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bUMMARY 

Stimulation by Na + of the ADP-ATP exhange activity is observed in a frac- 
tion solublhzed from pig-kidney membrane preparatlonb The solubility of this ac- 
tivity is indicated by the lack of sedlmentatmn at 195 ooo × g, and the lack of m- 
tnbmon by a non-ionic detergent 

Addition of serum albumm and a lower pH of the assay for the exchange ac- 
tivity significantly enhanced the Na+-stlmulated portion of the exchange 

Condltmns for solubflmng the fractmn and for ats dialysis, are crucial In ob- 
taining active fractions 

The Na+-stlmulated portion of the exchange actIwty is specific for ATP 
Mn 2÷, but not Ca 2+, can replace Mg 2+ This Na+-stlmulated exchange appears to repre- 
sent a solublhzed fraction from the (Na,+K+)-ATPase 

I NTRODUCTION 

Subcellular fractions containing Na+,K+-actlvated ATPase (ATP phospho- 
hydrolase, EC 3 6 I 3) also contain an ADP-ATP exchange actlvaty which is not 
stnnulated by Na + (refs I-4) Conditions for Na+-stxnlulatxon of the ADP-ATP ex- 
change activity of the mmrosomal fraction from the electric organ of the eel were 
first reported by FAHN et al 5,6 In the first method used to ehcit Na+-stlnmlahon, 
low MgC12 concentration (o 2 mM) is added In the assay, the second method requires 
pretreatment of the enzyme with a specific inlnbltor (e g ,  N-ethyl malelmlde 6 or 
arsenlte together with 2,3-dlmercaptopropanoF) The Na+-stlmulatlon of the ex- 
change activity at low MgC12 concentration has also been shown by STAHL 8,9 and 
SWANSON 1° in brain mlcrosomes, and by our laboratory using fractions prepared 
from pig kidney (F E HOSSLER AND R RENDI, unpubh~hed results) FAHN et al 5 

Abbreviations MES, 2-(N-morphohno)ethanesulfomc acid, EGTA, ethyleneglycol bis- 
(fl-ammoethyl ether) N,N'~tetraacetlc acid 
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concluded tha t  the  Na+-s tnnula ted  exchange is a hkely  componen t  of the (Na+,K+) - 
ATPase  They  also suggested tha t  the  exchange not  s tunu la t ed  by  Na  + is a conta-  
minan t  of the  mlcrosomal  p repara t ion  and is not  revolved m the (Na+,K+)-ATPase 
However ,  solubfllzed A D P - A T P  exchange ac t iv i ty  was not  s t imula ted  bv  Na  + 
(refb 3, 4, 8) The d a t a  of  STAHL et al 3 indicate  t ha t  most  of the  A D P - A T P  exchange 
ac t iv i ty  of b ra in  mlcrosomes 1~ not  a par t  of the  Na+ ,K+- requmng  ATPa~e 

I w~sh to repor t  t ha t  ex t rac t ion  of  a f ract ion prepared  from pig k idney  with  
NaI  ~olubfilzes an A D P - A T P  excl/ange a c t l w t y  which la s t imula ted  by  Na  4 in a 
modified assay procedure  The so lub lh ty  of the ext hange ac t iv i ty  is md lca t ed  b y  the 
lack of  sedm~entatlon at  195 ooo /, g, and the lack of  lnlnblt~on b y  a non-mmc de- 
te rgent  

EXPERIMENTAL 

The mater ia l s  and methods  were the ~ame a~ previous ly  descr ibed 4, with the  
following modlficatlon~ Crysta lhne bovine serum a lbumin  was ob ta ined  from Cal- 
blochem, Los Angele% Cahf 

Assay for exchange achvztv 
5o/ ,moles  of  T r l s - ace t a t e  buffer (pH 7 I5), I 5 #moles  of MgC12, o 15 #mole  of 

e thyleneglycol  bls- ( f l -amlnoethyl  ether) N , N ' - t e t r a a c e t l c  acid (EGTA),  3 o o p g  of 
serum albumin,  I 5 #moles  of T n s - A T P  and o 5 #mole  of  Tns-~14C]ADP (90 ooo 
coun t , / r am per  #mole) in a final volume of  o 5 nil were incuba ted  with app rop r i a t e  
amounts  of  enzvme for 20 m m  at 37 ° When  needed, 5 #moles  of NaC1 were added  
The react ion was ~topped b y  hea t ing  In a bo lhng-wate r  b a t h  for 2 mm 

Assm, for adenyhc kznase 
This ac t iv i ty  was measured  in two ways  (a) b y  onu t tmg  the A T P  from the 

above  assay  sys tem and adding  i t  af ter  s topping  the reac t ion ,  (b) b y  de te rmin ing  
the amoun t  of AMP formed m the usual  assay b y  cut t ing  out  the  spots  of AMP 
separa ted  b y  paper  electrophoresls,  and measurmg it  spec t ropho tome tnca l l y  

Partial purzficatwn of Na+,K+-reqmrlng ATPase activity from pig kzdnev 
As previously  descr ibed ~, at  Step IV the pel let  is then d ia lyzed  overnight  

agains t  I mM ADTA and 2 mM mercap toe thano l  (brought  to p H  8 60 with  Trls  base 
at  3 o°) The suspension is centr i fuged 60 m m  at  195 ooo × g and the supe rna t an t  
d iscarded The pellet  and fluffy layer  are suspended m o 02 M Trl~ buffer (pH 7 6) 
and  o I mM E D T A  and the f rac tmn is qmck frozen This f ract ion will be called 
hereaf te r  EDTA-res ldue  

N a I  trealment 
Tills was carr ied out  on the EDTA-res ldue  as descr ibed b y  NAKAO et al 11 with 

a modified solut ion conta ining 6 7 mM EDTA,  4 mM ATP,  6 7 mM MgC12, 66 mM 
cystelne,  q mM KC1, IO°o glycerol  and 2 M NaI  The suspension was d i lu ted  x~lth 
io°,) glycerol  to a N a I  concent ra t ion  of o 8 M, then centr i fuged for 20 m m  at  41 500 

g For  each ml of ~upernatant ,  575 mg of (NH4),,SO 4 are added  The prec ip i ta te  is 
left to form for a t  lea~t one d a y  at  4 ° The prec ip i ta te  l~ then  collected in the  cold, 
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Na+-STIMULATED ADP-ATP E X C H A N G E  1 1 5  

and dissolved in a small volume of o 02 M 2-(N-morphohno)ethanesulfonlc acid (MES) 
buffer (pH 6 5), with o 5 mM MgC12 and o I mM EGTA and dialyzed overnight against 
200 vol of the same buffer at 4 ° The material which precipitates overnight is re- 
moved by centrifuging for IO mm at 12 ooo y g and the clear supernatant is retained 
(hereafter called (NH4)2SO 4 fraction) 

8c / .  

~c / / 

-Gi / / NaCl 

0 ~" i I i I L I 
0 2 0  4 0  6 0  

PPotetn (lug) 

8 0  

6C 

v 4C 

2C 

10  m M  

NaCl~ o 

80 pH 

Fag i E f f e c t  o f  e n z y m e  c o n c e n t r a t i o n  o n  A D P - A T P  e x c h a n g e  an t h e  p r e s e n c e  o r  a b s e n c e  o f  
NaC1 A s s a y  a s  an EXPERIMENTAL 

Fag  2 E f f e c t  o f  p H  o n  e x c h a n g e  in  t h e  p r e s e n c e  o r  a b s e n c e  o f  NaC1 A s s a y  as  in  EXPERIMENTAL 
w i t h  36  l*g p r o t e a n  o f  (NH4)~SO ~ f r a c t m n  O a n d  O ,  M E S  b u f f e r ,  /~  a n d  A, T r l s - H C 1  b u f f e r  

R E S U L T S  

Fig I Indicates that the (NH4)2SO4-fractlon contalna an enzyme catalyzing a 
Na+-stlmulated exchange which is roughly hnear with protein concentration In 
thirty active preparations of (NH4)2SO4-fractlon, the Na + stimulation vaned between 
IO and 90% 

The data of Fig I were obtained after the development of the assay for the 
exchange activity reported in EXPERIMENTAL Table I shows the effect of serum albu- 
mm and EGTA on the exchange actlvltlen, omission of EGTA reduces Na+-stlmulated 
exchange, without affecting the activity measured in the absence of Na + The stimu- 
lation by EGTA is small but reproducible Serum albunun alone, or in combmatlon 
with EGTA, increased both exchange activities, especially the Na+-stimulated An- 
other important variable in the assay proved to be the pH of the incubation medium 
(Fig 2) At pH higher than 7 4, inhibition of the exchange by Na + it observed With 
different preparations, the pH optimum of the Na+-stlmulated exchange varied be- 
tween 6 9 and 7 15 In all cases Na+ inhibition was observed at pH 7 6 Below pH 6 8, 
MES buffer could not be replaced by lmidazole or N-Trls-(hydroxymethyl)methyl- 
2-aminoethanesulfonate buffer Trls-HC1 buffer and Tr]s-acetate buffer gave essen- 
tially the same results 
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"1 A B L E  I 

E b ~ E C T S  O F  b E R U M  & L B U M I N  A N D  E G ' I A  ON T H E  E X C H A N G E  R E & C T I O N  I N  T H E  (NH4)aS()  4 F R K C T 1 O N  

A s s a y  aq in  EXPERIMENTAL w~th 28 t tg  p r o t e m  

: 1 4 C  7 4 T P  to*reed (um.h ~) 

N ag[  I NaCI  

I ( o m p l e t e  s y s t c l n  51 1 1) 4 2 
2 - - E G T A  52 3 oz 3 
3 - - E G T A  a n d  s e r u m  a l b u m i n  4~ 1 45 7 

The NaT-~tmmlated exchange actwxty of  t i le In tac t  ATPase  is ve ry  sensAtlve 
to the  Mg 2+ concent ra t ion  s FAg 3 shows t ha t  the  op tnnum Mg 2+ concent ra t ion  is 
3 mM for bo th  exchange act ivi t ies  

Table  I I  shox~s the  specifici ty of  subs t ra tes  and  ac t iva tors  of the react ion Ex-  
change is observed in the absence of  Na + when I T P  or GTP replaces A T P  No s t imu-  
la t ion b y  Na + is observed when A T P  lb replaced by  these nuc leo t lde tnphospha tes  
(1-3, Table  II)  Mg 2+ is required for the  react ion ,  it  can be replaced to a cer ta in  
ex ten t  b y  Mn 2+, bu t  not  bv  Ca °'+ (4-7, Table  n) Na + cannot  be replaced by  ei ther  K + 
or  L1 + (8 IO, Table  II)  

The effect of vanou~ inhlbl tors  has been tebted on the exchange ac t iv i ty  
(Table I I I )  S t r o p h a n t h m  mhlb l t s  somewhat  the Na+-s t lnmla ted  exchange  bu t  not  
the exchange observed in the absence of  Na + This inhibi t ion is ~inall bu t  reprodu-  
cAble Since the concent ra t ion  of  s t r o p h a n t h m  is qui te  high (o I AM) it is not  clear 
if  the  mhlb l t lon  by  this compound  As specAfiC Tr i ton  X-IOO, at  a concent ra t ion  tha t  
mhlb l t s  the  (Na+,K4)-ATPase  b y  90%, doe~ not  inhibi t  exchange ac t iv i ty  e i ther  in 
the presence or ab-ence of  Na + This fact suggests t ha t  the  Nab-s t imula t ed  exchange 
enzyme(s) is not  slgmficantl? bound  to essential  hpld~ 

• f l O  mM 
NaCI 

60 

E 
40 

~L~ 

2C 

80 

MgCI 2 (AM) 

F i g  3 E f f e c t  of MgC1 a c o n c e n t r a t i o n  on e x c h a n g e  m t h e  pre~cncc  ol al)~ence o f  N,LCI ~ a v  as  
1II LXPERIMENt aL ~ l t h  33 l*g p r o t e m  o f  (Nt t4)2S()  4 f r a c t u r e  
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"1 A B L E  i i  

S P E C I F I C I T Y  O F  T H E  E X C H A N G E  R E A C T I O N  I N  T H E  ( N H , ) a b O  4 F R A C T I O N  

A s s a y  as  in EXPERIMENTAL 

laC [ X Y P  form~d (nmoles) 

NaC1 + NaCI  

I Vqlth 3 m M  A T P  a n d  3 m M  MgC1 a 62 I 68 4 
2 \ V l t h  3 m M  I T P  a n d  3 m M  MgCI a 15 7 15 8 
3 W i t h  ~ m M  G T P  a n d  3 m M  MgC12 25 3 25 o 
4 "With 3 m M  A T P  a n d  ~ inM MgC1 a 79 2 93 7 
5 "With 3 m M  A T P  a n d  3 inM CaC1 a 28 5 28 3 
6 V~hth 3 m M  A T P  a n d  3 m M  MnC12 38 3 47 0 
7 W i t h  3 m M  A T P  a n d  o m M  Me 2+ , 3 2 I 
8 W i t h  3 m M  A T P ,  a n d  3 m M  M g ( l  2 57 ~ 08 9 
9 W i t h  3 m M  A T P ,  3 m M  MgC12 a n d  IO m M  KC1 57 5 

Io  W i t h  ~ m M  A T P ,  3 m M  MgC12 a n d  IO m M  L1C1 54 I 

1 A B L E  I I [  

E F F E C T  O F  I N H I B I T O R S  O N  T H E  E X C H A N G E  R E A C T I O N  I N  T H E  ( a H a ) 2 S ( )  4 F R A C T I O N  

Assay  as in EXPERIMENTAL w l t h  ZO [Ig p r o t e i n  

[ n C  7.4 T P  framed (nmoles) 

NaCI  / NaCI  

I C on t ro l  16 4 21 o 
2 W i t h  o I m M  s t r o p h a n t h i n  16 7 19 4 
3 "With o o 5 ° o  T r i t o n  X - i o o  16 9 2o 4 
4 VVath IO ItM p - c h l o r o m e r c u r t b e n z o a t e  16 o 21 8 

Table IV shows enzymatic actlwtles of both non-extracted and extracted 
fractions The S195 000-fraction is obtained by centrlfugatlon of the (NH~)2SO 4 fraction 
for 2 h at 195 ooo × g The run was terminated without breaking so that the pellet 
remained compact at the bottom of the tube Approximately 5°0 of the protein and 

" F A B L E  I V  

ENZYMATIC ~tCTIVITIES OF E D T A  RESIDUE AND EXTR¢CTED FR¢CTIONS 

(a) F o r m a t i o n  o f  I14C - ~ T P  f r o m  I I W I A D P  m t h e  a b s e n c e  of  A T P  in t h e  a s s a y  (b) F o r m a t i o n  o f  A M P  f r o m  
A D P  a n d  A T P  

Prot,~n ( N a  +, K+) - q D P - A T P  exchang~ Adenvhc  k~nase 
(rag) A T P a s e  (total ttmt~) (total unzG) 

(total units) 
Na  + ~ Na  ÷ (a) (h) 

- -  N a  + -4- N a  + N a  + + N a  + 

E D T A  r e s i d u e  9 ° 93 3 
(NH4)zSO 1 f r a c t i o n  0 ~o o12 
S19s 000 f rac t ion** 4 8 

* A s s a y  ~ i t h  o 2 m M  MgCI 2 
** F o r  p r e p a r a t i o n ,  ~ee t e x t  

IO O* 12 O* 
2 0  2 3 
1 9  2 2  

1 8  I 0  1 5 1 5 

Bwchzm Btophys  Acta, 198 ( I97  o) 113 119 



I i g  R RENDI 

less than  o I°o  of the ATPase  (assayed as p rewous ly  descr ibed ~) was recovered in 
the  (NH4)2SO 4 fract ion The value for ATPase  ac t iv i ty  is only  a m a x m m m  value,  
since no ATPase  wa~ ac tua l ly  obaerved No ATPase  was observed even at  p H  7 15 
with serum a lbumin  and EGTA,  under  con&tlons  of the exchange assay  used here 

The ~lgmficance of the percent  recovery of  the A D P - A T P  exchange in the 
(NH4)2SO 4 fract ion is difficult to asse~s quan t i t a t i ve ly  The react ion had to be de- 
t e rmined  under  different Mg 2+ concent ra t ion  (o 2 mM Mg 2+ for the  EDTA-re~ldue 5, 
and  3 mM Mg 2+ for the  (NH4)2SO 4 fraction) ATPabe ac t iv i ty  lb known to affect the 
exchange ac t iv i ty  a The E D T A  residue contam~ ATPa~e ac t lwty ,  wtule the (NH~)~SO 4 
fract ion does not  

More slgmficant  are o ther  d a t a  on the exchange ac t iv i ty  (Table IX') The fact 
t ha t  both  exchange act ivi t ies  are comple te ly  recovered in the  supe rna tan t  af ter  
centr l fugat lon for 2 h at  I95 ooo >~ g at  p H  6 5 and m the absence of detergent ,  
s t rongly  suggests t ha t  bo th  ac t lwtms  are soluble 

The (NH4)eSO a fract ion wa~ checked for adenyhc  kmase which has A D P - A T P  
exchange act~wty Two &fferent  methods  of de te rmina t ion  demons t r a t ed  t ha t  con- 
slderable amounts  of  adenvhc klnase ac t iv i ty  are present  (Table IV) However ,  this  
ac t iv i ty  was not  affected by  NaG therefore is not  responsible for the  observed Na* 
s t imula t ion  of the  A D P - A T P  exchange At tempt~  at  separa t ing  the adenyhc  klnase 
and the Na ¢--stmmlated exchange act ivi t ies  b y  (NH4)~SO ~ f rac t lona t lon  have not  been 
~uccessful 

DISCUSSION 

The d a t a  presented  here indicate  tha t  a soluble Na+-s t lmula ted  A D P  A T P  
exchange ac t iv i ty  can be prepared  from a p ig-k idney  membrane  fract ion b y  NaI  
t r e a tmen t  These results  are at  var iance with  those repor ted  bv  STAHL 8, who repor ted  
35°L inhibi t ion  of  the A D P - A T P  exchange ac t iv i ty  b y  IO mM NaCl m the NaI  supel -  
n a t a n t  from bra in  mmrosomes A l ikely exp lana t ion  of this  var iance  is the  modifica- 
t ion of both  the assay  procedure  and the me thod  of p repara t ion  of  the  enzyme frac- 
tmn Major  changes m the assay  include the ad&t lon  of  serum a lbumin  and a lower 
p H  

Careful p repara t ion  of  the enzyme was an n n p o r t a n t  factor  m obta in ing  act ive 
fract ions Modifications of the  NaI  t r ea tmen t ,  as noted  in the  EXPERIMENTAL section, 
enabled  to prepare  consis tent ly  act ive fract ions The most  i m p o r t a n t  changea of the 
t r e a t m e n t  are the  a d & t m n  of glycerol  and  KC1 The NaI  supe rna tan t  was immedmte lv  
p rec ip i t a ted  with (NHa)2SO ~ m order  to decrease the  I concent ra t ion  before dmlysls  
This seemed m l p o r t a n t  since the  (Na+,K+)-ATPase,  itself, is s t rongly  inhibi ted by  I 
Composi t ion of  the  dmlysls  fluid also affects the  amoun t  of  Na+-s t lmula ted  exchange 
recovered Low p H  and the presence of Mg ~+ and E G T A  increased recovery Na  + 
s tmmla t lon  of the  exchange could be demons t r a t ed  only m fract ions dmlyzed  below 6 ° 
The (NH4)2SO a f rac tmn it  tes ted  immedia te ly ,  ~mce the Na+-s t lmula ted  por tmn of 
the  exchange is ve ry  uns table  

The ~nmlan ty  of  Na+-s t lmula ted  por t ion  of the  exchange a c t l w t y  m the 
(NHa)2SO 4 fract ion and tha t  of  membrane  p repara t ions  conta ining (Na+,K+)-ATP - 
a~e 5-1° is evident  Fo r  example  (a) the act ivi t ies  of bo th  bystems are specific for A T P ,  
(b) m both  sys tems Ca 2+ cannot  replace Mg e+, and  (c) K + cannot  replace Na + The 
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Na+-STIMULATED A D P - A T P  EXCHANGE 1 I q  

high Mg 2+ concentration optimal for the Na÷-stlmulated exchange in the (NH4)2SO * 
fraction ls similar to some data presented by FAHN et al 6 These authors treated 
mlerosomes of the electric organ of the eel with N-ethylmalelmlde and found an in- 
crease in the Na+-stlmulated exchange activity The optimum Mg ~+ concentration 
for the exchange increased from o 2 to 3 0 mM after treatment with N-ethyhnalelmide 
FAHN et al 6 also noticed that the Na+-stlmulated exchange is not inhibited by p- 
chloromercunbenzoate after this treatment whereas the untreated enzyme ls sensitive 
to this inhibitor 5 Similar data indicating a lack of inhibition by p-chloromercurl- 
benzoate of the Na+-stlmulated exchange in the (NH4)2S Q fraction lS sho~n in Ta- 
ble n I  These differences between the exchange activity m native ATPase and in the 
(NH4)zS Q fraction may be explained on the basis of changes in the enzyme during 
Its release from the bound to soluble state It ~hould be noted that borne Na + stimu- 
lation of the ADP-ATP exchange at 3 mM MgC12 has been shown by SWANSON ~° 
uslng NaI-treated cerebral mlcrosomes 

A plausible interpretation of the data reported here is that there are at least 
t~o enzymes revolved m the ADP-ATP exchange of the (NH4)2SO ~ fraction Adenyhc 
kmase appears to be the malor component (Table IX'), but is not related to the Na+- 
stimulated exchange This lS in keeping with the observation reported by SWANSO~ 1°, 
that adenyllc klnase does not show Na + stimulation A quantitatively smaller com- 
ponent is responsible for the Na+-stlmulated ADP-ATP exchange activity From its 
properties, it closely resembles a Na*-stlmulated exchange activity considered part 
of this (Na+,K+)-ATPase Separation and purification of these two enzymatic activ- 
ities is in progress 
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