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Fluorescence study on cardiac glycoside binding to the Na,K-pump

Ouabain binding is associated with movement of electrical charge
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Recuntly we have presenied evidenen that the fluoecsoence probe RH 421 can de usad ko detect binding and reloase of ions at the estracellular fizce

of the pumpy wisce ihewe froceecs are asociated with translocation of dectrical charge [1] Applying this method to evperiments with cardiae

glyconidkn we found that; {11 ovabain induced fluorescence changes of the clectrochromic dye, RE 21, were caused By the change of charges bound

10 the enryine: (2) independent of the sedivm concentiation, the final Nuorescence amplitusle indicated that appeavimately 2 Na® fons were bound

10 the pamp: (3 the sodtum welease 1o the extraceliular sile involved two distines eleciragenic siepss (41 the kinetios uf inhibition depended on the

Na'<oaceairation. Expetiments with hydrophobic o indicated that the kinctics of ouabain binding to she Na-ATPase b vohage dependent; and
€3 the applied technigue fa a conveniont tool 10 characterize binding of cardiac ghoositdes to the NaKpump,

Na KATPas¢: lon pump; Cardiae ghyeossie: Voltage-wensitive dye: Electrogenic transport

L. INTRODUCTION

Opcration of the Na K-pump involves a sequence of
contormational transitions andd ion binding and release
reactions {2-4). The Na.K-pump transports three Na
ons eut of and two K ions into the cell during @ pump-
ing cyele. According to the pumping scheme (Fig. 1). the
oNZYME ¢an assume two principal conformations. €,
and E,. with ton binding sites facing the cytoplasm and
the extracellular medium, respectively. In state E, the
enzvine binds 3 Na® tons. When the protein s phospho-
nlated by ATP, the Na® ions become occluded. The
spontancous transition to state E.-P inducos the release
of Na’ to the extracellular side. After high-aftinity bind-
mg and ecclusion of K tons, the snryvme is dephospho-
nlated. The muaping wle  competed by an ATP
facilitated transition back to state E, and release of K
to the cytoplasm.

Cardiac glvcosides are specific inhibitors of the
Na,K-pump. They act on the enzyme only from the
extracellular face and bind preferentially to a P-E-state
of the enzyme. Inhibition occurs with one molecule
bound te an af-protomer [2.5-7). Recently we have
shown that the styryl dyve RH 421 wesponds to changes
of the tocal clectric field in the membrane diclectric [8).
The results of these studies indicate. that binding and
release of Na® and K- at the extracellutar face of the
pump is associated with translocation of electricai
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charge. An expeniment tiustrating this finding is sho
in Fig. 2.

After additon of 100 2M ouabain (or analogue) to the
phosphonviated enzyme Muorescence changes can
obsarved (Fig. 3a). The analysis of these signals altows
an utcrpretation on a tnicroscopic fevel. As we will
show, valuable insight both in the mechanism of enzyme
inhibition by candiac ghveosides and in Na®-transport
mechanism may be obtained.

2. MATERIALS AND METHODS

Sadium dodecvlsuifate (SDS) wis obtamgd feomn Picroe Chemaal
(Rockford. §E) o cholate trom Merek (Darmstadi) and
devooviioathn from Avanti Polar Lindds Yo oa Alabama
Phosploenaim mawe, pyruvite orwe, lactate dehadronenase,
NADH and ATP (duodivm salt. Sondonyualitdt) were from Boch-
noger (Mannhoml All cardiae ghyeosides were purchased from
Sigma, RH 421 was obained from Molecular Probes (Eugene.
Orcgont. The punity of the dyes was chocked by thin-layer chromatog-
raphy. Sodium teteaphenyiborate (TPB™). tetraphenyiphosphonius
chloride (TPP) and cthylenediamine tetraacetic acd (EDTA) were
from Merck (Dammnstadt). NaCl of Suprapur quality (Merek) was
used. All other reagents were analytical grade.

Na. K-ATPase wos prepared from the outer maduila of rabbit
kidneys using procedure € of Jorgensen [9] The spevific ATPase
activity was determined by the pyruvare kinasclactate dehydrogenase
assay {10] and the protein concentration by the Lowry method [11].
using bovine scrum albumin as a standand. For most preparations the
specifie activity was in the range between 1500 and 2000 gmol P, per
hand me prowea G 37C

Mast steady-state fuorcscence measurements were carried out with
a Perkin-Elmer 530-39 {luorescence spectrophiviometer. The thesmto-
stated ce’d holdor was equipped with a magnetic stirrer. For expen-
ments with RH 17! vhe excitation wavelength was sct to 580 nm sht
width 10 nm) and the emission wavelength 10 660 nm (slit widih 10
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nm). For experiments with anthroytounbain the excitution wavelength
wis 86t 1o 365 nm, the cmission to $10 nm (slit width 10 nm). Forsome
cxpetiments with the dye RH 421, wo used 8 home mude fuotescence
speetrometer, The exeitation and emission wavelength were selected
with interferenco filters (4, = 580 um, A, = 660 mn, bundwidth 9 nm),
Abyorbance wicasurements were performed with o Perkin-Elmer
Lambda § spectrophotometer, IF not otherwise indicnted, the experi-
ments:were carried out ut 20°C,

3. RESULTS

The addition of cardinc glycosides to the phos-
phoenzyme lends to. large fluorescence changes (Fig.
3n). Sign, amplitude nnd time course depended on Na*
concentration. At low Na* (enzyme in state P-E,) the
Ruorescence decicused, whereas at high Na* (enzyme in
state (Na;)Ei=P)- a fluotescence incrcase could be ob-
served, The final fluorescence was the same in all No’
concentrations, Similar results have been obtained with
other analogues - (digitoxigenin, strophanthidin, di-
goxin), Control experiments (data not shown) using the
fluorescent ouabain analogue anthroylouabain (AQO)
{12] indicated, that tor all Na* concentrations the
amount of ouabain bound te the enzyme was the smng.
Therefore it is unlikely that cardine glycosides directly
affected the fluorescence changes. The onabain induced
fluorescence amplitudes are consistent with the assump-
tion, that ounbain binds to the P-E.(Nu,) state in the
pumping cycle when no K* is present. The states P-E,,
P-E,(Na), P-E;(Na,). and (Nay)E,~P are — on the time
scale of ouabain binding — in equilibrium with cach
other, The addition of ouabain leads to a redistribution
between these staves, inducing the transport-inhibited
P-E){Na,)~ouabain complex. This state is obtained in
low Na* buffers by binding of (up to 2) Na* ions within
the protein diclectric, thus decreasing the dye fluores-
cence. At high sodium concentrations (up to one) Na*
ion will be released upon ouabain addition, thus ine
creasing the fluorescence. At about SO0 mM Nu', in the
average 2 Na® jons scem to Le baried in the protein
diclectric, since no fluorcscence changes can be ob-

—— Nay)E, - P
Noext
Na,-Ey- ATP P-E, Ny
Iyt — 2Nalext
Ey ATP P-E,
2K eyt = 2Kext
KyEy ATP PE K

ATP‘Ez(Kz) _— Ez(Kz)

Fig. 1. Modified Post-Albers scheme for the pumping eyele 2f NaK-

pump. Brackets { ) indicate occluded states (i.e. ions av unable to

exchange with the aqucous phasc). Horizontal brackets describe con-
ditions in which ions arc burried inside the protein dicaxtric,
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Fig. 2. Fluorescence changes of styry] dye RH 421 bound to No.K.
pump containing membrane fragments. The Gagmeats contain
APProx, SONO puipsiuim?®, About Y g proteinant wene equitibrated ot
0°C with 200 nM RH 421 in the presence of 10 mM Mg, 25 mM
histidine and 0.5 mM EDTA, The initinl condition repeesents the
fivorescence of the enzyme in absence of Na® and K ions, Supplying
20 mM Nu* leads {ato state NayB,. The Ruorescence decreased by
approxinmutely 25% indicating an impott of positive charge into the
protein diclectric {1]. Addition of ATP teads 10 phosphorylation,
occlusion of Na®, und transition to PE;. The comesponding etease
of ¥ Na' fons induces o Duorescence increase of up w0 100%, This
umplitude of the fluorescence chiange SFF, depends on Na' cone
centration which ix targest at low concentrations. 1t has boen explained
by u Na“-induced shilt of the distribution between staves BRE,, Iv
Ba(Na), DVENay), and BE(Nay) (1], The subsequent addition of K°
to the phosphoerylated enzyme causes a teansition fon PBEy to EgRy)
and s awsocinied with @ decrease in Quoreseence, which reftocts bind-
g and oovlusion of 2 K* fons.

served after addition of ouabain, The Na* concentra-
tion dependence of ouabain-binding rates is shown in
Fig. 3b. Duc to the high ionic strength and low temper-
ature (20°C) the rate constants were smaller than values
reported ia the literature [18]. A similar dependence was
also found for anthroylouabain binding and Na-ATP-
ase activity [13], which works vath a stoichivooctey of
INGW/2INW/TATP [1,15]. Al these experiments support
the idea that ouabain binds to the ™-E.[ . stave.
From previous expeniments {1.ie) thuol s voldence
that the apparent affinity of the extraceliular ton bind-
ing sites can be changed by changing the electrostatic
potential inside the membrane diclectric. Hydrophobic
ions like tetraphenylphosphonium (TPP*) or tetraphe-
nylborate (TPB7), which bind in lipid bilayers, change
the clectrostatic potential inside the diclactric when
added to membranes, and modulate the extracellular
binding affinity of the pump for Na* and K* {1]. If, as
proposed, ouabain binds mainly to the P-E.(Na,) state
both the amplitude and the kinctics of the RH 421
binding signal shouid be alfected by the addition of
hydrophobic ions. The corresponding experiments (Fig.
4a.b) supported this assumption. [n Fig. 4a the ATP
and ouabain induced changes of the fluorescence signal
are shown with 0 and 200 4M TPP". In the absence of
TPP* a small fluorescence increase was observed. This
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tig. b Ouabam mdeond Buercseemie hanges of K11 400 Labuelial
membrane fregments 1 2 wholion with 3% mM Brdebne, 85 m\)
EDTA, I mv M smd the mdaosiod qonomratons of Nal'l o f

O b Time couese aftor phosphionisinn by ATE 100 2\
owmsbun was sakbad to e Baelfor Toea dzengeh B boon maminned
vomstant wilh oPodane hbomic o Na condontration dependont k-
acias e uoneaerge chanmgos de obsgrved e et e can B fitted
By o ounghe cypencatul The capormentslh obtamcd abors of
PPl faly oommtanty ©ogre plottod ay o Fundtion of the N o
centratany N e bl raec the Hueerwned aompituady so0 annimel

adicated that on

Ld oNEnOr frans O BEIC v BRI WP
roicased aroun ther Dindn 2 siles aier L conturma-
tional transition. Inhibition of the cnzyme by ouabain
induced Na” release and thus a flrorcscence increase. In
the presence of TPP™ the ATP-induced fluorescence in-
crease was sigmficantly farger due to an enhanced Nu”
release. Quaban addition under this condition resulted

in Na~ binding to the enzyme. inducing a decrease of

fluorescence. In Fig. 4b the influence of TPP” and TPB
on anthrovlouabain binding is shown. The kinctics of
this process 1s determined by the population of the state
P-E.(Na,) which is controlled by the binding affinity for
sodium. Since TPB™ enhances the aifinuy of Na'. bind-
ing of AO should be faster. TPP™ decreases Ma -binding
and correspondingly AO binding should be slowed
down. The fluorescence amplitude at fong tines reflects
the amount of AO bound 1o the enzyvime. The expeori-
ments shown in Fig. 4b support this expectation.
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prasete e it abeenee of X0 UM TP Addinon of NTP vo g wlution
vontmnatg PO ONAUE 2% mM kb, Lo mM Mg and 0.5 mM
EOTA rosulied e phosphoss tation of the enzvme and in subsequen
ot to EoP oand reloise of Na' b Time course of ouaban
Bumading detedtod By aborvation of anthroy logabam £AO1 Tuores.
s AL Beneding wis oduced By the addition of ATP o s wiluton
conhomag 2% mM Sa HEmM M 28 ;M b 85 mM EDTA,
aboyt 2 gp el membiang fragments, | oM AO and the indwaned
venrewntratnan of hvdraphobssons o 2 3770

4 DISCUSSION

Aveepting that the styvevt dve RH 421 detects changes
it clectrie freld strength. iterestiing conclusions are
sugeestod by these luoreacence exvpenmens, The tinal
Ruorescence ampittude after addition of oot o the
pendent o e butter
cosrcentrataen of Naooand mdicates that 2 Nu™oms are
bound per pump. This estunate s well to published
findings [3.17.18}. that two Na~ (or K7} ions were
occluded per af-subunit in ouabain inhibited enzyme.

The finding. that at high Na~ concentrations (> 0.5
M. charee is released from the enzyme upon ouabain
binding. whereas at low Na™ concentration (< 0.5 M),
charge s bound to the enzyme. indicates that there arc
twve electrogenic stens in the reaction sequence (Na O E, -
P 2 P-E.(Nz.y 2 P-E.. The first electrogenic step pre-
saumably consists in the release of 1 Na’ ion to the
extracetiods <ide Sinee the vuabain-cnzymie complex
displavs E.-like digestion patterns [17]. this step proba-
bly 15 correlated with the (Nas)E,-P 2 P-E.(Na;) con-
formational triasition. The second electrogenic step
CONSISES ik Lhic iwéase of the remaining Na’ ions from

&=

their binding sites. This interpretation is in agreement

DL soin e oatel ensanw s,

‘ya
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with the nssumption, that the (negatively charged) bind-
ing sites for Na* and K* are connected with the aqueous
medium by a narrow access channel or ‘ionwell’
[1.19,20], Thus, the binding kinctics of cardine glyco-
sides on Na*~ ATPase should be affected by the clectric
field ia the pruh:in {i.e. transmembrane vo\mgu) The
experiments m an 4b support this interpretution,

ey hod provides value
able imughl in mechunism of eardine glvx.osidc bmdmg
and in electrogenic jon translocation and is n convenient
tool:to. Lhnruuerlze cnrdinc glycmide binding to the
Nn.l\-pump. -
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