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S u m m a r y  

A microsomal  f rac t ion f rom canine brain gray m a t t e r  has been ex t rac ted  
with the de te rgen t  sodium dodecy l  sulfate to  part ial ly pur i fy  the membrane-  
bound  (Na÷+ K÷)-stimulated adenosine  t r iphosphatase .  Phosphol ip id ,  glyco- 
lipid, and a family  of  o the r  g lycopro te ins  are also enr iched by  the p rocedure ;  it 
is p roposed  tha t  the p r o d u c t  is an intrinsic m e m b r a n e  pro te in  fract ion.  6--8- 
fold pur i f ica t ion  of  (Na++ K+)-ATPase is ob ta ined  w i t h o u t  solubilizing the 
e n z y m e  and w i t h o u t  irreversibly altering its tu rnover  number .  Final specific 
activities are 350 - -400  /~mol of  ATP h y d r o l y z e d / h  per mg prote in .  The  stimu- 
lat ion and reversible inact ivat ion of  the (Na ÷ + K+)-ATPase by dodecy l  sulfate 
were examined  for  i n fo rma t ion  relevant  to the mechanism of  act ion of  the 
de tergent .  

I n t r o d u c t i o n  

A new p rocedure  for  the pur i f ica t ion  of  the (Na + + K+)-ATPase f rom brain 
was sought  because the previous p rocedures  have practical  disadvantages: com- 
p lex i ty ,  low yield,  and instabil i ty of  the p r o d u c t  [1- -5] .  Several good proce-  
dures,  however ,  have been deve loped  for  the (Na++ K+)-ATPase f rom renal 
medulla.  If the (Na + + K+)-ATPases in the two tissues are identical,  one might  
expe c t  similar t echn iques  to work  in bo th  tissues. The  simplest of  the proce- 
dures is tha t  of  Jorgensen [6 ,7] ,  which is based on the ex t rac t ion  of  conta-  
minat ing prote ins  f rom m e m b r a n e - e m b e d d e d  (Na ÷ + K+)-ATPase with sodium 
dodecy l  sulfate.  Lipid is ex t r ac t ed  as well as prote in ,  so that  the purif ied 
(Na + + K+)-ATPase is m e m b r a n e  b o u n d  bu t  has app rox ima te ly  the same lipid to 

* P r e s e n t  a d d r e s s :  D e p a r t m e n t  o f  N e u r o b i o l o g y ,  H a r v a r d  M e d i c a l  S c h o o l ,  B o s t o n ,  Mass . ,  U . S . A .  
A b b r e v i a t i o n s :  ( N a  + + K + ) - A T P a s e ,  s o d i u m  p l u s  p o t a s s i u m - s t i m u l a t e d  a d e n o s i n e  t r i p h o s p k a t a s e  (EC 
3 . 6 . 1 . 3 ) ;  C a 2 + - A T P a s e ,  c a l c i u m - s t i m u l a t e d  a d e n o s i n e  t r i p h o s p h a t a s e ;  M g 2 + - A T P a s e ,  all a d e n o s i n e  
t r i p h o s p h a t a s e  a e t i v i t y  n o t  s e n s i t i v e  to  o u a b a i n  a n d  n o t  s t i m u l a t e d  b y  Ca  2+. N a  ÷, o r  K +. 
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protein ratio as it has before extraction [6]. The method has been successfully 
applied to the (Na*+ K*)-ATPase of the nasal salt gland of the duck [8]. 
Because of the simplicity of the method,  its high yield and good purification, 
its application to the purification of (Na ÷ + K ÷)-ATPase from brain was studied 
in depth. 

Materials and Methods 

Materials. Canine brains were the gift of the Cardiovascular Research Labora- 
tory, Massachusetts General Hospital. Sodium dodecyl sulfate from Sigma 
Chemical Co. (~95% pure) and from BioRad Laboratories ( 9 9 %  pure) gave 
similar purifica~ion. Chemicals obtained from Sigma included disodium ATP, 
p-nitrophenyl phosphate, ouabain, strophanthidin, 3-phosphoglycerate, Tris 
base, bicine, L-a-lecithin, muscle phosphorylase, bovine serum albumin, and 
ovalbumin. [3H]Ouabain, [32p]phosphate, NaB3H4, and sodium dodecyl [3sS]- 
sulfate were from New England Nuclear. Sodium m-periodate was from Mal- 
linckrodt. Neuraminidase from Vibrio cholerae was from Behring Diagnostics. 
Galactose oxidase from Polyporus circinatus was purified from Worthington 
galactose oxidase by the method of Hatton and Regoeczi [9], and was the 
gift of K. Drickamer. Phosphoglycerate kinase, glyceraldehyde-3-P dehydro- 
genase and lysozyme were from Worthington. BioBeads S (BioRad Laborato- 
ries) were wetted by equilibration in turn with methanol,  methanol/water  mix- 
tures, and water [10]. 

Preparation of  microsomes. Cortical gray matter was homogenized at 4°C in 
nine volumes of 0.32 M sucrose, I mM EDTA by a motor-driven teflon-glass 
homogenizer. It was centrifuged for 20 min at 850 X g and 20 min at 8500 × g. 
The supernatant was centrifuged for 1 h at 30 000 rev./min. The pellet was 
resuspended in sucrose/EDTA and stored at --60°C; this was the microsomal 
fraction normally used for dodecyl sulfate extraction. When indicated in the 
text, some microsomes were treated with deoxycholate and NaI by the proce- 
dure of Nakao [2] prior to dodecyl sulfate extraction. The procedure of Hart 
and Titus [ 11] was used for KI extraction after dodecyl sulfate extraction. 

Assay. The (Na ÷ + K*)-ATPase reaction mixture contained 140 mM NaC1, 20 
mM KC1, 3 mM ATP, 3 mM MgC12, and 30 mM histidine • HC1, pH 7.25. Incu- 
bation was at 37°C for 2--6 min, during which period hydrolysis is essentially 
linear. Each ml of reaction mixture was quenched with 2.5 ml of 1.25% am- 
monium molybdate in 0.3125 M H2SO4 and was extracted by vortexing for 10 
s with 2.5 ml isobutanol/benzene (1 : 1, v/v). The absorbance of the extract 
containing the yellow phosphomolybdate complex was measured at 380 nm 
absorbance. (Na++ K÷)-ATPase activity was defined as the activity sensitive to 
100 t~M strophanthidin. Ca2+-ATPase activity was that  seen in the presence of 
100 ~M CaC12, minus that seen in the presence of 1 mM ethyleneglycoltetra- 
acetic acid (EGTA). Mg2÷-ATPase activity was defined as that  seen in the 
absence of calcium and insensitive to strophanthidin. 

Phospholipid phosphate was analyzed by the method of Ames and Dubin 
[12]. Protein was measured by the method of Lowry et al. [13]; 1% dodecyl 
sulfate was included in the reagents. 

Incubation with dodecyl sulfate. Unless otherwise stated, dodecyl sulfate 
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f r o m  a s tock  so lu t ion  was added  wi th  st irr ing to  m i c r o s o m e s  in 0.16 M sucrose,  
1 mM EDTA,  3 mM ATP, and 30 mM his t idine or i m i d a z o l e .  HC1, pH 7.5. 
I n c u b a t i o n  was at  r o o m  t e m p e r a t u r e  for  30 min.  

Sucrose gradients. 10-ml a l iquots  of  m i c r o s o m e s  in dodecy l  sulfate  were 
layered on 32-ml l inear  gradients ,  30- -7% (w/v)  sucrose.  For  rou t ine  prepara-  
t i re  ba tches  the m i c r o s o m e s  were  i n c u b a t e d  at  4 mg p r o t e i n / m l  wi th  1.47 mg 
dodecy l  su l fa te /ml .  Cen t r i fuga t ion  was f r o m  4 to 6 h at 27 000 rev . /min ,  4 U ,  
in a B e c k m a n  SW72 swinging b u c k e t  ro tor .  Grad ien t s  of  40--155~ (w/v) sucrose 
were  used to  ob ta in  the da ta  in Fig. 4, bu t  c o m p l e t e  separa t ion  of  dodecy l  sul- 
fate  f rom the (Na ÷ + K ' ) - A T P a s e  was n o t  a lways  ob t a ined  on the denser  gra- 
dients .  Pel let ing the  m i c r o s o m e s  th rough  a sucrose s tep gradient  is no t  r ecom-  
m e n d e d ;  at the  b o t t o m  of  the gradient  there  is a lways  a glassy pel le t  with an 
unre la ted  p o l y p e p t i d e  c o m p o s i t i o n ,  p r e s u m a b l y  der ived f r o m  o ther  organelles.  
Grad i en t  f rac t ions  were  co l lec ted  f r o m  a p u n c t u r e  made  jus t  above  this pellet.  

Dodecy l  su l fa te  gel e lec t rophores i s  was done  accord ing  to Zeigler e t  al. [14] .  
Samples ,  10 - -50  ~g of  p ro te in ,  were dissolved in 1 or 2% dodecy l  sulfate,  10 
mM EDTA,  and 0.5% p h e n y l m e t h y l s u l f o n y l  f luor ide  at  r o o m  t empera tu r e .  

G l y c o p r o t e i n  labell ing was done  essential ly by  the  m e t h o d s  of  Steck  and 
Dawson  [15] .  P r e t r e a t m e n t  wi th  neuramin idase  was necessary  before  the galac- 
tose oxidase  could  label any  g lycopro te in .  

Phosphorylation, ouabain binding, and phosphatase activity. [7-32P] ATP was 
p repa red  by the m e t h o d  of G lynn  and Chappel l  [16] .  The  p h o s p h o r y l a t i o n  
reac t ion  m i x t u r e  c o n t a i n e d  22 ~M ATP (1.5 C i /mmol ) ,  140 mM NaC1, 3 mM 
MgC12, 30 mM Tris • HC1 pH 7.4, ~20 mM KCI, in 100 ~1. (Na* + K*)-ATPase 
specific p h o s p h o r y l a t i o n  was def ined  as the to ta l  32p i n c o r p o r a t e d  in the pres- 
ence of  sod ium minus  the  32p i n c o r p o r a t e d  in the presence  of bo th  sod ium and 
po tass ium.  In the absence  of  dodecy l  sulfate ,  the  a m o u n t  i n c o r p o r a t e d  in the 
presence  of  b o t h  sod ium and po tass ium is wi th in  5% of  tha t  seen in the  pres- 
ence of  po ta s s ium alone.  The  reac t ion  was done  at r o o m  t e m p e r a t u r e ,  and 
samples  were  q u e n c h e d  a f te r  10 s wi th  5% t r i ch lo roace t i c  acid, 1 mM ATP, and 
10 mM Pi 161. 

For  ouaba in  binding,  a l iquots  of  m i c r o s o m e s  i ncuba t ed  with  dodecy l  sulfate  
were  di luted with an equal  vo lume  of  10 t~M [SH]ouaba in  (100 Ci /mol) ,  100 
mM NaC1, 3 mM ATP, and 3 mM MgC12, and incuba t ed  for  an addi t iona l  i h at 
r o o m  t e m p e r a t u r e .  Cont ro l s  received 5 mM unlabe led  ouaba in  as well. Samples  
were cen t r i fuged  at 40 000 rev . /min  for  1 h, and the pel lets  were dissolved in 
dodecy l  sulfa te  and coun t ed .  The  cpm t r apped  in the con t ro l  pellets  were sub- 
t r ac ted  f rom the co r r e spond ing  e x p e r i m e n t a l  po in ts  to give the ouaba in  specifi- 
cally bound .  

K+-st imulated p - n i t r o p h e n y l  phospha t a se  act ivi ty  was assayed as f~)llows. 
Mic rosomes  i ncuba t ed  with  dodecy l  sulfa te  were  di luted into  0.5 ml of  a reac- 
t ion m i x t u r e  con ta in ing  30 mM his t idine - HC1, pH 7.25, 3 mM p - n i t r o p h e n y l  
p h o s p h a t e ,  3 mM MgC12, wi th  and w i t h o u t  30 mM KC1. I n c u b a t i o n  was at 3 7 C  
for  2 min,  and the reac t ion  was s t o p p e d  by  adding 0.5 ml  of  0.5 M NaOH.  The  
abso rbance  at  410 nm was measured ,  e was t aken  to be 18 300 M ~ - cm 
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Purification by dodecyl sulfate extraction 
Fig. 1 shows the inactivation of brain (Na + + K+)-ATPase, Mg2+-ATPase, and 

Ca2+-ATPase by dodecyl sulfate. The difference in response supports the idea 
that  the stability of different proteins to detergent inactivation can vary 
widely. Similar experiments were performed on brain microsomes at concen- 
trations of protein ranging from 0.14 to 7.0 mg/ml. The concentration of 
dodecyl sulfate required to produce 50% inactivation of (Na + + K+)-ATPase was 
directly proportional to the concentration of membrane protein. The mean for 
12 determinations using seven different microsome preparations was 0.365 
(+.0.02 S.E.) mg dodecyl sulfate/mg protein at 50% inactivation. Fig. 2 shows 
the data and contrasts the results with those obtained with renal medulla 
microsomes, for which the ratio drops from 1.34 to 0.315 as the concentration 
of membrane is increased. The membranes or (Na++ K+)-ATPase from brain 
and kidney appear to have different affinities for the detergent. 

After incubation with dodecyl sulfate, the microsomes are layered onto a 
continuous sucrose gradient and centrifuged to their equilibrium density. Fig. 
3 shows the profiles of brain (Na ÷ + K+)-ATPase activity, absorbance, protein, 
and dodecyl sulfate for a typical gradient. The leading (denser) half of the 
ATPase activity has a higher specific activity than the trailing half. The purifica- 
tion obtained at a given concentration of protein increases with the concentra- 
tion of dodecyl sulfate until a plateau is reached (Table I). Maximum specific 
activities obtained are 350--400 pmol Pi produced/h per mg protein. 
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Fig. 1. I nac t i va t i on  of (Na + + K+)-ATPase,  Mg2+-ATPase, and  Ca2+-ATPase by  increas ing  c o n c e n t r a t i o n s  of  
dodecy l  sulfate .  Brain m i c r o s o m e s  at  2.5 m g  p r o t e i n / m l  were  i n cu b a t ed  wi th  d i f f e ren t  final concen t r a -  
t ions  of  s o d i u m  d o d e c y l  sulfa te  (SDS) for  30  min ,  and  then  assayed.  Symbol s :  e ,  (Na++  K+)-ATPase;  m 
Mg2+_ATPase; A Ca2+_ATPase. 
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Fig. 2. The  ra t io  of  d e t e r g e n t  to p ro te in  at  50% inac t iva t ion  of (Na + + K*)-ATPase ac t iv i ty ,  brain  vs. kid- 
ney .  Each po in t  is the mid -po in t  (50% inac t iva t ion)  of an e x p e r i m e n t  like tha t  in Fig. 1. S y m b o l s : . ,  
brain  m i c r o s o m e s ;  -', canine  k idney  m i c r o s o m e s ;  • r abb i t  k idney  m i c r o s o m e s  ca lcu la ted  f rom Fig. 6 of  
Jo rgensen  [6 ] .  

Several other  parameters that can affect  purification were examined. As 
reported for the kidney (Na ÷ + K+)-ATPase [6],  omitting ATP from the incu- 
bation mixture makes the enzyme sensitive to dodecyl  sulfate at 30--35% lower 
concentrat ions,  as does incubating at pH 6.5 and below. Any pH from 7.0 to 
8.0 is adequate.  Lengths of incubation from 30 min to 2.5 h have no effect  on 
the final product .  Shorter  times were not  tried because Mg2+-ATPase activity 
requires 30 min to inactivate (Fig. 7). After incubation at 37°C, the product  
has the same density and polypept ide composit ion as after incubation at room 
temperature,  but  it is 30% less active. After incubation at 0°C, the product  has 
both a lower specific activity and a more complex polypept ide composit ion,  as 
if the detergent extract ion is simply less complete.  200 mM NaC1 has no effect  

:i! i4°°:i 200 ° °  

FRACTION NUMBER 

Fig. 3. Sucrose  g rad ien t  profi le  of  d o d e c y l s u l f a t e - e x t r a c t e d b r a i n m i c r o s o m e s .  Symbols :  : , A T P a s e  activ- 
i t y ; e  A 3 2 0 n m : : ~  c p m / 1 0 0 t l l ; m  pro te in  ( m g / m l ) .  F rac t ions  21- -27  con ta in  the sample  region.  
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T A B L E  I 

P U R I F I C A T I O N  A N D  R E C O V E R Y  AS A F U N C T I O N  OF  C O N C E N T R A T I O N  O F  D O D E C Y L  SUL-  

F A T E  

D o d e e y l  su l fa te  ( m g / m l )  ** 

0 0.6 0.8 1.0 1.2 

(Na  ÷ + K÷)-ATPase  ac t iv i ty  (100 )  75 50 25 0 
in d e t e r g e n t :  (%) 

(Na  + + K÷)-ATPase  ac t iv i ty  (100)  96 .5  88 .5  67 .7  35 .0  

r e c o v e r e d :  (%) 
(Na  ÷ + K+)-ATPase  specif ic  44 .0  278 .0  328 .3  323 .3  283 .5  *** 

ac t iv i ty  * : 
Mg2+-ATPase  speci f ic  ac t iv i ty  *: 11.7 4 .5  3 .8  2.4 0 . 1 5  

(Na  + + K+)-ATPase  speci f ic  (44 .0 )  298.6  366 .7  365 .1  363 .9  *** 

ac t iv i t y ,  l ead ing  (dense r )  ha l f  

o f  peak :  

* /~mol o f  A T P  h y d r o l y z e d / h  per  m g  p ro t e in .  
** M i e r o s o m e s  were  2.5 m g  p r o t e i n / m l .  

*** The  speci f ic  ac t iv i t i e s  o f  the  t ra i l ing ha l f  o f  the  p e a k  are a lways  lower ,  a p p a r e n t l y  because  con- 
t a m i n a t i n g  p r o t e i n s  also s e d i m e n t  in t he  g rad ien t .  The  e f f ec t  is m o s t  p r o n o u n c e d  w h e n  the  de ns i t y  
o f  the  m i c r o s o m e s  c o n t a i n i n g  the  (Na  + + K÷)-ATPase  is l owe s t :  i.e. a t  the  h ighes t  c o n c e n t r a t i o n s  of  

d o d e c y l  sul fa te .  

on dodecyl  sulfate inactivation of (Na* + K÷) - or Mg2+-ATPase activities, but  it 
dramatically decreases the purification that  can be obtained. Omitting the buf- 
fer from the incubation mixture to decrease its ionic strength does not  improve 
the purification. Finally, exhaustive pre t rea tment  of the microsomes with 
~-mercaptoethanol  or neuraminidase does not  alter either their sensitivity to 
dodecyl  sulfate or their gradient profile. 

Unlike kidney microsomes [6],  the density of the brain microsomes con- 
taining (Na ÷ + K÷)-ATPase falls as the purification increases, indicating that  pro- 
tein must  be extracted in preference to lipid (Fig. 4a). The curve appears to 
approach a limiting density of 1.07 g/ml, but  in reality as more dodecyl  sulfate 
is added both lipid and protein are dissolved, and the yield is reduced {Table I). 
The density is a funct ion of the ratio of dodecyl  sulfate to membrane protein 
over a wide range of  absolute dodecyl  sulfate and protein concentrat ions {Fig. 
4b). In other  words, the ex ten t  of  protein extract ion,  like the ex ten t  of inac- 
tivation, is a constant  funct ion of the ratio of  detergent  to membrane in the 
range of  conditions tested. 

The drop in density of the (Na÷+ K*)-ATPase-containing microsomes is 
accompanied by an increase in the ratio of lipid to protein. Untreated micro- 
somes had 834 nmol of  lipid phosphate /mg protein,  while the dodecyl sulfate- 
purified material had 3670 nmol Pi/mg protein. This was a 4.4-fold enr ichment  
in lipid phosphate in an exper iment  which gave a 6.2-fold enrichment  in (Na ÷ + 
K ÷)-ATPase. 

It appears from the data of Fig. 4 and Table I that  a limit product  is being 
reached. Several other  lines of evidence support  this. (1) Using deoxycholate-  
and NaI-treated microsomes as starting material, with approximately twice the 
starting specific activity, has no effect  on the final density and polypept ide 
composit ion.  (2) Reextracting microsomes that  have already been treated once 
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Fig. 4. D e n s i t y  of  m i c r o s o m e s  c o n t a i n i n g  (Na  ++ K+)-ATPase  a f t e r  e x t r a c t i o n  wi th  dode c y l  su l fa te .  (A) 

M i c r o s o m e s  at 2.5 m g  p r o t e i n / m l  were  t r e a t e d  wi th  d o d e e y l  su l fa te  at the i n d i c a t e d  c o n c e n t r a t i o n s ,  mad 

t h e n  s e d i m e n t e d  to  e q u i l i b r i u m  on  sucrose  g rad ien t s .  Each  p o i n t  is the  dens i ty  at the  p e a k  of  ATPase  
ac t iv i ty .  (B) Final  dens i ty  a t t a i n e d  w h e n  m i c r o s o m e s  at  the  i n d i c a t e d  c o n c e n t r a t i o n s  of  p ro t e in  were  

t r e a t ed  wi th  d o d e c y l  su l fa te  s u f f i c i e n t  to  cause  15% (A), 30% (m), and  50% (o) i na c t i va t i on  of  (Na++  

K+)-ATPase  ac t iv i ty .  

with dodecyl sulfate has no effect on the polypeptide composition, although it 
does cause some irreversible inactivation (approx. 50%). (3) KI treatment after 
dodecyl sulfate t reatment  brings about no further purification, except for the 
removal of a faint residual doublet of protein seen at M r ~ 220 000 on dodeeyl 
sulfate gel eleetrophoresis. 

Dodecyl sulfate-polyaerylamide gel eleetrophoresis was used to examine the 
composition of the starting microsomes and the dodecyl sulfate-extracted 
material. Fig. 5 shows the pattern of proteins stained by Coomassie Blue and 
the glycoprotein profiles. The large subunit of the (Na ÷ + K+)-ATPase, identi- 
fied by sodium-stimulated, potassium-sensitive phosphorylation from [7-32P] - 
ATP (data not  shown) is marked with the arrow. The other polypeptides range 
in molecular weights from greater than 200 000 to less than 20 000. When gels 
of different concentrations of aerylamide are used, the apparent molecular 
weights of these polypeptides change, a phenomenon often seen with glyco- 
proteins [17]. Sialic acid residues were selectively oxidized by periodic acid 
[18], and galaetose and galactosamine residues by a fungal galactose oxidase 
[19], and then reduced with NaBaH4 (267 Ci/mol). It can be seen that  there is 
label in either sialic acid or galactose and galactosamine corresponding to 
every major band of protein in the dodecyl sulfate-treated material, except for 
the band corresponding to the catalytic subunit of the (Na*+ K+)-ATPase. 
Label in the lipid region (Fig. 5, the large peaks cut off at the far right) is 
enriched in dodecyl sulfate-extracted mierosomes: 3.7-fold in the unoxidized 
controls, 2.3-fold in periodate-oxidized and in galactose oxidase-treated mate- 
rial, and 3.9-fold in material oxidized with galaetose oxidase without  prior 
neuraminidase t reatment  (not shown). Enrichment of periodate oxidized 
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Fig. 5. Prote in  and  g lycop ro t e in  c o m p o s i t i o n  of brain  m i c r o s o m e s  be fo re  and a f te r  d o d eey l  sulfa te  ex t rac-  
t ion.  E lec t rophores i s  in d o d e c y l  sulfate  on  10% p o l y a c r y l a m i d e ;  the  top  of  the  gels is at  the  left .  A,B,C, 
and M, unpur i f i ed  m i c r o s o m e s .  D,E,F ,  and SDS, dode c y l  su l f a t e -ex t r ac t ed  m i c r o s o m e s .  Th e  p h o t o g r a p h s  
axe of  Coomass ie  Blue-s ta ined gels. A and  D, c o u n t s  per  m i n u t e  f r o m  NaB3H4 i n c o r p o r a t e d  in to  unoxi-  
dized ma te r i a l  ( con t ro l ) ;  B and E, a f te r  sialic acid ox ida t ion ;  C and  F, a f te r  n eu ramin id a se  t r e a t m e n t  
and galactose oxidase  ox ida t ion .  

mater ia l  as high as 4 .5-fo ld  was seen in o the r  expe r imen t s .  The  labell ing of  
g lycol ip id  is n o t  quan t i t a t ive ,  b u t  the  da ta  indica te  t h a t  the  g lycol ip id  of  brain 
m i c r o s o m e s ,  like the  phospho l ip id ,  is re la t ively  res is tan t  to  d o d e c y l  sulfa te  
ex t r ac t ion .  

The effect  o f  dodecyl  sulfate on activity and turnover number  
D o d e c y l  su l fa te  has th ree  d i f f e ren t  e f fec t s  on the  ac t iv i ty  of  the  (Na ÷ + K÷)- 
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ATPase.  At low rat ios of  dodecy l  sulfate to  p ro te in ,  it act ivates it  (Fig. 1). At 
higher rat ios it inactivates it, and f rom Table  I it can be seen tha t  some of  this 
inact ivat ion is reversed when the dodecy l  sulfate is removed.  The  rest  of  the 
inact ivat ion is irreversible, and since the specific act ivi ty remains cons tan t  while 
the total  act ivi ty recovered  decreases (Table  I), the irreversibly inact ivated 
e n z y m e  is apparen t ly  r emoved  f rom the membrane .  A band of  the right molec- 
ular weight  is de t ec t ed  by dodecy l  sulfate  gel e lec t rophores is  of  p ro te in  f rom 
the top  of  the gradient .  

To  find ou t  if the act ivat ion and inact ivat ion changes the tu rnover  number ,  
ATPase act ivi ty ,  ouabain  binding, p h o s p h o r y l a t i o n  f rom ATP,  and K÷-stimu - 
lated p -n i t r ophe ny l  phospha tase  act ivi ty were measured  (Fig. 6a). Maximum 
(Na + + K*)-ATPase act ivi ty was reached at 0.6 mg dodecy l  sulfa te /ml ,  and the 
value for  each of  the o the r  activities measured  at  this po in t  is def ined as 100~,. 
All of  the activities increase in p r o p o r t i o n  to  the increase in (Na + + K*)-ATPase 
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Fig.  6. E f f e c t  of  d o d e e y l  su l fa te  a c t i v a t i o n  and  i n a c t i v a t i o n  on s o m e  par t ia l  r e a c t i o n s  of  the  (Na  ÷ + K+) - 

ATPase .  (A)  Brain  m i c r o s o m e s  at  8.0 m g  p r o t e i n / m l  were  t r e a t e d  w i t h  d o d e c y l  su l fa te  at  the  i nd i ca t ed  
final  c o n c e n t r a t i o n s .  S y m b o l s :  c ( N a + +  K+) .ATPase  ac t iv i t y ;  a b i n d i n g  of  [ 3 H ] o u a b a i n ;  • Na+-s t imu - 

+ . . + . . . 

l a ted ,  K -sensi t ive  p h o s p h o r y l a t i o n  f r o m  [ ~ - 3 2 p ] A T P ;  o K - s t i m u l a t e d  h y d r o l y s i s  o f  p - m t r o p h e n y l  phos-  

pha te .  A b s o l u t e  va lues  at  0.6 m g  d o d e c y l  s u l f a t e / m l  were :  (Na  + + K+)-ATPase  ac t iv i t y ,  50.8 # m o l / h  per  
m g  p r o t e i n ;  o u ab a l n  b o u n d ,  162 .3  p m o l / m g  p r o t e i n ;  32p  i n c o r p o r a t e d ,  165 .0  p m o l / m g  p ro t e in ;  and  
p - n i t r o p h e n y l  p h o s p h a t a s e ,  7.5 p m o l / h  per  m g  p r o t e i n .  (B) T u r n o v e r  n u m b e r ,  d e f i n e d  as A T P a s e  ac t iv i ty  

per  p h o s p h o r y l a t i o n  si te,  a t  the  i n d i c a t e d  c o n c e n t r a t i o n s  o f  d o d e c y l  su l fa te .  T h e  c losed circle is the  tu rn -  
over  n u m b e r  of  m i c r o s o m e s  r e c o v e r e d  f r o m  a sucrose  g r a d i e n t  a f t e r  e x t r a c t i o n  w i t h  1.8 m g  d o d e c y l  sul- 
f a t e / m l .  The  da ta  in  th is  f igure  were  o b t a i n e d  a f t e r  i n c u b a t i n g  w i t h  d o d e c y l  su l fa te  in the  absence  of  
ATP.  S imi l a r  resul t s  were  seen w h e n  3 m M  A T P  was  p r e sen t  w i t h  the  d e t e r g e n t ,  e x c e p t  t h a t  the  curves  
were  all s h i f t e d  to  the  r igh t .  
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activity at low concentrations of dodecyl sulfate. Turnover number, expressed 
as activity/phosphorylated site, is constant  (Fig. 6b). Once reversible inactiva- 
tion begins, the apparent turnover number drops and each activity displays a 
different sensitivity to inactivation. Phosphorylation by ATP continues to 
increase to an apparent value of about 1.25 sites per ouabain binding site, pro- 
vided that  there is no selective loss of extraneous protein during trichloroacetic 
acid precipitation in the presence of dodecyl sulfate. The turnover number of 
the dodecyl sulfate-treated (Na++ K÷)-ATPase, after the dodecyl sulfate is 
removed on the sucrose gradient, is the same as that  of the untreated micro- 
somes (Fig. 6b). 

Activation o f  (Na t + K*)-ATPase activity 
The constant turnover number during activation suggests that the detergent 

is unmasking new sites by opening sealed vesicles. Table II presents three 
indirect lines of evidence. First, if microsomes are prepared from portions of 
the same brain stored at different temperatures, very different (Na÷+ K*) - 
ATPase-specific activities are obtained. Dodecyl sulfate, however, activates all 
of them to the same maximum. Freezing and thawing and ageing appear to act 
like the detergent in unmasking latent activity. Second, the effect of the deter- 
gent can be mimicked, to an extent, by osmotic shock. And third, fragments of 

T A B L E  I I  

A C T I V A T I O N  O F  ( N a  + + K + ) - A T P a s e  

A s s a y s  w e r e  p e r f o r m e d  in p a r a l l e l ,  w i t h  a n d  w i t h o u t  a 3 0  m i n  p r e i n c u b a t i o n  in  t h e  p r e s e n c e  o f  0 . 3  m g ] m l  
d o d e c y l  s u l f a t e .  S p e c i f i c  a c t i v i t y  is e x p r e s s e d  as  p m o l  o f  A T P  h y d r o l y z e d / h  p e r  m g  p r o t e i n .  

S p e c i f i c  a c t i v i t y  

--SDS +SDS 

( A )  D e t e r g e n t  a c t i v a t i o n  r e m o v e s  d i f f e r e n c e s  b e t w e e n  m i c r o s o m e  p r e p a r a t i o n s  * 
M i c r o s o m e s  p r e p a r e d  a f t e r :  

f r e s h  1 1 . 0  5 1 . 0  
s t o r a g e  a t - - 1 5 ° C  . 2 0 . 6  5 4 . 0  

s t o r a g e  a t  - - 6 0 ° C  2 6 . 2  5 2 . 6  

s t o r a g e  a t  - - 1 5 ° C ,  w i t h  f r e e z i n g  a n d  t h a w i n g  3 0 . 5  5 1 . 3  

(B)  O s m o t i c  s h o c k  m i m i c s  t h e  a c t i v a t i o n  b y  d e t e r g e n t  **  
U n t r e a t e d  m i c r o s o m e s :  9 . 7 5  4 0 . 0  

A f t e r  o s m o t i c  s h o c k :  2 3 . 7  4 5 . 1  

R e c o v e r y  o f  a c t i v i t y  a f t e r  o s m o t i c  s h o c k  ( % ) :  1 4 7 %  6 4 %  

( C )  S e a l e d  a n d  u n s e a l e d  m i c r o s o m e  f r a g m e n t s  c a n  b e  s e p a r a t e d  o n  t h e  b a s i s  o f  d e n s i t y  * * *  
B a n d e d  o n  t o p  o f  1 5 %  s u c r o s e :  7 . 2  4 6 . 5  

P e l l e t e d  t h r o u g h  1 5 %  s u c r o s e :  2 1 . 0  4 6 . 5  

* G r a y  m a t t e r  f r o m  o n e  b r a i n  w a s  d i v i d e d  i n t o  f o u r  a l i q u o t s ,  a n d  m i e r o s o m e s  w e r e  p r e p a r e d  f r o m  
e a c h  a l i q u o t  o n  d i f f e r e n t  o c c a s i o n s .  

**  2 .5  m l  o f  m i c r o s o m e s  a t  8 .4  m g  p r o t e i n ] m l  in  0 . 3 2  M s u c r o s e  w e r e  d i l u t e d  t o  2 5  m l  w i t h  d e i o n i z e d  

w a t e r  a t  0 ° C ,  a n d  p e l l e t e d  b y  c e n t r i f u g a t i o n  a t  4 0  0 0 0  r e v . ] m i n  f o r  15  m i n .  T h e y  w e r e  r e s u s p e n d e d  
in  0 . 3 2  M s u c r o s e .  

* * *  A p r e p a r a t i o n  o f  m i e r o s o m e s ,  1 4 . 3  p m o l ] h  p e r  m g  p r o t e i n ,  in  8% s u c r o s e ,  w a s  l a y e r e d  o n  t o p  o f  
1 5 %  s u c r o s e  a n d  c e n t r i f u g e d  a t  3 0  0 0 0  r e v . ] m i n  f o r  1 h .  T h e  b a n d  a b o v e  t h e  1 5 %  s u c r o s e  a n d  t h e  
p e l l e t  w e r e  s e p a r a t e d  a n d  a s s a y e d  w i t h  a n d  w i t h o u t  d e t e r g e n t .  
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microsomes  which are sealed and which  have trapped within  them a less dense 
sucrose so lut ion  can be separated from unsealed or leaky fragments on the basis 
of  density .  The denser fraction has a much  higher apparent specific activity,  
but  dodecy l  sulfate activates both  fractions to the same max imum.  Neither 
osmot ic  shock nor separation on the basis of  dens i ty  was as effective as dodecy l  
sulfate; this may be due to resealing o f  vesicles or to some addit ional  activat- 
ing ef fect  of  dodecy l  sulfate. 

Reversible inactivation of (Na + + K+)-ATPase activity 
The addit ion of  extra protein (1 mg/ml  hemog lob in )  or extra phospho l ip id  

(1 mg/ml  sonicated suspens ion of  egg phosphat idy l cho l ine )  has no effect  on 
the inact ivat ion of  (Na ÷ + K+)-ATPase by dodecy l  sulfate,  whereas it partially 
protects  the Mg:+-ATPase (data no t  shown) .  D o d e c y l  sulfate thus appears to 
bind more readily to the site which  causes (Na + + K+)-ATPase inact ivat ion than 
to a soluble  protein,  to p h o s p h a t i d y l c h o l i n e  vesicles, or to the Mg:÷-ATPase. 
Yet  the ex ten t  of  reversible inact ivat ion of  (Na + + K*)-ATPase depends  on the 
ratio of  detergent  to membrane.  This is most  easily unders tood  if the inactiva- 
t ion is due to the part i t ioning of  the detergent  into  the lipid bilayer. 

The onset  of  reversible inact ivat ion is very rapid (Fig. 7). Condi t ions  were 
chosen  in which  90% of  the (Na ÷ + K~)-ATPase activity could  be recovered 
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F i g .  7 .  Rate  o f  inact ivat ion  o f  ( N a  + + K+)-ATPase and Mg2+-ATPase by  d o d e c y l  sul fate .  2 . 5  m g  p r o t e i n / m l  
brain m i c r o s o m e s ;  0 . 9 5  m g  d o d e c y l  su l fa t e /m l ,  Q, ( N a  + + K + ) - A T P a s e ;  o ,  Mg2+-ATPase.  

F i g .  8.  Rate  o f  remova l  of  d o d e c y l  sulfate  w i th  BioBeads  and the recovery  o f  ( N a  + + K+)-ATPase act iv i ty .  
S y m b o l s :  o ,  r emova l  o f  d o d e c y l  sul fate  f r o m  a s o l u t i o n  conta in ing  on ly  buffer;  [], r emo v a l  o f  available 
d o d e c y l  su l fate  f rom brain m i c r o s o m e s ;  i r e c o v e r y  o f  ATPase  act iv i ty .  
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after the dodecyl sulfate is removed. Initial rates of (Na*+ K*)-ATPase and 
Mg2+-ATPase were measured at different times after the addition of dodecyl 
sulfate. Inactivation of (Na * + K*)-ATPase is complete within 30 s, while inacti- 
rat ion of Mg2÷-ATPase is much slower. 

To determine how quickly the reversible inactivation could be reversed, Bio- 
beads, wettable polystyrene beads with a large hydrophobic surface area, were 
used to remove the dodecyl sulfate by adsorption. BioBeads took up 83% of 
dodecyl [3SS]sulfate from plain buffer with a half-time of 3.75 rain. When 
microsomes were present, only 72% of the dodecyl [3SS]sulfate was taken up. 
This was arbitrarily designated the "available" fraction, and the rate of its 
adsorption is shown in Fig. 8 .30% of the available dodecyl [3SS]sulfate is taken 
up with a half-time of 4 min, while the remaining 70% is taken up with a half- 
time of 19 min. The dodecyl sulfate caused inactivation of 73% of the (Na ~ + 
K÷)-ATPase activity. Of this, 48% was recovered after its removal and 25% was 
inactivated irreversibly. Less than 10% of the total protein was adsorbed by the 
BioBeads. The 48% of the activity that  was recovered was treated as the only 
relevant fraction, and the rate of its recovery is compared to the rate of 
removal of available dodecyl [3SS]sulfate in Fig. 8. Activity is recovered with a 
single half-time of 21 min. The evidence indicates that  (Na÷+ K÷)-ATPase 
activity is restored essentially as fast as the slowly relinquished dodecyl sulfate 
is removed. The rapid removal of 30% of the available dodecyl sulfate is prob- 
ably the adsorption of dodecyl sulfate not bound to protein or lipid. 

Discussion 

The dodecyl sulfate-resistant fraction 
The dodecyl sulfate extraction procedure developed by Jorgensen [6] for 

the purification of (Na÷+ K*)-ATPase from kidney works differently when 
applied to (Na÷+ K÷)-ATPase from brain. That dodecyl sulfate causes a sub- 
stantial extraction of lipid from renal medulla membranes [6], while it does 
not from brain membranes, supports the hypothesis that  the composition or 
structure of the lipid bilayer is different in the two tissues. It is proposed that  
the dodecyl sulfate resistance of the (Na÷+ K÷)-ATPase of brain, along with 
lipids and other glycoproteins, reflects the relative resistance of the lipid bilayer 
and its deeply embedded constituents. The dodecyl sulfate is acting primarily 
as a protein perturbant,  and is selectively removing peripheral proteins [20-- 
22], leaving a residue enriched in phospholipid, glycolipid, and the glycosylated 
intrinsic membrane proteins, including the (Na÷+ K÷)-ATPase. Although the 
detergent may partition into the membrane (see below), concentrations may be 
used at which it interacts with the membrane only enough to cause activation 
and reversible inactivation of ATPase activity, but not  enough to solubilize the 
membrane. This is in contrast to its action of on other sources of (Na ÷ + K÷)- 
ATPase [6,8]. 

Dodecyl sulfate effects on (Na ÷ + K÷)-ATPase activity 
The activation of (Na ÷ + K÷)-ATPase activity by low concentrations of deter- 

gent has been suggested to be due to enzyme activation or uncoupling, to the 
removal of inhibitors, or to the unmasking of latent sites [1,23--25]. The 
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action of dodecyl sulfate reported here is consistent with the unmasking of 
sites by opening sealed vesicles. The turnover number of the enzyme does not 
change during activation. 

The reversible inactivation is a function of the ratio of detergent to mem- 
brane over the range of concentrations studied. This leads to the hypothesis 
that  some dodecyl sulfate is partitioning into the membrane and is perturbing 
the lipid environment of the (Na++ K÷)-ATPase in addition to removing 
peripheral proteins. The partitioning appears to occur rapidly, and the mem- 
branes relinquish the dodecyl sulfate slowly. Ouabain binding has been ob- 
served before to be more resistant than ATPase activity to a variety of protein 
perturbants, including dodecyl sulfate [26,27]. Rodnight [28] saw much the 
same kind of stimulation of phosphorylation during ATPase inactivation as is 
reported here. The data presented here indicate that  the stoichiometry of 
(Na*+ K+)-ATPase phosphorylation rises to more than one site per ouabain 
binding site. If the enzyme has half-of-the-sites reactivity (reviewed in ref. 29), 
this would indicate uncoupling of the two interacting halves of the enzyme 
complex. Phlorizin and dimethyl sulfoxide may have a similar action to dode- 
cyl sulfate in that  they stimulate p-nitrophenyl phosphatase activity at the 
expense of (Na ÷ + K+)-ATPase activity [29]. It is plausible that  the reversible 
effects of all three reagents are due to a disruption of inter-subunit interactions 
which are essential for (Na * + K~)-ATPase activity but not for the phosphatase 
activity, ouabain binding, or phosphorylation, and that the disruption is accom- 
plished by reversible alteration of the lipid environment of the enzyme com- 
plex. 
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