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SUMMARY 

T1 ÷ has been found to replace K ÷ in act ivat ion of the (Na+-K+)-sensltive 
ATPase of rabbi t  kidney_ In  comparison to the other known subst i tutes  for K + in 
act ivat ing this ATPase,  TI+ is unique in tha t  it has an affinity approx IO times greater 
than  K+ for the K + act ivat ing site 

INTRODUCTION 

In  higher organisms it appears well established tha t  there is an association 
between the active t ranspor t  of Na + across cell membranes  and the presence of a 
(Na+-K+)-st imulated,  Mg2+-dependent, ouabain-sensit ive ATPase 1 in the par t lculate  
fractions of tissue homogenate.  Rb +, NH,  +, Cs +, and LI + may  replace K + in the acti- 
vat ion of this ATPase with affinities in the order K + > Rb + > NH4+ > Cs + > L1 ÷ 
(refs I, 2)_ The extent  of ATPase act ivat ion by  the subst i tutes  is less than  the K + 
act ivat ion except in the case of NH4+ which may act ivate to a slightly greater extent i ,  2 
Somewhat more var iably these same ions serve to replace the K+ required in the meta-  
bohcally dependent  t ranspor t  of Na ÷ from the inside to the outside of cell membranes.  
During this Na+ transport ,  K +, or one of its substi tutes,  must  be present in the extra- 
cellular fluid The subst i tutes  show very roughly the same order of efficiency in replacing 
K + in the active t ranspor t  of Na + as they do in affinity for ATPase act ivat ion 3-7 

The detailed na ture  of this biological ion t ranspor t  system is not  known. Polaro- 
graphic techniques, used in the s tudy of ion t ranspor t  processes across lnterfaelal 
filmsS, 9, would appear to be potent ia l ly  useful for the s tudy  of the biological system 
But  it is not  possible to apply polarographlc techniques to processes involving alkali  
metal  ions under  appropriate conditions For this reason we were prompted to look 
for ions which would be handled by  the Na+-K  + t ranspor t  system of cells and which 
could be analyzed polarographlcally As part  of this search, we decided to test T1 + 
as a possible subst i tu te  for Na + or K + in the (Na+-K+)-sensltlve ATPase. I t  was found 
that  TI+ may  replace K + in the act ivat ion of an ATPase of rabbi t  kidney In  all respects 
tested, this (Na+-Tl+)-sensitlve ATPase was found to behave hke the (Na+-K+) - 
sensitive ATPase_ The two enzymes are evidently identical and TI+ subst i tutes  for 
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K t at the K t ac t ivat ion site of the rabbi t  kidney (Na t -Kt ) - sens i t ive  ATPase with an 

affinity approx_ IO times greater than  K t 

M A T E R I A L S  

Frozen rabbi t  kidneys were purchased from Pel Freez Blologlcals, Rogers, Ark , 
tha l l ium acetate, from Fisher Scientific Company,  Trls and NazATP from Sigma 
Chemical Company,  EDTA,  from Mallinckrodt Chemical Works 

METHODS 

Tr I s -ATP  was prepared by  passage of a solution of Na2ATP through a column 
of cation exchange resin In the H + form, followed by  neutra l iza t ion with Trls ATPase 
was prepared from the frozen rabbi t  kidneys by  a modificatlJn of the method of 
KINSOLVING, POST AND BEAVER 1° Two frozen rabbi t  kidneys were thawed, decap- 
sulated, and homogenized in 15o ml of 0.25 M sucrose, 2-IO -a M TrIs -EDTA,  and  
1.2-lO -2 M mercaptoethanol  The homogenate was centrifuged at o ° for 20 min at  
IOO × g Dlscardmg the superna tant ,  the loose upper  layer of sediment  was resuspended 
In homogenizing solution and centrifuged as before, this t ime resuspending the loose 
upper  layer of sediment in storage solution (I 3 M urea, 0.02 M Trls-HC1 (pH 7-4), 
2 IO 3 M Tris EDTA,  IO * M MgC12, 7 6- lO -3 M (NH4)~SO 4 and I 2 '  IO -z M mercapto- 
ethanol) After s tanding foI at least IO h at 5 °, the suspension was spun down at IO ooo 
× g for IO min at o ° The sediment was twice resuspended in o 02 M Trls-HC1 (pH 7.4), 
3 lO-4 M Tr l s -EDTA,  and I 2 IO 2 M mercaptoethanol  and held at 5 ° in tha t  solution 

unt i l  used 
Protein  was determined by  the method of GORNALL, BARDAWILL AND DAVID 11, 

s tandardized on crystall ine bovine a lbumin 
ATPase act ivi ty  was est imated by  incubat ing  enzyme and T r l s -ATP  in I ml 

of appropriate  ionic composition at 380 for 15 rain. The reaction was te rminated  with 
0-5 ml of 15 % (w/v) tmchloroacetlc acid and the anorgamc phosphate assayed according 
to the method of TAUSSKY AND SHORR TM Blanks with choline replacmg N a + - K  +, or 
Na t T1 t ,  allowed de terminat ion  of ion-dependent  ATPase act ivi ty  Enzyme  concen- 
t r a h o n  was adlusted so tha t  the phosphate assayed represented the ini t ial  velocity 
of the reaction_ 

RESULTS 

Using a solution of 5 #moles Tr l s -ATP,  5 #moles magnesium acetate, 2o #moles 
Tr ls -ace ta te  buffer (pH 7 4o), o 165 mg of ATPase (diluted with 0.02 M Tris-aceta te  
buffer) and variable sodium aceta te- thal lous  acetate mixtures  to a total  of 96 #moles 
in I ml, the ac t iv i ty  of the ATPase was determined and compared to the ATPase 
ac t iv i ty  when 96 #moles of choline acetate replaced the sodium aceta te- thal lous  
acetate mixture.  The addi t ional  ATPase act ivi ty  found an the Na+-T1 + system above 
tha t  in the choline system was taken  as (Nat -Tl+)-dependent  ATPase activity.  The 
results for various Na+-T1 t rat ios are plot ted in Fig. I together with a similar curve 
where potassium acetate was used in place of thallous acetate Both a (Na+-Tlt)  - 
sensitive and (Nat-K+)-sensl t lve  ATPase are present with comparable maximal  
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Fig  I Va rmt lon  of the  in i t i a l  veloci ty ,  vi (in /*moles p h o s p h a t e  p roduced / r am per  mg protem),  
w i t h  the  concen t r a t ion  (raM) of K + (Q) or TI+ (O) The reac t ion  m i x t u r e  con ta ined  Trls ATP  
(5 ffmoles), m a g n e s l u m  ace ta te  (5/*moles), Trls ace t a t e  (20/*moles, p H  7 4), enzyme (o 165 mg) 
and  1N~a + + K + = T1 + + Na + -- 96/*moles in i ml ,  i ncuba t ion  a t  380 for 15 rain 

Fig  z_ Upper  curve  Var ia t ion  of the  ml t l a l  veloci ty ,  vl (in #mo]es phospha t e  p roduced / ra in  per 
mg  proteln) ,  w i t h  the  p H  of the  assay  m e d i u m  for the  (Na+-TI+)-ATPase (O),  and  the  (Na+-K+) - 
ATPase  (Q) The reac t ion  m i x t u r e  was t h a t  described in F ig  i w i th  e i ther  T1 + (o 8/*mole), Na+ 
(95 z ffmoles), or K + (8 iLmoles), Na  + (88/*moles), and  Trls ace ta te  (IOO/*moles), Incuba ted  as 
before Lower  curve  Pe rcen t  res idual  a c t i v i t y  of (Na+-TI+)-ATPase  ( ~ )  and  the  (Na+-K+) - 
ATPase  ( ~ )  fol lowing incuba t ion  as above  bu t  w i t h o u t  ATP  Over l app ing  poin ts  are ind ica ted  

activities.  Repeat ing these experiments  wi th  Trls-acetate  buffers at  varlous pH's and 
expanded concentration ranges disclosed that for the (Na+-TI+)-ATPase m a x i m u m  
act iv i ty  was obta ined at o-5"IO-a-o 9"1o-2 M T1 + wi th  half  m a x i m a l  act iv i ty  at 
o 16 .  IO-a-o 20.  IO -3 M T1 + whi le  for the (Na+-K+)-ATPase  m a x i m a l  act iv i ty  was 
obtained at 6 IO-3-IO IO -a M K+ and half m a x i m a l  act iv i ty  at i 2.  i o  a-3 o-  IO -a M 
K+ These values disclosed no consistent variation wi th  p H  over the range 6 o 8 6 
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Fig 3- Var i a t ion  of (Na+-TI+)- (O),  or (Na + K+)- (O) ATPase  a c t i v i t y  (v~ in #moles  of phos- 
p h a t e  p r o d u c e d / m m  per  mg protein)  w i th  log o u a b a m  conch (M) The reac t ion  m i x t u r e  con ta ined  
T r l s - A T P  (5 ffmoles), m a g n e s i u m  ace ta te  (5 #moles),  T r l s - ace t a t e  (2o/*moles, p H  6 9), enzyme  
(o 233 rag) and  e i ther  t h a l l i u m  ace ta te  (o 9 #mole)  and  sod ium ace ta te  (95 i /*moles)  or p o t a s s i u m  
ace ta te  (9/~moles) and  sod ium ace ta te  (87/*moles) in i ml, i ncuba ted  a t  38 ° for 15 m m  

Fig. 4 Upper  curve Var i a t ion  in (Na+-TI+)- (O), or (Na+-K+)- (0) ATPase  a c t i v i t y  (vi in #moles  
phospha t e  p roduced / r am per  mg  protem) wi th  Mg 2+ (raM) Reac t ion  m i x t u r e  con ta ined  Tr l s -  
A T P  (5/*moles), Trxs-ace ta te  (IOO ffmoles, p H  6 7), enzyme (o 233 rag), m a g n e s i u m  ace t a t e  as 
mdlea ted ,  and  e i ther  t h a l l i u m  ace t a t e  (o 9 #mole) and  sod ium ace t a t e  (95 i #moles)  or p o t a s s i u m  
ace t a t e  (9/*moles) and  sod ium ace ta te  (87/*moles) in i ml  m c u b a t e d  a t  38 ° for 15 m m  Lower  
curve  Var ia t ion  in (Na+-TI+) - ( ~ ) ,  (Na+-K+)- (i~) ATPase  act lvJty,  v,, w i th  Mg 2+ when  Mg ~+ + 
Ca 2+ was c o n s t a n t  a t  io  mM Reac t ion  m i x t u r e  was the  same as above excep t  for the  add i t i on  
of the  requi red  ca lc ium ace ta te  
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To obta in  the curves of pH versus ATPase act ivi ty  (Fig 2) the system was poised 
at Na t T1 t (9 5" lO-2 o 8. lO -3 M), or at Na t K t (8 8- IO -2"8 IO -3 M), concentra t ion 

ratios giving maximal  1on-sensitive ATPase act ivi ty  throughout  the pH range Both 
ATPases were found to have maximal  act ivi ty  in the range of pH 6 5-7_0 The s tab lh ty  
of the enzymes was determined by  incubat ion  at various pH's  for 22 mln  as in the 
assay procedure, bu t  without  ATP,  followed by  ad jus tment  to pH 6 7 and assay 
Comparison of the two curves of Fig 2 suggests tha t  the peak m the var ia t ion of ion- 
sensitive ATPase  act ivi ty  with pH IS not  a reflection of enzyme s tab ih ty  even though 
loss in act ivi ty  is encountered at a relatively low pH range 

The similarities of the ouabaln  sensi t ivi ty  and the Mg 2t dependence of the two 
enzymes are shown in Figs_ 3 and 4, respectively The tha lhum enzyme was assayed in 
a I -ml  solution containing o 9 #mole  thal l ium acetate, 95 I / , m o l e s  sodium acetate, 
5 #moles Mg 2+, 20/,moles T n s - a c e t a t e  buffer, pH 6 89, o 167 mg protein, and various 
concentra t ions  of ouabaln  The potassium enzyme was similarly assayed except tha t  
thal l ium was omit ted  and 9/ ,moles  potassium acetate and 87/~moles sodium acetate 
were present These same two systems were used to contrast  the behavior  of the enzymes 
when Mg 2t was progressively replaced by  Ca 2t or when Mg 2t was varied alone 

Wi th  these similarities to suggest the iden t i ty  of the two enzymes, further  

7 5  6 '0  4 5  3 0  15  O K  + 
0 0 2  0 4  0 6  0 8  1,0TI ÷ . 

Conch ,  ( r a M )  

Fig 5 Variation in ion-sensitive ATPase activity, vl (in #moles phosphate produced/mm per 
mg protein) with Na+ + TI+ + K+ (mM) The reaction mixture contained magnesium acetate 
(5/~moles), Trls ATP (5/zmoles), Tns-acetate (20/~nloles, pH 6 8) and either potassmm acetate 
without thallium acetate (O), thalhum acetate without potassium acetate (©), or potassium 
acetate and thallium acetate (~) so that m all cases Na+ + TI+ + K + was 96/zmo]es in i ml, 
incubation at 38 ° for 15 mm 

support  of this hypothesis was sought Heat ing  the enzyme preparat ion to progressively 
higher temperatures  before assay resulted in equal losses of act ivi ty  of bo th  the K t -  
s t imulated and the T i t - s t imula ted  APTase.  Moreover, progressive change of the 
Nat-T1 + K+ concentrat ions In the assay from Na+ 9 - 51o - 2  M T1 t lO -3 M no K t 
(which should yield m a x i m u m  (Na+-Tl t ) -ATPase  activity) to Na t 8 8- lO -3 M : no 
T1 t : K+ 7-5" lO-3 M (which should give maximal  ( N a t - K t ) - A T P a s e  activity) resulted 
in essentially cons tant  1on-sensitive ac t iv i ty  and certainly did not  represent the alge- 
braic sum of the separate ion-sensitive activities (Fig 5)- 

DISCUSSION 

Most studies of the (Nat -K+)-ac t lva ted  ATPase have been made on cell fractions 

Bto¢h~m Bzophys Acta, 159 (i968) 16o-I66 



164 J s. BRITTEN, M_ BLANK 

prepared  by  differential  centr l fugat lon In  these prepara t ions  the ATPase  remains  
insoluble, bound  to a f ragment  of cell membrane .  Whi le  i t  seems reasonable  to assume 
tha t  only one enzyme is responsible for the  sp l i t t ing  of the A T P  observed with  th is  
prepara t ion ,  no direct  evidence has been advanced  to show tha t  the  associated bio- 
logical t r anspor t  sys tem consisted of one enzyme only The convent ional  model  of 
Shaw, quoted  b y  GLYNN 4, proposed the existence of at  least  three funct ional  units,  
an ion carrier,  an enzyme supply ing  energy, and a ma t r i x  holding the sys tem in proper  
or ienta t ion  But  MITCHELL la has ind ica ted  t ha t  the  carrier  function m a y  be a p rope r ty  
of the  or ienta t ion of an enzyme in the  cell membrane  ma t r i x  Moreover, the success of 
MEDZIHRADSKY, KLINE AND HOKIN 14 in obta in ing  a soluble p repara t ion  of (Na+-K+)-  
ac t iva t ed  ATPase  implies t ha t  all three funct ional  units  in the sodium t r anspor t  
sys tem m a y  exist  in one prote in  of molecular  weight  approx  670 ooo. The large size 
of this  pro te in  in terms of the  IOO-~ thickness of the  usual  cell membrane ,  toge ther  
wi th  the  funct ional  response of the  biological t r anspor t  sys tem to a l tera t ions  of ba th ing  
medium both  inside and outs ide the  cell membrane ,  make  i t  l ikely tha t  the  ATPase  
extends  ent i re ly  through the l ipid membrane  The number  of such prote ins  per  uni t  
area  of membrane  mus t  be qui te  small  as there  is no discernible s t ruc ture  to the  
membrane  b l layer  on electron microscopy_ An es t imate  b y  SOLOMON, GILL AND GOLD 15 
for the  red blood cell is IOO sites/# 2 of membrane  The discovery t ha t  T1 +, a tomic  
weight 203, subs t i tu tes  for K + at  the  K + ac t iva t ion  site offers the  poss lb lh ty  of ac tua l ly  
ident i fying these s~tes ~ n  w v o  b y  electron microscopy and so establ ishing the number  
and locat ion of such sites I t  is because of the  poten t ia l  use of T1 + in the  s tudy  of the  
biological  N a + - K  + t r anspor t  sys tem tha t  we have a t t e m p t e d  to offer the  s t rongest  
possible evidence tha t  the  (Na + K+)-ac t lva ted  ATPase  and the (Na+-TI+)-ATPase 
are the same. Since the ATPase  is not  a pure protem,  the evidence necessari ly mus t  
consist of an a r r ay  of similar proper t ies  (Figs 2, 3 and 4) and  funct ional  In terdependence 

(Fig 5) 
The fact t ha t  the  inhibi t ion of the  (Na+-K+)-ATPase  b y  ouabain  when K + 

ac t iva tes  requires higher  concentra t ions  of mhlb~tor than  when TI+ act ivates ,  follows 
from the current  in te rp re ta t ion  of the  act ion of ouabaln  This glycoside is known to 
inhibi t  bo th  the  N a t - d e p e n d e n t  format ion and the K+-dependen t  b reakdown of a 
membrane  bound  phosphory la t ed  in te rmedia te  1~. However  at  low concent ra t ion  
ouabain  m a y  be considered to compete  in some indirect  fashion with  K÷ at  the  K + 
ac t iva t ion  site iv Since thal lous ior~ has a higher affinity than  K + at  t ha t  site, more 
ouabaln  is required to displace TI÷ than  an equivalent  amoun t  of K + 

If  the  only biological act ion of thal lous salts  is due to compet i t ion  with  K +, any  
toxic manifes ta t ions  of T1 + would be expected  to affect all tissues The toxic effects 
have been noted  m the neurological  system, cardiovascular  system, liver, klndeys,  and  
mtes t lna l  t rac t .  Only the  blood element  seems to be sparedlS, l~ The possible the ra -  
peut ic  benefit  of measures designed to increase K + turnover  In cases of T1 + poisoning 
does not  appear  to have been explored 

No direct  clues to the mechanism of act ion of the  K + subs t i tu tes  in ac t iva t ion  of 
the  (Na+-K+)-ATPase  appears  from a considerat ion of the  physicochemlcal  proper t ies  
of T1 + I ts  c rys ta l  radius  is appa ren t ly  very  close to t ha t  of K + and i t  tends  to replace  
K+ in a number  of compounds  including complex salts  e°. T1 + also replaces Rb  + a n d  
Cs + In a number  of compounds,  bu t  i t  does not  replace Na +. T1C1 has the  "CsCI" 
s t ruc ture  ra ther  than  the "rock sa l t "  crysta l l ine  form of the sodium salt  The hml tmg  
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ionic conductances In water at 25 ° of T1 + is 74-7, K+ is 73 54 and Na + is 5O.ll  (ref 21), 
indicat ing tha t  the hydra ted  T1 t is almost identical  in size to the hydra ted  K t,  both 
of which are considerably smaller than  the hydra ted  Na t.  These properties make it  
hkely tha t  T1 t would mimic the biological behavior  of K + more closely than  tha t  of Na t 
Bu t  these results do not  allow us to ident ify a unique characteristic of the ions known 
to subs t i tu te  for K + in K t act ivat ion of the (Nat -K+)-ac t iva ted  ATPase.  For example, 
it is no t  possible to decide whether the subs t i tu t ion  is by  hydra ted  ions at a solvated 
site or by  free ions in teract ing with an enzyme site Although the results give no further 
mformat lon  about  the basic biological difference between Na+ and K t,  nevertheless, 
they do reinforce the prevalhng notions about  the size and charge requirements  for 
act ivat ion of the ATPase by ions 

NOTE A D D E D  IN PROOF (Received February  I6th,  1968 ) 

I t  has come to our a t ten t ion  that  GEHRING AND HAMMOND 2~ have reported the 
act ivat ion of rat  erythrocyte  ATPase by  T1 t in the presence of Na t and have compared 
this to similar act ivat ion obtained with K t Earlier work of these authors 2a demon- 
s t ra ted metabohcal ly  dependent  accumulat ion of T1 t by  rabbi t  erythrocytes tha t  was 
inhibi ted by  ouabaln  and K t_ Moreover, MULLINS AND MOORE ~4 have shown tha t  T1 + 
is handled like K t by  rat  sartorlus muscle and also that  T1 t behaves hke K t dur ing 
electrical exci tat ion of tha t  tissue. These studies estabhsh tha t  T1 t is a subs t i tu te  for 
K t zn v z v o  and serve to s t rengthen the c i rcumstant ia l  implicat ion of the (Nat -K+)  - 
ATPase with the N a t - K  t exchange pump  ~n  m v o .  
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