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Oligomycin induces occlusion of Na + in membrane-bound Na,K-ATPase. Here it is shown that Na,K-ATPase from pig kidney or 
shark rectal gland solubilized in the nonionic dt:tergcnt Ci2Es is capable of occluding Na + in the presence of oligomycin. The 
apparent affinity for Na + is reduced for both cn:,,ymcs upon solubilization, and there is an increase in the sigmoidicity of binding 
carves, which indicates a change in the cooperativity between thc occluded ions. A high detergent/protein ratio leads to a 
decreased occlusion capacity. De-occlusion of Na + by addition of K ÷ is slow for solubilized Na,K-ATPase, with a rate :'onstant 
of about 0.l s -l at 6°C. Stopped-flow fluorescence experiments with 6-carboxTeosin, which can be used to monitor the 
EjNa-form ia detergent solution, show that the K+-induccd de-occlusion of Na + correlates well with the fluorescence decrease 
which follows the transition from the EiNa-form to the E2-form. There is a marked increase in the rate of fluorescence change 
at high detergent/protein ratios, indicating that the properties of solubilized enzyme are subject to modification by detergent in 
other respects than mere solubilization of the membrane-bound enzyme. The temperature dependence of the rate of 
de-occlusion in the range 2°C to 12°C is changed slightly upon solubilization, with activation energies in the range 20-23 
kcal/mol for membrane-bound enzyme, increasing to 26-30 kcal/mol for solubitized enzyme. Titrations of the rate of transition 
from EINa to E,K with oligomycin can be interpreted in a model with oligomycin having an apparent dissociation constant of 
about 2.5 p.M for C~2Es-solubilized shark Na,K-ATPase and 0.2 ttM for solubilized pig kidney Na,K-ATPase. 

Introduction 

The Na,K-ATPase is a large integral membrane- 
bound cation transport enzyme, responsible for the 
active transport of Na + and K + across the cell mem- 
brane (see Ref. 1 for a recent collection of reviews). 
The transport of the ions is thought to occur through a 
set of conformational changes in the protein and in 
some of the conformations, the so-called 'occluded' 
states of the enzyme [2], the ions are rendered inacces- 
sible to exchange with ions in solution. Both K + and 
Na + can be trapped in occluded states. K + (or its 
congener Rb +) is spontaneously occluded by the 

Abbreviations: C12Es, octaethyleneglycol dodecyl monoether; E I, 
the Na,K-ATPase conformation predominant in NaCI; E 2, the 
Na,K-ATPase conformation predominant in KCI: 6-CEo, 6- 
earboxTeosin; CDTA, trans.l,2-cyclohexTlenedinitrilotetraacetic acid. 

Correspondence: M. Esmann, Institute of Biophysics, die Worms 
AII~ 185, University of Aarhus, DK.80O0 Aarhus, Denmarl~. 

Na,K-ATPase [3,4], whereas occlusion of Na + requires 
either that the enzyme is phosphorylated and halted in 
the EtP-state [5,6], or that the antibiotic oligomycin is 
present [7]. The nature of the occlusion-sites has at- 
tracted considerable attention recently, notably with 
the recent demonstration by Karlish et al. [8] that 
membrane fragments containing a 19 kDa tryptic frag- 
ment of kidney Na,K-ATPase are capable of occluding 
the cations. It has previously been shown that enzyme 
from shark rectal gland, solubilized in the nonionic 
detergent octaethyleneglycol dodecyl monoether (Ct2 
Es). can occlude Rb + in much the same manner as the 
membrane-bound Na,K-ATPase [9], Soluble kidney 
Na,K-ATPase can also occlude Rb + and Na +, the 
latter when the enzyme is inhibited and phospho- 
rylated with CrATP [6]. 

The purpose of the present paper is to investigate 
the oligomycin-induced occlusion of Na + for both shark 
and kidney Na,K-ATPase with special emphasis on the 
properties of solubilized enzymes. This involves deter- 
mination of occlusion capacities, rates of de.occlusion 



a n d  corre la t ion  o f  the de-occlusion ra tes  with f luores- 
cence  measu remen t s  o f  conformat iona l  changes .  

The  main  resul t  is tha t  the de-occlusion a n d  confor-  
mat ional  t ransi t ions  occur  at  ra tes  which are  similar,  in 
a g r e e m e n t  with results ob ta ined  o n  m e m b r a n e - b o u n d  
enzyme [10]. This  resul t  is ob ta ined  provided the  exper-  
imental  condi t ions  a re  identical  for  the  de-oo.clusion 
a n d  f luoresecence  assays, since there  is a marked  effect  
o f  de t e rgen t  on the  ra te  o f  t ransi t ion a t  d e t e r g e n t / p r o -  
tein rat ios  exceeding those  requ i red  for  solubilization. 
This  suggests  tha t  high de t e rgen t  concen t ra t ions  a l ter  
the  p roper t i e s  o f  solubilized enzyme,  possibly by chang-  
ing subuni t  o r  l i p id -p ro t e in  interact ions.  The  effects of  
ol igomycin can  be  in te rpre ted  in t e rms  o f  a s imple 
model ,  where  the  de-occlus ion o f  N a  + is d e p e n d e n t  o n  
the  de-b ind ing  o f  ol igomycin f rom the  enzyme,  i.~. 
ol igomycin closes the  ga te  which t raps  Na  + in the 
occ luded  state.  

Methods  

Preparation of pig kidney enzyme 
Na,K-ATPase  was  isolated in the  m e m b r a n e  b o u n d  

form f rom pig kidney ou te r  medu! la  by the  m e t h o d  of  
J c r g e n s e n  [11] followed by seleeuve extract ion o f  the  
p la sma  m e m b r a n e s  with SDS in the  presence  of  ATP.  
The  enzyme was s tored  a t  - 2 0 ° C  in 250 m M  sucrose,  
12.9 m M  imidazole,  and  (}.625 m M  E D T A  at p H  7.5. 
The  specific ouabain- inhib i tab le  Na ,K-ATPase  activity 
was  abou t  1160 p . m o l / m g  prote in  p e t  h a t  37°C. 
Na ,K-ATPase  activity, phosphc, rylation capaci ty  and  
prote in  con ten t  was  de t e rmined  as previously de-  
scr ibed [13]. 

Preparation of shark rectal gland enzyme 
Na,K-ATPase  f rom the rectal  g land  f rom Squalus 

acanthias was p r e p a r e d  as descr ibed  by Skou and  
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Fig. I. Occlusion of Na + by pig kidney and shark rectal gland Na,K-ATPase. The four panels show the amount of Na + (in nmol/mg protein) 
carried through a cation-exchange resin at 2°C in the absence of oligomycin (open symbols) or in tile presence of 25 ,ILM oligomycin (filled 
symbols) in 30 mM histidine (pH 7.0), 1 mM CDTA and the Na+-concentrations indicated. Panels A and B show experiments carried out with 
kidney enzyme (0.9 mg/ml) in the membrane-bound state (panel A) or in the presence of 1.6 mg CazE s/ml (panel B). Panels C and D show the 
corresponding experiments with 0.9 mg/ml shark rectal gland enzyme in the membrane-bound state (panel C), or at a detelgent concentration of 
1.7 mg/ml (panel D). Each data point shown represent a single experiment. The curves used to fit the data points for experiments in the absence 
of oligomycin (open symbols) are straight lines obtained by regression analysis. The curves fitted to the data obtain, d with oSgomycin present are 
constructed as a sum of the binding in the absence of oligomycin plus a contribution from a binding te~'z of the form Y= Ym~/(I + 

(Ko+s/[Na + l)n). The values used for Ym~,, n and Ko. s are those deduced from the visually best fit, and are shown in Table 1. 



Esmann [12], but without the treatment with saponia. 
The Na,K-ATPase typically constituted 50-70% of t!te 
protein (determined as the content of a- and /32: b- 
units from SDS gel electrophoresis), and the spe,: fic 
activity was about 1760 /zm~l/mg protein per h. 
Na,K-ATPase activity, phospborylation capacity and 
protein content was determined as previously de- 
scribed [13]. 

Measurement of Na +-occlusion using the cation-ex- 
change procedure 

The method used is essentially as described by Glynn 
and Richards [4]. The carbozylic resin Bio-Rad Bio-Rex 
70 is equilibrated in 100 mM Tris (pH 7.0), 1 mM 
CDTA and 0.1 mg/ml CI2E 8 with 0 or 25 p.M 
oligomycin. Na,K-ATPase (0.9 mg/ml)  in 30 mM histi- 
dine (pH 7.0) and 1 mM CDTA is incubated with 
22Na+ at 2 or 6°C in the presence of 25/zM oligomycin 
(or 0 p.M as a control for non-specific binding) and 
C~2Es as indicated. Solubilization is instantaneo~ af- 
ter addition of detergent. About 450 /zl is forced 
through the 1-ml column at 2°C, with the speed of the 
piston being adjusted to allow the enzyme suspension 
to be in contact with the resin for times between 0.6 
and 2.5 s (this is calculated from the flow-rate and the 
volume of the liquid-phase in the resin). The amount 
of 22Na emerging from the: column is determined from 
7-radiation. The specific radioactivity is adjusted to 
give about 400 counts per min per nmol Na +. No 
determination of protein was done on the effluent 
from the resin, since it has previously been shown that 
the loss of protein in the column is negligible [9]. 

Stopped-flow fluorimetry 
Measurements of changes in fluorescence were de- 

termined using a SFM-2 stopped-flow apparatus (Bio- 
logics, France). Excitation was at 530 nm, and emission 
was measured with a photomultiplier equipped with a 
cut-off filter at 550 nm. Data were collected with an 
A/D-converter interfaced to an HP 9816 microcom- 
puter. The signal-to-noise ratio was increased by digi- 
tally adding 3-5 tracings. Non-linear least-squares cal- 
culation of exponential decays were performed using a 
programme kindly provided by Robert Clegg, G6ttin- 
gen. 

Samples for the experiments shown in Figs. 5-8 
were prepared in the following way: Both stopped-.~Ju~v 
syringes contained 30 mM histidine (pH 7.0), 1 mM 
CDTA and 1 p.M 6-carboxyeosin (6-CEo). In addition 
one syringe contained 0.1 mg Na,K-ATPase protein/ml 
and 2 mM NaCi. The other syringe contained no 
protein or Na + but 20 mM KCI. Oligomycin was added 
as an ethanol solution to both syringes. The final 
ethanol concentration did not exceed 0.5%. 

C~2E s was added to give 0.5 mg/ml in both syringes 
3-7 min before the stopped-flow experiment was car- 
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ried out, and was always added before Na ÷ and 
oligomycin. 

The volume delivered from each syringe was 150 p.I 
per shot and the flow-tirae was chosen to be 200 ms. 
This instrumental setting gives a dead-time of about 2 
ms in this apparatus, which is sufficiently short for the 
reactions to be followed in these experiments. 

Materials 
6-Carboxyeosin was obtained from Molecular 

Probes, USA. Oligomycin (Mr 790) was obtained from 
Boehringer-Mannheim, and CI,.E s was obtained from 
Nikko Chemicals, Tokyo. 22Na was obtained from Riso 
National Laboratories (Denmark). 

Results 

Quantipcation of occluded Na + in membrane.bound 
and solubilized Na, K-ATPase 

Fig. 1 shows a set of experiments in which the 
amount of occluded Na + is determined for mem- 
brane-bound and Ci2Es-solubilized pig kidney Na,K- 
ATPase (panels A and B) and shark rectal gland Na,K- 
AT'Pase (panels C and D). 

The experiments are performed at a low tempera- 
ture (2°C) in order to decrease the rate of de-occlusion 
of Na ÷. The amount of occluded Na + (in nmol/mg) is 
measured from the radioactivity emerging with the 
Na,K-ATPase when a sample i,3 forced through a small 
cation-exchange column (see Methods). The time in 
which the enzyme is in contact with the column in this 
experiment is about 1.i s, which is a short time relative 
to the half-time for de-occlusion (the de-occlusion rate 
constant is less than 0.01 s -~ for membrane-bound 
Na,K-AFPase under the present conditions, not 
shown). 

The amount of Na + emerging from the column in 
the absence of oligomycin can be interpreted to be 
proportional to the Na+-concentration, suggesting a 
non-specific binding of Na +, Fig. 1. Note that the 
non-specific binding is decreased drastically for both 
enzymes upon solubilization. This makes the detenni- 
nation of occluded Na + more reliable for the solubi- 
lized enzymes. As previously observed [7], there is an 
additional amount of Na + carried through the column 
when the enzyme in Na + is equilibrated with oli- 
gomycin. This extra Na + carried through i~ termed 
'occluded' Na +, since the rate constant for release is 
very low. The occlusion clearly shows saturation. 

The concentration dependence of the aniount of 
Na ~ occluded for membrane.bound enzyme is fitted by 
a simple hyperbola (Y = Ym~/(1 + (K0.s/[Na+])n), with 
n--1.0). This function is used to describe the data, 
notably the changes occurring upon solubilization. This 
equation implies that the enzyme may occlude an num- 
ber of Na-ions (Ymax nmol/,~g protein) with a half- 



TABLE l 

Comparison of kinetic parameters describing Na +-dependcnce o1" oligomycin.indnced Na+ .occlusion 

The experiments shown in Fig. I are fitted by a straight line (non-specific binding in the absence of oligomycin) or by a sum of the non.specific 
binding and a specific binding term of the form Y = Yrm,~/(I + Ko~,/[Na + ]"), where Ym,~ is the maximal occlusion, Ko. 5 is the half-maximal.bin- 
ding constant for Na + and n is the Hill coefficient. 

Enzyme source Pig kidney Shark rectal gland 

State mere." solub. *' mere. a solub, h 

M a x i m a l  occlusion capacity 
(Ym,x. nmol/mg protein) 5.2 3,4 6.8 

Half-maximal-binding 
constant (Ko.5, raM) 0.58 0.81 0.42 

Hill coefficient in) 1.0 1.6 1.0 
Non-specific Na +-binding 

(nmol/mg protein per mM Na + ) 0.55 0.07 0.~7 
Phosphorylation 

capacity (nmol/mg protein) 2.0 2.6 

5.8 

1 , 8  

1 . 6  

0.03 

. Membrane bound. 
b Solubilized in Ci tE s. 

maximal binding-constant K0. 5. The data presented 
here are fitted satisfactorily by this equation for the 
membrane-bound enzymes, Figs. 1A and IC, whe)eas 
the fit is not adequate for the solubilized enzymes, 
Figs. IB and 1D. Solubilization leads to an observable 
sigmoidicity of the curves, most predominant with the 
shark enzyme (Fig. ID). The sigmoidicity can be taken 
as a sign of cooperativity, which is reflected in the 
much better fit by the Hill-equation shown in Fig. ID 
with Ym,s = 5.8 nmol/mg,  K0.s = 1.8 mM and a Hill 
coefficient n = 1.6. A similar analysis for solubilized 
kidney enzyme (dotted line in Fig. IB) gives values of 

Ym,,x=3.6 nmol/mg, Kt).s=0.81 mM and n =  1.6. 
Table I summarizes the values for Ko. 5 and Ym,,x for 
the four experimental conditions. Note that solubiliza- 
tion decreases the maximal amount of Na + occluded 
by the kidney enzyme from 5.2 to 3.4 nmol/mg,  with 
no major change in K0.s (but with an increase in the 
Hill coefficient to i.6). For shark rectal gland enzyme 
the change in occlusion-capacity is less affected by 
solubilization, but there is a marked shift to a lower 
affinity for Na + (K0. 5 increases from about 0.4 mM to 
about 1.8 mM. As with the kidney enzyme, the Hill 
coefficient increases from 1.0 to 1.6). 
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Fig. 2. De-occlusion of Na + from solubilized Na,K-ATPas¢ by remora) of unbound Na +. Shown in this figure is the amount of Na + (nmol/lng 
protein, on a log scale) carried through the cation exchange resin when the protein is allowed to be in contact with the, resin for times ranging 
from 0,7 to 2.5 s at 2"C. Panel A shows a set of experiments with pig kidney Na,K-ATPase at a protein concentration of 0,9 mg/ml in 30 mM 
histidine (pH 7.0). I mM CDTA, 2 mM NaCI, CI2E 8 to give the detergent/protein (D/P)  weight ratios strewn ( D / P  between 1.7 and 22) and 
25 p.M oligomycin (filled symbols) or no oligomyein present (open symbols). Note that the values given with filled symbols are corrected for the 
amount of Na + carried through in the absence of oligomyein. Each point represents the average of two or three experiments. Panel B shows a 
similar experiment with shark enzyme at a detergent/protein ratio of 1.5, and the data in the logarithmic plot are fitted by a straight line with a 
slope of 0.054 s -t ,  intercepfin8 the y-axis at 3,11 nmol/mg. Here each data point represents a single expe.,'i~',¢m. For the data at I.I s the 

average of five experiments is 2.93 nmol/mg with a S.D. of 0.l ,t .-,not/rag. 



Table 1 also give the steady-state values for maximal 
phosphorylation, which is taken as a measure of the 
enzyme concentration. Ratios of 2.6-2.7 mol Na + per 
mol phosphorylation site are obtained, close to the 
expected three Na+-sites per phosphorylation site for 
the membrane-bound enzymes. 

Rate of de-occlusion of Na + from solubilized Na, K- 
ATPase determhzed by remo['al of unbound Na + 

The rate of de-occlusion of Na + can be followed 
with the cation-exchange technique if the rate constant 
is in the range 1 to 2 s -  L or smaller (this is because our 
apparatus can be adjusted to let the enzyme be in 
contact with the cation exchange resin for times in the 
range 0.6 to 2.5 s). The de-occlusion takes place be- 
cause free Na + is quantitatively bound to the resin 
during the passage, thus allowing Na + to leave the 
enzyme (de-occlude) with no subsequent occlusion of 
Na + being possible. 

For both membrane-bound pig kidney and shark 
rectal gland enzyme the rate constant for de-occlusion 
is very small, about 0.01 s -t  (experiments not shown~. 
There is thus practically no de-occlusion taking place 
during the time is takes to remove bulk Na + (see 
below). The time-course of de-occlusion can therefore 
not be followed with this technique, but the maximal 
occlusion capacities are conveniently deterntined. The 
values of 5.2 and 6.8 nmol Na + occluded/rag protein 
for the membrane-bound enzyme (see Fig. 1 and Table 
I) can be assumed to reflect the maximal occluding 
capacity of these enzyme preparations. 

For solubilized Na,K-ATPase, the situation is some- 
what different. At low concentrations of detergent 
(detergent/protein ratios of 1 to 2) the rate of de-pc- 
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clusion for kidney Na,K-ATPase is also very slow, Fig. 
2A. However, at higher detergent concentrations (ratios 
up to 22) rate constants of 0.1 to 0.3 s -t are obtained, 
indicating that de-occlusion is more rapid at high de- 
tergent/protein ratios. Solubilized shark enzyme also 
has a higher de-occlusion rate constant than the mem- 
brane-bound form, Fig. 2B. The rate constant describ- 
ing the exponential decay shown in Fig. 2B is about 
0.05 s -1, but is not very well-determined when the 
longest time of contact between Na ~ and the cation- 
exchange resin is 2.5 s. 

The maximal occlusion capacity for solubilized en- 
zyme (Table !) can be calculated as follows: The ob- 
served value of Ymax should be corrected by multiplica- 
tion of a factor of exp(kde.(,ce" t), where kde.oc e is the 
rate constant for de-occlusion (see below) and t is the 
time spent on the column. Since the values for ktleocc 
are about 0.01-0.03 s -t  (at low detergent/protein 
ratios) and t is 1.1 s in the present experiment (Figs. 
IB and ID), the correction factor amounts to at the 
most only 1.1, i.e. the maximal values for occlusion by 
solubilized Na,K-ATPase in Fig. 1 and Table 1 are 
underestimated by 10% at the. most. 

Properties of Na +-occlusion by solubilized kidney Na, K- 
A TPase 

Fig. 3A gives the relationship between occlusion of 
Na +, solubilization and the detergent/protein ratio. 
Analysis of the solubilized protein shows that it is the 
Na,K-ATPa,,:e protein, which is solubiiized under these 
conditions. The values for occluded Na + are obtained 
after subtraction of the amount of Na + emerging from 
the column in the absence of oligomyein. There is a 
small decrease in the net amount of Na + emerging 
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Fig. 3. Detergent-effects on occlusion of Na + by kidney Na,K.ATPase. Kidney enzyme was solubilized with Ct2EK at the detergem/protein 
weight ratios indicated, and after addition of Na + and oligomycin the amount of Na + carried through the colmnn was measured (the filled 
symbols show net occlusion, i.e. the difference between the amount of Na + carried through in tile presence and the absence of oligomycin). Tile 
protein concentration is 0.9 mg/ml in 30 mM histidine (pH %0), I mM CDTA, 2 mM NaCI and 25/tM oligomycin..'The temperature was 2°(:, 
and the time spent in contact with the cation exchange resin was I,I s. Panel A shows the effect in increasing the detergent/protein ratio from 0 
(i.e. membrane bound enzyme) to about 11. For comparison is also shown the percentage of total protein solubilized under the sam~: conditions 
(open symbols). Panel B shows Ihe time-dependence of the amount of occluded Na +. Note that tile data have not been corrected by subtraction 

of oligomyein-independent Na + carried through the column. 
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from the cation exchange column when low amounts  of 
detergent  are  added, concomitant  with solubilization of 
the protein. A t  de t e rgen t /p ro t e in  ratios of 1 to 2, 
where the Na,K-ATPase is fully solubilized, there is no 
addi t ioaal  significant reduction in the occlusion capac- 
ity (about  2.7 nmol N a + / m g  protein at  2 mM NaCI). 
The decrease in occlusion at higher detergent-con- 
centrat ions (de te rgen t /p ro te in  ratios exceeding 2, see 
Fig. 3) can e i ther  be due to an inactivation of the 
occlusion.capabili ty at the point of solubilization or to 
an increased rate of de-occlusion (since the experiment  
is done with a fixed t ime of de-occlusion, 1.1 s, an 
increase in the rate constant  for de-occlusion will lead 
to lower values of  Na + occluded). It is thus conceivable 
that  the decrease  in occlusion capacity observed upon 
solubilization (at high de t e rgen t / p ro t e in  ratios) is 
partly due to the increase in the rate constant  for 
de-occlusion at  high de t e rgen t /p ro t e in  ratios (Fig. 2A). 
The correction factor due to de-occlusion at  a deter-  
g e n t / p r o t e i n  ratio of 11 can be calculated (Fig. 2A~ to 
be 1.3 - this brings the value for occlusion up i o 1.1 
n m o l / m g  from 0.8, which still is far below opt imal  
occlusion capacity. A third explanation (which has not 
been investigated) could be that  the affinity for Na + is 
decreased as the de t e rgen t /p ro t e in  ratio is increased. 

Fig. 3B shows that  a solubilized kidney preparat ion,  
with solubilization done at a de t e rgen t /p ro t e in  ratio of 
5.6 or 11 is stable with respect to ability to occlude 
Na + for at  least  60 min at  2°C. 

The decrease in occlusion capacity thus probably 
takes place at  the point of solubilization, with the 
remaining occlusion capacity unchanged with time (on 
a t ime-scale of hours at 2°C). 

De-occlusion of  Na + measured after addition of K + 
The low rate of de-occlusion at  low de t e rgen t / p ro -  

tein ratios makes it possible to follow the effect of 
addit ion of K + for a given period of t ime on the 
amount  of Na + occh, ded. If  it is assumed that K + will 
bind to unliganOed enzyme (forming E2K, and thus 
prevent  occlusion of Na +) the rate of de-occlusion of 
Na + can be followed. 

Fig. 4 shows a set of such experiments  with solubi- 
!ized shark rectal gland Na,K-ATPase. Clearly K + can 
bring about  de-occlusion, probably simply by hindering 
the oc: lusion of Na + as suggested above. The rate of 
de-occlusion increases with an increase in the deter-  
gent concentrat ion as above (Fig. 2A). An increase 
from a de t e rgen t /p ro t e in  ratio of 1.5 to 3 increases the 
rate constant  by a factor of two, from about 0.06 to 
0.12 s - t  at  6°C. The rate of de-occlusion is also tem- 
perature-dependent ,  with an increase in rate constant  
from 0.035 s - t  at 2°C to 0.06 s - t  at 6°C, Fig. 4. 

The data in Fig. 4 have not been corrected for 
non-specific binding of Na +. This is why the equations 
used to fit the data have a small t ime- independent  
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Fig. 4. De-occlusion of Na ~ studied by addition of 20 mM K +. This 
figure shows the effect of addition of 20 mM K ÷ to CtzEs-solubi- 
lized shark Na,K-ATPase. O(.clusion is induced by oligomycin with 
incubation at 2 °(2 for 10-15 r~in in a medium with a protein 
concentration of0.9 mg/ml. 30 mM histidine (pLI 7.0). I mM CDTA, 
2 mM NaCI and 25 p.M oligomycin. The temperature of incubation 
with KCI is 2~C (circles) or 6°C (blocks) and the detergent/protein 
ratio is 1.5 (open symbols) or 3 (filled blocks). KCI is added as a 
ccn~:entlated .~olution at time zero, aad after the indicated times the 
suspension is forced through the cation exchange resin, and the 
amount of Na * carried through is determined. The values at time 
zero are obtained before addition of K +, and the average of four 
determinations was to 3.23 nmol/mg (+0.13, open circles), 3.04 
nmol/mg (+0.16. open blocks) and 2.07 nmol/mg (=k0.29, filled 
blocks). The suspension is in contact with the resin for I.I s, and the 
time on the column is thus very short compared to the time required 

K + to induce de-occlusion (rate constants 0.03 to 0.12 s- t). 

term. The  t ime-dependent  part  of  the equat ion is taken 
to be a single-exponential  with the rate constants 
quoted above. Inspection of the data clearly reveals 
that  other  models involving a stepwise dissociation of 
the ions could fit the data  equally well (or better). Here 
a single exponential  fit is chosen in order  to have a 
good parameter  for comparison with the transient  fluo- 
rescent data  reported below. 

Experiments  with kidney enzyme similar  to those 
shown in Fig. 4 for shark enzyme gave fluctuating 
results: most of  the Na + was de-occluded before the 
enzyme emerged  from the column, but  there was a 
large scat ter  in the data  obtained. There  is at present  
no explanation for the difference between the action of 
K + on the shark enzyme and kidney enzyme. 

De.occlusion of  Na + determhted from 6-CEo fluores- 
cence 

A fluorescence method to t  measuring conforma- 
tional transit ions in solubilized Na,K-ATPase has re- 
cently been published [14]. This method can be used to 
monitor  the de-occlusion reaction when K + is added to 
Na,K-ATPase with Na + occluded. The method relies 
on 6-CEo having a high fluorescence when bound to 
the E t N a  form, and a low fluorescence when not 
bomtd, i.e. when the enzyme is in the E2-forms. 



The method is more versatile than the cation-ex- 
change technique, since time domains from millisec- 
onds to minutes can be employed, temperature con- 
trolled over a wide range, and much less enzyme is 
required for a measurement of a full time-course. 
Mixing can also be controlled carefully, allowing a wide 
variation in ligand-combinations. 

Fig. 5 shows the decrease in fluorescence wl'en pig 
kidney enzyme and shark rectal gland enzyme in the 
Et-form with occluded Na + (at 2 mM NaCI and with 
or without 25/~M oligomycin) is mixed with 20 mM K + 
at 6°C. The decrease in fluorescence corresponds to a 
transfer of the enzyme from the El-form to the E2-form. 

in the presence of 25 ~M oligomycin the rate con- 
stant for the fluorescence decrease is very low for both 
species, Table II, with shark rectal gland enzyme being 
more readily transferred (kob ~ = 0.054) to the E 2 state 

Shark (svlubilized) 

Kidrtey (solubilized) 

Kidney 

SECONDS 

Fig. 5. The effect of solubilization on the rate of de-occlusion of 
Na +, as deduced from the rate of change in 6-CEo fluorescence. 
Na,K-ATPase in 2 raM NaCI and 25 p.M oligoraycin was mixed with 
an equal volume of buffer containing 20 raM KCI. The lower fluores- 
cence tracings show experiments with membrane-bound en~mes, 
and the upper tracings show experiments with C:~Eg-soluhilized 
enzyme. The buffer contained 30 ram histidine (oH 7.0 at 6°C), 25 
p.M oligomycin and final concentrations were 0.05 mg protein/ml, I 
p.M 6.CEo, l0 raM KCI and I raM NaCI and 0 (lower tracings) or 0.5 
rag Ci2Es/ml (upper tracings). The temperature was 6~2. The 
transients were fitted by a single eaponential of the form F~t)ffi F(o~) 
+ F.e t-k,*-'°, with the values for k ~  shown in Table II. Note that 
the tracings have been normalized to about the same amplitude and 

displaced vertically to ease comparison. 
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TABLE 11 
Rate constants nsed to fit the transient fluorescent changes shown in 
Fig. 5 assnraing a single exponential of the form F(t) ffi F(ee) + F. 
e ¢- ~o~.o 

The experiments were carried out in 30 raM histidine (pH 7.0 at 6"C) 
with 25/tM oligoraycin present and final concentrations were 0.05 
rag protein/ral, 1 gM 6-CEo, 10 raM KCI, I raM NaCI and 0 
(raerabrane-bound enzyme) or 0.5 rag Ct2Es/ral (solubilized en- 
zyme). The temperature was 6°C. 

Source of Na,K-ATPase k,~ (s- t) 
membrane solubilixed 
bound 

Pig kidney 0.014 0.30 
Shark rectal gland 0.054 0.29 

than the pig kidney enzyme (koh ~ = 0.014). These slow 
rates of transition has ~reviously been demonstrated at 
room temperature [7], and correspond to the slow 
de-occlusion of Na + from the enzyme when oligomycin 
is present. In the absence of oligomycin the transition 
away from the El-form is very rapid with rate constants 
larger than 30 s - t  (not shown, see also Refs. 15 and 
16). 

The transition away from the Et-form is also very 
rapid in the absence of oligomycin for solubilized en- 
zyme with rate constants larger than 30 s -  t (not shown). 
Addition of oligomycin here also slows the reaction, 
Fig. 5 upper tracings. The rate constants for transition 
to the E2-form are about 0.3 s -t  for both solubilized 
enzymes, Table II. 

Comparison of the results shown in Fig. 5 (Table It) 
and the measured rates of de-occlusion, Fig. 4, shows 
that the measured rate of transition away from the 
Et-form, supposedly the de-occlusion reaction, is much 
faster (rate constant 0.3 s -  t) than the actual measured 
rates of de-occlusion, about 0.035-0.1 s -t.  As seen 
below, this discrepancy has two simple explanations, 
namely that the fluorescence experiments are carried 
out at a higher detergent/protein ratio (about 10) than 
the occlusion experiment shown in Fig. 4, and that the 
temperature for the stopped-flow experiment is 6°C as 
compared to the 2°C routinely used for the de-occlu- 
sion experiments. The following experiments are car- 
ried out in order to elucidate the influence of the 
detergent/protein ratio and temperature on the de-oc- 
clusion of Na +. 

The effect o f  the detergent /prote in  ratio on the rate o f  
de.occlusion as determ#ted by fluorescence changes 

The influence of the detergent/protein ratio on the 
rate of fluorescence change is determined by addition 
of increasing amounts of detergent to the enzyme. 
Measurement of the rate constant for the fluorescence 
change with detergent concentrations in the range 0-1 
mg/ml (giving detergent/protein ratios up to 20), 
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Fi~,. 6. The effect of detergent on the rate of de-occlusion deduced 
from stopped-flow fluorescence experiments. Na,K-ATPase in 2 mM 
NaCI was mixed with an equal volume of buffer containing 20 mM 
KCI at increasing concentrations of detergent, and the rate of 
fluorescence decrease is measured. The filled blocks show experi- 
ments wi:h shark enzyme, and the open circles are values for pig 
kidney enzyme. The buffer contained 30 mM histidine (pH 7.0 at 
6°C), and final concentrations were 0.05 mg protein/ml, I pM 
6-CEo, 10 mM KCI, I mM NaCI and Ct2E s to give the deter- 

geut/protein ratio shown. The temperature was 6°(:. 

shows that  there  is a marked  increase in the rate 
constant  with increasing detergent  concentrat ions at  
2°(2, Fig. 6. The rate constant  is about  0.02 s - I  at  
solubilizing concentrat ions (about 0.2 mg C i 2 E d m l ) ,  
increasing to about 0.2 s - I  at high de t e rgen t / p ro t e in  
ratio:~. This is in agreememt with the results for the rate 
of dr.-occlusion shown in Figs. 2 and 4. 

Temperature depenclence o f  the E n to E 2 transition at 
low temperature 

The tempera ture  dependence of de-occlusion (an 
increase in rate constant  by a factor of 2 - 3  from 2°(2 to 
6°C, Fig. 4) can also he seen with the fluorescence 
technique. Fig. 7 shows the tempera ture  dependence  
of the rate constant  /or  the fluorescence decrease 
associated with the E i N a  to E 2 transition for mem- 
brane-bound and solubilized Na,K-ATPase. For both 
the pig kidney (Fig. 7A) and the shark rectal gland 
enzyme (Fig. 7B), the rate constant  increases by a 
factor of 4 - 5  when the tempera ture  is increased from 
2°(: to 12°(::. The experiments  in the presence of ,Jeter- 
gent (at de t e rgen t /p ro t e in  ratios of e i ther  4 or 20) 
show that  the temperature  dependence is changed 
slightly by solubilization. The activation energy (esti- 
mated from the slopes of the lines in Figs. 7A and 713) 
increases from about 20-23 k c a l / m o l  for the mem- 
brane-bound enzymes to about 26-30  k c a l / m o l  for the 
soluhilized enzyme. The rate of fluorescence decrease 
(i.e. the rate of t ransfer  from the E I to the E2-form) is 
increased drastically by solubilization. Fig. 7 shows an 
increase by a factor u~" 20 when the detergent  concen- 
trat ion is changed from 0 (membrane-bound enzyme) 
to 1 m g / m l .  

The values for the rate constants for de-occlusion of 
Na + from solubilized shark enzyme (Fig. 4) are also 
indicated in Fig. 7 (filled diamonds in panel  B) to show 
the agreement  between the rate constants derived from 
fluorescence measurements  and the  actual de-occlu- 
sion rate constants.  The rate of fluorescence change is 
independent  of the K + concentrat ion in the range 

on A ~  

c00~ . . . . .  , , , , , , , , , 

i?,1- (per Kelvin~ 
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Fig. 7. Temperature dependence of the rate constant for de.occlusion as deduced from flaoresccoce measurements. This figure shows 
dependence on reciprocal temperature (K-  ~ ) of the rate constant (on a log scale) derived from the fall in fluorescence when Na,K-ATPase in the 
presence of 2 mM NaCI and 25 ~M oligomycin is mixed with 20 mM K +. The rate constants are derived from single.exponential fits of eor~es 
such as the upper tracing in Fig. 8A. The left hand panel (A) shows results with pig kidney enzyme, and the right hand panel (B) shows results 
with shark rectal g|and er, z'yme. The buffer contained 30 mM histidine (pH %0 at 6°C). 25 p.M oligomyein. 0.05 mg protein/ml, I p.M 6-CEo, 10 
mM KCI, I mM NaCI and 0, 0.2 or 1.0 mg C12EK/ml. Straight lines are fitted through the data, corresponding to activation energies (in 
keal/mol) of 22.8 (blocks), 25.8 (crosses) and "~02 (circles) for panel A and 20,2 (blocks), 24.1 (erasses) and 26.2 kcal/mnl (circles) for panel B. 

The filled diamonds show the values for the rate constant for de-occlusion dedved from the experiments in Fig, 4, 



from 5 mM to 150 mM (not shown). In the interpreta- 
tion of the results it does therefore probably not matter 
that the de-occlusion experiments are carried out in 20 
mM K + (Fig. 4) and the .fluorescence experiments with 
10 mM K + (Figs. 6 and 7). 

Determblation of  the di,~'~ociation constant for oligomycirt 
binding to solubilized Na.K-ATPase 

A marked effect of oligomycin on the rate of conver- 
sion from EtNa to E2K is seen seen in stopped-flow 
experiments when enzyme with less than optimal 
oligomycin is mixed with K +, Fig. 8. Here the fiuores- 
cence tracings are clearly two-compoue.~it at oligo- 
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mycin-concentrations in the range 0.3 to 1 p.M for 
kidney enzyme and ! -6 /zM for shark enzyme, Figs. 8A 
and 8B, respectively. Intuitively, the fluorescence tran- 
sients suggest that enzyme with Na + bound (but with 
no oligomycin bound and thus no occlusion of Na ÷) is 
Iransferred rapidly to the E_,-form by K +, whereas the 
:: action of enzyme molecules with oligomycin bound is 
transferred slowly. The fraction of enzyme with 
oligomycln bound obviously increases with an increase 
in the oligomycin concentration, Figs. 8A and 8B. 

Figs. 8C and 8D shows the result of an analysis of 
the transients for the solubilized enzymes: the time- 
course is fitted with a non-linear least-squares method 

B 

i . . . .  I , , , , , , , L 
9_0 25 

SECONDS 

0c i I i Ii 
i01 i o o o : :  i ! 

it . . . . . . . . . . .  f:: i 
, ,  , ,0 , ,  ~ : ,  ~ ,  ' ; ' , ~  ' ,~  ' .4, ' "~ ' , ,  

Fig. 8. The effect of oligomycin on the rate of 6.CEo fluorescence change from EiNa to EzK for solubilized Na,K-ATPas¢, Na,K-A'i'Pase in 2 
mM NaCI and oligomyein at the indicated concentrations were mixed with an equal volume of buffer containing 20 mM KCI. The left hand panel 
(A) shows experiments with pig kidney enzyme, and the right hand panel (B) shows experiments with shark rectal 81and enzyme. The buffer 
contained 30 mM histidine (pH 7.0 at 6°C), the indicated concentrations of oligomycln (p.M) and final concentrations were 0.05 mE; protein/ml, I 
/LM 6.CEo° 10 mM KCi, I mM NaCI and 0.5 mg C,z Es/mL The temperature was 6°C. Note that the tracings have been normalized to about the 
same amplitude and displaced vertically to case compari~n. Panels C (kidney ¢nryme) and D (shark enzyme) shows the dePendence of the 
amplitude of the slow phase (filled blocks) and the obsewed rate ctcfficlcnt for the slow phase (open symbols) on the oligomycin concentration 
when the transients in panels A and B, respectively° arc fitted by exponentials of the form F(t)  = F(®)+ F~n,~'e ~-k'~" w~ + Fr,,l~ij.c ~-k,~.,~. The 

lines fitted thmug.h the data are obtained from an analysis of the two.pool modal shown in Scheme I. 
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tO a sum of two exponentials,  one with a large rate 
constant  (held constant  at 30 s -  i ) and one with a much 
lower rate constant.  The percentage of slow fluores- 
cence decay (E,k,~) increases (and saturates) with in- 
creasing oligomycin concentrat ions,  and the rate con- 
stznt  a t t r ibuted to the slow phase (k,k,~ ,) decreases 
from about 0.3 to about 0.15 s - I  far kidney enzyme 
and i,~ fairly constant  for shark enzyme (about 0.2 s -  ~ ), 
Figs. 8C and 8D, respectively. 

k 
E t" Na ~ °E t" Na iligh fluoresce n ct.'- for'T!s 
Lk,  k j 

E 2" K Low fluorescence-form 

Scheme I 

The data  in Fig. 8 are interpn. 'ted in terms of a 
simpie model  (Scheme I). It is assumed that there is an 
equil ibrium between the occluded (oligomycin-bound) 
form "E  I • Na and the non-occluded (oligomycin-free) 
form E~ • Na. The E~-forms are denoted high fluores- 
cence forms because they both bind b-CEo with high 
affinity and 6-CEo is present  in these experiments.  
6-CEo is omit ted  from Scheme i for clarity. 

It is known that  the rate constant  for the conforma- 
tional change E I N a - E z K  is large ( k ,  >_ 30 s-~)  in the 
absence of oligomycin [15]. If we then at tr ibute the rate 
constant  k _ ,  to the de-occlusion (and de-binding of 
oligomyein), and let the rate constant  k~ be propor- 
tional to the oligomycin concentrat ion,  the ampli tude 
of the slow phase {F~t,~ ,) and the observed rate con- 
stant  for the slow phase (k~,,,,) can be interpreted in 
terms of the rate constants of the model in Scheme ! 
a]ong the lines of the analysis of Klodos et al. (page 
468 in Ref. 17). in that paper, explicit equations are 
given which rotate the parameters  obta ined from a 

TABLE III 

Rate ('otastunts for hitlding and di.~sociathm of oligom)'t'b~ nscd to fit 
the data shown in Figs. 8C and 8D to Scheme I 

k I is the rate constant far binding of oligomyein and has the 
dimension M ts I and k i is the corresponding dissociation hire 
constant (s i). kz is the large rate constant reflecting the transfl~r- 
mat{on of EINa u) E~K. in these experimenls set to 311 s i. K,, is 
the dissociation constant calculated fl)h the enzymc-oligomycin com- 
plex. i.e. K, ,=k  i / k l .  

Kidney enzyme Shark enzyme 

Rate constant for binding 
(k I. M- I s- t) I.I). I11 f' 0.1t9. Ill f' 

Rate eon~lant for  dissociation 
(k _ 1. s - i ) 11.3 !).2.| 

'Di~t;ziation constant for oligomycin 
(KL,./~M) 0.3 2.7 

Rate c~mstant for EtNa I,,* EzK 
transition ( t z. s - I )  311 311 

bi-exponential fit (i.e. k~t,, ~ and E,l,,~,) of a 2-po'ol 
model to the values of k I, k_  I and k z. 

In Figs. 8C and 8D are stlown the data obtained for 
k~t,w and F~l,, ~ from the bi-exponential  fit of the tran- 
sients in Figs. 8A and 8B, respectively, togethe( with 
the variation of these parameters  with the oligomyein 
concentrat ion using the values given in Table I l l  for 
k l, k_  I and k 2 (full lines in Figs. 8C and 8D). 

Discussion 

The purpose of the present paper  is to demonstrate  
that detergent  solubilized Na.K-ATPase can occlude 
Na + in the picsence oi" oligomycln, and to investigate 
the interaction between oligomyein and the solubilized 
enzyme. The results obtained also suggest that the rate 
of fluorescence changes associated with conformational  
changes correlate well with the rate of de-occlusion of 
Na +. 

Occh~sion capacity, cooperatiri ty a n d  de-occlusion rates 

The present  data for the Na+-dependence of 
oligomycin induced occlusion (Fig. I) compares  well 
with previous work on membrane-bound kidney en- 
zyme, where K.5-values of 0.f}-,q9 mM are found 
[6,18]. Here is found about (1.6 mM for kidney enzyme 
and (}.4 mM for shark enzyme. The stoichiometry of 
Na+-oeeluded is in the expected range, approaching 3 
Na +-ions per  phosphorylation-site (Table i). 

The maximal occlusion capacity is decreased only 
slightly upon solubilization of shark enzyme, from about 
2.6 Na + to about 2.2 Na + per  phosphorylation site. It 
is thus possible to solubilize the Na,K-ATPase and 
retain almos; full occlu:iion capacity for shark enzyme. 
For kidney enzyme there is a larger decrease in the 
occlusion capacity, which can be ascribed to a partia~ 
denaturat ion of the enzyme upon solubilization. The 
capacity for occlusion is decreased from about 2.6 Na + 
to about i.8 Na* per phosphorylation ~ite. Vilsen et al. 
[6] ha5 observed a similar decrease in occlusion capac- 
ity after solubilization, but they a!so showed that per- 
forming occlusion before solubqization lead to higher 
values for the amount  of Na + occluded, which was 
at t r ibuled to instability of the non-occluded form of 
the e n ~ m e  [6]. Here the occlusion e~periments are 
performed at a low temperature,  immediately after 
solubilization (i.e. witiiin 5 mia). For shark enzyme, 
there is no effect of the order  of addition of oligomycin 
and detergenl ,  but for kidney enzyme we observe - in 
agreement  with Vilsen et al. [6] - an increase in the 
occlusion capacity (25%) by addition of oligomycin 
before solubilization (experiments not shown). Denatu-  
ration of Na,K-ATPase activity has previously been 
described for solubilized kidney enzyme [19], where a 
typical bi-phasie response to detergent  was seen: about 
4{1% of the Na,K-ATPase was lost rapidly (presumably 



at the solubilization step) and the remaining 60% of 
activity was less prone to detergent inactivation. In the 
same study shark enzyme was far less susceptible to 
inactivation, in agreement with the results showed in 
this paper for the occlusion-capacity of the solubilized 
enzymes. 

Solubilization increases the ffa..~-value for Na + for 
shark enzyme by a factor of 4-5, whereas K0. s is only 
increased slightly upon solubilization of kidney en- 
zyme, from about 0.6 to about 0.8. The shape of the 
curves shown in Fig. ! indicate that there is a more 
marked interaction between the occluded ions in the 
solubilized state, as reflected by the increase in sig- 
moidicity (and in the Hill coefficient, from 1.0 to 1.6). 
These changes in mode of interaction has also been 
observed for example with enzymes modified by 
trypsinization [8] or by radiation inactivation [22]. In 
the latter case the cation sites exhibit a marked positive 
cooperativity after alteration of the protein structure 
by irradiation. Taese observations taken together with 
the present results suggest that the properties of the 
solubilized enzyme are different from those the native 
membrane-bound enzymes due to a modification in 
protein structure, presumably a change of interaction 
between subunits in the case of the solubilized enzyme. 

The rate constant for de-occlusion for membrane- 
bound enzyme is very low at 2°C (less than 0.01 s-J  for 
kidney enzyme), which has also been observed by 
Shani-Sekler et al. (a half-time about 9 min, Ref. 18). 
Solubilization of the enzyme leads to higher rates of 
de-occlusion, notably at high detergent-protein ratios. 
At a detergent/protein ratio of 3 we find a rate 
constant of about 0.02 s-~ (Fig. 2A) at 2°C. This is 
slower than the rate of 0.2 s -  i found for de-occlusion 
of Na + in the Cr-ATP complex at 20"C, but the two 
rates are compatible if an activation energy of about 28 
kcal/mol is assumed, which is in the same range as 
what we find with the fluorc:scence experiments (Fig. 
7). 

Temperature dependence of  the transition rates 
The calculated values for the activation energies of 

the rate constants for the fluorescence decrease (Fig. 
7) for membrane-bound enzyme (20-23 kcal/mol) are 
about the same as those seen for the de-occlusion of 
K + from FITC-modified Na,K-ATPase [2(I], and also 
correspond to the activation energy seen for the Na,K- 
ATPase reaction for shark enzyme [21]. 

htteraction of  oligomycin with the soh~bilized enzyme 
The model described in Scheme I is a kinetic 

'minimal model' used to describe the results of the 
fluorescence experiments. The implication of the model 
as it stands is that the slow process of de-occlusion is 
due to a slow dissociation of oligomycin, which also has 
been suggested for membrane-bound Na,K-ATPasc 
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[23]. Models involving more molecular detail can also 
fit the data, notably if the step involving binding/dis- 
sociation of oligomycin and the step with slow de-oc- 
clusion of Na + are to be separated (see Scheme II). 
Here kj is taken to be proportional to the oligomycin 
concentration (dimension M-~s-~) ,  but the values of 
the individual rate constants can not be assigned from 
the present experiments. 

/,:~ k , 
E ' Na ~ ~E • Na ~ °E f (Na }  I-ligl~ fluorescence-forms 
.~tk2 k I I k dc ,,~:¢ 

E z ' K Low fluorescence4orm 

Scheme II 

Scheme II is more attractive than Scheme I, cspe- 
dally since the occlusion and slow de-occlusion of Na + 
is seen also with m{~difiers of the enzyme other than 
oligomycin [5,6], The temperature dependence of the 
observed fluorescence transition, which indicates acti- 
vation energies in the range 25.-30 kcal/mol, also 
suggest ihat the reactions involved are more complex 
than binding and dissociation of oligomyein: the values 
obtained here are associated with enzyme-catalyzed 
reactions (see for example Ref. 21) rather than simple 
ligand-binding and dissociation reactions, for which 
much lower activation energies are to be expected. The 
values for the binding and dissociation rate constaqts 
derived (k~ and k_~, Table l i d  are al:.o much larger 
than the previously obtained values for dissociation 
and binding of oligomycin to membrane bound Na,K- 
ATPase [23]. The large increase in the rate of fluores- 
cence changc observed at increasing detergent/protein 
ratios (Fig. 6) should according to Scheme I imply that 
the rate of dissociation of oligomycin increases with the 
detergent/protein ratio, v, hereas Scheme !! allows the 
effect of detergent to be on the de-occlusion step (i.e. 
t o  increase kae.,~c). 

Correlation &,tween de-occlusion and fluorescence tran- 
sition rates 

It has previously been demonstrated that there is a 
good correlation between de-occlusion of Rb + and 
fluorescence changes from E, to E~ in dog kidney 
enzyme [10]. Here it is shown that under appropriate 
conditions the same correlation is found for detergent 
solubilized shark enzyme (Fig. 8B). It is, however, 
evident that there a strong interplay between the de- 
tergent and the protein. Notably, a high detergent /  
protein ratio gives rise to an increase in the de-occlu- 
sion rates. If the effect of detergent is taken mainly to 
transform the enzyme into the monomeric state at high 
detergent/protein ratios, then a tentative conclusion is 
that monomerie Na,K-ATPase is different from its 
oligomeric counterpart in having a larger rate constant 
for de-occlu:don of Na + as well as a larger degree of 
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posi t ive coopera t iv i ty  b e t w e e n  the  ions occ luded .  An-  
o t h e r  pos'~ibility is tha t  a high d e t e r g e n t  concen t r a t i on  
p e r t u r b s  the  l i p i d - p r o t e i n  in te rac t ion ,  l ead ing  to 
c h a n g e s  in p ro t e in  dynamics  (i.e. i nc reased  ra tes  o f  
c o n f o r m a t i o n a l  changes ,  Fig. 7) a n d  subsequen  !~,' to  
d e n a t u r a t i o n  o f  the  e n z y m e  (Fig.  3A),  as  has  b e e n  
sugges t ed  for  C a 2 + - A T P a s e  [24]. 
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