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INTRODUCTION

Transport  o f  var ious ions ,  p a r t i c u l a r l y  sodium, occurs across  

s in g le  c e l l  membranes in  some cases ( e .g .  e r y t h r o c y t e s , muscle,  nerve 

and axone); and across an e n t i r e  c e l l  in  o ther  cases (e .g .  in  f rog s k in ,  

toad b ladder ,  renal  t u b u le ,  s a l i v a r y  glands, sweat glands,  g a s t r o ­

i n t e s t i n a l  e p i t h e l iu m ,  as well  as in the t u r t l e  b la d d e r ) .  The t r a n s ­

port  o f  sodium across a s in g le  membrane, or "transmembrane" t r a n s p o r t ,  

is  concerned w i th  volume r e g u la t io n ,  with transmission o f  e x c i t a t i o n ,  

but not w ith  ne t  movement o f  the s a l t s  or  water .  On the o ther  hand, 

t ra n s p o r t  o f  sodium across an e n t i r e  c e l l  in c lu d in g  both membranes, 

or " t r a n s c e l l u l a r "  t r a n s p o r t ,  is concerned w ith  absorption or 

sec re t ion  accompanied by the net movement o f  la rge  amounts o f  s a l t s ,  

w ater  and o th e r  m a t e r ia ls .

The present  research began w i th  a se r ies  o f  s tud ies  on the a c t iv e  

t ra n s p o r t  o f  Na+ , C l " ,  and HCO" from the mucosal ( u r in e -c o n ta in in g  

s id e )  to the serosal  f l u i d  ( i n t e r s t i t i a l  f l u i d  and blood s id e )  o f  the 

i n - v i t r o  t u r t l e  b ladder.  The t u r t l e  b ladder was chosen as the working  

model because i t  was cheap, r e a d i l y  a v a i l a b l e ,  and had ion t ra n s p o r t  

p ro p e r t ie s  resembling those o f  the kidney tubule .  The advantages 

of  using such a l i v i n g  c e l l  membrane system instead o f  a kidney in  

s i t u  were: ( a )  the r e l a t i v e  s i m p l i c i t y  o f  the s t r u c t u r e  o f  the b ladder

compared to  t h a t  o f  the renal tubules;  (b)  the ease o f  access to the 

i n - v i t r o  b ladder  ( in  con tras t  to  an in d iv id u a l  rena l  tu b u le )  so t h a t  

d i r e c t  measurements o f  ion f l u x e s ,  t r a n s c e l l u l a r  e l e c t r i c a l  p o t e n t i a l ,
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s h o r t - c i r c u i t i n g  curren t  dens i ty  and res is tance  could be made by 

means o f  isotopes and p rec is ion  macro-e lectrode equipment; and 

(c )  the a b i l i t y  to separate the t ra n s p o r t in g  c e l l s  (mucosal e p i ­

t h e l i a l  c e l l s )  from the under ly ing i n t e r s t i t i u m  so th a t  chemical  

analyses o f  composition and enzymatic a c t i v i t i e s  could be made on 

various c e n t r i f u g a l  f r a c t io n s  o f  the c e l l  homogenates.

Other  is o la te d  c e l l  membrane systems, such as amphibian skin or  

bladder ,  have been used as working models f o r  c e r ta in  o f  the renal  

func t ions .  The t u r t l e  b ladder  was shown to t ra n sp o r t  s a l t s  and 

water  as w e l l  as to a c i d i f i y  the mucosal f l u i d - - a  set  o f  b io lo g ic a l  

p r o p e r t ie s  very s i m i l a r  to th a t  of  the d i s t a l  renal tubule  in mammals.

The term, a c t i v e  or  " u p h i l l "  t ra n s p o r t  o f  an io n ,  means th a t  there  

is a ne t  t r a n s c e l l u l a r  movement o f  the ion aga ins t  i t s  t r a n s c e l l u l a r  

elec t rochem ica l  p o t e n t ia l  g r a d ie n t .  The process o f  a c t iv e  t ra nspor t  

requ ires  a source o f  metabol ic  enerqy whereas th a t  o f  passive t ransport  

does not .  In the case o f  the t u r t l e  b ladder ,  the ions (Na+ , Cl" and 

HCO^) appear to  be moved by an a c t i v e  t ra n s p o r t  mechanism, whereas 

w ater  appears to  move p as s iv e ly  down i t s  chemical p o te n t ia l  g r a d ie n t .  

The source o f  energy f o r  a c t i v e  sodium t ra n s p o r t  in  the nerve and 

ery th rocy tes  is  apparent ly  the f re e  energy o f  hydro lys is  o f  an 

e n e rg y -r ich  phosphate e s t e r ,  adenosine t r iphosphate  (ATP).  However, 

ex p e r im e n ta l ly  o ther  e n e rg y - r ic h  phosphate es ters  l i k e  inosine t r i ­

phosphate ( I T P ) ,  guanosinetr iphosphate ( GTP) or u r id in e t r ip h o sp h a te  

(UTP) can rep lace  ATP.
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The source o f  energy f o r  a c t i v e  sodium t ra n s p o r t  in the t u r t l e  

bladder is  apparent ly  from anerobic as w e l l  as from aerobic  metabolism.  

The maintenance o f  sodium t ra n s p o r t  under anerobic condit ions with  

glucose as the main s u b s t r a te ,  suggests t h a t  e n e rg y -r ich  phosphate 

esters  such as ATP are involved in d e l i v e r in g  metabolic  energy fo r  

a c t iv e  t ra n s p o r t .

Exogenously added ATP cannot rep lace  glucose as the main metabol ic  

substra te  f o r  the support o f  ion t ra n s p o r t  in the t u r t l e  b ladder as 

i t  can in the case o f  nerve and e ry th ro cy te  when i t  is  introduced  

ins ide  but not outs ide the c e l l .  The lack o f  e f f e c t  o f  ATP was 

probably because o f  i t s  i n a b i l i t y  to  penetra te  the serosal membrane 

and to reach the s i t e  of  the t r a n s p o r t - r e l a t e d  enzyme or enzymes such 

as Na+ + K+ s t im u la ted  adenosine t r iphosphatase (ATPase).

The enzyme, Na+ + K+-ATPase has been c o r r e la te d  w ith  sodium t r a n s ­

port  in crab nerve ,  e r y th r o c y te s ,  and in other  t issues .  The c o r r e l a ­

t ion  between sodium t ra n s p o r t  and ATPase a c t i v i t y  has been re c e n t ly  

reviewed by Skou 1965, Heinz 1967, Albers 1967 and whittam 1970.

The ATPase a c t i v i t y ,  found in crude homogenates as well  as in micro­

somal f ra c t io n s  o f  many t is s u e s ,  1s ab s o lu te ly  dependent upon Mg+ + ,

is s t im u la ted  by a d d i t io n  o f  Na+ and K+ t o g e th e r ,  and the Na+ + K+

s t im ula ted  moiety is i n h i b i t e d  by ouabain.

Microsomal preparat ions from many t issues  have o ther  phosphatase 

a c t i v i t i e s ,  such as ace ty l  phosphatase and p -n i t rophe ny l  phosphatase 

(p-NPPase).  Both acety l  and p -n i t rophe nv l  phosphatase a c t i v i t i e s
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are  I n h ib i t e d  by add i t io n  o f  ouabain,  sodium and N-ethylmale imide (NEM).

The microsomal f r a c t i o n  o f  the mucosal c e l l s  o f  the t u r t l e  b ladder ,  

a known sodium t ra n sp o r t in g  system, possesses a Mq++-dependent ,

Na+ + K+ s t im u la te d ,  ouabain in h ib i t e d  ATPase a c t i v i t y ,  s a t i s f y in g  

f i v e  out o f  e i g h t  c r i t e r i a  o f  Skou fo r  i d e n t i f i c a t i o n ,  i s o l a t i o n  and 

c o r r e l a t io n  of  enzymatic a c t i v i t y  w ith  sodium t ra n s p o r t .  The f i v e  

c r i t e r i a  s a t i s f i e d  by the f ind ings  in the t u r t l e  b ladder are:

(a )  the enzvme has been found in a system which t ransports  sodium;

(b)  the enzyme a c t i v i t y  detected in  b ladder  c e l l s  does c a ta ly z e  the 

hydro lys is  o f  ATP, which is t h e o r e t i c a l l y  capable o f  t r a n s f e r r in g  the 

f re e  energy of  hydro lys is  i n to  th a t  needed fo r  c a t io n ic  t ra n s p o r t ;

(c )  there is  a p a r a l l e l  i n h i b i t o r y  e f f e c t  o f  ca rd iac  glycosides on 

the a c t i v i t y  o f  the is o la te d  enzyme e x t r a c t  and on the sodium t r a n s ­

port  in the i n t a c t  c e l l ;  (d)  the pa t te rn  o f  increas ing ATPase a c t i v i t y  

versus the concentra t ion  of  Na+ + K+ in  the microsomes resembles 

q u a l i t a t i v e l y  the pa t te rn  of  increas ing  sodium t ranspor t  versus the  

concentra t ion  o f  mucosal sodium in the i n t a c t  b ladder;  and (e)  the  

Na+ + K+ ATPase is  located in the microsomal f r a c t i o n  o f  mucosal 

c e l l s .  The Na+ + K+ s t im ula ted  ATPase ca ta lyzes  the hydro lys is

o f  ATP as fo l low s:

+
ATP+H2H  ^ADP+Pi + H 1)

The enzymatic a c t i v i t y  has been shown to have an absolute requirement  

f o r  Mg++ and is increased by the simultaneous a d d i t ion  o f  Na+ and K+ .

Mg++ is  needed not only f o r  a c t i v a t i o n  o f  the enzyme, but as a pa r t
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o f  the substra te  which has been shown to be a Mg++-ATP complex.

Evidence accumulated from many la b o r a to r ie s  suggests t h a t  ATP hydro lys is  

occurs through formation o f  one or  more in te rm ed ia ry  complexes w ith  

the enzyme. The fo l lo w in g  reac t ion  sequences have been postulated  

from stud ies  (by Post e t  a l )  done on microsomes using phosphate 

l a b e l l e d  ATP.

Na+ + Mg++

ATP+F1 —  ^  E i - P+ADP , 2 )

where E-j-P is a high energy phosphorylated in te rm e d ia te ;  and

Er P ----^ E 2- P ,  3)

where E2-P is a lower energy phosphorylated p ro te in  than is E-j-P.

K +

E2 - P  >  E2+Pi
ouabain

The phosphorylated enzyme ( in te rm e d ia ry  complex) can be 

est imated under d i f f e r e n t  io n ic  condit ions  w i th  and w i thout  var ious  

i n h i b i t o r s  such as ouabain.

The second phosphatase a c t i v i t y  found in  the microsomal p repara ­

t ions  from many t issues  inc lu d in q  those from the t u r t l e  b ladder  is  

p-n i t rophenyl -phosphatase  which is  a c t i v a t e d  by Mg++ and K+ , and 

i n h ib i t e d  by ouabain,  NEM, Na+ and ATP. I t  has been postu la ted  t h a t  

p-n i trophenylphosphate  may phosphorylate the enzyme and t h a t  the 

phosphorylated enzyme may serve as a sub s tra te  f o r  the reac t ion  in  

equation No. 4 shown above f o r  ATP h y d ro ly s is .  I t  has a lso been 

pos tu la ted  t h a t  the two enzymatic  a c t i v i t i e s ,  ATPase and p-NPPase,
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are two conformat ional s ta tes  o f  the same enzyme and th a t  the i n h i b i ­

t io n  o f  p-NPPase a c t i v i t y  by a d d i t io n  o f  Na+ or  ATP is due to  a 

change in the conformation o f  the enzyme from t h a t  c h a r a c t e r i s t i c  

of  p-NPPase to  t h a t  c h a r a c t e r i s t i c  o f  ATPase. Attempts at  f u r t h e r  

p u r i f i c a t i o n  o f  these enzymatic a c t i v i t i e s  have re s u l te d  in i n a c t i v a ­

t io n  r a t h e r  than p u r i f i c a t i o n  of  the enzymes. The est imated molecular  

weight  of  the enzyme prote in  from data on sedimentation a f t e r  s o l u b i l i z a ­

t io n  w ith  d i f f e r e n t  de te rgen ts ,  and from data on r a d ia t io n  i n a c t i v a ­

t io n  var ies  from 250,000 to 670 ,000 .

The purposes o f  the present  studies were to in v e s t ig a t e  the 

e x is tence  o f  ATPase and p-NPPase in microsomal preparat ions from the 

t u r t l e  b ladde r ,  to eva lua te  t h e i r  k i n e t i c  oarameters such as 1^, 

and Vm w i th  respect  to  t h e i r  substra tes  and i o n ic  c o - f a c t o r s ,  to  

determine the e f f e c t  o f  pH, and to  determine the e f f e c t  o f  various  

i n h i b i t o r s  such as ouabain, NEM, e tc .
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SUMMARY

1. In the microsomal f r a c t i o n  o f  is o la te d  mucosal c e l l s  o f  t u r t l e
■f ■fF '{■'t*

b ladders ,  a d d i t io n  o f  Na and K to Mg -c o n ta in in g  mixtures increased  

ATPase a c t i v i t y  by 100 to 150 percent;  and the Na+ + K+-dependent  

a c t i v i t y  was completely  i n h ib i t e d  by ouabain.

-42. Apparent va lu e s ,  w ith  respect  to ATP were: 2 .2  x 10 M

f o r  the Na+ + K+-dependent , and 1 .8  x 10"^M f o r  the Mg++-dependent

+ -3  +a c t i v i t y .  The apparent  f o r  Na was 4 .5  x 10 M; and th a t  f o r  K ,

0 .36  x 1 0 ' 3M and 2 . 9  x 10_3M.

3. No e f f e c t s  on a c t i v i t y  were found a f t e r  a d d i t io n  o f  a m i lo r id e ,

-4furosemide,  and acetazolamide.  In c o n t r a s t ,  NEM, 10 M in h ib i t e d  

the Na+ + K+-dependent a c t i v i t y  by 45% w ithout  a f f e c t i n g  the Mg++-  

dependent a c t i v i t y .

4 .  For Mg++-dependent ATPase, the order  o f  n u c leo t id e  preference  

was: ATP > ATP > ITP > CTP > UTP > ADP; and f o r  Na+ + In d e p e n d e n t  

ATPase, the order  was: ATP > ITP > CTP > GTP, w h i le  the a c t i v i t y  

w ith  UTP or  ADP was n e g l i g i b l e .

5. The pH optimum o f  the a c t i v i t y  w ith  Na+ + K+ + Mg++ was 7 .3  - 

7 . 5 ;  w h i le  tha t  w i th  Mg++ alone was a weak funct ion  o f  the pH.

6 . A c t i v i t y  o f  ATPase increased as a fu n c t io n  o f  temperature
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{15 -4 5 ° C ) .  The c a lc u la te d  a c t i v a t i o n  energy was 8 KCal/mole 

fo r  the Mg++-dependent; and 13 KCal/mole f o r  the Na+ + K+ - 

dependent a c t i v i t y .
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INTRODUCTION

The is o la te d  bladder o f  the fresh water t u r t l e ,  Pseudemys s c r i p t s ,  

possesses mechanisms fo r  the a c t i v e  t ra n sp o r t  of  sodium, c h lo r id e  and 

bicarbonate  under condit ions o f  o p e n -c i r c u i t  (1 )  and under condit ions  

of  s h o r t - c i r c u i t i n g  ( 2 , 3 ) .  Recent ly reported work has demonstrated 

th a t  ouabain added to  the serosal bathing f l u i d  ( f i n a l  cone, 10_4M) 

of  the s h o r t - c i r c u i t e d  bladder suppressed the net t ra n s p o r t  o f  sodium 

completely and i r r e v e r s i b l y  w i thout  a f f e c t i n g  th a t  c h lo r id e  or  b icarbo­

nate ( 4 ) .  In crude homogenates and in  microsomal f ra c t io n s  o f  the  

e p i t h e l i a l  c e l l s ,  there  was demonstrated a Na+ K+ s t i m u l a t a b l e , oua­

bain i n h i b i t a b l e  ATPase a c t i v i t y  ( 4 ) .

The purposes o f  the present  paper were to in v e s t ig a t e  f u r t h e r

the d i s t r i b u t i o n  o f  the Na+ , K+ ATPase a c t i v i t y  in var ious f r a c t io n s

o f  the mucosal c e l l s ;  to determine the e f f e c t s  o f  pH and temperature;

to eva lua te  the k i n e t i c  parameters such as K and V o f  the ATPasem max

a c t i v i t y  w ith  respect  to ATP and w ith  respect  to Na+ and/or  K+ 

as the s u b t ra te ;  to determine the e f f e c t  o f  var ious i n h i b i t o r s  o f  

Na t r a n s p o r t ;  and to  determine the substra te  s p e c i f i c i t y  f o r  the  

nuc leo t ides - -A TP ,  ITP,  CTP, GTP, UTP, and ADP.
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METHODS

I s o l a t i o n  o f  mucosal c e l l s . The necks o f  the ten b ladders ,  1n 

the form o f  closed sacs, were t i e d  to the o u t l e t  o f  a Luer lock sy r inge ,  

f i l l e d  w ith  and immersed in C a - f re e  Ringer s o lu t ion  (4 )  conta in ing  

bicarbonate ,  17 mM and EDTA, 2 mM, and incubated f o r  30-40 minutes 

a t  25°C. A f t e r  in c uba t ion ,  w a l ls  o f  the sacs were rubbed g en t ly  

aga inst  one another f o r  2 -3  minutes,  as recommended by Lipman et  al 

( 5 ) - - a  maneuver which re leased the e p i t h e l i a l  c e l l s  in to  the mucosal 

f l u i d .  The cel 1-c o n ta in in g  mucosal f l u i d  was removed from the sacs and 

subjected to a se r ies  o f  homogenizations and c e n t r i f u g a t i o n s .

I s o l a t i o n  of  microsomal f r a c t i o n s . During the procedure f o r  ob­

t a in in g  the var ious c e n t r i fu g a l  f r a c t i o n s  from is o la te d  mucosal c e l l s ,  

low temperatures ( 0 - 2 ° )  were maintained throughout.  Is o la te d  c e l l s ,  

obtained by the EDTA t reatment  o f  10 bladders and suspended in a t o t a l  

volume of  about 250 ml o f  Ringer s o l u t io n ,  were c a r r i e d  through the 

prev ious ly  described ( 4 )  procedures o f  homogenization and d i f f e r e n t i a l  

u l t r a c e n t r i f u g a t i o n  in order to ob ta in  the microsomal f r a c t i o n s .

A microsomal p e l l e t  obtained in the l a s t  c e n t r i f u g a t i o n  step  

(65 ,000  g f o r  60 minutes)  was suspended in 15-20 ml o f  1 mM EDTA, 

stored a t  - 1 0 ° ,  and used as an enzyme source f o r  a l l  the experiments  

reported here. In some cases, the p e l l e t s  obtained at  10,000 g and

20 ,000  g ,  as well  as a l l  o f  the supernatan ts ,  were examined f o r  ATPase 

a c t i v i t y .  Prote in  concentra t ion  ( o f  the enzyme suspension used in  the  

incubat ion procedure) ,  determined by the method o f  Lowry e t  al  (6 )
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was used as the normal iz ing  parameter f o r  enzyme a c t i v i t y .

Assay o f  ATPase A c t i v i t y . In the assay f o r  t o t a l  ATPase a c t i v i t y  

( t h a t  in the presence o f  Na+ + K+ + Mg++) ,  the composition o f  reac t ion  

m ix tu re ,  expressed in terms o f  f i n a l  m i l l i m o l a r  concentra t ion  in  the  

incubat ion f la s k  was: T r is  or  Na ATP, 2 . 0 ;  MgCl^, 3 .0 ;  EDTA, 0 . 2 ;

im idazo le ,  40; h i s t i d i n e ,  40; NaCl , 84; and KC1, 15. To t h is  was added 

the enzyme-containing a l iq u o t  o f  0 .5  to 1 .0  ml o f  the raw c e l l  homo- 

genate or o f  any one o f  the c e n t r i fu g a l  p e l l e t s  conta in ing  50-100 ug 

p r o te in .  The f i n a l  pH was 7 .3 ;  and the f i n a l  volume in  the f la s k  was 

5 ml .

In the assay fo r  Mg++-dependent ATPase a c t i v i t y ,  the composition  

of the incubat ion mix ture  was the same as t h a t  f o r  Na+ , K+ , Mg++-dep-  

endent a c t i v i t y  ( t o t a l  ATPase) except th a t  cho l ine  c h lo r id e ,  100 mM 

was su b s t i tu te d  f o r  NaCl and KC1. In many cases, the Mg++-dependent  

ATPase a c t i v i t y  was est imateo from t h a t  measured in the presence o f  

Na+ , K+ , Mg++ and ouabain, 10~^M.

A f t e r  5 minutes o f  p re incub a t ion ,  the reac t ion  was s ta r te d  by 

a d d i t io n  o f  ATP, al lowed to  proceed f o r  10 minutes a t  3 8 ° C . , and 

stopped by a d d i t io n  o f  5 .0  ml o f  cold p e r c h lo r ic  a c id ,  6%. Control  

tubes, c a r r i e d  through a l l  in cuba t ions ,  were of  two typ es - - th o se  w i t h ­

out ATP and those without  the enzyme. Al iquots  o f  the f i n a l  mix ture  

were analyzed f o r  inorganic  phosphate by the method o f  Berenblum and 

Chain ( 7 ) .

According to the cur ren t  convention ( 8 , 9 ) ,  the  ATPase a c t i v i t i e s  

were def ined o p e r a t i o n a l l y  as: a )  th a t  which ca ta lyzes  the hydro lys is
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o f  ATP in  the presence o f  magnesium (Mg++-dependent ATPase) and, b) 

t h a t  which ca ta lyzes  the hydro lys is  o f  ATP in  the presence o f  Na+ , K+ , 

and Mg++ ( t o t a l  ATPase). Total  ATPase minus Mg++-dependent ATPase was 

c a l l e d  "Na+ , K+ ATPase."

The i n i t i a l  re a c t io n  v e l o c i t y  was determined, as p rev ious ly  

described ( 4 ) ,  from the re leased during the * i r s t  10 minutes o f  

incuba t ion .  The i n i t i a l  concentra t ions o f  ATP var ied  from 0 to 2 . 0  mM; 

and no more than 20% o f  the ATP was degraded during the course o f  the  

i n c u b a t io n .

Sources o f  M a t e r i a l . Ouabain ( G - s t r o p h a n t h id in ) ,  T r i s  ATP, 

disodium ATP, disodium ITP, disodium GTP, disodium CTP, disodium UDP, 

disodium UTP, N -e th y l -m a le im id e , L - H i s t i d i n e ,  imidazole  grade I ,  T r is  

(hydroxymethyl)aminomethane, and EDTA (e th y lene -d iam ine  t e t r a  a c e t ic  

a c id )  were obta ined from Sigma Chemical Co . ,  St.  Louis ,  Mo. Furosemide 

was obtained from Hoechst Pharmaceutical Company, C i n c i n n a t i ,  Ohio, and 

a m i lo r id e  was obtained from Dr. J .E .  Baer a t  Merck-Sharpe and Dohme, 

West P o in t ,  Pennsylvan ia.
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RESULTS

Frac t iona l  D i s t r ib u t i o n  and S t a b i 1i t y

D i s t r i b u t i o n : Table 1 presents data on the d i s t r i b u t i o n  and

p a r t i a l  p u r i f i c a t i o n  o f  Na+ , K+ , Mg++-dependent ATPase a c t i v i t y  in a 

r e p r e s e n ta t iv e  experiment on a pool o f  e p i t h e l i a l  c e l l s  from 10 

t u r t l e  bladders .  In t h is  ins tance ,  the enzyme a c t i v i t i e s  and p ro te in  

contents were determined f o r  each and every p e l l e t  and supernatant .

No enzymatic a c t i v i t y  was de te c ta b le  in any o f  the supernatant  f r a c ­

t io n s .

The three columns on the r i g h t  side of  t a b le  1 present  values  

f o r  s p e c i f i c  a c t i v i t y .  In the crude homogenates of  mucosal c e l l s ,  

the Na+ , K+ , Mg++-dependent or t o t a l  ATPase a c t i v i t y  {A) and the  

o u a b a in -s e n s i t iv e  moiety o f  th is  a c t i v i t y  (A-B) were 8 .7  and 2 .5  

micromoles/mgm p r o t e i n / h r ,  r e s p e c t iv e ly .  The a c t i v i t y  increased pro­

g r e s s iv e ly  dur ing the c e n t r i fu g a l  separat ion  o f  the d i f f e r e n t  ceTT 

f r a c t i o n s .  For example, the Na+ + In d e p e n d e n t  moiety o f  the a c t i v i t y  

(A-B) increased from 2 .5  in  the crude homogenate to 64 .5  um P./mg 

p r o t e i n / h r  in the microsomal f r a c t i o n  (65 ,000  g x 1 h r ) - - a  2 6 - f o ld  

increase ;  while  the Mg++-dependent moiety o f  a c t i v i t y  increased from 

6 .2  in the homogenate to 42 .5  in the microsomal f r a c t i o n - - a  7 - f o ld  

increase .  S im i la r  increases in  s p e c i f i c  a c t i v i t y  were found in the  

c e n t r i f u g a l  f r a c t io n s  der ived from 10 o ther  pools o f  e p i t h e l i a l  c e l l s .

The 4 columns on the l e f t  o f  t a b l e  1 present  values f o r  volume; 

f o r  a c t i v i t y  of  Mg++ , Na+ , In d e p e n d e n t  ATPase; and f o r  amount o f
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p ro te in  in each o f  the designated f r a c t i o n s .

Of the t o t a l  p ro te in  in the c e l l  homogenate, 85% was recovered 

from a l l  o f  the supernatants and p e l l e t  f r a c t i o n s .  The microsomal p e l ­

l e t  (65 ,000  g) contained 6% o f  the o r i g in a l  to ta l  p ro te in .

Whereas the t o t a l  p ro te in  in a l l  o f  the p e l l e t s  and supernatants  

amounted to 85% o f  t h a t  in  the o r i g i n a l  homogenate, the t o ta l  

(Na+ + K+ + Mg++-dependent)  a c t i v i t y  amounted to 128%, and the  

Mg++-dependent a c t i v i t y  (d e r iv a b le  from values under column B) to 93% 

o f  i t s  a c t i v i t y  in the o r i g in a l  homogenate. From these d a ta ,  i t  was 

est imated t h a t  the recovery o f  Na+ , K+-dependent ATPase a c t i v i t y  was 

213% o f  what i t  was in the o r i g i n a l  homogenate.

The 213% y i e l d  o f  Na+ , K+-dependent ATPase recovered in a l l  c e n t r i f ­

ugal f r a c t i o n s  was i n te r p r e te d  as the consequence o f  an i n h i b i t i o n  o f  

t h is  a c t i v i t y  in  the o r i g in a l  homogenate. Such an i n h i b i t i o n  could have 

been due to the ex is tence  o f  n a t u r a l l y  occurr ing  i n h i b i t o r s  such as 

h i s t o n e - H k e  substances re leased from the nucle i  dur ing homogenization  

of  the c e l l s  (1 0 ) ;  o r  to  c e r t a in  unspec i f ied  e f f e c t s  o f  high concentra ­

t io n  o f  o ther  pro te ins  in  the c e l l  homogenate.

S t a b i l i t y . Having achieved the p a r t i a l  i s o l a t i o n  and p a r t i a l  

p u r i f i c a t i o n  o f  a comparatively  high s p e c i f i c  a c t i v i t y  o f  ATPase in  

the  microsomal f r a c t i o n ,  the next step was to determine the s t a b i l i t y  

o f  the a c t i v i t y  dur ing storage a t  - 1 0 oC, and dur ing the course o f  

Incubat ion  a t  38°C.

Figure 1 1s a semi-log p lo t  o f  values o f  a c t i v i t y  o f  the Mg++-  

dependent and o f  the Na+ , K+-dependent enzyme as a funct ion  o f  t ime
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o f  incubat ion at 38°C. The l i n e a r  p a t te r n  o f  the p lo t  In d ic a te s  t h a t  

both decay ra tes  were exponent ia l  fu n c t io n s ,  from which the h a l f  l i f e  

o f  the enzyme a c t i v i t i e s  could be c a lc u la t e d .  The h a l f - t im e s  o f  decay 

o f  both enzyme a c t i v i t i e s  (Na+ , K+-dependent and Mg++-dependent)  were 

300 and 240 minutes r e s p e c t iv e ly .  This means t h a t  less than 3% o f  the  

enzyme a c t i v i t y  would be l o s t  dur ing a 10-15 minute i n t e r v a l  a t  38°C--  

which was the maximal t ime o f  incubat ion in  any or  a l l  o f  the present  

exper iments.

Not shown in  the f ig u r e  are data obtained on the corresponding  

a c t i v i t i e s  a f t e r  storage a t  -10°C.  Every 4 -5  days, a l iq u o ts  o f  the  

microsomal p e l l e t ,  stored a t  -10°C ,  were brought to  38°C and tested  

(during a 10-15 minute per iod )  f o r  the Mg++-dependent and f o r  the Na+ , 

K+-dependent ATPase a c t i v i t y .  Both a c t i v i t i e s  y ie ld e d  lo g ar i th m ic  

p at te rns  which were q u a l i t a t i v e l y ,  but not q u a n t i t a t i v e l y  s i m i l a r  to  

those in  f ig u r e  1. The est imated h a l f - l i f e  o f  e i t h e r  a c t i v i t y  a t  

-10°C was 35-36 days.

Enzymatic Proper t ies

In the microsomal p e l l e t s  i s o la te d  from the mucosal e p i t h e l i a l  

c e l l s  o f  the t u r t l e  b ladder ,  the ATPase a c t i v i t y  has an absolu te  

requirement f o r  Mg++ as well  as a c a t i o n - s e n s i t i v i t y  w i th  respect  to  

sodium and potassium toge ther  ( 4 ) .

The p a t te rn  o f  microsomal ATPase a c t i v i t y  versus simultaneous con­

c e n t ra t io n s  o f  sodium and potassium in the incubat ion  m ix ture  was sim­

i l a r  to th a t  f i r s t  reported  by Skou in crab nerve microsomes ( 1 1 ) .
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The maximal a c t i v i t y  in t h i s  microsomal p repa ra t ion  was a t ta in e d  in 

the presence o f  Na+ , 60-90 mM together  w i th  K+ , 10-20 mM.

C a t ion ic  concentra t ions f o r  measuring Mg+ + , Na+ , K+-dependent  

a c t i v i t y  in the present work was: Mg+ + , 3; Na+ , 85;  K+ , 15 mM; w h i le

the pH of  the incubat ion mix ture  was f ix e d  at  7 .3 .

Accord ing ly ,  a ser ies  o f  experiments were performed in microsomal

p e l l e t s  in  the presence of  : (Mg++) ;  (Mg++ + Na+ ) ;  (Mg++ + K+ );

(Mg++ + Na+ + K+ ) ;  and (Mg++ + Na+ + K+ + ouabain).

Table 2 presents mean values f o r  ATPase a c t i v i t y  under the a f o r e ­

mentioned c o n d i t io ns .  As expected,  the mean ATPase a c t i v i t y  in the  

presence o f  Mg++ + Na+ + K+ , (73 .2  pmoles/mgm/hr) was g r e a te r  than 

t h a t  in  the presence o f  Mg++; Mg++ + Na+ ; or  Mg++ + K+ (P « 0 . 0 0 1 ) .  

Moreover the base l ine  (Mg++-dependent)  r a t e  was not p e rc e p t ib ly  

a l t e r e d  a f t e r  a d d i t io n  o f  e i t h e r  Na+ or K+ along (P > 0 .90 in both 

cases ) .

The ta b le  a lso  shows t h a t  the a c t i v i t y  o f  a o ua ba in - t rea ted  

microsomal prepara t ion  in the presence o f  Na+ + K+ + Mg++ was the same

as t h a t  o f  the p repara t ion  in  the presence o f  Mg++ alone (P > 0 . 8 ) .

This suggested t h a t  the o u a b a in - t rea ted  prepara t ion  in the presence o f  

a l l  3 cat ions could be taken as e q u iv a le n t  to the prepara t ion  in  the  

presence o f  Mg++ a lone.

Sodium iod id e  t r e a tm e n t . Exposure o f  microsomal p e l l e t s  to  sodium 

io d id e  as recommended by Nakao (12 )  and others (13 )  presumably reduces 

the Mg++-dependent ,  but not the Na+ + In d e p e n d e n t  ATPase a c t i v i t y .  In
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two experiments on t u r t l e  b ladder microsomes, Nal decreased the a c t i v i t y  

o f  both the Mg++-dependent and Na+ + K+-dependent ATPase by 10 to 20%— 

an e f f e c t  much less than t h a t  found in  o ther  t issues (12 ,  13) .

Km Va lues . The k i n e t i c  parameters f o r  Na+ + K+-dependent and fo r  

Mg++-dependent ATPase a c t i v i t y  were determined w ith  respect  to :  ATP

con centra t ion  as su b s tra te ;  Na+ concentra t ion  as s u b s tra te ;  and K+ 

concentra t ion  as sub stra te .  In a l l  o f  the  k i n e t i c  c a l c u l a t io n s ,  the 

Mg++-dependent moiety o f  ATPase a c t i v i t y  was measured as the res idual  

ATPase a c t i v i t y  remaining a f t e r  a d d i t io n  o f  ouabain (10*^M) to a 

microsomal p e l l e t  incubated in the presence o f  Na+ , K+ , and Mg++ .

Figure 2 is  a p lo t  o f  values of  rec ip roca l  ATPase a c t i v i t y  versus 

rec ip roca l  ATP concentra t ion  f o r  Na+ + K+-dependent and fo r  Mg++- 

dependent a c t i v i t i e s  in a r e p r e s e n ta t iv e  experiment  on the microsomal 

f r a c t i o n  Is o la te d  from a pool o f  10 t u r t l e  bladders .  Estimating  

g r a p h ic a l l y  from the Lineweaver-Burke p lo t  of  F igure  2 ,  the Km f o r  

Na+ + K+ ATPase was 2 .3  x 10 ^M, w h i le  t h a t  f o r  Mg++ ATPase was 

2 .4  x 1 0 ' V

Figures 3 and 4 show Lineweaver-Burke p lo ts  der ived  from data on 

the o u a b a in -s e n s i t iv e  moiety o f  ATPase a c t i v i t y  ( i . e . ,  Na+ , K+ 

s t im u la ted  ATPase).  The form o f  the p lo ts  is  s i m i l a r  to  th a t  o f  

Figure 2 ,  except  t h a t  the r e c ip ro c a l  o f  the ATPase a c t i v i t y  was p l o t ­

ted as a func t io n  o f  the re c ip ro c a l  o f  the sodium concentra t ion  in the  

presence o f  constant  l e v e ls  o f  ATP, K+ , and Mg++ (F1g, 3 ) ;  and as a 

fu n c t io n  o f  the rec ip ro ca l  o f  the potassium concentra t ion  in  the pres-
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ance of  constant  l e v e ls  o f  ATP, Na+ , and Mg++ (F ig .  4 ) .

Whereas the apparent Km with  respect  to sodium was c l e a r l y

4 . 0  x 10 M (see F ig .  3 ) ,  the Km with  respect  to potassium appeared

to have two va lu e s ,  0 .20  x 10 3 and 2 .0  x 10~3M (see F ig .  4 ) .  This

double valued Km was der ived  g r a p h ic a l l y  by making two s t r a i g h t  l in e s

approximate the c u r v i l i n e a r  p a t te rn  o f  rec ip ro c a l  ATPase a c t i v i t y

versus rec ip roca l  potassium concentra t ion  in F igure  4.  I n t e r e s t i n g l y ,

the s in g le  valued Km's (w i th  respect  to potassium) reported  f o r  o ther

t issues  ( 9 ,  11,  13) as wel l  as f o r  the t u r t l e  b ladder (14)  ranged from 

-3  -3
1 .0  x 10 to 3 .0  x 10 M--a  range which f e l l  between the two l i m i t s

o f  the double valued Km shown in  Figure 4.

Over and above the s in g le  experiments shown in  Figures 2 ,  3 ,  and

4 ,  the Km values were determined in th ree  experiments performed under

each one o f  the th ree  co n d i t io n s ;  i . e .  w i th  ATP as s u b s t r a te ,  w ith  Na+ 

as s u b s t ra te ,  and w ith  K+ as sub s tra te .  The mean values f o r  Km were 

as fo l lo w s :  2 .2  x 10- 4 M (ATP); 4 .5  x 10_3M (Na+ ) ;  and 0 .36  x 10~3M

and 2 . 9  x 10‘ 3M (K+ ) .

I n h i b i t o r s . The ouabain-induced i n h i b i t i o n  o f  sodium t ra n sp o r t  and 

o f  Na+ , K+ ATPase ra ised  the question o f  the e f f e c t  o f  o ther  i n h i b i t o r s  

o f  sodium t ra n s p o r t  on the Na+ , K+ ATPase--a question which provided the 

basis f o r  the next set  o f  exper iments.

-4As in d ic a te d  p r e v io u s ly ,  ouabain,  10 M, i n h i b i t e d  a l l  o f  the 

Na+ + K+-dependent moiety but none o f  the Mg++-dependent moiety o f  the  

microsomal ATPase. As a m a t te r  o f  f a c t ,  ouabain a t  a f i n a l  concentra­

t io n  o f  3 x 10~7M resu l ted  in the i n h i b i t i o n  o f  50% of  the Na+ , K+
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ATPase a c t i v i t y .  This degree o f  s e n s i t i v i t y  to  ouabain is  g r e a te r  (by 

3 orders o f  magnitude) than th a t  found in  microsomes from other  t issues  

(1 8 ,  19, 2 0 ) .

-4  -4 -4A m i lo r id e ,  10 M, furosemide,  10 M, and acetazo lam ide,  10 M,

had no i n h i b i t o r y  e f f e c t s  on Na + + K+ -dependent or on Mg++-dependent

ATPase.

The lack of  i n h i b i t i o n  by a m i lo r ide  is  in accord w ith  r e s u l ts  of  

Baer et  a l  (16)  on ATPase a c t i v i t y .  However, am i lo r id e  has been shown 

to block sodium t ra n s p o r t  in  the toad bladders (17)  and t u r t l e  bladders  

( G e n t i l e  and Brodsky--unpublished d a t a ) .

The lack o f  i n h i b i t i o n  o f  microsomal ATPase a c t i v i t y  by furosemide,

-410 M, is  cons is ten t  w i th  p a r a l l e l  f in d in g s  in  our l a b o r a t o r y ,  on the  

lack o f  e f f e c t  o f  furosemide on sodium t ra n s p o r t  and s h o r t - c i r c u i t i n g  

c urren t  across the i n t a c t  t u r t l e  bladders .

-4The s u l fh yd ry l  b lo c k e r ,  N-ethyl  maleimide,  10 H, reduced the

s h o r t - c i r c u i t i n g  cu r re n t  o f  two t u r t l e  bladders to zero 30 minutes a f t e r

-4i t s  a d d i t io n  to the bathing media. However, NEM, 10 M i n h ib i t e d  the  

Na+ -  K+-dependent moiety o f  microsomal ATPase by 45 percent  (w i thout  

a f f e c t i n g  the Mg++-dependent moiety )  a f t e r  i t  had been incubated w i th  

the microsomal p e l l e t  f o r  30 minutes.

Substra te  s p e c i f i c i t y . In o rder  to  determine the s p e c i f i c i t y  o f  

the s u b s tra te  requ ired  f o r  the nuc leo t idase  a c t i v i t y  in  the microsomal 

p e l l e t s ,  comparative experiments on the ra te  o f  hydro lys is  were performed 

in  the presence o f  equimolar  concentrat ions o f  ITP,  CTP, GTP, ADP or  

UTP, instead o f  ATP. Ion ic  condit ions  in  a l l  r e a c t io n  vessels were the
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same as those described a b o v e - - i . e .  Na+ + K+ + Mg++ in  one re a c t io n  

v e s s e l ,  and Na+ + K+ + Mg++ + ouabain in the pa i red  vessel conta in ing  

another a l iq u o t  o f  the same microsomal p e l l e t .

Table 3 presents values o f  s p e c i f i c  enzymatic a c t i v i t y  o f  a 

se lec ted  microsomal p e l l e t  w ith  respect  to i t s  a b i l i t y  to c a ta lyz e  

the r a t e  o f  P.. r e le a s e  from s ix  d i f f e r e n t  nuc leo t id es .

Considering the Mg++-dependent h y d r o ly t i c  a c t i v i t y  w ith  respect  

to ATP as 100%, the order  o f  nuc leo t ide  preference was as fo l low s :

GTP, 91%; IT P , 60%; CTP, 35%; UTP, 29%; and ADP, 16%.

Considering the Na+ + K+ -dependent a c t i v i t y  (see column designated  

B-A) ,  w i th  respect  to  ATP as 100%, the order  o f  nuc leo t id e  preference  

was: ITP,  60%; CTP, 32%; GTP, 10%; AOP, 1.4%; UTP, 0%.

The degree o f  s t im u la t io n  o f  hydro lys is  by a d d i t io n  o f  Na+ + K+ 

( a c t i v i t y  r a t i o )  was about 0 .8 0  regard less  o f  which nuc leo t id e  was used.

These data on absolu te  l e v e ls  o f  a c t i v i t y  and on degree o f  st imu­

l a t i o n  by Na+ + K+ were s i m i l a r  to those o f  Skou on the comparative  

h y d r o ly t i c  a c t i v i t i e s  o f  ITP and ATP in  crab nerve ( 2 1 ) ,  but d i f f e r e d  

from those o f  others  working w ith  beef kidney microsomes ( 2 2 ) ,  c a l f

heart  microsomes ( 1 3 ) ,  and bovine b ra in  microsomes ( 2 3 ) .
+ +

pH dependency. F igure 5 is  a p lo t  o f  values o f  Na , K -dependent  

and o f  Mg++-dependent ATPase a c t i v i t y  versus those o f  pH o f  the incuba­

t io n  m ix ture  in  a se r ie s  o f  experiments on a s in g le  pool of  microsomal 

p e l l e t s .  Each p o in t  on the graph was taken from the average o f  a t  l e a s t  

th ree  separate  experiments on enzymatic a c t i v i t y .

In a separate set  o f  exper iments ,  increases in  o s m o la l i ty  o r  ion ic
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strength  o f  5 to  10% (such as occasioned by a d d i t io n  o f  HC1 or  o f  NaOH) 

were found to have no e f f e c t  on ATPase a c t i v i t y .

The Na+-K+-dependent a c t i v i t y  reached a maximal value a t  pH leve ls  

o f  7 .3  to 7 . 5 ;  and the Mg++-dependent a c t i v i t y  increased monotonical ly  

as a funct ion  o f  pH. The f ig u r e  a lso  shows t h a t  the a c t i v i t y  r a t i o ,

(Na+ + K+ ) / (M g + + ) ,  var ied  as a func t io n  o f  pH; and was 1.1 a t  pH 7 . 3 ,  

the pH used r o u t in e ly  in the present  s tu d ies .

Temperature e f f e c t s . The Mg++-dependent and Na+ + K+-dependent  

ATPase a c t i v i t i e s  were measured as funct ions o f  temperature between 

15°C and 45°C. Under the condit ions  o f  o f  the present  experiments,  the 

i n i t i a l  reac t ion  v e l o c i t y  ( r a t e  o f  re le a s e )  was assumed to  be d i r e c t l y  

proport iona l  to the s p e c i f i c  ra te  constan t ,  K^, and may be s u b s t i tu te d  

f o r  i t ,  as is commonly done in  order  to est im ate  the a c t i v a t i o n  energy 

from the Arrhenius equat ion ,

In Kp = -E/RT + C , 

where E is  the a c t i v a t i o n  energy; R, the gas constant ;  T,  the  absolu te  

temperature;  and C, the constant  o f  i n t e g r a t i o n .

Figure 6 , a p lo t  o f  values o f  log ( r a t e  o f  P.. re le a s e )  versus 

those of  rec ip ro ca l  abso lu te  tem perature ,  shows the two fu n c t io n s - -  

Na+ + K+-dependent a c t i v i t y  and Mg++-dependent a c t i v i t y .  From the slope  

o f  the Arrhenius p l o t ,  -E /2 .3 R ,  one can est im ate  the a c t i v a t i o n  energy 

f o r  each o f  the two reac t ions .

The a c t i v a t io n  energy f o r  the Na+ + In d e p e n d e n t  re a c t io n  was 

13 K Cals /Mole  over the e n t i r e  temperature range s tud ied ;  w h i le  th a t  

f o r  the Mg++-dependent reac t ion  was 8 K Cals/mole over  the range,
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23-45°C,  and 38 K Cals/mole over the range 15-23°C.  The Q^q values 

est imated between 30° and 40° C were: 2 .2  fo r  the Na+ + K+-dependent

fu n c t io n ;  and 1 .8  f o r  the Mgr + -dependent fu n c t io n .  These values were 

s i m i l a r  1n magnitude to  those reported  by Bonting and Carravagio f o r  

ATPase from several d i f f e r e n t  t issues ( 1 5 ) .
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DISCUSSION

Coupling between ATPase and t r a n s p o r t . Ouabain abolishes the  

net  t ra n s p o r t  o f  sodium (4)  and reduces the r a t e  o f  oxygen consumption 

in the i n t a c t  t u r t l e  b ladder;  and i n h i b i t s  the Na+ + K+-dependent ATPase 

a c t i v i t y  in  the i s o la te d  microsomal p e l l e t  o f  t h i s  t i s s u e .  In o ther  

t i s s u e s ,  the b inding o f  ouabain to  microsomal p r o te in  is increased by 

sodium and decreased by potassium (2 4 ,  2 5 ) .  This suggests t h a t  the  

f re e  energy o f  the Na+ + K+-dependent ATP h yd ro lys is  is  coupled to  the  

sodium t ra n s p o r t  mechanism. Thus, ouabain may i n h i b i t  the reac t io n  

provid ing f r e e  energy f o r  t r a n s p o r t ;  o r  the mechanism coupling ATP 

hydro lys is  to t ra n s p o r t ;  or  the pum p-carr ie r  o pera t ion  in the membrane.

Estimates o f  the s to ich iom etry  between sodium t ra n s p o r t  and ATP 

hydro lys is  (1 5 ,  2 6 ) ,  or  between sodium t ra n s p o r t  and oxygen consumption 

(26)  have been made w i th o u t  exact  knowledge of  the mechanism which 

couples sodium t ra n s p o r t  to the ATPase a c t i v i t y .  N e ver the less ,  the sodium 

dependency o f  t ra n s p o r t  in  the i n t a c t  system is  s i m i l a r  to the sodium 

dependency o f  the microsomal ATPase in  red c e l l s  ( 2 7 ) .

Despite  the l i m i t a t i o n s  o f  such k i n e t i c  s i m i l a r i t i e s ,  we est imated  

the  r a t i o  o f  sodium t ranspor ted  to A TP hydro lyzed,  assuming t h a t  the  

est imated c e l l  concen tra t ion  o f  ATP, 0 . 2 5 - 0 . 3 0  mM (28 )  is  near t h a t  

corresponding to the Km o f  the Na+ + K+ ATPase r e a c t io n .

The mean value f o r  net  t ra n s p o r t  o f  sodium is  7 .5  p Eq/mgm o f  micro­

somal p r o t e i n / h r  ( 3 ) ;  and present  data show t h a t  the Na+ + K+ ATPase- 

cata lyzed  r a t e  o f  re lease  o f  P̂  is  1 0 -2 0  p moles/mgm o f  microsomal
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pro te1n /h r  a t  the  assumed ATP concentra t ion  o f  0 .25  mM. T h e re fo re ,  3 .5  

to 7 .0  equ iva len ts  o f  sodium ions are t ransported  f o r  each mole o f  

r e le a s e d - -a  range s i m i l a r  to t h a t  found ( 0 . 7 - 1 5 )  in  a wide v a r i e t y  o f  Na+ 

t ra n s p o r t in g  t issues  ( 2 3 ) .

By an analogous procedure, i t  was est imated t h a t  15 equ iva len ts  o f  

sodium ion are t ransported  f o r  each mole o f  the "sodium-dependent" 

consumption o f  oxygen--a value s l i g h t l y  less than NaVo^ r a t i o  o f  16-20  

est imated f o r  f rog skin (2 9 )  and toad bladder ( 3 0 ) .

"Sodium-dependent" oxygen consumption is  def ined as the measured

decrement in oxygen consumption a f t e r  rep lac in g  the ambient sodium w ith

-4cho l ine  or  a f t e r  adding ouabain,  10 M to the incubat ion mix ture  o f

whole r e s p i r in g  bladder wal l  or  mucosal l a y e r  (LeFevre ,  M.E. and

W.A. Brodsky--unpubl ished d a t a ) .  The est imated r a t i o  o f  the Na+ + 

K+-dependent P̂  re lease  to "sodium-dependent" oxygen consumed was 

2 .0  to 4 . 3 .

Even i f  ATP were the sole source o f  t ra n sp o r t  energy,  the s to ich iom­

e t r y  cannot provide data showing the nature  o f  coupling between a s p a t i a l l y  

o r ie n te d  chemical reac t ion  1n the membrane phase and a d i r e c t i o n a l l y  

o r ie n te d  t ra n s p o r t  process.

P rop er t ies  o f  b ladder ATPase. The p re s e n t ly  reported  values o f  the  

pH optimum, of  the Q^q , and o f  the Km’ s f o r  ATP and Na+ , but not those 

of  Km f o r  potassium were s i m i l a r  to corresponding values reported  

elsewhere (11 ,  13,  14 ) .

The double valued Km f o r  potassium (shown in  F igure  4 o f  th is  r e p o r t )  

is  cons is ten t  w i th  the ex is tence  o f  two potassium binding s i t e s  on the
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microsomal p r o te in .  One s i t e  has a high a f f i n i t y  and low cap ac i ty  fo r  

K+ , w h i le  the o ther  has a low a f f i n i t y  and a high cap ac i ty  f o r  K+ binding.  

Although not the unique e x p la n a t io n ,  t h is  p ic t u r e  is  s i m i l a r  to a previous  

hypothesis o f  Skou based on a la rge  mass o f  k i n e t i c  data ( 3 1 ) .

The broad spectrum o f  the Mg++-dependent nuc leo t id e  hydrolyses is 

in accord w i th  s i m i l a r  data obtained from several microsomal sources 

(11 , 13,  22,  2 3 ) - - a l th o u g h  the degree o f  hydro lys is  o f  each nuc leo t ide  

was not e x a c t ly  the same in comparing any one t is s u e  w ith  another.

The spectrum o f  the Na+ + K+-dependent nuc leo t ide  hydrolyses was 

narrower than th a t  o f  the Mg++-dependent hydro lyses.  Whereas our data  

on ITP and ATP in  the t u r t l e  b ladder resembled those o f  Skou in the  

crab nerve ( 2 1 ) ,  they d i f f e r e d  from those o f  others  in  beef kidney  

( 2 2 ) ,  c a l f  ( 1 3 ) ,  and bovine b ra in  ( 2 3 ) .

The d is c o n t in u i ty  in  the Arrhenius p lo t  o f  Mg++-dependent a c t i v i t y  

vs. rec ip roca l  absolute  temperature in the neighborhood corresponding to  

23°C is  cons is ten t  w i th  several  p o s s i b i l i t i e s  suggested f o r  such 

phenomena by Dixon and Webb ( 3 2 ) - - e . g .  w i th  two p a r a l l e l  o r  two succes­

s ive  reac t ions  between enzyme and the same s u b s t ra te ;  or  w ith  two forms 

of the enzyme, or w ith  a r e v e r s ib l e  i n a c t i v a t i o n  o f  the enzyme a t  c e r t a i n  

temperatures.  Moreover,  the d i s c o n t i n u i t y  in  the Arrhenius p lo t  o f  the  

Mg++ ATPase o f  the t u r t l e  b ladder  is  s i m i l a r  to t h a t  in the p lo t  o f  

myosin ATPase (a lso a Mg++-dependent ATPase) a t  16° w i th  ATP or ITP 

as sub stra te  (3 3 ) .
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FRACTION VOL

(ml)

A C T I

Mg++ + K 

(uni t s / m l )

V I T Y

4 4 Na4

( t o t a l  \  
V^units J

PROTEIN
CONC.

(mg/ml)

S P E C I 

A

Mg++ 4 Na4 4 K+ 
no ouabain

F I C A C T I V I 

B

Mq44 4 Na4 4 K4 
ouabai n

[units/mg)

■

T Y

A - B

Na4 4 K4

Mucosal Ce l ls
Homogenate 90 16.2 1457 1.87 8 .7 6 .2 2.5

10,000g P e l l e t 20 19.2 389 0.98 19.6 16.2 3.4

20,000g P e l l e t 21 17.0 358 0.50 34.1 19.8 14.3

65,000g P e l l e t 21 53.7 1128 0.50 j 107 42 ,5 64 .5

Table L  D is t r ib u t io n  and recovery o f  ATPase a c t i v i t y  and o f  t o tu l  p ro te in  in the desianated c e n t r i fu g a l  f ra c t io n s  
o r ig in a te d  from a pool o f  is o la te d  mucosal c e l l s  from 10 t u r t l e  b ladders .  Fract ions were obtained by technique i l l u s ­
t r a t e d  in Fig.  1. Exact composition o f  each incubation mixture and d e f i n i t i o n  o f  Ma44 and Na4 + in depe ndent  ATPase 
can be found under “Assay of  ATPase A c t i v i t y "  of  METHODS sec t ion .  The “u n i t"  o f  a c t i v i t y  is def ined as the amount of  
inorgan ic  phosphate (P-j) in  micromoles released in to  the incubation f l u i d  per hour.
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Statistical

Parameters

Mg Mg + Na Mg + K Mg + K + Na

( micromoles Pi/mgm protein/hr. )

Mg + K + Na 
 ̂ ouabain

Mean 

+ S. E.

P (Mg)

32.0

2.16

31.9

1.20

31.7

1.87

73.2

6 .49

P > 0.8 P > 0.8 P C 0.001

32.2

1.96

P > 0.8

Table 2 .  I'ean values f o r  the ATPase a c t i v i t y  of  microsomal p e l l e t s  incubated under the f i v e  c a t io n ic  
condit ions designated. In a l l  cases, the composit ion o f  the reac t ion  m ix tu re ,  expressed in terms o f  
f i n a l  m i l l im o l a r  concentration in the 5 ml of  incubation f l u i d  was: T r is -A TP ,  2 . 0 ; f ioClg. 3 . 0 ;
EDTA, 0 . 2 ;  im idazo le ,  40; h i s H d i n e ,  cr.d f i n a l  7 . 3 .  The cat ions were added to each reac t ion  
mixture as desi ' jr .atod at  the ton o f  each column, and the f i n a l  m i l l i m o l a r  concentrations o f  the s a l t s  
were: i !aC l , 35; and h " l , 15; while  th a t  of  ouabain was 0.1 mM. The condit ions and concentrat ions
sp e c i f ie d  fo r  the l a s t  t  'O columns on the r ip h t  were employed throughout the remainder o f  the present  
work, except where otherwise speci f i  ed.
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t

Substrate 

2.0 mM

C

IM
Mg++ + Na+ + K+

+ ouabain
( u i

SPECIFIC ACTIVITY 

(B)
++ + +Mg + Na + K

nolcs Pi/nig. Protein/!

(B) -  (A)

ir  )

Activity Ratio

(B) -  (A)
(A)

ATP 27.5 49.1 21.6
©

0.79
ITP 16.3 29.3 13.0 0 0.80

CTP 9.6 16.5 6.9 0. 72

GTP 25.0 27.5 2.5 o.io

ADP 4.5 4.8 0.3 0. 07

UTP 8.0 8.1 0.1 —

Table 3. Nucleot ide preference with  respect  to  h y d r o ly t i c  a c t i v i t y  o f  the m c m s c - a l  n e l l e t .  A l l  
h yd ro ly t ic  a c t i v i t i e s  were comparcd to  t h a t  obtained in the presence o f  T r i s - f T P ,  by s u b s t i t u t io n  o f  
e p u i r o la r  amountf os the Na+ sa l ts  o f  the f i v e  other  nuc leo t ides .  Conditions were otherwise i d e n t i ­
cal to  those described under METHODS and fo r  previous t a b l e s .
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Fig .  1

F ig .  2

Fig.  3

F ig .  4

Fig .  5

Fig.  6

Semi- log p l o t  o f  Mg++-dependent ATPase a c t i v i t y ,  — Q — Q — ; 

and Na+ , In d e p e n d e n t  ATPase a c t i v i t y ,  —0 — 0 — , versus t ime.  

Na+ , in d e p e n d e n t  a c t i v i t y  is  de f ined  as t h a t  measured in the 

presence o f  Mg'+ , Na+ , and K+ less t h a t  in the presence of  

Mg'4"*", Na+ , K+ and ouabain.

L1neweaver-Burk p lo t  o f  Na+ , K+-dependent ATPase a c t i v i t y ,

— 0 — 0 — , and Mg++-dependent ATPase a c t i v i t y ,  —0 ~ 0 — » 

versus molar concentra t ion  o f  ATP. Concentrat ion o f  non-ATP 

con st i tuen ts  were the same as those descr ibed f o r  Figure 1 

in the Methods sect ion .

Lineweaver-Burk p lo t  o f  Na+ , K+-dependent ATPase a c t i v i t y  v e r ­

sus molar concentra t ion  o f  sodium. Concentrat ion o f  a l l  non­

sodium co n s t i tu en ts  as l i s t e d  in Methods sec t ion .

Lineweaver-Burk p lo t  of  Na+ , K+-dependent ATPase a c t i v i t y  

versus molar concentrat ion  ootassium. Concentrat ion o f  a l l  

non-potassium con st i tuen ts  as l i s t e d  in  Methods sec t ion .

ATPase a c t i v i t y  versus pH. Na+ , K+-dependent a c t i v i t y  c a lc u la te d  

as descr ibed f o r  F ig .  2. The des ired  pH was obtained by add i ­

t io n  o f  e i t h e r  HC1 or  NaOH to  the reac t ion  m ix tu re ,  the composi­

t io n  o f  which has been descr ibed under F1g. 1 and in  the Methods 

sec t ion .

Sem1-logar1thmic p l o t  of Na+ , K+-d e p e n d e n t ,—0 —0 — , and 

o f  Mg++-dependent,  —0 ~ Q ~  ATPase a c t i v i t y  versus r e c ip r o ­

cal absolute  temperature.
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SUMMARY

The microsomes o f  t u r t l e  b ladder  e p i th e l iu m  conta in  a potassium-  

s t im u l a t a b l e ,  ouabain -and /or  s o d iu m - in h ib i ta b le  p-n i trophenylphospha-  

tase (p-NPPase) w ith  an absolute  requirement f o r  Mg+ + . The optimal  

pH range was 7 .2  -  7 .3  in  the im i d a z o le - h i s t i d i n e  b u f f e r  system used. 

T rea t ing  the data in terms o f  Michael is -Menten k i n e t i c s ,  the apparent  

Km's were as fo l low s:  f o r  p-NPP, 0 .6  mM; f o r  Mg++ , 0 .6  mM; and f o r

K+ , 1 .0 .  Substra te  i n h i b i t i o n  was observed f o r  p-NPP, Mg+ + , and K+ 

a t  concentra t ions exceeding 4 . 0 ,  4 . 0 ,  and 10 mM r e s p e c t iv e ly .  Ouabain,  

10" ̂ M or Na+ , 100 mM completely  i n h i b i t e d  the p-NPPase a c t i v i t y ,  and 

each i n h i b i t o r  reacted c o m p e t i t i v e ly  w ith  potassium f o r  enzyme s i te s  

(Kj f o r  ouabain = 2 .5  x 10'^M and Kj f o r  sodium = 3 .0  n*1). The 

i n h i b i t o r y  ac t ion  o f  NEM was dependent upon the t ime o f  p re - in cu b a -  

t io n  o f  the microsomes w ith  NEM. Related to  the question o f  whether  

p-NPPase is  the same as or  d i s t i n c t  from Na+ + K+-ATPase, is the  

f a c t  th a t  p-NPPase a c t i v i t y  is i n h i b i t e d  c o m p e t i t i v e ly  in  the presence 

o f  ATP.
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INTRODUCTION

Microsomal p repara t ions  from many t is s u e s  have a Na+ + I n ­

dependent ATPase ( 1 - 4 ) ,  which has been r e l a t e d  to  the t ra n s p o r t  o f  

Na+ and k+ across the c e l l  membrane on the basis o f  evidence re c e n t ly  

reviewed by Skou 1965 ( 5 ) ,  Heinz 1967 ( 6 ) and Albers 1967 ( 7 ) .  M icro ­

somes a lso  conta in o ther  enzymatic a c t i v i t i e s  in c lud in g  a K+ -s t im u la te d  

acety l  phosphatase and a K+- s t im u la te d  p -n i t ro p h e n y l  phosphatase 

(p-NPPase).  Acetyl  phosphatase has been found in kidney and bra in  

microsomes ( 8 - 9 ) ,  and p-NPPase has been found in  the e l e c t r i c  organ 

o f  eels  ( 1 0 ) ,  red blood c e l l s  ( 1 1 ) and w h ite  blood c e l l s  ( 1 2 ) .

In a l l  cases reported  ( 8 - 1 2 ) ,  both acety l -phosphatase  and 

p-ni trophenylphosphatase were i n h i b i t e d  by ouabain and sodium.

Whereas the r e l a t i o n s h ip  between e i t h e r  o f  the two phosphatases and 

t ra n s p o r t  is  not  y e t  c l a r i f i e d ,  Woodin has claimed t h a t  the In d e p e n d e n t  

p-NPPase may be r e la te d  to  K+ t ra n s p o r t  in  the w hite  blood c e l l s  ( 1 2 ) .

The purposes o f  the present  paper were: to  i n v e s t ig a t e  the I n ­

dependent p-NPPase in the microsomal f r a c t i o n  i s o la te d  from mucosal 

c e l l s  o f  t u r t l e  b ladder;  to  eva lu a te  the k i n e t i c  parameters such as 

K-j and Vm o f  p-NPPase a c t i v i t y  w i th  respect  to  the concentra t ion  

o f  p-NPP and w i th  respect  to  the concentra t ions o f  Mg++ and K+ ; 

to  determine the e f f e c t  o f  pH; and to determine the e f f e c t  o f  various  

I n h i b i t o r s  such as sodium, n -e th y l -m a le im id e  (NEM), ATP, and sodium 

azide .
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METHODS

The procedures f o r  i s o l a t i n g  mucosal c e l l s  from f r e s h ly  exc ised  

t u r t l e  b ladder  toge ther  w ith  those f o r  the u l t r a c e n t r i f u q a t i o n , 

f r a c t i o n a t i o n ,  and i s o l a t i o n  o f  the microsomal p e l l e t  have been 

descr ibed in d e t a i l  p rev ious ly  ( 1 ) .  Pro te in  concentra t ion  o f  the 

microsomes, determined by the method o f  Lowry e t  a l  ( 1 3 ) ,  was used 

as the normal iz ing  parameter f o r  enzyme a c t i v i t y .

The composit ion o f  reac t ion  m ix tu re ,  expressed in terms of  f i n a ’ 

m i l l i m o l a r  concentrat ion  was: the di -sodium s a l t  o f  p-NPP, 4 .0  (only

in case o f  Figure 1 ) ;  or u su a l ly  the i m i d a z o le - h i s t i d i n e  s a l t  o f  p-NPP, 

4 .0 ;  MgC^* 4 . 0 ;  im idazo le ,  20; h i s t i d i n e ,  20;  KC1 , 10 mM. The f i n a l  

pH was 7 . 3 ,  and an enzyme a l iq u o t  o f  0 ,5  ml conta in ing  150-300 ug of  

p ro te in  was added to  the incubation m ix tu re ,  the t o t a l  volume o f  which 

was 5 ml.  The f i n a l  concentrat ions o f  im idazo le  and h i s t i d i n e  were 

increased from 20 to  30 mM bv the add i t io n  of  s u b s t ra te ,  the im idazo le -  

h i s t i d i n e  s a l t  o f  p-NPP. The f i n a l  concentrations o f  imidazole  and 

h i s t i d i n e  were a lso 30 mM when the disodium s a l t  o f  p-NPP was used 

as substra te .

A f t e r  5 minutes o f  p r e - in c u b a t io n ,  the reac t ion  was s ta r te d  by 

a d d i t io n  o f  p-NPP, and incubated a t  38 °C f o r  20-30 minutes. The 

reac t ion  was stopped by a d d i t io n  o f  5 ml o f  cold p e r c h lo r ic  ac id  6 %. 

Control tubes,  c a r r ie d  through a l l  in cu b a t io n s ,  were o f  two ty p e s - -  

those w i thou t  p-NPP and those w ithout  the enzyme. The non -c a ta ly t1 c  

r a t e  o f  hydro lys is  o f  p-NPP was zero ,  but the l o t  o f  p-NPP used
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contained Inorganic  phosphate amounting 2-3% o f  the concentra t ion  o f  

p-NPP. Al iquots  o f  the f i n a l  mix ture  were analyzed r o u t in e ly  f o r  

inorgan ic  phosphate by the method o f  Berenblum and Chain ( 1 4 ) .

The i n i t i a l  reac t ion  v e l o c i t y  was determined by measuring the 

increment o f  inorgan ic  phosphorous ( P-j) re leased i n t o  the incubation  

f l a s k  a f t e r  30 minutes o f  incubat ion o f  the app ro pr ia te  amount of  

microsomes w i th  p-NPP. For an i n i t i a l  concentra t ion  o f  p-NPP o f  4 mM, 

no more than 15% o f  t o t a l  p-NPP was hydrolyzed during the f i r s t  

30 minutes o f  incubat ion .  The amount o f  P̂  re leased was p ropo rt iona l  

to  the t ime o f  incubat ion f o r  as long as 40 minutes o f  incubation a t  

38°C. For a given batch o f  microsomes a t  a given t im e ,  the ra te  of  

P-j re lease  was d i r e c t l y  p roport iona l  to  the amount o f  p ro te in  (150 

to  300 ygm) in each incubat ion f l a s k .  A f t e r  storage o f  the micro­

somes a t  -20°C ,  the p-NPPase a c t i v i t y  decreased w i th  t ime.  The h a l f -  

l i f e  o f  p-NPPase, est imated from the t ime-dependent lo gar i thm ic  

decrease of  the a c t i v i t y ,  was 18-19 days.

During the experiments on the ATP-induced i n h i b i t i o n  o f  p-NPPase, 

the p -n i t ropheno l  re leased ( in s tea d  of  the P^) was measured spectro -  

p h o to m e t r ic a l ly  in order  to insure t h a t  the h y d r o ly t i c  product  

o r ig in a te d  s o le ly  from p-NPP, and not from the added ATP. The spectro -  

photometric  measurements were made a t  25°C. in  a Beckman DU mono­

chromator f i t t e d  w i th  a G i l f o r d  Model 220 Absorbance In d ic a t o r  and 

a Varlan Model G-14 s t r i p  cha r t  recorder .  The concentra t ions o f  the  

reac tan ts  were the same as in the phosphate exper iments. The sub­

s t r a t e  was added, mixed, and the change in absorbance measured
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a t  348 mu ( 1 5 ) ,  the is o sb e s t ic  po in t  f o r  p -n i t rophenol  and

p -n i t ro p h e n o la te  io n ,  where t  = 5 .4  x 10^ M'^cm"^ f o r  both species.

The reac t ion  was l i n e a r ,  and the i n i t i a l  slope was taken f o r  the 

c a lc u la t io n  of  the enzymatic r a t e .

Prepara t ion  of  the i m i d a z o le - h i s t i d i n e  s a l t  o f  p -n i t rophe ny l  phosphate. 

One gm o f  the disodium s a l t  o f  p-NPP (Sigma) was d issolved in  20-30 ml 

o f  w ater  and added g ra d u a l ly  to a 10 cm column o f  Dowex 50 x 8 (H+ form) .  

Then the column was washed three  t imes w i th  10 ml a l iq u o ts  o f  w ate r .

Flame photometric  measurements in d ic a te d  t h a t  passage through the  

column replaced more than 99^ o f  the sodium with hydrogen ions.  The 

e n t i r e  e f f l u e n t  (pH, 2 . 0 )  was c o l l e c t e d ,  and i t s  pH adjusted to 7 .3  

by the a d d i t io n  o f  a mix ture conta in ing  equimolar  amounts o f  imidazole  

and h is t id in e -O H .
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RESULTS

Table 1 presents values on mean ra tes  o f  hydro lys is  o f  p -n i t ropheny l  

phosphate (p-NPP) in fo u r  experiments on microsomes under the condi ­

t ion s  denoted in the f i r s t  column.

Under a l l  condit ions  except cond i t ion  d, small increments o f  

(over  and above the non-enzymatic b lank)  were re leased i n t o  the incuba­

t io n  f l u i d .  Apart  from the s ig n i f ic a n c e  o f  the sm al l ,  but d e tec tab le  

re leases  o f  P^, the l a r g e s t  o f  the small increments (cond i t ion  e )  was 

but 3% o f  the amount o f  P̂  re le a s e d ,  1 2 .2  ^moles/mg/hour,  in  the  

presence o f  Mg++ + K+ (co n d i t io n  d ) .

The a c t i v i t y  o f  the Mg++ + K+ -dependent,  o u a b a in -s en s i t ive  

p -n i t ro p h e n y l  phosphatase ( h e r e a f t e r  c a l l e d  e i t h e r  K+-p-NPPase or  

p-NPPase) o f  the t u r t l e  b ladder  microsomes, was considerably  g r e a te r  

than t h a t  found in the microsomes o f  o ther  t issues  ( 1 0 - 1 2 ) .  Not 

shown in  Table  1 are s i m i l a r  r e s u l ts  from 16 o th e r  experiments on 

f r e s h l y  prepared bladder microsomes where the mean value + se f o r  

K+-dependent p-NPPase was 10.1 + 0 . 7  umoles/mgm p r o t . / h r .  The mean 

values f o r  the Mg** and Na+ + K+ -dependent ATPase, concomitant ly  

determined in  two o f  the four  experiments o f  Table 1 ,  were 2 6 . 9 ,

4 0 .8  umoles/mg/hr.  r e s p e c t iv e ly .  The next se t  o f  experiments was 

designed to  determine the k i n e t i c  parameters o f  the K+-dependerit ,  

o u a b a in -s e n s i t iv e  microsomal p-NPPase.

K in e t ic  parameters

Figure 1, a L1neweaver-Burk p lo t  o f  values o f  rec ip ro ca l  a c t i v i t y  

1n a r b i t r a r y  un i ts  versus rec ip roca l  concentra t ion  o f  p-NPP, was
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obtained from a set  o f  incubat ion mixtures In which the concentra­

t ions  o f  microsomes, Mg++ and K+ , were f i x e d  w h i le  those o f  p-NPP 

var ied  from 0 .4  to 15 mM. Treat ing  the data as i f  they fol lowed  

simple Michael 1s-Menten k i n e t i c s ,  the apparent (<5 ) (between 

the l i m i t s  o f  concentra t ion  o f  0 and 4 trW p-NPP) was 0 .6  mM; and 

the Vmax between the same concentrat ion l i m i t s  was f t . 3 umoles/mqm/hr. 

The p l o t  a lso  in d ic a te s  a pronounced sub stra te  i n h i b i t i o n  f o r  con­

cen tra t io n s  of  p-NPP in  excess o f  4 mM. Not shown is  a p lo t  of  the 

same data in the form o f  1/ V versus substra te  concentra t ion  from 

which the apparent  Kj (or  K^,.) f o r  p-NPP was est imated to be 16 mM.

Figure 2 ,  a p lo t  o f  values of  rec ip ro c a l  a c t i v i t y  in a r b i t r a r y  

uni ts  versus r e c ip ro c a l  Mg++ co n c e n t ra t io n ,  was obtained from a set  

of  incubat ion mixtures in which the concentra t ion  o f  microsomes, 

potassium and p-NPP were f i x e d ,  w h i le  those o f  Mg** var ied  from

0 .4  to  25 mM. Between the l i m i t s  of  Mg** concentra t ion  o f  0 to 

4 mM, the apparent 1^ was 0 .6  mM and the VBax was 7 .2  umoles/mg/hr.  

Pronounced sub stra te  (Mg**)  i n h i b i t i o n  was observed f o r  Mg++ concen­

t r a t i o n s  1n excess o f  4 mM and the apparent Kj f o r  Mg++ was 16 nW.

On the basis o f  data in Figures 1 and 2,  the opt imal a c t i v i t y  

in 10 mM K* occurs when the concentra t ion  r a t i o  [M g * * ] / [p -N P P ]  = 1 .0 .  

This is  s i m i l a r  to  the [M g ** ] / [A T P ]  r a t i o  requ ired  f o r  optimal 

a c t i v i t y  o f  the Mg++ and Na* + In d e p e n d e n t  ATPase a c t i v i t y  1n several  

t issues  ( 4 ,  5 ,  7 ) .

Figure 3, a p l o t  o f  values o f  reciprocal activity 1« arbitrary
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un i ts  versus re c ip ro c a l  concentra t ion  o f  potassium, was obtained from 

a set  o f  incubat ion mix tures in  which the concentrat ions o f  micro­

somes, magnesium, and p-NPP were kept constant  w h i le  those o f  potas­

sium var ied  from 0 .5  to 100 mM.

Between the l i m i t s  o f  potassium concentra t ion  o f  0 .5  to  10 mM, 

the apparent  was 1 mM and the Vmax was 14.1 umoles/mg/hr.  Sub­

s t r a t e  (potassium) i n h i b i t i o n  was observed fo r  potassium concentra­

t ions in  excess o f  10 mM, and the apparent  Kj f o r  potassium was 100 rrM.

Since the a d d i t io n  o f  100 mM Na+ re s u l te d  in  n ear ly  complete 

i n h i b i t i o n  o f  the K+-p-NPPase (see Table 1 ) ,  we decided to  examine 

the e f f e c t  o f  lower concentra t ions o f  sodium upon the k i n e t i c  p a t te rn  

o f  the K+-dependent p-NPPase i l l u s t r a t e d  in Figure 3. There fore ,  

the p-NPPase a c t i v i t y  versus potassium concentra t ion  in the pre­

sence o f  a f i x e d  concentra t ion  of  sodium was determined f o r  a fam i ly  

o f  such sodium c o n c e n t r a t io n s - - e .g .  in the presence o f  0 ,  5,  10, ?0 

and 50 mM, The potassium ' 'oncentra t ion  was kept below 10 mM to  

avoid the i n h i b i t o r y  e f f e c t  o f  potassium i t s e l f .

Figure 4 shows f i v e  Lineweaver Burk p lots  o f  values o f  r e c ip r o ­

cal a c t i v i t y  1n a r b i t r a r y  un i ts  versus rec ip ro ca l  potassium concen­

t r a t i o n  in the presence o f  no sodium ( the  lowermost l i n e  which is in  

the same a c t i v i t y  range as t h a t  of Figure 3 ) ,  and in the presence 

o f  5 ,  10,  20 ,  and 50 rrM sodium. Data shown were taken from two 

consecutive exper iments,  one covering Na+ concentrations o f  0 ,  5 

and 10 nW; and the o th e r  covering Na+ concentra t ions o f  0 ,  20 ,  and
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50 mM. The l i n e  f o r  100 mM Na+ , not shown, 1s c o - 11 near w i th  the  

o r d in a te .

The f i v e  p lo ts  shown in the f ig u r e  in d ic a te  t h a t  the h igher  

the Na+ con cen tra t ion ,  the lower the p-NPPase a c t i v i t y  over the range

o f  potassium concentra t ions used (1 to 10 mM); and t h a t  the Vmax f o r

a l l  f i v e  concentra t ions o f  Na+ was 10.4  y m o les /m g /h r . , which sug­

gests t h a t  sodium competes w i th  potassium f o r  the K+- a c t i  vat ion  

s i t e s  on the microsomal p r o te in .  The Kj f o r  sodium, 3 mM, was e s t i ­

mated g r a p h ic a l l y  from the e x t r a p o la t io n  o f  the p lo t  o f  apparent  

Km f o r  potassium versus sodium concentra t ion .  This suggests t h a t  

the a f f i n i t y  o f  the p-NPPase-re lated p ro te in  f o r  sodium was ca.

o n e - t h i r d  o f  t h a t  f o r  potassium (Km f o r  potassium = 1 .0  mM;

see Figure 3 ) .

E f f e c t  o f  pH

The e f f e c t  o f  pH (over  the range 5 to  8 . 5 )  on p-NPPase a c t i v i t y  

was determined in  the presence o f  8 itM Na+ and 20 rrW K+ . The concen­

t r a t i o n  o f  K+ used, 20 mM, was twice t h a t  o f  the o ther  experiments  

on Mg++ + K+-dependent p-NPPase. This K+ concentra t ion  was found 

s u f f i c i e n t  to  e l im in a t e  the i n h i b i t o r y  e f f e c t  o f  the 8 mM Na+ 

conta ined 1n the disodium s a l t  o f  p-NPP; and provided a convenient  

means o f  vary ing  pH (by s u b s t i t u t i o n  o f  equimolar  amounts o f  K0H 

f o r  KC1) w i th o u t  changing the f i n a l  concentrat ions o f  K+ , imida­

z o l e ,  h i s t i d i n e ,  Mg+ + , Na+ or  p-NPP.

Figure 5 1s a p l o t  o f  values o f  p-NPPase a c t i v i t y  versus f i n a l
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pH o f  the Incubat ion  m ix ture  1n one o f  th ree  p a r a l l e l  experiments  

on microsomes. I t  can be seen t h a t  a pH of  7 . 2 - 7 . 4  was requ ired  

f o r  optimal a c t i v i t y  under the condit ions  used. At pH 5,  the  

a c t i v i t y  was 38% o f  th a t  a t  7 .3 ;  and a t  pH 8 .5  the a c t i v i t y  52% 

o f  t h a t  a t  7 .3 .  Data from the two o ther  exper iments ,  not shown 

in f i g u r e ,  f e l l  about a c lo s e ly  s i m i l a r  p a t te rn .

E f f e c t  o f  ouabain

The next  se t  of experiments was designed to  examine the depen­

dence o f  ouabain i n h i b i t i o n  upon the concentra t ion  o f  potassium in 

the incubation mix ture .

The microsomal p e l l e t  in the presence o f  Mg+ + , K+ , app ro pr ia te  

b u f f e r ,  and ouabain was pre - incubated  a t  38°C f o r  f i v e  minutes before  

s t a r t i n g  the reac t ion  by a d d i t io n  o f  p-NPP. Increas ing the t ime o f  

the aforementioned p re - in cu b a t io n  from 5 to 30 minutes did not s i g ­

n i f i c a n t l y  change the degree o f  ouabain-induced i n h i b i t i o n .

Figure 6 presents a p l o t  o f  normal ized values o f  p-NPPase 

a c t i v i t y  versus the logar i thm  o f  ouabain concentra t ion  f o r  a fa m i ly  

o f  th ree  d i f f e r e n t  potassium concentra t ions .  Data presented were 

taken from one o f  two i d e n t i c a l l y  designed experimental  se ts .  In 

each s e t ,  the potassium concentra t ions  o f  the incubation mixtures  

were f ix e d  a t  the th ree  l e v e ls  ( 1 ,  10 and 25 frfl) denoted in  the  

f ig u r e .

For each o f  the th ree  concentra t ions o f  K+ used, the plots of 

percent  a c t i v i t y  vs. log ouabain concentra t ion  were lineor 0¥«r the
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range o f  ouabain concentrat ions denoted along the abscissa.  The 

l i n e a r  na ture  o f  the th ree  log ar i th m ic  funct ions in d ic a te s  t h a t  

the g r e a t e r  the potassium concentra t ion  (from 1 to  25 nM) the g re a te r  

the concentra t ion  o f  ouabain requ ired  f o r  any degree o f  i n h i b i t i o n  

between the l i m i t s  o f  10% to  90% o f  the contro l  l e v e l .  This p a t te rn  

resembled t h a t  expected o f  a com pet i t ive  i n h i b i t i o n  between potassium 

and ouabain. As a n t i c i p a t e d ,  the p l o t  o f  1 / a c t i v i t y  versus 1/potassium  

concentra t ion  ( f o r  each o f  the ouabain concentrat ions used) generated  

a set  o f  s t r a i g h t  l in e s  i n t e r s e c t i n g  a t  a common value cn the 1/ a c t i v i t y  

o r d in a t e ,  where f o r  potassium was approximate ly  the same as th a t  

in Figures 2 and 3; and where the graphic  e x t r a p o la t io n  o f  the p lo t  

o f  Km f o r  potassium vs. ouabain concentra t ion  in d ic a te d  t h a t  the Kj 

f o r  ouabain was 2 .5  x 10_8M. Near ly  complete i n h i b i t i o n  o f  K+-p-NPPase 

was achieved in  the presence o f  ICT^M ouabain,  no m at te r  what potas­

sium concentra t ion  was used.

E f f e c t  o f  N-EthylmaTeimide (NEM)

The a d d i t io n  o f  NEM is  known to  i n h i b i t  Na+ + K+-ATPase, K+-  

s t im u la ted  acety lphosphatase ,  and K+-s t im u la te d  p-NPPase from various  

t is s u e  sources ( 2 ,  7,  8 ) .  Moreover, the degree o f  i n h i b i t i o n  was 

p a r t l y  dependent upon the time o f  p re - in cuba t ion  o f  microsomes with  

the i n h i b i t o r .

Current experiments on NEM in the t u r t l e  b ladder  microsomes 

were f i r s t  focused on the r e l a t i o n  between the t ime o f  p re - in cuba t ion  

o f  the microsomes with NEM and the subsequent degree o f  i n h i b i t i o n
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of  p-NPPase a c t i v i t y .  Two sets o f  experiments,  each Invo lv in g  a 

contro l  and fo u r  concentrat ions o f  NEM, were performed. For each 

le v e l  o f  NEM, the t ime o f  exposure of  enzyme to  NEM, Mg+ + , K+ and 

b u f f e r ,  (before  s t a r t i n g  the reac t ion  w i th  a d d i t io n  o f  p-NPP) was 

5,  20 and 30 minutes. In  each case, the same times o f  pre­

incubat ion and incubat ion  were app l ied  to the th ree  contro l  mixtures  

which conta ined eznyme and a l l  o f  the aforementioned const i tuents  

except NEM,

Figure 7 presents a p l o t  o f  values of  percent  a c t i v i t y  versus 

concentra t ion  o f  NEM f o r  a fa m i ly  o f  th ree  p re - in c u b a t io n  periods  

(5 ,  20 and 30 minutes)  in  one o f  the two sets o f  aforementioned  

experiments.

I t  can be seen t h a t  the degree of  i n h i b i t i o n  o f  the K+ -dependent  

p-NPPase a c t i v i t y  increased w ith  increas ing  t ime of  p re - in cu b a t io n  

of  the enzyme w i th  the i n h i b i t o r  over the e n t i r e  range o f  concentra­

t ions  ( l x l O - 5  to  5xl0"^M) o f  NEM used. For a concentra t ion  o f  

i n h i b i t o r  o f  lO'^M, the i n h i b i t i o n  was 25*  a f t e r  f i v e  minutes,

52* a f t e r  20 minutes,  and 73% a f t e r  30 minutes o f  p re - in c u b a t io n .

The concentra t ions o f  NEM requ ired  to  induce 50*  i n h i b i t i o n  of  

a c t i v i t y  were; > 5 x 1 0 '^  fo r  5 minutes o f  p r e - in c u b a t i o n ;

1 .25x lO ’ ^M f o r  20 minutes;  and 3 . f lx lO- *M f o r  30 minutes o f  pre-  

incubat ion .

Of I n t e r e s t  are p rev io u s ly  reported  data (1 )  showing t h a t  45*  

i n h i b i t i o n  o f  the  Na+ + K+ -ATPase was obtained w i th  10~^M NEM a f t e r
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30 minutes o f  p re - in cu b a t io n  o f  enzyme w ith  i n h i b i t o r — a r e s u l t  

q u i t e  s i m i l a r  to t h a t  shown (40%) f o r  i n h i b i t i o n  o f  the In d e p e n d e n t  

p-NPPase w i th  the same amount o f  i n h i b i t o r  and the same time o f  pre­

incubat ion (see the lower o f  f ig u r e  7 ) .

Of f u r t h e r  i n t e r e s t  is the f a c t ,  reported  p rev io u s ly  from th is  

l ab o ra to ry  ( 1 ) ,  t h a t  NEM ( f i n a l  c o n c e n t ra t io n ,  10” ^M) reduced the 

s h o r t - c i r c u i t i n g  curren t  o f  the t u r t l e  b ladder  to  zero 30 minutes 

a f t e r  i t s  a d d i t io n  to the bathing media.

E f f e c t  o f  ATP

Because o f  c e r t a in  s i m i l a r i t i e s  between the reac t ions  o f  the  

i n h i b i t o r s ,  ouabain and NEM, on K4 -dependent p-NPPase and Na+ + K+-  

ATPase, i t  was decided to  measure the a c t i v i t y  o f  the former (p-NPPase) 

in the presence o f  ATP. In each o f  two exper imental  s e t s ,  p-NPPase 

a c t i v i t y  was measured in tne absence and in the presence of two 

concentra t ions o f  ATP. The p-NPPase a c t i v i t y  in the presence o f  ATP 

was assayed by measuring the p - n i t r o  phenol re leased as descr ibed  

in the Methods sec t ion .

Figure 8 , a p l o t  o f  values o f  r e c ip ro c a l  a c t i v i t y  in arb itrary  

u n i ts  versus re c ip ro c a l  p-NPP co n c e n t ra t io n ,  was obta ined  from a 

s e t  o f  incubat ion  mixtures in a sodium-free medium in  which tha 

concentra t ions o f  microsomes, potassium, and magnes1um war* f1ntd 

f o r  two lev e ls  o f  ATP (1 .7x l0"^M  and 1.2x10 '^M) wMla tha conomtra* 

t io n  o f  p-NPP var ied  from 0 .3 3  to  6 i t* .  Tha thraa 11 net yafwratad

53



between these l i m i t s  o f  substra te  concentrat ion  in te rs e c te d  a t  the  

same po in t  on the o rd ina te  ( W max) ,  suggesting t h a t  ATP competes 

w ith  p-NPP f o r  occupation s i te s  on the enzyme. The value o f  Vmax 

shown here was obtained a t  2b°C . ,  and consequently was sm a l le r  than 

t h a t  est imated in other  experiments a t  38°C. (see f ig u r e  1) .

E f f e c t  o f  sodium azide

Addit ion  o f  sodium azide to  a f i n a l  concentra t ion  range o f  10"® 

to  10"3M had no d e tec tab le  e f f e c t  on the K+-dependent p-NPPase, even 

a f t e r  30 minutes o f  p re - in cu b a t io n .
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DISCUSSION

Some o f  the p rope r t ies  o f  K+-dependent p-NPPase reported  here in  

are analogous in c e r t a in  respects to those descr ibed by us ( 1 ) and 

others (2 ,  5 )  on c e r t a i n  p ro p e r t ie s  o f  Na+ + K+ -ATPase.

In the case o f  the t u r t l e  b ladder  microsomes, the pH, the Mg++/  

substra te  r a t i o ,  the Mg++ and K+ concentra t ions requ ired  f o r  optimal  

a c t i v i t y  o f  e i t h e r  p-NPPase or  ATPase were about the same ( 1 ) .  At 

the optimal potassium c o n c e n t ra t io n ,  the range o f  ouabain needed f o r  

50% i n h i b i t i o n  o f  e i t h e r  a c t i v i t y ,  K+-p-NPPase or Na++K+-ATPase, was 

3-5 x 10"^M— a s e n s i t i v i t y  to ouabain o f  10 to  1 0 0 - fo ld  g r e a te r  than 

t h a t  reported  f or 50% i n h i b i t i o n  o f  e i t h e r  microsomal a c t i v i t y  

in o ther  t iss u es  ( 8 ) (19)  ( 1 7 ) .  The ouabain s e n s i t i v i t y  o f  acety l  

phosphatase was only 20% less than t h a t  o f  Na++K+-ATPase in  guinea  

p1g kidney and bra in  ( 9 ) ,  but was ca. 1 0 - f o ld  g r e a te r  than t h a t  o f  

Na++K+-ATPase in beef b ra in  ( 8 ) .

Other s i m i l a r i t i e s  between the two a c t i v i t i e s  can be made w i th  

respect to  the e f f e c t s  o f  NEM and the competi t ion between ATP and 

p-NPP. Thus, p re - in c u b a t io n  o f  microsomes w ith  10“ NEM f o r  

30 minutes resulted 1n a 40-45% I n h i b i t i o n  o f  e ith er Na++K+-ATPase 

or K+-p-NPPase; and ATP appeared to  compete w ith  p-NPP f o r  occupa­

t io n  sites on the protein (see Figure 8 ) .

The main difference 1n the cationic e ffe c t on the two enzyme 

a c tiv it ie s  was that of sodium which s tlw la te d  the a c tiv ity  of the 

Na++K+-ATPase, but which Inhibited the a c tiv ity  o f K+-p-NPf*sa.
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This q u a l i t a t i v e  d i f f e r e n c e  suggests t h a t  the hydro lys is  o f  

ATP and p-NPP is  ca ta lyzed  v ia  two mechanisms desp i te  a l l  o f  the  

aforementioned s i m i l a r i t i e s .  However, data reported  here and e l s e ­

where are not  s u f f i c i e n t  to determine whether each s u b s t ra te ,  ATP 

or p-NPP, binds w ith  a common s i t e  on the enzyme p ro te in  or  even 

whether such binding e n t a i l s  two s i t e s  on the same p r o t e i n ,  two 

sub -un i t  s i te s  on a polymeric p ro te in  or  two independent p ro te in  

u n i ts .  A l l  p o s s i b i l i t i e s  can be made c on s is ten t  w i th  any o f  the  

a v a i l a b l e  data.  The s o lu t io n  o f  the problem w i l l  probably requ ire  

the i s o l a t i o n ,  s o l u b i l i z a t i o n ,  and c h a r a c t e r i z a t io n  o f  one or more 

pure en z y m a t ic a l ly  a c t i v e  p r o te in s .

56



REFERENCES

1. SHAMOO, Y. E . t and BRODSKY, W. A. Biochim. Biophys. Acta 203,

111-123 (1970) .

2. SKOU, J.  C. Biochim. Biophys. Acta 58,  314-325 (1962 ) .

3. BONTING, S. L . ,  and CARAVAGGIO, L. L. Biochim. Biophys. Acta 101,

37-46 (1963 ) .

4. SEN, A. K . ,  and POST, K. L, The J . B i o l . Chem. 339, 345-352 (1964 ) .

5. SKOU, J.  C. Annual Review o f  Physiology 45,  596-617 (1965) .

6 . HEINZ, E. Ann. Rev. P h y s io l . 29,  21 -58  (1967 ) .

7. ALBERS. R. W. Am. Rev. Biochem. 36,  727-756 (1967 ) .

8 . ISRAEL, Y . , and TITUS, E. Biochim. Biophys. Acta 139, 450-459 (1967 ) .

9. BANDER, H . , and SEN, A. K. Biochim. Biophys. Acta 118, 116-123 (1966) .

10. ALBERS, R. W . , and KOVAL, G. J.  The J . B i o l . Chem. 241 ,  1896-1898

(1966 ) .

11. ASKARI, A . ,  and KOYAL, D. Biochem. Biophys. Res. Commun. 32,  227-232 

(1968 ) .

12. WOODIN, A. M . , and WIENEKE, A. A. Biochem. Biophys. Res. Commun. 33,

558 (1968 ) .

13. LOWRY, 0 .  H . , ROSEBROUGH, N. J . ,  FARR, A. L . , and RANDALL, J.  R.

The J.  B i o l . Chem. 193, 265-275 (1951 ) .

14. BERENBLUM, I . ,  and CHAIN, E. Biochem. J.  32,  295-298 (1938 ) .

15. ARMSTRONG, J. McD., MYERS, D. V . ,  VERPOORTE, J .  A., and EOSALL, J. T.

Tha J.  H o i . CHaw. 2 41 ,  5137-5140 (1 9 6 6 ) .

57



16. ALBERS, R. W . , and KOVAL, G. J.  The J . B i o l . Chem. 241, 1896 

(1966) .

17. BERG, G. G . , and SZEKERCZES, J.  J .  C e l l u l a r  Comp. P h y s io l . 67,  

487 (1966 ) .

58



ACKNOWLEDGMENTS

This study was supported,  in  p a r t ,  by National  I n s t i t u t e s  of  

Health Research Grants AM 13037 and AM 13135; in  p a r t  by National  

Science Foundation Research Grant  GB-7764; and in p a r t ,  by 

National  Aeronautics and Space Acknini s t r a t i  on Research Grant  

33-1 71 - ( 0 0 1 ) .

Acknowledgment is g r a t e f u l l y  accorded to Carol Faye Sorokin  

f o r  her exp er t  techn ica l  ass is tance .

59



Additions p-NPPase A c t i v i t y  

ymoles Pi/mg p r o te in /h r

a -  Buffer  along 0.15 -  0 .08

b -  Buffer  + Mg 0.37 -  0 .20

c -  Buffer  + K 0 .20  - 0 .1 0

d -  Buffer  + Mg + K 12.2 -  0 .84

e -  Buffer  + Mg + K + Na 0 .40  -  0 .25

f  -  Buffer  + Mg + K + ouabain 0.45 -  0 .15

- — - --- -- ■ -

Table 1 , E f fe c t  o f  cations and ouabain on p-NPPase a c t i v i t y  o f  microsomes. 
Each value represents the mean -  SE in four  experiments. Final  
concentrations o f  add it ions in incubat ion mixtures were: imidazole  
20 mM; h i s t i d i n e ,  20 mM; Mg, 4 . 0  mM; K, 10 mM; Na, 100 nM; and 
ouabain, 10"^M. In a l l  cases, f in a l  concentrat ion o f  the 
i m id a z o le -h is t id in e  s a l t  o f  pNPP was 4 .0  mM and the f in a l  pH 
was 7.3  (see methods s e c t io n ) .



FIGURES

F i g . K  L1neweaver-Burk p l o t  o f  rec ip ro ca l  p-NPPase a c t i v i t y  in a r b i ­

t r a r y  u n i ts  versus rec ip ro ca l  m i l l i m o l a r  concentra t ion  o f  p-NPP. The 

concentra t ions o f  b u f f e r ,  Mg+ + , K+ and the pH were the same as those 

described in Table 1 and in  the Methods sec t ion .

( A c t i v i t y ) ' ^  is  in  a r b i t r a r y  u n i t s ,  taken from raw o p t ic a l  

d e n s i t ie s  p r i o r  to c o r re c t in g  fo r  d i l u t i o n ,  a l i q u o t ,  t ime o f  incuba­

t ion  and p ro te in  con cen tra t ion ,  a l l  o f  which were constant  in  any 

s in g le  se t  o f  experiments.

F i g . 2. Lineweaver-Burk p lo t  of  rec ip roca l  p-NPPase a c t i v i t y  in a r b i ­

t r a r y  un i ts  versus r e c ip ro c a l  m i l l i m o l a r  concentra t ion  o f  Mg+ + . Other  

than the Mg++, the concentrat ions o f  the con st i tuen ts  were the same

as those descr ibed in  Table 1 and in the Methods sec t ion .

F i g . 3. Lineweaver-Burk p lo t  of  rec ip ro ca l  p-NPPase a c t i v i t y  in a r b i ­

t r a r y  u n i ts  versus rec ip ro ca l  m i l l i m o l a r  concentra t ion  o f  potassium.

Other than th a t  of  potassium, the concentrat ions o f  the const i tuents

were the same as those descr ibed in Table 1 and in the Methods sec t ion .

F i g . 4. Lineweaver-Burk p lo t  o f  r e c ip ro c a l  p-NPPase a c t i v i t y  versus

rec ip ro ca l  m i l l i m o l a r  concentra t ion  of  potassium f o r  a fa m i ly  o f  Na+ 

concentra t ions .  * — *  Na+ = 0; 0— 0 Na+ = 5 mM; | 1  Na+ = 10 rrfi;

□ ------- □  Na+ -  20 mM; 0------0 Na+ = 50 mM.

61



FIGURES ( c o n t ' d )

F i g . 5_. p-NPPase a c t i v i t y  versus pH o f  the incubat ion  m ix ture .  The 

concentrations o f  cat ions were: Mg+ + , 4; K+ , 20; Na+ , 8 ; and p-NPP,

4 mM.

F i g . 6_. Semi-log p lo t  of  percentage a c t i v i t y  o f  p-NPPase versus con­

c e n t r a t io n  o f  ouabain f o r  three  l e v e ls  o f  potassium c o n c e n t r a t i o n - - ! ,  

10, and 25 mM. Other than ouabain and potassium, the concentrations  

o f  the con st i tuen ts  in  the incubation mix tures were the same as those 

described in Table 1 and in the Methods ' e c t i o n .

F i g . 7_. Percentage a c t i v i t y  o f  p-NPPase versus concentra t ion  o f  NEM. 

Pre - incubat ion  t imes are shown w i t h in  the parentheses over  each curve.

F ig . 8 . Lineweaver-Burk p l o t  o f  rec ip ro ca l  p-NPPase a c t i v i t y  in a r b i ­

t r a r y  uni ts  versus rec ip roca l  m i l l i m o l a r  concentra t ion  of  d-NPP in the

absence and in the presence o f  ATP, the concentra t ion  o f  which is
•  *  m

in d ic a ted  next to each' l i n e . t

• I

%
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NOTE

Figures 1 - - 8  are  f o r  the b e n e f i t  o f  the rev iewer  and 

are not intended f o r  p u b l i c a t io n .  S im i la r  f ig u re s  

compatib le  w i th  the brochure o f  In s t ru c t io n s  f o r  BBA 

were a lso  submitted w i th  t h i s  manuscript- f o r  p u b l ic a t io n .
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CONCLUSION

T u r t l e  bladders possess an a c t iv e  mechanism f o r  the t ra n sp o r t  o f  

sodium from the mucosal to the serosal bathing f l u i d .  Ouabain, 1CT4M 

in the serosal f l u i d ,  completely  i n h i b i t s  sodium t ra n s p o r t ,  and concom­

i t a n t l y  reduces oxygen consumption by 30-50%. Oxygen consumption is  also  

reduced to the same e x te n t  (30-50%) by removal o f  ambient sodium. Sodium 

t ra n s p o r t  is  dependent on glucose and i n h i b i t e d  by ouabain under anerobic  

as well  as under aerob ic  co n d i t io n s .  Moreover,  sodium t ra n s p o r t  is  ap­

prox imate ly  doubled on going from an anerobic to an aerobic environment.

The source o f  energy dur ing anerob ias is  is from g l y c o l y t i c  breakdown of  

glucose to l a c t i c  ac id  with the concomitant product ion o f  ATP; and i t  is  

reasonable to suppose t h a t  the ATP formed may be used to energ ize  the  

anerobic  t ra n sp o r t  o f  sodium. The e f f e c t  o f  ouabain on t ra n sp o r t  and on 

oxygen consumption is  p a r a l l e le d  by i t s  e f f e c t  on the Na+ +■ K+ s t imulated  

ATPase and on the Mg++ + K+ dependent p-n i trophenylphosphatase in micro-  

somes from mucosal c e l l s  o f  the t u r t l e  b ladder.  Such p a r a l l e l i s m  suggests 

t h a t  the f r e e  energy o f  phosphate e s t e r  hydro lys is  is  coupled, in some man­

ner ,  to the a c t iv e  t ra n sp o r t  mechanism f o r  sodium. However, th is  does not 

show the exact  nature  and the degree o f  coupl ing between a s p a t i a l l y  o r i ­

ented chemical reac t ion  in the membrane phase and a d i r e c t i o n a l l y  o r ien ted  

t ra n s p o r t  process.

The s i m i l a r i t i e s  between Na+ + K+ dependent ATPase and p-NPPase with  

respect  to  the pH optimum, the Mg++/s u b s t r a t e  r a t i o ,  the potassium con-
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c e n t r a t l o n ,  the e f f e c t  o f  ouabain and NEM, and the e f f e c t  of  ATP on 

p-NPPase suggest the p o s s i b i l i t y  th a t  we are  dea ling w ith  one enzyme or  

a multienzyme complex which have more than one conformation* manifested  

e i t h e r  as ATPase or  p-NPPase. However, Na+ i n h i b i t s  p-NPase and s t im ula tes  

ATPase in the presence o f  Mg++ and K+ . Thus, data reported here and e l s e ­

where are not s u f f i c i e n t  to determine whether we are dea l ing  w ith  one or  

more enzyme or an enzyme w ith  more than one a c t i v e  s i t e .  The problems 

remaining to  be solved include:

(a )  f u r t h e r  separat ion  and p u r i f i c a t i o n  o f  the enzyme or of the 

enzyme-proteins complexes;

{b) f u r t h e r  s tud ies  on the nature  o f  the in te rm ed iary  complexes 

between ATP and the p r o te in ;

(c )  r e c o n s t i t u t io n  o f  the membrane from i t s  p r o t e i n ,  l i p i d ,  and 

phosphol ip id  components and the subsequent incorpora t ion  o f  the enzyme 

(w i thout  loss o f  a c t i v i t y )  i n to  the r e - c o n s t i t u t e d  membrane; and 

f i n a l l y ,

(d)  the i d e n t i f i c a t i o n  o f  the exact  ro le  ( e .g .  c a r r i e r ,  energy  

t ransducer ,  e t c . )  o f  membrane ATPase and p-NPPase in the a c t i v e  pro­

cess o f  sodium t ra n s p o r t  across e i t h e r  one or  both c e l l  membranes.
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