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By feeding rats on a h igh-choles terol  diet or  by treat ing rat  brain membranes  with cholesterol  
oxidase, preparat ions  of memb$'ane Na,K-ATPase  differing in their  choles terol  content were 
obtained. The cholesterol /protein ratio varied f rom 0,034 to 0.251 (normally 0.152). An 
increase  in this ratio was shown to s traighten Ar rhen ius '  plots for Na,K-ATPase  versus  
tempera ture ,  whereas a decrease  increases  their  curvature.  A change in the tempera ture  
dependence on enzyme activity takes  place simultaneously with the corresponding change in 
water repel leney in experiments with the spin-label analog of androstane, tt is concluded that 
the .cholesterol level in the brain membranes  controls  Na,K-ATPase activity. 
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Na,K-dependent adenosine t r iphosphatase (Na,K-ATPase) is an enzyme of the plasma membranes  whose 
activity determines the function of the Na pump, which is responsible for creat ing the gradient of Na + and K + 
ions in ceils.  One of the distinguishing ~eatures of Na,K-ATPase,  which reflects  its location in the membrane,  
is the curvature  of the Arrhenius  ~ plot versus  tempera ture .  The inflection of the tempera ture  curve  at 20 + 2~ 
corresponds  to the region of s t ruc tura l  changes in lipids and reflects  control  of the activity of the Na pump by 
the cell membranes  [1]. Proof  of the presence  of this control  is given by the dependence of the position of the 
inflection on the Ar rhen ius '  plot during react ivat ion of Na,K-ATPase on the physicochemical  proper t ies  of the 
phospholipids used f o r  react ivat ion [2]. Fur ther  evidence is given by the fact that Mg 2+ ions, which have a 
s t ructur iz ing influence on membrane  lipids, s traighten the A r rhenius '  plots for ATPase  so that it becomes 
l inear  for the spec t ra l  pa ramete r s  of spin probes in the same membranes  [3]. A powerful factor  controll ing 
the fluid propert ies  of membranes  is known to be the cholesterol  level in them [4]. 

The object of this investigation was to study cor re la t ion  between the cholesterol  content in the brain 
membranes  and the charac te r  of the tempera ture  dependence of the Na,K-ATPase  of these membranes .  

E X P E R I M E N T A L  M E T H O D  

Female  albino rats weighing 150-200g,  kept for 15-20 days under normal  conditions or  for the same 
period on a h igh-choles terol  diet (15 mg choles terol  per  rat  daily) were used in the experiments.  Na,K-ATPase 
was isolated f rom the gray mat ter  of rat  brain [5]. Protein and inorganic phosphate (Pi) were determined by 
the usual method [1, 3], the cholesterol  content in the membranes  by the "Boehringer H test  kit [6], and phos-  
pholipids by Folch 's  method [7] or by th in- layer  chromatography [8]. ATP f rom "Reanal" (Hungary), r e c ry s t a l -  
lized and converted into the imidazole salt ,  NaCt and KC1 from "Soyuzreaktiv" (USSR), recrys ta l l i zed  twice 
with EDTA; MgC12 of spectra l  puri ty;  and the "Boehringer"  kit for determination of cholesterol  and cholesterol  
oxidase were used. The labels used in the e lec t ron  paramagnet ic  resonance (EPR) experiments  were:  

OI-[ 

M=l M=2 * 

and were generously provided by E. K. Ruuge (Moscow, USSR) and J. Inesi (Pennsylvania,  USA), and the EPR 
spec t ra  were recorded  on a "Varian" spectroscope.  
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Fig .  1. B r a i n  N a , K - A T P a s e  a c t i v i t y  of 
n o r m a l  r a t s  (1) and r a t s  on h i g h - c h o l e s -  
t e r o l  d ie t  (2) as a funct ion of t e m p e r a t u r e .  
Cond i t ions  of  i ncuba t ion :  3 mM A T P ,  1 
mM A T P ,  1 mM MgC12, 130 mM NaC1, 20 
mM KC1, 30 mM i m i d a z o l e ,  pH 7.4. 
A b s c i s s a ,  r e c i p r o c a l s  of a b s o l u t e  t e m p e r -  
a t u r e  (T) ; o r d i n a t e ,  l o g a r i t h m  of m a x i m a l  
r e a c t i o n  v e l o c i t y .  

TABLE 1. C o m p a r i s o n  of C h o l e s t e r o l  Content  in M e m b r a n e  N a , K - A T P a s e  P r e p a r a -  
t ions  and A p p a r e n t  A c t i v a t i o n  E n e r g i e s  of  This  E n z y m e  D e t e r m i n e d  wi th in  the  R a n g e  
10-30~ 

Preparation of Na,K-ATPase 

Normal 

Experimental hypercholes- 
teremia 

After t~eatmem of preparation 
with cholesterol oxidase 

t Ratio 
cholester-oi7 cholesterol/ 
protein iPp~ p n ~  

0,152 0,205 

0,231 0,250 

0,034 

Experimental conditions 

MgC|~ 1 raM, ATP 3 mM 
MgCI~ 5 raM, ATP 1 mM 

MgCI~ 1 raM, ATP 3 mM 

MgCI2 5 raM, ATP l mM 

Ac~vation energy, 
kcal/mole 

above 20*C 

19,5+1,5 
17,4+2,0 

19,6+I ,4 

7,6_4-I ,2 

below 20~ 

34,2---~2,1 
17,5~0,9 

20,0~1,9 

17,4=k0,8 

EXPERIMENTA L R E S U L T S  

As was shown previously [3], the appearance of the Arrhenius' plots for Na,K-ATPase depends on the 

MgCIJATP ratio in the incubation medium. In the presence of 3 mM ATP and I mM MgCI 2 the curve had an 

inflection at 20~ The temperature dependence curve of Na,K-ATPase isolated from the brain of rats kept on 

a high-cholesterol diet was without this inflection (Fig. I). The sharp change in the appearance of tke 
Arrhenius' curve suggested certain radical changes in the structure of the membranes as a resuR of choles- 

terol load ing .  

To t e s t  th i s  hypo the s i s  e x p e r i m e n t s  w e r e  c a r r i e d  out  with s p i n - l a b e l e d  compounds  r e f l e c t i n g  the  s t a t e  of 
d i f f e r e n t  p a r t s  of  the  m e m b r a n e .  L a b e l  M-1 was i n t r o d u c e d  into r e l a t i v e l y  fluid r e g i o n s  of  the  m e m b r a n e s ,  
and o r i e n t e d  t r a n s v e r s e l y  in  the  b i m o l e c u l a r  l ip id  l a y e r .  The  c h a r a c t e r  of t he  t e m p e r a t u r e  d e p e n d e n c e  of  the  
c o r r e l a t i o n  t i m e  fo r  th i s  l a b e l  showed no change  a f t e r  c h o l e s t e r o l  load ing .  The M-2 l a b e l ,  a n d r o s t a n e  in n a t u r e  
and r e s e m b l i n g  c h o l e s t e r o l  in s t r u c t u r e ,  not  only  f i t ted  b e t t e r  into the N a , K - A T P a s e  p r e p a r a t i o n s  f r o m  the  
e x p e r i m e n t a l  r a t s ,  but  a l so  gave  a d i f f e r e n t  type  of t e m p e r a t u r e  d e p e n d e n c e  (Fig .  2). The  i n f l ec t i on  on the  
A r r h e n i u s  T p lo t  was s m o o t h e d ,  in h a r m o n y  with the  known ef fec t  of  c h o l e s t e r o l  on the  p h y s i c o c h e m i c a l  c h a r a c -  
t e r i s t i c s  of a r t i f i c i a l  l ip id  m e m b r a n e s  [4]. T h e s e  e x p e r i m e n t s  s u g g e s t e d  tha t  in a l i m e n t a r y  h y p e r c h o l e s t e r e m i a  
c h o l e s t e r o l  i s  bu i l t  into the b r a i n  m e m b r a n e s  and c a u s e s  a change  in t h e i r  p r o p e r t i e s  and in the  c h a r a c t e r  of 
o p e r a t i o n  of the  ionic  p u m p s .  

The c h o l e s t e r o l / p r o t e i n  and c h o l e s t e r o l / p h o s p h o l i p i d s  r a t i o s  in b r a i n  m e m b r a n e s  f r o m  n o r m a l  and 
e x p e r i m e n t a l  r a t s  w e r e  c o m p a r e d  (Tab le  1). The  r e s u l t s  c o n f i r m  tha t  with the  m o d e l  used  both r a t i o s  i n c r e a s e d .  
D i f f e r e n c e s  in the  a c t i v a t i o n  e n e r g y  above  and be low the  r e g i o n  of  i n f l ec t i on ,  which u n d e r  n o r m a l  cond i t ions  
a m o u n t e d  to 15 k c a l / m o l e ,  d i s a p p e a r s ,  r e f l e c t i n g  the  r e m o v a l  of s t r u c t u r a l  c o n v e r s i o n s  o f  the  l i p i d s  with an 
i n c r e a s e  in the c h o l e s t e r o l  l e v e l  in the  m e m b r a n e s .  
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Fig. 2. Appearance of spec t rum of M-2 label at room tempera tu re  (a) and spect ra l  
pa rame te r  I + I / B  as a func t ionof tempera tu re  in normal  conditions and a f t e r  high cho- 
les terol  diet (b). 1) Normal;  2) after h igh-choles terol  diet. 

Fig. 3. Activity of Na,K-ATPase as a function of t empera tu re  under normal  conditions 
(1) and after  t rea tment  of preparat ion for 8 h with cholesterol  oxidase (2). Conditions 
of t rea tment :  ratio between protein of Na,K-ATPase  and protein of cholesterol  oxidase 
100 : 1. Conditions of determination of activity: 1 mM ATP, 5 mM MgC12, 130 mM 
NaC1, 20 mM KC1, 30 mM imidazole,  pH 7.4. Remainder  of legend as in Fig. 1. 

In other experiments  cholesterol  oxidase was used to reduce the cholesterol  contents in the membrane  
prepara t ions  in vitro.  After t rea tment  of the Na,K-ATPase  with cholesterol  oxidase for 8 h 50-80% of the 
choles terol  in the membranes  was oxidized (Table 1). The graph of tempera ture  dependence of this enzyme in 
this case showed an inflection even in the presence  of a high MgC12 concentrat ion (Fig. 3). A choles terol  
deficiency in the membranes ,  it must be noted, led to a decrease  in the activation energy in the t empera tu re  
region above the inflection. Mg 2+, on the other hand, controls the t empera tu re  dependence of the enzyme in the 
low- tempera ture  region. 

The experiments  showed that, just as in ar t i f ic ial  membranes ,  the cholesterol  level controls the fluid 
proper t ies  of the lipids and enzyme activity of the proteins in native membrane  s t ruc tures .  Changes in the 
cholesterol level in the membranes thus must characterize the degree of their nativeness. Another possible 
index reflect ing the state of the membrane  s t ruc tures  may be the cha rac t e r  of the t empera tu re  dependence of 
Na, K-ATPase .  Since the model of a l imentary hypercholes te remia  as used in these experiments is a f i rs t  
approximation to a model of a therosc le ros i s ,  the principles revealed could be of pract ical  importance.  

The authors a re  grateful to Academician S. 1~'. Severin (Moscow) for a useful discussion of the exper i -  
mental  resul ts ,  to Dr. Walter Fiehn (Heidelberg, West Germany) for generously providing the preparat ions of 
cholesterol  oxidase, to Dr. E. K. Ruuge (Moscow State University) for help with the EPR-spcc t roscop ic  exper i -  
ments,  and to V. V. Risnik (Moscow State University) for helping to set up the experiments.  
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