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A method is described for studying the coupling ratio of the N a + / K  + pump, i.e., the ratio of pump-mediated fluxes of 
Na + and K +, in a reconstituted system. The method is based on the comparison of the pump-generated current with the 
rate of K + transport. Na+/K+-ATPase from kidney is incorporated into the membrane of artificial lipid vesicles; 
ATPase molecules with outward-oriented S, TP-binding site are activated by addition of ATP to the medium. Using 
oxonol V! as a potential-sensitive dye for measuring transmembrane voltage, the pump current is determined from the 
change of voltage with time t. in a second set of experiments, the membrane is made selectively K +.permeable by 
addition of valinomycin, so that the membrane v,Jltage U is equal to the Nernst potential of K +. Under this condition, 
dU/dt reflects the change of intravegicular K + concentration and thus the fl~.x of K +. Values of the N a + / K  + coupling 
ratio determined in this way are close to 1.5 in the experimental range (10-75 mM) of extravesicular (cytoplasmic) Na + 
concentrations. 

Introduction 

The Na+/K + pump in the plasma membrane of 
animal cells utiliTeS free energy derived from ATP hy- 
drolysis for extrusion of sodium and uptake of potas- 
sium [1-7]. In most systems studied so far, active ion 
transport mediated by the Na +/K + pump is associated 
with net inward movement of positive charge [8-11], 
indicating that the Na+ /K + coupling ratio exceeds 
unity. The coupling ratio is defined as the ratio of the 
pump-raediated net fluxes, Jrq.p and Jg,p, of sodium 
and potassium. Several investigations have shown that 
in erythrocytes the coupling ratio is close to 3:2 at 
physiological ion concentrations [12-16,78]. In other 
preparations, such as squid giant axon [17-22], muscle 
fibres [23-34] and epithelia [35,36], the interpretation of 
the experimeat',d results is less clear, and it is possible 
that the coupling ratio varies with the ionic conditions. 
A variable coupling ratio may be expected, for instance, 
when the pump is able to accep~ Na ÷ instead of K + in 
part of the catalytic cycle. In fact, in the absence of K + 
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and in the presence of Na + in the extracelhlar medium, 
the pump carries out ATP-driven (net) extrusion of 
Na +, albeit a low rate [37-40]. This transport mode 
(which corresponds to a nominally infinite N a + / K  + 
coupling ratio) probably results from a 'potassium-like' 
effect of sodium at the extracellular ion-binding sites 
[6]. Conversely, it is feasible that a low intracellular 
Na + concentration, transport cycles occasionally occur 
in which the protein undergoes the E~ ~ E2 conforma- 
tional transition with less than three Na + ions bound. A 
decrease of N a + / K  + coupling ratio at low Na + con- 
centrations has been observed with membrane vesicles 
derived from erythrocytes [79]. 

For investigating the Na+ /K  + pump, reconstituted 
lipid vesicles [40-47] offer distinct advantages com- 
p0acd to intact cells which always contain additional 
transport pathways for Na + and K +. Most ion flux 
studies with reconstituted vesicles have been clone in the 
past using radioactive isotopes. The common version of 
the isotope method requires separation of the vesicles 
from the external medium by filtration or gel chro- 
matography. Since the time resolution of this technique 
is of the order of seconds [49], an accurate determina- 
tion of initial transport rates is difficult. A rapid sam- 
piing method based on pressure filtration has been 
developed by Forbush [50]. This technique yields sam- 
piing times of the order of 10 ms, but requires high 
pump densities in the membrane which are not easily 
achieved wilh reconstituted vesicles. 
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A fast and sensitive method for studying pumping 
rates in reconstituted vesicles consists in recording opti- 
cal signals associated with ion fluxes [51-55]. In the 
following, we describe experiments in which the time- 
course of transmembrane voltage U built-up by the 
pump is monitored using the potential-sensitive fluo- 
rescent dye oxonol VI [53]. From the time-derivative of 
U and from the electrical capacitance of the membrane, 
the initial value of the pumping current lp may be 
obtained [55]. in addition to lp, the net pump-mediated 
potassium flux J~r, is determined in parallel experi- 
ments by measuring the valinomycin-induced Nernst 
potential for K + [51]. By comparison of J~: p and Ip ¢x 

f g / ÷  ÷ ( JN .p -  JK.p), the fluxes JN.p and JK,p o a and K 
may be obtained separately. 

Materials and Methods 

Materials 
Dioleoylphosphatidylcholine was obtained from 

Avanti Polar Lipids (Birmingham, AL, U.S.A.), oxonol 
VI (bis(3-propyl-5-oxoisooxazol-4-yl)pentamethine oxo- 
nol) was from Molecular Probes (Junction City, OR, 
U.S.A.), ATP (Sonderqualit~it) and valinomycin from 
Boehringer-Mannheim, vanadate from Ventron (Karls- 
ruhe, F.R.G.). The phospholipid contents were de- 
termined by the Phospholipid B test from Wako Pure 
Chemical Industries, Ltd. (Osaka, Japan). Choline 
sulfate was prepared from choline hydroxide by titra- 
tion with H2SO 4. All other reagents were obtained from 
Merck (analytical grade) (Darmstadt, F.R.G.). Dialysis 
tubing was purchased from Serva (Heidelberg, F.R.G.). 

Enzyme preparation 
Na+/K+-ATPase  was prepared from outer medulla 

of rabbit kidneys using procedure C of Jorgensen [561, 
as described previously [51,57]. This method yields 
purified enzyme in the form of membrane fragments 
containing about 0.6 mg phospholipid and 0.2 mg 
cholesterol per mg protein [5,56]. The specific activity 
was in the range of 1700-2100/~mol P~ per h per mg 
protein at 37" C. 

Preparation of reconstituted vesicles 
The enzyme was solubilized [511 in a solution of 23 

mM sodium cholate in 'buffer H' (30 mM imidazole, 1 
mM L-cysteine, 1 mM EDTA and 5 mM MgSO4; the 
pH was adjusted to 7.2 with H2SO4). The enzyme 
solubilizate was mixed with dioleoylphosphatidylcholine 
solubilized in cholate buffer [51]. 200 tAl of the mixture 
(10 rng lipid and about 0 6  nag protein per ml) were 
transfered to 7-ram dialy,,is tubing and were dialysed 
for 60 h at 4 " C  against buffer H containing various 
concentrations of Na:,SO 4, K2SO4 and choline sulfate. 
The resulting vesicles had an average diameter of 96 
nm + 10 nm [581. The average number of pump mole- 
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cules with outward oriented ATP-binding sites, as de- 
termined by the indocyanine method [51], was about 
n = 4.5. 

Fluorescence measurements 
Fluorescence experiments were carried out in a Per- 

kin Elmer 650-40 fluorescence spectrophotometer. The 
thermostated cuvette holder was equipped with a mag- 
netic stirrer. The excitation wavelength was set to 580 
nm (slit width 20 rim) and the emission wavelength to 
660 nm (slit width 20 rim). The oxonol VI stock solution 
contained 0.03 mM dye in ethanol /water  (1 : 9, v/v).  1 
~al of this solution were added to 1 ml of the medium in 
the cuvette to get a final (total) oxonol concentration of 
30 nM. 

The cuvette was filled with 1 ml buffer and equi- 
librated in the thermostated cuvette holder to the de- 
sired temperature. After measuring the background flu- 
orescence, oxonol VI was added. After the fluorescence 
signal was constant, an aliquot of the vesicle suspension 
was added. Fluorescence changes, A F, caused by ad- 
ditions of reagents were determined as relative changes 
with respect to the fluroescence level, F0, prior to the 
addition. The fluorescence signals were corrected for the 
small dilution effect which was determined separately 
by adding a known amount of buffer solution. If not 
otherwise stated, the experiments were carried out at 
22"C. 

Theory 

Time-course of traasmembrane voltage after addition of 
A TP to the medium 

We consider a vesicle of membrane area A, contain- 
ing n pump molecules with outward-facing ATP bind- 
ing sites (Fig. 1). Addition of ATP to the medium 
generates a pump current ip which is given by 

lp = e0 ( JN,p + JK,p ) ( 1 ) 

e 0 is the elementary charge, and JN.p and JK,p are the 
pump-mediated fluxes of Na + and K+; JN,p and JK.p 
are referred to a single vesicle and are taken to be 
positive for outward translocation. 

If the pump has J, transport sites for Na + and K 
transport sites for K ÷, ana if in a turnover of the pump 
the sodium and potassium sites are always fully oc- 
cupied, then the relations 

JN,p = -- pnV; JK.p = ~,nv (2) 

hold, where n is the number of outward-oriented pump 
molecules per vesicle and v is the turnover rate. In 
general, however, the coupling ratio PNK -~ --JN.p/JK.p 
has to be distinguished from the stoichiometric ratio 
ONK ----- ~/~. Or~K has a fixed value which is determined 
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Fig. 1. Na+/K+-ATPase molecule with outward-facing ATP-binding 
site embedded in the membrane of a lipid vesicle, cN and CK are the 
intravesicular concentrations of Na + and K +, respectively, c~ and 
c~ are the external concentrations and ¢'  and ¢ "  are the electrical 

potentials. 

by the structure of the transport protein; in the case of 
the N a + / K  + pump from erythrocytes it is well estab- 
lished that OsK is equal to 3 / 2  [6]. The coupling ratio 
PSK, on the other hand, may vary according to the 
experimental conditions, as discussed in the introduc- 
tion. 

The total current I through the vesicle membrane 
contains, in addition to Ip, contributions from leakage 
pathways. Denoting the passive (leakage) fluxes of Na + 
and K + by JN,i and Jtci, respectively, the transmem- 
brahe e.rrent I may be rcprcsentcd by 

I ~= Ip + eo(JN, I + J~ t) + k A U  (3) 

k is the specific membrane conductance ( S / m  e) 
accounting for contributions of ionic species other than 
Na + and K ~, A the membrane area and U -  = ¢ ' - ¢ "  
the transmembrane voltage, h may be considered as a 
voltage-independent constant. The dependence of Js,, 
and JK.~ on ion concentration and voltage may be 
described by the Goldman relation [59] 

cs e x p ( u ) -  c~ 
JN,!  ~= PNAu e x p ( u ) - I  (4} 

PxAuC~ e x p ( u ) -  c~ 
J~'~ " exp(u) - I (5) 

¢'-¢" U 
Ug= R T / F  R T / F  (6) 

(compare Fig. 1). PN and PK are the permeability 
coefficients of Na + and K +, R is the gas constant, T 
the absolute temperature and F, here the Faraday con- 

s stant, cN, c~, c [  and c~ are expressed as number of 
particles per unit volume ( '  intravesicular, "extravesic- 
ular). 

The rate of change of "ransmembrane voltage U is 
proportional to the net cunent I and inversely propor- 
tional to the electric capacit,'nce A Cm of the membrane 
(Cm is the membrane capacitance per unit area) 

dU - 1  
dt ACra (7) 

The rate of change of the intravesicular concentrations 
of Na ÷ and K + is given by the sum of pump-mediated 
and leakage fluxes 

dc;, 
- K-'~- -- Js.p + JN~ (8) 

de;, 
-- V i ' - '~ " -  ~- JK ,p  + JK , I  (9) 

V i is the volume of the intravesicular aqueous space. 
The volume V~ of the extravesicular space is assumed to 
be large, so that the concentrations c~ and c~ remain 
v~.rtually constant during the experiment. Eqns. 1-9  
yield the following differential equations for the three 
variables u(t), c~(t) and c[(t)  

_ d_.u.u = [ dt Q Js'P+JK'P+APNuCNexp(u)-c~ 
• exp( u ) - I 

+ APK u c~ exp(eXP(uU) )_- 1 c~ ] + ~mm ku (10) 

dc;~ 
- V i ~  = Jrq.p + APrqu 

CN' exp( u ) - CN" 
exp(u) - I 

(11) 

dc~ ' exp(u)- c~ 
-- Vi "-~ ~- JK.p + APKU CKexp( U ) -- I (12) 

Q =- e o F / R T A C  m (13) 

1/Q is the number of elementary charges required to 
charge the membrane capacitance AC m to the voltage 
R T / F  m 7.5 mV; for a spherical veslcle of radius r = 50 
nm and with a specific membrane capacitance Cm--" 1 
p F / c m  2, the relation I /Q  = 49 holds. 

The meaning of Eqns. 10-12 may be illustrated by 
considering numerical solutions. In the example repre- 
sented in Fig. 2, the system is assumed to be symmetric 

" " a n d  u = 0 at  t _< 0) .  at the beginning (c~ = c N, C~C = CK 
At time t -  0, pumps are activated by addition of ATP 
to the medium. The set of curves in Fig. 2 corresponds 
to experiments in which the permeability coefficients 
PK and PN are varied by varying the aqueous valino- 
mycin concentration cyst, assuming that PK and PN are 
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Fig. 2, Predicted time~:ourse o f  transmembrane voltage U after pump 
activation at  l ~= 0 for  different values of ~ aqueo,~s valinomycin 
concentration c'v~. U(t) was obtained by numerical integration of 
Eqns. 10-12 for spherical vesicles of radius r i = 45 am and membrane 
thickness d = 4 am, using the following parameter values: dN,p -- - 3 
no, JK , t ,=2  nv, n=5 ,  0,=121 s - l ,  C m = I / I F / e r a  2, h = 0 ,  Tffi293 
K, Affi4vt(ri + d), Vi ~(4~r/3)r~,  ar~ ffi60 e r a . M - t - s - ~ ,  ar~=O.09 
c m . M - L s  - t ,  bK ~ 1 0 - °  c m ' s  - t ,  b~ = 8 " 1 0  -~° cm,s  -~. The initial 
conditions were chosen to be c~=c~" "--- 25 raM, c~ = c~ ffi 125 raM, 

U---0. 

a [60,611 in the following way linearly related to c~,,t 

Pv. = a t,:c~ + b ~: 0¢) 

a PN = aNc~ + b~ (15) 

bz and b N account for the valinomycin-independent 
ion permeabilities of the vesicle membrane. The 
numerical simulations; represented in Fig. 2 were carried 
out with the folto~ving parameter values: a s ffi 60 M - t 
c m . s  - j ,  aN ~0.09 M - ~ , c m  s -1, bK= 10-9 c m . s  - t  
and b N - - 8 . 1 0  - t °  c m . s  - l .  Similar values were used 
later for numerical fits to voltage signals observed in 
vesicle experiments. 

It is seen from Fig. 2 that in the absence of 
valinomycin the voltage signal rises steeply, reflecting 
the electrogenic action of the pump. According to Eqn. 
10, the initial slope of U(t) is independent of 
vaiinomycin concentration and is given by 

d ~ "  e o  (I6) 

Eqn. 16 is obtained from Eqn. 10 by introducing the 
t #t • ~'¢ conditions u=,e,  c N=cN and c K--c  a ~t t ~ 0 .  At 

finite valinomycin concentrations carat, the fast initial 
rise is followed by a slower voltage increase resulting 
from the quasistationary build-up of a K+coneentra - 
tion gradient. At large values of eva t,a the initial slope 
predicted by Eqn. 16 is only marginally visible. !n the 
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limit of large ca~,, the membrane voltage U approaches 
the Nernst potential E K for potassium 

CK 
U ~ Ev. = In---r (17) 

CK 

For eva t ~ o0 the membrane is short-circuited by the 
high K+-permeability, so that the net inward flow of 
charge through the pump, -eo(JN.r+dw.p), is c, cm- 
pensated by a valinomycin-mediated efflux of K +. I'his 
means that the relation JN,o + J~p ~- i~,' holds. Under 
this condition Eqn. 9 reduces to 

de;, 

From Eqn. 17 the rate of voltage change at high 
valinomycin concentration is given by d U / d t =  
- ( R T / F c ' K )  dc'~/dt (since c~. is nearly constant). 
Together with Eqn. 18 one obtains 

dU RT JN,p 
. . . .  (19) 

This equation holds for times t larger than the brief 
charging time "r c C~/ht  Cm/hk z ,, = ~- = RTCm/F PK c~,. 
At a potassium concentration of 50 mM and a 
valinomycin concentration of 1 nM, )t t< may be esti- 
mated to be about 3 #S /cm 2 for ak "- 60 M -~" cm- s -~ 
yielding (with C m ~ 1 # F / c m  2) ~, = 0.3 s. This means, 
since % is of the same order or smaller as the mixing 
time after addition of ATP, that the true initial slope of 
U predicted by Eqn. 16 is barely visible at valinomycin 
concentrations larger than about 1 nM. instead, from 
U(t) an apparent 'initial' slope H,~ for large valinomy- 
cin concentration (ca~i --' ~ )  is obtained by extrapolat- 
ing d U / d t  from times t > "re back to t --- 0 (compare Fig. 
~.,,.'~ tnscrdng ihc iaidal concentratton c'K(t =0)  = cK.o' 
into Eqn. 19, the extrapolated initial slope of U(t) 
becomes 

dU) RT Js.p 
, ( c ~ -, ~ )  (20) 

~7 ,-,o F V, cK,o 

According to Eqns. 16 and 20. the coupling ratio Psa  is 
given by 

JNp ( 1 Ho) '~ 
PNK -- -- ' ~ t - -  , " 

JK,p c K,oViQ H~ 
(21) 

Eqn. 21 relates the coupling ratio ONK tO the experimen- 
tal quantities H0 and H~ which are given by the initial 
slopes of U(t) at vanishing and at high valinomycin 
concentratina, respectively. Since the accurate de- 
termination of initial slopes may be difficult, it is some- 
times preferable evaluating #r~K by fitti~,g Eqns. 10-12 
to a more extended portion of U(t) in the vicinity of 
t - 0. The fitting procedure which has been ased for the 
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analysis of the experimental results also accounts for 
vesicle heterogeneity, az will be discussed in the follow- 
ing. 

Inf luence  o f  ves ic le  he terogene i ty  

Since vesicle formation and incorporation of protein 
molecules by detergent dialysis is a stochastic process, 
the resulting vesicle population is heterogeneous wi,h 
respect to vesicle diameter and numbe," of outward-ori- 
ented pumps per vesicle. A vesicle with a large number 
n of functional pumps will exhibit a faster rise of 
voltage than vesicles with smaller n. To account for 
vesicle heterogeneity in the analysis of optical signals, 
the following method can be used [62]. We assume that 
the vesicle radii approximately exhibit a Gaussian dis- 
tribution p( r )  with mean radius ~ and half-width o: 

I ( ( r - P )  2 ) 
o(r) = 2-~o-o exp 202 (22) 

o 2 = (r  - ~)z (23) 

We further assume that the number n of functionally- 
oriented pump molecules in a vesicle obeys a Poisson 
distribution and that the average value of n is propor- 
tional to the area A = 4~rr 2 of the vesicle membrane. 
The assumption of a Poisson distribution is supported 
by a recent statistical analysis of electron-microscopic 
pictures of reconstituted vesicles [63]. The probability 
P(n, r) that a vesicle of radius r contains n functionally 
oriented pumps is equal to 

(~)" exp(- if) 
P(n, r)-~ n! (24) 

~ ( r )  = 4 r r r 2 x  

X is the average surface density of outward-oriented 
pump molecules. 

The o'-served fluorescence intensity F (corrected for 
the smah background fluorescence ef oxonol dissolved 
in the aqueous phase) c,,n be represented as the sum of 
contributions of individual vesicles. In the following, we 
dcnote the contribution of the j-th vesicle to F(t) by 
and the value of fj at voltage U = 0 by fj0. The ratio 
f~/fj0 is then a well-defined function of U which may 
be determined by calibration [53]: 

/, 
/,o w(v~ (2s) 

The experimental quantity of interest is the ratio S(t)  = 
F ( t ) / F  o, where F 0 is the value of F at zero voltage. 
S(t)  is given by 

= I v ,  t 
(26) 

The ratio fjo/Fo is equal to A;/A, ,  where A, is the 
surface area of the j-th vesicle and A t the total" surface 
area of the suspension. Thus, 

To carry out the summation in Eqn. 27, the vesicle 
population is subdivided into discrete classes. For in- 
stance, class (k ,n )  contains all vesicles with radii be- 
tween r k and r k + d r  having exactly n functionally-ori- 
ented pumps. The number of vesicles in each class is 
given by Eqns. 22 and 24. With A = 4~rr~, Eqn. 27 then 
becomes 

49 
S(t ) = T y;~_.P( n, k )r~p( rk )w[ U( k, n. t )lAr~ 

t n k 
(28) 

For the evaluation of S(t),  U(k, n, t) is calculated as a 
function of time t for given values of n and k by 
numerical integration of Eqn. 10 or Eqn. A-7. 

Resu l t s  

Response time of the potential-sensitive dye 
Previous studies of the mechanism of voltage-induced 

fluorescence changes of oxonol VI indicate that creation 
of an inside-positive potential leads to uptake of the 
anionic dye into the intravesicular space and to en- 
hanced partitioning into the lipid membrane [53,64-67]. 
A prerequisite for an accurate measurement of time-de- 
pendent voltage changes is a sufficiently short response 
time of the dye. In experiments with bacterial chro- 
matophores, oxonol VI was found to respond in the 
time range of milliseconds to light-induced changes of 
membrane potential [64]. In order to get information on 
the response time under the conditions of our vesicle 
studies, we have carried out a series of stopped-flow 
experiments. In these experiments which will be de- 
scribed in detail elsewhere [691, a suspension of vesicles 
equilibrated with oxonol VI, valinomycin and 2.5 mM 
K2SO 4 was rapidly mixed with a 75 mM K2SO 4 solu- 
tion. in this way a Nernst potential for K + of about 66 
mV ~vas generated within ---10 ms. After mixing, a 
fluorescence increase exhibiting a nearly exponential 
time-course with a time constant I- of about 290 ms was 
observed. Since r is shorter than the rise time of the 
fluorescence signal in the experiments with recon- 
stituted Na+/K+-ATPase (see below), effects of the 
finite response time of the dye are small. In the analysis 
of the experimental results, the influence of finite re- 
sponse time has been accounted for by the method 
described in Appendix A. 

Fluorescence signals associated with pump activity 
The time-course of fluorescence intensity in an ex- 

periment with reconstituted lipid vesicles containing 
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120 n'~ I~" \ 120 mM No" t 

ves/cles 

time -,,- 
Fig. 3. Fluorescence signal associated with the generation of an 
insidv.positive membrane potential after activation of the Na + /K + 
pump. 30 nM oxonol, vesicles (8 / Jg / cm J lipid), 250 #M ATP and 2 
mM vanadate were successively added to buffer H containing 120 
mM Na + and 30 mM K +. The vesicles were prepared with buffer H 
containing 120 mM Na + and 30 mM K +. F is the fluor:scence 
intensity. The temperature was 18.1 ° C. The a~rage  number of pump 
molecules per vesicle with outward-facing ATP-binding site was ap- 

proximately 4.5. 

Na+/K+-ATPas¢ is represented in Fig. 3. After ad- 
dition of vesicles to a solution of oxonol VI in buffer, 
the fluorescence increases as a result of dye binding to 
the lipid [53]. Activation of outward-oriented pump 
molecules by addition of ATP to the medium leads to a 
time-dependent fluorescence increase, corresponding to 
the generation of an inside-positive membrane potential 
[53]. As ~,hown previously [53,64-67], this fluorescence 
increase results from increased partitioning of nega- 
tively-charged dye molecules into the inne" leaflet of the 
lipid bilayer. When the pump is inhibiteu by addition of 
vanadate, the fluorescence decreases with a nearly ex- 
ponential time-course (Fig. 3). From the time constant 
, of the fluorescence decay and from the specific mem- 
brane capacitance Cm = 1 #F /cm 2, the specific leakage 
conductance X = C=/,  may be estimated. After cor- 
recting for backtransport of charged d~/e molecules, ), is 
found to be approximately 15 nS/cm 2 under the experi- 
mental conditions of Fig. 3. 

Fluorescence signals have been measured at different 
extravesicular concentrations of Na + (10-75 mM) and 
valinomycin (C~al=0-50 riM). Examples are repre- 
sented in Figs. 4 and 5 in which the average transmem- 
brahe voltage U~ is plotted as a function of time t after 
addition of ATP to the medium, Ua~ was evaluated 
from the fluorescence signal S(t) = F(t)/Fo (compare 
Fig. 3), using the independently-determined fluores- 
cence vs. voltage calibration. The calibration curve was 
obtained from experiments in which a Nemst potential 
for K + was generated in the presence of valinomycin 
and a K+-concentration gradient° as described previ- 
ously [53]. The voltage U~ determined in this way 

150 [ r r I 
I | A cvatlnM 

Ua~ 1 I"~ 1 I 0 
~v ] ~ 2 0t 

100 

50 

0 If~,a'~ I i . . . .  t 

0 ~0 80 120 
tls 

. . . .  
. ~  ! 1 | 

mv B 
1 

4\ 

1oo ~3 

50 , , 5, J 

0 
0 40 80 120 

l ls 

Fig. 4. (A) Transmembrane voltage U~(t) after addition of 0,5 mM 
Mg-ATP to the vesicle suspension at lime t -- 0 (compare Fig. 3). Uav 
is the apl:,aJcnt voltage which is evaluated from the fluorescence signal 
S ( t )  ~ F ( t ) / F  o using the fluorescence vs. voltage calibration carried 
out separately (see text). Ua~ represents an average over the vesicle, 
population. Reconstituted ,,esicles were prepared by cholate dialysis 
for 60 h against buffer H containing 125 mM Na + and 25 mM K + 
(as sulfates). Thereafter the vesicles were equilibrated with buffer H 
containing 100 mM choline +. 25 mM Na + and 25 mM K + (as 
sulfates) by dialysis for further 48 h. Choline was used to keep the 
ionic strength constant. In separate control experiments using ~4C- 
iabeled sulfate, choline was found to equilibrate with the vesicle 
interior within a few hours. The two-stage procedure for the inclusion 
of choline was necessary since choline inactivated the enzyme when 
added prior to vesicle formation. Vesicles (final concentration about 
6.6 mg lipid per cm 3) were diluted into buffer H containing 25 mM 
K +, 75 mM Na + and 50 mM choline +, The concentration of oxonol 
Vi was 30 nM. c,~al is the total concentration of valinomycin in the 
vesicle suspension; at a lipid concentration of 10 # g / c m  ~, the free 
aqueous valinomycin concentration mdy be estimated to be about 
0.91. c~l [60]. The temperature was 22 ° C. 
(B) Numerical simulations of U~,. for the same experimental condi- 
tions as in part (A) of the figure. The simulated curves were obtained 
from Eqns. 11, 12, 14. 15, A-7, A-10 and 28 with the following 
parameter values: Vj = (4,,r/3)ri ~, A = 4~rrr,, r, = 44 nm, r -- 48 rim, 
a g = 6 0  c m . M -  t.s --l, aN = 0.09 c m . M - l . s  - I ,  bg = 10-9 cm.s  - t ,  
b N = 8 ' 1 0 - t ° c m ' s  - l ,  h = 2 n S . c m  -2, C m = l . 0 ~ F ' c m  -2, k o = l /  
(2"r)=O.34s - l ,  f l = 5 . 1 0 - 3 c m ,  c = 3 0 n M ,  p = 0 . 9 ,  c~m =0.91 c,a 1, 
~ = 4 8  nm, o = 1 0  nm, ar--- 4.6 nm, ~ = 4 . 5 ,  v = 5 . 8  s - t .  The imtial 
conditions (t = 0) were: c~ = 25 raM, c~ = 75 mM, c~ = c~ = 25 
raM, u---0. For the conversion of S ( t )  (Eqn. 28) into U,,( t ) ,  the 

independently determined calibration curve was used (Ref. 53). 
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represents an average over the vesicle population, since 
individual vesicles differ in size and in the number of 
pump molecules and therefore exhibit different rates of 
voltage change. For the moment, U~ may be considered 
as a phenomenological quantity for the representation 
of the experimental results; it will be discussed later 
how information on the ion fluxes JN.p and JK,p can be 
obtained from the time-course of U,v. 

It is seen from Fig. 4A that in the absence of 
valinomycin U~ exhibits a fast rise towards a maximal 
value, followed by a slower decline. This decline results 
from the decrease of intravesicular potassium con- 
centration, as K + is extruded after activation of the 
pump. A similar time-course of Ua~ is observed in the 

5 0  i . . . .  • r t . . . . . . . . .  

~o 
/ o  

l 
30 • f ~---"cva,: 01 r~M 
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2O 
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O =. , ..... , t . 
0 5 10 15 20 25 

i l s  

,U~, 20ram No + 
mV 20 0 / I 

15 : 

0 5 10 15 20 25 
l l s  

Fig, 5. Transmembrar~e voltage Ua~ as a function of time t for 
different concentrations of va!inomycin (0, 0.1, 1, 10 and 50 nM). The 

s s  initial ionic concentrations were: c~ c~ 75 mM, ' " =  25 ~= C K ~ C K 

mM (A) and c~ = c ~  = 20 raM, c~ = c~ = 25 mM (B). The total 
concentration of (K + +Na + +choline + ) was 150 raM. The other 
experimental conditions were the same as in Fig. 4A. Fig. 5A is 
replotted from Fig. 4A at a different time-scale. The dotted lines have 
been obtained by numerical simulation using the parameter values 
given in the legend of Fig. 4, except for bg - -6 -10  -9 cm.s - l ,  

b N = 6  10-1°cm.s -l .  

TABLE I 

Initial slopes H o and H~ oj transmembrane voltage (Eqns. 16 and 20~ 
and coupling ratio p.vx ~ - JN.p /Jr .r  for different extravesicular sodium 
concentrations c~ 

r t  

Apart from c~, the experimental conditions were the same as de- 
scribed in the legend of Fig. g. For the quantity c[.oViQ in Eqn. 21, a 
value of 127 was used (see text). The error limits indicate the uncer- 
tainty in the determination of the initial slope (H  0 and H~) of U,,~. 
The parameter values used in the simulation are given in the legend of 
Fig. 5. 

c;~ /'/o u® //o///~ 
(raM) (mV/s)  (mV/s)  

P N K  

from H O/H~ by 
(Eqn. 21) simulation 

10 2.86 0.06 46 (5:7) 1.57(±0.24) 1.57 
15 7.1 0.14 52(±13)  1.69(+0.43) 1.57 
20 8.3 0.18 47 (+7)  1.57(+0.24) 1.57 
30 13.8 0.27 51 ( ± 12) 1.67 (5: 0.41) 1.56 
75 16.0 0.39 41 (±8)  1.48 (5:0.29) 1.50 

presence of valinomycin, but with a slower rise. lifts 
has to be expected, since in the absence of valinomycin 
the voltage rise results from the electrogenic effect of 
the pump, whereas at high valinomycin concentration, 
the voltage is determined by the Nernst potential for 
K + and reflects the slow change of intravesicular K + 
concentration. In the limit of large valinomycin con- 
centration cv~,, the slope of U~,~ at t -  0 becomes inde- 
pendent of cv~. This behaviour of U,v is more clearly 
seen from Fig. 5 in which U,v is plotted for small values 
of t on an expanded scale. 

Values of the initial slopes, Ho and H~o, of Uav(t)  in 
the limits of zero and high valinomycin concentration 
are given in Table I for different extravesicul-,r Na + 
concentrations c~. Both Ho and Ho0 decrease with 
decreasing c~, reflecting the dependence of turnover 
rate on sodium concentra~.ion [52], but the ratio H o / H ~  
remains nearly constant. 

According to Eqn. 21, the coupling ratio PNg = 
--JN,p//JK, p may be evaluated from the experimental 
values of H o / H  ~.  T h e  product c~:,0V i in Eqn. 21 is the 
number of K + ions initially present in the intravesicular 
aqueous space. In previous light-scattering experiments 
[58], the average external radius of reconstituted 
Na+/K+-ATPase vesicles, prepared by cholate dialysis 
under similar conditions as in this study, has been 
determined to be r --- 48 nm. Nearly the same value has 
been obtained from electron microscopy [70~ With a 
membrane thickness of d = 4 nm, the volume of the 
intravesicular space becomes V i = (4~/3)ri 3 = 3.6.10-t6 
cm 3, where r~-  r -  d = 44 nm is the internal radius of 
the vesicle. In the experiments of Fig. 4, the initial K + 
concentration was the same inside and outside the 

p t #  . . .  vesicles and was equal to 25 mM. This gives Cg.o - cg  

1.51- 10tgcm-3, so that c~:.0Vi --- 5370. With a value of 
A = 4~rrr~ -- 2.7.10- to  cm z for the average membrane 



area of a vesicle and with a specific capacitance of 
Cm--" 1.0 # F / c m  2, the quantity Q (Eqn. 13) becomes 
equal to 0.024, which yields C~.oViQ = 127. Values of 
the coupling ratio ONK which are obtained in this way 
are given in Table I. Pr~K is found to be close to 1.5, i.e., 
close to the value predicted for a pump with a 
stoichiometry of 3 Na + :2 K + operating with fully 
occupied binding sites. 

The values of PNK given in Table I are subjected to 
uncertainties ,'c~sulting from errors in the determination 
of the initial slope of U~(t). The error introduced in 
this way is largest at low Na + concentrations where H~, 
is small. Absolute error limits corresponding to the 
uncertainty in the slope of U,,,, axe given in Table i 
together with the values of H0, H~ and Pr~K- Other 
errors result from the estimated average vesicle radius 
which is required for the evaluation of the quantities 
V i or. r~ and Q = e o F / R T A C  m ~ 1/rr  i in Eqn. 21. How- 
ever, since QV i is approximately proportional to the 
first power of r~, errors in the vesicle radius influence 
the value of O NK only weakly. More serious sources of 
error consist in the heterogeneit), of the vesicle popula- 
tion and in the effects of charge transport associated 
with voltage-induced redistribution of dye molecules. 
Accounting for these error sources requires numerical 
integration of the rate equations, as will be discussed in 
the next section. 

Analysis of  fluorescence signals 
A more accurate evaluation of the coupling ratio PNK 

is possible by fitting the rate equations derived in the 
theoretical part of the paper to the experimentally ob- 
served fluerescence signals. For this purpose, Eqn. 10 
which is independent of the nature of the voltage-sensi- 
tive dye ha~ to be modified by addition ot" a term 
describing the contribution of oxonol VI redistribution 
to the overall charge translocation across the vesicle 
membrane. The necessity for such a correction term can 
be seen in the following way. 

If pump molecules translocate -4nq net charges across 
the vesicle membrane, a transmembrane voltage AU = 
eoAnq/AC m is built up. Since the negatively-charged 
oxonol molecules distribute between intravesicular aqe- 
pus space and external medium according t,~ a Nernst 
equilibrium 153], the relation AU = (RT/F) In[ (c  + 
Ac)/c] holds, where c and c + Ac are the extra- and 
intravesicular aqueous concentrations of the d3~e. 
Accordingly, for small Anq, Z~C is equal to c[exp(FAU/ 
R T )  - 1] ~ FAU/RT  = QcAnq. Denoting the interfacial 
concentrations (cm-2) of adsorbed dye molecules at the 
outer and the inner leaflet of the membrane by N and 
N + AN, respectively, the increment AN is given by 
A N  =flAc, where fl is the partition coefficient of the 
dye. Since for the establishment of the Nernst equi- 
librium, An = A A N  + ViAc = (Aft  + Vi)Ac dye mole- 
cules must cross the membrane, the relation An/Anq  = 
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Q(Afl  + Vi)c holds. With Q = 0.024, r i = 44 nm, A = 
4~rri, Vi = (4~'/3)ri 3 and ,8 = 5 .10-3  cm [53], the ratio 
An/Anq becomes about 0.6 for an aqueous dye con- 
centration of c = 30 nM. This means that dye redistri- 
bution is not negligible under the given experimental 
conditions. 

The modification of Eqn. 10 required to account for 
charge translocation by the dye is described in Appen- 
dix A. The treatment given in Appendix A also accounts 
for the equilibration time of oxonol VI, which was 
determined to be about 300 ms from stopped-flow 
experiments [69]. The finite rate of dye translocation 
slows down the rise of the fluorescence signal. Numeri- 
cal simulations show, however, that the effect is small 
under the conditions of our experiments, even at the 
highest rates of voltage change which are observed at 
vanishing valinomycin concentration. 

The analysis of the observed fluorescence signals was 
based on a numerical integration of Eqns. 11, 12, A-7 
and A-10. These equations specify th,~ time-dependent 
quantities c~(t) ,  c'K(t), u(t) and y(t) .  The integration 
was carried out for each vesicle class/k,  n) separately. 
using fixed values of the parameters X, r and o which 
have been determined independently [511. The fluores- 
cence signal S( t )  = F ( t ) / F  o was calculated by summa- 
tion over all vesicle classes according to Eqn. 28. 

Since in the course of the experiment the transmem- 
brane voltage U as well as the intravesicular K ÷ con- 
centration c~ change with time, the dependence of 

J ' t  
turnover rate on U and cK has to be taken into account. 
This was done in the following way. The pump-media- 
ted potassium flux J~:.p was assumed to be dependent 

p~ 

on c~ according to a linear Michaelis-Menten relation 

m a x  C K  

JK.p "- 3K.p " c ~  T ' K  m ~29) 

Ti)e K m value was assumed to be 0.1 mM [51]. To 
account for the voltage dependence of JN.p and JK.p, 
the previously determined current-voltage characteristic 
of the pump in reconstituted vesicles [55] was used. This 
procedure represents only an approximate treatment of 
the voltage- and K+-concentration dependence of the 
turnover rate. However, for the evaluation of Jr~.p and 
JKp only the early phase of the fluorescence signal has 
been used during which c~ and U remain close to their 

J J  p 
initial values cK = cK.0 and U = 0. Foi this rea.-,on the 

I t  exact dependence of turnover rate on cK and U L,, of 
secondary importance. Since the extravesicular (c.ytu- 
plasmic) sodium concentration was varied in different 
experiments, the initial turnover rate of the pump was 
adjusted te fit the initial slope of the voltage signal in 
the absence of valinomycin. The sodium con~entratmn 
dependence of the turnover rate determined in this way 
agrees with the results of previous experiments with 
reconstituted proteoliposomes [52]. 



334 

For the determination of the ion fluxes, estimated 
values of JN.p and JK,p were inserted into Eqns. 10-12, 
and in this way the time-dependent voltage U(n, r.~, t) 
wa~ predicted for a givea class (n,k) of vesicles. Sum- 
mation over all vesicle classes yields a predicted time- 
course S(t)of  the fluorescence signal which, in general, 
differed from the experimentally observed S(t). There- 
after, new values of Js.p and JK.p were chosen, and the 
procedure was repeated until an approximate fit of the 
calculated signal to the experimental function S(t) was 
obtained. 

An example of a numerical integration is shown in 
Fig. 4B in which the time-course of U~, is simulated 
under the experimental conditions of Fig. 4A. It is seen 
that the simulated curves qualitatively agree with the 
experimental results. In particular, the observed decline 
of U~,(t) at large t for low valinomycin concentrations 
is reproduced by the simulation. This decline results 
from a decrease of intravesicular (extracellular) K + 
concentration, leading to a decrease of turnover rate 
and a concomitant decay of transmembrane voltage 
through leakage pathways. At high valinomycin con- 
centration, as K + ions are extruded from the vesicle, a 
Nt~rnst potential for K + is built up. At large times, 
when th'" intravesicular K+-concentration has become 
low and the Na + concentration high, the membrane 
potential is influenced by the permeabilities of both ion 
species (Na + and K +). 

In the simulations represented in Fig. 4B, no attempt 
has been made to obtain an optimal fit to the experi- 
mental Ua,.(t) curves, since the fitting procedure be- 
comes unreliable at large times. For a quantitative 
analysis, only the initial part of the signals has been 
used. The results of such simulations are shown in Fig. 
5. The dashed lines in Fig. 5 have been obtained by 
adjusting JN.p and JK,p at each sodium concentration, 
keeping the other parameters (aK, bK, as, bN, )~) 
constant. Values of ONK = -Js,p/Jg,p determined by 
this way are represented in the last column of Table I. 
The PNK values obtained by simulation agree within the 
limits of experimental error with the values determined 
from HjH~.  

Discussion 

In this paper we have described a method for study- 
ing the coupling ratio PNK ~ --Js.p//JK,p of thc 
Na+/K*-ATPase reconstituted in lipid vesicles. The 
method is based on a comparison of two transport 
rates, the rate of overall charge translocation (the pump 
current) and the rate of K + transport. A variant of this 
technique, consisting in the simultaneous measurement 
of pump current and sodium flux, has been used previ- 
ously for studying the coupling ratio in nerve [71] and 
in muscle fibres [29,31]. In the reconstituted vesicle 
system, the evaluation of transport rates involves de- 

termination of the transmembrane voltage using poten- 
tial-sensitive dyes. Since this requires calibration of the 
optical signal, the method is less direct than measure- 
ment of pump current and ion fluxes. The principal 
advantage of the optical technique is the much higher 
time-resolution (compared to conventional tracer-flux 
experiments) which allows the measurement of trans- 
port rates in the time range of seconds. An intrinsic 
complication of the reconstituted system lies in the fact 
that the vesicle population is heterogeneous with respect 
to vesicle diameter and number of functional pump 
molecules. As shown in this paper, effects of vesicle 
heterogeneity can be eliminated by taking the statistical 
properties of the vesicle population explicitly into 
account [621. 

In the experimental range of cytoplasmic (extravesic- 
ular) sodium concentration (c~ between 10 and 75 
raM), the coupling ratio PNK was found to be constant 
and close to 1.5. This result agrees with previous esti- 
mates of PNg from isotope-flux studies with kidney 
Na*/K+-ATPase reconstituted in lipid vesicles [42,43]. 
Evidence for coupling ratios of --- 1.5 has been obtained 
for the Na Z/K+ pump of erythrocytes [13,72-74], squid 
axon [75,81], muscle [27,76] and oocytes [78] at physio- 
logical ion concentrations. Other experiments with squid 
axon [19], muscle [27,30,31] and erythroctye membrane 
vesicles [79] have shown that the coupling ratio is not 
fixed, but varies with the concentrations of Na + and 
K +. Studies with reconstituted vesicles and erythrocyte 
membrane vesicles indicate that at low cytoplasmic 
sodium concentrations, H + instead of Na* may be 
actively transported by the Na+/K + pu~ip [77,80]. Fur- 
thermore, several investigations .~ave shown that in the 
absence of K ~, the Na+/K + pump can carry out net 
transport of Na + at low rate [6]. 

Appendix A 

Charge trandocation associated with dye redistribution 
The folk,wing analysis is based on the previous dem- 

onstration i53] that the anionic dye oxonol VI behaves 
as a lipoplfilic ion which partitions between water and 
membrane/solution interface [68]. Assuming that parti- 
tion equiIibrium always exists between interface and 
water, the interfacial concentrations N '  and N"  of the 
dye at thz inner and outer interface (Fig. 6) are given by 

N' =gc'; N" :--~c" (A-l) 

/~ is the partition coefficient and c' and the c" are the 
aqueous dye concentrations. For simplicity,//is consid- 
ered to be voltage independent; this assumption implies 
that the adsorption plane coincides with the dielectric 
boundary between lipid and water [53] and thus repre- 
sents an approximation. Neglecting the small contribu- 
tion of the vesicles to the total volume V of the suspen- 
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Fig. 6, Translocation of oxonol Vl across the vesicle membz,~ne, k '  
and k "  are the rate constants for crossing the central barrier, /~ ' and 
N "  the interfacial concentrations of tht dye, c" and c"  the aqueous 
dye concentrations and ~k' and g," t.he electric potentials (' intravesic- 

ular, "extravesicular). 

sion, the following relation ho!ds for the total amount 
n D of the dye: 

n D = c " V +  nvA ( N '  + ,V" )  (A-2) 

n, is the number of vesicles it. the suspension and A the 
membrane area of a single ve ;i,: !e. At equilibrium, prior 
to activation of the pump ( N '  = N "  = N, c"  = c), Eqn. 
A-2 assumes the form 

n o = cV + 2 n vAN (A-3) 

Combination of Eqns. A- l -A-3  yields 

N "  = N ( p  + 1 ) -  p N '  

BnvA #on 
P V + B n v A  ~ d + f l v t  

(A-4) 

(A-5) 

v n is the volume fraction of the lipid in the suspension 
and d the membrane thickness. With fl = 4.8-10 -3 cm 
[53], d =  4 nm and v I -- 10 -3 (~,orresponding to a lipid 
concentration of about 1 m g / c m  3), p becomes equal to 
0.91. 

The movement of dye molecules across the mem- 
brane may be described as a translocation over a sym- 
metrical Eyring barrier [68]. Accordingly, the translo- 
cation rate constants k '  and k "  (Fig. 6) are given by 
(with u =  F(  d/  - L k " ) / R T )  

k '  = ko e x p ( -  u /2 ) ;  k'" = ko exp(u /2)  (A-6) 
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k0 is the rate constant at zero voltage. The net outward 
flux of dye molecules across the membrane is equal to 
k ' N '  - k " N "  = J. The flux J represents a contribution 
- e o A J  to the total transmembrane current, which has 
to be accounted for by the introduction of an additional 
term on the fight side of [-qn. 10. Together with Eqn. 
A-I, the relation for the rate of voltage change then 
assumes the form 

du 3,u 
--QI ]+ "7- - ay[exp(-  u / 2 ) + p . e x p ( u / 2 ) ]  

dt  t m  

+ a( p + 1) exp(u/2)  (A-7) 

eoFkoflC . N' 
RTCm " y -  -~- (A-8) 

The symbol [ ] denotes the bracket in Eqn. 10. The 
time-dependent quantity y which appears in Eqn. A-7 
may be obtained from the relation 

d N '  
"dt  -- k " N "  - k ' N '  (A-',) 

(In this equation the small flux of dye into the intraves- 
icular aqueous space is neg!ected). Introduction of Eqn. 
A-4 yields 

dy  
d--/= - k°y[exp( - u / 2 )  + p . exp(u/7)  l a- k,,( p -~ I ) cxp(~,i'2) 

(A. 10) 

Eqns. i i, 12, A-7 and A-10 represent a system )f 
coupled differential equation, for the evaluation of the 
functions c ~q (t), c~¢ ( t ), u(t ) and y( t  ~. 
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