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ABSTRACT: A method for investigating electrogenic partial reactions in the pump cycle of membrane-bound
P-type ATPases with electrochromic fluorescent dyes has been extended to detergent-solubilized native and
purified recombinant Na,K-ATPase. As a first step, it has been shown here that the function and ion binding
properties of the detergent-soluble and membrane-bound rabbit renal Na,K-ATPase are not significantly
different. Thus, the new assay overcomes a previous limitation of the styryl dye method, in that the protein
need not be embedded in a membrane at a high density. As an example of an application of this method,
transport properties of recombinant Na,K-ATPase purified from yeast cells have been studied. We have
investigated and compared Na* and K™ binding properties of purified detergent-soluble human o /his-31
and a2/his-f1 isoforms of the sodium pump. The only significant difference found with respect to ion binding
between both isoforms is an almost 3-fold lower affinity for K™ binding in the E2P state of the a2/his-31
isoform. This technique should be readily applicable to various other P-type ATPases or transport proteins
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such as carriers or ion channels that can be purified in a detergent-soluble active form.

Active ion transport across cell membranes is a key mechanism
of life. The proteins responsible for this process are called ion
pumps, among which the P-type ATPases are an important
family of ion transporters (/—4). Numerous studies of structure—
function relations of these enzymes have been undertaken, and
probably the best investigated of the cation pumps are the
ubiquitous Na,K-ATPase,' the Ca-ATPase of the sarcoplasmic
reticulum (SERCA), and the gastric H,K-ATPase.

In recent years, the SERCA has been successfully crystallized
in different conformations and the corresponding structures have
been analyzed with resolutions between 2 and 4 A (5—38). The first
highly resolved structures of the Na,K-ATPase have become
available recently (9, 10), and also a structure of the Na,K-
ATPase with bound ouabain (/7). The high degree of homology
in the amino acid sequence and secondary structure of all three
P-type ATPases suggest that homology modeling may be a useful
tool for improving our understanding of structural details in
conformations of the Na,K-ATPase, which have not yet been
crystallized (12). The directly demonstrated similarity between
Na,K-ATPase and SERCA structures with respect to the cata-
lytic a subunit adds confidence to all the conclusions drawn so far
from homology modeling of the Na,K-ATPase (9, 10).

Functional properties have been and are being investigated
extensively by various biochemical and biophysical approaches.
The basic pump mechanism, the so-called Post-Albers cycle
(Figure 2A) (13, 14), is now well established for all three P-type
ATPases mentioned above (/5) and is assumed as a general
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principle for all P-type ATPases. The question of how the ions are
translocated from one side of the membrane to the other, at
which step of the Post-Albers cycle the ions are moved and how
far, has turned out to provide important information about the
molecular transport process and allow the formulation of
significant constraints for theoretical models of the mechan-
ism (/). Apart from electrophysiological techniques which can be
applied in the case of the Na,K-ATPase (/6—19), an optical
technique that exploits the electrochromic behavior of fluores-
cent styryl dyes in monitoring charge (ion) movements in the
membrane domain of the three P-type ATPases mentioned above
has been developed and used extensively (20—23). In contrast to
the electrophysiological methods, this technique can be used with
isolated membrane preparations in the form of small or elec-
trically leaky vesicles or open membrane patches with diameters
in the micrometer range. The common feature of both these
approaches is the exploitation of the electrogenicity, which is
caused by the fact that the Na,K-ATPase moves ions through the
apolar membrane dielectric and thus acts as an electric current
generator when it runs through its pump cycle (24).

The styryl dyes applied in these measurements have an
extremely high partition coefficient in favor of the hydrophobic
core of the lipid phase of the membrane [250000 (20)] and show a
blue or red shift of the excitation spectrum with positive or
negative changes in the local electric field in the membrane,
respectively (20, 2I). These changes of the electric field are
induced by the cation pumps when cations move in and out of
the membrane domain. Since the detection mechanism is based
on the movement of a delocalized positive charge from the
pyridinium to the aniline moiety of the dye (25), the time
resolution is significantly higher than that of charge movements
in the cation pumps themselves.

To obtain significant fluorescence changes upon binding or
release of cations to the ATPases, a precondition is that the dye
molecules are close to the transmembrane domain of the cation
pumps. In other words, the pump density in the membrane

Published on Web 08/27/2009 pubs.acs.org/Biochemistry



9148  Biochemistry, Vol. 48, No. 38, 2009

A M MF SP
100 -
75 !
i b —
o . e
50 . ;
3B
25 -
B ' 400|le
5|
5 4
<
= 3l
8 exclusion
S 2t vollfme
© :
1t l
ol

20 30 40
elution volume / mli

FIGURE 1: Analysis of DDM-solubilized Na,K-ATPase. (A)
SDS—PAGE of Na,K-ATPase from isolated membrane fragments
(MF) and detergent-solubilized protein (SP) compared with marker
enzymes (M). While the membrane fragments show significant bands
only for the ot and f subunits, in the detergent-solubilized enzyme
minor additional bands are visible with molar masses of ~60 and
~75 kDa. Ten micrograms of protein was loaded per lane. (B) Size-
exclusion HPLC of 250 ug of solubilized Na,K-ATPase from rabbit
kidney. The HPLC profile shows two prominent peaks which are
assigned to the solubilized enzyme micelles (at ~400 kDa) and to lipid
and detergent micelles (at ~90 kDa).

preparations must be high (27). This represents a serious limita-
tion, since only pumps that can be isolated in membrane
preparations with intrinsically high densities of the ATPases
can be studied by this method.

As reported recently, genetically engineered Na,K-ATPase
(porcine and human o1f1) has been expressed in yeast such as
Pichia pastoris (26) and purified. Stable detergent-soluble enzyme
preparations can now be obtained in milligram quantities (27,
28). In particular, purification and stabilization of human o231
isoform complexes have also been described (29). These prepara-
tions consisting of soluble mixed complexes containing Na,K-
ATPase, lipids, and detergent can now be utilized for further
detailed biochemical and biophysical investigations. To extend
the application of styryl dyes successfully from membrane-
embedded proteins to such solubilized recombinant Na,K-AT-
Pase preparations, we performed the following study. In a first
step, purified rabbit renal Na,K-ATPase was solubilized with
DDM, electrogenic partial reactions were studied, and the results
were compared with those of the well-characterized membrane-
bound renal Na,K-ATPase. In a second step, it has been
shown that the technique can be applied to recombinant human
Na,K-ATPase isoforms purified from P. pastoris cells.

MATERIALS AND METHODS

Materials. Phosphoenolpyruvate (PEP), pyruvate kinase
(PK), lactate dehydrogenase (LDH), nicotinamide adenine di-
nucleotide (NADH), bovine serum albumin (BSA), and ATP
(disodium salt, special quality) were obtained from Boehringer.
n-Dodecyl f-p-maltoside (DDM) was obtained from Calbio-
chem or Anatrace. The electrochromic styryl dye RH421 was
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FIGURE 2: Post-Albers cycle of the Na,K-ATPase under physiolo-
gical conditions (A) and standard experiments with the styryl dye
RH421 performed with DDM-solubilized Na,K-ATPase (B) and
with membrane fragments (C). (A) In the E; conformation, the ion
binding sites are accessible to the cytoplasm and allow exchange of
two potassium ions against three sodium ions. In the E, conforma-
tion, the reverse exchange is performed with the extracellular med-
ium. In the “occluded” states, (Na3)E;-P, E»(K5), and ATP-E5(K;),
the bound ions are trapped inside the membrane domain, unable to
exchange with the aqueous phases. Three boxes depict specific partial
reactions: (1) cytoplasmic Na™ binding (in the absence of ATP, it
corresponds to the first step of the standard experiments); (2) Na™
transport and release, which occur upon addition of ATP, the second
step in the standard experiments; and (3) enzyme dephosphorylation
(performed in the reverse direction in the case of the backdoor
phosphorylation). (B and C) In both standard experiments, 9 ug of
Na,K-ATPase was equilibrated in a medium containing 200 nM
RHA421, 25 mM imidazole, 0.5 mM EDTA, and 5 mM MgCl,
(pH 7.2). The arrows point to the addition of the specified amounts
of substrates. The dashed lines indicate the fluorescence levels
according to the number of ions bound to the protein: lowest level,
Na;E; state (three ions bound); uppermost level, E,-P state (noionin
the binding sites).

received from MoBiTec, and 1,2-dioleoyl-sn-glycero-3-(phos-
pho-L-serine) (DOPS) and 1-stearoyl-2-oleoyl-sn-glycero-3-(phos-
pho-L-serine) (SOPS) were from Avanti Polar Lipids. Octae-
thylene glycol monododecyl ether (C;,Eg) was obtained from
Bachem, and BD-Talon metal affinity resin (catalog no. 635503)
was from Clontech. All other reagents were purchased from
Merck or Sigma-Aldrich at the highest quality available.
Enzyme Preparation from Rabbit Kidneys. Microsomal
fractions containing Na,K-ATPase were prepared from the
outer medulla of rabbit kidney according to procedure C of
Jorgensen (30). Subsequently, the microsomes were incubated in
a solution of 4 M urea for 20 min on ice and concentrated by
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centrifugation. The pellet was resuspended in a small volume of
the urea solution and solubilized with DDM in 2 mM Tricine/
Tris (pH 7.2), 2.5% glycerol, and 50 uM ATP. The ratio between
microsomes and DDM was varied to yield the maximum ATPase
activity of the solubilized enzyme. The best results were obtained
at a microsome:DDM ratio of 2:1 (w/w). ATP was added to
stabilize the protein during the incubation in the DDM solution.
Unsolubilized material was removed by centrifugation (Beckman
Airfuge, 160000g for 15 min). The solubilized protein was stored
on ice without significant loss of activity for 7—8 days until it was
used in experiments. The specific ATPase activity was measured
by the pyruvate kinase/lactate dehydrogenase assay (37), and the
protein concentration was determined by the Lowry method
using BSA as a standard. In the unpurified microsomal fraction,
the specific activity was ~150 umol of P;mg™" h™" at 37 °C with
50% ouabain-inhibited activity. The enzyme activity of the
solubilized microsomes was in the range of 160—180 umol of
P; h™! (mg of protein) ", and 94 & 2% of the activity could be
inhibited by ouabain. The lower enzyme activity of the soluble
microsomal preparation compared to that of the purified Na,K-
ATPase [ca. 1500 umol of P; h™" (mg of protein) '] is due to the
fact that it is not purified and perhaps also to a nonoptimized
lipid composition of protein/lipid/detergent micelles.

The quality of the solubilized Na,K-ATPase was checked by
SDS gel electrophoresis. A typical result from one preparation
is shown in Figure 1A. In the gel electrophoresis, the pro-
tein composition of a purified membrane preparation (MF)
is compared with that of a DDM-solubilized microsomal pro-
tein (SP). The a and § subunits with molar masses of ~95 and
~55 kDa, respectively, are clearly visible in both preparations. In
the case of the solubilized enzyme, minor impurities with molar
masses of ~60 and ~75 kDa were observed. For the purpose of
establishing the styryl dye technique for the study of electrogenic
partial reactions in the detergent-solubilized Na,K-ATPase, we
thought it sufficient to use this soluble microsomal preparation.
As a control, comparable solubilization experiments were also
performed with the purified membrane-bound renal Na,K-
ATPase. The resulting RH421 fluorescence signals did not differ
significantly in the two preparations.

The size of the complexes consisting of Na,K-ATPase, lipids,
and detergent molecules was determined by size-exclusion HPLC
as described in ref 27. With a Superdex 200 column (GE
Healthcare) and a running buffer of 150 mM NaCl, 50 mM
Hepes (pH 7.2), and 0.2 mg/mL DDM, the micelles were sepa-
rated (Figure 1B). Calibration of the column was performed
with the reference proteins conalbumin (75 kDa) and ferritin
(440 kDa) (data not shown). Two peaks with molar masses of
approximately 400 and 90 kDa could be identified. In agreement
with published data, the peaks were assigned to mixed protein/
lipid/detergent micelles (at ca. 400 kDa) and lipid/detergent
micelles (27).

Enzyme Preparation from P. pastoris. The human ol /his-
P1 and a2/his-f1 isoforms of Na,K-ATPase were expressed in
P. pastoris as described recently (27). The cells were broken with
glass beads, and urea-treated membranes were prepared (27).
Approximately 1 g of membrane protein was obtained per 100 g
of cells. The human o.1/his10-41 and 02/his10-51 complexes were
purified from the P. pastoris membranes by metal chelate
chromatography (BD-Talon) as described in refs (27—29).
Briefly, the membranes were solubilized with DDM, and the
al/his-B1 and o2/his-f1 complexes were purified by BD-Talon
(Co*" beads) affinity chromatography (27, 29). The proteins
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were eluted from the beads in a solution containing 180 mM
imidazole, 20 mM Tricine (pH 7.4), 100 mM NaCl, 0.1 mg/mL
Ci»Eg, 0.05 mg/mL SOPS, 0.01 mg/mL cholesterol, and 10%
glycerol. Approximately 100 ug of purified enzyme was obtained
from 100 mg of membranes.

Steady-State Fluorescence Measurements. Fluorescence
measurements were taken in a Perkin-Elmer LS 50B fluorescence
spectrophotometer as described recently (32). The excitation
wavelength was set to 580 nm and the emission wavelength to
660 nm (slit widths of 15 and 20 nm, respectively). Equilibrium
titration experiments were performed in standard buffer contain-
ing 25 mM histidine and 0.5 mM EDTA (pH 7.2). Subsequently,
200 nM RH421 and 9—10 ug/mL membrane fragments contain-
ing Na,K-ATPase or detergent-solubilized Na,K-ATPase were
added to the thermostated cuvette and equilibrated until a stable
fluorescence signal, F, was obtained. Titrations were conducted
via addition of small aliquots of the indicated salt solutions from
various concentrated stocks until no further changes in fluores-
cence could be observed. To allow a comparison between
different titration experiments, normalized fluorescence changes
with respect to Fy [AF/Fy = (F — Fy)/Fy] were calculated. Specific
fluorescence levels could be assigned to defined states in the pump
cycle of the Na,K-ATPase (33). All experiments were performed
at20+ 0.5 °C.

RESULTS

RH421 Standard Experiments. Apart from the normal
quality control of Na,K-ATPase preparations, assessed by
measuring the ouabain-inhibited enzyme activity, the so-called
standard RH421 experiment can be used to characterize the
function of the isolated ion pumps (Figure 2). As described in
Materials and Methods, the Na,K-ATPase preparation is equili-
brated in the fluorescence spectrophotometer in a cuvette con-
taining the standard buffer without Na™ or K™ ions but con-
taining S mM MgCl,. Under this condition, the Na,K-ATPase is
trapped in a state, H,E;, in which the binding sites are occupied
by protons, where n ~ 1.8 on average at pH 7.2, and in a pH-
dependent manner (34). After addition of NaCl to a final
concentration of 50 mM, which is a saturating Na™ concentra-
tion, the ion pumps undergo a complete transition to the Na;E,
state. Subsequent addition of 500 uM ATP causes the protein to
be phosphorylated to (Na3)E;-P and then undergo the confor-
mational change transition to E,-P from which all three Na™ ions
are released due to the greatly decreased binding affinity for Na*.
When, subsequently, 20 mM KCl is added, all substrates for the
Na,K-ATPase are present to maintain the enzyme under turn-
over conditions, and the pumps will accumulate, on average, in
the state(s) preceding the rate-limiting step(s) of the pump cycle.
The different occupation of the ion binding sites is reflected in the
response to addition of Na ions, then ATP, and K ions
(Figure 2B,C). It has been shown that the fluorescence response
of the electrochromic styryl dye is linearly dependent on the
electric field and, as a consequence, also on the number of charges
in the ion binding sites of the ion pumps (27). This property
allows interpretation of the standard experiment depicted in
Figure 2B,C. Upon addition of a saturating NaCl concentration,
the protons in the binding sites are replaced by Na™, and finally
three Na™ ions are bound which produce the observed fluores-
cence decrease according to the detection mechanism of
RH421 (20). Release of the three Na™ ions in the P-E, conforma-
tion induces the fluorescence increase upon addition of ATP.
This maximal fluorescence change represents the effect on the
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styryl dye by the release of three elementary charges per pump.
When the pumps are kept under turnover conditions, as obtained
after the addition of KCl, a fluorescence level appears which is
equivalent to an average occupation of the binding sites some-
where between two and three ions. This level is induced by a
mixture of occluded states (Nas)E;-P and E»(K,) which are both
the states that precede the rate-limiting steps of the Nat and K*
translocating half-cycles of the Post-Albers scheme.

When the corresponding experiments with solubilized pumps
and membrane fragments are compared as in panels B and C of
Figure 2, the shape of the fluorescence traces is comparable, but
the amplitudes of the relative fluorescence changes are smaller by
a factor of 4 in the case of the solubilized enzyme. Since the
absolute signal:noise ratio is comparable in both experiments,
the substrate-induced changes are less accurately quantifiable
for the solubilized Na,K-ATPase. The essential reason of this
considerable difference is the presence of a significant concentra-
tion of Na,K-ATPase-free lipid/detergent micelles or micelles
that contain contaminating protein represented by the bands at
60 and 75 kDa (Figure 1A). These Na,K-ATPase-free micelles
also bind RH421 and thus contribute to a higher constant
fluorescence background, Fy, that is not affected by substrate
additions but reduces the normalized fluorescence changes.

Insummary, it can be stated that the solubilized Na,K-ATPase
undergoes the same ion binding and release steps as sodium
pumps in native membrane fragments.

Ion Binding Affinities in the E; Conformation of the Na,
K-ATPase. In the next set of experiments, the effect of detergent
solubilization on ion binding in the E; conformation was tested.
Thus, the dependence of Na™ binding on Na™ concentration at
different Mg”>" concentrations and pHs was studied in equilib-
rium titration experiments. Na™ titrations were performed in a
buffer containing 9 ug of Na,K-ATPase, 200 nM RH421, 25 mM
imidazole, and 0.5 mM EDTA at various MgCl, concentra-
tions and different pHs. Small aliquots of NaCl were added up to
100 mM until a maximal fluorescence decrease was obtained.
Due to the small fluorescence changes in the case of the
solubilized ion pumps, three to five identical experiments were
performed and averaged to improve the signal:noise ratio. The
result of the experiments in the presence of S mM MgCl, and at
pH 7.2 is shown in Figure 3A. Na* binding could be fitted by the
Hill function (see the legend of Figure 3) with a half-saturating
Na™ concentration Ky, 0f4.9 + 0.3 mM and a Hill coefficient n
of 2. Such titration experiments were performed in the presence of
various MgCl, concentrations between 0 and 20 mM at pH 7.2,
and at various pHs between 5.5 and 8.1, with 5 mM MgCl, in the
solution. A summary of the results in terms of the K, values is
shown in Figure 3B,C. The apparent reduction of the Na™
binding affinity (or increase in K| ) at increasing Mg concentra-
tions was reported earlier and was explained by competition
between Na™ and Mg”" at a binding site on the cytoplasmic
domain of the protein in the E; conformation close to the
entrance of the access channel to the transport sites in the
membrane domain (32, 35). Occupation of the “upstream” site
on the ion pathway by an Mg>" ion is assumed to impede Na™
binding within the transport sites. The antagonism between
Mg** and Na* for binding to the solubilized enzyme is com-
pared with corresponding experiments performed with Na,K-
ATPase in membrane fragments (Figure 3B). When the line
fitting the data from the solubilized enzyme is scaled down by a
factor of 0.83, it fits the data obtained with native membrane
fragments satisfactorily (dashed line). This finding indicates a
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FiGure 3: Equilibrium titration of the Na™ binding sites in the E,
conformation of detergent-solubilized Na,K-ATPase. (A) The fluor-
escence decrease reflects the increasing occupancy of the third Na™
binding site (45). The concentration dependence can be fitted by the
Hill function, F([Na']) = AFp./[1 + (K;»/[Na*])"], with AF .«
being the maximal fluorescence decrease, K, the half-saturating
Na™ concentration, and n the Hill coefficient. In the presence of
5mM MgCl, at pH 7.2, the fit (solid line) was obtained with a K > of
4.9 mM and an n of 2. (B) Mg*" concentration dependence of K » at
pH 7.2. The increasing K, value indicates an apparent decrease in
the Na™ binding affinity. The fit through the data points was
determined by a binding isotherm with a K, of 34.7 mM. The error
bars represent the standard error of the mean of the experimental
data. For the sake of comparison, respective experiments for deter-
mining the effect of Mg>* on Na™ binding to the Na,K-ATPase in
membrane fragments are included (gray points; the comparable error
bars are left out for the sake of clarity). The dashed line through the
data points was derived from the solid line by reducing the amplitude
by 17%. (C) pH dependence of K » in the presence of 5 mM Mg**.
The data can be fitted by a binding isotherm for H", indicating that a
direct competition occurs in the binding sites between Na™ and H™.

modest systematic difference between both preparations and will
be analyzed in Discussion. The competition between Na™ and
H™, which also leads to reduced K, values for Na™ binding at
low pH, occurs in the transport sites since it was shown that in the
E, conformation the ion binding sites have a high affinity for
protons (34, 36). A comparable behavior was also observed here
in the case of solubilized Na,K-ATPase (Figure 3C).
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FiGURE 4: Equilibrium titration of the K binding sites in the P-E,
conformation of detergent-solubilized Na,K-ATPase. In the presence
of 50 mM NaCl and 0.5 mM ATP (pH 7.2), a half-saturating K"
concentration of 0.2 mM was determined by a fit of the data with the
Hill function (solid line) and compared with data published pre-
viously for Na,K-ATPase in membrane fragments (dashed line) (37).

K" Binding Affinities in the P-E; Conformation of the
Na,K-ATPase. When Na,K-ATPase is equilibrated in standard
buffer with 5 mM MgCl,, 50 mM NaCl, and 500 uM ATP (pH
7.2), the P-E, state with virtually empty binding sites is main-
tained since the P-E, — E; back reaction is so slow compared to
the Na*-translocating forward reaction that it may be neglected.
Thus, extracellular K™ binding can be studied by K* titration
experiments (37). The averaged result of such experiments is
shown in Figure 4. When the fluorescence amplitude of the data
from membrane fragments (37) is adjusted to that of the solubi-
lized enzyme, the concentration dependencies of both prepara-
tions agree perfectly with a K, of 0.20 & 0.01 mM, indicating
that the K™ binding affinity is not affected by solubilization of the
ion pump with DDM.

Backdoor Phosphorylation. The last set of experiments in
which functions of solubilized and membrane-bound Na,K-
ATPase were compared was the phosphorylation of the enzyme
by inorganic phosphate, P, in the absence of Nat and K™ ions
(Figure 2A). Due to the fact that the H™ binding affinity in the E,
conformation is significantly higher than in P-E,, the partial
reaction H,E, — E,(H,) — P-E,H, — P-E, 4+ 2H™ is electrogenic
because of the release of both protons, and the proton release can
be detected by the RH421 method (36). With enzyme in the
standard buffer, so-called backdoor phosphorylation was trig-
gered by addition of 500 uM Tris phosphate, producing a
fluorescence increase due to release of two H' ions in the P-E,
conformation (Figure 5). The reaction could be reversed in two
different ways. First, by addition of 500 M ATP, a faster process
(with a time constant of ~1—2 s) shifts the equilibrium state of the
enzyme from P-E, to H,E, - ATP (trace a) (and then addition of
Na™ causes phosphorylation by ATP to state P-E»). The second is
by addition of 50 mM NaCl, which induces a slower transition
(with a time constant of ~40 s) to state NasE, (trace b). When the
ion pumps are transferred to state P-E, by the addition of ATP
and NaCl, further addition of P; does not have any significant
effect (trace c). All these findings are in perfect agreement with the
corresponding experiment performed with Na,K-ATPase in
membrane fragments (36).

Application to Recombinant Na,K-AT Pase from P. pastoris.
With the knowledge that the method is able to reproduce the
kinetic data obtained from native membrane fragments with
detergent-solubilized preparations, a first application was the
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FIGURE 5: Backdoor phosphorylation of solubilized Na,K-ATPase
monitored by RH421. In the absence of Na® and K™, the enzyme
can be phosphorylated by inorganic phosphate, P;. Dephosphoryla-
tion can be induced either by ATP, which leads to state H,E;-ATP
(trace a), or by NaCl, which leads to state NasE; (trace b). Addition
of NaCl in the presence of ATP causes the transition to state P-E,
(trace a and c¢). Addition of P; ion to the state P-E, has no significant
effect (trace c).

investigation of recombinant Na,K-ATPase in DDM-solubilized
form purified from P. pastoris. Standard experiments performed
with human ol/his-f1 and a2/his-31 complexes are shown in
Figure 6A. The experiments performed with ol/his-f1 show
fluorescence changes upon substrate addition larger than those
achieved with a2/his-f1. This observation may be explained in
two different ways. Either the a2 preparation is less resistant to
the isolation procedure and is partially inactivated, or the a2
preparation contains more protein-free lipid/detergent micelles.
The enzyme activity of the used preparations was 846 yumol of
P; (mg of protein) ' h™' (al) and 510 umol of P; (mg of
protein) ' h™' (a2) at 37 °C. This difference probably explains
most of the observed discrepancy in the fluorescence response,
while minor contributions may be caused by different lipid:
detergent:protein ratios in both preparations. When compared
with the standard experiment performed with rabbit Na,K-
ATPase (Figure 2), we can see that the fluorescence changes
are larger than in the case of the solubilized rabbit enzyme but are
somewhat smaller than in the case of the membrane fragments.
An obvious explanation is that the RH421 response is reduced in
the different environment of the recombinant Na,K-ATPase
formed by lipids from the yeast, SOPS, cholesterol, and C;,Eg,
and the DDM micelles in which the renal Na,K-ATPase mole-
cules are incorporated.

The Na™ binding affinity was determined by Na™ equilibrium
titration experiments for both isoforms in the presence of various
MgCl, concentrations. Standard buffer was used at pH 7.2 for
both preparations as in the case of the rabbit enzyme prepara-
tions (Figure 3). The Na*-dependent fluorescence decrease could
be fitted by a Hill curve (not shown), and the half-saturating Na™
concentration (K,;) was determined and plotted against the
Mg”" concentration. The results are shown in Figure 6B. No
significant differences could be found between the al/his-51 and
o2/his-f1 enzymes, and the values are quite similar to those
found for a151 from rabbit kidney. In the absence of MgCl,, the
half-saturating Na™ concentration was 0.40 4 0.02 mM, and at
5 mM MgCl,, it was 5.6 & 0.3 mM when averaged over both
enzymes. The Hill coefficient varied between 1.1 + 0.1 (at low
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FIGURE 6: Fluorescence experiments performed with DDM-solubi-
lized recombinant human al/his-f1 and a2/his-f1 Na,K-ATPases
isolated form P. pastoris. (A) Standard experiments, under the
experimental conditions given in the legend of Figure 2. Fluorescence
changes were induced by successive addition of 50 mM NaCl, 0.5 mM
ATP, and 20 mM KCI. (B) Half-saturating Na™ concentrations
(Ki2) obtained from equilibrium titration experiments in the E;
conformation in the presence of various Mg>" concentrations. o1/
his-f1 (@) and o2/his-A1 (O) do not differ significantly. To indicate
the Mg?" dependence, a solid line is drawn to guide the eye. When
these results are compared to corresponding results from rabbit
kidney Na,K-ATPase in membrane fragments (dashed line), no
significant differences can be seen. (C) Equilibrium titration of the
K" binding sites in the P-E, conformation, under experimental
conditions given in the legend of Figure 4. Half-saturating KCI
concentrations (K ;) of 0.31 mM [o]/his-31 (@)] and 0.84 mM [02/
his-31 (O)] reflect a significant difference between both isoforms. The
solid lines represent fits of the Hill function to the data. The K™
binding affinity of the rabbit al enzyme is slightly higher [K, =
0.2 mM (dashed line taken from Figure 4)] than that of human ocl.

Mg** concentrations) and 1.6 (at high Mg>" concentrations) and
was 1.3 & 0.2 averaged over all experiments.

When K" binding in the P-E, conformation was studied,
significant differences between both isoforms were found
(Figure 6C). The titration experiments were performed as
described in the case of rabbit Na,K-ATPase (Figure 4). The
concentration dependence of the fluorescence decrease was fitted
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by the Hill function, and the half-saturating K* concentration
was 0.31 £ 0.08 mM for the al/his-f1 isoform and 0.84 £
0.05 mM for a2/his-f1. The Hill coefficient was in both cases
~1.2 £ 0.2, which is not significantly different from the value
obtained for the rabbit kidney enzyme.

DISCUSSION

Asmentioned in the introductory section, the ion translocation
process of Na,K-ATPase, utilizing the electrogenic property of
ion transport, may be investigated by two completely different
approaches. The first approach uses electrophysiological techni-
ques to measure charge movements with electrodes in contact
with the aqueous compartments on both sides of the membrane
containing the ion pumps. To measure pump-mediated currents,
the ion pump is maintained first in a steady state of the catalytic
cycle and then either the membrane voltage or a substrate
concentration is altered rapidly, and the subsequent relaxation
reaction into a new steady state is detected by the current
transients generated by the Na,K-ATPase. These pre-steady-
state currents are recorded and analyzed. Various preparations
are used in electrophysiological assays: cardiac cells (38), oo-
cytes (39, 40), squid axons (/7), and purified vesicular and flat
open membrane fragments adsorbed to black lipid bilayers or to
solid supported membranes (4/—43).

The second approach makes use of electrochromic fluorescent
styryl dyes, which monitor charge movements of ions in the
membrane domain of ion pumps (27). There are two important
features of the styryl dye method. First, the time course of the
signals bears information about the kinetics of the process.
Second, the amplitude of the fluorescence signal can be char-
acterized in terms of states of the protein with defined numbers of
ions bound. Thus, the number of ions per pump molecule moved
in or out of the binding sites may be accurately estimated. In
addition, the presence of ion channels or carriers does not affect
the experiments in any significant way. These features have been
utilized in numerous studies to elucidate various partial reactions
of the pump cycle (for a review, see ref 7).

The disadvantage of the styryl dye method until now was that
it could be applied only to membrane preparations that contained
P-type ATPases at a high density, such as purified microsomal
preparations for the Na,K-ATPase, sarcoplasmic reticulum
vesicles containing Ca-ATPase (21), or vesicles containing H,
K-ATPase, isolated from parietal cells (23). An investigation of
recombinant proteins expressed in oocytes, mammalian cells, or
yeast cells would be desirable, but ion pumps expressed in these
cells lack the crucial requirement of a sufficiently high density
compared to isolated membrane preparations from enriched
native sources. Therefore, the successful assay of the recombinant
Na,K-ATPase isoforms described here opens the door to study
all isoforms, mutants, or any other variants of ion pumps that can
be isolated in a detergent-solubilized functional form. Such
protein preparations have been introduced for most of the ion
pumps, which are now under scrutiny.

lon Binding Properties of the Na,K-ATPase Are the
Same in Membrane-Bound and Solubilized Forms. When
the standard experiment and ion binding properties of the mem-
brane-bound and detergent-soluble Na,K-ATPase were com-
pared, qualitatively similar fluorescence responses were found, as
documented in Figures 2—4. These observations indicate that the
styryl dye mechanism and the kinetic properties of the detergent-
solubilized Na,K-ATPase do not differ significantly from those
in quasi-native membrane preparations.
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One obvious discrepancy between membrane-bound and
detergent-soluble renal Na,K-ATPase preparations is the lower
signal:noise ratio and amplitude of the fluorescence changes
in the detergent-soluble preparations (Figure 2). The origin
of this discrepancy is the fact that the (active) Na,K-
ATPase—lipid—detergent complexes are mixed with significant
amounts of protein-free micelles consisting of lipids and deter-
gent molecules or of complexes with other proteins. These
micelles are also equilibrated with the fluorescent dye RH421.
However, they do not contribute to the fluorescence changes
during substrate-induced electrogenic partial reactions of the
sodium pumps. Therefore, they produce a significant but con-
stant background fluorescence that leads to the observed reduc-
tion in the relative fluorescence changes by a factor of ~4, and
also to an apparent reduction in the signal:noise ratio. When
plotted on the same scale, the unspecific fluorescence fluctuations
are comparable for both types of preparations.

An improvement could be achieved by separating the Na,K-
ATPase-containing micelles by size-exclusion HPLC. In this case,
the eluted micelles had to be concentrated again before being
applicable in the fluorescence experiments. A few tests were
performed and showed the right tendency. However, this ap-
proach was not followed up systematically, since the major
purpose of the investigation is to analyze the recombinant Na,
K-ATPase. The recombinant proteins have a His tag on their
p subunit, so that the isolation and purification procedure
involves affinity chromatography and results in a highly purified
preparation of Na,K-ATPase—lipid—detergent complexes with a
low background of inactive micelles (26, 27). The improvement,
compared to DDM-solubilized renal Na,K-ATPase, can be seen
in Figure 6A as an increased signal:noise ratio. Although the
fluorescence changes are still not as large as in the case of the
purified membrane-bound renal Na,K-ATPase, they are suffi-
cient for easily performing any kind of ion binding titration
experiments.

A second difference between membrane fragments and solu-
bilized ion pumps can be seen in Figure 3B with regard to the
Mg”" concentration dependence of the Na* binding affinity
which is modestly but significantly lower in the case of the
solubilized Na,K-ATPase. When the Mg>" dependence of both
preparations was compared, it was found that the K, values for
the “native” Na,K-ATPase were lower by a factor of 0.83, at all
Mg*" concentrations. This finding leads to the assumption that
the difference may be caused by a different surface charge density
of both membrane surfaces. The Gouy—Chapman theory allows
the calculation of cation concentrations at the charged surfaces
(which here corresponds to the concentration at the entrance of
the access channel to the binding sites) as a function of the surface
potential that is, in turn, a function of the surface charge density.
On the basis of the Mg>" concentration-independent, constant
ratio of the K, values of both protein preparations and
assuming that the Na® binding affinity is the same in both
protein preparations, the difference in the surface charge density
can be estimated to be 1.7 x 107 C/m* (or ~1 elementary charge/
100 nm?). With a cross-sectional area of a lipid molecule on the
order of 0.5 nm?, this result indicates that in the case of the
solubilized enzyme, on average, there is one fewer negative charge
present per 200 lipid molecules compared to the situation in the
membrane fragments. Such a reduction in surface charge density
may be generated easily by the presence of the uncharged DDM
(or Cy,Eg) molecules in the annulus around the solubilized Na,K-
ATPase. Nevertheless, this susceptibility to variations in surface
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charge emphasizes the point that, in future studies, the lipid
composition of the protein—lipid—detergent complexes will have
to be controlled carefully to allow a direct comparison of ion
binding affinities in different preparations of ion pumps.

By contrast to Na™ binding in E;, K™ binding to the P-E,
conformation from the extracellular side of the membrane was
completely unaffected by the enzyme solubilization. This indi-
cates that the binding kinetics is unaffected by the solubilization
procedure on the one hand and, in addition, that the apparent
charge density of both the outer membrane leaflet and the
solubilized preparation is not significantly different.

Insummary, it can be stated that the Na,K-ATPase solubilized
with the detergent n-dodecyl f-pD-maltoside is an active enzyme
preparation in which the kinetic properties of ion binding and
release are not significantly modified compared to those of the
native ion pumps in intact membrane preparations.

Comparison of Recombinant ol and o2 Isoforms of
the Na,K-ATPase. A first application of the new method was
a comparison of Na* and K" binding properties of recombi-
nant human al/his-f1 and o2/his-f1 proteins purified from
P. pastoris. In agreement with recently published data on the
enzymatic properties of the isolated a2/his-f1 preparation (28,
29), a lower specific enzyme activity was found compared to the
al/his-f1 preparation. This reduction could be caused by a lower
turnover rate of the Na,K-ATPase molecules or by a reduced
number of active enzyme molecules. o2/his-f1 is known to
have a lower turnover rate (44). However, the smaller fluore-
scence increase for a2/his-f1 upon addition of ATP (seen in
Figure 6A) suggests that there is partial inactivation of a2/his-f31,
since in the absence of K™ virtually all pump molecules are
trapped in the phosphorylated E2P state, independent of the
actual turnover rate. The fact that size-exclusion HPLC per-
formed with al/his-A1 and a2/his-31 complexes showed that the
elution profiles were more or less identical (29) indicates that
possible differences in the lipid/detergent annulus around the
protein may produce, if any, only a minor modification of the
fluorescence changes in the standard experiments.

The next analytic step was the investigation of ion binding.
When Na™ binding was studied in the E; conformation, it turned
out that both isoforms had identical half-saturating Na™ con-
centrations in the whole range of tested Mg>" concentrations
(Figure 6B), and these values correspond to those of rabbit renal
Na,K-ATPase (alf1) in native membrane fragments, as indi-
cated in Figure 6B. Recently, the Na,K-ATPase activity of the
same olf1 and a2f1 isoform complexes was studied (29). The
Ky of Na™ for activating Na,K-ATPase activity, measured in
the presence of 3 mM Mg?, was ~16 mM for both alf1 and a2f1
isoforms. The value of K, is higher by a factor of ~4 than that
observed here, a fact that can be attributed to the presence of
100 mM K™, which is known to be a competitor of Na™ in the
binding sites. Nevertheless, under this condition also, the same
binding properties for Na™ were found in both isoforms.

By contrast, a significant difference was observed for K*
binding from the extracellular side in the E2P conformation
(Figure 6C). The 2.7-fold lower K* binding affinity of a2l
compared to that of alfl was the only significant difference
between both isoforms in this study, confirming a difference
observed previously (29, 44). When K™ binding to the recombi-
nant human al isoform is compared with that of the rabbit ol
enzyme, a minor difference can be seen (30% higher affinity for
the rabbit enzyme). Since it may be assumed that the cation
binding residues themselves are not different in both isoforms,
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the slightly different binding properties may be caused by
modifications in the access channel or on the protein surface
close to the entrance of the access channel. The identification of
the origin is part of current investigations.

Conclusions. The adaptation of the styryl dye method to
recombinant detergent-solubilized Na,K-ATPase opens the door
to the study of electrogenic properties and kinetics of genetically
engineered ion pumps. Ton binding affinities can be determined
easily and with high precision. This method may also be applied
to other purified P-type ATPases available in detergent-solubi-
lized preparations, to other classes of ion transporters such asion
carriers and cotransporters, and even to ion channels in identify-
ing binding sites and the number of bound ions inside the ion
pathway through the membrane domain.
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