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Na"-NQR is a unique respiratory enzyme that couples the free
energy of electron transfer reactions to electrogenic pumping of
sodium across the cell membrane. This enzyme is found in many
marine and pathogenic bacteria where it plays an analogous role
to the H™-pumping complex I. It has generally been assumed that
the sodium pump of Na*-NQR operates on the basis of thermody-
namic coupling between reduction of a single redox cofactor and
the binding of sodium at a nearby site. In this study, we have
defined the coupling to sodium translocation of individual steps
in the redox reaction of Na*-NQR. Sodium uptake takes place in
the reaction step in which an electron moves from the 2Fe-2S
center to FMN¢, while the translocation of sodium across the mem-
brane dielectric (and probably its release into the external medium)
occurs when an electron moves from FMN; to riboflavin. This ar-
gues against a single-site coupling model because the redox steps
that drive these two parts of the sodium pumping process do not
have any redox cofactor in common. The significance of these re-
sults for the mechanism of coupling is discussed, and we proposed
that Na*-NQR operates through a novel mechanism based on
kinetic coupling, mediated by conformational changes.

electron transfer | ion coupling | sodium transport

he sodium pumping NADH:quinone oxidoreductase

(Na*-NQR) is the main entry site for electrons to the respira-
tory chain of Vibrio cholerae and other marine and pathogenic
bacteria. As a redox-driven sodium pump, Na*-NQR plays an
important role in both the bioenergetics and homeostasis of these
organisms (1-3). This enzyme catalyzes the oxidation of NADH
and the reduction of CoQ (4), analogous to the reaction catalyzed
by complex I of mitochondria and of other prokaryotes. In contrast
with complex I, which pumps H*, Na™-NQR specifically translo-
cates Na't, with a stoichiometry of one Na™ per electron (5).

Na®™-NQR is composed of six subunits and contains a nonco-
valently bound FAD, a 2Fe-2S center, two FMN’s covalently
bound to the NqrB and NqrC subunits (FMNg and FMNg, re-
spectively), as well as noncovalently bound riboflavin. Riboflavin
as cofactor has not been reported in any other enzyme (6-13). The
covalently bound FMN molecules can each give rise to anionic
radicals (FMNp, anionic radical I and FMN¢, anionic radical
II), while riboflavin is found as a stable neutral radical (RibH")
in the oxidized form of the enzyme (as prepared) (1, 8). Studies
carried out by our group with mutants that do not incorporate
individual cofactors have shown that electrons move through
the enzyme following the pathway: FAD — 2Fe-2S — FMN¢ —
FMNg — Riboflavin (Fig. 1) (14).

Although the coupling mechanism of most of the respiratory
chain complexes and other redox pumps have been studied in
detail (15-17), the fundamental mechanism of cation pumping
in Na*-NQR might follow different rules because this is the only
known example of a redox pump that translocates sodium instead
of protons. The elucidation of this mechanism may open new win-
dows for the understanding of cation pumping in other enzymes
and could help to define general principles of biological transport
as a whole.
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Fig. 1. Internal electron transfer pathway and Na* uptake and release steps
in Na*-NQR. Na*; and Na, indicate the internal and external Na*.

A classical approach to study this question is to look for redox
cofactors whose midpoint potentials vary as a function of the con-
centration of the pumped ion (18, 19). Interestingly, none of the
equilibrium redox potentials in the Na*-NQR have been found to
be dependent on bulk Na™ concentration (20, 21). This contrasts
with the prediction of essentially all mechanisms that have been
proposed for Na*-NQR, which would require changes in Na*
affinity to be directly coupled to the redox state of one of the
cofactors. In these circumstances one promising approach is to
study the kinetics of functional turnover using mutants that alter
the translocation of sodium.

Here we show that Na* uptake by Na*-NQR is a nonelectro-
genic process that occurs upon electron transfer from the 2Fe-2S
center to FMN(, while the electrogenic transport of Na*t across
the membrane, and likely release into solution, occurs upon elec-
tron transfer from FMNjg to riboflavin. These results, together
with other recent findings in the field (21, 22), lead us to propose
that Na™-NQR belongs to a distinct family of redox-driven ion
pumps that operate through a conformationally mediated, kine-
tically coupled mechanism.

Results

AY¥ Formation by Reconstituted Na*-NQR. Wild-type Na"-NQR
reconstituted in proteoliposomes is able to transport sodium
(Fig. 2, trace i), and this process is insensitive to proton ionophores
(CCCP) and abolished by sodium ionophores (ETH-157) (23).
Surprisingly, the enzyme is also able to form an electrochemical
gradient of sodium in the absence of CoQ (Fig. 2, trace ii), which
indicates that the internal electron transfer process of the enzyme
is itself electrogenic. This type of reaction is referred to as partial-
turnover AW formation, although the membrane potential
produced under these conditions could be equivalent to a single
catalytic cycle. The gradient formation under partial turnover
was abolished by the Na* ionophore ETH-157 (5 pM, trace iv)
but not by CCCP (trace iii). To confirm these results, the formation
of AY¥ was also measured using the fast-responding fluorescent
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Fig. 2. Formation of AY by reconstituted Na*-NQR. A¥Y was measured
spectrophotometrically using oxonol VI, as described before (23). Unless
otherwise stated the reaction buffer contained 100 uM NADH, 100 pM
CoQ-1, 100 mM NacCl, 50 mM HEPES, 150 mM KCl, 1 mM EDTA, pH 7.5. Multi-
ple (steady-state) turnover membrane potential is shown in trace i. For par-
tial-turnover experiments CoQ-1 was added ~10-12 s after NADH (trace ii).
Traces iii and iv show the effect of CCCP (5 pM) and ETH-157 (5 pM), respec-
tively, on A¥ formation. The effect of CoQH, on the formation of A¥Y was
measured using 100 uM and 300 uM NADH (trace v and vi, respectively).
The spectrophotometric signals were calibrated against the AY produced
with valinomycin (1 pg/mL) and different concentrations of potassium,
according to the Nernst equation.

probe RH421 with similar results (Fig. S1). The inhibitory effect
of CoQHj, (see below) indicates that AW formation in the absence
of CoQ is not the result of electrons leaking to oxygen at the Na*
pumping site of the enzyme. Also, the strict dependence of A¥Y
formation on Na*t and the direction of the gradient (positive inside
the vesicles) rule out the possibility that the observed changes
in membrane potential are due to internal electron movement
within the enzyme.

To identify the specific redox step that is involved in this
electrogenic process, A¥ formation was studied in two mutant
enzymes that do not incorporate the FMN cofactors, which have
been characterized previously (9, 14). In contrast with wild-type
enzyme, NqrB-T236Y (which lacks FMNg) and NqrC-T225Y
(which lacks FMN() were unable to produce an electrochemical
potential under either partial or multiple turnover conditions
(Fig. S1), indicating that the steps in which FAD, the 2Fe-2S center,
and FMN¢ become reduced are not electrogenic. The remaining
candidates for the Na* pumping step are the reduction of FMNg
and the reduction of RibH". These two possibilities could be
distinguished by studying the partial-turnover AY formation in

an enzyme that does not contain riboflavin. However, this cofactor
cannot be eliminated by site-directed mutagenesis because its
binding site is not currently known. Instead, riboflavin can be in-
activated as a redox acceptor by incubating the enzyme with
CoQH,, which specifically reduces RibH" to RibH,, thus halting
the forward electron flow after FMNg. Stopped flow experiments
confirmed that the preincubation of the enzyme with CoQH,
blocks the electron flow at FMNp, the electron donor of RibH*
(Table S1, Fig. S2 4 and B).

Traces v and vi (Fig. 2) show that partial-turnover AY¥ forma-
tion by wild-type enzyme is almost completely blocked by incuba-
tion of the sample with 1 mM CoQH,, indicating that the redox
step involved in Na* ejection is the reduction of riboflavin.
However, steady-state kinetic studies have shown that CoQH,
behaves as a competitive inhibitor against NADH, which could
potentially account for the decrease in AY formation observed.
(Fig. S3 A and B). A hallmark of competitive inhibition is that it
can be overcome by increasing concentrations of the substrate.
This effect was observed under multiple turnover conditions by
increasing the concentration of NADH but not under partial
turnover (Fig. 2, trace vi), which indicates that the specific effect
of CoQH, is to limit the electron flow to riboflavin. These results
are consistent with the assignment of the reduction of RibH"® as
the redox step involved in the translocation of Na* across the
membrane. Further evidence for this proposal was obtained by
analyzing the reduction and oxidation kinetics of the mutants that
block the binding and the ejection of Na™ (see below).

Fast Kinetics of Oxidation and Reduction of NqrB-D346A and NqrB-
D397A Mutants NqrB-D397A. NqrB-D397A was chosen to study
the redox step involved in Na* binding because the apparent
affinity for Na*t is decreased several orders of magnitude in this
mutant (Kmy, . VT = 1 mMvs. Kmy,, NaBP346A 5 100 mM) (23).
Stopped flow experiments showed that the reduction of NqrB-
D397A by NADH is very similar to the reduction of wild-type
enzyme but does not show sensitivity to Na*, and the rate of
RibH® — RibH, is decreased by a factor of three (Table 1, Fig. 3).
We have demonstrated that the RibH® — RibH, transition is
controlled by the rate of electron flow from the 2Fe-2S center
to FMNg, the rate limiting step of the reaction (14). These results
indicate that the rate of reduction of FMN( is the main feature
modified in the NqrB-D397A mutant. This interpretation was
corroborated by studying the kinetics of oxidation of the dithio-
nite-reduced enzyme by CoQ. Wild-type Na*t-NQR is completely
oxidized in a single step, in which all the redox cofactors parti-

Table 1. Redox transitions and rate constants of the fast kinetics of reduction by NADH of wild-type Na"-NQR, NqrB-D346A and NqrB-

D397A mutants

Rate constants (s~')

Enzyme Nadcl K4 Ky K3 Kq
WT
0 249.3 15.4 4.2 0.31
FAD — FADH, RibH® — RibH, 2(FMN — FMN*") FMNZ — FMNcH,
100 143.2 35.1 0.7
FAD — FADH,; RibH®* — RibH, 2(FMN — FMN*") FMNg™ — FMNcH,
NqrB-D346A
0 235 20.1 3.6 0.3
FAD — FADH, FMNg — FMN,*~ FMN¢ — FMN.*~; Rib — RibH® FMN.*~ — FMNcH,
50 121.6 16.4 1.5 0.2
FAD — FADH,; FMNg — FMN;*~  FMN¢ —» FMN.*~; Rib — RibH* FMNc*~ — FMNcH, RibH* — RibH,
NgrB-D397A
0 268 4.2 0.3
FAD — FADH, RibH* - RibH;; 2(FMN — FMN*") FMNc*~ — FMNcH,
50 270 4.6 0.35
FAD — FADH, RibH* - RibH;; 2(FMN — FMN*") FMN*~ — FMNcH,
200 258 5.1 0.4
FAD — FADH, RibH* - RibH;; 2(FMN — FMN*~) FMNc*~ — FMNcH,
Desalted samples were mixed with 250 uM NADH using different concentrations of sodium.
12506 | www.pnas.org/cgi/doi/10.1073/pnas.1002866107 Juérez et al.
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Fig. 3.

(A) Reduction of the NgrB-D397A mutant by 250 uM NADH in the absence and presence of 100 mM Nacl. (B) Kinetic phases of the oxidation of the

NgrB-D397A mutant. In A and B blue lines show the difference spectra of the reduction steps associated with each transition, obtained by data fitting. Green
lines show the difference spectra of the assigned redox steps using in wild-type Na*-NQR as reported before (14). Bottom panels: Time course at the absorbance
maximum (450 nm) of Na*-NQR (C) Scheme showing the redox transitions for the reduction and oxidation kinetics in the NqrB-D397A mutant. Open squares
represent the oxidized state of the cofactor, and black squares the reduced form. The phases highlighted in gray show the transitions slowed down in the

mutant enzyme.

cipate (Table 2 and Fig. S4), suggesting that the binding of CoQ
and CoQHj, are under fast equilibrium and electron transfer from
riboflavin to CoQ is the rate limiting step, so the oxidation of the
enzyme is not limited by accessibility of the oxidant. In the cofac-
tor deletion mutants, NqrB-T236Y and NqrC-T225Y, where the
normal flow of electrons is interrupted at different points, the
oxidation process takes place in two phases: a fast oxidation of
the cofactors downstream of the missing FMN cofactor, followed
by a slower oxidation of the upstream cofactors (Table 2 and
Fig. S4). Similarly, in NqrB-D397A, the reaction takes place in
two steps: rapid oxidation of riboflavin and the two FMNs, fol-
lowed by oxidation of FAD, at a 16-fold lower rate (Table 2,
Fig. 3). This agrees with our conclusion that the electron transfer
between the 2Fe-2S center and FMN( is highly inhibited in the
NqrB-D397A mutant.

It remained possible that this two-step oxidation process was
caused by inhibition of electron transfer into the 2Fe-2S center.
Reduction of the 2Fe-2S can be easily masked by the flavins of
the enzyme (14). However, there is evidence from steady-state
kinetics that the properties of the 2Fe-2S center are not altered

Juérez et al.

in this mutant. Hayashi et al. (6) have shown that Na*-NQR is
capable of transferring electrons from NADH to the artificial
electron acceptor menadione, probably through the 2Fe-2S
center. Indeed, the NqrF-C76A mutant, which lacks this cofactor,
shows a 90% decrease in menadione reductase activity (Fig. S5).
On the other hand, the rate of reduction of the 2Fe-2S center in
NqgrB-D397A is not affected because the menadione reductase
activity was similar to that of the wild-type enzyme (Fig. S5).
Taken together these results indicate that the redox step involved
in Na*t binding is the reduction of FMNg, consistent with our
earlier results with the NqrB-T236Y mutant (14).

NqrB-D346A. We have previously found that the redox reaction in
this mutant is significantly inhibited and the Na* sensitivity of
CoQ reduction is completely abolished, while the apparent affi-
nity for Na* (Kmy,+ ), measured during steady-state turnover, is
essentially unchanged. On this basis, we proposed that the muta-
tion blocks Na* ejection from a binding site within the enzyme
(23). To better understand the connection between the redox
reaction and Na' transport in the enzyme, we have studied
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Table 2. Redox transitions and rate constants for the oxidation of Na*-NQR by CoQ of the dithionite-reduced wild type, NqrB-D346A,

and NqrB-D397A mutants

Rate constants (s~)

Enzyme K4 Ky
WT 163.2 + 54
FADH, — FAD; 2(FMN*~ — FMN); FMNcH; — FMN_*~; RibH, — RibH*
NqgrB-D346A 80.4 +12.3 6.4 + 3.6
RibH, — RibH*® FADH, — FAD; 2(FMN*~ — FMN); FMNcH, — FMN_*~
NqgrB-D397A 133.8 + 124 8.3 + 1.56
2(FMN®*~ — FMN); FMNcH, — FMN_""; RibH, — RibH* FADH, — FAD

Enzyme samples were reduced with dithionite and mixed with 500 M CoQ-1 and 100 mM NacCl.

the kinetics of the reduction of this mutant by NADH, by using
stopped flow methods (Table 1, Fig. 4). The first redox step is the
sodium-insensitive reduction of FAD, as in the wild-type enzyme
(14, 24). The effects of the mutation appear at the second step,
where one FMN (probably FMNg) becomes reduced, whereas
reduction of riboflavin is observed in the corresponding phase
in the wild-type enzyme (Table 2, Fig. 4). These changes are
remarkably similar to those observed when the wild-type enzyme
is preincubated with CoQH, (Table S1), blocking reduction of
RibH". This suggests that in NqrB-D346A electron transfer
between FMNp and riboflavin is inhibited. The remaining phases
in the reaction of this mutant with NADH are very slow but, sur-
prisingly, include formation of the neutral riboflavin semiquinone
(Rib —» RibH") a species that is usually present in the oxidized
enzyme (as prepared). X-band EPR spectra confirm that the oxi-
dized form of the mutant contains only a small amount of RibH"
while the reduced enzyme exhibits the typical contributions of the
2Fe-2S center and the anionic flavosemiquinone radical (Fig. S6).
We have previously shown that the flavin content of this mutant is
normal (23). This, together with the fact that formation of RibH"
is observed during the reduction of this enzyme, indicates that the
small amount of neutral flavosemiquinone initially present is not
due to an insufficient quantity of the riboflavin cofactor. Instead,
the riboflavin is present but in its fully oxidized state. The reduc-
tion kinetics of NqrB-D346A suggest that the electron transfer
from FMNj to the riboflavin is inhibited and only takes place
when the enzyme is almost completely reduced. This may explain
the low occupancy of the neutral radical in the oxidized enzyme
(as prepared).

To further investigate electron transfer in this mutant, the
oxidation of the dithionite-reduced enzyme by CoQ was studied
(Table 2, Fig. 4). The oxidation process is divided in two phases.
The first phase consists of the fast oxidation of riboflavin; during
the second phase all the other cofactors are oxidized, at a thirteen-
times slower rate. This clearly shows that electron flow from
FMN to riboflavin is impaired. It should be pointed out that the
complete oxidation the riboflavin (RibH* — Rib)wasnotobserved
over the course of several hours (Fig. S7), suggesting that the
stability of RibH" is comparable to that in the wild-type enzyme.

The kinetics of oxidation and reduction of this mutant are
consistent with the idea that NqrB-D346A is not able to eject
Na' and therefore the electrons are stuck in the cofactor imme-
diately upstream of the step responsible for the electrogenic
activity.

Discussion

Several models of the sodium pumping mechanism of Na™-NQR
have been proposed (2, 3, 25, 26). Most of these models are based
on the localized coupling concept, in which Na™ affinity is modu-
lated by the redox state of the cofactors. The original thermody-
namic hypothesis of Rich of a center whose reduction is directly
involved in Na't capture and release was especially attractive,
coupling the electroneutral uptake of sodium and electrons into
the hydrophobic core of the membrane (25). Later, Dimroth (26)
and Bogachev (3) suggested that a semiquinone radical, originat-

12508 | www.pnas.org/cgi/doi/10.1073/pnas.1002866107

ing from ubiquinone or flavin molecules, could be the essential
redox cofactor responsible for sodium translocation. The thermo-
dynamic hypothesis can be tested by analyzing the midpoint po-
tentials of the redox cofactors of the enzyme. Redox titrations
have identified three relatively exergonic redox steps that could
be involved in driving Na®™ pumping (21, 22). However, none of
these steps stands out as having a particularly large AEm, which
could identify it as an important driving reaction. Moreover, none
of the cofactor redox potentials showed significant dependence on
the bulk Na™ concentration, in contrast to what would be expected
for redox—Bohr coupling (18, 19). Verkhovsky and Bogachev (27)
have cited their recent >NaNMR measurements, showing an ap-
parent change in Na' affinity upon reduction of the enzyme, as
evidence for a thermodynamically coupled mechanism. However,
itis also possible that these measurements could reflect changes in
the kinetics of accessibility of a sodium-binding site rather than
changes in affinity per se.

Hirst (28) has pointed out that locally coupled mechanisms are
not consistent with the understood requirements of Na*-binding
to proteins and cation selectivity of the pump. In all cases where
structures are known, Na*-binding sites consist of six negatively
charged amino acids arranged in an octahedral geometry (29).
Localized coupling does not appear to be consistent with the
highly hydrophilic environments in which sodium typically binds.
We have shown that in Na*-NQR at least three acid residues play
important roles in Na*-binding (NqrB-D397, NqrD-D133, NqrE-
E95), while four additional glutamate or aspartate residues
participate in later steps of transport (NqrB-E28, NqrB-E144,
NqrB-D346, NqrD-D88) (23). Also, the lack of pH dependence
of the cofactor midpoint potentials strongly indicates that the
cofactors are not accessible to the aqueous environment and,
consequently, to sodium (21).

In this work we have used an approach based on the kinetic
characterization of wild type and of specific mutants to dissect
the redox steps involved in Na* translocation by Na*-NQR.
Two experimental strategies were followed to study this question:
(i) characterization of partial-turnover AY¥ formation to identify
the redox step involved in translocation of Na* across the mem-
brane and (if) analysis of the reduction and oxidation kinetics of
the NqrB-D346A and NqrB-D397A mutants. We have previously
shown that NqrB-D397 forms part of a sodium binding site in
the protein and that NqrB-D346 is likely to be involved in a so-
dium exit channel (23). The study of these mutants provided us
important clues about the redox steps involved in sodium binding
and release. Our results indicate that sodium uptake takes place
in the reaction step in which an electron moves from the 2Fe-2S
center to FMN(, while the translocation of sodium across the
membrane dielectric (and probably its release into the external
medium) occurs in the reaction step in which an electron moves
from FMNj to riboflavin. In contrast with previous models, none
of the redox cofactors participate in both of these steps, which
indicates that a direct or localized coupling mechanism is unlikely
and suggests that Nat-NQR operates through a novel type of
mechanism for a redox-driven ion pump. We propose that redox
events in the enzyme drive conformational changes, which in turn

Juarez et al.
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(A) Reduction of the NgrB-D346A mutant by 250 uM NADH in the absence and presence of 100 mM Nacl. (B) Kinetic phases of the oxidation of the

NgrB-D346A mutant. In A and B blue lines show the difference spectra of the reduction steps associated with each transition, obtained by data fitting. Green
lines show the difference spectra of the assigned redox steps using wild-type Na*-NQR as reported before (14). Bottom panels: Time course at the absorbance
maximum (450 nm) of Na*-NQR (C) Scheme showing the redox transitions for the reduction and oxidation kinetics in the NqrB-D346A mutant. Open squares
represent the oxidized state of the cofactor, and black squares the reduced form. The phases highlighted in gray show the transitions slowed down in the

mutant enzyme.

lead to switching the accessibility of the binding site between the
two sides of the membrane.

Compared to Na™-NQR, the analogous H"-pumping NADH:
quinone oxidoreductase, complex I, is a much a more compli-
cated enzyme with up to 45 subunits and 10 cofactors (30).
The relative simplicity of Na™-NQR, which has no apparent
homology to complex I, has greatly benefited the current study.
This has made it possible to assign the redox coupling sites for
Na*-NQR or other type of NADH dehydrogenases and to shed
light on the mode of coupling between the redox reaction and ion
transport. These results will also contribute to our understanding
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of the general principles governing redox-driven ion translo-
cation.

Materials and Methods

Methods for the following procedures have been published previously:
mutant strains (9, 12, 23), cell culture, and protein purification (1).
Na™-NQR concentration was determined by measuring the net flavin content
of enzyme preparations under denaturing conditions at 450 nm using a mo-
lar absorptivity of 48.4 mM~'cm~" for wild type, NqrF-C76A, NqrB-D346A
and NgrB-D397A, and 36.34 mM~" cm~' for NqrB-T236Y and NqrC-T225Y.

Na*-NQR Reconstitution. Wild-type Na*-NQR was mixed with Escherichia coli
phospholipids using a phospholipid:protein ratio of 5:1 in the presence of
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octylglucoside (detergent/ratio=1.3) (23). Detergent was slowly removed by
adding SM Biobeads, and proteoliposomes were concentrated and washed
twice as reported before (23).

Menadione Reductase Activity. Menadione reductase activity was measured
spectrophotometrically as reported by Hayashi et al. (31).

Membrane Potential (A¥). Membrane potential (A%) was measured spectro-
photometrically at 625 minus 587 nm in proteoliposomes containing
Na™-NQR, using 3 pM oxonol VI (19). The reaction buffer contained
100 pM NADH, 100 uM CoQ-1, 100 mM NacCl, 50 mM HEPES, 150 mM KCl,
1 mM EDTA, pH 7.5 (23). Alternatively, A¥Y formation was measured
with the fluorescent indicator RH421 (100 nM) at Ae =500 nm and
Aem = 650 nm (32). In both cases signals were calibrated against the AY
produced with valinomycin and potassium (23).
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Fast Kinetics Experiments. The reduction kinetics of the mutants were studied
in buffer containing 250 pM K,-NADH in the absence and in the presence of
100 mM or 200 mM NacCl (final concentrations). In the case of the oxidation
reaction, the enzyme (10-20 pM) was reduced with dithionite in the presence
of 100 mM Nadl, and the reaction was measured by mixing the sample with
buffer containing 500 uM of CoQ-1. The raw data were averaged and ana-
lyzed as reported previously (14). The kinetic phases of the redox reactions
were assigned by comparing the difference spectra obtained from data
fitting with those of redox transitions described recently in V. cholerae
Na*-NQR (14).
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