbers P97055 and Q07396), Ma_0662 and Ma_0663 – Methanosarcina ace-

tivorans (accession numbers NP_615624 and NP_615625). Conservative cysteine residues are marked by asterisks, and proposed transmem-

brane helices (TM) are underlined (TM positions are shown according to [20, 21]).

Fig. 2. EPR spectrum of oxidized preparation of wild type NQR.

EPR conditions: microwave frequency, 9.409 GHz; microwave

power, 2 mW; temperature, 10 K; modulation amplitude, 10 G.

g = 4.3

1000 1500 2000 2500 3000 3500

Magnetic field, G

4000

g = 2.00

NqrE

NqrD
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Site-directed mutagenesis of the conserved cysteine

residues in NqrD and NqrE subunits of NQR from V. har-

veyi. To test the functional role of the four conserved cys-

teine residues of NqrD and NqrE, these residues were

replaced using site-directed mutagenesis. The respiratory

chain of marine bacteria of genus Vibrio contains two dif-

ferent NADH:quinone oxidoreductases: NQR and

NDH-2 [23, 24]. It is known that various Na+-translocat-

ing NADH:quinone oxidoreductases are able to oxidize

either NADH or its analog dNADH (reduced nicotin-

amide hypoxanthine dinucleotide), while noncoupled

NADH:quinone oxidoreductases (NDH-2) oxidize only

NADH, but not dNADH [24, 25]. Thus, it is possible to

use dNADH oxidase and dNADH:K3 oxidoreductase

activities of SBP from Vibrio to determine quinone reduc-

tase and NADH dehydrogenase activities of NQR,

respectively [24].

As seen from Table 2, SBP from V. cholerae of wild

type catalyzed dNADH:K3 oxidoreductase and dNADH

oxidase reactions, and the latter activity was stimulated by

sodium ions and highly sensitive to 2-n-heptyl-4-hydroxy-

quinoline N-oxide (HQNO), a specific inhibitor of

NQR. The ratio of dNADH:K3 oxidoreductase and

dNADH oxidase activities was close to 1.8 : 1. At the

same time, SBP from mutant V. cholerae strain lacking

genes of the nqr operon were unable to catalyze dNADH

oxidation, while these SBP exhibit a high level of NADH

oxidase activity. Transformation of this strain by

pBADnqr4 plasmid bearing all six nqr genes from V. har-

veyi led to partial recovery of the dNADH:K3 oxidore-

ductase activity as well as the Na+-dependent and

HQNO-sensitive dNADH oxidase activity. Since the nqr

operon on pBADnqr4 plasmid is under control of the

arabinose promoter, addition of L-arabinose to the

growth medium led to significant enhancement of these

dNADH:K3 oxidoreductase and dNADH oxidase activi-

ties. However, the ratio between these two activities in this

case became too high (about 9.2 : 1), which indicates that

overexpression of nqr operon results in only partial cor-

rect folding of the NQR complex.

As seen from Table 2, SBP from ∆nqr strain of V.

cholerae transformed by plasmids pD_C29A, pD_C112I,

pE_C26G, or pE_C120G (bearing nqr operon of V. har-

veyi with mutated cysteine residues: Cys29 and Cys112 in

NqrD; Cys26 and Cys120 in NqrE, respectively) demon-

strated dNADH:K3 oxidoreductase activity, but not

dNADH oxidase activity. Growing of these strains in the

presence of L-arabinose resulted in significant enhance-

ment of the dNADH:K3 oxidoreductase activity. After

induction by L-arabinose only insignificant dNADH oxi-

Strain

V. cholerae wild type

V. cholerae ∆nqr

Without arabinose

V. cholerae ∆nqr/pBADnqr4 

V. cholerae ∆nqr/pD_C29A

V. cholerae ∆nqr/pD_C112I

V. cholerae ∆nqr/pE_C26G

V. cholerae ∆nqr/pE_C120G

With arabinose

V. cholerae ∆nqrr/pBADnqr4 

V. cholerae ∆nqr/pD_C29A

V. cholerae ∆nqr/pD_C112I

V. cholerae ∆nqr/pE_C26G

V. cholerae ∆nqr/pE_C120G

Ratio****

1.8

–

2.5

–

–

–

–

9.2

–

–

–

–

Table 2. Rate of NADH and dNADH oxidation by sub-bacterial particles isolated from different V. cholerae strains

NADH oxidase

2.5

0.56

2.0

1.7

0.83

0.42

0.70

1.8

0.70

0.67

0.65

1.0

dNADH:K3 oxidoreductase

3.5

0.008

0.045

0.055

0.10

0.095

0.11

5.4

2.8

3.1

3.1

5.1

dNADH oxidase

1.9 (+)*(+)**

0

0.018 (+)*(+)**

0

0

0

0

0.59 (+)*(+)**

0.013 (–)*(–)**

0.019 (–)*(–)**

0.017 (–)*(–)**

0.042 (–)*(–)**

* Stimulation of the activity by sodium ions.

** Sensitivity of the activity to HQNO (4 µM).

*** Activities are given in µmol (d)NADH oxidized per min per mg protein.

**** Ratio of dNADH:K3 oxidoreductase to dNADH oxidase activities.

Activity***
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dase activity could also be observed. Moreover, as seen

from Table 2, this dNADH oxidase activity was not stim-

ulated by sodium ions and was not sensitive to HQNO.

Thus, the substitutions of the conserved cysteine residues

in NqrD and NqrE subunits of NQR from V. harveyi

block the Na+-dependant and HQNO-sensitive quinone

reductase activity of the enzyme, being without effect on

the interaction of NQR with (d)NADH and K3.

Characterization of purified NQR preparations with

mutated conserved cysteine residues in the NqrD and NqrE

subunits. Using affinity chromatography, the preparations

of NQR of V. harveyi (either wild type or with substitu-

tions of the conserved cysteine residues) were purified

from corresponding V. cholerae strains grown in the

absence as well as in the presence of L-arabinose. In

accordance to earlier results [7, 26], the wild type NQR

contained covalently bound flavins. As seen in Fig. 3,

EPR spectra of this protein show two radical signals orig-

inating from different flavosemiquinones (one in oxi-

dized, the other in reduced preparation) and the signal

derived from 2Fe-2S cluster. It is noteworthy that after

growth of V. cholerae/pBADnqr4 cells in the presence of

arabinose the ratio of spin concentration in signals from

2Fe-2S cluster and the radical in purified NQR was >> 1,

i.e. significant excess of Fe-S cluster over flavosemiqui-

nones was observed. These data confirm the conclusion

that overexpression of nqr operon results in only partial

correct folding of the NQR complex.

After growing of V. cholerae cells bearing pD_C29A,

pD_C112I, pE_C26G, or pE_C120G plasmids in the

presence of L-arabinose, purified preparations of mutat-

ed NQRs contained covalently bound flavins, but their

content was considerably smaller with respect to the wild

type NQR. These preparations did not show any radical

EPR signals either in oxidized or in reduced states but

only lines from the 2Fe-2S cluster (Fig. 3). Thus, the sub-

stitutions of the conserved cysteine residues in NqrD and

NqrE subunits result in inability of covalently bound

flavins to stabilize flavosemiquinone states, i.e. lead to

incorrect folding of the NQR complex.

NQR preparations with mutated conserved cysteine

residues in the NqrD and NqrE subunits purified from

uninduced V. cholerae cells (grown in the absence of L-

arabinose) did not contain any covalently bound flavins.

Moreover, these preparations had lower content of NqrB

and NqrC subunits. This means that these mutations also

result in significant acceleration of NQR degradation.

Our data indicate that the conserved cysteine

residues in NqrD and NqrE subunits are essential for the

Na+-dependant NQR activity. However, at present it is

impossible to establish whether this is due to only specif-

ic structural defects or also the involvement of these

residues in the formation of a special redox cofactor.

Further studies are needed to clarify the role of the con-

served cysteine residues of NQR in electron transport and

Na+ translocation.
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