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T h e  s idedness  o f  t he  e f fec ts  of  several  am~,nes on  the  s teady-s ta te  phosphoryla t ion  level of  rabbi t  kidney N a + / K  ÷- 
A T P e s e  h a s  been  s tud ied  with the  e n z y m e  incorporated in phosphat idylchol ine-choles teroi  conta in ing  proteol iposomes.  
Ti le  p resence  o f  ouaba in  prevented  phosl'daorylation o f  non- lncorpora ted  or  r ights ide-out  incorporated enzyme ,  so  that  
only  the  ins ide-out  incorporated N a + / K + - A T P a s e  molcca les  were  studied.  Addit ion of  e i ther  Na  + or  several  amines  to 
tile extraeel lular  s ide o f  t he  e n z y m e  lt, d to an  e n h a n c e m e n t  of  the  s teady-s ta te  phosphoryla t lon  level obta ined with 
opt imal  concen t ra t ions  o f  N a  +, M g  2+ and  A T P  at the  cytosol ic  side. T h e  ser ies  imidazole > Na  ~" > tr ial lylamine > Tr i s  
> e thy lened iamine  showed a dec rease  in affinity.  His t id ine ,  sorbitol  and  chol ine  chloride had  no  e l fect  at  the  
ext raee l la lar  side. T h i s  m e a n s  tha t  in addit ion to the  well-known cytosot ic  l igands  e i ther  Na  -~ o r  a positively charged  
m i n e  buf fe r  h a s  to  he  iwesent  ex t race l lu lady  in order  to obta in  an  opt imal  phosphoryla t lon  level. At the  cytoplasmic 
s ide  t he  tes ted  m i n e s  exe r t ed  d i f ferent  effects .  (i) lmidazole  and  tr ial lylamlne enhanced  the  s teady-s ta te  phosphoryla-  
l ion  level w h en  t he  extracellul~x condi t ions  were opt imal  ( sa tura t ing  amine  concent ra t ion) ,  (it) T H s  and  e thy lenediamine  
dec reased  t he  s teady-s ta te  pl~osplmcylation level and  (iii) his t idine had  no  effect .  T h e  cytoplasmic  e f fec ts  of  the  amine  
c o m p o u n d s  cocrelate  with  those  descr ibed by S c h u u r m a n s  S tekhoven  et  al. (Biochim. Biophys.  Acta  937 (1988) 
161-171)  fo r  the  uns lded  IMrel~tration. T h e  ext race l lu lar  effects ,  however,  a re  apparent ly  m a s k e d  in e x p e r i m e n t s  with 
f r agm en ted  e n z y m e  prepara t ions  and  a re  a s s u m e d  to be  potent ia t ing  ef fec ts  which m a k e  the  e n z y m e  ready for 
p lmsphoryla t ion  upon  a cytoplasmic  t r igger  (e.g. Na÷) .  

In t roduc t ion  

N a + / K + - A T P a s e  as  a m e m b e r  o f  the  ' W - t y p e  
A T P a s e  [1] f o rms  a cova len t  p h o s p h o r y l a t e d  inter-  
m e d i a t e  as par t  o f  i ts react ion cycle. T h e  p h o s p h o r y l a -  
t ion  reac t ion  h a s  extens ively  been  s tud ied  [2]. It h a s  
b e c o m e  c[ear tha t  the  p resence  o f  M g  2+ and  N a  + [3,4] 
bes ides  the  subs t r a t e  is a prerequis i te  for  this  reaction.  
In  a recent  s t u d y  [5], however ,  the  e n h a n c e m e n t  o f  the  
p h o s p h o r y l a t i o n  level by  imidazole  in the absence  o f  
N a  + was  repor ted .  F r o m  th is  repor t  it was  clear tha t  
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imidazole  was  able  to subs t i t u t e  for N a  + in the  
p h o s p h o r y l a t i o n  reac t ion  o f  the  N a + / K + - A T P a s e ,  bu t  
the  m e c h a n i s m  of  this  p h e n o m e n o n  r e m a i n e d  obscure .  
In  a fu r ther  s t udy  [6] s o m e  o ther  a m i n e  c o m p o u n d s  
were found  to e n h a n c e  the  p h o s p h o r y l a t i o n  react ion,  
whereas  o the r s  were w i thou t  effect  or  even inhibi tory  
versus  N a  + o r  o the r  s t imu la t i ng  c o m p o u n d s .  Th i s  m a d e  
the p ic ture  even m o r e  complex .  

T h e  a s s i g n m e n t  o f  the  s i tes  o f  ac t ion  o f  those  c o m -  
p o u n d s  could  give s o m e  c lues  abou t  a poss ible  mecha -  
n ism.  Since the in terac t ion  o f  t hose  cha rged  c o m p o u n d s  
is p robab ly  main ly  e lect ros ta t ic  it is di f f icul t  to der ive  
in fo rma t ion  f rom b ind ing  s tudies .  So far  b ind ing  s tud-  
ies were no t  conclus ive .  A n  o the r  a p p r o a c h  to ob ta in  
more  insight  ia  this  p rocess  is to s t u d y  the s idedness  o f  
ac t ion  o f  the  a m i n e  c o m p o u n d s .  

In  a recent  pape r  [7] we p resen ted  a s t udy  on  the  
s ided effects  o f  physio logica l ly  i m p o r t a n t  ions  wi th  
respect  to the p h o s p h o r y l a t i o n  reac t ion  in recons t i tu ted  
N a + / K + - A T P a s e .  W i t h  this  p repa ra t ion  it a p p e a r e d  to 
be poss ib le  to ob ta in  i n fo rma t ion  a b o u t  the  s idedness  o f  
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action of the amine compounds. With this sided pre- 
paration the cytoplasmic and extraccllular effects could 
be separated. By this separation stimulatory and inhibi- 
tory effects turned out to be located on different sides 
of the membrane and could be studied separately. 

A model for the mechanism of action of the araine 
compounds is proposed. This model throws some light 
on observations in unsided preparations which are dif- 
ficult to interpret. 

Materials and Methods 

Preparation of  Na + / K +-,4 TPase 
Na÷/K+-ATPase  from rabbit kidney outer medulla 

has been prepared according to the method described 
by Jorgensen [8]. About 340 mg microsomes (on protein 
base) were incubated for one hour at 20 ° C in a medium 
containing 0.~8 tli~//ml sodium dodecyl sulfate and 25 
mM imidazole-HCl (pH 7.4), 3 mM ATP and 2 mM 
EDTA (final protein concentration 1.45 nag protein per 
ml). After the extraction the mierosomal suspension was 
centrifuged on a sucrose gradient (0-50%). The ATP of 
the pooled fractions of the gradient was removed by 
incubation at 37°C  in presence of Na +, Mg 2+ and K + 
and subsequent washing. The obtained membrane frvg- 
ments, enriched in Na+/K+-ATPase,  were stored in 
imidazole buffer (25 raM, pH 7.4) containing 10% 
sucrose. The specific Na+ /K%ATPase  activity of the 
preparations ranged from 1.0 to 1.6 mmol Pi formed per 
nag protein per hour. 

Preparation of liposomes 
Lip0somes have been prepared by a reversed phase 

evaporation method as described by Szoka and Papa- 
hadjopoulos [9]. Mixtures of cholesterol, phosphatidyl- 
choline and phosphatidylserine (ratio indicated in text 
and legends) in chloroform were evaporated under a 
stream of nitrogen to remove the organic solvent. After 
repeated washing with diethylether, a 1 : 1 mixture of 
diethylether and buffer solution of different composi- 
tion was added and the solution thoroughly mixed on a 
Vortex mixer, while the diethyl ether was again slowly 
evaporated by a stream of nitrogen. The final lipid 
content was between 20 and 50 mg/ml .  After all ether 
had disappeared the liposomes formed were sonicated 
for 30 rain in a Branson sonicator bath at maximal 
output. 

Reconstitution procedure 
Purified Na+/K+-ATPase  (5 mg/ml )  in 20 mM im- 

gdazolc buffer (pH 7.2) was partially solubiiized by 
incubation with chelate (final concentration 0.91% w/v )  
during 1 rain at room temperature. This mixture was 
then added to a 10-fold volume of liposomes, giving a 
lipid to protein ratio of 40 to 100 (on weight basis). 
After thorough mixing, the preparation was frozen in 

liquid nitrogen or in a mixture of dry ice and acetone 
and subsequently thawed at room temperature. This 
freezing and thawing procedure was repeated twice. 
Thereafter the vesicle suspension was sonicated for 6 
rain in a Branson sonicator bath (maximal output). 
Detergent was removed from the proteoUposomes by 
centrifuging aliquots of the suspension over a 10-fold 
volume Sephadex G-25 (coarse) column (equilibrated 
with the appropriate buffer solution in a syringe). This 
centrifugation step lasted 5 min (100 × g )  and was 
repeated once. More than 99.9% of the chelate was 
removed by this procedure [10]. 

A TP hydrolysis 
The ATP hydrolysis was determined as the release of 

32P i from [-/-32p]ATP [11]. To 10 pl  proteoliposomes, 
containing compounds as indicated in the legends, 190 
/~l medium containing ouabain (0.2 raM), 1 mM Mg 2+ 
and 1.0 /tM labeled ATP were added at 2 0 ° C  and 
incubated for 10-30 s. For blank values the recon- 
stituted Na+/K+-ATPase  was denatured with trichloro- 
acetic acid prior to incubation with zhe hydrolysis 
medium. The 32p i production was measured after stop- 
ping the reaction at a given time through addition of  0.4 
ml 10% trichloroacetic acid followed by mixing with 0.4 
ml 20% (w/v)  aqueous charcoal suspension. The char- 
coal adsorbs the adenosine phosphates from the medium, 
but leaves Pi in solution. The suspension was mixed 
thoroughly repeatedly (three times) for 10 s every 5 rain. 
Thereafter the charcoal was sedimented by centrifuga- 
tion for 10 min at 2000 x g at 0 ° C .  Aliquots (0.2-0.5 
ml) were taken from the supernatant, mixed with 4.5 ml 
liquid scintillation fluid (Aqualuma Plus). Radioactivity 
was measured with a liquid scintillation counter. 

Phosphorytation 
Phosphorylation of  the reconstituted N a + / K  +- 

ATPase was carried out at 2 2 ° C  at pH 7.0. The ATP 
concentrations varied between 0.2 and 20 /~M (The 
Radiochemical Centre, Amersham, U.K., specific radio- 
activity 3000 Ci /mol) .  The reaction was started by 
rapid mixing of 10 pl  proteoliposomes (preincnbaced 
with 0.2 mM ouabain and 10 mM Mg 2+) with 90/~1 of 
the medium containing ATP and the other ligands. The 
reaction was stopped after 3 s by addition of 3 ml 5% 
(w/v)tricbloroacetie acid, containing 100 mM phos- 
phoric acid. The denatured phosphoprotein was filtered 
on a 1.2 /zm pore width Selectron filter (Sehleleher and 
Schull, Dasset, F.R.G.), which was then washed three 
times with 3 ml of the stopping solution. Incorporated 
32p was determined by liquid scintillation counting. For 
blank values the proteoliposomes were mixed with the 
stopping solution prior to addition of the ATP solution, 

Dephosphorylation 
After phosphorylation during 10 .s at room tempera- 

tur¢ 900 p,l of the dephosphorylation medium was ad- 



ded to  the phosphory la t ion mix tu re  (100 pi)+ The de- 
phospbory l a t i on  mix tu re  conta ined ,  apar t  f rom the  
buf fe r  and  cat ions ,  1 m M  unlabe led  A T P  in order  to 
d i lu te  the  labeled A T P  10C0-fold. Toge the r  wi th  the 
10-fold di lu t ion o f  the  v o lume  of  the m e d i u m  the final 
d i lu t ion  o f  the  labeled A T P  was 10000  in order  to avoid 
fu r ther  phosp ho ry l a t i on  by the  labeled ATP.  Af te r  rapid  
mix ing  the d ephospho ry l a t i on  reac t ion  was  s topped  (at  
t he  t ime indica ted)  by  add i t ion  o f  5 ml 5% ( w / v )  
t r ichloroacetic  acid con ta in ing  100 m M  phosphor i c  acid. 
Af t e r  s t opp ing  the react ion,  the  mix tu re  was  fur ther  
t reated as descr ibed  in the  phospho ry l a t i on  procedure .  

Materials 
A T P  a n d  "Iris were pu rchased  f rom Boehringer ,  

M a n n h e i m ,  F .R .G.  [7- JZP]ATP and  "6Rb were ob ta ined  
f rom A m e r s h a m .  Buck inghamsh i re ,  U.K. ;  p h o s p h a -  
t idylchol ine  (egg) a n d  phospha t idy l se r ine  (bovine  bra in)  
were  p u r c h a s e d  f rom Avan t i  Polar  Lipids,  B i rm/ngham,  
AL+ U.S.A. ,  a n d  cholesterol ,  f r om Sigma,  St. Louis ,  
M e ,  U.S.A.  All  o the r  chemica l s  were o f  reagent  grade.  

Resu l t s  

Effect of extracellular amine buffers and Na ÷ on the 
steady-state phosphorylation level of Na + / K  +-A TPase 
containing prateoliposomes 

Pro teo l iposomes ,  loaded  wi th  100 mlV~ N a  +, 10 m M  
Tr i s  ( p H  7.0) a n d  82 m M  sorbi tol ,  ¢xhibi led a m a x i m a l  
p h o s p h o r y l a t i o n  level u n d e r  op t ima l  cy top lasmic  phos -  
phory la t ion  cond i t i ons  (see below). T h i s  level could  no t  
be  fu r the r  inc reased  by  a n y  change  in the  ¢xtracel lular  
( in t raves icnlar )  compos i t ion ,  bu t  cou ld  be  decreased  by  
lower ing  the  ext race i lu lar  ( in t ravesicular)  N a *  con-  
centrat ion.  Replac ing the ext racel lu lar  N a  + by sorb i to l  
u n d e r  the  above  m e n t i o n e d  p h o s p h o r y l a t i o n  cond i t i ons  
a t  the  cy top la smic  (extravesicular)  s ide resul ted  in a 
5 5 5  reduc t ion  o f  the  s teady-s ta te  p h o s p h o r y l a t i o n  level 
(Fig.  1). T h e  e n h a n c e m e n t  o f  the  p h o s p h o r y l a t i o n  level 
b y  in t raves icu la r  N a  + was  hal f  m a x i m a l  a t  abou t  1 raM.  
A fu r the r  (255g) decrease  o f  the  s teady-s ta te  p h o s p h o -  
ry la t ion  level occur red  w h e n  the  10 M in t raves icular  
Tr i s  was  a lso rep laeeo  b y  sorbitol .  In  the  absence  o f  
extracel lular  ( in t ravesicular)  N a  + a n d  "iris a n d  in the  
p resence  o f  300 m M  in t raves icu la r  sorbi tol  on ly  2 0 - 3 0 ' $  
o f  the  above  m e n t i o n e d  op t ima l  p h o s p h o r y l a t i o n  level 
was  ob ta ined .  

Inc reas ing  the  in t raves icutar  Tr i s  concen t r a t i on  u p  to 
100 m M  s t imu la t ed  the  p h o s p h o r y l a t i o n  to the s a m e  
level as  ob t a ined  wi th  in t raves icu la r  N a  +, T h e  K0.s for  
Tr i s  was  a b o u t  6 m M  (Fig.  1). Fig. I also s h o w s  that  the  
effect  o f  the  ext raeel lu lar  l i gands  was  not  due  to a 
c h a n g e  in ionic  s t r eng th  o f  the  in t raves icular  m e d i u m .  
Inc reas ing  the  ionic  s t r eng th  o f  the  in t raves icular  
m e d i u m  by  rep lac ing  extracel lu lar  s0rbi tol  by cho l ine  
ch lor ide  did no t  increase  the  s teady-s ta te  p h o s p h o r y l a -  
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Fig. I. Enhancement of the steady-state phosphorylation level by 
exlracellular compounds. Na÷/K*-ATPase reconstituted i~ lipo- 
sornes (phosphatid~lcholine 26. phosphatidylserin¢ 2 and cholesterol 
20 mg/ml) containing the compounds in concentrations as indicated 
in the figure (pH 7.2) were preincabated with oL~abain {O.2 raM; {'0 
rain at room temperature) in the presence of i0 m i  Mg z+ and 150 
mM Tris (pH 7.2). Sorbitol .¢as added intravesicularly to maintain 
osmolarity. The proteolipcsomes (protein co:trent 0.5 rag/m|) were 
then phosphorylated with l.O p.M labeled ATP in the presence of I/M) 
mM Na*, 3 mM Mg 2+ and 51 mM Tris (.oH 7.0L Farther details of 
the phosphorylation reaction are describ~ in Materials and Methods. 
111¢ Ko. s values for imidomol¢ (~.). Na + (eL Tris ({:3). cthyl~n~diamine 
,EDA) (a) and choline chloride {Q) were obtained by Lincweaver-Burk 
~.nd Scatchard analysis and given in the text. In the s~,ries with 

¢xtracellul~r Na + l0 mM extraceUular "Iris was also pres,mt. 

l ion level above  the  level wi th  extracel lular  sorbi tol  
alone.  

O the r  buf fe r s  tes ted exh ib i ted  a s imi la r  t rans-ef fec t  
on  the  s teady-s ta te  p h o s p h o r y l a t i o n  level as  Tr is  a n d  
N a  +. Imidazo le  a n d  e thy l ened i amine  ( E D A )  increased  
the p h o s p h o r y l a t i o n  level f rom the  extraceUular  s ide 
with  K0. 5 va lues  o f  a b o u t  I a n d  5 raM,  respect ively 
(Fig. 1). Tr ia l ly lamine  ( T A A )  also increased  the  phos -  
phory la t ion  level f rom the  extracelhi lar  side,  bu t  unl ike  
the  o the r  buf fers  tes ted above  no t  accord ing  to the 
Micha~ l i s -Menten  formal i sm.  Af t e r  e n h a n c e m e n t  o f  the  
p h o s p h o r y l a t i o n  level by  in t raves icular  t r ia l ly lamine  
wi th  a ha l f  m a x i m a l  effect  o f  2 - 3  raM, a fu r the r  in-  
c rease  o f  the  in t raves icular  t r ia l ly lamine  concen t ra t ion  
resul ted in a cons iderab le  decrease  o f  the  p h o s p h o r y l a -  
t ion level (Fig. 2), to be  c o m p a r e d  wi th  the  s ecnnda ry  
inac t iva t ion  also encoun t e r ed  in the  open  m e m b r a n e  
s y s t e m  [12]. T h e  m a x i m a l  level o f  all t h e  buf fe rs  tes ted 
however  was  the  s a m e  as  the  m a x i m a l  level ob t a ined  
wi th  in t raves icular  Na  +. T h e  on ly  bu f f e r  tes ted so  far, 
which  failed to increase  the  p h o s p h o r y l a t i o n  level f rom 
the extracel lu lar  side, was  h is t id ine  (Fig. 2). Inc reas ing  
the in t raves icular  h is t id ine  concen t r a t i on  u p  to 50 m M  
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Fig. 2. The effect extracellular trlallylamine (TAA) and hisfidine on 
the steady-sutte phosphorylatiou level Proteofiposome~ with the same 
fipid composition as described in Fig. 1, loaded with trif, llylamine 
(TAA) and hisddine in the indicated concentrations wcrc phospho- 
rylatcd under the same conditions as dezcribed in Fig. 1. In the 
proteofiposvm¢~ con*~i~i~g triallylamine (o) 10 mM Tris (pH 7.0) 
was also present. The phosphorylation level of the proteoliposomes 
containing histidine are presented by (~). The symbols repre~ent the 

mean ~ S.D. of thr~ expetlments carried out in duplicate~ 

did not  alter the steady-state phosphory la t ion  level 
above the 20~ obtained in the absence of  intravesicular 
buffers. 

The dephosphoryladon rate of the phosphorylated 
intermediate in the presence of a low (10 raM) extracell- 
ular  Tris  concentrat ion was  not  s i~df icant ly  different 
f rom that in the presence of  a high (180 raM) extracellu- 
lar Tris concentrat ion:  0.25 -~ 0.06 and 0.21 4- 0.07 s -1, 
respectively, l~urthexmore the Na+-dependen t  ATPase  
activity was linearly related to the phosphory la t ion  level, 
independent  f rom the type of  amine  o r  Na*  extracellu- 
tarly p resen t  (Fig. 3). This  made  the slow (1.66 4- 0.19 
s - t ,  at 20 ° C) turnover  of  the enzyme (Pi p roduct ion  
per  phosphoryla ted  intermediate) independent  o t  the 
pbosphoryla t ion level. 

Efy~cts of cytoplasmic (extravesicular) amine buffers on 
t~e steady-s~ate phosphoeylation level 

W h e n  N a + / K % A T P a s e ,  reconst i tuted in .lipid 
vesicles loaded with 165 m M  Tris  ( p H  7.0), was  phos -  
phorylated wi~h labeled A ' I P  the obtained steady-state 
phosphory la t ion  level increased with the cytoplasmi~ 
N a  ÷ concentra t ion [7]. The phosphory la t ion  |¢vel in the 
presence of  cytop lasmic Tris  and in the absence of  
added N a  + depended on  the cytoplasmic ATP and 
Mg ~+ concentrat ions [7]. A t  low free Mg 2÷ concentra-  
t ions the level wf~ high and diminished above 3 m M  
Mg 2+ . In  the presenc~ of  high (5 m M )  M82+ and  low (1 

s00Na'-ATPaue activity (Dmole P,. mg'~ s "~) 
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F~g. ~. Correlatiort betweert Na+-ATP~tse activity ~tlct ste~dy-stat© 
phosphory!ation level Protoliposomes as described in Fig. I contain- 
ing Na ÷ (~), Tris (o), infidw.ole (Z), tnallylamine (~), ethylcncdia- 
mine (*), histidine (×)  and choline cldoride (O) in the concentration 
ranges as shown in Figs. 1 and 2 were phcsphorylated as d~-ribed in 
Fig. 1 and Na+-stimulnted ATP hydrolysis was determined as de- 

scribed in Materials and Methods. 

p M )  ATP and  in the absence of  1Macy t no  Lzfluence on  
the phosphory la t ion  level by  variat ion of  cytoplasmic 
"Iris was  observed (sorbitol  being used to main ta in  
isoosmolarity).  U n d e r  these condi t ions the ob ta ined  
phosphory la t inn  level was  low (only 2% of the maximal  
level wi th  100 m M  Na~yt). Imid,~ole  and  triallylanfine 
in cont ras t  to  Tr is  markedly  enhanced  the steady-state 
phosphory la t ion  level to 11 and  45~  o f  the maximal  

E-P (pmolmg -I protein) 

P 
/ 

! TAA 
U imid azole / 
o Tris ~ 

100- d /  

0 , - l l  , 
O 50 100 200 
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Fig. 4. Influence of cytoplasmic amine compounds on tee steady.slate 
pho,~pholTlation level. Protcoliposomas as described in the lt-send of 
Fi B. I lo~ded with 200 mM Ttis (pH 7.0) wm-~ phosphorylated as 
described in Materials and Methods in the absence of N a ~  and ill 
the presence 1 pM ATP, 5 ram Mg 2+ arid the amino compoulKL~ as 
indicated; trianylamine (=), imidazole (n) and Tris (O). The phospho~ 
vj!~e'.'~n level obtained with saturating N a ~  was 6~0 pmo]/mg pro- 
rein. S0rbitoi was added to the extravasicul~ medium to maintain 

osmolarity, 

200- 



E-P ~mol tug-1 protein) 

500- ho EDA i 

\" ! 
1.00- , \ 3~ , 

'°°- \ \Zo  
0 - \ -  "~_~'AT-~g~--~ ......................... 

b g lb 
FOAcyt (raM) 

Fig. S. Decrease of the steady-state phosphorylation level by cyto- 
plasmic ethylenediamine (EDA) in the presence of different Nagy I 
concentrations. Proteoliposomes as in Fig. 3 were phosphoryiated as 
described in Fig. 3, The cytoplasmic medium contained ethylenedia- 
mine in the indicated concentrations and 0.~; (o). 3 (~), 5 (El) and 8 
(a) mM Na +. The inset shows the dependency of the Iso value of 

ethylenediamine on the Nacy t concentration. 

level obta ined with 100 m M  cytoplasmic N a  +, respec- 
tively (Fig. 4). As  with the effects of  the amine buffers  
at the ¢xtracellular side, the influence on  the phospho-  
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Fig. 6. The effect of cytoplasmic Tris on the steady-stare ptmsphoryla- 
tion level with different Nac~ t concentrations. Proteoliposomes (as in 
Fig. 4) loaded wit'.t 300 mM Tris (pH 7.0) were phosphorylated as 
described in Fig. 4. The cytoplasmic: medium contained Ha +, 0.5 mM 
(O), 1.5 mM (El) or 5.0 mM (zx) and Tris in the indicated concentra- 
tions. Sorbitol w~s added to the erdravesicnlar medium to maintain 

the osmolarity t~f 540 mosM. 

79 

rylation level of these ligands at the cytoplasmie side 
was not due to ionic strength effects, as proven by 
choline chloride. Increasing the ionic strength along 
with the choline chloride concentrat ion at the cyto- 
plasmic side had no effect on the steady-state phospho-  
rylation level (sorbitol being used to maintain isoosmo- 
larity). Moreover histidine was  also without  effect on 
the steady-state phosphoryla t ion level when added at 
the cytoplasmic side under  the same condit ions as 
choline chloride and the other  buffers (not shown). 

Ethylenediamine at the cytoplasmic side, in contrast  
to the former ligands, ~trongly reduced the pbospho-  
rylation level (Fig. 5)). The 150 of  ethylenediamine was 
about  0.2 mM in absence of  cytoplasmic N a  + (derived 
by extrapolation of  a plot of  the 1~ 0 value of  ethylene- 
diamine as a function of  cytoplasmic N a  ÷ {inset Fig. 5) 
and increased strongly with the N a  + concentrat ions 
(Fig. 5). At low Mg 2.  and high cytoplasmic ATP con- 
centrat ions ethylenediamine also strongly reduced the 
phosphoryla t ion  level in the absence of added Nacy t 
and also reduced the affinity for N a ~  t. The  Ko. s for 
N a  ~" under  these condit ions was I m M  in absence of 
ethylenediamine and increased to 2 and 20 mM in 
presence of  2 and 20 mM ethylenediamine, respectively. 
Cytoplasmic THs had no effect on  the phosphorylat ion 
level in the absence of  Nac~ t but  reduced the steady-state 
phosphoryla t ion  level in the presence of  low cyto- 
plasmic N a  ~ concentrat ions (Fig. 6). 

Discussion 

Sidedness of  the effect of  amine compounds on the phos- 
phorylation reaction of  Na ÷ / K +-.4 TPase 

Recent work f rom several au thors  has demonstra ted 
that amine  c o m p o u n d s  have an effect on  the steady-state 
phosphoryla t ion  level of  N a + / K + - A T P a s e  [5.6,13-15]. 
Much has been speculated on  the mechar-ism, but  no  
general concept holds for the whole of  these effects yet. 
More  insight in the mechanism could be obtained by 
determinat ion of  the site of  action of  these amine com- 
pounds .  Binding experiments  of  the amines  to the en- 
zyme could give some clues, but  binding studies with 
ethylenediamine [12} have not  elucidated this quest ion 
so far. 

Determinat ion of  the sidedness o f  action of  these 
amines is an other  possibility to get more  insight in this 
matter.  F rom the experiments with reconsti tuted 
N a + / K + - A T P a s e  described in this paper  it has become 
clear, that in addit ion to N a  + all amine buffers tested at 
the extracellular side (except for histidine which has  no 
effect at all) have a stimulator) '  effect on  the steady-state 
phosphoryla t i0n level. At the cytoplasmic side, however,  
some amines  inhibit and others  st imulate steady-state 
phosphorylat ion.  Amine  c o m p o u n d s  which are inhibi- 
tory in phosphoryla t ion experiments  with broken mem-  
brane  sheets (ethylenediamine and  Tris) appeared to be 



also inhibitory at the cytoplasmic side, whereas com- 
pounds enhancing the phosphorylation reaction in open 
membrane preparations (imidazole and triallylamine) 
stimulate the phosphorylation reaction from the cyto- 
plasmic side. Histidine, which has no effect on the 
phosphorylation of Na+/K+-ATPase containing mem- 
brane sheets and on the induction of conformational 
changes [16.17] was also inert in the phosphorylation of 
reconstituted Na+/K+-ATPase from both sides of the 
membrane. Thus the effect of the amines at the cyto- 
solic side seems to be more important for the inhibitory 
effect in broken membrane sheets whereas the effect at 
the extracellular side may be the cause for the observed 
stimulator5, effects observed in the unsided preparation. 

An explanation for the inertness of histidine has 
been proposed by Schuurmans Stekhoven et al. [6]. 
According to these authors the interaction of the posi- 
tively charged amines are mediated by Coulomb forces 
with negatively charged groups in the enzyme. The 
negative:y charged carboxyl group of histidine, how- 
ever. may cause charge repulsion with the enzyme. The 
experiment with reconstituted Na+/K+-ATPase  de- 
scribed in this paper, showing that histidine fails to 
stimulate at the extracellular side and is without effect 
at the cytoplasmic side, suggested that this explanation 
holds for interactions at both sides of the membrane. 

Mechanism of action of the amine compounds 
The results of the experiments with the reconstituted 

Na+/K+-ATPase give more insight in the possible 
mechanisms by which the amine compounds exert their 
effect on the phosphorylation reaction of N a + / K  +- 
ATPase. Since the steady-state phosphorylation le,'el 
depends upon the equilibrium between formation and 
hydrolysis of the phosphorylated intermediate the effect 
can be explained by either stimulation or inhibition of 
one of these two reactions. 

A. Extracellular effects 
Since the extracellular effects, when present are all 

stimulatory the dephosphorylation reaction must be in- 
hibited or the phosphorylation step must be enhanced. 
Both possibilities are considered below. 

(i) Inhibition of the dephosphorylation by extracellular 
amine compounds. Two possible mechanisms for the 
inhibition of the dephosphorylation by amines at the 
extracellular side are proposed. The first one is based on 
an observation of Noby et al. [18] that Trls inhibits the 
conformation change from E1P to E2P and by our 
observation [7] with reconstituted N a + / K  +-ATPase that 
extracellular Tris and Na ÷ seem to enhance the steady- 
state phosphorylation level possibly by inhibit;.on of this 
conformationai change. From the experiments de- 
scribed in this paper it has become clear that most other 
antines share this property with Tris. Alternatively the 
inhibition of the dephosphorylation step can be caused 

by screening off the K ÷ sites by the extraeellular amine 
compounds [13]. In this view ).he amine compounds 
prevent the residual K ÷ from binding to its dephos- 
phorylating site and so reduce the rate of the sponta- 
neous dephosphorylation (i.e., in the absence of added 
K ÷). This spontaneous dephosphorylation must here be 
seen as the reaction catalyzed by low concentrations of 
residual K ÷. The influence of extracellular Na  ÷ on the 
dcphosphorylation rate in an unsided preparation can- 
not be studied since it is impossible to exclude cyto- 
plasmic effects. There is no concensus in the literature 
on this matter. Some authors reported a decrease in the 
dephosphorylation rate either by low concentrations of 
extracellular Na + [28] or by high Na ÷ concentrations 
[14,29]. Other authors [13,30] observed an increase in 
the dephosphorylation rate at high Na + com=entrations, 
whereas in one study [31] no influence on the dephos- 
phorylation rate at different Na + concentrations was 
found. The influence on the dephosphorylation rate of 
extracellular buffers is also difficult to check, because of 
the low phosphorylation levels at low extracellular buffer 
concentrations and because of the impossibility of 
changing the extracellular (intravesicular) composition 
during the dephosphorylation reaction. The dephospho- 
rylation rate of  proteoliposomes containing high and 
low "Iris concentrations appeared to be equal. This 
indicates that the increase of the phosphorylation level 
due to higher extracellular (h~travesicular) "Iris con- 
centrations was not caused by accumulation of the 
phosphointermediate due to a slower breakdown. Fur- 
thermore the turnover number of the phosphorylated 
enzyme was independent of the ionic composition of the 
extracellular medium. This observation confirms the 
former observation that the dephosphorylation rate is 
not influenced by extracellular amines. 

(ii) Stimulation of the phosphorylation reaction. Ex- 
tracellular amine compounds and Na + can induce a 
conformation suited for phosphorylation (an E 1 like 
conformation), as already has been proposed before [5]. 
According to results of Rephaeli et al. [19], this confor- 
mation is not the conventional E I conformation as 
monitored by FITC fluorescence. In their experiments 
with reconstituted Na+/K+-ATPase  extracellular Na  + 
had no effect on the FITC fluorescence. In contrast to 
this observation, however, this conformation might be 
the same as the Na+-form which can be monitored by 
eosin fluorescence [20] since ethylenediamine increases 
the eosin fluorescence although this compound de- 
creases the steady-state phosphorylation level in un- 
sided preparations [6]. Further support comes from 
experiments with FITC-labeled enzyme. An increase of 
the fluorescence of the labeled enzyme by ethylenedi- 
amine was observed recently [21]. In addition we have 
observed some increase in eosin fluorescence by ex- 
tracellular ethylenediamine in reconstituted N a + / K  +- 
ATPase (Van der Hijden, H.T.W.M., unpublished re- 



suits).  The  co n fo rma t io n  induced  by extracel lular  amine  
c o m p o u n d s  an d  Nac~ t in this s t udy  is therefore  sup-  
posed  to be  an En or  El-l ike con fo rma t ion  which  needs  
a cy top lasmic  tr igger like h igh A T P  concen t ra t ions ,  
N a  ÷ or  amine  c o m p o u n d s  to be phosphory l a t ed  [7]. 

B. Cytoplasmic effects 
A m i n e s  at  the  cy top lasmic  side o f  the m e m b r a n e  

s h o w  a different  behaviour .  Some  c o m p o u n d s  like trial- 
ly lamine  an d  imidazole  a re  s t imula to ry  whereas  o the r s  
like e thy lened iamine  a n d  Tr is  are inhibi tory  a n d  c o m p e -  
t i t ive to N a  ÷. His t id ine  is inert  wi th  respect  to the 
p h o s p h o r y l a t i o n  react ion.  For  the s t imu la t ing  com-  
p o u n d s  a m e c h a n i s m  as p roposed  by  F u k u s h i m a  [14] 
can  be valid.  Th i s  a u t h o r  p roposed  tha t  N a  ÷ a n d  o the r  
posi t ively charged  c o m p o u n d s  m a y  b ind  to a carboxyl  
g roup  o f  the  e n z y m e  respons ib le  for the  accep tance  o f  a 
p r o t o n  o f  a water  molecule .  The  b ind ing  o f  the  posi-  
t ively charged  c o m p o u n d  p reven t s  the  fo rma t ion  o f  the  
hydroxy l  ion  as a good  nucleophi le  for  dephospho ry l a -  
t ion.  Th i s  resul ts  in a t 'e tardat ion o f  the  d e p h o s p b o r y t a -  
t ion ra te  a n d  in an  increase  o f  the  s teady-s ta te  p h o s p h o -  
ry la t ion  level. A n  ana logous  concept  is p roposed  by  
S e h u u r m a n s  S tekhoven  et al. [6], w h o  sugges ted  tha t  
cy top lasmic  a m i n e s  p revent  water  necessary  for the  
hydro lys i s  to en te r  the  p h o s p h a t e  b ind ing  si-:e. These  
concepts ,  however ,  a re  no t  as  genera l  appl icable  for the  
recons t i tu ted  N a + / K + - A T P a s e  because  t r ia l ly lamine 
a n d  imidazole  fit well  in it, b u t  Tr is  and  e thy lened ia -  
m i n e  exert  oppos i t e  effects.  

A n o t h e r  poss ibi l i ty  is tha t  the  s t imu la to ry  a m i n e  
s u b s t a n c e s  tr igger the  p .qo ,phoryla t ion  reac t ion  o f  
N a + / K + - A T P a s e  a t  the  cy top la smic  side in a Na÷-I ike  
f a sh ion  [6]. T h e  inh ib i tory  amines ,  however ,  are  a lso 
s u p p o s e d  to  b i n d  to the  N a  + site, wh ich  can  be  con-  
c l uded  f rom the  compe t i t ive  behav iou r  t owards  N a  +, 
bu t  a re  no t  able  to s t imu la t e  the  p h o s p h o r y l a t i o n  reac-  
t ion as  N a  + does.  T h e y  inhibi t  p h o s p h o r y l a t i o n  by a 
direct  ac t ion  via th is  site o r  by p reven t ing  N a  ÷ b ind ing  
to it. 

Hypothet ical  model  o f  the s ided action o f  amine  com- 
pounds  on the phosphorylation reaction 

Rejec t ing  the  concep t  ~n which  extraceUular  amine  
c o m p o u n d s  reduce  the  d e p h o s p h o r y l a t i o n  ra te  one  can  
der ive  the fol lowing mo de l  for the  ac t ion  o f  posit ively 
cha rged  a m i n e  c o m p o u n d s  on  the  p h o s p h o r y l a t i o n  reac- 
t ion o f  N a + / K + - A T P a s e .  Cha rged  a m i n e s  po ten t i a t e  
the  N a + / K + - A T P a s e  f rom the  extraceUular  side,  by 
induc t ion  o f  a Et o r  ' p r e - E t '  c o n f o r m a t i o n a l  s ta te .  N a  t 
a n d  amines  wi th  a su i tab le  geomet ry  b r ing  the  e n z y m e  
in to  the  genu ine  E n s ta te  f r o m the  cy top lasmic  side.  
T h i s  c o n f o r m a t i o n  can  be  readi ly  p h o s p h o r y l a t e d  by  
ATP .  High concen t r a t i ons  o f  A T P  a n d  low concen t ra -  
t ions  o f  M g  2÷ also s t imu la t e  the  phospho ry l a t i on  reac- 
t ion at  the  cy top lasmic  side. A m i n e s  with  a d i f ferent  

geomet ry  also b ind  to the cy top lasmic  N a  ÷ b ind ing  site 
bu t  inhibit  phosphory l a t i on  by p reven t ing  N a  ~" o r  
Na~-I ike  ca t ions  to en ter  the  N a  ÷ b ind ing  site. Apa r t  
f rom this  effect they m a y  inhibi t  the  depho~phory la t ion  
rate ei ther  by p reven t ing  the fo rmat ion  o f  the  hydroxyl  
ion [14] or  by the p revent ion  o f  water  to en ter  the  
phosphory l a t i on  site [6]. 

Wi th  this mode l  resul ts  ob ta ined  f rom expe r imen t s  
wit.h b roken  m e m b r a n e  sheets ,  which  are  of ten  confus -  
ing and  difficult  to in terpre te  are more  easily unde r -  
s tood,  no tw i th s t and ing  the fact that  the  different  lipid 
env i ronmen t  in bo th  sy s t ems  migh t  have  inf luenced the 
results.  The  s t imu la t ing  effect fol lowed by an inhib i t ing  
effect of  a m i n e  c o m p o u n d s  [6] can  now tentat ively be  
expla ined  by  a c o m b i n a t i o n  o f  effects  on  the two m e m -  
b rane  sides: s t imula t ion  at the  extracel lular  s ide a n d  
inhibi t ion  at the cy top lasmic  side. At  low a m i n e  con-  
cen t ra t ions  the s t imula t ion  is p r e d o m i n a n t ,  whe reas  at 
h igher  concen t r a t i ons  the inhib i t ion  domina te s .  

A l so  the observa t ion  o f  S c h u u r m a n s  S tekhoven  et at. 
[5] tha t  imidazole  can  s t imu la t e  phosphory l a t i on  in the 
absence  o f  N a  +, whereas  Tr i s  is no t  ab le  to exert  th is  
effect,  fits in this  model .  Both amines  are  able  to 
interact  with  the e n z y m e  f rom the extracel lular  side. 
Imidazo le  in con t ras t  to Tris  can  tr igger the p h o s p h o -  
ry ta t ion react ion at  the  cy top lasmic  side. 

The  idea of  the  ex is tence  o f  d i f ferent  Et c o n f o r m a -  
t ions  as sugges ted  by S c h u u r m a n s  S tekhoven  et al. [5] is 
con f i rmed  by this  s tudy.  In  the  light o f  the  mode l  the  
E l - fo rm  which  is no t  readily phospho ry l a t i ng  is the  
extracel lularly po ten t i a t ed  form (pre-E 1 con fo rma t iona l  
s ta te)  whe reas  the  p h o s p h o r y l a t i n g  fo rm represen ts  the  
classical E t con fo rma t ion .  

T h a t  the  s t imu la t ing  effect o f  a m i n e  c o m p o u n d s  is a 
general  Na+- l ike  effect  [5l can  be  ruled ou t  by  this  
s tudy.  A Na+- i ike  effect  is s u p p o s e d  to act at  the  
cy top lasmic  side, whe reas  the  s t imu la t ing  effects  o f  the  
buf fers  a re  main ly  extracel lular .  T h e  cy top lasmic  s t imu-  
latory effects  are  smal l  c o m p a r e d  to the extracel lular  
effects.  Th i s  pape r  shows  (Figs.  1 a n d  2) tha t  the  
p resence  of  a cha rged  amine  o r  N a  ÷ at the  extracelhi lar  
s ide is a prerequis i te  for a m a x i m a l  phosphory l a t i on  
react ion o f  N a * / K  +-ATPase.  There fo re  the  obse rva t ion  
tha t  a m i n e  c o m p o u n d s  increase  the  af f in i ty  for N a  + in a 
t r ans  fash ion  (at  the  oppos i t e  viz. t he  ext racei lu lar  
m e m b r a n e  s ide [6]), can  be  c o m p a r e d  wi th  the  po ten t ia -  
t ion as  p roposed  in the model .  T h i s  however ,  c a n n o t  be 
the on ly  effect  o f  the  extracel lular  a m i n e  because  in 
p resence  o f  s a tu ra t ing  N a  + at  t he  cy top la smic  side, on ly  
a very low s t eady-s t a t e  p h o s p h o r y l a t i o n  level is ob-  
ta ined  when  insuff ic ient  a m i n o  c o m p o u n d s  o r  N a  + are  
p resen t  a t  the  extracei lular  side. T h e  inh ib i tory  ef fec ts  
o f  e thy l ened i amine  and  Tr is  a re  located  at  the  cyto-  
p l a smic  side, which  s u p p o r t s  the  idea [6] tha t  the  inhibi-  
ttion by  the  amines  is exer ted  via the  N a + - b i n d i n g  site, 
or  a site c lose to it, 
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F i n a l l y  t h e  r e s u l t s  o f  t h i s  p a p e r  c o n t r i b u t e  a r g u m e n t s  
in  t h e  d i s p u t e  w h e t h e r  f r ee  p r o t o n s  [ 1 4 , 1 5 , 2 2 - 2 7 ]  o r  
b u f f e r  s u b s t a n c e s  i n f l u e n c e  t h e  N a + / K + - A T P a s e  w i t h  
r e s p e c t  t o  t h e  p h o s p h o r y l a t i o n  r e a c t i o n  in  f a v o u r  o f  t h e  
l a t t e r  p o s s i b i l i t y  a n d  i t  is  c l e a r  b y  n o w  t h a t  p r o t o n s  a s  
we l l  a s  a m i n e  s u b s t a n c e s  d o  e x e r t  e f f e c t s  o n  p a r t i a l  
r e a c t i o n s  o f  N a + / K + - A T P a s e .  

A c k n o w l e d g e m e n t s  

T h i s  i n v e s t i g a t i o n  w a s  f i n a n c i a l l y  s u p p o r t e d  b y  t h e  
N e t h e r l a n d s  O r g a n i z a t i o n  f o r  S c i e n t i f i c  R e s e a r c h  
( N . W . O . , L  t h r o u g h  t h e  N e t h e r l a n d s  B i o p h y s i c s  F o u n d a -  
t i o n .  
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