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A method for determining individual rate constants h)r nucleotide binding to and dissociation from membrane bound pig kidney 
Na,K-ATPase is presented. The method involves determination of the rate of relaxation when Na,K-ATPase in the presence o1' 
eosin is mixed with ADP or ATP in a stopped-flow fluorescence apparatus, it is shown that the nuclcotide dependence of this 
rate of relaxation - taken together with measured equilibrium binding values for eosin and ADP - makes possible a reasonabb 
reliable determination of the rate constant for dissociation of nucleotide, i.e., determination of the rate constant k ~ in the 
following model (where E denotes Na,K-ATPase): 

k : [ADI'I 'k) 
E. Eosin ~ E : -  • E. ADP 

[Eo~inl.k, k I 

All experiments arc carried out at about 4°C in a buffl'.r centaining 2110 mM sucrose, I1) mM EDTA, 25 mM Tris and 73 mM 
NaC! (pH 7.4). Values obtained for the rate constams fi)r dissociation are about h s I Ibr ADP and 2-3 s ~ fi)r ATP. 

Introduction 

The Na,K-ATPase is an integral membrane-bound 
cation transport enzyme, responsible for the active 
transport of Na + and K" across the plasma cell mem- 
brane (see Ref, 1 tbr a recent collection ot reviews). 
The reaction mechanism of the enzyme involves bind- 
ing of nucleotide (ATP) and cations, and transport of 
the cations is thought to involve a number of phospho- 
rylated intermediates. An important step in the reac- 
tion sequence involves nucleotide binding to the en- 
~me ,  a step prior to phosphorylation. The Na,K- 
ATPase has one high-affinity nueleotide binding site 
per enzyme molecule, and dissociation constants are in 
the submicromolar range [2,3], as evidenccd from a 
number of equilibrium binding studies. The individual 
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rate constants h)r nucleotide binding (k~, dimension 
p.M i s 4 1 ) and dissociation (k _ i, s -  i) are difficult to 
measure directly ft~r ADP or ATP (see Ref. 4 for a 
discussion), v, he~'eas both rate constants have been 
determined directly from stopped-flow fluorescence ex- 
periments for the fluorescent nucleotide analogues 
FDP and FI 'P [5]. The fluorescent dye eosin has also 
been used to investigate the properties of ligand-in- 
duced changes in nucleotide affinity. This dye binds to 
the nucleotide site with a relatively high affinity [6] and 
the fluorescence of bound eosin is enhanced several- 
fold upon binding. 

The purpose of the present investigation has been to 
demonstrate that the time-dependence of a perturba- 
tion of the enzyme.eosin complex, measured as a 
fluorescence change in a stopped-flow apparatus, can 
be used to determine the individual ,'ate constants for 
nucleotide binding and dissociation. The dissoci~;.i()n 
col~stants for ADP and eosin are determined indepen- 
dently, and the interaction between eosin and ADP in 
equilibrium studies can be interpreted according to a 
simple model with the nucleotide bindin~ site occupied 
either by ADP or by eosin. Individual rate constants 
for eosin binding and release under the present experi- 
mental conditions are determined from stopped-flow 
fluorescence experiments [6] and the influence of nu- 



cleotide concentrations on the observed rate of dissoci- 
ation of eosin from the enzyme is interpreted in the 
simple model with rate constants for ADP dissociation 
and binding of 6 s- i ( = k _ i ) and 31/z M - I s - i ( = k i ). 
The rate constant for ATP dissociation can in similar 
experiments be determined to be about 2-3 s-! .  

Methods and Materials 

Preparation of pig kidney enzyme. Na,K-ATPase was 
isolated in the membrane bound form from pig kidney 
outer medulla by the method of Jergensen [7] followed 
by selective extraction of the plasma membranes with 
SDS in the presence of ATP. The enzyme was stored 
at -20°C in 250 mM sucrose, 12.9 mM imidazole, and 
0.625 mM EDTA at pH 7.5. The specific ouabain-in- 
hibitable Na,K-ATPase activity varied between 1100 
and 1600 /zmol/mg protein per h at 37°C. Na,K- 
ATPase activity and protein content was determined as 
previously desci'tbed [8]. 

Equilibrium ADP bhuting assay, laC-ADP binding 
was measured by a centrifugation assay as described by 
Norby and Jensen [9]. Briefly, Na,K-ATPase mem- 
branes were suspended at 4°C in a buffer containing 
200 mM sucrose, 10 mM EDTA, 25 mM Tris and 73 
mM NaC! (pH 7.4) and varying amounts of ADP and 
eosip Bound ADP was removed by centrifugation, and 
amounts of bound and free AUP determined. The 
enzyme was kept in the dark throughout the experi- 
ment. 
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Equilibrium fluorescence measurements. Equilibrium 
binding of eosin at 4°C was done as described earlier 
[6] using the centrifugation technique. Na,K-AfPase 
membranes were suspended at 4°C in a buffer contain- 
ing 200 mM sucrose, 10 mM EDTA, 25 mM Tris and 
73 mM NaC! (pH 7.4) and varying amounts of ADP 
and eosin. The concentration of free (unbound) eosin 
is determined, after pelleting of the membranes, from 
the eosin-fluorescence at 23°C in a Perkin-Elmer MPF 
44A spectrofluorimeter. Excitation was at 530 nm, and 
emission was monitored at 560 nm (both slits being 10 
rim).  

Stopped-flow fluorimetty. Measurements of rates of 
changes in fluorescence were carried out with a SFM-2 
stopped-flow apparatus (Bioh)gics, Frar, ce). Excitation 
was at 530 nm, and emission was measured with a 
photomultiplicr with a cut-off filter at 550 nm. Data 
were collected with an A/D-converter interfaced to an 
HP 9816 microcomputer. The signal-to-noise ratio was 
increased by digitally adding 3-5 tracings. Non-least- 
squares calculation of exponential deca:,s were per- 
formed using a programme kindly provid,:d by Dr. 
Robert Clegg, G6ttingen. 

Samples were prepared in the following way: Bott~ 
stopped-flow syringes contained a buffer with 2[10 mM 
sucrose. 10 mM EDTA, 25 mM Tris and 73 mM NaC! 
(pH 7.4) and varying amounts of ADP, ATP and eosin 
(see the legends to Figs. 3 and 6). In addition, one 
syringe contained Na,K-ATPase membranes (at a con- 
centration of 0.1 mg/ml before mixing). The volume 
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Fig. !. Normalized Scatchard plots of ADP binding to Na,K-ATPase in the presence of various concentrations of eosin. The eosin-concentrations 
shown in the figure are the total concentrations of eosin, [EO]T, t, ranging fron] 0 to 2 pM (left) and from 4 to 10 pM (right, here is also shown 
the binding isotherm in the absence of eosin). The curves were simulated according to Eqn. 3 using the relations shown in Scheme i with 
KA = 0.195 pM, Kt~o = 0.4 pM and a non-specific binding constant K,,, = 1.0 nmol eos in /mg protein per pM free eosin. The curves have been 
normalized to give an [E]Tot = 1.0. This normalization was performed due to a slight variation in the intercept with the ordinate, notably a 
decrease in [E]To t at high eosin-concentrations (see text). The experiment was done in a buffer containing 2(1(I mM sucrose, 10 mM EDTA, 25 

mM Tris and 73 mM NaCI (pH 7.4). 
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k, [E] ' [A]  k_ ,  
E + A ~ E A  K A = 

k_, [EA] k l 

k, [EI ' [Eo]  k _ .  
E + Eo ~ EEo Kv,, 

k . [EEo] k:, 

[E]Tot = [El + [EA] + [EEo] 

[A]Tot = [A] + [EA] 

[EOIT,. = [Eol + [EEo] + Kn." [Eo] 

Differential equations for time-dependence calculations: 

tE1,,,,, [Ei,+IIEAi,.k ,+[EEol,'k 

- tEl , ' (k  ,' [AI, + k: IE,'I,)).d, 

tEAl, ,,,, ott.:al, +{[EI,'k,'IA],- [t A1,'k ,}.dr 

tE ol, .,,," tEE, l, {tEl,'k., tE,,I,- ,}.d, 

Scheme !. 

delivered from each syringe was 151) p,I per shot, the 
flow-time being 200 ms. This gives a dead time of 
about 2 ms in this apparatus, which is sufficiently shoa 
for the reactions to be followed in these experiments. 

Materials. Eosin was obtained from Koch-Light. 

Results 

L Effect of eosin on equilibrium b#uling of ADP 

Fig. I shows the binding isotherms for ADP in the 
presence of eosin in concentrations between 0 and 10 
~M. in the absence of cosin the isotherm is a straight 
line with a negative slope of 0.195, the value for the 
dissociation-constant for ADP (KA, see Scheme !) un- 
der the present experimental conditions. Addition of 
eosin to the equilibrium-binding assay leads to an 
increase in the negative slope of the binding isotherms 
and also induces a curvature in the binding isotherms. 
Both effects of eosin can be accounted for with the 
model shown in Scheme !. Eosin here acts as a com- 
petitor for ADP, presumably by blocking the nu- 
cleotide binding site when the enzyme, eosin complex 
(EEo) is formed, this leads to the increase in the slope 
of the isotherms. Eosin also binds in a non-specific 
manner (see below} to the en~me, which leads to the 
observed upward curvature of the isotherms. The lines 
in Figs. IA and ~B are simulated according to the 
model sho,,v~-~ in Scheme 1 with dissociation constants 
K a = 6.195/~M for ADP and KEo-  0.4 g,M for eosin, 
and allowing for a non-specific binding, which is pro- 
portional ~,o the free eosin concentration: Kns = 1 nmol 
ec~sin bound/rag protein per/.tM free eosin (this value 
for Kn. , is o~tainecl independently from binding of 
eosin, see Fi,~. 2 below). The non-linearity of the curves 

of bound versus bound/free nucleotide ([EA] versus 
[EA]/[A]) can be expressed in terms of the following 
equations: 

[EAI = [El+ , . -  KA'iEAI/IAI-IEo]'KA'IEAI/(Kv. ' IAI)  ( I )  

and, since eosin has both specific and non-specific 
binding (see Scheme !) 

[Eo]T.. = [Eol + [EEol + K,,." [Eol (2) 

the concentration of bound nucleotide [EA] can be 
expressed in terms of [EA]/[A] (after re-arranging): 

[EAI = [EIT,.- {IEAI" h'a/[AI} .{I ÷ lEol'r,,, 

/ (  Kt:,, + K,,,. Kn:. + K,x' [EAI/ '[AI)I (3) 

Note that the binding isotherms have been normalized 
tO [E]To t = 1.(}. This was done firstly because different 
preparations with different specific Na,K-ATPase ac- 
tivities were used (the maximal binding capacity ETt . 

varied between 1.9 and 2.7 nmol ADP binding sites/mg 
protein). A second reason for normalization was that at 
high eosin concentrations the maximal binding capacity 
for ADP (deduced from Scatchard plots) for a given 
enzyme preparation sometimes decreased compared to 
the value obtained in the absence of eosin. This is 
probably due to the irreversible denaturation of the 
enzyme by eosin, the rate of which is very light-sensi- 
tive (see Fig. 4 below). 

IL Eosin interaction with Na, K-ATl'ase 

Eqtlilil)rilllll illeasllretllelltS 
Eosin binding can be determined from equilibrium 

centrifugation studies as previously described [6]. in 
addition to a specific binding of eosin (presumably to 
the nucleotide binding site), there is a non-specific 
binding of eosin to the Na,K-ATPase membranes, Fig. 
2. Here is shown the binding of eosin in the presence 
of 73 mM NaC! in the absence or presence of 100 ~M 
ADP. As previously observed, there is a linear depen- 
dence of the amount of eosin bound on the free eosin 
concentration, with a proportionality constant of about 
I nmol eosin bound/mg protein per g,M free eosin 
( -- K,,,). This is taken as non-specific binding of eosin 
to the Na,K-ATPase membranes, if ADP is omitted 
from the binding assay, there is as previously observed 
a saturable component of eosin binding in addition to 
the non-specific binding, with a half-maximal (specific) 
binding of eosin at about 0.34 ~M free eosin, in 
agreement with the observations shown in Fig. 1 (KE, , 
--0.4 p,M). In the presence of 73 mM KCI instead of 
NaC! a binding similar to the non-specific component 
is observed, both in the presence and absence of ADP, 
in agreement with the interpretation that specific 
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Fig. 2. ADP-sensitive e,~sin binding to Na,K-ATPase. The amount of 
eosin bound to the etlzyme (0.4(} mg prote in/qnl )  is determined using 
the centrifugalion lechnique. The binding (in the presence of 21111 
mM sucrose, Ill mM EDTA, 25 mM Tris and 73 mM NaCI (pit 7.4)) 
is shown ;is a function of the free eosin conccillralion in the absence 
t)f ADP (filled circles) and in the presence of 11.1 mM ADP (open 
circles). The binding in Ihe pre.,~encc of ADP is filled I')y it slraighl 
line with a slope of I).53 (giving a non-specific binding conslanl of 
about ! nmol eosin/mg protein per/ . tM free eosin), and the addi- 
tional (specific) binding of eosin it) the absence of ADP has a 
hyperbolic dependence of the eosin concentration: [EEo]=  
[EEo]m,,x/(I +11.34/[Eo])with [EEoIm, x = 1.111 #M and a dissocia- 

lion constant Kl! . = I).34 pM. 

eosin-binding requires the enzyme to be in the E,-form, 
which is induced by Na +. 

Transient kbletic nleasurements of  eosin bblding 
T h e  s p e c i f i c  b i n d i n g  o f  e o s i n  is a s s o c i a t e d  w i t h  a n  

i n c r e a s e  in t h e  f l u o r e s c e | a c e  y i e l d  w i t h  t h e  b o u n d  e o s i n  

h a v i n g  a f l u o r e s c e n c e  w h i c h  is 3 - 4 - f o l d  h i g h e r  t h a n  

unbound eosin [6]. Stopped-flow fluorescence measure- 
ments allows determination of the rate-constants for 
binding and dissociation of eosin, Fig. 3 (see Ref. 10 
for details). The fluorescence tracings (shown in Fig. 
3A) are bcst fitted by a sum of two exponential func- 
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Fig. 3. Kinetics of eosin binding to Na.K-ATPase. Na,K-ATPase in 
buffer 121111 mM sucrose, 10 mM EDTA, 25 mM Tri.,, and 73 mM 
NaCI (pH 7.4)) is mixed with an equal volume of eosin in buffer, and 
the fluorescence increase is followed with time for 2 s (panel A) with 
the final eosin concentrations indicated on the figure (between I).05 
and !.5 pM). The transients are fitted by a sum of two exponential 
terms, the observed rate constants of which are shown in panel B. 
The slow phase (observed rate constants represented by open circles) 
an|ounted to about 10% of the total increase in tluorescence signal. 
The continuous line through the data-points representing the major- 
ity (about 90%) of the fluorescence signal (filled circles) is a linear 
regression line k,,h, = k:, .[Eo]+ k _ :, with intercept 13.t) s- i ( = k :,) 
and a slope of 32 # M - t  eosin per s ( =  k2). Panel C shows the 
increase in the amplitude of the fluorescence signal as a function of 
the eosin concentration. The data points are fitted by a hyperbola of 
the form Y = Ym,,,/(I + Kr , , / [Eo] )  with Kr,  , = 0.45 ,aM and Ym,,x = 

i.3 (arbitrary units). 

C. 1,2 

1.0 

0 . 8  

0 6  

~, o.4 
E 

0.2  

J Iii II 

/ 
0.0 o.2 0 4 o.6 0 8 1.0 t.2 1.4 1.6 ).g 2.o 2.2 

IEosin] after mixing (pM) 



24 

tions. In Fig. 3B is shown ihe concentration depen- 
dence of the observed rate constant for the increase in 
fluorescence when enzyme is mixed with eosin to give 
final concentrations between 0.05 and 1.5 t.tM eosin. 
The observed rate constant for the major (about 90%) 
part of the fluorescence change is linearly related to 
the eosin concentration as shown in Fig. 3B (filled 
circles). A minor component, which accounts for about 
10% of the fluorescence change has an observed rate 
constant which is almost independent of the eosin 
concentration with a value of about 3 s-~. The ratio 
between the intercept and the slope of the straight line 
for the major component (filled circles} gives the disso- 
ciation constant for cos)n, which can be calculated to 
be about 13.9 s~t/32 pM -~ s ~r~= I}.43 pM (see the 
legend to Fig. 3 and Rel:,~, 5, 6, I11 and II for details}. 

The total amplitude of the fluorescence chant~e (Fig. 
3A) as a function of the eosin concentration is shown 
in Fig. 3C. The data are adequately describcd by a 
hyperbolic bract)on of the eosin concentration, with a 
half-maximal effect at 0.45 p.M cos)n, in good agrcc- 
ment both with the dissociation constant obtaincd from 
the binding experiments shewn in Fig. 2, and with the 
dissociation constant deduced from the ratio between 
the individual rate constants (Fig. 3B), sec Tablc !. 

Li~,ht-sensitit'e denaturation of Na, K-A TPase !~3' eoshl 
The Na,K-ATPase is irreversibly inactivated by cosin 

in low concentrations in the presence of vi,~iblc light 
efrom an ordinary light bulb}, Fig. 4. Hcrc the Nit ,K-  

ATPasc activity is determined after incubatkm i l l  O°C 
with eosin concentrations bctwccn (I and 50 p M. Note 
that the activity is reduced most rapidly at 2 to 5 pM 

TABLE i 

Kinetic constants for n,ch.otich' and ('osm I}hrlm,~ to Na.K.A 7Pare' 

All c×pcrimcnts were done with pig kidney Na,K-ATPasc in a buffer 
~mntaining 200 mM sucrose, Ill mM EDTA, 25 mM Tris and 73 mM 
Na('l (pH 7.4} at about 4°( ", 

Equilibrium constants 

ADP 
K,x equilibrium binding Fig. I O. 1~)5 p. M 

Eosin 
h'u,, displacement of ADP Fig. I 0.4 p M 
Kr:, equilibrium binding Fig. 2 0.34 p M 
KI,, fluorescence change Fig. 3B 0.45 # M 

Binding and dissocia)hm rate constants 
. . . . . . . . . . .  

AI.)I ) 

kl 

ATP 
k_t  

Eosin 
k,  
/(_-, 

displacement of eosin Fig. 7A 
calculated from k_ i and K A 31 pM is t 

0 s ! 

displacement of eosin Fig. 7B 2.5 s i 

concentration jump Fig. 3 32 p M - ~ s - 
concentration jump Fig. 3 14 s-  

I I(I "L No liosm " 

~. gll 

~"  711 

50 ),|M Eosm " ~ 1  mM AI)P 51) 

~, 411 

30 

20 "~ 20. 
5 BM 

IO 

i| 
(I 2(1 411 60 80 100 

MJnules a! 4~,: 

Fig. 4. Inactivation of Na,K-ATPasc aclivily by cosin. Na,K-ATPasc 
is incul~ated ill (1°(" about 20 cm I~clow an ordinary fil|W light bull~ 
will) the hldicalcd COllCCll[l'iltiOllS of co,Sill in ' I  111I l)ul'l'er (200 nlM 
sucrose, It| mM F.DTA, 25 mM Tris and 73 mM Na('l (p l l  7.4}}. 
Al'lcr the time intervals .shown an aliquot is diluted IIlII-fokl into 
Na,K-ATPase assay medium and the residual activity is determined 
(al 37"(" under stlmdard conditions, Rot'. 81. Data arc .~hown in 
percent of the activity bcfiu'c the incubation at 0°( ' started. The 
following experimental conditions were Icslcd: I1o cosin added (filled 
circles}: cosin added to final concentrations o1"2 # M (blocks), 5/t iM 
(opcn squarCs), 20 # M  (open d iamonds)  and 50 /t iM (f i l led dia- 
monds); I0 pM cosin added, bul thc sample kcpl in Ihc dark (open 

circles); ll) p.M COS)l) added logelhcr wilh I luM ADP (Cl'OSscs). 

cos)n, whereas higher concentrations (20-50 #M) pro- 
tcct the enzyme against inactivation. Inactivation is 
also slowed considerably by addition of ADP (crosses) 
or by protection from light (open circles). The double 
cfl'cct of eosin - inactivation at low concentration and 
protection at higher concentrations - can bc explained 
if it is assumed that cosin has to bind to the specific 
binding site (Kv:,, about 11.4 #M) before the light-in- 
duced inactivation takes place. A high concentration of 
eosin (211-5(} p.M)quenches the inactivation reaction, 
presumably duc to absorption of light in the bulk phase 
(note that with an absorption coefficient e = 8.10 4 
M-~cm - ' for eosin [12] there is an appreciable ab- 
sorption of light at 511 pM cos)n). The experiments 
clearly show the importance of keeping the enzyme in 
the dark in the presence of cosin. Even in the dark 
there is a slow enzyme-denaturation at 111 p.M cos)n, 
which can explain the small variation in thc maximal 
ADP-binding capacity at high cosin concentrations (scc 
above). The light-induced denaturation is much more 
rapid at higher temperatures (not shown). 

!!!. Transient kinetics of interaction of ADP and eosin 
widl the Na, K-A TPase 

Sinudation of transient change~ in eosbi fluorescence 
with different nucleotide concentrations 

Fig. 5 shows a set of computer-simulated stopped- 
flow experiments of the fluorescence of cos)n, simu- 
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lated according to the model shown in Scheme i, using 
the differential equations for the time-dependence of 
the enzyme species also sh(~wn in Scheme 1. In these 
simulations the enzyme is allowed to be in equilibrium 
with eosin, and at time zero nucleotide is added al 
different concentrations. The rate constants for eosin 
binding and dissociation are here taken to be 45 
/.tM --j s '  ( k , )  and 18 s i (k .... ) and an cosin conccn- 

tration of  i.i /zM is assumed in this simulation, in 
panel A the rate-constant for dissociation of nucleotide 
( k  ~) is taken to be 6 s-~ and the association rate 
constant k~ =31  /zM-~s  -~ (giving KA=O.195 /,tM). 
There is a large increase in both rate and magnitude of 
the eosin fluorescence decrease when nucleotide is 
added in increasing concentrations ([A] is increased 
from 1).1 to b3/.tM). P,mel B shows a similar simulation 
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Fig. 6. Stopped-f low transients of  eosin fluorescence induced by addition of nucleotides. Na.K-ATPase in buffer (200 mM sucrose, I(} mM 
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giving tinal nucleotide concentrations between 0.1 and 10() ttM. The lime course of  the fluorescence decay is shown, together with 
single-exponential fits of the transients. The transients have been normalized to about file same amplitude It) ease comparison of the rate of  

change. The obtained values for the observed rate constants of the single-exponential fits are shown in Fig. 7. 
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at a given nucleotide concentration ([A] = 1 /~M), but 
here k m and k_;  are varied (keeping the ratio k_ i / k  
= K A = 0.195 g,M). The magnitude of k_ ,  is increased 
by a factor of 5 (from 2 to 10 s-~ tor k_ ~, and thus 
about 10 to 51 for k t). Clearly there is a more rapid 
decrease in fluorescence when the nucleotide binding- 
and dissociation-steps are allowed to be rapid. The 
simulated curves in Figs. 5A and 5B are fitted by single 
exponentials (dotted lines). The single-exponential fit 
seems to be an adequate description of the data (the 
dotted lines are almost all within the full lines of the 
simulations), although there is a small lag period in the 
simulated curves. 

The result of the simulations in Fig. 5 forms the 
basis for the following experiments: since we can deter- 
mine k _ . / k ,  ( - -KA,  the dissociation constant for 
ADP) accurately from equilibrium binding experiments 
(Fig. l) and perform stopped-flow experiments in the 
same experimental range as shown in Panel A (Fig. 5), 
it is possible to estimate the individual values of k_ 
and k I. 

Stopped.flow experiments o f  eosin fluorescence with in- 
creasing nucleotide concentrations 

Fig. 6 shows a set of transient fluorescence tracings 
when Na,K-ATPase in the presence of 1.1/zM eosin is 
mixed with ADP (panel A) or ATP (panel B) to give 
final nucleotide concentrations between 0.1 and 100 
/zM. Note that the curves have been normalized to the 
same amplitude to ease comparison of the rate of 
changes. The real amplitude of the signal (not shown) 
increases with the nucleotide concentration in the same 

manner as is shown on the (simulated) transients in 
Fig. 5A. The transients shown in Fig. 6 are fitted by 
single exponentials as indicated in the figure, and the 
observed rate constants are shown as a function of the 
nucleotide concentration in Fig. 7. At high nucleotide 
concentrations there is a limiting observed rate con- 
stant of about 18 s - i  for both A D P  (panel A) and ATP 
(panel B), and at low concentrations the value for the 
observed rate constant approaches about 6 s -I  for 
ADP and about 3 s-n for ATP. 

The nucleotide-concentration dependence of the 
observed rate constant for a single-exponential fit of  
simulated stopped-flow curves - such as those shown 
in Fig. 5A - are also shown in Fig. 7A. The curve 
indicated by a full line was simulated with k _ n = 6 s -  ~, 
k I = 3 1  ~ M  - i s  - I ,  k _ , =  18 s - I  and k , = 4 5  
/ . tM- ' s -X ,  which seems an adequate fit of the data 
(note that K A = 0.195 # M  and Kt:,  = 0.4 #M).  Simihu" 
simulations with the same values for cosin binding and 
dissociation and for K A, but with k_ n taking a value of 
either 2 or 10 s - ' ,  are also shown (dotted lines). 

Note that at high nucleotide concentrations the ob- 
served (simulated) rate constant approaches that of the 
dissociation rate constant for eosin ( k _ , )  and at very 
h;w nucleotide concentrations there is a marked de- 
crease in observed rate constant - the value for k,,~,, 
approaches that of k_ ~. The simulations clearly show 
the sensitivity of kob, to k_ ~, and allows for a reason- 
ably accurate determination of k_ ~ - simply the limit- 
ing value at low nucleotide concentrations. The value 
used for k _ ,  (18 s-n)  is slightly higher illan the value 
determined from eosin binding and dissociation (Fig. 
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Fig, 7, The relationship between the observed rate constant for fluorescence decay and the nucleotide concentration. Fhe observed rate constants 
of single-exponential fits such as those shown in Fig. 6 are plotted as a function of the final ADP (Panel A) or ATP concentration (Panel B) on a 
logarithmic scale, in panel A, the full line represents a computer simulation of the observed rate constants, simulated using rate constants for 
ADP of kl=31 p.M-Is -I and k_ l=6  s -I, and for eosin of k2=45 gM-ns -I and k_2=18 s -n with l.i p,M eosin. The broken lines 
represent similar simulations with k _ n taken to be 10 s- n (upper broken line) or 2 s- n (lower broken line), with the ratio k _ i/kx kept constant 
at 0.195/~M ( = K^).  in panel B. the full line shows the ATP-concentration dependence of the observed rate constant simulated in the same 
manner as for panel A, but with the rate constants k_ i = 2 s- n and k n = 31 #M - u s- I (giving g A = 0.065 p,l~t for ATP). The dotted lines show 
the relationship between the ATP-conce~tration and ko~ calculated for k_ n = i s- u (lower dotted line) or k _ t = 3 s- n (upper dotted line), 

keeping the dissociation c o n s t a n t  K A = k u / k l = 0.065 p,M. 



3). With a dissociation constant KEn=0.4 /zM we 
therefore have to use k 2 = 45 p,M- ~ s - .  This problem 
will be discussed below. 

Discuss ion  

Applicability of the method 
The present paper introduces a method for deter- 

mining individual rate constants for nucleotide binding 
to and release from Na,K-ATPase. The method relies 
on the ability of ADP (or ATP) to displace the fluores- 
cent 'nucleotide analogue' eosin from the nucleotide 
binding site. In principle any probe which binds to the 
nucleotide site can be used, provided both that a 
spectroscopic property of the probe changes upon 
binding and that the change can be followed with a 
time-resolution in the appropriate range - here the 
decrease of the fluorescence yield of eosin upon disso- 
ciation is used in conjunction with stopped-flow fluo- 
rimetry. Other possible probes which could be used 
include the formycin-nucleotides FDP and FTP [5]. 

The method requires knowledge of the equilibrium 
constants for dissociation of ADP and eosin (K^ and 
KE,,) together ~vith the rate constants for eosin binding 
and dissociation. The equilibrium constant for ADP 
can be determined with great accuracy due to the high 
affinity for ADP (KA = 0.195 ~M) and the absence of 
non-specific binding of ADP (Fig. 1). The value ob- 
tained in the present experiments compare favorably 
with the published values of 0.1-0.2 t.tM [2,3,12]. For 
eosin, the similar experiment is more complicated due 
to both the presence of a non-specific binding compo- 
nent and due to possible irreversible inactivation of the 
enzyme by eosin (Figs. 2 and 4). Comparison of the 
value for KE,, (Table !) obtained from experiments on 
three different properties of eosin interaction (equi- 
librium binding (Fig. 2), amplitude of fluorescence 
response upon specific eosin binding (Fig. 3C) and 
ratio between dissociation and binding rate constants 
(Fig. 3B) gives values between 0.34 and 0.45 tz M, which 
compares favorably to KE, , = 0.45 ~M previously found 
for shark rectal gland Na, K-ATPase. 

Comparison of the simple model with the experiments 
A single-exponential analysis of the fluorescence 

tracings from the stopped-flow experiments (Fig. 6 a~d 
7) has been used in the present paper. This analysis 
ignores a small lag-period before the onset of fluores- 
cence decrease, which can be seen in simulations of the 
model shown in Scheme I (Fig. 5). The error in this 
way of analyzing the data is presumably small, espe- 
cially since the stopped-flow tracings can easily be 
presented in such a manner that a lag period is (more 
or less) predominant, due to the nature of the 
stopped-flow experiment (it is difficult to distinguish 
the last milliseconds of the 'flow' period from a small 
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lag-period after the flow has been stopped, see Ref. 13 
for a discussion). The closeness of exponential fit to 
the simulated curves in Fig. 5 also suggest that the 
single-exponential analysis (Fig. 6) is adequate for the 
results sought with the present experiments. Simple 
algorithms for a personal computer for simulating the 
curves shown in Figs. 1 and 5 can be provided by the 
author upon request. 

Relaxation theory in relation to the stopped-flow experi- 
ments 

The relaxation when the concentration of a ligand 
such as ADP is changed (cf. the system shown in 
Scheme I) can be expressed as an observed rate con- 
stant provided the changes in concentration of the 
species E, EA and EEo are small (i.e., according to 
perturbation theory, see for example Refs. 11 and 14). 
The expression relating k,,t,, to the individual rate 
constants appropriate for the system shown here is 

k,h,=O.5"[kt'[A]+k i+k2"[Eo]+k ,. 

+[(kl.[Al+k_t+k2.[Eo]+k ,,)2 

-4"(k_,'k_2+kt'[Al'k_2+k_l'k2"[Eo])] I/2] (4) 

As [A] approaches zero k,,h , will approach k_t, and 
for very large [A], k,,h ~ will approach k_2 (taking the 
root with the negative sign). The dependence of k,,h~ 
(calculated according to equation 4) on the nucleotide 
concentration has a close similarity (not shown) to the 
fit obtained from simulation of the stopped-flow curves 
(full line in Fig. 7A), with the 'boundary conditions' of 
k,,h., approaching k_ t (t'or [A] small) and k_ 2 (for [A] 
large) being met (see Fig. 7A). Small deviations can be 
explained either by the error in fitting a single expo- 
nential to curves which have a small lag period (most 
clearly seen at low [A], Fig. 5A or Fig. 6) or by the fact 
that the experiments performed here do not obey the 
criterion of 'small perturbations'. The latter circum- 
stance - that there are very large changes in the 
concentrations of the individual enzyme species - is 
the reason that relaxation theory has not been used to 
characterize the present experiments in detail. 

Bi-exponentiality of the fluorescence increase associated 
with eosin binding 

Fig. 3A and 3B show that the fluorescence increase 
upon eosin binding is not single-exponential, but rather 
a sum of two exponential terms. The term whh the 
major amplitude has an observed rate constant which is 
proportional to the eosin concentration, which is as 
should be expected from a model with a single eosin 
binding site (Scheme I). The minor component (about 
10% of the total response, independent of the eosin 
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concentration) has a rate constant which is weakly (or 
not) dependent on the eosin concentration (Fig. 3B). In 
our earlier experiments with shark enzyme this compo- 
nent was not identified, probably due to the much 
lower signal/noise ratio in the early experiments [6]. 
There is no simple explanation for this small compo- 
nent. It has been observed that mixing of eosin with 
enzyme in the presence of ADP (to abolish specific 
eosin binding) also gives rise to a slow fluorescence 
increase, which could account for at least part of the 
small component seen in Fig. 3B. it is therefore con- 
ceivable that part of the small component is related to 
non-specific binding of eosin. Another possibility is 
that the fluorescence increase is not related simply to 
eosin binding in an all-or-none process as shown in 
Scheme I, but rather that the binding - and the in- 
crease in fluorescence yield - takes place in two or 
more steps, only one of which has an observed rate 
constant which is proportional to the eosin concentra- 
tion. At present there is also no explanation for the 
finding that the rate-constant for eosin dissociation at 
high ADP-concentrations is 20-30% larger than the 
value of k_,.-13.9 s -~ found from eosin binding 
experiments (Fig. 3B). Whether this is due to the above 
mentioned bi-exponentiality of the eosin-binding or to 
an enhancement of the rate of eosin dissociation by 
ADP can not be distinguished at present. A value of 
about 18 s -t for k_., was used in the model for the 
fitting of the data shown in Fig. 7, and k., (the on-rate 
constant for eosin)was taken to be 45 # M - ~ s  ~ ~, in 
order to keep the dissociation constant Kt.:, , = 0.4 #M. 

Comparison of the dissociation raw ctmsmnts Jbr ADP 
and A TP with other t,~j~t, r imat ts  

The problem of determining the value of the dissoci- 
ation rate constant for ADP or ATP has been dis- 
cussed previously in detail by Klodos and N~rby (see 
Table I!i in Ref. 4). The absolute values for the con- 
stants will probably depend very much on the experi- 
mental conditions, such as ionic strength, pH and tem- 
perature. The values obtained here for k_ z (about 6 
s-a for ADP and about 3 s - i  for ATP) are in good 
agreement with estimates from exchange reactions at 
0°C, where values in the range 1.5-3.5 s-z are found 
for ATP [4]. The binding rate constants for the nu- 
eleotides are in the present paper about 30 ~ M- ~s-i,  
which compares favorably with estimates from 
stopped-flow experiments [5,6] and exchange reactions 
[4,15,16], which all are in the range of 10-40 p,M- t s-  
(in the present study the dissociation constant for ATP 
has not been measured, but is assumed to be 3-fold 
smaller than that for ADP (see Ref. 9)). It is commonly 
assumed that the binding rate constants are diffusion- 
controlled (see Refs. 11, 17 and 18)which explains the 
similarity between found values for k t for ADP and 

eosin (this paper and Ref. 6) and for FDP and FTP [5]. 
The large difference between the dissociation rate con- 
stant k_~ for ADP (about 6 s-~) and FDP or FTP 
(about 112 or 33 s-~, respectively [5]) thus reflects the 
larger affinity for ADP than for FDP or FTP. 

Conclusion 

In conclusion, the advantage of the present method 
over earlier attempts to estimate the individual rate 
constants is that a very simple model for interaction 
between only two ligands and the enzyme is assumed 
(Scheme 1), and the model is fully determined in terms 
of rate constants and equilibrium constants. 

Acknowledgments 

The author wishes to thank Ms. Birthe Bjcrring 
Jensen and Ms. Angielina Topper for excellent techni- 
cal assistance, Dr. J~rgen Jensen and Jens G. N~rby 
for advice with the nucleotide equilibrium binding ex- 
periments and Dr. igor Plesner for a critical reading of 
the manuscript. Financial support was received from 
the Danish Medical Research Council (Grant No. 12- 
8245), Aarhus University Research Foundation and 
from the Danish Biomembrane Research Center. 

References 

I Kaphm, J.it. and De Weer, P. (eds.)(It}~)O)"File Sodium Pump, 
Society of General Physiologists Series, Vol. 46, Rockefeller 
University Press, New York. 

2 Iiegyvary, C. and Post, R.L. (1971)J. Biol. Chem. 24t~, 5234-5240. 
3 Norby, J,G. and Jensen, J. (Iq71) Biochim. Biophys. Acta 233, 

1(}4- 116. 
4 Klodos, I. and Norby, J.(;, (Iq87) Biochim. Biophys. Acta 8t)7. 

302-314. 
5 Karlish, S.J,D., Yates, D W. and Glynn, I.M. (IL)78) Biochim. 

Biophys. Acta 525, 230-251. 
6 Skou, J,C. and Esmann, M. (1981) Biochim. Biophys. Acla 647, 

'1 '~ 9 .3..-,,4(I. 
7 Jorgensen, P.L, (1974) Biochim. Biophys. Acta 356. 36-52. 
8 Esmann, M. (1988) Methods Enzymol. 156, 105-115. 
~ N~rby, J.G. and Jensen, J. (1988) Methods Enzymol. 15('~, 191-2 I(I. 

I(| Skou, ,I.C. and Esmann, M. (IL~83)Biochim. Biophys. Acta 746, 
I01 - 1 1 3 .  

II Gutfreuntl, It. (1t}72) Enzymes: Physical Principles, Wiley Inter- 
science, London. 

12 Chan, S.S., Arndt-Jovin, DJ. and Jovin, T.M. (1977) J. His- 
tochem. Cytochem. 27, 5t~-64. 

13 Gibson, Q.It. (1969) Methods Enzymol. 16, 187-228. 
i4 Matsen, F A. and Franklin, J.L (1~)50) J. Am. Chem. Soc. 72, 

3337-3341. 
15 M~'[rdh, S. and Post, R.L. (1977)J. Biol. Chem. 252, 633-638. 
ih Froehlich, J.P., Hobbs, A.S. and AIbers, R.W. (1983) Curr. Top. 

Membr. Transp. 19, 513-535. 
17 Hammes, G.G. and Schimmel, P.R. (1970) in The Enzymes 

(Boyer, P.D., ed.), Vol. 2, pp. {~7-114, Academic Press, New 
York. 

18 Hague, D.N. (1971) Fast Reactions, pp. 135-142, Wiley Inter- 
science, London. 


