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ABSTRACT: (Na,K)-ATPase, the enzyme responsible for active transport of Na  and K across the plasma 
membranes of animal cells, consists of a catalytic subunit (a) and a glycoprotein subunit (@) with unknown 
function. We have determined the distance between fluorescent probes directed to specific sites on the a- 
and @-subunits and ligand-induced changes in the fluorescence of a probe specifically attached to the @-subunit. 
The cardiac glycoside site on the a-subunit was labeled with anthroylouabain [Fortes, P. A. G. (1977) 
Biochemistry 16, 5 3  1-5401. The oligosaccharides on the @-subunit were labeled with lucifer yellow car- 
bohydrazide [Lee, J. A., & Fortes, P. A. G. (1985) Biochemistry 24, 322-3301. Resonance energy transfer 
from anthroylouabain to lucifer yellow was measured by steady-state and time-resolved fluorescence 
spectroscopy. The distance between these probes was determined from the efficiency of energy transfer. 
The average distance between anthroylouabain and lucifer yellow was 47 A and was independent of the 
number of acceptor molecules attached to the @-subunit. The measured distance corresponds to the distance 
between the cardiac glycoside site and the center of the labeled oligosaccharides on the @-subunit within 
one a@ dimer. The distance was the same (47 A) when anthroylouabain was bound with ATP or Pi as 
phosphorylating ligands but increased to 49 A in the presence of vanadate. The change in average distance 
provides quantitative evidence of a conformational difference between the complexes of cardiac glycosides 
with (Na,K)-ATPase induced by phosphorylating ligands or by vanadate. Conformational changes induced 
by ions, substrates, or inhibitors of the enzyme were not detectable by changes in the spectroscopic parameters 
of lucifer yellow attached to galactose residues of the @-subunit. Ligands that cause two-dimensional 
crystallization of (Na,K)-ATPase quenched the fluorescence of lucifer yellow, suggesting that crystallization 
involves extensive interactions between @-subunits. 

(Na,K)-ATPase' generates and maintains electrochemical 
gradients of Na' and K+ across the plasma membranes of 
animal cells by coupling ion pumping to the hydrolysis of ATP. 
The enzyme consists of two types of subunits (Kyte, 1971), 
the a-subunit with M, 11 2 000 (Shull et al., 1985; Kawakami 
et al., 1985) and the @-subunit, a glycoprotein with a protein 
mass of 35000 daltons (Noguchi et al., 1986). The stoi- 
chiometry of the a- and @-subunits is 1:l (Craig & Kyte, 
1980). The heterodimer of a- and @-subunits is sufficient to 
account for full catalytic activity and ion pumping (Moc- 
zydlowski & Fortes, 1981b; Brotherus et al., 1981; Craig, 1982; 
Karlish & Kempner, 1984; Fortes & Han, 1985). The a- 
subunit contains the sites for cardiac glycosides (Ruoho & 
Kyte, 1974) and phosphorylation (Kyte, 1971) on the extra- 
cellular and intracellular sides, respectively, and undergoes 
ligand-dependent conformational changes thought to be as- 
sociated with ion transport [see Glynn (1985) and Jerrgensen 
(1986) for recent reviews]. For these reasons, the a-subunit 
is considered the catalytic subunit. The @-subunit is in close 
proximity to the cardiac glycoside site because it can be labeled 
with photoaffinity derivatives of digitoxin bound to the a- 
subunit (Hall & Ruoho, 1980). The function of the @-subunit 
is unknown. The observations that ligands of the enzyme alter 
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the susceptibility of the @-subunit to proteolytic enzymes (Lo 
& Titus, 1978; Koepsell, 1979) suggest that it may undergo 
conformational changes associated with (Na,K)-ATPase 
function. 

Information on the structure of (Na,K)-ATPase and on the 
location and magnitude of the conformational changes asso- 
ciated with ion pumping can be obtained from measurements 
of resonance energy transfer between fluorescent probes at- 
tached to specific sites of the enzyme. Toward this goal, work 
in this laboratory has focused on the development of site-di- 
rected fluorescent probes of (Na,K)-ATPase. Fluorescent 
probes directed to the ouabain (Fortes, 1977; Moczydlowski 
& Fortes, 1981c) and ATP sites (Moczydlowski & Fortes, 
1981a; Karlish, 1980; Fortes & Han, 1985), to sulfhydryl 
groups on the a-subunit (Jesaitis & Fortes, 1980; Moczyd- 
lowski & Fortes, 1981c), and to the membrane lipids (Moc- 
zydlowski & Fortes, 1981c; Chong et al., 1985) have been used 
in energy-transfer measurements. These studies have provided 

Abbreviations: (Na,K)-ATPase, sodium plus potassium activated 
adenosinetriphosphatase; ANS, 1-anilinonaphthalene-8-sulfonic acid; 
AO, anthroylouabain; CDTA, trans- 1,2-diaminocyclohexanetetraacetic 
acid; EDTA, ethylenediaminetetraacetic acid; lucifer, lucifer yellow 
carbohydrazide, 4-amino-N-[(hydrazinocarbonyl)amino]-2,3- 
naphthalimide-3,6-disulfonate; Mops, 3-(N-morpholino)propanesulfonic 
acid; Pipes, 1,4-piperazinediethanesulfonic acid; Tris, tris(hydroxy- 
methy1)aminomethane; Tes, 2-[[tris(hydroxymethyl)methyl]amino]- 
ethanesulfonic acid. 
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information on the distances between the ouabain site and 
intracellular sites (Jesaitis & Fortes, 1980; Fortes et al., 1981; 
Carilli et al., 1982) and on the distances of closest approach 
between sites on the protein and hydrophobic membrane probes 
(Moczydlowski & Fortes, 198 IC) and between ouabain sites 
on different a-subunits (Moczydlowski & Fortes, 198 IC; 
Chong et al., 1985). 

Here we present experiments designed to study the spatial 
relationships between the a- and @-subunits of (Na,K)-ATPase 
and possible conformational changes in the @-subunit that 
might provide clues to elucidate its role in (Na,K)-ATPase 
function. We measured resonance energy transfer between 
anthroylouabain (AO), a specific probe of the cardiac glycoside 
site (Fortes, 1977), and the oligosaccharides of the @-subunit 
labeled with lucifer yellow (Lee & Fortes, 1985a). We com- 
pared the efficiency of energy transfer between the above 
probes, under different ligand conditions that induce a high 
affinity for cardiac glycosides, to see if conformational dif- 
ferences between complexes of A 0  with the enzyme could be 
detected and quantified. In addition, we tested the effects of 
the various substrates and inhibitors of the enzyme on the 
fluorescence of lucifer-labeled oligosaccharides in an attempt 
to detect possible conformational changes in the @-subunit 
induced by ligands of the enzyme. A preliminary commu- 
nication of parts of this work has been presented (Lee & 
Fortes, 1983). 

MATERIALS AND METHODS 
Enzyme Preparation and Assay. (Na,K)-ATPase was pu- 

rified from dog kidney, and the @-subunit was labeled with 
lucifer after treatment with galactose oxidase and neur- 
aminidase as described previously (Lee & Fortes, 1985a). The 
lucifer labeling stoichiometry was altered by varying the extent 
of oxidation and the temperature and duration of the reaction 
with lucifer. (Lee & Fortes, 1985a). The (Na,K)-ATPase 
specific activity ranged from 25 to 32 pmol of ATP hydrolyzed 
min-' (mg of protein)-' as determined by the oxidation of 
NADH in a coupled enzyme assay at 37 "C (Moczydlowski 
& Fortes, 1981b). There were no significant differences be- 
tween the specific activities of control and lucifer-labeled 
preparations. 

A 0  Binding. The concentrations of active sites were de- 
termined by fluorescence titrations with A 0  in 4 mM MgC12, 
3 mM Tris-P,, 1 mM EDTA, and 50 mM Pipes-Tris, pH 7.0 
at 37 "C (Lee & Fortes, 1985a; Fortes, 1986). In the ener- 
gy-transfer experiments, A 0  binding was promoted by incu- 
bation with Mg + Na3V04, Mg + P, or Na + MgATP, as 
described in the legend to Table 11. The rate constants for 
A 0  association (k,) and dissociation (koff) under the above 
ligand conditions were determined as described previously 
(Moczydlowski & Fortes, 1980; Fortes & Lee, 1984; Lee & 
Fortes, 1985a). The equilibrium dissociation constant (KD) 
for A 0  under each ligand condition was estimated from the 
ratio koff/kon. The concentration of bound AO, [AO],, was 
calculated (Fortes, 1986) from the concentration of added AO, 
[AOIT, and binding sites, [ElT, with 
[AolB = [AOIT + [EIT + KD - 

[([A0], + iE1T + KD>z - 4[AOlT[ElT1"2/2 ( l )  
The concentrations of active sites and A 0  were adjusted so 
that usually 92-99% of the added A 0  was bound. In the 
presence of MgATP + Na, 86% of the added A 0  was bound 
because of the larger KD with these ligands [see Results and 
Lee and Fortes (1985a)l. Nevertheless, even under the least 
favorable binding conditions more than 98% of the A 0  
fluorescence was from bound A 0  because of the large increase 

in the quantum yield of A 0  upon binding (Fortes, 1977, 1986). 
Fluorescence Measurements. Corrected fluorescence 

spectra, titrations, binding kinetics, and steady-state anisot- 
ropies were measured in a Perkin-Elmer MPF-4 spectrofluo- 
rometer as described previously (Fortes, 1977, 1986; Moc- 
zydlowski & Fortes, 1980; Lee & Fortes, 1985a). The 
quantum yield of bound AO, aA0, was determined at 24 "C 
from corrected emission spectra with excitation at 368 nm 
through a Corning 7-51 filter. The absorbance of the samples 
was less than 0.05 to prevent inner filter effects. The standards 
were A 0  in ethanol (@ = 0.37; P. A. G. Fortes, unpublished 
results) and ANS in ethanol (a = 0.37; Stryer, 1965). The 
quantum yield of bound A 0  was calculated (Shinitzky, 1972) 
by 

where as in the quantum yield of the standard, F, are the areas 
under the emission spectra, A,  are the absorbances at the 
exciting wavelength, and rAO is the anisotropy of bound AO. 
The same value of aAO was obtained with both standards. 

Time-resolved fluorescence measurements were done by the 
single photon counting technique with an Ortec nanosecond 
fluorometer equipped with a high-pressure hydrogen arc lamp 
(Yguerabide, 1972). Fluorescence decays of A 0  bound to 
unlabeled and to lucifer-labeled (Na,K)-ATPase were deter- 
mined with excitation through a Corning 7-60 filter and 
emission through a 463-nm interference filter. Preliminary 
measurements showed that the decay curves were identical 
when measured without polarizers or with vertically polarized 
excitation and the emission polarizer set at O", 54.7', or go", 
inidicating that rotational motions of A 0  were too fast to 
contribute to the measured decays. Therefore, the A 0  decay 
curves for lifetime measurements were recorded without po- 
larizers to increase the signal intensities. Blank decay curves 
were recorded in the absence of A 0  with the unlabeled and 
lucifer-labeled enzymes, and their amplitudes were scaled to 
those of the corresponding decay curves in the presence of A 0  
by using the ratio of the steady-state intensities in the presence 
and absence of A 0  as the scaling factor. The intensities of 
the blank curves were 8.3% and 37.3% of the intensities in the 
presence of A 0  with the unlabeled and the lucifer-labeled 
(Na,K)-ATPases, respectively. The A 0  fluorescence decays 
Z ( t )  were obtained by subtracting the normalized blank decay 
curves from the corresponding decays in the presence of AO. 
The lamp pulse L(t )  was measured with a scattering solution 
in the absence of the emission filter. Because of the finite 
duration of the lamp pulse, the recorded Z( t )  is related to the 
actual decay of intensity F(t)  by the convolution integral: 

(3) 

F ( t )  was obtained by deconvolution of Z ( t )  with the method 
of moments (Yguerabide, 1972), assuming that F(t)  was 
represented by the sum of two exponentials: 

Z(1) = JfL(T)F(r  - T )  d T  

F(t)  = ale-t/Tl + aze-t/T2 (4) 
where ai is usually interpreted to be a measure of the fraction 
of the population that decays with lifetime 7, and al  + az = 
1. Convolution of F ( t )  with L(t)  generates a new function, 
C(t), which can be compared to the observed signal Z( t ) .  The 
values of ai and 7, were chosen by iteration to reduce the 
normalized residual x Z / N  to a minimum: 

.,Z 
A 
- = 'Z\[Z(ti) - C(t,)]2 
N N - n  ui 

(5) 
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where ui is the standard deviation of Z(ti) due to noise, N is 
the total number of data points, and n is the number of fitted 
parameters. The time shift between L(t )  and Z(t) due to the 
spectral response of the photomultiplier tube was corrected 
by shifting the lamp pulse by 0.27 ns. 

Decays of anisotropy of bound A 0  and of lucifer were 
measured by recording fluorescence decays with vertically 
polarized excitation and the emission polarizer oriented to 
transmit light polarized vertically, Zll(t), or horizontally, Zl(t). 
The decays of lucifer anisotropy were measured with excitation 
and emission through Corning 5-58 and 3-69 filters, respec- 
tively. Blank curves were subtracted, and the amplitudes of 
Zli(t) and Zl(t) were scaled by the ratio of their steady-state 
intensities, as described above. The time-dependent anisot- 
ropies, r ( t ) ,  were calculated from the polarized decay curves, 
without deconvolution, by 

ZII(t) - Il(t) 
ZI,(t) + 2Zl( t )  

r ( t )  = ( 6 )  

Energy- Transfer Measurements. For donor quenching 
experiments, the efficiency of energy transfer E is given by 

and 

( 7 )  

where TDA and rD are the fluorescence lifetimes of the donor 
in the presence and absence of acceptor, respectively; F D A  and 
F D  are the steady-state fluorescence intensities of the donor 
in the presence and absence of acceptor, respectively. The 
efficiency of energy transfer by sensitized emission of the 
acceptor was calculated by 

( 9 )  

where F D A ,  F A ,  and F D ,  are the fluorescence intensities of the 
samples with donor + acceptor, acceptor, and donor, respec- 
tively, with excitation at the absorption maximum of the donor 
and emission at acceptor wavelengths; AD and AA are the 
absorbance of the donor and the acceptor at the excitation 
wavelength (Fairclough & Cantor, 1978). AD was determined 
from the concentration of bound A 0  with an extinction 
coefficient of 7800 M-' cm-' at 368 nm (Fortes, 1986), which 
assumes that the extinction coefficient of bound A 0  is the 
same as that in ethanol. AA was determined from the con- 
centration of lucifer in lucifer-labeled (Na,K)-ATPase with 
an extinction coefficient of 2430 M-' cm-' at 368 nm. 

The average distance ( R )  between a single donor (AO) and 
the center of an ensemble of acceptor molecules was calculated 
(Gennis & Cantor, 1972) by 

( R )  = RO( IVY) ' I 6  (10)  

where N is the number of acceptors per enzyme molecule, E 
is the efficiency of energy transfer at a given N ,  and Ro, the 
distance between donor and acceptor at which the energy- 
transfer efficiency is SO%, is given by (Forster, 1948, 1960) 

Ro = [(8.71 X 1023)J~2n-4CP]1/6 ( 1  1 )  
where n is the refractive index of the medium (1.4 for proteins), 
CP is the quantum yield of the donor in the absence of acceptor, 
and K~ is an orientation factor that depends on the relative 
orientation of the transition moments of the donor, the ac- 
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FIGURE 1: Excitation and emission spectra of A 0  and lucifer in 
(Na,K)-ATPase. Corrected spectra were recorded at 24 OC in so- 
lutions containing 3.5 mM Pi-Tris, 4 mM MgC12, l mM EDTA, 50 
mh4 Mops-Tris, pH 7.0, and either 0.1 pM A0 + 0.144 p M  unlabeled 
(Na,K)-ATPase or 30 pg/mL lucifer-labeled (Na,K)-ATPase con- 
taining 1.9 pM lucifer. Light scattering and background fluorescence, 
recorded in the absence of AO, were subtracted from the spectra in 
the presence of AO. The excitation and emission spectra were 
normalized to the same peak amplitude. 

ceptor, and the vector joining them; J is the overlap integral 
between the donor emission spectrum F D ( X )  and the acceptor 
absorption spectrum eA(X): 

1 F D ( X ) e A ( X ) X 4  dX 
(12)  

.I = l F D ( X )  dX 

J was summed over 5-nm intervals of the corrected emission 
spectrum of A 0  and the absorption spectrum of lucifer. 

RESULTS 
Distance between Lucifer and Anthroylouabain Bound to 

(Na,K)-ATPase. Previous studies of A 0  binding to lucifer- 
labeled (Na,K)-ATPase showed that the quantum yield of A 0  
decreased in proportion to the number of lucifer molecules 
attached to the @-subunit, suggestive of resonance energy 
transfer from A 0  to lucifer (Lee & Fortes, 1985a). The 
overlap between the A 0  emission spectrum and the absorption 
spectrum of lucifer-labeled (Na,K)-ATPase (Figure 1 )  indi- 
cated that these probes should be an efficient donor-acceptor 
couple for resonance energy transfer studies. The value of Ro 
= 29 A was obtained with eq 1 1  by using the measured values 
of J = 1.46 X cm6 mmol-' and OAo = 0.27 and assuming 
a random orientation between A 0  and lucifer ( K ~  = 2/31. 

Figure 2 shows emission spectra (with excitation at the 
absorption maximum of AO) of lucifer-labeled (Na,K)-AT- 
Pase with or without bound A 0  and unlabeled enzyme with 
bound AO. The fluorescence intensity of A 0  bound to lu- 
cifer-labeled (Na,K)-ATPase decreased compared with that 
of A 0  bound to unlabeled enzyme. At wavelengths longer 
than 480 nm, the fluorescence intensity of the lucifer-labeled 
(Na,K)-ATPase with bound A 0  was larger than the sum of 
the spectra of lucifer and A 0  after quenching (Figure 2) .  The 
decreased fluorescence of A 0  bound to lucifer-labeled 
(Na,K)-ATPase and the sensitized emission of lucifer when 
A 0  was bound demonstrate resonance energy transfer from 
A 0  to lucifer. The transfer efficiencies calculated from A 0  
quenching (37.5 f 2.1%) or sensitized emission of lucifer (32.8 
f 5%) were not significantly different. 
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FIGURE 2: Fluorescence energy transfer between A 0  and lucifer in 
(Na,K)-ATPase. Corrected emission spectra of 0.144 pM unlabeled 
(Na,K)-ATPase and 0.1 54 pM lucifer-labeled (Na,K)-ATPase (62.2 
nmol of lucifer/mg of protein) were recorded in the presence and 
absence of 0.1 pM AO. Blank spectra recorded with unlabeled enzyme 
without A 0  were subtracted. Conditions are as in Figure 1. 

In order to estimate the distance between A 0  and lucifer, 
it was necessary to ascertain that lucifer labeling was random, 
so that all the @-subunits adjacent to A 0  binding sites were 
labeled with lucifer. Because of the inherent averaging in 
steady-state fluorescence methods, experiments such as those 
shown in Figure 2 cannot be used to know whether the ob- 
served energy transfer reflected a homogeneous population or 
if it resulted from the average of populations of A 0  molecules 
highly quenched by acceptors in close proximity and un- 
quenched A 0  molecules without nearby acceptors. To dis- 
tinguish between these possibilities, we measured fluorescence 
decays of A 0  bound to control and to lucifer-labeled (Na,- 
K)-ATPases. 

The fluorescence decays of A 0  bound to both unlabeled and 
lucifer-labeled (Na,K)-ATPase were nonexponential (Figure 
3). The cause of these nonexponential decays is not clear. 
The fluorescence decay of A 0  in solvents can be fit to a single 
exponential (P. A. G. Fortes, unpublished results), and the 
kinetics of A 0  binding and dissociation (Fortes & Lee, 1984; 
Lee & Fortes, 1985a,b), as well as equilibrium A 0  binding 
(Fortes, 1986), are consistent with a homogeneous cardiac 
glycoside site. The nonexponential decay of A 0  bound to dog 
kidney (Na,K)-ATPase could reflect relaxation of the mo- 
lecular microenvironment of the A 0  site, rapid interconversion 
between different environmental states, or sampling of different 
microenvironments due to motions of A 0  in the binding site 
during the excited state. Further work is necessary to interpret 
the nonexponential decay. For the present purposes, however, 
a quantitative comparison of the fluorescence decays of A 0  
bound to unlabeled and to lucifer-labeled enzyme gives an 
independent measure of the energy-transfer efficiency and can 
provide information on whether all the (Na,K)-ATPase 
molecules with bound A 0  were labeled with lucifer. 

The fluorescence decays were analyzed assuming they could 
be described by the sum of two exponentials. The two-expo- 
nential fits agreed reasonably well with the experimental curves 
(Figure 3), as judged by the residual values (5.1 and 6.6 in 
the absence and presence of lucifer, respectively) and the 
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FIGURE 3: Fluorescence decays of A 0  bound to unlabeled and to 
lucifer-labeled (Na,K)-ATPase. A 0  (2.6 pM) was bound to 2.85 
pM unlabeled (Na,K)-ATPase (0.71 mg of protein/mL) or 2.85 pM 
lucifer-labeled (Na,K)-ATPase (0.79 mg of protein/mL, 62.2 nmol 
of lucifer/mg of protein) in 5 mM Pi-Tris, 5 mM MgCl,, and 50 mM 
Pipes-Tris, pH 7.0. The temperature was 23 & 2 OC. The dashed 
line is the lamp pulse. The points are the experimental curves. The 
solid lines are the analyzed functions convoluted to the lamp pulse: 
(control) F(t )  = 0.485 exp[-(t/3.7)] + 0.515 exp[-(t/lO.l)]; (lucifer 
labeled) F(t)  = 0.677 exp[-(t/3.1)] + 0.323 exp[-(t/7.2)]. The x 2 / N  
values for the fitted functions were 5.1 and 6.6 for the control and 
lucifer-labeled samples, respectively. 

random deviation across most of the time axis, although a small 
nonrandom deviation at early times suggests the presence of 
an additional component. Since the reason for the nonexpo- 
nential decays is not known and fits to three exponentials 
increase the uncertainties in the values of the individual com- 
ponents, the two-exponential fits were considered adequate. 

Both lifetimes of A 0  bound to lucifer-labeled (Na,K)-AT- 
Pase decreased compared to the control enzyme, and the 
fraction that decayed with the shorter lifetime increased from 
0.48 to 0.68 (Figure 3). The change in the preexponential 
terms is consistent with the possible causes of the nonexpo- 
nential decays mentioned above. The decrease in both A 0  
lifetimes excludes the possibility that the steady-state mea- 
surements were the average of unquenched and highly 
quenched A 0  molecules and indicates that the A 0  populations 
with short and long lifetimes participated in energy transfer 
to lucifer. 

To obtain the energy-transfer efficiency from the lifetime 
measurements, the average lifetimes of A 0  (( 7)) were cal- 
culated by 

(7) = a171 + a 2 7 2  (13) 
The average lifetimes of A 0  were 7.0 f 0.1 and 4.7 f 0.1 ns 
in the absence and presence of lucifer, respectively. The en- 
ergy-transfer efficiency determined from the ratio of the av- 
erage lifetimes was 33.6 f 1.5%, which agreed with the values 
determined by steady-state fluorescence measurements de- 
scribed above. 

The anisotropy of bound A 0  decayed within 0.4 ns (the time 
resolution of the instrument) to a constant value of 0.14 (data 
not shown). Therefore, bound A 0  underwent rapid, restricted 
motions. Assuming that A 0  moved over the surface or the 
volume of a cone, the half-angle of the cone was calculated 
(Dale & Eisinger, 1975) to be 25' or 3 3 O ,  respectively, from 
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Table I: Dependence of A 0  - Lucifer Energy Transfer on Lucifer 
Stoichiometrv' 

~~ ~ ~ ~ ~ _ _ _ _ _ _ _  

lucifer stoichiometryb 
mol of 

lucifer/mol energy-transfer average 
nmol/mg of B efficiency (7%) distance" (A) 

5.8 1 5.7 46 
6.4 1.2 6 47 
9.7 1.8 9 47 

25 4.5 21 47 
62.2 11 37.5 47 

' A 0  binding to lucifer-labeled and unlabeled (Na,K)-ATPase was 
promoted by incubation with 4 mM MgC12, 3.3 mM Tris-Pi, and 1 
mM EDTA in 50 mM Mops-Tris (pH 7.0) at 24 "C. The concentra- 
tions of enzyme active sites and A 0  were adjusted so that more than 
98% of the A 0  fluorescence was from specifically bound AO. 
Determined from the average of triplicate protein determinations and 

duplicate lucifer determinations as previously described (Lee & Fortes, 
1985a). The moles of lucifer per mole of 0 was calculated from the 
nanomoles of lucifer per milligram of protein assuming that the protein 
was 100% pure and the molecular weight of ab = 180000. 
Determined by fluorescence quenching of A 0  as described in the text. 

Each entry is the average of two to four spectra. "Determined by as- 
suming IC' = 2/3. 

Table 11: Effect of Ligands on A 0  - Lucifer Energy Transfer' 
energy-transfer efficiency 

donor sensitized average 
quenching emission distance 

ligands (%) (%) (A) 
MgATP + Na 37.3 i 2.4 39.8 * 6.1 47 
Pi + Mg 37.5 * 2.1 32.8 i 5.0 47 
Vo4'- + Mg 32.1 f 1.9b 32.1 * 7.7 49 

'Corrected emission spectra, as in Figure 2, were recorded in the 
presence of 0.1 pM A 0  and 0.15-0.16 pM unlabeled or lucifer-labeled 
(Na,K)-ATPase (62.2 nmol of lucifer/mg of protein) at 24 OC. The 
incubation medium contained 1 mM EDTA-Tris, 50 mM Mops-Tris, 
pH 7.0, and, where indicated, either 46 mM NaCI, 2.6 mM ATP, and 
8 mM MgC12, 3.3 mM Pi-Tris and 4 mM MgC12, or 20 pM Na3V04 
and 4 mM MgC12. Two to four spectra were recorded under each lig- 
and condition. The average f SD energy-transfer efficiencies were 
calculated as described under Materials and Methods from measure- 
ments of the intensities in the presence and absence of lucifer, deter- 
mined every 5 nm between 420 and 470 nm for donor quenching and 
every 10 nm between 500 and 600 nm for sensitized emission. The 
average distance was calculated from the donor quenching data as- 
suming K~ = 2/3. bSignificantly different (E' <0.01 in a nonpaired t 
test) from the energy-transfer efficiencies in the presence of either Pi or 
ATP. 

the anisotropy decay data and the fundamental anisotropy of 
A 0  measured in propylene glycol at -50 OC. The anisotropy 
of lucifer-labeled (Na,K)-ATPase decayed to a constant value 
of 0.1 with t l l Z  = 2-3 ns (data not shown), indicating that 
significant motions of lucifer occurred within the A 0  lifetime. 
Therefore, both donor and acceptor molecules showed con- 
siderable motional freedom with rates faster than the ener- 
gy-transfer rate. These observations justify the assumption 
of random orientations between A 0  and lucifer in the calcu- 
lation of the distance between these probes. 

The energy-transfer efficiency and the estimated distance 
between A 0  and lucifer as a function of the lucifer stoi- 
chiometry are shown in Table I. The transfer efficiency 
increased with increasing lucifer stoichiometry, reflecting the 
increased probability of energy transfer as the number of 
acceptors per donor molecule increased. The calculated dis- 
tance between A 0  and lucifer was 47 A and was independent 
of the lucifer stoichiometry over an 1 1-fold range (Table I). 
These results are consistent with random labeling with lucifer 
of the @-subunit oligosaccharides. The calculated distance 
corresponds to the distance between the cardiac glycoside site 
on the a-subunit and the center of the lucifer ensemble on the 
@-subunit. 

Effect of Ligands on Resonance Energy Transfer from A 0  
to Lucifer. High-affinity binding of cardiac glycosides to 
(Na,K)-ATPase can be induced by different combinations of 
ligands, mainly Na + MgATP,Mg + Pi, and Mg + vanadate 
(Matsui & Schwartz, 1968; Albers et al., 1968; Schwartz et 
al., 1968; Sen et al., 1969; Post et al., 1969; Fortes, 1977; 
Wallick et al., 1977; 1979; Hansen, 1979; Moczydlowski & 
Fortes, 1980). Measurements of the A 0  association and 
dissociation rate constants at 24 "C in the presence of these 
ligand combinations showed that the value of k,, was largest 
with vanadate (2.65 X lo4 M-' s-') and smallest with ATP 
(6.1 x 103 M-1 s-1 ), w hereas k,ff was largest with ATP (6.5 
X s-l) and smallest with vanadate (1.97 X s-'). The 
KD values derived from the kinetic measurements were 0.75 
nM with vanadate, 2-5 nM with Pi, and 10.6 nM with ATP. 
The kinetic differences between these ligands suggested that 
the conformations of the resulting A 0  complexes might differ. 
Therefore, it was of interest to compare the efficiencies of 
energy transfer from A 0  to lucifer when A 0  binding was 
promoted by different ligands. 

Table I1 lists the A 0  - lucifer energy-transfer efficiencies 
determined under different ligand conditions. For each of the 
ligands tested, the energy-transfer efficiencies determined by 
donor quenching and by sensitized emission were in good 
agreement. The measurements of sensitized emission, however, 
involve considerable manipulation of the data (see Materials 
and Methods) and have a larger standard error than the donor 
quenching measurements. Therefore, the A 0  quenching data 
were used for quantitative comparisons of the transfer effi- 
ciency measured under different ligand conditions. 

When A 0  was bound in the presence of either Mg + Pi or 
MgATP + Na, the energy-transfer efficiencies and the cor- 
responding distances were identical (Table 11). In contrast, 
a small but significant decrease (P <0.01) in the transfer 
efficiency was observed when A 0  was bound in the presence 
of Mg + vanadate compared to that seen with the phospho- 
rylating ligands (Table 11). No significant differences were 
seen in the quantum yield of bound AO, in the shape of the 
A 0  emission or lucifer absorption spectra, nor in the anisot- 
ropies of either probe with Mg + vanadate compared to the 
values obtained with either Mg + Pi or MgATP + Na. 
Therefore, the decreased efficiency of energy transfer with Mg 
+ vanadate suggests that the distance between A 0  and lucifer 
increased in the presence of these ligands. The estimated 
increase in average distance was 2 A (Table 11). 

We have shown (Fortes & Lee, 1984; Lee & Fortes, 1985b) 
that A 0  can bind also to the ADP-sensitive, K-insensitive 
phosphoenzyme intermediate E,P(Na), which contains oc- 
cluded Na (Glynn et al., 1984), and to a third phosphoenzyme 
form, denoted E,P, which is partially saturated with Na at 
low-affinity external sites (Norby et al., 1983; Lee & Fortes, 
1985b; Yoda & Yoda, 1986). Energy-transfer measurements 
between A 0  and lucifer might detect possible conformational 
differences between the above enzyme forms and those ob- 
tained under the conditions of the experiments in Table 11. 
Unfortunately, however, experimentally usable concentrations 
of the A 0  complexes with EIP(Na) and E,P could not be 
obtained at equilibrium because of the antagonism between 
Na and A 0  binding (Lee & Fortes, 1985b). Oligomycin (20 
Fg/mL), which stabilizes E,P(Na) (Fahn et al., 1966), had 
no effect on the efficiency of energy transfer when A 0  binding 
was promoted by 40 mM Na + MgATP and inhibited A 0  
binding when the Na concentration was increased above 0.4 
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(Na,K)-ATPase incubated in the presence of NH4. The large 
(150%) decreases in fluorescence required the presence of all 
the above ligands, regardless of their order of addition, and 
occurred with a lag of about 1 min after all the ligands were 
present (Figure 4), which suggests a cooperative process. 
Vanadate could substitute for Pi. When 40 pM vanadate was 
added instead of Pi in experiments similar to thost: shown in 
Figure 4, the fluorescence decrease was slower: 20% decrease 
with t l l z  - 1 1  min followed by an even slower decrease with 
t l12  - 4.5 h (not shown). Similar, although much slower 
(- 12 h), fluorescence decreases were observed upon incuba- 
tion in the absence of Mn when the concentration of vanadate 
was increased to 0.7 mM (not shown). These fluorescence 
changes reflected perturbations of the enzyme by these ligands, 
because the fluorescence of free lucifer was unaffected under 
the above conditions. 

No significant changes in fluorescence anisotropy accom- 
panied the fluorescence changes described above . Difference 
absorption spectra showed that the absorbance of lucifer 
changed less than 6% under conditions that caused about 50% 
decrease in the fluorescence of lucifer-labeled (Na,K)-ATPase 
(incubation with 10 mM Mg + 1 .1  mM Mn + 50 pM vana- 
date at 24 OC for 24 h). Therefore, the decreases in lucifer 
fluorescence, such as those shown in Figure 4, were due to an 
excited-state process that decreased the quantum yield of 
lucifer-labeled (Na,K)-ATPase. 

DISCUSSION 
In this work, A 0  and lucifer were used as probes of the 

cardiac glycoside site and the oligosaccharides of the @-subunit 
of (Na,K)-ATPase, respectively. The main findings were as 
follows: (1) The average distance between the cardiac gly- 
coside site of (Na,K)-ATPase and @-subunit oligosaccharides 
was 47 8,. (2) This distance was the same when A 0  was 
bound with ATP or Pi as phosphorylating ligands but increased 
to 49 8, in the presence of vanadate. (3)  Conformational 
changes induced by ligands were not detectable by changes 
in the spectroscopic parameters of lucifer attached to galactose 
residues of the @-subunit. (4) Ligands that cause two-di- 
mensional crystallization of (Na,K)-ATPase quenched the 
fluorescence of lucifer, suggesting that crystallization involves 
extensive @-@ interactions. 

The average distance between A 0  and lucifer was deter- 
mined from the efficiency of energy transfer measured by the 
decrease in the fluorescence lifetime of AO, by quenching of 
A 0  fluorescence, and by sensitized emission of lucifer (Figures 
2 and 3 and Table 11). The agreement between the transfer 
efficiencies determined by the three methods indicates that 
the observed energy transfer involved a homogeneous popu- 
lation of A 0  molecules adjacent to an ensemble of lucifer 
molecules on the @-subunit. The average distance between A 0  
and lucifer was 47 A, and was independent of the lucifer 
stoichiometry over an 1 1-fold range (Table I). These obser- 
vations are consistent with random labeling by lucifer due to 
the similar reactivities of the oxidized galactose residues on 
the @-subunit. The average distance determined by energy 
transfer corresponds to the distance between the A 0  site and 
the center of the lucifer ensemble within one a@ dimer. The 
minimum distance between A 0  and the closest lucifer mole- 
cule was estimated to be 32 8, by assuming that all the ob- 
served transfer occurred between A 0  and a single lucifer 
rnolecule in close proximity. This is a lower limit because all 
the other lucifer-labeled sites would have to be located more 
than 81 8, from the A 0  site to preclude significant energy 
transfer from AO, which seems unlikely. Energy transfer 
between A 0  bound to one a@ dimer and lucifer attached to 

er 
rPase 

FIGURE 4: Effect of Mg, Mn, and Pi on the fluorescence of lucifer- 
labeled (Na,K)-ATPase. Chart tram of two experiments are shown. 
The following additions were made to 25 mM Tes-NH40H buffer 
(pH 6.8) at the times indicated by the arrows: 8.4 rg/mL (Na,- 
K)-ATPase containing 0.52 rM lucifer, 10 mM MgC12, 1 . 1  mM 
MnCI2, and 5 mM Pi-Tris. The temperature was 24 O C .  The gain 
was different for the two experiments. 

M (not shown). These results are consistent with the sug- 
gestion (Fortes & Lee, 1984) that bindings of oligomycin and 
A 0  are mutually exclusive. 

Effect of Ligands on Fluorescence of Lucifer-Labeled 
(Nu,K)-ATPase. We studied the effect of several ligands to 
investigate the possibility that changes in conformation of the 
@-subunit might be detected by changes in lucifer fluorescence. 
The following ligands, and combinations thereof, were tested: 
Na, K, ATP, vanadate, Mg + Pi or Na + MgATP f ouabain, 
and ouabain binding to the enzymevanadate complex. These 
ligands were used in the concentration ranges that have been 
shown to alter proteolytic patterns (Jargensen, 1975; Castro 
& Farley, 1979; Koepsell, 1979) or the fluorescence of various 
probes (Fortes, 1977; Karlish, 1980; Moczydlowski & Fortes, 
1981a; Hegyvary & Jargensen, 1981; Taniguchi et al., 1983; 
Kapakos & Steinberg, 1982; Skou & Esmann, 1981). In 
addition, we tested the effect of K + Mg + ATP, which alters 
the susceptibility of the @-subunit to proteolysis (Lo & Titus, 
1978; Koepsell, 1979). 

None of the above combinations of ligands caused any 
signifcant (> 1 %) changes in the fluorescence of lucifer-labeled 
(Na,K)-ATPase. 

In contrast to the lack of effect of the above ligands, rela- 
tively high concentrations of MgClz or MnC1, decreased the 
fluorescence of lucifer-labeled (Na,K)-ATPase (4% with 10 
mM Mg, 10% with 14 mM Mn, no effect with 1 mM Mn) 
but did not affect the fluorescence of free lucifer in solution. 
These fluorescence decreases did not saturate with up to 25 
mM MgC12 and were not detected at high ionic strength 
(buffered 2.5 M NaCl or 2.5 M tetramethylammonium 
chloiide). Since Mn and Mg bind to catalytic sites in 
(Na,K)-ATPase with KD in the 1 MM to 1 mM range (Gris- 
ham & Mildvan, 1974; Moczydlowski & Fortes, 1980), it is 
unlikely that the decreases in lucifer fluorescence were due 
to interaction of Mg or Mn with functional sites of the enzyme. 

Significant changes in the fluorescence of lucifer-labeled 
(Na,K)-ATPase were observed after the addition of ligand 
combinations known to induce crystallization of (Na,K)-AT- 
Pase in the plane of the membrane (Skriver et al., 1981; 
Zampighi et al., 1984; Mohraz et al., 1985). Figure 4 shows 
two representative traces of the time course of the fluorescence 
changes after addition of Mn, Mg, and Pi to lucifer-labeled 
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the @-subunit of another a@ dimer is unlikely to have been 
significant because the distance of closest approach between 
two a@ dimers is about twice the Ro value of 29 A (Moc- 
zydlowski & Fortes, 1981c; Hebert et al., 1985; Ovchinnikov 
et al., 1985). 

Uncertainties in the distance estimate arise mainly from 
errors in the orientation factor, K ~ ,  and in the lucifer stoi- 
chiometry. Steady-state and time-dependent anisotropy 
measurements showed that both A 0  and lucifer undergo 
significant motions within the lifetime of the excited state of 
AO. In such cases, the assumption of a random orientation 
between probes (i.e., K~ = 2/3) leads to errors of less than 10% 
in the estimated distance, particularly when multiple mobile 
acceptors are present (Dale & Eisinger, 1975; Haas et al., 
1978; Stryer, 1978). The lucifer stoichiometry was determined 
by assuming that the protein mass of an a@ dimer is 180000 
daltons. This was an overestimate, to account for the presence 
of contaminating peptides in the preparation. Recent data on 
the amino acid sequences of the a- and @-subunits indicate 
that the protein mass of a pure a@ dimer is about 147000 
daltons (Shull et al., 1985; Kawakami et al., 1985; Noguchi 
et al., 1986). If the lucifer stoichiometry is calculated with 
the latter value, the estimated average distance between the 
A 0  site and the lucifer ensemble increases from 47 to 49 A. 
Thus, the uncertainties in the estimated distance are 2-4 A 
smaller than the size of the lucifer molecule and the distances 
between lucifer molecules on the same @-subunit. 

If we assume that the average distance (47 A) between A 0  
and lucifer is the hypotenuse of a triangle, that the A 0  site 
is located at or near the surface of the membrane, and that 
the side of the triangle in the plane of the membrane has a 
length of 15-30 A (Moczydlowski & Fortes, 1981c; Hall & 
Ruoho, 1980; Herbert et al., 1985; Ovchinnikov et al., 1985), 
then the distance between the center of the lucifer ensemble 
and the membrane surface, in the axis perpendicular to the 
bilayer, is 36-45 A. This relatively long distance is consistent 
with the spectroscopic parameters of lucifer, which suggest 
that the probes attached to the &subunit are in an aqueous 
environment (Lee & Fortes, 1985a). Furthermore, since the 
distance between the ouabain site and the ATP site or sulf- 
hydryl groups on the a-subunit is about 70 A (Jesaitis & 
Fortes, 1980; Fortes et al., 1981; Carilli et al., 1982), the 
overall length of (Na,K)-ATPase in the axis perpendicular to 
the membrane, given by the sum of these distances, is - 110 
A, in agreement with the distance between ricin binding sites 
and the cytoplasmic edge of the protein determined by electron 
microscopy (Zampighi et al., 1984). On the basis of these 
results, and others (Moczydlowski & Fortes, 1981c), we 
suggest that the ATP site is at or near the cytoplasmic surface 
of the a-subunit. 

No difference in the efficiency of energy transfer was ob- 
served when A 0  was bound with either Mg + Pi or MgATP 
+ Na (Table 11), suggesting that the AO-(Na,K)-ATPase 
complexes formed with these ligands had the same confor- 
mation. This is not unexpected, because both of these ligand 
combinations are thought to shift the enzyme to the same 
intermediate form, E2P (Post et al., 1969; Sen et al., 1969; 
Yoda & Yoda, 1982). Thus, the differences in cardiac gly- 
coside binding kinetics between the complexes formed with 
ATP or Pi [see Forbush (1983) add Hansen (1984) for review] 
may not reflect significant conformational changes, or if they 
do, they do not include detectable changes in the distance 
between the ouabain site and @-subunit oligosaccharides. 

A small, but significant, decrease in the efficiency of energy 
transfer was observed in the presence of Mg + vanadate (Table 

11, donor quenching). This change in energy-transfer efficiency 
was not due to changes caused by Mg + vanadate in the 
quantum yield of AO, in the absorbance of lucifer, nor in the 
anisotropy of the probes. Therefore, the change reflects an 
increase of 2 A in the average distance between A 0  and lucifer 
when the enzyme-A0 complex was formed with vanadate 
compared with the phosphorylating ligands (Table 11). 
Conformational differences between the A 0  complexes in- 
duced by the above ligands are not likely to involve motions 
larger than a few angstroms, which suggests that the small 
change observed does reflect a difference in conformation 
between these AO-(Na,K)-ATPase complexes. In addition, 
the labeled oligosaccharides are attached to at least two dif- 
ferent sites on the @-subunit (Chin, 1985), so that relative 
motion of A 0  away from one of these sites could decrease the 
distance between A 0  and the other site, partially canceling 
the change in energy-transfer efficiency. Therefore, the 2-A 
increase in distance is a low estimate of the magnitude of the 
difference in conformation between the A 0  complexes formed 
with vanadate and the phosphorylating ligands. It has been 
proposed that vanadate is a transition-state analogue of 
phosphate in (Na,K)-ATPase (Cantley et al., 1978) and other 
enzymes (Lindquist et al., 1973; Van Etten et al., 1974; Lopez 
et al., 1976). An interesting possibility is that the A 0  complex 
in the presence of vanadate reflects the conformation of the 
transition state during which the aspartyl-phosphate bond at 
the active site (Bastide et al., 1973) is being formed or broken, 
whereas in the presence of ATP or Pi the conformation of the 
A 0  complex corresponds to that of the E2P state (Post et al., 
1969; Sen et al., 1969). Then, the change in energy transfer 
would reflect the difference between these conformations in 
the plane connecting the ouabain site and the lucifer-labeled 
oligosaccharides. 

The lack of effect on lucifer fluorescence of various ligands 
of (Na,K)-ATPase that alter the conformation of the a-subunit 
does not exclude the possibility that the @-subunit undergoes 
conformational changes. First, as mentioned above, the sites 
labeled with lucifer are about 40 A from the membrane surface 
and in an aqueous environment. Conformation changes in the 
protein portion of the @-subunit may not be transmitted over 
such a distance. Second, even if they did, motions of lucifer 
from one aqueous environment to another would not cause a 
change in fluorescence. On the other hand, it is unlikely that 
the @-subunit plays an active role in ion pumping because other 
ion-transporting ATPases have similar mechanisms and se- 
quences that are highly homologous with that of the a-subunit 
(MacLennan et al., 1985; Walderhaug et al., 1985; Goor- 
maghtigh et al., 1986) but lack the equivalent of the @-subunit. 

The ligand conditions that decreased the fluorescence of 
lucifer-labeled (Na,K)-ATPase (Figure 4) are known to induce 
formation of two-dimensional crystals of (Na,K)-ATPase 
(Skriver et al., 1981; Zampighi et al., 1984; Mohraz et al., 
1985). In addition, the rapid decrease in the fluorescence of 
lucifer-labeled (Na,K)-ATPase in the presence of Mg + Mn 
+ Pi correlates with the rapid formation of enzyme crystals 
(complete in less than 1 h) in the same medium (Zampighi 
et al., 1984), whereas the slow decrease in fluorescence in the 
presence of Mg + vanadate f Mn correlates with the slow 
formation of enzyme crystals observed over a period of several 
days at low temperature (Skriver et al., 1981). 

These results suggest that the fluorescence of lucifer-labeled 
oligosaccharides may be sensitive to environmental changes 
induced by two-dimensional crystallization of (Na,K)-ATPase, 
possibly through @-@ interactions within the crystals. Although 
no attempt was made to correlate the decrease in fluorescence 
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with crystallization, further study of this effect may provide 
a spectroscopic means to monitor crystallization of (Na,- 
K)-ATPase. 
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Binding and Hydrolysis of ATP by Cardiac Myosin Subfragment 1: Effect of 
Solution Parameters on Transient Kinetics? 
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ABSTRACT: Transient kinetic data of ATP binding and cleavage by cardiac myosin subfragment 1 (Sl) were 
obtained by fluorescence stopped flow and analyzed by using computer modeling based on a consecutive, 
reversible two-step mechanism: 

K''12 ' M1-ATP 'k2l, M12.ADP.Pi 
k2l k32 

Mo + ATP, 

where M1 and M12 denote myosin species with enhanced fluorescence and K b  = Ko/(Ko[ATP] + 1). The 
kinetic constants KO, k12, k23, and k32 and the fractional contributions of M1 and M12 to the total fluorescence 
are analyzed over a range of systematically varied solution parameters. The initial ATP binding equilibrium 
(KO), which decreases with increasing pH, is facilitated by a positively charged protein residue with a pK 
of 7.1. An active-site charge of + 1.5 is determined from the ionic strength dependence. The rate constants 
k12, k23, and k32 also exhibit pKs  near neutrality but increase with increasing pH. The majority of the large 
(-54 kJ/mol) negative free energy of ATP binding occurs upon SI isomerization, k12, and a large increase 
in entropy (183 J/kmol a t  15 "C) is associated with the cleavage step. The equilibrium constant for the 
cleavage step, K,, is determined as 3.5 at pH 7.0, 15 O C ,  and 200 mM ionic strength. There are no significant 
changes in fractional contributions to total fluorescence enhancement due to solvent-dependent conformational 
changes of SI in these data. When values for the combined rate constants are calculated and compared 
with those determined by graphical analysis, it is observed that graphical analysis overestimates the binding 
rate constant (KOkl2) by 25% and the hydrolysis rate constant (k23 + k32) by as much as 30%. Comparison 
of these data for cardiac S1 with available data for skeletal S1 indicates that the proteins have similar 
combined rate constants except for KOk12, which is approximately 7 times larger for skeletal S1. As the 
two proteins' electrostatic dependencies are similar, a steric constraint to nucleotide binding in the cardiac 
SI relative to the skeletal S1 is postulated. 

%e mechanism of ATP binding and hydrolysis by myosin 
and its catalytic subfragment 1 (Sl)' consists of at least three 
steps: (a) formation of a collision complex in rapid equilibrium 
with reactants followed by (b) an essentially irreversible 
conformational change resulting in an enhancement of 
fluorescence and (c) the rate-limiting step in which the y- 
phosphate bond is cleaved, resulting in an additional 
fluorescence enhancement (Bagshaw & Trentham, 1974; 
Johnson & Taylor, 1978). This is given by the expression: 

Mo + T 2 Mo-T & M1.T & Ml2*D-Pi (1) 
k2 I k32 

where Mo is myosin SI, MI and MI2 denote S1 with enhanced 
fluorescence, and T, D, and Pi refer to ATP, ADP, and in- 
organic phosphate, respectively. The product release steps can 
be considered separately from binding and hydrolysis as the 
first step in eq 2 is the overall rate-limiting step (Bagshaw & 

M12.D-Pi '.. MI2.D + 
Kl, Pi - M1.D 2 Mo.D 2 Mo + D (2) 

Trentham, 1974; Johnson & Taylor, 1978) and is quite slow 
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Abbreviations: S1, myosin subfragment 1 ;  BTP, 1,3-bis[[tris(hy- 
droxymethyl)methyl]amino] propane; DTT, dithiothreitol; HMM, heavy 
meromyosin; MES, 2-(N-morpholino)ethanesulfonic acid; HPLC, high- 
performance liquid chromatography. 
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