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The first X-ray crystal structures of the Na,K-ATPasewere obtained in the presence of magnesium and fluoride as
E2(K2)Mg–MgF4, an E2∙Pi-like state capable to occlude K+ (or Rb+). This work presents a functional characteri-
zation of the crystallized form of the enzyme and proposes a model to explain the interaction between magne-
sium, fluoride and Rb+ with the Na,K-ATPase. We studied the effect of magnesium and magnesium fluoride
complexes on the E1–E2 conformational transition and the kinetics of Rb+ exchange between the medium and
the E2(Rb2)Mg–MgF4 state. Our results show that both in the absence and in the presence of Rb+, simultaneous
addition of magnesium and fluoride stabilizes the Na,K-ATPase in an E2 conformation, presumably the E2Mg–
MgF4 complex, that is unable to shift to E1 upon addition of Na+. The time course of conformational change sug-
gests the action of fluoride andmagnesium at different steps of the E2Mg–MgF4 formation. Increasing concentra-
tions of fluoride revert along a sigmoid curve the drop in the level of occluded Rb+ caused byMg2+. Na+-induced
release of Rb+ from E2(Rb2)Mg–MgF4 occurs at the same rate as from E2(Rb2) but is insensitive to ADP. The rate
of Rb+ occlusion into the E2Mg–MgF4 state is 5–8 times lower than that described for the E2Mg–vanadate com-
plex. Since the E2Mg–MgF4 and E2Mg–vanadate complexes represent different intermediates in the E2-P→ E2
dephosphorylation sequence, the variation in occlusion rate could provide a tool to discriminate between
these intermediates.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Na,K-ATPase is a representative member of the P-type ion-
transporting ATPases. By using the energy derived from ATP hydrolysis
into ADP and inorganic phosphate, Pi, this enzyme generates electro-
chemical gradients for Na+ and K+ across the plasmamembranes of an-
imal cells.

During the transport cycle the Na,K-ATPase can assume two princi-
pal conformations: E1, with high affinity for Na+ and ATP, and E2,
with high affinity for K+ and low affinity for the nucleotide. Under phys-
iological conditions (steps 1 through 6 in Fig. 1), E1ATP binds intracellu-
lar Na+ and forms the phosphorylated E1P(Na3) state, with release of
ADP. After a conformational transition to E2P, Na+ is released and extra-
cellular K+ binds and remains exchangeable with the medium until Pi
dissociates, leaving K+ occluded in E2. Occluded K+ is then released
into the cytoplasmic medium after the binding of ATP [1] (steps 4
through 6 in Fig. 1). Mg2+ is an essential ligand for the functioning of
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the transport cycle, particularly for the phosphorylation by ATP, and
also for the backward phosphorylation by Pi (step 9 in Fig. 1).

Fluorinated complexes such asmagnesium fluoride, aluminum fluo-
ride and beryllium fluoride are widely used to inhibit the activity of
many types of enzymes [2–5]. These small inorganic molecules have
been extensively employed for structural analysis of the E2P states of
the Ca-ATPase [2,3,6,7], since they seem to imitate the phosphoryl
group in the ground (beryllium fluoride), transition (aluminum fluo-
ride, which is similar to vanadate) and product (magnesium fluoride)
states during the physiological pathway of dephosphorylation:

E2-P (ground state) → E2∙P (transition state) → E2∙Pi (product
state) → E2 + Pi.

The first X-ray crystal structures of the Na,K-ATPase were obtained
in the presence of potassium (or rubidium), magnesium and fluoride
as E2(K2)Mg–MgF4, an E2∙Pi-like state capable to occlude K+ (or Rb+)
[8,9]. The effects of several fluoride analogues on the Na,K-ATPase
seem to be similar to those observed in the Ca-ATPase [3,10] but the in-
teractions between these inhibitors and the sodiumpump are less char-
acterized. One of the first works was presented by Murphy and Hoover
[3] who proposed that Na,K-ATPasewithMg2+ orMg2+ and K+ bound,
forms an inactive complex with fluoride and more recently Cornelius
et al. [11] analyzed the inhibition of the sodiumpumpbymetal–fluoride
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Fig. 1. A simplified version of the Albers–Post model for the functioning of Na,K-ATPase.
The subscripts “i” and “e” mean intracellular or extracellular.

1515M.R. Montes et al. / Biochimica et Biophysica Acta 1848 (2015) 1514–1523
complexes. However, it is unclear the mechanism by which the
E2(Rb2)Mg–MgF4 state is formed. Therefore, formation of the inactive
complex probably requires a multistep reaction where Mg2+, F−, and/
or known stable compounds of magnesium fluoride bind to the phos-
phorylation domain of the Na,K-ATPase.

The E2(Rb2)Mg–MgF4 structure contains two magnesium ions, one
as the central ion of the MgF42−, complex and a second one, as in the
case of Pi, AlF4− and BeF3−, for establishing proper coordination interac-
tions between these complexes and the phosphorylation site in E2 [8,
9]. It is therefore unavoidable that formationof E2(Rb2)Mg–MgF4 occurs
to some degree when studying the effects of fluoride complexes with
aluminum and beryllium on the enzyme. Besides the role of Mg2+ to
form the E2P-like complexes, it is a well-known fact that this cation
binds to the Na,K-ATPase stabilizing the enzyme in the E1 conformation
[12], opposing the effect exerted by the Mg2+–fluoride complex.

This work presents a functional characterization of the crystallized
E2(Rb2)Mg–MgF4 form of the enzyme and proposes a model to explain
the interaction between magnesium, fluoride and Rb+ with the Na,K-
ATPase to form this E2∙Pi-like state. With this aim, we evaluated the
effects of Mg2+ and Mg2+–fluoride complexes on the E1–E2 conforma-
tional changes using the fluorescence probe eosin. This probe binds to
the nucleotide site of the Na,K-ATPase with high affinity when the
dephosphorylated enzyme is in the E1 conformation, producing an in-
crease influorescence signal [13,14]; the transition to E2 or E2P-like states
(see steps 8 and9 in Fig. 1) can thus bemonitored as afluorescence decay.
Additionally, by measuring Rb+ occlusion we evaluated the kinetics of
Rb+ exchange between the medium and the E2(Rb2)Mg–MgF4 state.
2. Materials and methods

2.1. Enzyme and reaction conditions

Na,K-ATPase was partially purified from pig kidney according to
Klodos et al. [15] and kindly provided by the Department of Biophysics,
University of Århus, Denmark. The specific activity at the time of prepa-
ration was 23–25 (μmol of Pi) min−1 (mg of protein)−1 measured
under optimal conditions (150 mM NaCl, 20 mM KCl, 3 mM ATP, and
4 mM MgCl2 in 25 mM imidazole–HCl, pH 7.4 at 37 ° C). Incubations
were performed at 25 °C in media containing 25 mM imidazole–HCl
(pH 7.4 at 25 °C) and 0.25 mM EDTA. The concentrations of other
components varied according to the experiments and are indicated in
each figure legend.

2.2. Materials

[86Rb]RbCl (86Rb+) was obtained from Perkin-Elmer NEN Life Sci-
ences (USA). The fluorescent probe eosin (eosin-Y, free acid), ADP and
NaF were from Sigma Chemical Co (USA). For some of the experiments,
thefluoride solutionwas obtained as an imidazolium salt (ImF) by pass-
ing solutions of NaF through a column containing a cation exchange
resin (Bio Rad AG MP-50) previously equilibrated with imidazole.

2.3. Magnesium fluoride compounds

MgF+ is the only known ionic complex formed in aqueous solutions,
with an equilibrium constant of formation of 63 M−1 at zero ionic
strength [16]. Nevertheless, in a recent theoretical analysis Shibata
et al. [17] have proposed the existence of the anionic complexes MgF3−,
MgF42− and MgF53− in aqueous solution. If these complexes existed, an
excess of F− should prevent the precipitation ofMgF2when the solubility
product constant is surpassed. To test this, we performed experiments at
25 °C in the absence of enzyme inwhichMgCl2 and NaF in different con-
centrations were mixed in media containing 25 mM imidazole–HCl
(pH 7.4 at 25 °C) and 0.25 mM EDTA. The formation of a precipitate in
the mixture was detected by turbidimetry at 340 nm in a spectropho-
tometer (Jasco V550) for 1 h of continuous recording. When media
contained 5 mM MgCl2, addition of NaF to final concentrations that
ranged from 10 to 100 mM showed formation of turbidity; the higher
the concentration of NaF the faster was the formation of the precipitate.
In an independent experiment, we analyzed the total Mg concentration
from the supernatant ofmedia formedbymixingMgCl2 (final concentra-
tion 5 mM) and different concentrations of NaF (see Supplementary
data). Results show that total Mg concentration in the supernatant was
5 mM in the absence of fluoride and remained almost constant up to
10 mM NaF, and then decreased sharply at 25 mM NaF to levels that
fall below the detection limits of the titration method for 100 and
150mMNaF, showingno signs of re-dissolution of the crystals. These re-
sults suggest that MgF42− is not formed under the conditions of our
experiments.

2.4. Magnesium concentration

Concentration of free Mg2+ was measured using the dye arsenazo
III, which forms complexes with certain divalent cations producing an
altered absorption spectrum [18]. Absorbance at 618 and 514 nm was
measured for solutions with 20 μM arsenazo and different concentra-
tions ofMgCl2 and ImF. Results are shown in Fig. 2. Nonlinear regression
analysis of data showed that a two step reaction,
Mg2+ + F− ↔ MgF+

MgF+ + F− ↔ MgF2
with dissociation constants (mM) K1 = 9.74 ± 0.34 (S.E.) and
K2 = 13.5 ± 1.4 (S.E.), respectively, was the best fitting model.

Total magnesium concentration ([total Mg2+]) was calculated by
subtracting [EDTA] from [MgCl2].

2.5. E1–E2 conformational changes

The conformational states were studied by measuring the eosin fluo-
rescence signal. Eosin binds to states in the E1 conformation, like E1 and
E1Mg,with aKd of 0.25–0.5 μM,producing an increase influorescence sig-
nal. The conversion to states in the E2 conformation, like E2(Rb2) and the
E2Mg–MgF4 complex, can therefore bemeasured as a decrease in fluores-
cence. In equilibrium conditions, the membrane-bound Na,K-ATPase was
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incubatedwith eosin in thepresence ofMgCl2 and ImF. Eosinfluorescence
was measured in a Jasco FP 6500 spectrofluorimeter with a band-pass of
3 nm. The excitation wavelength was 520 nm, and emission was
measured at 540 nm. The time courses of conformational transitions
were recorded in a Stopped–Flow Reaction Analyzer (SX-18MV, Applied
Photophysics). In each experiment, 2000 data points were collected. Be-
tween 5 and 7 experimental traces were averaged to evaluate each time
course. Control experiments showed no effect of fluoride, magnesium
and magnesium fluoride on eosin fluorescence in the absence of protein.
The enzymewas kept in the dark throughout the experimentswith eosin.
Fig. 3. Emission spectra of eosin fluorescence. The enzyme (45 μg enzyme protein/ml)was
incubated inmedia containing 25mM imidazole–HCl (pH= 7.4 at 25 °C), 0.25 mM EDTA
and 0.4 μMeosin in the absence (Control) or in the presence of 2mMMgCl2 (Mg2+), 5mM
ImF (ImF), 5 mM ImF plus 2 mM MgCl2 (Mg2++ ImF), or 500 μM RbCl (Rb+).
2.6. Occluded Rb+

This was measured according to Rossi et al. [19]. Briefly, reactions
were carried out in a rapid-mixing apparatus (SFM4 from Bio-Logic,
France) connected to a quenching andwashing chamber that contained
aMillipore filter. The filter was then removed, dried, and counted for ra-
dioactivity. Blanks were estimated from the amount of 86Rb+ retained
by the filters when the enzyme was omitted. Equilibrium occlusion of
Rb+ was attained by incubating enzyme during 40–60 min with
MgCl2, ImF and 86Rb+. The time course of Rb+ occlusion was measured
after mixing one volume of enzyme suspension with one volume of a
solution containing 86Rb+ and incubated for different lengths of time.
To measure the time course of Rb+ deocclusion, one volume of enzyme
suspension equilibrated with 500 μM 86Rb+ was mixed with 19 vol-
umes of a solution containing Na+ and 500 μM of unlabeled Rb+ as to
cause a 20-fold decrease in the specific activity of 86Rb+.
2.7. Data analysis

The equationswere fitted to the experimental data by a nonlinear re-
gression procedure based on the Gauss–Newton algorithm using com-
mercial software (Excel 7.0 for Windows and Sigma-Plot 10.0 for
Windows). To define the goodness of fit of a given equation to the
experimental results we used the Second-Order Akaike Information
Criterion (AICC) [20] and the best equation was chosen as that giving
the lower value of AICC. Parameter values are expressed asmean± stan-
dard error (S.E.). To obtain the simulated curves from the kinetic model,
we used the program Copasi version 4.10 (University of Virginia) [21].
Fig. 2. Freemagnesium concentration as a function of [ImF]. [FreeMg2+]was determined for
solutions with 2.2 (○), 1.8 (□), 1.4 (Δ), 1.1 (◊) and 0.5 (∇) mM [total Mg2+]. Continuous
lines represent the best fitting for the two step reaction model (see Materials and methods)
with dissociation constants K1 = 9.74 mM and K2 = 13.5 mM, respectively.
3. Results

3.1. E1–E2 conformational changes

The conformational states of the Na,K-ATPase were studied by mea-
suring the eosin fluorescence signal which is high for states in E1 and is
low for states in E2 [13,14]. We examined the effect of the magnesium
fluoride compounds on the states of the Na,K-ATPase under equilibrium
conditions in the absence of other added cations. The enzymewas incu-
bated in the presence of fluoride and magnesium. In one experiment
Rb+ was added as a control for the E2 conformation. It can be seen in
Fig. 3 that, although addition of fluoride alone (ImF) doesn't change
and magnesium alone (Mg2+) increases the fluorescence signal
(shifting the enzyme to the E1 conformation), the simultaneous addi-
tion of fluoride and magnesium decreases fluorescence to a value simi-
lar to that obtained with Rb+, which would reflect the formation of the
E2∙Pi-like complex. This latter state, presumably E2Mg–MgF4, corre-
sponds to the first structure crystallized [8,9] but lacking K+ and Rb+.
The stability of this E2∙Pi-like complex is sufficient to prevent the en-
zyme to return to the E1 state upon Na+ addition. Results in Fig. 4
show that during the time of the experiments, 6 mM Na+ fails to pro-
duce a measurable shift to the E1 state when the enzyme was forming
Fig. 4. Lack of effect of Na+ in the presence ofmagnesiumandfluoride. A suspension ofNa,K-
ATPasewith eosin (final concentrations: 45 μg enzymeprotein/ml, 0.32 μMeosin)wasmixed
with amedium containing NaCl. Experimentswere performed startingwith the enzyme in a
mediumwith (final concentrations) 2mMMgCl2 and 5mM ImF, either without (■) or with
(●,∇) 100 μMRbCl, and mixing this suspension with 6 (●,■) or 60 (∇) mMNa+. A control
experiment (dashed line) was performed by adding Na+ (6 mM, final concentration) to
enzyme incubated with RbCl (100 μM, final concentration).



Fig. 5.Effects ofMg2+ andfluoride on the equilibriumbetween the E1 and the E2P-like states. Eosinfluorescence of Na,K-ATPase (45 μg enzymeprotein/ml) incubatedwith 0.4 μMeosin in
the presence of 2mMMgCl2 and different concentrations of ImF (Panel A) or in the presence of 5mM ImF and different concentrations of totalMg2+ (Panel B). Continuous line in panel B
represents a Hill equation of [total Mg2+]. Data are expressed as the mean ± S.D. of 3 independent experiments.
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a complex with magnesium and fluoride, both in the presence and in
the absence of Rb+. A similar result was observed using 60 mM Na+.

When the Na,K-ATPase was incubated with 2 mMMgCl2, increasing
concentrations of fluoride reduced the equilibrium level of eosin fluo-
rescence with a K0.5 of 1.35± 0.057mM (Fig. 5A). This effect can be de-
scribed by a sigmoid curve that might be reflecting the need of more
than one fluoride ion [8] to form the complex with the enzyme. On
the other hand, in media with 5mM fluoride, increasing concentrations
of Mg2+ (Fig. 5B) also decreased fluorescence and data could be fitted
by a Hill equation with K0.5 = 0.131 ± 0.006 mM and nH = 2.2 ± 0.3.

To evaluate the kinetics of the change from the E1 conformation to
the E2Mg–MgF4 state, a volume of enzyme with Mg2+ was mixed
Fig. 6. Kinetics of the E1→ E2P-like state transition at different fluoride concentrations. One vo
medium containing different concentrations of ImF. Time courses of fluorescence change are sh
contained 45 μg enzyme protein/ml, 2 mMMgCl2, 0.32 μM eosin and 0.25, 0.75, 1.5 and 6.4 mM
course for a similar experiment but where the concentration of free Mg2+ was kept constan
(values ± 1 SE) calculated from the fitted values in Eq. (1) are respectively shown in Panels D
iments where [Na+] was kept constant by supplementing NaF with NaCl.
with a volume of a solution containing fluoride. Experiments were per-
formed for ImF concentrations from 0.25 to 6.5 mM and MgCl2 from
0.3 mM to 6 mM. Time courses in Figs. 6A–B and 7A–B show that, de-
spite that more than 500 s are required to achieve equilibrium, a rapid
component can also be observed within the first 5 s. A control experi-
ment was performed to test whether the fast component could be due
to a sudden drop in free Mg2+ concentration as a result of the dilution
and/or combination with F− of the magnesium present in the medium
containing enzyme (Fig. 6C). However, when magnesiumwas included
in both syringes in order to keep constant the concentration of free
Mg2+ (data in Fig. 2 were used for this purpose) the time course still
displayed a fast phase.
lume of the enzyme suspension with MgCl2 was mixed (time = 0) with one volume of a
own in Panel A, spanning up to 500 s, and in Panel B, exploring the first 20 s. Final media
ImF (Panel A) or 0.25, 0.5, 0.75, 1, 1.5, 4 and 6.4 mM ImF (Panel B). Panel C shows a time

t (1.05 mM) by the addition of magnesium in the syringe containing ImF. vi and F2 × k2
and E. Panel F shows k2 as a function of [NaF] at 2 mM (○) and 5 mM (●) MgCl2 in exper-



Fig. 8. Equilibrium levels of occluded Rb+. Na,K-ATPase (45 μg enzyme protein/ml) was in-
cubated with different concentrations of 86Rb+ in the absence (○) or in the presence of
2 mM MgCl2 plus 5 mM ImF (●). The inset shows Rbocc in the presence of 2 mM MgCl2
alone (Δ) or 2mMMgCl2 plus 5mM ImF (●). Continuous lines represent a hyperbolic func-
tion of [Rb+] in the absence of added ligands and a second-order rational function of [Rb+]
in the presence of Mg2+ and Mg2+ plus fluoride. Each experiment is representative of at
least two independent experiments.

Fig. 7.Kinetics of the E1→ E2P-like state transition at differentmagnesium concentrations. One volume of the enzyme suspension in different concentrations ofMgCl2wasmixed (time=
0) with one volume of a medium containing ImF. Time courses of fluorescence change are shown in Panel A, spanning up to 500 s, and in Panel B, exploring the first 40 s. Final media
contained 45 μg enzyme protein/ml, 0.32 μM eosin, 5 mM ImF, and 0.95, 2.75 and 5.75 mM total Mg2+ (Panel A), and 0.3, 0.45, 0.95, 1.75, 2.75, 3.75 and 5.75 mM total Mg2+ (Panel
B). vi and F2 × k2 (values ± 1 SE) calculated from the fitted values in Eq. (1) are respectively shown in Panels C and D.
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The fluorescence time courses were adequately described by the
sum of two exponential functions of time:

F ¼ F1 e
−k1t þ F2 e

−k2t þ F∞ ð1Þ

where the subscripts 1 and 2 represent the fast and slow components,
respectively. From Eq. (1) it is possible to calculate the initial velocity
of fluorescence change as vi = k1 × F1 + k2 × F2, and that of the slow
phase as F2 × k2.

It can be seen that vi increases with [ImF] along a curve that seems
slightly concave downwards (Fig. 6D), possibly as the initial part of a hy-
perbolic curve, whereas F2 × k2 increases with [ImF] along a parabolic
curve (Fig. 6E) that would reflect the need of more than one fluoride
ion to produce the effect. On the other hand, for increasing Mg2+

concentrations vi raises and then decreases (Fig. 7C),whereas F2 × k2 in-
creases along a hyperbolic function (Fig. 7D). The dissimilar behaviors of
vi and F2 × k2 suggest the existence of at least two different effects of
fluoride and magnesium during the transition from the E1 forms to
the E2∙Pi-like state: while the fast component would be related to an
early conformational redistribution from E1 to E2 states, the slow com-
ponent is associated with the formation of the E2Mg–MgF4 complex.

Cornelius et al. [11] reported that kobs for the formation of an
inhibited complex of the Na,K-ATPase with Mg2+ and fluoride (i.e. k2
in our experiments) increased along a sigmoid saturating function of
[NaF]. Given its implications on the mechanism of the process, we
searched for signs of saturation by exploring fluoride concentrations
higher than 6.5 mM. Fluorescence decrease was measured for [NaF]
from 10 to 100 mM in experiments where the concentration of Na+

was kept constant at 100 mM by supplementing NaF with NaCl. Under
these conditions the fast phase was not observed and results could be
fitted by a single exponential function of time. Results in Fig. 6F show
that for the higher [NaF] tested, k2 increases linearly and no tendency
to saturation could be observed neither at 2 nor at 5 mMMgCl2. More-
over, the slope of k2 vs [NaF] in media with 5 mM MgCl2 was 2.5 fold
higher than in media with 2 mM MgCl2.



Fig. 9.Effect offluoride andMg2+ on the equilibrium levels of occludedRb+.Na,K-ATPase (45 μg enzymeprotein/ml)was incubatedwith 65 μM86Rb+, ImF andMgCl2. Panel A showsRbocc
in the presence of 5mM ImF as a function of [totalMg2+]. Panel B showsRbocc in the presence of 2mMMgCl2 as a function of [ImF]. Data are expressed as themean± S.E. of 2 independent
replicates in each experiment.
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3.2. Rb+ occlusion

The level of the state of theNa,K-ATPase holding occludedRb+ (Rbocc)
was measured in equilibrium conditions as a function of [Rb+] in the ab-
sence (control) or in the presence of 2 mM MgCl2 and 5 mM fluoride.
From data in Fig. 8 it can be seen that in the medium containing magne-
sium and fluoride the K0.5 was about 10-fold higher than that calculated
for the control experiment (50 μM vs 5 μM) although the maximum oc-
clusion capacity was not affected. On the other hand, at sub-saturating
[Rb+] the simultaneous addition of magnesium and fluoride reverted
the decrease in Rbocc produced by the addition of magnesium alone
(inset in Fig. 8). These results are in line with those in Fig. 9, which
shows that at constant [ImF], the increase in total Mg2+ concentration
produced a decrease in Rbocc (panel A), and that at constant [MgCl2], ad-
dition of fluoride increased Rbocc reaching a plateau at 3–5 mM ImF
(panel B), probably because of the formation of the E2(Rb2)Mg–MgF4
complex and also in part because of the drop in free Mg2+. It should be
noted that the effect of Mg2+ observed in panel A is not accompanied
by a conformational change to E1 (cf. Fig. 5B).
Fig. 10. The time course of Rb+ release afterNa+ addition. Occluded 86Rb+ remaining after
a 20-fold dilution of the specific activity of 86Rb+was plotted as a function of time. Occlud-
ed Rb+was formed by incubating the enzymewith 500 μM86Rb+ in the absence (○) or in
the presence of 5mM ImF plus 2mMMgCl2 (●). Finalmedia contained 27 μg enzyme pro-
tein/ml, 500 μM Rb+ and 6 mM NaCl (○) and when present, 5 mM ImF and 2 mMMgCl2
(●). Continuous lines represent the sum of two decreasing exponential functions of time.
The data is representative of three independent experiments.
3.3. Rb+ exchange through the extracellular (E2) or intracellular (E1)
access

To investigate if magnesium fluoride stabilizes the Rb+ occluded
state, just as it does with the E2 conformation (see Fig. 4), wemeasured
the effect of Na+ on Rb+ deocclusion. Fig. 10 shows that the time
courses of Rb+ release from E2(Rb2) or from E2(Rb2)Mg–MgF4 are
similar. Both curves could be described by the sum of two exponential
functions of time and the calculated initial velocity of Rb+ deocclusion
was (nmol Rb+ s−1) 0.21 ± 0.17 and 0.22 ± 0.13 in the absence and
in the presence of magnesium fluoride, respectively. It has been pro-
posed [22,23] that Rb+ deocclusion in the absence of ATP occursmainly
through the extracellular access of the enzyme (when this is in the E2
conformation, step 7 in Fig. 1). To check Rb+ release via the intracellular
accesswe added ADP (here acting as an ATP analog, steps 4 through 6 in
Fig. 1) in the deocclusionmediumandmeasured the time course of Rb+

release. Fig. 11 shows that magnesium fluoride completely prevents the
acceleration of Rb+ deocclusion caused byADP, being the initial velocity
in the presence of magnesium fluoride at least 20 fold lower than in its
absence.

The time course of Rb+ occlusion in the presence or in the absence of
magnesium and fluoride is illustrated in Fig. 12. It can be seen thatmag-
nesium fluoride extremely decreased the initial rate of occlusion, which
was 30 times lower than with magnesium alone and 3500 times lower
than in the absence of both magnesium and fluoride.
4. Discussion

In thisworkwehave studied the formation of the E2∙Pi-like state from
the Na,K-ATPase and magnesium fluoride compounds and the ability of
this state to occlude the K+-congener Rb+. The use of the fluorescent
probe eosin and stopped-flow fluorometry allowed easy and very precise
measurements of the kinetics of the E1→ E2 conformational change as-
sociated to the formation of this state. The main conclusions are: (i) the
Na,K-ATPase is able to combine with magnesium and fluoride to form a
very stable complex, presumably the E2Mg–MgF4 state, that is in the E2
conformation even in the absence of Rb+; (ii) the stability of this complex
is such that its conversion to the E1 conformation upon addition of Na+

cannot be detected in the time scale of minutes; (iii) the E1→ E2 confor-
mational change induced by F− plus Mg2+ presents a time course with a
rapid and a slowphase, of which only the latter seems to be related to the
formation of the E2Mg–MgF4 complex; (iv) it was not possible to detect
saturation of the rate of formation of this complex byfluoride andmagne-
sium, calling into question the proposal of the existence of a slow isomer-
ization step subsequent to the binding of these ligands to the Na,K-
ATPase; (v) the addition of fluoride reverts the action of Mg2+ on de-
creasing the equilibrium level of occluded Rb+ by increasing the affinity
for Rb+; (vi) occlusion of Rb+ into the E2∙Pi-like complex is extremely
slow; and (vii) the exchange of Rb+ with E2(Rb2)Mg–MgF4 occurs



Fig. 11. Lack of effect of ADP on Rb+ release in the presence of magnesium plus fluoride.
Occluded 86Rb+ remaining after a 20-fold dilution of the specific activity of 86Rb+ was
plotted as a function of time. Occluded Rb+ was formed by incubating the enzyme with
500 μM 86Rb+ in the absence (○) or in the presence (●) of 5 mM ImF plus 2 mM MgCl2
Final media contained 27 μg enzyme protein/ml, 500 μM Rb+, 6 mM NaCl and 3 mM
ADP (○) and when present, 5 mM ImF and 2 mM MgCl2 (●). The inset shows the first
5.5 s of the time courses. Continuous lines represent the sum of two decreasing exponen-
tial functions. The data is representative of three independent experiments.
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mainly from E2, i.e. through the extracellular access, since the complex is
incapable to shift to the E1 conformation.

4.1. Kinetics of conformational changes

Under equilibrium conditions, the changes in eosin fluorescence as a
function of both fluoride and magnesium concentrations are compara-
ble with the results obtained by Cornelius et al. [11] measuring inhibi-
tion of the ATPase activity. In agreement with the need of four fluoride
and two magnesium ions to form the E2Mg–MgF4 complex, the re-
sponses exhibit sigmoid shapes as a function of the concentration of
both ligands. These authors reported values of K0.5 of 0.133 mM (at
5 mM NaF) and 1.6 mM (at 5 mMMgCl2) for magnesium and fluoride,
respectively.

As pointed out under Results, there are indications that the two
components observed in the time courses offluorescence change are re-
lated to different phenomena: while the slow component would reflect
the formation of E2Mg–MgF4, the fast one seems to involve a re-
equilibration between the states in the E1 and E2 conformations caused
by fluoride addition.
Fig. 12. Time courses of Rb+ occlusion. The enzymewith no added ligands (○) or incubat-
ed with MgCl2 (Δ) or with MgCl2 plus ImF (●), was mixed with a solution containing
86Rb+ for different lengths of time. Final media contained 45 μg enzyme protein/ml,
100 μM 86Rb+ and when present, 2 mM MgCl2 and 5 mM ImF. The inset shows the first
2 s of the time courses. Continuous lines represent the sum of two increasing exponential
functions of time. The data is representative of at least two independent experiments.
The rate of the formation of E2Mg–MgF4 increased along a parabolic
function at low fluoride concentration (see also ref. [3]) and showed no
signs of saturation within the range used in our experiments. However,
Cornelius et al. [11] using concentrations of NaF up to 100mMobserved
that kobs increased along a sigmoid curve. In their experiments, Na+

concentration varied together with that of F− whereas in the experi-
ments performed in this work, the concentration of Na+ was kept con-
stant at 100mM. This raises the possibility that the saturation observed
by Cornelius et al. was due to the fact that as Na+ concentration in-
creases, the enzyme is shifted to the E1 conformation thus decreasing
the proportion of E2 and therefore the value of kobs.

Regarding the analysis of the fast component of fluorescence change
we propose that a complex betweenmagnesium and fluoride (probably
MgF+) might combine to E1 producing an early redistribution of states
in the E1 and E2 conformations. For this, E1MgF → E2MgF should be
faster than E1 → E2 (see Fig. 13). A sudden drop in free Mg2+ concen-
tration along with the assumption that the rate of E1 → E2 is faster
than that of E1Mg → E2Mg is not a sufficient explanation for the phe-
nomenon, since a significant fraction of the fast component remained
present when the concentration of this cation was kept constant. The
hypothesis of an early redistribution between states in E1 and E2
conformation agreeswith the lack of a fast phase observedwhen the en-
zymewas incubated inmediawith 100mMNa+,where the equilibrium
is strongly poised to E1. Free F− can in principle be ruled out as the cause
of the fast component since this anion is unable to modify by itself the
E1–E2 equilibrium.

4.2. Magnesium fluoride compounds

Unlike aluminum and beryllium, which are described to form anionic
complexes with fluoride in aqueous solution, there are no experimental
evidence of anionic complexes formed by magnesium and fluoride [24]
except for those belonging to compounds with macromolecules like G
proteins [25] and P-type ATPases [2–4,6–11], among others. Our control
experiments (see Materials and methods) confirmed that addition of an
excess of F− fails to produce re-dissolution of the precipitate formed by
mixing magnesium and fluoride making very improbable the existence
of a complexwith onemolecule ofMg2+ and four of F− in aqueous solu-
tion. This leaves MgF+ and MgF2 (apart from Mg2+ and F−) as the spe-
cies of magnesium and fluoride available to combine with the enzyme.
That brings to the hypothesis that the Na,K-ATPase and other P-type
ATPases might be providing the required interactions in a high affinity
site for the formation of E2Mg–MgF4 from pieces of a complex ion,
Fig. 13. A minimal model for the interaction between Na,K-ATPase, magnesium and fluo-
ride. The enzyme exists in twomain conformations, E1 and E2. Reactions that occur under
rapid equilibrium conditions are indicated as.



Fig. 14. Kinetics of conformational changes simulated according to themodel shown in Fig. 13. The time courses at different [ImF] (Panels A and B) or different [total Mg2+] (Panels E and
F)were simulated using the following parameters' values:KE1MgF=1mM, KE1Mg=0.3mM, k12MgF=1.95 s−1, k21MgF=0.62 s−1, k12=0.65 s−1, k21=0.49 s−1, k12Mg=0.01 s−1, k21Mg=
0.052 s−1, KE2MgF =0.424mM, KE2Mg=2.07mM, KE2MgF2 =100M, KE2Mg2F2=1M, KE2Mg2F3=24.9 mM, kiMg =0.0001 s−1, kMg=9.94 s−1 μM−1, kF=1.28 s−1 μM−1, kiF=0.003 s−1,
KMgF = 9.23 mM, KMgF2 =13mM. Eq. (1) was fitted to the simulated time courses. Calculated values of vi and F2k2 are respectively shown in panels C and D as a function of [ImF], and in
panels G and H as a function of [total Mg2+].
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MgF42−, which cannot be found as such in aqueous solution. A similar in-
terpretation was given by Antonny et al. [26], who stated that, although
magnesium does not form (anionic) stable complexes with fluoride in
aqueous solution, fluoride and magnesium can bind separately to form
a gamma-phosphate analog in the G protein transducin.

4.3. A model for the formation of the E2∙Pi-like state

We propose in Fig. 13 a scheme of the reactions involved in the for-
mation of E2Mg–MgF4. The model is not intended for giving a quantita-
tive description of the phenomenon but rather to show the feasibility of
the hypotheses used for its building.

All the reactions were considered as taking place in rapid equilibri-
um (species within the upper box and the shaded area in Fig. 13),
with the exception of the conformational transitions between the E1
and E2 conformers, and the very last reactions that generate E2Mg–
MgF4, which include the binding of either MgF2 or F− to species in the
E2 conformation. The scheme does not exclude the possibility of the ex-
istence of other species and pathways, but provided that these species
are connected through rapid equilibrium reactions the simulated results
will remain unchanged. In the model we have included MgF+ as com-
peting with Mg2+ for its binding to E1 and E2. The assumption of a ran-
dom binding of these two ligands to form the species E1MgMgF and
E2MgMgF was ruled out since it failed to improve the ability of the
model for reproducing the experimental results. The present structure
of the model could support the idea that MgF+ binds to the site for
Mg2+, although this statement deserves a more thorough study.

Simulated curves based on this model are presented in Fig. 14 using
the values of parameters shown in the figure legend. It can be seen that
the qualitative behavior of the simulated time courses agrees very well
with the results. The assumptions introduced in the model satisfy that:
(i) the concentration of E1 relative to that of E2 is higher in the presence
of Mg2+ than in its absence; (ii) the rate of the reaction E1Mg→ E2Mg is
lower than that of E1 → E2, which in turn is lower than that of
E1MgF→ E2MgF, (iii) the rate of formation of the E2Mg–MgF4 complex
is very low and increases along a hyperbolic or a parabolic function of
[Mg2+] and [F−], respectively, and (iv) E2Mg–MgF4 is a very stable
complex.

In themodelwe propose that there is a very low affinity for the bind-
ing in rapid equilibrium of MgF2 and F− to the species in the E2 confor-
mation of the ATPase, i.e. the values for the equilibrium dissociation
constants KE2MgF2, KE2Mg2F2, and KE2Mg2F3 are in the tens of millimolar
to molar range (see legend to Fig. 14). Only the last elementary reac-
tions leading to E2Mg–MgF4 are of very high affinity for the ligands in-
volved, i.e. the values of equilibrium dissociation constants (kiMg/kMg)
and (kiF/kF) are very small, 2.3 × 10−3 μMand 1×10−5 μM, respectively.
These features of the model allow explaining both, the very low rate of
formation and the high stability of the E2Mg–MgF4 complex. In their
work,Murphy andHoover [3] suggested the occurrence of a slow struc-
tural rearrangement of the Na,K-ATPase after the equilibrium formation
of the complexwith fluoride. Later, Cornelius et al. [11] adopted the pro-
posal of Murphy and Hoover by stating that, after the equilibrium bind-
ing of metal–fluoride complexes to the Na,K-ATPase, the resulting
species undergoes a slow isomerization step leading to a very stable
E2P-like state. Our results show that, although kobs exhibit values that
seem to be too low for a diffusion limited process under the conditions
tested, these values continue to increase with the concentrations of
magnesium and fluoride in a non-saturating manner. This and the
good agreement between our simulated and experimental results call
into question the need of a slow isomerization step in the formation of
E2Mg–MgF4.

4.4. Rb+ occlusion

From the results in this work, two different actions of Mg2+ should
be considered: one is the formation and coordination of a Pi-like
compound in an intracellular domain of the Na,K-ATPase, bringing it
to the E2Mg–MgF4 complex, and the other is an apparent competition
with Rb+ for the cation sites. This second effect can explain the decrease
in Rbocc caused by Mg2+ in the presence of fluoride as well as in its ab-
sence [27]. Whether this effect is exerted from the extracellular access,
as proposed by Laursen et al. [28], is still to be determined.

The reversion by fluoride of the drop in the equilibrium level of oc-
cluded Rb+ caused by Mg2+ is reflecting the formation of E2(Rb2)Mg–
MgF4 and resembles that obtained by addition of vanadate [23]. Unlike
the E2P state that can be isolated under physiological conditions (the
ground state), E2Mg–MgF4 and E2Mg–vanadate are E2P-like states ca-
pable of occluding K+.

In the Albers–Post model, it is assumed that the access to the trans-
port sites is intracellular or extracellular for reaction intermediates in
the E1 or the E2 conformation, respectively [1]. Since it has been
shown that the rate constant of K+ deocclusion in the presence of ATP
is very close to the value measured for the E2→ E1 change, it is reason-
able to think that K+ is released through the intracellular access of the
protein under these conditions (steps 4 through 6 in Fig. 1) [22,29].
On the other hand, in a mediumwith Na+ but in the absence of the nu-
cleotide, there is evidence showing that Rb+ is being released before the
E2→ E1 transition takes place, i.e. through the extracellular access [22,
23]. Here we found that Rb+ release from E2(Rb2)Mg–MgF4 upon Na+

addition occurs at the same rate as that from E2(Rb2) but is not accom-
panied by a conformational transition to E1. This difficulty to shift to E1
agrees with the inability of ADP to accelerate Rb+ deocclusion from
E2(Rb2)Mg–MgF4. In this regard, the combined effect of magnesium
and fluoride is very similar to that ofmagnesiumplus vanadate, produc-
ing states that allow a slow exchange of Rb+ from the E2 conformation.

From the analysis of the time courses of Rb+ occlusion, we propose
that the E2Mg–MgF4 complex mainly binds Rb+ from the external ac-
cess, which exists in an open (Eopen) or in a closed form (Eclosed), as
shown in the following reaction sequence:

Eclosed⇌Eopen
Eopen þ Rbþ⇌EopenRb⇌Eclosed Rbð Þ:

The rate of occlusionwill be a function of the rate constants of open-
ing and closing of the empty and the Rb+-bound forms, and the concen-
tration of Rb+. The low rate of occlusion observed in this workmight be
explained if the concentration of the empty open form, Eopen, were a
small fraction of the total enzyme concentration and/or if the rate limit-
ing step in this sequence were the opening rate constant from Eclosed to
Eopen. Occlusion of Rb+ by E2Mg–MgF4 is 5–8 times slower than that ob-
served under similar conditions for the E2Mg–vanadate complex [23].
Considering the physiological dephosphorylation sequence, E2-
P→ E2+ Pi, this difference indicates that the product state (represent-
ed by E2Mg–MgF4) is less prone to occlude Rb+ than the transition state
(mimicked by E2Mg–vanadate) and could provide a tool to discriminate
between the intermediates in this sequence.
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