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SUMMARY 

I. As the  incuba t ion  t e m p e r a t u r e  is increased  from 38 to 8o °, the  ATPase  ac t iv i -  
ty  of na t ive  and /o r  ouaba in - t r ea t ed  m~crosomes of tu r t le  b l adder  epi the l ia l  cells in- 
creases, reaches m a x i m a l  levels, and  decreases.  

2. The max ima l  ac t i v i t y  occurs at  6o-63 ° in na t ive  or ouaba in - t r ea t ed  micro-  
stones incuba ted  in the  presence of Mg > alone, Mg 2+ + Na  + and  Mg 2+ + K+. The  
maximal  a c t i v i t y  occurs at  5 o'~ in na t ive  microsomes incuba ted  in the  presence of 
Mg 2" -~ Na ~ + K+; and  at  5 8~' in ouaba in - t r ea t ed  nl icrosomes in the  presence of 
Mg'~ ~_ Na ~ + K +. 

3. The add i t ion  of ouaba in  s t imula tes  ATPase  a c t i v i t y  at  t e mpe ra tu r e s  above  
38 '~ in the  presence of Mg 2., or in the  presence of Mg ~+ + Na  +, or in the  presence of 
Mg ~+ ~- K +, bu t  not  in the  presence of all three.  This  s t i m u l a t o r y a c t i o n  of ouaba in  is 
e l ic i ted  in aging d i lu ted  suspensions,  not  in freshly ex t rac ted ,  concen t ra t ed  suspensions 
of microsomes.  

4. Between 38 and 5 o ' ,  the  add i t ion  of ouaba in  pa r t i a l l y  inh ib i t s  the  ATPase  
a c t i v i t y  in the  presence of Mg 2 ~ + Na + + K ~ (p resumably  b y  suppression of the  Na + 
K + increment  of the  to ta l  ac t iv i ty) .  Between 55 and  8o", oubain  has no appa ren t  effect 
on ATPase  ac t i v i t y  in the  presence of Mg 2~ 4- Na ~ -~ K- .  

5. The add i t ion  of e i ther  Na + or K + decreases the  Mg2+-dependent ac t i v i t y  of the  
na t ive  and ouaba in - t r ea t ed  microsomes at  t empe ra tu r e s  above  38°. This  inhibi t ion is 
i ndependen t  of the  age or degree of di lu t ion of the  microsomal  suspensions.  A qual i ta -  
t ive ly  s imilar  inhibi t ion af ter  the s inml taneous  add i t ion  of Na + and K* is el ici ted 

above  5 5 .  
6. l : rom 38 to 5 o '  , the  s inml taneous  add i t ion  of Na ~- and  K + doubles  the  Mg 2 ~- 

dependen t  a c t i v i t y  in na t ive  microsomes.  
7. ATPase  a c t i v i t y  in the  presence of Mg"- alone was s ignif icant ly  grea te r  than  

t ha t  in the  presence of Mg e+ -> Na + 5 K * + ouaba in  over a wide range of t empera-  
tures.  

8. The free energy of ac t iva t ion ,  E*, and the free energy,  IF*, of the ATPase-  
ca t a lyzed  hydro lys i s  were es t ima ted .  

(). An a t t e m p t  was made to corre la te  the  effectsof Na- ,  K -, and ouaba in  on some 
of the  proper t ies  of ATPase  with hydrogen bonding.  

* Mai l ing  a d d r e s s :  2eo E a s t  - '3rd St . ,  New Y o r k .  N.Y.  IOOLO (U..%.:\.). 
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I N T R O D U C T I O N  

The microsomal fraction of epithelial cells from the urinary bladder of fresh 
water turtles, Pseudemys scripta, contains an Mg2+-dependent, (Na + + K+)-stimulat- 
able, ouabain-inhibitable ATPase activity ~-a, the properties of which are releated in 
some way to the mechanism for active Na- transport in the intact system ~, 4. Recent 
work has shown the Mg2+-dependency together with a sensitivity to Na +, K +, and 
ouabain in the following reactions: the binding of a2p to microsomes incubated with 
!7-a2PIATP; the binding of I~C to microsomes incubated with ]~C!ATP; and the rate 
of the exchange reaction between ADP and ATP (refs 5, 6). 

The reaction model invoked to account for the aforementioned data implied 
that the K+-dependent step, the final dephosphorylation, was purely exergonic and 
could be more sensitive to increases in temperature than the rest of the intermediary 
reaction steps. This postulate further implied that heat might be substituted for K* 
under the conditions of (Mg ~+ + Na+)-containing incubation mixtures. However, this 
postulate had to be discarded because it was found that the activity of the (Mg 2+ + 
Na*)-containing incubation mixture remained significantly lower than that of the 
Mg2+-containing mixture as the incubation temperature was increased. Moreover, the 
addition of ouabain at higher temperatures actually stinmlated the Mg~+-dependent 
ATPase activity. These unexpected findings prompted the initiation of a systematic 
study of the effect of temperature on native and ouabain-treated microsomes under 
various ionic conditions. 

Apart from the serendipitous nature of the aforementioned findings, there are 
straightforward reasons for determining the effect of temperature on certain para- 
meters, including enzymatic activity of protein. These reasons, spelled out in detail by 
KAUZMANN ~, GCHERAGA 8 and others 9,1°, pertain to the determination of short-range 
effects of temperature (i.e. effects on the secondary and tertiary structure) in a protein 
molecule. Because microsomal ATPase is a non-isolated molecule of unknown struc- 
ture, the enzymatie activity, rather than any equilibrium function of state (specific 
volume, dissociation constant, etc.), is a useful parameter for testing temperature 
dependency. In short, the reaction rate as a function of temperature, even in an im- 
pure protein mixture, can give data on both activation and denaturation of the enzyme 
molecule; and consequently lead to inferences on the nature of hydrogen and other 
bonds in or near the active site of the enzyme or the enzyme-substrate complexes. As 
a matter of fact, the data to be reported herein do indeed show changes in fundamental 
and specific properties of the ATPase molecule in terms of its thermal activation and 
denaturation. 

MATERIALS AND METHODS 

Materials 
Tris salt of ATP, Tris salt of p-nitrophenylphosphate, and ouabain were ob- 

tained from Sigma Chemical Co., St. Louis, Mo. ET-a2PJATP, as the aminonium salt, 
was obtained from ICN (International Chemical and Nuclear Corporation, Calif.). 
Microsomal fractions, isolated from mucosal epithelial cells removed from the urinary 
bladders of fresh water turtles (Pseudemys scripta), were prepared as previously de- 
scribed ~ and kept refrigerated at - -3 o°. 

Biochim. Biophys. Acta, 225 (197') 254-268 
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Assay of initial rates of hydroh, sis 
In the  s t a n d a r d  assay  procedure,  the  final concent ra t ions  in the incubat ion  mix- 

ture were as follows : 3 mM y-a2Pi-z~kTP (specific ac t i v i t y  I-  IO a counts / ra in  per mole), 
85 mM NaC1, 15 mM KCI, 3 mM MgC12, 40 mM Tris-HC1 (pH 7.3 at  room tempera tu re )  
as a buffer, o. I mM E DTA-Tr is ,  inhib i tors  when indica ted ,  and  4 #g  of enzyme prote in  
in a final volume at  IOO ffl. Ouabain ,  when used, reached a concent ra t ion  of I .  IO a M 
in the incuba t ion  mixture .  

The assay  nledia  less ATP were al lowed to p re - incuba te  in tubes  (5 nun 
5 ° toni) for approx .  5 rain at  38~' before in i t i a t ing  the  hydro lys i s  b y  add i t ion  of the  
i~,-32P)ATP. The resul t ing mix ture  was incuba ted  at  38'~" (or at  the  ind ica ted  t empera -  
ture) for lO-2O nlin pr ior  to t e rmina t ion  of the  reac t ion  by  add i t ion  of 25 ffl of 25 % 
(w/v) of perchlor ie  acid. 

Tile t e m p e r a t u r e  was ma in t a ined  cons tan t  wi th in  ~ 0.2 ° by  means  of a Dubnoff  
shaker .  The rest  of the  assay  for de ter ln in ing  the  ra te  of Pi released,  carr ied out  as had  
been prev ious ly  descr ibed 5, was a s imple modif icat ion of the  BERENBLUM AND CHAIN 1l 
method.  

Age and dilution of microsomes 
The t ime  and  condi t ion  of s torage of freshly ex t r ac t ed  microsomes  influenced 

the  magni tude  of cer ta in  ouaba in - induced  effects on enzynle ac t i v i t y  at  the  higher  
t empera tu res .  For  example ,  these effects occurred reproduc ib ly  af ter  2 days  of s torage 
of a d i lu ted  enzyme mix tu re  (o.5-o. 7 mg/ml) a t  3 o~, but  not  in ttle f reshly ex t r ac t ed  
enzwne  ( incubated  wi thin  24 h), and  not  af ter  s torage of a concen t ra t ed  enzwne mix- 
ture ( t .o -3 .o  nlg/ml) a t  - -3o= (see RESULTS for fur ther  detai ls) .  

Da t a  to be shown herein were ob ta ined  from exper imen t s  on aged, d i lu ted  micro-  
some mixtures .  Not shown, but  a l luded to, were d a t a  ob ta ined  from a paral le l  set of 
exper imen t s  on freshly ex t r ac t ed  concen t ra t ed  microsomal  mixtures .  The fornlat  and 
technique  of assavs of ac t i v i t y  used, ident ica l  in all sets of exper iments  to be repor ted ,  
were those  descr ibed under  the  previous  sub-heading  of th is  section. 

The (Na + + K - ) - s t i n m l a t e d  ATPase  is defined as t ha t  a c t i v i t y  measured  in the  
presence of Mg "+ -F Na  + -- K*, less than  t ha t  measured  in the presence of Mg 2+ alone. 
At  o rd ina ry  t empera tu re s  (25 38"), the  (Na + + K+)-s t imula ted  par t  is inh ib i ted  by  
ouaba in  and the  Mg2+-dependent par t  is not .  The (Na + ÷ K~)-s t imula ted  ATPase  is 
often called ouabain-sens i t ive  ATPase,  and  Mg~+-dependent ATPase  is often called 
ouaba in- insens i t ive  ATPase.  

RESULTS 

A TPase activity at 38 and 63' 
Table I presents  mean values and s ta t i s t i ca l  pa rame te r s  for t i le ca t ion-sensi t ive  

ra te  of hydrolys is  of ATP of na t ive  and  of ouaba in - t r ea t ed  inicrosomal  proteins .  Values 
shown are normal ized  with  respect  to the  Mg2+-dependent ATPase  ac t iv i ty ,  e.g. in this  
case, 12 ¢mmles/mg prote in  per  h was t aken  as IOO %,. 

At  38°, in the  na t ive  microsomes,  add i t ion  of e i ther  Na + or K ~ alone resul ted in 
no change of the  MgZ+-dependent ATPase  ac t iv i ty ,  as has been repor ted  previous ly  '~ 
(see first row, Columns B and C). Add i t ion  of Na + + K + increased the mean value of 
the Mg2+-dependent ATPase  from IOO to 200 % (see first row, Columns A and D). 

Biochim. l~iophys..4cta, 225 (I97 I) 254-20N 
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T A B L E  I 

E F F E C T  O F  I N C U B A T I O N  A T  6 3  ° ON T H E  A T P A s E  A C T I V I T Y  OF T U R T L E  B L A D D E R  3, I ICROSOMES IN T I l E  

P R E S E N C E  OF 3¢Ig 2+ A L O N E  ( A )  A N D  W I T H  T H E  I O N I C  A D D I T I O N  I N D I C A T E D  U N D E R  B ,  C ,  A N D  D 

E a c h  v a l u e  in  t h e  t a b l e  is t h e  m e a n  v a l u e  o b t a i n e d  f r o m  t h e  d a t a  o f  f o u r  e x p e r i m e n t s ,  e a c h  o n e  o f  
w h i c h  i n v o l v e d  a s e p a r a t e  b a t c h  o f  m i c r o s o m e s .  In  a n y  g i v e n  e x p e r i m e n t ,  t h e  a v e r a g e  v a l u e  of  
a c t i v i t y  w a s  o b t a i n e d  f r o m  f o u r  r e p l i c a t e  d e t e r m i n a t i o n s  o n  t h e  m i c r o s o m a l  b a t c h .  D e t a i l s  c o n c e r -  
n i n g  t h e  t e m p e r a t u r e  c o n d i t i o n s  d u r i n g  p r e l i m i n a r y  i n c u b a t i o n  a n d  d u r i n g  t h e  c o u r s e  o f  t h e  r e a c -  
t i o n  a s  wel l  a s  t h o s e  c o n c e r n i n g  c o n c e n t r a t i o n s  of  s u b s t r a t e s ,  i ons ,  b u f f e r s  a n d  o u a b a i n  c a n  b e  
f o u n d  in  M A T E R I A L S  A N D  M E T H O D S .  

Temperature Slate Relative activity (3 Ig  2~ - -  zoo  %)  

Prelimi~mr~ Incubation of  . . . . . . . . . . . . . .  . enzyme (A) (B) (C) (D) 
incubation - l lg  2~- Big z* + Na  + 3 I g  2+ i /x "+ 31g  2+ - 

Na+ + h '  

380 380 N a t i v e  i o o  7 8 92 5_ 8 I o 3  ~i IO 200 ± 14 
O u a b a i n  i o 2  ± 7 90  - -  6 91 m 5 75 ~ S 

38o 63 ° N a t i v e  3 0 6  ~_ 15 226  ± i2  230  ~ i i  2 i  4 ~: i2  
O u a b a i n  5 6 6  ~ 42 34 ° ~ 4 ° 565 ~ 24 245 ~ I5 

At 38° in the ouabain-treated microsomes, addit ion of either Na + or K + resulted 
in no change in the Mg2+-dependent activity,  while addit ion of Na + + K + produced a 
decrease in this act ivi ty  (see second row, Columns A, B, C and D). 

At 63 ° in the native microsomal protein, the Mg2+-dependent ATPase ac t iv i ty  
was increased by 206 % over its act ivi ty  at 38° (see first and third rows of Colunm A). 
Addit ion of Na + (final concentrat ion 85 mM) decreased the Mg2+-dependent ATPase 
ac t iv i ty  from 306 to 226 °o (P < o.o5). Addit ion of K + (final concentrat ion 15 raM) 
decreased the Mg2+-dependent ATPase act ivi ty  from 3o6 to 23o°0 (P < o.05). 
Addition of Na ÷ + K + decreased the Mg2+-dependent ATPase act ivi ty  from 3o6 to 

214°o (P < 0.02). 
These results demonst ra te  tha t  the introduct ion of heat via incubation of the 

nat ive microsomes at 63 ° does increase the ATPase act ivi ty  either in the presence of 
Mg z+ or in the presence of Mg 2+ + Na +. Moreover, the effect of heat on the ac t iv i ty  
of the (Mg 2+ + Na+)-containing mixture is not  the same as tha t  of addit ion of K + to 
the same mixture at 38°. This is because the act ivi ty  of the (Mg 2+ + Na+)-containing 
microsomes at 63 ° is less than  tha t  of Mg2+-containing microsomes at 63 °. In fact, 
Na + or K + are inhibitors of ATPase at 63 °. 

i t  is impor tan t  to point  out tha t  the inhibi tory effects of Na + and/or  K + at 63 ° 
were elicited in freshly prepared concentrated microsomes, as well as in the aged diluted 
microsomes from which the data  in Table I were derived. 

At 63 ° in the ouabain-treated microsomes, the Mg2+-dependent ATPase act ivi ty  
was increased by 466 °4 over its nat ive or oubain-treated act ivi ty  at 38° (see fourth 
and first rows of Column A). Surprisingly, at 63 °, tile act ivi ty  of the ouabain- t reated 
microsomes in the presence of Mg 2+ alone was greater than tha t  of the nat ive microso- 
rues in the presence of Mg 2+ alone, e.g. 556 vs. 306 °o (P < 0.02). Addit ion of K + 
resulted in no change of the Mg-dependent act ivi ty  of the ouabain- t reated microsomes. 
The addit ion of Na + + K + resulted in a decrease of the Mg2+-dependent ATPase ac- 
t iv i ty  from 566 to 245 % (P < o.oi). 

Biochim. Biophys.  Acta,  225 (1971) 2 5 4 - 2 6 8  
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Compar ing  the a c t i v i t y  of the  ouaba in - t r ea t ed  with tha t  of the  na t ive  micro-  
somes at  63 ° reveals  t ha t  the  add i t ion  of ouaba in  un i fo rmly  increased the ATPase  
a c t i v i t y  under  all ionic condi t ions  tes ted ,  wi th  the  possible except ion of the  ac t i v i t y  
under  condi t ions  of Mg 2. ~- Na + x- K ~ (P > o.2); (see last  column,  th i rd  and fourth 
FO\VS). 

In con t ras t  to the  independence  of cat ionic  inhibi t ion  at  63 ° from aging or dilu- 
t ion,  the  s t i m u l a t o r v  effects of ouaba in  at  63 ~ were el ic i ted only in the  aged d i lu ted  
microsomes,  d a t a  from which are shown in Table I, and  not  from the freshly p repared  
and /o r  more concen t ra t ed  microsomal  mixtures ,  da t a  from which are not  shown. 

Effect of aging and dilulion on ouabain action 
The a forement ioned  ouaba in  effects at  the  higher t empe ra tu r e  could not  be 

e l ic i ted in a freshly p repared  enzyme mix ture  or in a concen t ra ted  enzyme p repa ra t ion  
s tored  at  .3 o'~ af ter  ex t rac t ion .  For  each ba tch  of s tored  d i lu ted  microsomes wherein 
the ouaba in  effect was d e m o n s t r a t e d  (see Figs. I -4 ) ,  a paral le l  exper imen t  on freshly 
e x t r a c t e d  or on stored,  concen t r a t ed  a l iquots  of the  same ba tch  of microsomes failed 
to reveal  any  s t imu la to rv  effect of ouaba in  under  any  one of the  corresponding ionic 
condi t ions  at  63 '~. Thus,  all of the  resul ts  shown herein were those ob ta ined  from a 
d i lu t ed  enzyme mix tu re  (0. 5 -o.7 mg of p ro te in  per  ml) which had been s tored at  30 
for two or more days  af ter  e-( t ract ion.  

The surpr is ing  aspect  of the  a forement ioned  resul ts  is the  clear cut  demons t r a -  
t ion of a ouaba in - s t inmla ted ,  (Na-  -~ K*)- inhib i ted  ATPase  a c t i v i t y  at  63 ~'. This  
p r o m p t e d  an inves t iga t ion  into the  proper t ies  of ATPase  as a funct ion of the  incuba-  
t ion t empera tu re .  

7"he effect of temperature of incubation on A TPase 
The following exper imen t s  were designed to tes t  the  effect of a fa i r ly  wide range 

of incubat ion  t empera tu re s  on the ATPase  ac t i v i t y  of na t ive  and  ouaba in - t r ea t ed  
micro:~omes. In  all cases, the  enzyme source and  all cons t i tuen t s  of the  incuba t ion  mix-  
ture were added  at  o °, i m m e d i a t e l y  af ter  which the reac t ion  was in i t i a t ed  by  immer-  
sion o[ the  incuba t ion  fla~k and  mix ture  in a wate r  ba th  pre-set  a t  the  app rop r i a t e  
t empera tu re .  

Fig, i present~ a plot  of mean values ~ S.E. of ATPase  a c t i v i t y  vs. t e m p e r a t u r e  
of incuba t ion  in three  ba tches  of microsomes.  

The ATPase  a c t i v i t y  of the  ouaba in - t r ea t ed  microsomes was s ignif icant ly  
grea ter  than  t ha t  of the  pa i red  na t ive  microsomes over  a t empe ra tu r e  range of 45-()o". 
The  max ima l  increment  of ouaba in - t r ea t ed  over na t ive  enzwne ac t iv i ty ,  145 %, 
occurred at  6o: .  Thus,  even in the  absence of Na ~- and /o r  K +, the  ac t i v i t y  of the  oua- 
ba in - t r ea t ed  enzvine was grea ter  than  tha t  of the  na t ive  enzyme over a wide range of 
incubat ion  t empera tu res .  

The cause of the  t empe ra tu r e -dependen t ,  ouaba in- induced  s t inmla t ion  is not  
clear on the basis of these da t a  alone. Such as s t inmla t ion  might  be a t t r i b u t e d  to a 
' de t e rgen t '  effect or to ano ther  k ind  of in te rac t ion  between ouaba in  and  the enzwne 
which seems to mimic  (Na '  ~ K- ) - induced  s t imula t ion  of the enzyme at  lower tem- 
peratures .  

Fig. i also shows s teep decreases in both of the  Mg e+-dependent ac t iv i t ies  (nat ive 
a n d  ouaba in- t rea ted)  when the incubat ion  t e m p e r a t u r e  is grea ter  than  (~o'. These 

tHochim. IJio/)hys. Acla, 225 (197 n) 25, t ,~,s 
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decreases are consistent with the occurrence of phase transitions in the conformation 
of the enzyme proteins during thermal denaturation. 
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Fig. 1. The mean  va lues  ± S.E. of ATPase  a c t i v i t y  vs. t e m p e r a t u r e  of i ncuba t ion  of na t i ve  ( C -  ~ ) 
and  of o u a b a i n - t r e a t e d  ( I - - I )  mic rosomal  p ro te in  in the presence of Mg 2.. Each  po in t  on the  
curve  is an ave rage  from d a t a  of th ree  exper imen t s .  Each  va lue  in one e x p e r i m e n t  was an average  of 
four rep l ica te  de t e rmina t i ons .  The ionic composi t ion ,  the  s u b s t r a t e  concen t ra t ion ,  and  o the r  pro- 
per t ies  of the  i ncuba t ion  m ix tu r e  as well  as the  e x p e r i m e n t a l  cond i t ions  of the  reac t ion  are as des- 
cr ibed in M A T E R I A L S  A N D  M E T t t O D S .  

Fig. 2. The inean va lue  ~ S.E. of ATPase  a c t i v i t y  vs. t e m p e r a t u r e  of i ncuba t ion  of na t i ve  microso- 
mal  pro te in  in the presence of Mg =~ ( O - - C ) ) ,  Mg 2÷ + Na¢ ( O - - O ) ,  and  Mg 2÷ + Na + q ouaba in  
( I - - I ) .  Each  point  on the  curve  is an average  from d a t a  of th ree  expe r imen t s ,  each value  in 
an e x p e r i m e n t  was an average  of four rep l ica te  de te rn l ina t ions .  Tile ionic composi t ion ,  the sub- 
s t r a t e  concen t ra t ion ,  and  o the r  proper t ies  of the incuba t ion  m i x t u r e  as well as the expe r i men t a l  
cond i t i ons  of the reac t ion  are as descr ibed in MATERIALS AND METHODS. 

Effec! of Na + on native a:z..4 o,.tabain-lreate:t microsomes 
Fig. 2 presents a plot of mean  values ~ S.E. of ATPase ac t iv i ty  in three batches 

of  n l i c r o s o m e s .  

In  the na t ive  microsonles, the Mg ~--dependent ATPase ac t iv i ty  as a funct ion of 
temoerature  was essentially the same as tha t  described in Fig. I ; and  the ac t iv i ty  in 
presence of 3fig ~-÷ + Na + was clearly less than tha t  in the presence of Mg 2~ alone over 
the range of temperature ,  3~-7 o°. The m t x i m u m  Na~-induced decrement  was found 

at  about  6 3°. 
A s t imula tory  action of ouabain  in the pre~ence of Mg ~-~ and  Na + was observed 

over the same temperature  range insofar as the ATPase ac t iv i ty  in the presence of 
Mg 2- -- Na + + ouabain  was significantly greater than  tha t  in the presence of Mg 2+ + 
. ' N ' a  ~ . 

E~ec! of K + oJz ~mtive an:t o'~ta)ain-treafed microsom~s 
Fig. 3, a plot of mean values ± S.E. of ATPase ac t iv i ty  vs. t empera ture  of in- 

cuba t ion  in three batches of microsomes. 
In  the na t ive  microsomes, the Mg~-*-dependent ATPase vs. tempera ture  was 

Biochim. Biophys . .4cta ,  225 (~97 l) 254-20S 
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essentially the same as those shown in Fig. i and 2 and  tim act iv i ty  in the presence of 
Mg ~-+ --  K + was clearly less than  tha t  in the presence of Mg > alone over the range of 
temperature ,  38-7 o°. The max imum decrement  due to K ÷ was found at about  t~3:. 

A s t imula tory  effect of ouabain  in the presence of Mg 2+ { K + was observed over 
the same tempera ture  range insofar as the ATPase ac t iv i ty  in the presence of Mg'-'- - 
K + --  ouabain was greater than  tha t  in the presence of Mg ~-- -1 K- ,  and furthermore,  
greater than  tha t  in the presence of Mg 2+ alone. Thus, the addi t ion  of ouabain in the 
presence of Mg 2+ -4- K ~ el iminated all of the K*-induced inhibi t ion  of the ATPase 
act ivi ty.  In contrast ,  the addi t ion of ouabain  in the presence of Mg 2+ - Na ~ (see Fig. 2) 
e l iminated some, bu t  not  all of the Na+-induced inhibi t ion of the ATPase activity.  
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T e m p e r a t u r e  T e m p e r a t u r e  

Fig. 3. The mean value ~ S.K. of ATPase ac t i v i t y  v s .  tempera ture  of incubat ion of nat ive mieroso- 
r ea l  p r o t e i n  in  t h e  p r e s e n c e  of M g  2+ ( ( .  C') .  M g  2+ + K~ ( l i  O ) ,  a n d  M g  2~ ! K~ + o u a b a i n  
( l l  IlL E a c h  p o i n t  o n  t h e  c u r v e  is a n  a v e r a g e  f r o m  d a t a  of  t h r e e  e x p e r i i n e n t s ,  e a c h  v a h l e  in 
a n  e x p e r i m e n t  w a s  a n  a v e r a g e  of f o u r  r e p l i c a t e  d e t e r m i n a t i o n s .  T h e  ion ic  c o m p o s i t i o n ,  t h e  s u b -  
s t r a t e  c o n c e n t r a t i o n ,  a n d  o t h e r  p r o p e r t i e s  of  t h e  i n c u b a t i o n  m i x t u r e  as  well  a s  t h e  e x p e r i m e n t a l  
c o n d i t i o n s  of  t h e  r e a c t i o n  a r e  as  d e s c r i b e d  in MATERIALS AND METHODS, 

F ig .  4" T h e  m e a n  v a l u e  ~ S.I';. o f  A T P a s e  a c t i v i t y  vs. t e m p e r a t u r e  of  i n c u b a t i o n  of  n a t i \  e micr~,so 
r ea l  p r o t e i n  in  t h e  p r e s e n c e  of  M g  ~-~ ( ( )  ~ ) ,  M g  'a- + N a  ~ ~ K + ( O - - Q ) ,  M g  2÷ + N a  - K - 
o u a b a i n  (11 - - m ) .  E a c h  p o i n t  o n  t h e  c u r v e  is a n  a v e r a g e  f r o m  d a t a  of  t h r e e  e x p e r i m e n t s ,  e a c h  
v a l u e  in  a n  e x p e r i m e n t  w a s  a n  a v e r a g e  of  f o u r  r e p l i c a t e  d e t e r m i n a t i o n s .  T h e  i o n i c  c o m p o s i t i o n ,  t h e  
sub .~ t r a t e  c o n c e n t r a t i o n ,  a n d  o t h e r  p r o p e r t i e s  of  t h e  i n c u b a t i o n  m i x t u r e  as  wel l  as  t h e  e x p e r i m e n t a l  
c o n d i t i o n s  of  t h e  r e a c t i o n  a r e  a s  d e s c r i b e d  in MATERIALS AND MFTHODS. 

E[/ect o f  N a  + + K + on nat ive  and  ouabain- t reated  microsomes  

Fig. 4, a plot of mean values ~- S.E. of ATPase ac t iv i ty  vs. t empera ture  of in- 
cubat ion in three batches of microson~es. 

In  the nat ive  microsomes, the Mg2+-dependent ATPase ac t iv i ty  as a funct ion of 
temperatures  was essentially the same as tha t  described for Figs. 2 and 3.Tile act ivi ty  
in tile presence of Mg 2+ + Na + + K + was clearly greater than  tha t  in the presence of 
Mg 2+ alone between 38 and 5o°; but  was clearly less than  tha t  of Mg 2+ alone at ten> 
peratures greater than  5 o°. The increase in the Mg2+-ATPase due to Na ~ -- K ~ 
between 38 and  5 °° denotes the well known (Na + + K+)-ATPase ac t iv i ty  as a func-  
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t ion of t empera tu re .  The m a x i m u m  decrement  in Mg2+-ATPase a c t i v i t y  due to Na  + 4- 
K + was found at  abou t  63 °, which is s imi lar  to tha t  found af ter  the  add i t ion  of e i ther  
Na + or K + alone (see Figs. 2 and  3). 

The well-known inh ib i to ry  effect of ouaba in  on the  (ME ~+ + N a + +  K+) - 
ATPase  was el ic i ted be tween 38 and  5 °° ; and  no effect of ouaba in  was found at  tem-  
pe ra tu res  grea te r  t han  55 °. 

The a c t i v i t y  of the  ouaba in - t r ea t ed  enzyme in the  presence of Mg ~- + Na + + 
K- is usua l ly  t aken  to be equal  of t ha t  of the  na t ive  enzyme in the  presence of Mg 2+ 
alone.  Thus, the  difference between these two ac t iv i t ies  should vanish over a wide tem-  
pera ture  range if ouaba in  specifical ly inhib i t s  the  Na  + 4- K + moie ty  and  has no effect 
whatsoever  on the Mg2+-dependent moie ty  of ac t iv i ty .  Since this  difference did  not  
vanish (see Fig. 4), this  commonly  used a s sumpt ion  was not  verified at  any  incuba t ion  
t e m p e r a t u r e  between 38 and  60 °. The mean ~ S.E. of all of the  pa i red  differences in 
a c t i v i t y  (n : 15) between the reac t ion  with Mg 2+ + Na  + 4- K + and tha t  with Mg 2+ + 
Na  + ~ - K + +  ouabain ,  5.02 ~ 0.92 was h igh ly  s ignif icant ly  different  from zero 
(P  < o.oi) .  The appa ren t  equa l i t y  of the  two ac t iv i t ies  between 7 ° and  80 ° is not  
meaningful  because the  a c t i v i t y  of the  na t ive  or ouaba in - t r ea t ed  enzyme under  any  or 
all ionic condi t ions  was reduced  to zero at  this  t empe ra tu r e  range. 

The downsweep por t ions  of all of the  funct ions  p lo t t ed  in Figs. 1 -  4 were inter-  
p re ted  in te rms of the rmal  dena tu r a t i on  of the  na t ive  or ouaba in - t r ea t ed  nl icrosomes 
(see DISCUSSION for fur ther  deta i l s  on such in te rpre ta t ions) .  

Effec t of  pre-hea!ing at 63 ° on the microsomal A TPase  activity at 38° 
The microsomes in these exper iments  were p re - incuba ted  at  63 ° for IO rain pr ior  

to s t a r t ing  the  react ion at  38°. The  incuba t ion  t ime of the  hydro lys i s  was also IO rain. 
For  compara t ive  purposes,  the  same ba tch  of nl icrosomes was p re - incuba ted  and in- 
cuba t ed  at  380 . 

Table  I f  presents  mean values and s ta t i s t i ca l  pa rame te r s  for the  ca t ion-sens i t ive  
ra te  of hydro lys i s  of ATP of na t ive  and of ouaba in - t r ea t ed  microsomal  proteins.  

T A B L E  I I  

E F F E C T  O F  H E A T  T R E A T M E N T  A T  6 3 : :  O N  T H E  : \ T P A S E  A C T I V I T Y  A T  3 ~ ' '  OF  T U R T L E  B L A D D E R  M I C R O -  

S',)?~IES IN  T H E  P R E S E N C E  O F  ]~'Ig 2+ A L O N E  ( A )  A N D  W I T H  T H E  I O N I C  A D D I T I O N S  I N D I C A T E D  U N D E R  

B, C, .aND D 

T h e  v a l u e s  in t h e  t a b l e  a r e  d e t e r m i n e d  in t h e  m a n n e r  d e s c r i b e d  for  T a b l e  I,  De t a i l s  c o n c e r n i n g  t h e  
t e m p e r a t u r e  c o n d i t i o n s  d u r i n g  p r e l i m i n a r y  i u c u b a t i o n  a n d  d u r i n g  t h e  c o u r s e  of  t h e  r e a c t i o n  as 
well as  t h o s e  c o n c e r n i n g  c o n c e n t r a t i o n s  of s u b s t r a t e s ,  ions ,  buf fe rs  a n d  o u a b a i n  can  be  f o u n d  in 
M A T E R I A L S  A N D  M E T H O D S .  

T~,mperature Ntatc Relative, ac t iv i ty  (3Ig e+ = t o o  ° o) 
. . . . .  o f  - - -  - 

P r e l i m i n a r y  I n c u b a t i o n  enzyme  (A! (B) (C) (D) 
inc~fbation 3 l g  'a- 3 Ig  "2+ @ N a "  3Ig"-~ --  K + .~Ig 2" = 

N a  ~ + Ix- 

38~) 38° N a t i v e  t oo  = 8 95 ± 6 98 --  8 i98  - -  i2 
O u a b a i n  io  5 ± 8 93 i 5 94 ~ 4 72 ~ to  

63 ° 380 N a t i v e  5 ° ± *~ 37 ± 4 54 • 2 i t  - -  4 
O u a b a i n  51 ~ 6 33 ~ 3 71 = 8 28 q- .5 
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Values are normalized with respect to the Mg"+-dependent ATPase activity taken as 
I 0 0  ° o . 

The values of ATPase activity at 38 ' for native and for ouabain-treated enzvw..e 
(first and second rowsl are similar to those reported in Table I at the same temperature. 

After pre-incubation of the native enzwne at 6 3 ,  the Mg2+-dependent ATPase 
activity at 38° was decreased bv 5 ° % {compare third with first rows of Column A). 
Addition of Na+ caused a slight decrease (P < o.I), addition of K ÷ no significant chan- 
ge (P > o.5), and addition of Na * + K + caused a marked decrease in the native 
MgZ+-dependent ATPase (P < o.o2). Some, but not all of these data reseinbled those 
of the previous table where the experimental protocol was the reverse (38 ~~ pre-incuba- 
tion and 63 ° incubation) of that used in Table If (63 ° predncubation and 38~ incuba- 
tion). 

After pre-incubation of the ouabain-treated enzyme at 03 J, the changes in 
ATPase activity at 3 8  were roughly similar to those in the native enzyme under the 
same therlual conditions (compare third and fourth rows). 

The effect of temperature of incubation on p-nitrophe~G,lphosphatase 
In a design parallel to that of Table 1 (pre-incubation temperature, 38'~; incuba- 

tion temperatures 38 and 6 3 ;  Mg 2+, 3 raM; K=, 15 raM; p-nitrophenylphosphate, 
5 mM ; o.I mM EDTA-Tris and 4o mM Tris-HC1) p-nitrophenylphosphatase activity 
was determined by substituting p-nitrophenylphosphate for ATP as a substrate and 
by measuring the rate of Pi released bv the method of BERENBLUM AND CHAIN 11. At 38 ,  
the (Mg2+ + K-)-dependent p-nitrophenylphosphatase activity amounted to 12 
/tmoles/mg protein per h; and at 63 ° the activity reached zero. 

In a design parallel to that of Table If (we-incubation temperature, (~3; incu- 
bation temperature, 38°), the (Mg :~-* 4-K+)-dependent p-nitrophenylphosphatase 
activity after io min of exposure of the enzyme to 6 3 ,  was near zero at 3 8 .  

The fact that  (Mg -% ~ K-)-p-nitrophenylpl~osphatase and (Na + + K+)-ATPase 
are inactivated at similar incubation temperatures suggests that the two activities are 
related to the same protein. 

Thermodynamic parameters 
Tile free energy of activation of the hydrolysis of ATP in the presence of micro- 

somal proteins can be estimated directly from the data shown in Figs. I -  4. Such 
estimates, derived from a system containing several activated complexes in series, 
reflect only the overall activation energy and not that  for any single step in the enzylne-- 
substrate sequence. Moreover, thermal denaturation of the enzyme is probably 
occurring - -  albeit to a small extent, during the activation stage - -  i.e. during the 
stage showing increasing ATPase activity with increasing incubation temperatures. 
Therefore, the activation energy, E*, is a lumped parameter comprising the activation 
energies required for all steps of the ATPase sequence. 

Data of Figs. 1- 4 permit the evaluation of: the activation energy, E*; the heat 
(enthalpy) of activation, . I l l*;  the free energy of activation, AF*; and the entropy 
change during activation, IS* (ref. 9)- These estimates were restricted to those con- 
ditions where increases in incubation temperature caused increases in the enzyme 
activity, i.e. restricted to the upsweep portions (usually between 38 and 03 °) of the 
temperature-dependent activity curves in Figs. 1- 4 . 
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The value of E* was determined from the slope of the plot of values of in ~, vs. 
I / T  (Arrhenius plot), on the basis of the equation, 

E *  I 
In v -- (~) 

/~ T 

where v is the measured reaction velocity, T the absolute temperature,  and R the gas 
constant .  From E*, the value of AH* can be directly determined on the basis of the 
equation, 

. ~ H *  = E *  - -  R T  (2) 

Next, the value of ,:|F* can be obtained from the equation,  

AF* = R T  In (KuT /hk )  (3) 

where K~ is the Bol tzmann constant ;  h is Planck 's  constant ;  and where k, the specific 
rate constant  of the breakdown of the in termediary  complex, can be evaluated experi- 
mental ly  from the measured reaction velocity under  conditions of saturat ion of the 
enzyme by substrate.  In  the reaction between the microsomal enzyme and ATP, the 
maximal  reaction velocity is the rate of release of Pi, or 

dPi/dt  = k(ES)  -- v, . . . .  (4) 

where E S  is the lumped value for all of the intermediary complexes formed in the 
overall hydrolysis,  and where its rate of breakdown is assumed to be the rate-limiting 
step. Assuming (a) tha t  the amount  of E S  is equal to tha t  of the total enzyme ; (b) tha t  
the pure enzyme comprises no more than o.I °i~ of the mass of measured microsomal 
protein;  and (c) tha t  the molecular weight of the pure enzyme is 2.5" lO s (ref. I2), the 
specific rate constant ,  k, can be estimated. 

Finally AS* can be est imated in the conventional  manner  from the values of 
A H *  and A F * .  

The values for all of the aforementioned the rmodynamic  parameters  were 
es t imated for T = 3 I I ° K .  

In the present work, the the rmodynamic  parameters  were est imated individually 
for each set of ionic conditions in both  the nat ive  and ouabain-treated microsomes. 
The average values of E*Mg~+, determined on the basis of da ta  from each batch of 
microsomes, varied from 3.68 to I1.6 kcal/mole; and the grand mean value for all 
batches was 7.88 kcal /mole ' .  

Table I I I  shows mean values and s tandard  errors for the act ivat ion energies of 
the ATP hydrolysis in the presence of native and ouabain- t reated microsomes under  
the ionic conditions specified in the second column. 

In  the native enzyme system, the energy of act ivat ion of the Mg2+-dependent 
reaction was decreased significantly in the presence of either Na + or K+; but  was not 
significantly changed in the presence of Na + and K + together.  

* This va lue  for E*~g~+ is in a g r e e m e n t  wi th  w h a t  should  have  been (but  was not) r epor ted  
p rev ious ly  2 due  to an error  in ca lcu la t ion  from accu ra t e ly  p l o t t e d  va lues  on figure of ref. 2. Thus,  
the  va lues  of E*Mg'~+ p rev ious ly  c i ted  in the  t e x t  of ref. 2 should  have  been 39 kca l /mole  be tween  
15 and  23 ° and  8. 3 kca l /mole  be tween  23 and  45 ° ins tead  of 56.2 and  i3.2 kca l /mole ,  respec t ive ly ,  
as a c t u a l l y  c i ted  in the  t ex t .  The va lue  of E*Na+ ~ K + (e s t ima ted  from the  a c t i v i t y  in the  presence  
of Mg 2+ ~ Na + F K + + ouabain)  should  have  been I3. 4 kca l /mole  in s t ead  of 27. 5 kca l /mole  as 
r epor t ed  in the  t e x t  of ref. 2. The comparab l e  va lue  of E*Na+ _J. K+ in the  p resen t  r epor t  was  
7.24 kca l /mole  be tween  38 and 45 °. 

B i o c h i m .  B i o p h y s . . 4 c t a ,  225 (IC)7t) 254-268 



2(,4 A.E. SHAXmO et al. 

"['A HLI'; I l l  

M E A N  V A L U E S  ::2 S T A N D A R D  E R R O R S  F O R  A C T I V A T I O N  E N E R G Y  (I5" i ~ . [~ ' . )  O F  T H E  O V E R A L L  H Y D R O -  

L Y S I S  O F  A T I  ) 1N T H E  P R E S E N C E  O F  N A T I V E  A N D  O F  O U A B A I N - T R E A T E D  M I C R O S O M E S  

E a c h  of t h e  v a l u e s  s h o w n  is t h e  m e a n  of t h r e e  s l opes  e s t i m a t e d  g r a p h i c a l l y  f r o m  an  A r r h e n i u s  p l o t  
of t h e  r e a c t i o n  r a t e s  o b t a i n e d  f r o m  t h r e e  b a t c h e s  of m i c r o s o m e s  i n c u b a t e d  a t  four  t e m p e r a t u r e s  
( u s u a l l y  b e t w e e n  3 8 to  6 3 ') u n d e r  t h e  s e t  of ion ic  c o n d i t i o n s  s p e c i l i e d  in t he  s e c o n d  c o l u m n ,  A t  
e a c h  spec i f i ed  t e m p e r a t u r e ,  four  r e p l i c a t e  r a t e  d e t e r m i n a t i o n s  were  m a d e  on  a l i q u o t s  of a s i ng l e  
b a t c h  of n a t i v e  or  of o u a b a i n - t r e a t e d  m i c r o s o m e s ;  a n d  c o n s e q u e n t l y  t h e  e s t i m a t e  of t he  m e a n  
v a l u e  of e a c h  IJ" i n v o l v e d  t h e  a r i t h m e t i c  p r o c e s s i n g  of f o r t y - e i g h t  r e p l i c a t e  d e t e r m i n a t i o n s .  

From Ion ic  li* -: S . E .  ( kca l /mo le )  
dala condi t im> - - 
o f  Nat ive  Ouabain  
Fi/,,. 

l MR 2 3.68 ~ o.S 7 ().41 : I.ot) 

2 Mg 2~ 8 .96  ~: o .o~  
Mg ~' ~- N a '  -'.95 ~ ~.4 o 5 . Io  ~ 1.65 

3 Mg ~t l~.0 ~ o.2o 
Mg 2+ i- K '  4.72 O.I 5 12. 3 , o.75 

4 MR 2÷ 7"13 :: O'89 
Mg ~ i ( N a "  i K )  0.70 : o.9 s ().95 :: o.8o 
. l ( N a  ~ * lq-) 7--'4 ! t .oS 

Moreover, the ac t iva t ion  energy of (Na 4 + K+)-st i lnulated ATPase was not 
significantly different from tha t  of Mg~+-dependent ATPase or from tha t  of (Mg ~+ 4 
Na + -+- K4)-ATPase. 

The effect of ouabain  on the ac t iva t ion  energy can be seen under  each of the 
ionic condit ions.  In the presence of Mg ~+ alone, or of Mg 2+ + K +, or Mg 2+ T Na +, the 
mean value of the differences in ac t iva t ion  energies of the ouaba in- t rea ted  and those 
of the paired na t ive  enzwne were significantly greater t han  zero (P(~g~,) < o.o2; 
/O(Mg-'- ~ K ' )  ~ -  O.OOI;  and  P ( M g ~ , .  Na-) ~ O.O2). In the presence of Mg 2* 4 Na- 
-? K +, the mean  value of the differences in the ac t iva t ion  energies of the ouabain-  
treated and  those of the paired nat ive  enzymes were not significantly different from 
zero (P > o.7). 

Not shown are the wdues of the free energy of act ivat ion,  AI r*, which amounted  
to 5.4 kcal/mole under  all condit ions except those in the presence of Mg 2+ ÷ Na+ : 
K + in the na t ive  enzyme where , IF* was 5.o kcal/mole and in the ouaba in- t rea ted  
enzyme where ~IF* was 5.6 kcal/mole. The value of I F *  for (Na ~ - K~)-st imulated 
ATPase was 0. 5 kcal/mole. 

Effecl o~ ?H 
The heat- induced changes in ATPase ac t iv i ty  of tile microsmnes may ke corre- 

lated with dena tura t ion  or phase changes in the protein, provided tha t  s imul taneous l \  
occurring changes due to ambien t  pH do not  complicate the picture. In the present 
experiments ,  the pH of all incuba t ion  fluids was set at 7.3 with 4o mM Tris-HCl at 
2 5 .  The pH of Tris-HC1 solutions was found to decrease by as much as o.8 uni t  for a 
5 o  increase in tempera ture  ( 2 5 - 7 5  ( ) suggesting that  some of the observed effects 
could be a t t r ibu ted  to the ambien t  pH as well as to heat.  
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The relative contributions of heat and ambient pH to changes in ATPase activi- 
ty, not completely known as yet, require additional work on the ac t iv i ty -pH profiles 
at several temperatures.  

However, decreases of pH of this magnitude (o.3-o.8 pH unit) at a fixed tem- 
perature (38 o) produce no more than lO-2O % decreases in the act ivi ty of Mg2+-depen - 
dent or of (Na + + K+)-dependent ATPase in this tissuC. Thus, most of the activity 
changes observed in the present studies are probably ascribably to the ambient ten> 
perature. 

I)ISCUSSION 

General  cons idera t ions  

The heat-denaturation of the enzyme, as used in the present report, is defined 
operationally as the temperature dependent decrease in enzymatic activity, which 
can be interpreted in terms of that  hydrogen bonding which is essential for the form 
and specificity of the enzyme :,8,1°. In this connection, a useful parameter  is tile so- 
called T!~, or the temperature at which the act ivi ty has reached half its maximal 
value during the process of thermal denaturation. The T,:, is a useful parameter  of the 
denaturation and the concurrent loss of enzymatic activity are apparent ly  a single 
process, as is suggested by the present data. 

For example, in the case of Mg2+-dependent ATPase activi ty of native and oua- 
bain-treated microsomes, the maximal level of activity occurs at 6o ° for both proteins, 
but the T~ occurs at 63 ° for the native protein and at 64 ° for the ouabain-treated 
protein (see Fig. I). Thus, the ouabain-treated form of the protein, not only more 
enzymatically active than the native form, may  be more stable to high temperatures 
than is the native form. 

For example, if the breaking of hydrogen bonds occurred independently during 
the heating of either the native or of the ouabain-treated enzyme, then the 7"~,~ would 
be unchanged by any ouabain-induced changes in the number of essential hydrogen 
bonds, and consequently the stability of the ouabain-treated enzyme would be no 
different than that  of the native enzyme. However, the T~,~ of the ouabain-treated 
enzyme was greater than that  of the native enzyme. Such a stabilization of the on- 
abain-treated enzyme suggests that  there exists a cooperativity between the hydrogen 
bonds of the native enzyme and the new hydrogen bonds formed in tile ouabain- 
treated enzyme. The cooperativity would require that  the breaking of one set of 
hydrogen bonds could occur only with the breaking of the other set. 

The downsweep patterns of the plots of act ivi ty versus temperature (Figs. 1-4) 
merit additional comment.  When the incubation temperature exceeds that  associated 
with maximal activity, the activity decreases to 5 ° % of its maximal level for a 2-4 ° 
increase in temperature.  The steepness of the slope and the possible sigmoid nature of 
the temperature-dependent downsweep of activity resemble the classical pat tern of 
highly cooperative order-disorder phase transitions of crystallites or other polymers TM, 

a well known example of which is the pat tern of denaturation of DNA. The mid-point 
of the sigmoidal downswee p is considered as the transition temperature which is 
equivalent to the melting point of a crystal. In the present work, this mid-point tem- 
perature serves as an indicator of thermal stability of the protein. 
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Effect of aging and dilution ou ouabain action 
The activity of diluted microsomes decreases faster than that of concentrated 

microsomes. The ouabain-induced increases of ATPase activities at 55-65 ° were elicited 
in microsomes previously refrigerated for two or more days in a dilute suspension, but 
not from microsomes refrigerated in a concentrated suspension, nor from freshly ex- 
tracted microsomes. This suggests that ouabain reacts more readily with a decaying 
form than it does with a highly reactive form of the enzyme. The interaction between 
ouabain and the decaying form of the enzyme results in an increase in the activity of 
the decaying enzyme, particularly at higher temperatures. Such a ouabain-induced 
stimulation of enzymatic activity may be due to an increase in the hydrogen bonding 
which is essential for reactivity of the protein. For example, the incorporation (or 
association) of ouabain with the protein may facilitate the formation of hydrogen 
bonds between water and the ouabain-protein complex; or alternatively the hydration 
of the protein (by water in the dilute storage mixture) facilitates the formation of 
hydrogen bonds between ouabain and the hydrated protein. In either case, the addi- 
tional hydrogen bonds formed impart to the protein an increase in its ATPase activity 
at the higher temperature. The increase in hydrogen bonding could also increase the 
thermal stability of the ouabain-treated protein ; and such increases were verified ex- 
perimentally insofar as the mid-point of thermal inactivation (between 65 and 
8o °) in the ouabain-treated enzyme was greater than that of the native enzyme (see 
Figs. I-3). 

Effect of ion additons on ;lIg2+-A TPase 
According to the previous argmnent relating ouabain-induced hydrogen bon- 

ding to the thermal stability of the protein, it is possible that Na + alone or K + alone 
may decrease the hydrogen bonding essential for enzyme activity, thus decreasing the 
thermal stability of the protein. This possibility is consistent with the observed de- 
creases in enzymatic activity and thermal stability (T~.~) of the Mg2+-ATPase activity 
in the presence of either Na + or K +, and in the presence of Na + + K + at temperatures 
over 55 o. 

However, some of the findings were not consistent with the aforementioned 
correlations among hydrogen bonding, activity and thermal stability. For example, 
between 38 and 55 °, the addition of Na + + K + increases the Mg2+-ATPase activity 
and the addition of ouabain inhibits the Na + + K + increment of this activity. 

Thermodynamic considerations 
During the estimation of the thermodynanaic parameters, it was found that the 

value of the energy of activation, E*, varied from one batch of microsomes to another. 
Such variations cannot be due to different proportions of inert contaminants in diffe- 
rent batches microsomes. Inert contaminants, which do not interact with the ATPase, 
could not change the value of the activation energy. The fact that the value of E* did 
change suggests that  contanfinants in the microsomes do interact with ATPase thus 
changing the value of E* in going from one batch of microsomes to another. 

The correlation of ATPase activity with the thermodynamic parameters is un- 
expected because higher activation energies (or enthalpies) are associated with higher 
reaction velocities. For example the E* of the reaction in the presence of Mg 2+ alone is 
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greater than that  in the presence of Mg 2+ + Na ÷ implying that  the act ivi ty of the 
Mg 2+ enzyme would be less than that  of the Mg 2+ + Na + enzyme, an implication 
which is contradicted by  the experimental  findings (see Fig. 2). 

Therefore, the inhibition (or acceleration) of the underlying Mg2+-dependent 
act ivi ty under any of the present conditions, cannot be explained solely by the classi- 
call}, expected change in the activation energy required for the formation of the inter- 
mediary complex. I t  remains to be determined whether the data can be explained by 
invoking factors such as the presence of more than one form of the enzyme, or the 
degree of association of ions with proteins as temperature increases, or by other me- 
chanisms. 

These problems would be clarified somewhat if the activation energy of each 
consecutive complex (e.g. E ~ A T P ,  E ~ P ,  or E-P) formed in the overall ATPase 
sequence could be estimated with the appropriate experimental set-up. This may be 
feasible because the rate of binding of ;~4CJATP to the enzyme, presumably the first 
step in the sequence, has been determined for incubation temperatures of o ° (ref. 5) 
which makes possible, in principle at least, a determination of the activation energy 
for the first enzyme-substrate  complex (e.g. E~ATP)  formed in the overall sequence 
of ATP hydrolysis. 

A consideration of some of the problems remaining to be solved highlights the 
tentative nature of the preceding discussion. Apart  from the purification, isolation, 
and chemical identification of ATPase and its moieties (Mg2+-dependent, (Na + + K*) - 
dependent, etc.), an exact understanding of the process of thermal denaturation is 
necessary. The temperature dependency of the Km for substrates and ionicco-factors, 
as well as that  of the pH optima remain to be determined. Moreover, the ouabain-in- 
duced stimulation of Mg~+-dependent ATPase at higher temperatures is operationally 
similar to the (Na + + K+)-stinmlation of the same activity at lower temperatures.  
This raises the question as to whether or not (Na + q- K÷)-ATPase is another functional 
form of the same molecule as that  called Mg2+-dependent ATPase. 
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