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Lipid activation data for (Na++ K+)-ATPase (Ottolenghi, P. (1979) Eur. J. Biochem. 99, 113-131) have 
been subjected to a regression and fitting analysis based on a recent kinetic model (Sandermann, H. (1982) 
Eur. J. Biochem, 127, 123-128). I'he observed kinetic cooperativity could be generated from strictly 
non-cooperative binding events involving the known number of 30 boundary lipid-binding sites per ATPase 
monomer. Apparent lipid dissociation equilibrium constants of between 0.3 and 5 ~M were obtained, enzyme 
activity being associated only with the fully lipid-substituted enzyme and enzyme-lipid complexes with less 
than six unoccupied lipid-binding sites. The enzyme appeared to operate close to a maximum of cooperativ- 
ity. 

A novel kinetic mechanism for the cooperativity 
of lipid-dependent membrane functions has re- 
cently been derived [ 1 ]. The model generates kinetic 
cooperativity from multiple non-cooperative 
lipid-protein binding steps. It has, however, re- 
mained open as to whether this mechanism is 
realized by lipid-dependent membrane enzymes. 

The simplest rate equation of the kinetic model 
has in a recent independent study [2] been shown 
to describe the lipid activation of the mitochondrial 
fl-hydroxybutyrate dehydrogenase. The basic Eqn. 
3 of Ref. 2 was identical to Eqn. 4 of Ref. 1. Only 
two independent lipid-binding sites were assumed 
for the dehydrogenase [2]. More generally, how- 
ever, integral membrane proteins possess about 
20-100 lipid-binding sites [3,4]. The bound lipid 
has in many cases been shown to be required for 
function [5], but the kinetics of lipid activation 
have usually not been thoroughly studied. In the 

Abbreviations: DOPC, dioleoylphosphatidylcholine; DOPE, 
dioleoylphosphatidylethanolamine. 

case of (Na++ K+)-ATPase, detailed kinetic data 
and an elaborate kinetic model based on coopera- 
tivity in lipid binding have been published by 
Ottolenghi [6]. A completely different evaluation 
of these kinetic data is now presented. The kinetic 
model of Ref. 1 is applied, assuming strict non- 
cooperativity in lipid binding. Studies with elec- 
tron spin labeled lipids have in fact yielded no 
evidence for cooperativity in lipid binding to (Na ÷ 
+ K*)-ATPase [3,4,7,8]. These studies have indi- 
cated that a number ( n = 6 0 )  of independent 
boundary lipid-binding sites are present per 
(a2fl2)-dimer of the enzyme, the dimer or the 
(c~fl)-monomer being the basic unit of ATPase 
activity [9,10]. It will be shown that the coopera- 
tive lipid activation of the ATPase can be gen- 
erated from non-cooperative lipid binding to the 
known number of sites. 

The present analysis was carried out with the 
lipid activation data of Figs. 2 and 11 in Ref. 6. 
The original experimental data were kindly made 
available by Dr. P. Ottolenghi, Dept. of Physiol- 
ogy, University of Aarhus, Aarhus, Denmark. The 
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analysis  was based  on Eqn. 10 of  Ref. 1. Regres-  

s ion analysis  was done  with a S I M U L A  program,  
and  non- l inear  curve f i t t ing was pe r fo rmed  using 
the S I M P L E X  a lgor i thm [ 11]. 

The exper imenta l  app roach  in Ref. 6 was to 
recombine  a de l ip ida ted  ( N a + +  K+) -ATPase  pre-  
pa ra t ion  f rom dogfish rectal  g lands  with increas-  
ing concen t ra t ions  of  D O P C  or D O P E  in the 
presence of  a non-ac t iva t ing  detergent .  The reap-  
pea rance  of  K ÷ phospha tase  and  ( N a ÷ +  K÷)  - 
A T P a s e  activit ies was followed. The values for 
max imal  velocity,  V, as well as the l ipid concentra-  
t ions required to reach ha l f -maximal  veloci ty 
([Ls0]) are l isted in Table  I. Also  l isted are the 

coopera t iv i ty  indices,  [L9o]/[L10 ], which were de- 
t e rmined  graphica l ly  as the ra t io  of  l ipid con- 
cen t ra t ions  required to reach 90% and 10%, re- 

spectively,  of V (see Ref. 1). 
The  exper imenta l  d a t u m  poin ts  of Ref. 6 are 
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Fig. 1. Lipid activation of a purified delipidated (Na++ K+) - 
ATPase preparation from dogfish rectal glands. Relative en- 
zyme activity (v /V)  is plotted against lipid concentration 
(/~M). A, K + phosphatase regenerated with DOPC, B, K + 
phosphatase regenerated with DOPE, C, (Na + +K+)-ATPase 
regenerated with DOPC, D, (Na++ K+)-ATPase regenerated 
with DOPE. The experimental points shown are from [6]. The 
solid lines were calculated from Eqn. 10 of Ref. 1 using the 
optimal values for apparent K 1 and the index a of Table I. 
Values of a = 2 were used in C and D. The curves calculated 
for n = 30 as well as n = 60 are shown. Both curves largely 
superimpose. Where two lines are visible, the upper one was 
obtained for n = 60, except for the lower part of the curves in 
panel C. 
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shown in Fig. 1. When  these da ta  were f i t ted to a 
Hi l l - type  equat ion  (Eqn. 5 of Ref. 1) regression 
l ines with corre la t ion  coefficients  of at least 0.93 
were obta ined .  The  Hill  coefficients,  n H, calcu- 
la ted as slope values of  the regression lines, are 
l isted in Table  I. In  agreement  with the analysis  by  
Ot to lenghi  [6], it is seen that  ( N a + +  K+) -ATPase  
act ivi ty  appea red  with s ignif icant ly higher  ap- 
pa ren t  coopera t iv i ty  than K + phosphatase .  As  a 
first app l ica t ion  of  the kinetic  model  in Ref. 1, 
values for the index a were der ived f rom the 

[L90]/[Ll0 ] values of  Table  I by  inspect ion  of  Fig. 
2A of  Ref. 1. The  index a refers to the number  of 
unoccupied  l ip id -b ind ing  sites which is still com- 
pa t ib le  with enzyme activity.  Act ive  l ipopro te in  
species thus are E L , ,  E L , _ I . . .  and  E L , _ ~  [1]. 
The  es t imated  values for the index a of the recon- 
s t i tu ted  phospha tase  and  ATPase  activit ies are 
l is ted in Tab le  I. 

Mode l  ca lcula t ions  were carr ied  out  for mem-  
b rane  enzymes with 30 or  60 independen t  l ip id-bi-  
nding  sites. I t  was first cons idered  how the cata-  
lyt ic  efficiency of  l ipid,  expressed as the rat io,  
[ L s 0 ] / K ] ,  depends  on the index a. K l is the micro-  
scopic  l ipid d issocia t ion  equi l ibr ium cons tan t  [1]. 
The  results are shown in Fig. 2A. There  was a 
dras t ic  decrease in [Ls0] /K~,  equivalent  to an 
increase in ca ta ly t ic  efficiency, in going from a = 0 
to about  a = 5. This  may  reflect the s tat is t ical  
diff icul ty  in occupying  the last  unoccup ied  sites on 
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Fig. 2. Catalytic efficiency A and cooperativity B ofmembrane 
enzymes with n = 30 ( . . . . . .  ) and n = 60 ( ) lipid-bi- 
nding sites. The ratio, [Ls0]/Kt, was used as a measure of 
catalytic efficiency, and cooperativity is expressed as the index, 
[L90]/[L]o ]. Both parameters are plotted against the index a. 
The latter indicates the maximum number of unoccupied lipid- 
binding sites which is still compatible with enzyme activity. The 
curves were calculated from Eqn. 10 of Ref. 1. 



4~
 

T
A

B
L

E
 I

 

K
IN

E
T

IC
 C

O
N

S
T

A
N

T
S

 
F

O
R

 T
H

E
 R

E
C

O
N

S
T

IT
U

T
E

D
 

E
N

Z
Y

M
E

 A
C

T
IV

IT
IE

S
 

V
 i

s 
q

u
o

te
d

 i
n

 #
m

o
l/

h
 p

er
 m

g
 p

ro
te

in
, 

ta
k

en
 f

ro
m

 R
ef

. 
6.

 [
LI

0 
], 

[L
so

 ] 
an

d
 [

L9
0 

] w
er

e 
d

et
er

m
in

ed
 g

ra
p

h
ic

al
ly

 u
si

n
g

 t
h

e 
in

d
ic

at
ed

 v
al

u
es

 o
f 

V
. 

T
h

e 
H

il
l 

co
ef

fi
ci

en
t,

 n
 H

, 
w

as
 

d
et

er
m

in
ed

 f
ro

m
 E

qn
. 

6 
of

 R
ef

. 
1.

 T
h

e 
co

rr
el

at
io

n
 c

o
ef

fi
ci

en
t,

 r
, 

is
 g

iv
en

 i
n 

b
ra

ck
et

s.
 T

h
e 

ap
p

ro
x

im
at

e 
in

d
ex

, 
a 

w
as

 e
st

im
at

ed
 b

y
 u

se
 o

f 
F

ig
. 

2A
 i

n
 R

ef
. 

1 
u

si
n

g
 t

h
e 

in
d

ic
at

ed
 

v
al

u
es

 o
f 

[L
g

o
]/

[L
t0

 ] 
an

d
 n

 =
 6

0.
 A

p
p

. 
=

 a
p

p
ar

en
t.

 

R
ec

o
n

st
i-

 
V

 
[L

so
 ] 

[L
9o

 ]
/ 

n 
H

 (
r)

 
A

p
p

ro
x

. 
tu

te
d

 
(#

M
) 

[L
io

 ] 
in

d
ex

 a
 

w
it

h
 

C
al

cu
la

te
d

 o
p

ti
m

al
 v

al
u

es
 

n 
=

 6
0 

n 
=

 3
0 

A
p

p
. 

In
d

ex
 

A
p

p
. 

In
d

ex
 

K
 I

 (
/~

M
) 

a 
K

 I
 (

#
M

) 
a 

(N
a 

+
 K

 +
)-

A
T

P
as

e 
P

C
 

ac
ti

v
it

y
 

P
E

 

K
 ÷

 p
h

o
sp

h
at

as
e 

P
C

 
ac

ti
v

it
y

 
P

E
 

57
4 

21
 

3.
5 

2.
71

 (
0.

98
) 

5 
1.

6 
4.

0 
4.

8 
5.

8 
58

1 
18

 
5.

6 
2.

23
 (

0.
95

) 
2 

0.
8 

2.
0 

2.
3 

3.
0 

26
0 

10
 

6.
7 

1.
90

 (
0.

99
) 

2 
0.

31
 

1.
3 

0.
6 

1.
4 

19
0 

8 
8.

0 
1.

56
 (

0.
93

) 
1 

0.
27

 
1.

5 
0.

6 
1.

6 



a protein with multiple lipid-binding sites (cf. Ref. 
1). 

At higher values of a, there was a gradual 
approximation towards the value of [Ls 0 ] / K  I = 1, 
which corresponds to hyperbolic activation [1]. 
When the cooperativity index, [L90]/[Li0], was 
calculated in dependence on the index a, there 
were well-defined minima of [L90]/L10 ] which 
represented maxima of cooperativity (Fig. 2B). 
The value of [L90]/[Li0], 81, which is characteris- 
tic for hyperbolic activation [1], was reached only 
when the index a approximated n. The lowest 
cooperativity indices obtained were 4. 54 (for n = 
30 and a = 5 )  and 3.20 (for n = 6 0  and a = 8 ) .  
These values correspond to Hill coefficients of 2.9 
(for n = 30) and 3.8 (for n = 60). These limiting 
values were higher than the experimental Hill coef- 
ficients of Table I, so that the kinetic model of 
Ref. 1 could be used for analysis. 

The values of V in Table I and fixed values of 
n = 30 or n = 60 were used to adjust the parame- 
ters of Eqn. 10 of Ref. 1 to the experimental points 
of Fig. 1. The optimal values for the apparent K~ 
and for the index a are listed in Table 1. The 
optimal values for the index a were between 1.3 
and 1.6 for the K ÷ phosphatase and between 2.0 
and 5.8 for the ( N a + +  K+)-ATPa~e. These values 
were close to the preliminary values determined 
graphically (Table I, left part). The curves corre- 
sponding to the optimal values of apparent K~ and 
the nearest integer of the index a are shown in Fig. 
1. A close fit to the experimental points was 
generated for n = 30 as well as n = 60. 

Inspection of Fig. 1 revealed several small but 
significant deviations of the calculated curves from 
the experimental data. No attempt was made to 
obtain a better fit by recalculation with altered 
assumptions. The present apparent K~ values of 
between 0.27 and 4.8/~M were in the same range 
as the K~ values of between 3.43 and 8.05 /~M 
previously calculated on the basis of completely 
different kinetic assumptions [6]. 

The above results indicate that the kinetic coop- 
erativity of the reconstituted ( N a + +  K+)-ATPase 
and K ÷ phosphatase activities can be generated 
from strictly non-cooperative lipid-binding events. 
The present analysis therefore reconciles the stud- 
ies indicating cooperativity in lipid activation [6] 
with those indicating non-cooperativity in lipid 
binding [3,4,7,8]. This result could be obtained on 
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the basis of the accepted number of lipid-binding 
sites of the ATPase (30 per monomer or 60 per 
dimer). 

The present analysis led to different apparent 
K I values for the ( N a + +  K+)-ATPase and the K + 
phosphatase activities. This result was difficult to 
understand, since both activities are functions of 
the same protein. Only experimental lipid-protein 
binding studies can clarify whether the differences 
in apparent K~ values are real. 

The optimal values of apparent K~ were in the 
micromolar range, so that the catalytically active 
lipoprotein species of the ATPase possess a high 
free energy potential. This chemical potential could 
conceivably play a role in the conformational 
changes and the vectorial catalysis of the enzyme. 
The optimal values for the index a were in a range 
of particular regulatory importance. In this range 
of a = 1-6 the catalytic efficiency, expressed as 
[Ls0] /K t, was still strongly sensitive to changes in 
a. At the same time, the optimal values for the 
index a were close to the cooperativity maxima of 
Fig. 2B. This could enable the (Na ++ K +)-ATPase 
to act as a biochemical amplifier of structural 
changes in the lipid phase. 
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