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Abstract

The sodium-pumping NADH:ubiquinone oxidoreductase (Na+-NQR) is a bacterial respiratory 

enzyme that obtains energy from the redox reaction between NADH and ubiquinone and uses this 

energy to create an electrochemical Na+ gradient across the cell membrane. A number of acidic 

residues in transmembrane helices have been shown to be important for Na+ translocation. One of 

these, Asp-397 in the NqrB subunit, is a key residue for Na+ uptake and binding. In this study, we 

show that when this residue is replaced with asparagine, the enzyme acquires a new sensitivity to 

K+; in the mutant, K+ both activates the redox reaction and uncouples it from the ion translocation 

reaction. In the wild-type enzyme, Na+ (or Li+) accelerates turnover while K+ alone does not 

activate. In the NqrB-D397N mutant, K+ accelerates the same internal electron transfer step 

(2Fe-2S → FMNC) that is accelerated by Na+. This is the same step that is inhibited in mutants in 

which Na+ uptake is blocked. NqrB-D397N is able to translocate Na+ and Li+, but when K+ is 

introduced, no ion translocation is observed, regardless of whether Na+ or Li+ is present. Thus, 

this mutant, when it turns over in the presence of K+, is the first, and currently the only, example 

of an uncoupled Na+-NQR. The fact the redox reaction and ion pumping become decoupled from 

each other only in the presence of K+ provides a switch that promises to be a useful experimental 

tool.
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The sodium-pumping NADH:ubiquinone oxidoreductase (Na+-NQR) is a redox-driven 

sodium pump found in a wide range of different bacteria, including many marine and 

pathogenic species.1 Na+-NQR selectively pumps Na+ across the cell membrane, generating 

a sodium motive force that provides energy for a number of key physiological functions, 

including rotation of the flagella, uptake of nutrients, ion homeostasis, and extrusion of 

virulence factors and antibiotics. Some of these functions are essential for pathogens such as 

Vibrio cholerae to flourish in diverse environments.2–6 The energy for this electrogenic ion 

translocation process is provided by the transfer of electrons from NADH to ubiquinone, as 

the first step in respiratory electron transport.7,8 Thus, the primary function of Na+-NQR is 

to be an energy transducer; it couples together two fundamentally different reactions in such 

a way that the chemical energy of the redox reaction is converted into the energy of the Na+ 

gradient.9–11 Mechanistically, this coupling of two reactions means that the enzyme must 

ensure the energy-releasing “driving” reaction cannot proceed efficiently unless the energy 

requiring “driven” reaction also occurs.

Na+-NQR is composed of six subunits (NqrA–F), all of which, except for NqrA, have 

transmembrane helices.12–14 Electrons are transported through the enzyme from NADH to 

ubiquinone along a linear pathway consisting of five different cofactors, in the following 

order (Figure 1): a noncovalently bound FAD and a 2Fe-2S center, both located in the NqrF 

subunit,15–17 two covalently attached FMN’s in NqrC and NqrB, known as FMNC and 

FMNB, respectively,18–20 and a noncovalently bound riboflavin, likely located in NqrB.21–23 

The flow of electrons along this pathway is thought to be controlled by a series of 

conformational changes that expose ion binding sites to opposite sides of the membrane, for 

capture and release of sodium.11,24,25 Stopped-flow kinetic measurements have shown that 

the first Na+-dependent step in the pathway is the one in which electrons move from the 

2Fe-2S center to FMNC. This redox process is also inhibited by mutations that interfere with 

Na+ binding on the cytosolic side of the membrane (see below).11 On the basis of these 

results it has been concluded that Na+ uptake occurs during this step. However, this reaction 

step is not electrogenic, and other measurements, with mutants that are missing specific 

redox cofactors, have shown that the first step in the reaction that generates membrane 

potential (ΔΨ) is the one in which electrons move from FMNB to riboflavin. This step is 

also inhibited by mutations that remove candidate Na+ binding residues on the periplasmic 

side of the membrane, and it has been concluded that this is the step in which the 

electrogenic transport of the Na+ ion through the membrane dielectric and likely its release 
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to the periplasm take place.11,26 Thus, the processes of Na+ uptake and its transport across 

the membrane take place in distinct reaction steps, linked to electron transfer processes that 

do not share any cofactor. This has been interpreted as strong evidence against a single-site 

directly coupled mechanism for Na+ pumping in Na+-NQR.11 It should be noted that the 

redox midpoint potential of FMNC is dependent on bulk Na+ concentration, but that the 

magnitude of this effect, on its own, is not sufficient to account for the energetic 

requirements of Na+ translocation.26

For efficient turnover, Na+-NQR requires its redox substrates, NADH and ubiquinone, but 

also its ion-pumping substrate, Na+ (or under laboratory conditions Li+).27,28 In the absence 

of Na+, the enzyme runs slowly, but turnover is activated up to 8-fold by Na+. In contrast, K+ 

alone does not activate turnover, although it has an allosteric activating effect when Na+ is 

present. Although other monovalent cations are not translocated by the enzyme, some such 

as potassium and rubidium influence the reaction allosterically. K+ behaves as a nonessential 

activator in the presence of sodium, lowering the Kmapp by as much as 50% and slightly 

increasing the kcat. Rb+ binds at the same site as K+ but has an inhibitory effect.28

To function as a Na+ pump, Na+-NQR must have structures that allow it to bind Na+ on the 

cytosolic side of the cell membrane and carry this highly charged ion through the 

hydrophobic center of the membrane, so that it can be released on the periplasmic side. 

Because Na+ carries a positive charge, the structures involved in Na+ binding and transport 

are likely to include negatively charged amino acid residues, in particular, the acidic groups 

Asp and Glu. Our group’s earlier studies identified 17 conserved acidic residues in the 

transmembrane helices of Na+-NQR, of which seven are essential for enzyme activity.27 

Three of these residues are located near the periplasmic side of the membrane and appear to 

have a role in Na+ transport and release, but not Na+ uptake; replacing any of them with 

residues that do not have a negative charge leads to a decreased kcat, but no change in Kmapp 

for Na+. The four remaining residues are located near the cytoplasmic side of the membrane, 

where they are involved in Na+ uptake; replacing any of the four residues results in changes 

in the Kmapp for Na+.27

Further examination of the four cytoplasmic residues showed that Asp-397 in the NqrB 

subunit (NqrB-D397) is a key residue for the uptake of Na+ by the enzyme.27,29 

Replacement of this residue with an uncharged (Ala) or positively charged (Lys) residue 

slowed enzyme turnover and weakened Na+ affinity (Kmapp changes from 2.5 mM for the 

wild-type enzyme to >100 mM), confirming its importance in Na+ binding. The turnover 

rate in these mutants is so slow that Na+ translocation, if present, could not be detected. 

Transient kinetic measurements showed that this decrease in turnover rate is due to slowing 

of the electron transfer from the 2Fe-2S center to FMNC,11,29 the step whose rate is 

controlled by Na+ in the wild-type enzyme.11

Replacement of Asp-397 with glutamate, a larger residue, but one with the same charge, 

produced a large decrease in kcat, to ~¼ of that of the wild-type enzyme, but interestingly 

had no major effect on Na+ affinity.29 This suggests that, in this mutant (NqrB-D397E), at 

least one of the two proposed sodium binding sites remains largely unchanged. Qualitatively 

similar changes in activity were observed when this aspartate was replaced with serine or 
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asparagine residues that, while not charged, are sufficiently polar to contribute to ion 

binding. Possibly the most informative substitution was to cysteine. NqrB-D397C has 

activity slightly higher than those of the other mutants; however, the affinity of one of the 

two apparent binding sites in the wild-type enzyme has been drastically weakened, and the 

positive cooperativity changed to negative cooperativity.29 Activity with Li+, instead of Na+, 

is generally less severely affected by these mutations, consistent with lithium’s smaller 

atomic radius. These results were interpreted in terms of a model in which Na+-NQR has 

two Na+ uptake sites, where NqrB-D397 functions as a bidentate ligand with one “tooth” in 

each of the two binding sites. Replacement with cysteine, which would be monodentate, 

severely disrupts one of the two binding sites, leaving the other site largely intact.29

In this work, the NqrB-D397N mutant is examined in detail. In contrast to that in the wild 

type, redox turnover in the mutant is accelerated by K+, even in the absence of Na+. The fact 

that Na+ is not needed for activation by K+ shows that it is a distinct phenomenon from the 

allosteric effect of K+ in the wild-type enzyme described previously.28 Although increasing 

the K+ concentration results in an increase in the rate of redox turnover, K+ is not 

translocated. Furthermore, in the absence of K+, the mutant is able to pump Na+, but Na+ 

transport is abolished when K+ is introduced. Thus, in NqrB-D397N, in the presence of K+, 

the redox reaction is uncoupled from the Na+ pump; this is the first report of such an 

uncoupling mutation in Na+-NQR.

MATERIALS AND METHODS

Growth of Bacterial Strains

Vibrio cholerae O395N1 cells, with the nqr operon deleted (Δnqr), containing the mutant 

NqrB-D397N in the nqr operon, were cloned into the pBAD expression plasmid, which 

includes a six-histidine tag at the end of NqrF. Cells were grown in Luria-Bertani medium, 

in 30 L fermenters with constant agitation and aeration with 100 µg/mL ampicillin and 50 

µg/mL streptomycin. Arabinose was used to induce plasmid expression as previously 

reported.12

Purification of NqrB-D397N

Cells were harvested and washed by centrifugation and lysed in a microfluidizer.12 

Membranes were recovered by ultracentrifugation as previously reported. Membranes were 

solubilized with 0.3% (w/v) n-dodecyl β-D-maltoside, and the enzyme was purified using 

Ni-NTA and DEAE chromatography, as reported previously.16 Preparations were stored in 

liquid nitrogen after purification.

Steady State Kinetics

The NADH dehydrogenase and ubiquinone-1 reductase (CoQ-red) activities of Na+-NQR 

were measured spectrophotometrically at 340 and 287 nm, respectively, as described 

previously.11 All steady state kinetic reactions were conducted in TEG buffer, containing 50 

mM Tris-HCl (pH 8.0), 1 mM EDTA, 5% (v/v) glycerol, and 0.05% (w/v) n-dodecyl β-D-

maltoside with different concentrations of NaCl, KCl, and LiCl.
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Fast Kinetics Measurements

The kinetics of reduction of the NqrB-D397N mutant by NADH (final concentration of 300 

µM) were followed using a stopped-flow spectrophotometer, as reported previously.11 The 

experiments were conducted using the purified mutant enzyme (30–40 µM) in TEG buffer 

with different concentrations of K+.

Reconstitution of the Enzyme into Proteoliposomes and Measurement of Membrane 
Potential (ΔΨ)

The purified NqrB-D397N enzyme was mixed with n-octyl glucoside (Anatrace) and 

Escherichia coli phospholipids (Avanti Lipids) in a 10:1 (w/w) lipid:protein ratio in a buffer 

containing 300 mM sorbitol, 50 mM Tris-HCl (pH 7.5), and 1 mM EDTA. To promote 

proteoliposome assembly, detergent was slowly removed via the addition of SM Bio-Beads 

(Bio-Rad), following the protocol described by Verkhovskaya et al.30 The voltage-sensitive 

dye oxonol VI was used to follow changes in membrane potential (ΔΨ) and thus track cation 

(Na+, Li+, or K+) transport.11 Oxonol VI absorption was followed spectrophotometrically at 

625–587 nm in a reaction buffer containing 5 µM oxonol VI, 200 µM NADH, 100 µM 

CoQ-1, 300 mM sorbitol, 50 mM Tris-HCl (pH 7.5), and 1 mM EDTA, along with the 

cation(s) of interest.

RESULTS

Stimulation of the Quinone Reductase Activity of NqrB-D397N by K+

When wild-type Na+-NQR turns over at steady state in the presence of Na+ (or Li+), 

addition of K+ can accelerate ubiquinone reductase activity, to as much as 1.5 times the 

original level. This activation is not observed in the absence of Na+ (or Li+). Kinetic analysis 

indicates that K+ is acting as an allosteric activator, binding to the enzyme in a location 

distinct from the two Na+ uptake sites.28 In the NqrB-D397N mutant, however, K+ is able to 

activate the enzyme even in the absence of Na+ (Table 1).

To investigate this further, the steady state activity of the mutant enzyme was studied as a 

function of sodium, lithium, and potassium concentrations (Figure 2). With each of the three 

different ions, Michaelis–Menten behavior (hyperbolic saturation kinetics) is observed, with 

similar kcat values for the three ions (Table 2). Although the turnover rate of the mutant 

enzyme is much lower than that of the wild type, the effect of K+ on the rate is very similar 

to those of Na+ and Li+. These results, together with the fact that NqrB-D397 is known to be 

part of at least one of the enzyme’s two Na+ uptake sites, suggest that, in the mutant, K+ is 

exerting its effects by binding to one of the sites where Na+ and Li+ bind. The apparent 

binding affinities (Kmapp) for Na+ and Li+ are unaffected by the mutation, but the Kmapp for 

K+ is significantly higher than for either Na+ or Li+ (Table 2). This is what would be 

expected if the mutation had altered one of the two Na+ uptake sites, allowing K+ to interact, 

albeit weakly, while Na+ and Li+ could bind tightly to the other site. Interestingly, the 

turnover rate of the NqrB-D397N mutant is even higher when both K+ and Na+ are present 

than with either ion alone.
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Fast Kinetics of Reduction of NqrB-D397N in the Presence of K+

The electron transfer reactions of the wild-type enzyme have been studied extensively, and it 

has been established that Na+ uptake occurs in the 2Fe-2S → FMNC redox step.11 This is 

the first Na+-dependent process and the main rate-limiting step in the reduction reaction, 

when the enzyme reacts with NADH. The steady state kinetics show that in the NqrB-

D397N mutant, K+ activates the redox reactions much like Na+, and it was thus important to 

determine whether K+ accelerates the same redox step as Na+. Because the 2Fe-2S → 
FMNC step is the rate-limiting step in the pathway, its rate is most easily followed by 

observing the arrival of electrons at riboflavin, the final redox carrier. Riboflavin undergoes 

a one-electron reduction from a neutral flavosemiquinone to its fully reduced form, which 

can be followed at 575 nm, where there are only minimal contributions from other 

cofactors.23 The overall progress of the reaction can also be followed at 460 nm, where the 

initial two-electron reduction of FAD as well as the reduction of the two FMN’s can be 

observed.

Figure 3 shows the time course of this reaction at 575 nm (A) and 460 nm (B) in the 

presence of different concentrations of KCl, from 0 to 400 mM. As the K+ concentration is 

increased, the rate of reduction of riboflavin approximately doubles (Table 3). This 

dependence shows saturation behavior, with a Km of 50 mM (inset). The rate increase and 

the Kmapp are in good agreement with values determined in the steady state measurements of 

ubiquinone reductase activity (Tables 1 and 2), suggesting that the acceleration by K+ of this 

step in the redox reaction is responsible for the effect of K+ on the overall redox reaction. 

The time course at 460 nm in the mutant (Figure 3B) is very similar to that observed in the 

wild-type enzyme and shows the reduction of FAD as a fast phase, with a rate constant of 

>300 s−1 (Table 3). As in the wild-type enzyme, this phase is insensitive to changes in cation 

concentration. At this wavelength, it is also possible to observe a much slower component 

with a rate that is also stimulated by K+, which corresponds to the formation of one or two 

FMN anionic flavosemiquinone radicals, as electrons fill in the intervening redox carriers 

after reduction of riboflavin.11,24

Ion Translocation by NqrB-D397N

Having determined that, in the NqrB-D397N mutant, K+ is able to take the place of Na+ in 

activating the redox reaction, we next asked whether if K+ is translocated the enzyme can 

translocate K+ across the membrane. To this end, the enzyme was reconstituted into 

phospholipid vesicles, and the formation of membrane potential was measured by following 

the change in the absorbance of oxonol VI (625 nm minus 587 nm).27 Enzyme turnover was 

initiated by the addition of NADH and ubiquinone-1. Measurements were taken in the 

presence of varying amounts of Na+, K+, and Li+.

As shown in Figure 4A, turnover of NqrB-D397N, in the presence of Na+, leads to a clear 

increase in absorbance at 625 nm minus 587 nm, showing the generation of an electrical 

potential, thus confirming that the mutant is able to translocate Na+ across the membrane. It 

is worth noting that the redox reaction of Na+-NQR is not itself electrogenic, and a ΔΨ 
clearly indicates Na+ translocation. The mutant is also able to generate a potential with Li+, 

although as in the case of the wild-type enzyme, the rate and amplitude of the observed 
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increase are both smaller. Thus, this aspect of ion selectivity is retained in the mutant. In the 

presence of K+, no change in absorbance could be detected (Figure 4A), indicating that there 

is no translocation of K+ by the enzyme. Thus, in the presence of K+, NqrB-D397N is 

effectively uncoupled: K+ binds to the enzyme, accelerating the redox reaction, but this does 

not result in ion pumping. This is the first instance of a mutant with an uncoupling 

phenotype in Na+-NQR. This is different from the case for the wild-type enzyme in which 

K+ alone has no effect on the redox reaction, and thus, there is no expectation that it would 

be translocated.

Further experiments were performed to understand the uncoupling effect of K+. Membrane 

potential was measured in the presence and absence of a fixed concentration of K+ (100 

mM) with varying concentrations of Na+. In the absence of potassium, increasing the 

concentration of sodium accelerated the formation of membrane potential (Figure 4B, top). 

The concentration dependence showed saturation behavior with a Kmapp of 1–2 mM, close 

to that observed for Na+ activation of redox turnover in the isolated enzyme.28 When the 

same titration was conducted in the presence of 100 mM KCl, no membrane potential was 

formed at any concentration of Na+ (2 and 50 mM NaCl are shown in the bottom portion of 

Figure 4B). Thus, K+ causes the NqrB-D397N mutant to be uncoupled, not only with respect 

to translocation of K+ itself but also with respect to pumping of Na+.

DISCUSSION

The function of Na+-NQR is to harness energy released by electron transfer from NADH to 

quinone, and to use this energy to translocate Na+ across the cell membrane, creating an 

electrochemical gradient. In the presence of potassium ions, the NqrB-D397N mutant of 

Na+-NQR becomes uncoupled; the redox reaction is able to proceed without ion pumping. 

This is the first and, thus far, only example in Na+-NQR in which the linkage between the 

redox and ion pumping functions of the enzyme appears to be broken. In other enzyme 

systems, uncoupled mutants have proven to be important experimental tools with which to 

study the central mechanistic question of coupling, and how energy is transduced from one 

form to another in biology. The NqrB-D397N mutant has the added feature that the linkage 

between the redox and ion pumping processes is apparently severed only when K+ is added 

to the system. This can provide a potentially useful experimental switch.

Substituting the conserved aspartic acid, NqrB-397, with asparagine has a number of effects 

on the enzyme. The redox reaction is still activated by Na+ and Li+, but to a lesser degree 

than in the wild-type enzyme. As in the wild type, the level of activation by Li+ is lower than 

that by Na+. Also, the apparent Kmapp values for both Na+ and Li+ activation are essentially 

the same as in the wild type, suggesting that the mutation does not cause any large changes 

at the relevant binding site.

One striking feature of NqrB-D397N is that the redox reaction can also be activated by K+ 

alone. In the wild type, addition of K+ does not affect the turnover rate unless Na+ or Li+ is 

present, in which case there is a weak activation caused by K+ binding at an allosteric site. In 

the NqrB-D397N mutant, K+ can activate the enzyme in the absence of Na+ or Li+. Once K+ 

is introduced, regardless of whether Na+ or Li+ is present, the enzyme becomes uncoupled, 
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and redox activity proceeds without ion translocation. In the mutant, the Kmapp for activation 

by K+ is much higher than for either Na+ or Li+, indicating significantly weaker binding. 

Activation of the mutant by K+ and Na+ is synergistic; the maximal turnover rate with K+ 

and Na+ together is higher than with either ion alone (data not shown), suggesting that 

allosteric activation by K+ is also operating.

It appears that the primary effect of K+ in activating the NqrB-D397N mutant is exerted at a 

mutated Na+ uptake site, and not at the allosteric K+ binding site. Investigation of other 

substitutions of NqrB-D397 has shown that this residue is part of at least one Na+ uptake site 

and that it is unlikely to be part of the allosteric K+ site. For example, in the NqrB-D397C 

mutant, the Kmapp for Na+ is increased, indicating that Na+ binding at the uptake site is 

significantly weakened.29 Like the wild-type enzyme, the NqrB-D397C mutant is not 

activated by K+ alone, and redox and Na+ translocation activities continue to be coupled, 

even in the presence of K+. However, in this mutant, the Na+-dependent activity can still be 

activated by K+, with a Kmapp that is approximately the same as in the wild-type enzyme, 

indicating that the allosteric K+ binding site is not affected by a mutation at NqrB-D397 that 

causes a significant perturbation at a Na+ uptake site.

Stopped-flow kinetic measurements of the reaction of NqrB-D397N with NADH showed 

that activation by K+ occurs at the same step in the internal redox process as activation by 

Na+. This suggests that in the mutant K+ activates the enzyme by interacting in a manner 

similar to that of Na+.

Finally, in the presence of K+, NqrB-D397N does not generate a membrane potential, 

indicating that no ion translocation is taking place, in spite of the fact the redox reaction 

proceeds and, in fact, is activated by the cation. In the presence of Na+ or Li+, without K+, 

the mutant is able to generate a membrane potential, albeit with a rate and an amplitude 

somewhat smaller than those of the wild type, but when K+ is introduced in addition to Na+ 

or Li+, ion pumping does not occur, although the redox reaction is not inhibited. Figure 5 

illustrates these findings, comparing the coupled wild-type enzyme to the NqrB-D397N 

mutant. It is worth noting that on the basis of the kcat values with Na+ and K+ and the 

amplitudes of the oxonol responses (Figure 5), we can estimate that cation transport in the 

case of K+ is no more than 0.06 times cation transport in the presence of Na+; this means 

that in the presence of K+ the redox turnover in the mutant is at least 94% uncoupled. In 

experiments with K+ diffusion potentials in vesicles made by the same protocol (data not 

shown), we obtained a straight line to 0 mV; there is no detectable threshold above the noise 

of the measurement.

The reasons for the behavior of the mutant are not yet clear. An earlier study indicated that 

Na+-NQR has two uptake/binding sites for Na+ and other translocated ions (i.e., Li+), and 

that NqrB-D397 may provide ligands in one of these sites, or possibly both, because 

aspartate is potentially a bidentate ligand.31 Because the Kmapp values for activation of the 

redox reaction by Na+ and Li+ are unchanged from that of the wild type, it is likely that at 

least one of these binding sites is largely unchanged by the mutation. On the other hand, K+ 

appears to activate the redox reaction in much the same way as Na+, suggesting that one Na+ 

binding site may have been altered by the mutation so that it binds K+, though somewhat 

Shea et al. Page 8

Biochemistry. Author manuscript; available in PMC 2016 September 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



weakly. It thus appears that, in the mutant, translocation of K+ does not take place because a 

second ion selectivity filter, beyond the initial ion binding site, prevents K+ from passing 

through the ion pump. However, why this would result in an uncoupled enzyme, rather than 

an inactive one, remains to be elucidated.
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Figure 1. 
Scheme of the Na+-NQR complex showing the subunit composition and redox cofactors. 

NADH is oxidized by FAD in NqrF. Electrons move trough the enzyme to the final electron 

ubiquinone in the following order: FAD → 2Fe-2S center → FMNC → FMNB → 
riboflavin. The 2Fe-2S center → FMNC step controls Na+ uptake, and the FMNB → 
riboflavin step controls Na+ release. The arrows indicate the translocation of Na+ through 

NqrB, -D, and -E.
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Figure 2. 
Dependence of the quinone reductase activity of NqrB-D397N on cation concentration for 

Na+ (●), Li+ (○), and K+ (■). The Co-Q1 red activity was in TEG buffer, containing 50 

mM Tris-HCl (pH 8.0), 1 mM EDTA, 5% (v/v) glycerol, 0.05% (w/v) n-dodecyl β-D-

maltoside, and NADH with different concentrations of NaCl, KCl, and LiCl. Saturating 

amounts of K2-NADH and Co-Q1 were used (150 and 50 µM, respectively) Standard 

deviations are listed in Table 1.
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Figure 3. 
Time course of reduction of the NqrB-D397N mutant by NADH (300 µM) in the presence of 

different concentrations of KCl at 575 nm (A) and 460 nm (B): no K+ (black), 25 mM KCl 

(blue), 50 mM KCl (cyan), 200 mM KCl (green), 300 mM KCl (orange), and 400 mM KCl 

(red). The inset shows the rate constant of the main K+-dependent phase at 575 nm as a 

function of K+ concentration. All concentrations after mixing.
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Figure 4. 
Generation of membrane potential (ΔΨ) by NqrB-D397N reconstituted into proteolipsomes. 

The essay buffer contained 5 µM oxonol VI, 200 µM NADH, 100 µM CoQ-1, 300 mM 

sorbitol, 50 mM Tris-HCl (pH 7.5), and 1 mM EDTA, along with the cation(s) of interest 

(A) using 20 mM NaCl (black), 20 mM LiCl (red), and 20 mM KCl (blue) and (B) (top) 

NaCl titration (1 to 50 mM) and (bottom) effect of KCl (100 mM) on the membrane 

potential in the presence of 2 mM NaCl and 50 mM NaCl.
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Figure 5. 
Scheme illustrating properties of the NqrB-D397N mutant compared to those of the wild-

type enzyme. In red are shown the acidic residues involved in Na+ uptake. In the wild-type 

enzyme (top row, left to right), (i) electron flow is coupled to Na+ pumping, K+ binds to a 

different, allosteric site (bottom left corner) and accelerates the reaction (ii) in the absence of 

Na+, and electron flow is inhibited, confirming that the redox and pumping processes are 

coupled. In the NqrB-D397N mutant (bottom row, left to right), (iii) in the absence of K+, 

electron flow is still coupled to Na+ pumping; (iv) in the presence of K+ (in the absence of 

Na+), electron flow proceeds, but without ion pumping, meaning that coupling has been 

disrupted; and (v) K+ causes the mutant to run uncoupled, even in the presence of Na+. Of 

the acidic residues involved in cation uptake, shown in bold, only NqrB-D397 is associated 

with the modified binding site.
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Table 1

Ubiquinone Reductase (CoQ-1 red) Activity of NqrB-D397 Mutants in the Absence of Cations and in the 

Presence of Saturating Concentrationsa of Na+, Li+, and K+b

CoQ red (s−1)

enzyme no cation NaCl LiCl KCl

wild type 66.3 528.5 205.5 62.4

NqrB-D397C 61.9 ± 8.7 162.2 ± 12.3 110.6 ± 5.9 62.1 ± 10.3

NqrB-D397E 66.0 ± 4.8 129.6 ± 8.8 96.4 ± 10.3 67.4 ± 10.1

NqrB-D397N 59.7 ± 2.5 122.9 ± 4.3 95.5 ± 6.2 97.0 ± 7.4c

NqrB-D397S 57.7 ± 4.1 101.3 ± 8.3 80.7 ± 5.0 60.3 ± 2.8

a
In 100 mM NaCl, LiCl, or KCl.

b
All experiments were repeated at least seven times with three independent preparations. The average and standard deviation are presented.

c
p < 0.05.
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Table 2

Kinetic Constants of the Quinone Reductase Activity for NqrB-D397N and Wild-Type Na+-NQR Obtained in 

the Presence of Na+, Li+, and K+a

kcat (s−1) Km (mM) kcat/Km (mM/s)

NaCl wild type 500 ± 42 2.5 ± 0.9 200 ± 73.9

NqrB-D397N 127 ± 15 3.1 ± 1.1 41 ± 15.3

LiCl wild type 180 ± 25 3.5 ± 1.1 51.4 ± 17.67

NqrB-D397N 100 ± 15 2.4 ± 1.2 41.6 ± 21.75

KC1 wild type NDb NDb NDb

NqrB-D397N 109 ± 8.4 53.7 ± 16.8 2.03 ± 0.65

a
The kinetic constants were determined from the saturation curves using the Michaelis–Menten equation. Each titration curve is the result of at 

least seven independent repetitions. The standard deviations are presented. In each repetition, every point was measured in triplicate. Conditions of 
the measurements are described in Materials and Methods.

b
Not detected.
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Table 3

Rate Constants of the Reduction of NqrB-D397N by NADH in the Presence of Different Concentrations of 

KCla

rate (s−1)

[KCl] (mM) FAD → FADH2 RibH• → RibH2 FMNc
•− → FMNcH2

0 321 ± 2.3 12.1 ± 1.6 1.85 ± 0.34

25 325 ± 3.5 15 ± 3.2 2.13 ± 0.48

50 312 ± 10.4 17 ± 0.55 2.6 ± 0.56

200 336 ± 7.7 21.5 ± 4.6 3.2 ± 0.78

300 331 ± 5.6 23 ± 8.2 3.7 ± 0.36

400 334 ± 2.3 23.7 ± 5.3 3.9 ± 1.2

a
Each experiment corresponds to at least 12 kinetic traces. Three independent experiments were averaged (corresponding to at least 36 individual 

traces).
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