First publ.in: Journalof MembraneBiology 168(1999),pp. 221-228

lon Selectivity of the Cytoplasmic Binding Sites of the Na,K-ATPase: I. Sodium Binding is
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Abstract. To investigate Nabinding to the ion-binding potential gradients. Under physiological conditions
sites presented on the cytoplasmic side of the Na,Kthree Nd ions are moved out of the cell in exchange for
ATPase, equilibrium N&titration experiments were per- two K* ions that are transported into the cytoplasm per
formed using two fluorescent dyes, RH42hd FITC,to  molecule ATP hydrolyzed [11]. To perform this task the
detect protein-specific actions. Fluorescence changesnzyme goes through a cycle of conformational transi-
upon addition of N& in the presence of various My  tions, phosphorylation and dephosphorylation steps and
concentrations were similar and could be fitted with aion binding, occlusion, and release reactions [7, 12, 19].
Hill function. The half-saturating concentrations and From a mechanistic point of view several concepts have
Hill coefficients determined were almost identical. As been formulated [22] that proved to be very useful not
RH421 responds to binding of a Naon to the third only to explain experiments but even to predict the be-
neutral site whereas FITC monitors conformationalhavior of an investigated system. So several functional
changes in the ATP-binding site or its environment, thisand structural properties of the Na,K-ATPase could be
result implies that electrogenic binding of the third™Na unraveled, such as the presence of a phosphorylation site
ion is the trigger for a structural rearrangement of theand its location [19], the existence of occluded states [7,
ATP-binding moiety. This enables enzyme phosphory-13, 28], or the finding of an extracellular access channel
lation, which is accompanied by a fast occlusion of the[9, 30, 37, 41]. A schematic representation of the pump
Na* ions and followed by the conformational transition cycle with regard to transport functions is given in Fig. 1.
E,/E, of the protein. The coordinated action both at theSince phosphorylation and cation binding sites are well
ion and the nucleotide binding sites allows for the firstseparated from each other in the tertiary structure [1, 4,
time a detailed formulation of the mechanism of enzyme8, 40], it is obvious that coupling of enzymatic and trans-
phosphorylation that occurs only when thre€' ms are  port functions is indirect and requires conformational
bound. changes as a link between ATP-hydrolysis and the trans-
location event. Little is known about the nature of these

Key words: Na,K-ATPase — Cytoplasmic ion binding conformational changes, their dimensions, the amino ac-
— Electrochromic fluorescent dye — FITC — lon trans- 1dS involved and their location in the protein structure.
port — Energy transduction mechanism Fluorescence resonance energy transfer (FRET) between
two covalently attached or reversibly bound fluorescent
dyes has been used to measure distances between spe-
Introduction cific locations of the Na,K-ATPase [8] and thus estimate
the size of conformational rearrangements [1, 23].

The Na,K-ATPase is an integral plasma membrane proSingle fluorescent labels such as FIT@AF or BIPM
tein of (virtually) all animal cells that employs the free have been utilized to monitor conformational changes by
enthalpy derived from the hydrolysis of ATP to actively
transport Na and K’ ions against their electrochemical
1RH421: N-(4-sulfobutyl)-4-[4-(p-dipentylaminophenyl)butadienyl]-
pyridinium, inner salt; FITC: fluorescein 5-isothiocyanate (Isomer ),
_ IAF: 5-iodoacetamidofluorescein, BIPM: N-[p-(2-benzimidazol-
Correspondence td.-J. Apell yl)phenylmaleimide.
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Fig. 1. Pump cycle of the Na,K-ATPase and its
electrostatic properties developed from recent
’ biophysical investigations [41]. The representation
Na,E, o ®® P-E;(Nay)  of the protein is meant only schematically and
M does not claim structural concepts. The
m equilibrium constants for the various reaction steps
are given aX, (x = a, p, |, ... as discussed in
‘ Kn Koz, K91| 81,52 [41]). The Greek letters indicate electrogenic
reaction steps in which net charge is moved
through the protein perpendicular to the plain of
% the membrane. In conformation, Bf the pump 2
E4 P-E; negatively charged binding sites are presented on
v E the dielectric surface of the protein and one
uncharged, Naspecific site is placed within the
protein dielectric. In conformation Eall binding
[ Kk Kmz2, Kmt | 81,8 sites are accessible only through an access
E)(Ky) ‘channel’ which has a dielectric depth depending
on the occupation of the binding sites. The
& hatched states of the enzyme in this figure are
KoE1 ® — GBI - o® P-E5(Ky) accessible in the absence of ATP and inorganic
Kn q E} phosphate Pand the transition between these are
subject of this presentation.

responding to the change in protein micro-environmentnd ATP (disodium salt, special quality) were from Boehringer, Mann-
[15, 16, 21, 26, 31, 35, 38]. Fluorescent dyes that do nofeim. The fluorescent dyes RH421 and FITC were from Molecular
bind covalently to the pump but reside in the lipid phaseProbes, Eugene, OR. Dye purity was chgcked by thin-layer chrqma-
of membrane fragments containing Na.K-ATPase in hightography. All other reagents were the highest grade commercially

. . . . vailable.
density have been applied to get information on transpor Na,K-ATPase was prepared from the outer medulla of rabbit

properties of the pump [6, 20, 29: 37]. Particularly thoseyigneys in the form of open membrane fragments using procedure C of
steps of the transport cycle that involve the movement ofigrgensen [18]. Protein concentration was assessed by the Lowry
charges can be studied very successfully by means afiethod, using bovine serum albumin as a standard. Specific ATPase
potential sensitive dyes. Using the electrochromic styrylactivity was determined by the pyruvate kinase/lactate dehydrogenase
dye RH421 various partial reactions of the pump cycleassay [34]. Thg specific activity was in the range of 1900 to 20@0
have been investigated and characterized with respect o Per Mg protein and hr at 37°C. ,
their electrogenicity or electroneutrality [3, 17, 36]. In FITC labeling was performed according to the procedure of Kar-

. . . ’ " . lish [21]: To remove sucrose and adjust the pH the enzyme was cen-
part | of this paper we combine experiments with FITC

. . .. _trifuged in a Beckman airfuge at 30 Psi (140,00@)xfor 15 min,
and RH421 and provide evidence that electrogenic bindgashed, and resuspended in buffer containing 180 RIS, 2 mv

ing of the third N& ion at the cytoplasmic face is ac- EDTA, pH 9.2 to a final concentration of 1 (-2) mg/ml. FITC was
companied by a conformational rearrangement reporteddded from a 50Qum stock solution in dimethylformamide to a con-
by FITC that structurally alters the nucleotide binding centration of 10 (-20)um. Incubation at room temperature (25°C) in
moiety and thus allows the transfer of energy-rich phos.the dark for 4 hr provided quantitative coupling. Labeling was stopped
phate to the pump. In part 11 we will present experimen- b){ Qiluting thg s.uspension 4- to 5-fold with an ic'e-cold §o|ution con-
tal studies of the competition betweenNand a variety ~ ning 25 m imidazole, 1 mw EDTA, pH 7.5, and incubation for 1 hr

of inorganic and organic cations that impIy that (I) two of allowed dissociation of fluorescent by-products. To remove excess

o o . . FITC the suspension was dialyzed at 4°C overnight against 1000 vol-
the three cytoplasmic ion binding sites are accessible Qmes of the imidazole buffer containing also 1 mg/ml bovine serum

all ions tested, and that (ii) the third binding site is per- apumin, using a high speed Biotech Membrane (Spectré/Rdt,
fectly restricted to N&and can not bind any other ion. 15,000 MWCO). Centrifugation in the airfuge at 30 Psi for 15 min and
resuspension in buffer containing 25vnhistidine, 0.5 nw EDTA, pH

7.2 to a protein concentration of 2 mg/ml yielded quantitatively labeled
enzyme with less than 1% ATPase activity.

Sodium dodecylsulfate (SDS) was obtained from Pierce Chemical. Fluorescence measurements were carried out in a Perkin-Elmer
Phosphoenolpyruvate, pyruvate kinase, lactate dehydrogenase, NADHS 50B fluorescence spectrophotometer as described previously to de-

Materials and Methods
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Fig. 2. Na" binding to the Na,K-ATPase in conformation &udied by the styryl dye RH421A) Trace of the fluorescence intensity upon addition
of aliquots of NaCl solutions to the standard buffer containing 2bhistidine, 0.5 nm EDTA, pH 7.2, 300 nu choline chloride, 200 m RH421
and 9u.g/ml of membrane fragments. The fluorescence decr@ds€,, was calculated relative to the level in the absence dfibias, F,, as shown

in the inset. B) Dependence of the relative fluorescence change dnchiacentration. Besides data without Kns present (pand), the results
of titration experiments performed in the presence of the indicated concentratiorisasé Kncluded. The data could be fitted well with a Hill
function (Eq. 1) as described in the text.

tect partial reactions of the ion-transport process [3, 37]. The thermothe half saturation constants for Nbinding to higher
statically regulated cell holder was equipped with a magnetic stirrerygjues with increasing K concentrations. Since K

For experiments with RH421 the excitation wavelength was set to 5800inding is an electroneutral step it does not lead to a
nm and the emission wavelength to 650 nm (slit width 15 nm and 20 . .

nm, respectively). For experiments with FITC-labeled enzyme the ex-ﬂl,“")r_escence Change itself [3' 17]' Over against thié' K
citation wavelength was set to 490 nm (slit width 5 or 10 nm) and thePINding as measured by the FITC label leads to a large
emission wavelength to 520 nm (slit width 10 nm). Equilibrium titra- decrease in fluorescence intensity that reflects the con-
tion experiments were performed in buffer containing 26 mstidine, ~ formational change E - E,. With this fluorescent
00r0.5nm EDTA, pH 7.2, and 300 m choline chloride. By the high  probe N4 binding may be detected indirectly as the
ionic strength of the chosen buffer fluorophore artifacts were avoidedreversa| of the K-induced fluorescence drop. So, since
and the pump was confined essentially to the initial stateZ00 v the functional mechanisms of the two fluorophores are

RH421 (in the case of RH experiments) and 9+40ml of membrane . .
fragments containing FITC-labeled/unlabeled Na,K-ATPase WereqUIte different, we wanted to prove whether results ob-

added to the thermostated cuvette and equilibrated until a stable fluct@ined by the two dyes were consistent.

rescence signdr, was obtained. As has been tested in a couple of .

experiments, both fluorescent labels could also be applied simultaEQUILIBRIUM TITRATIONS OF Na" BINDING TO THE

neously and did not affect each other. Titrations were carried out by JNPHOSPHORYLATEDENZYME WITH BOTH

adding small aliquots of NaCl/KCI/MgGlsolutions from various FLUORESCENTLABELS

highly concentrated stocks until no further changes of fluorescence . o . . .

could be observed. To allow a comparison between different titrationA Se€ries of equilibrium titration experiments was per-
experiments relative fluorescence changddF, = (F - F)/F,, were ~ formed as described above. The fluorescence signal of
calculated (in %) with respect to the initial fluorescence intensjty RH421 was recorded (Fig_A2 and the fluorescence

(In case of RH421 experimenkg, was diminished by the small fluo- changes relative to the level without Nins were cal-

rescence intensity of th(_e_dye dissolved in the buffer before gddition °fculated. The concentration dependence of the-Na
the membranes). Specific fluorescence levels could be assigned to de-

fined states in the pump cycle of the Na,K-ATPase [17]. All experi- induced ,ﬂuoresce_nce decrease is Showr,] n FB-'] cor-
ments were performed at 16 # 0.5°C. responding experiments were repeated in the presence of

K™ concentrations up to 20 m(Fig. 2B). AF/F, was

calculated relative to the fluorescence intensigyprior
Results to the addition of K or Na’. The initial supply of the

indicated K concentration redistributed the enzyme
In conformation E the Na,K-ATPase presents three ion from state E into states KE, K,E;, and E(K,). This
binding sites to the cytoplasm. When the electrochromidransition caused only minor fluorescence increadés (
styryl dye RH421 is applied as a fluorescent probe elecF, < 5%). The subsequent addition of Nkd to the
trogenic N& binding is monitored leading to a fluores- transition to state Ng, which resulted in a fluorescence
cence decrease due to the positive charge imported intdecrease of approximately 18% and in a merging fluo-
the membrane [3, 37]. Kbinding can be detected only rescence level for all K concentrations (+1%). The
indirectly: K™ ions compete with Naions and thus shift fluorescence changes were corrected for dilution effects.
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Fig. 3. K™ and N4 binding to the Na,K-ATPase in conformation Evestigated with protein labeled with FITC in standard buffé). Addition

of increasing amounts of KCl induced a fluorescence decrease of up to 35% with respect to the fluorescence intensity in the ablsdigs of K
change is caused by the transitiopn E E,(K,). (B) Na"-dependent changes of the FITC fluorescence. The reversal of ‘tiedkced decrease
indicates the return of the ion pump into states @f(&en circles). Independent of the initial Koncentration the fluorescence levels merged at
high Na" concentrations at approximately —=7%. This level was also reached when saturating NaCl was added in the ab3egsoticbtircles).

mm) led to a fluorescence drop of approximately 35%.
The lower fluorescence intensity level is attributed to
state E(K,). Fitting the Hill equation (Eqg. 1) to the data
yielded parameter values &, = 0.1 mv andn;, =
1.1. These values are in good agreement with previously
published results [16, 21]. Addition of increasing
amounts of Na ions reversed the Kinduced fluores-
cence quench (Fig.B. All traces saturated at the same
level of AF/F, = —7.1 (x0.2) % and not at the initial
fluorescence level before addition of"KTo check
whether this difference was caused by"Nénding NacCl
was supplied in an additional experiment up to a con-
centration of 50 ma without prior addition of K so that
[K1/ mM the N4 titration started from state,E This titration re-
sulted in a fluorescence drop reaching the same final
Fig. 4. Dependence of the half-saturatingNzoncentrationsg;7, on - |aye| as observed in the titration experiments in the pres-

the K* concentration present during the equilibrium titration experi- . . - - .
ments with both fluorescence labels, RH421 and FITC. The data wereence of K (Fig. 38). Again the lines are fits of the Hil

determined by analysis of experiments shown in FBakd B using equatio_n (Eq. 1) to th_e data. FOI’_ a FOmpﬁriSO” Fhe half-
the Hill function (Eq. 1). saturating concentrations of Néinding, Kys, derived

from the experiments with both methods (Figs. 2, 3) are
depicted in Fig. 4 as a function of the"KKoncentration.
The lines drawn in Fig. B are fits of the Hill equation to  Obviously, the values obtained are quite similar. The

Na
Ky, /mM

the data, same is true for the Hill coefficient determined from the
experiments with FITC-labeled enzyme, which vwag,
AF AF AF 1 = 1.87 + 0.07 independent of the"Kconcentration.
AR X Na po— Q) In addition, Fig. B reveals that the sole addition of
o Folmin  Folmax 1+ (Kyz/[Na )™ Na' ions to FITC-labeled Na,K-ATPase already con-

fined to state E resulted in a significant fluorescence

Obviously, increasing Kconcentrations shifted the half- change, too. Control experiments excluded that this
saturating concentratioK?‘,g‘ for Na* binding to higher fluorescence drop was due to the fluorophore responding
values. The Hill coefficienhy;,, was 1.90 = 0.06, inde- to an increase in ionic strengttigta not showh In fact,
pendent of the K concentration. raising the ionic strength from the standard concentration

When similar experiments were repeated with FITC-of 300 nm to 450 mv by adding choline chloride did not
labeled membrane fragments theé-iduced fluores- lead to a significant fluorescence change (<2%). More-
cence change was much more pronounced as can be seaver, titrating the N&only induced FITC-fluorescence

in Fig. 3A. Addition of saturating K concentrations (>1 change yielded a half-saturating constff = 0.42 +
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Fig. 5. Na* binding to the Na,K-ATPase in conformation i the presence of various M{jconcentrations studied by both fluorescence labels,
(A) FITC and 8) RH421, in standard buffer without EDTA. Increasing concentrations of*\bift the N&-dependent fluorescence changes to
higher N& concentrations. The lines drawn through the data represent fits with the Hill function (Eg. 1) from which half-saturating concentrations

KY2 were derived.

0.02 mm (at 0 K) that is very similar to the 0.36 + 0.01 8
mm determined by the RH421 method. To substantiate
the assumption that this fluorescence decrease reflects
Na* binding to state [ titration experiments in the pres-
ence of various Mg concentrations were performed. s
Figure 5A shows the effect of Mg on the N&-induced £
fluorescence decrease of the FITC label. Increasing”g
Mg?* concentrations shifted the half-saturating concen-*
tration K'f,';‘ to higher values indicating a decreasing ap-
parent affinity for Nd with increasing concentration of

the divalent cation. Correspondingly, Natration ex-
periments were performed under exactly the same con- o ‘ : : : :
ditions using the styryl dye RH421 instead (FiB)5 0 2 4 6 8 10
Figure 6 shows a comparison of the half-saturating con- [Mg*]/ mM

centrations derived by the two methods. Evidently, the ) ) L

two dyes change their fluorescence in the same way upo g. 6. Half-saturating concentrationg,> of Na" binding to the Na,K-

. . . Pase detected with both fluorescence labels, RH421 and FITC. The
Na ’
addition of Nd ions and theKl/Z values derived by the error bars are mostly within the size of the markers. The agreement of

use of the two fluorophores are identical within experi- ihe results from both series of experiments indicate that they report the
mental error. same ion-pump specific process. The almost linear increasiiohay
be explained by competitive binding of Mions to the ion binding
sites of the Na,K-ATPase.

Discussion

During the last 10 years FITC has been effectively usegrobed by FITC nor altered FITC-labeling the cation
to monitor cation-induced conformational changes ofaffinities as probed by RH421 compared to non-labeled
Na,K-ATPase. Our equilibrium titrations using FITC- enzyme. These findings are in agreement with recent
labeled preparations from rabbit outer medulla provedesults using stopped-flow techniques [24]. The majority
that our enzyme binds Kions with aKT,2 of 0.1 mv (Fig.  of previously published experiments with FITC have
3A) in agreement with previously published data [16, been explained on the basis of two distinguishable con-
21]. The interesting new finding is that N&inding to  formations, E and E. In contrast to that, Hegvary and
state E could be monitored by the FITC method (Fig. Jgrgensen [16] were able to detect several states of fluo-
3B) as well as by the RH421 method (FigB)2and both  rescein-labeled Na,K-ATPase by their corresponding
led to comparable results (Fig. 4). Since excitation andluorescence levels. Our labeled Na,K-ATPase prepara-
emission wavelengths of both dyes are different, the eftion exhibited an additional fluorescence level, too,
fect on both labels could be measured with the samavhich was generated by Ndinding and had a slightly
preparation. Control experiments showed that neithetower fluorescence intensity (-7 = 0.2%) than that of
RH421 affected the measurement of cation binding azonformation E (contrary to [16] where a small en-
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hancement of fluorescence intensity is reported upon Narecently by Gatto et al. [10]. They showed thgiHDS-
binding). crosslinking between Lys-501 and Lys-480 occurs in the

Although the N&-induced fluorescence change was presence of Naions but is prevented by low concentra-
small compared to that of the, E- E, transition it was  tions of K" which are sufficient to maintain binding of at
significant and could be titrated leading to a half satu-least one Kion. This finding indicated that the distance
rating concentration of Nabinding that was very similar between both lysines in the “Na-bound form”, which we
to the one determined by the RH421 method (Fids. 3 interpret as state N&, of Na,K-ATPase, has changed by
5A). Moreover, the concentration dependence of the inseveral Angstroms compared to the™kKound form”.
teraction of M@ ions with the ion-binding sites and the With our FITC-labeled Na,K-ATPase preparation
resulting reduction of the apparent affinities of Nand-  we are able to discriminate between three groups of pro-
ing was reported in the same way by both dyes andein states: (1) EK,), (2) K,E;, KE,, E;, NaE, NaE;,
produced identical results within experimental error (Fig.and (3) NgE,. This classification is a consequence of
6). When Na binding was reversed by addition of satu- the two different reporter mechanisms of RH421 and
rating K" concentrations RH421 and FITC changed theirFITC and the completely corresponding changes of their
fluorescence also correspondingtjata not showhn fluorescence upon addition of Naln terms of a mecha-

A possible explanation of the concurrent behavior ofnistic interpretation the observed effects suggest that
the two fluorescent labels has to be based on their fundhinding of the third N4 ion to state NsE; of the ion
tional properties. RH421 is known to detect specifically pump induces a rearrangement of one or more transmem-
the electrogenic binding of a Ndon to the uncharged brane segments of the subunit of the protein that is
binding site, which is assumed to be the third to be filledpropagated to the cytoplasmic loop which forms the ATP
[17, 32]. The concomitant fluorescence decrease, whiclbinding moiety. A likely mediator of the signal trans-
reflects an uptake of positive charge in the protein di-mission between the catalytic site and the cation binding
electric, is restricted perfectly to Nand could not be sites might be the peptide segment intervening between
produced with any other catiom@nuscript in prepara- Asp-371 and the PEGL motif present at the cytoplasmic
tion). On the other hand FITC binds predominantly to end of the fourth transmembrane segment M4, which is
Lys-501 within the ATP-binding site of Na,K-ATPase in highly conserved in Na,K-ATPase and other closely re-
the large cytoplasmic loop of the protein between thelated P-type ATPases [39]. Other possible candidates
transmembrane domains M4 and M5 [5]. The mechaare the also highly conserved junctional Region J, the
nism of the fluorescein label is based on the pH sensihinge” region and the M5-M6 hairpin [25, 27].
tivity of its chromophore which changes its absorption On the basis of the observation that under almost all
and fluorescence spectra upon small alterations of pH adbnic conditions the stoichiometry of 3NAATP is
its local environment. Even minor structural rearrange-maintained for active Natransport by Na,K-ATPase we
ments in the neighborhood of the label, like movementgpropose that under physiological conditions binding of
of polar side chains of amino acids in the scale of a fewthe third N4 to its highly ion-selective site is the trigger
Angstroms, may cause variations of the local pH that aranechanism that will move the phosphorylation site, Asp-
reported in turn by the dye. 371, into the right position to enable the transfer of the

Obviously binding of Na ions to their sites, which energy-richy-phosphate from enzyme-bound ATP to the
are formed by parts of the transmembrane segments qifrotein. This model supports also the reasoning from
the a subunit of the protein [4, 33], affects the fluores- previously published experiments on Nainding to the
cence of FITC which is bound in the ATP-binding site in Na,K-ATPase performed with RH421 [32], which re-
the cytoplasmic part of the protein. Conformation- quests that two Naions have to occupy the negatively
dependent spatial rearrangements of the cytoplasmic pacharged binding sites in statg Before the third may be
of the protein which contains the enzymatic apparatus obound. A deviation from such a strict stoichiometry has
the ion pump have been observed by different techbeen proposed only for extremely low cytoplasmic so-
nigues. Besides the well-established different tryptic di-dium concentrations in the case of inside-out red cell
gestion patterns between conformationsaBd E, more  vesicles [2].
detailed evidence for conformation-sensitive interactions ~ The existence of such a trigger mechanism has to be
between cytoplasmic domains were presented by Goldpostulated on principal considerations, as it is necessary
shleger and Karlish [14]. They showed by Fe-catalyzedor the pump to make sure that the unique partial reaction
cleavage of thex subunit of Na,K-ATPase that major which utilizes the free enthalpy provided by ATP is ac-
and minor loops move apart during the E E, transi-  complished only if the physiologically required number
tion. Such a rearrangement of moieties could easily acef Na" ions are bound to the pump. Under physiological
count for the major change of FITC fluorescence ob-conditions the hydrolysis of ATP provides free enthalpy
served corresponding to this transition. Additional ef-in the order of 55 kJ/mol and the electrochemical work to
fects specific to the ATP-binding site have been reportedransfer each Naion from the cytoplasm to the extra-



cellular space is in the order of 12.5 kJ/mol [22]. There-
fore (3% of the energy available is spent for the trans-

port of each N& ion. To elude waste of energy it is

crucial for the ion pump to maintain a fixed coupling

ratio under physiological conditions.

The presented interpretation of the intriguingly cor-

responding data from RH421 and FITC experiments of-
fers a straightforward explanation to the question of how

the ion pump manages to become phosphorylated only if®-

the event that three Nd@ons are bound.
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