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The temperature dependence of the enolase reaction with 
different activating metal ions 

In  a t t empts  at developing a method for the measurement  of initial velocities of the enolase 
reaction at high enzyme concentrat ions by the use of low temperatures ,  rates were somet imes 
recorded which were much lower than  those predicted on the basis of the ARRHENIUS equat ion 1. 
Such low-temperature  " inhib i t ions"  have frequently been observed both  in physiological processes 
and in individual enzyme reactions~, 3. t(ISTIAKOWSKY AND LUMRY a claim tha t  they  are art ifacts 
due to interactions between the enzyme and components  of the reaction system, while KAVANAU 5 
has offered an in terpreta t ion involving intramolecular changes in the enzyme, e.g. the format ion 
of hydrogen bridges. The data on the enolase reaction to be presented here favor the latter ex- 
p lanat ion  and also suggest  tha t  the act ivating metal  ion is involved in determining the s t ruc ture  
of the active site of the enzyme. 

The active enolase molecule is a complex between the enzyme protein (Pr) and an ac t iva t ing  
metal  ion (M) 6. At high concentrat ions of bo th  metal  ion and subs t ra te  (S) all the enzyme is in the 
form of the complex Pr31S.  The formation of pro- 
ducts  from this complex is the rate-limiting step6, 7, 
so tha t  the velocity cons tan t  (k) for this reaction 
can be determined f rom the initial velocity (Vo) since 
v o = k × [Pr]. The values of v 0 at different tempe-  
ra tures  between o ° and 37 ° were measured by  a 
technique to be described elsewhere 8. Arrhenius 
plots I of the results  wi th  Mg ++, Mn ++ and Zn ++ as 
act ivat ing ions are given in Fig. i. Wi th  Mg ++ an 
inhibition at low tempera tures  was frequently, bu t  
not  always, observed. (The lack of reproducibili ty 
is p robab ly  due to the technique employed in which 
the enzyme, kept  at  room temperature ,  was added to 
the cold subs t ra te  solution. This question is being 
investigated further.) Wi th  the Zn ++ enzyme, no 
curva ture  in the Arrhenius plot was obtained. Since 
Mg ++ mus t  be present  at a much higher concentra- 
tion than  Zn ++, the concentrat ion of the correspon- 
ding anion (SO~) was also higher, while otherwise 
the reaction mixtures  were identical. Thus, if the 
interpretat ion of KISTIAKOWSKY AND LUMRY 4 should 
apply to the enolase reaction, the inhibition of the 
Mg ++ enzyme at low tempera tures  nlust  be due to 
SO i. However,  the addition of Na~SO 4 to the reaction 
mixture  caused no inhibition of the Zn ++ enzyme as 
seen in Fig. i. 

In  est imating the activation energies (E) of 
enzymic reactions, it is impor tan t  tha t  the subs t ra te  
concentrat ion is sufficiently high so tha t  the observed 
changes in reaction rate are due solely to changes in 
one specific rate cons tant  and not  to variations in 
the Michaelis cons tant  with temperature  9. This con- 
dition is fulfilled here, since an increase in subst ra te  
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Fig. I. The tempera ture  dependence of 
the enolase reaction wi th  different activ- 
at ing ions. All measurements  were made 
in phospha te  buffer, p H  6.75, /, = o.o 5. 
The enzyme concentrat ion was about  
IO /~g/ml in all cases and the subs t ra te  
concentrat ion 2. 4. lO .3 3/ /dl-2-phospho- 
glyceric acid in all cases except the 
points  marked (O)  where it was 3.6. io  -3 
M. Activators:  (O) and (O)  8 ' I ° - 3 M  
Mg++; ({2) 3" I°-5 M Zn++; ( I )  3" lO-5 -~/ 
Z n + + + 8  . I o  -3MNa2SO4;  ( × )  2 . I o - * M  

Mn++. 

concentrat ion did not  cause a change in the slope of the Arrhenius plot, as shown in Fig. i. The 
est imated values of E for the reactions catalyzed by  the Mg ++ and Zn ++ enzyme, together  with 
the mean error of the estimate, are given in Table I. In  calculating E wi th  Mg ++ as activator, 
only the points  on the solid pa r t  of the line were used. The considerably greater error in E with 
Mg ++ compared to the value with Zn ++ is due to the smaller tempera ture  range and the greater 
difficulty in est imating the initial velocities wi th  the more active Mg ++ enzyme. 

The data  in Fig. i confirm the earlier finding6, 7 tha t  the Mg ++ enzyme is more active than  
the Mn ++ or Zn ++ enzyme. However,  the ratio between the rates with the different activators is 
not  tha t  which would be predicated on the basis of the act ivation energies. Since the number  of 
collisions of Pr2I/IS molecules with each other and with solvent molecules mus t  be the same regard- 
less of the nature  of M, collision theory  TM gives kZn/kMg = (Pzn/PMg)exp [--(EZn-EMg)/RT],  where 
P represents probabi l i ty  factors, R the gas constant,  and T the absolute temperature .  The values 
kMg and kZn at 22 ° are given in Table I I I .  (These values were calculated from the m a x i m u m  initial 
velocities actually observed and are thus  not  corrected for inhibition by  substrate6; this effect is, 
therefore, included in the factor P.) The value of kzn/kMg is 0.34. If Pzn = PMg, this ratio would be 
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o b t a i n e d  w h e n  (/,2Zn l/Mg) :~*~oo  cal .  n lo le  1. l [ o w e v e r ,  the  d i f fe rence  is a c t u a l h "  10co {: *'(n~ 
cah  ::< m o l e , w h i c h  m e a n s  t h a t  t h e  r a t i o  l)zn/PMg is a b o u t  S: 5. 

In t c i m s  of the  t ra l i s i t i~m s t a t e  t h e o r y  l°, f '  is r e l a t e d  to  t he  e n t r o p y  of m ' t i v a t i o n .  The  ~ tand-  
d a r d  free e n e r g y  (11-~) ,  e n t h a l p y  ( l t t ~ = ) ,  a n d  e n t r o p y  (I.s'=~) ~1" a c t i v a t i o n  were c a l c u l a t e d  I r, ml 
t h e  e x p e r i n l e n t a ]  va lue s  ~)f ]¢ and  ]-. In t h e s e  c a l c u l a t i o n s  t h e  t r a n s m i s s i o n  coel l i t : ient  was  a s s u m e d  
to  be u n i t y ,  w h i c h  u s u a l l y  ho lds  for r e a c t i o n s  in s o l u t i o n  10. ii, a n d  u n i t  lU()]l/I" c o u e e n t r a t i o n  was  
chosen  as  t he  s t a n d a r d  s t a t e .  The  v a l u e s o f  11:4=, 1tt~ = ,and  I.S'=t = a t - ' 2  g i v e n  i n T a h h -  I. 

T . \  t31.F; 1 

KINETIC PARA1MI~TERS FOR THE FNOLASE RI~;ACTIONS AT 22 IN' PHOSPHATE IBL'trFI~R, p i t  0 . 7 5 . / i  : 0 . 0 5  

A c t i v a t ~ r  (sl'C. 1) (l'a[. :.imole i)  (ca[. • mole t) ( till, ~loh' i) illl[,  mlde  i l&'~rcC I) 

Mg ++ ~ 14 14000 i (700 140co 14000 I .~ 
Zn-~+(Mn -+) 39 i 0 5 o o  i 2oo 15xoo r59oo ~ -.~) 

To e x p l a i n  t he  l o w - t e n l p e r a t u r e  i n h i b i t i o n  a n d  t he  d i f f e r e n t  e n t r o p i e s  of a c t i v a t i o n  in  t h e  
r e a c t i o n s  c a t a l y s e d  b y  t h e  Mg :-~- a n d  Zn -+  e n z y m e ,  i t  is  s u g g e s t e d  t h a t  t h e  eno la se  m o l c u l e  c a n  
e x i s t  in  (a t  l eas t )  t w o  d i s t i n c t  fo rms ,  En a n d  E n ' ,  w h i c h  are  in e q u i l i b r i u m  w i t h  each  o the r .  I n  
t h e  a c t i v e  c o m p l e x ,  t h e  f o r m  of t h e  e n z y m e  is E n '  w h i c h  h a s  a less  o r d e r e d  (more  p r o b a b l e )  
s t r u c t u r e  t h a n  En. I n  t h e  Mg + e e n z y m e ,  t h e  f o r m  En" p r e d o n l i n a t e s  a t  h i g h  t e m p e r a t u r e s ,  w h i l e  
t h e  e q u i l i b r i u m  is  s h i f t e d  t o w a r d s  E~z a t  h iw t e m p e r a t u r e s ,  w h i c h  r e s u l t s  in  i n h i b i t i o n .  On t h e  
o t h e r  h a n d ,  Mn  +* a n d  Zn ++, due  to  t h e i r  g r e a t e r  s t r e n g t h  of i n t e r a c t i o n  w i t h  t h e  p r o t e i n ,  s t a b i l i z e  
t h e  m o r e  o r d e r e d  f o r m  E n  a lso  a t  t h e  h i g h e r  t e m p e r a t u r e s .  Thus ,  w i t h  t h e s e  ions  t h e  f o r m a t i o n  
of t h e  a c t i v e  c o m p l e x  i n v o l v e s  a t r a n s i t i o n  f r o m  En  to  En', w h i c h  w o u l d  e x p l a i n  t h e  p o s i t i v e  
e n t r o p y  of a c t i v a t i o n .  The  n l a g n i t u d e  of t h e  e n t r o p y  c h a n g e  is too s m a l l  to  i n v o l v e  a m a j o r  con-  
f o r m a t i o n  c h a n g e  I2 as s u g g e s t e d  b y  KAVANAIJ 5. T h e  s t r u c t u r a l  d i f fe rence  b e t w e e n  E~  a n d  E n ' .  
t he re fo re ,  p r o b a b l y  i n v o l v e s  t h e  a c t i v e  s i t e  on ly .  T h i s  is a l so  i n d i c a t e d  b y  t h e  effect  of t he  n a t u r e  
of t h e  a c t i v a t i n g  ion,  w h o s e  i n f l uence  m u s t  be  r e s t r i c t e d  to  g r o u p s  a t  or c lose  to  t h e  a c t i v e  s i te .  

T h e  a u t h o r  w i s h e s  to  t h a n k  Prof .  A. TISELIUS for  he lp fu l  d i scuss ions .  He  is a l so  i n d e b t e d  to  
Dr.  H.  G. I3OMAN for  a d v i c e  c o n c e r n i n g  t he  s t a t i s t i c a l  t r e a t m e n t  of t h e  d a t a  a n d  to  Mr. I.. E.  
WESTLUND for sk i l l ed  t e c h n i c a l  a s s i s t ance .  
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Photosynthetic activity of fragments of Spirogyra chloroplasts 
T w o  t y p e s  of c h l o r o p l a s t s  o c c u r  in p l a n t s .  As  a r u l e  h i g h e r  p l a n t s  c o n t a i n  g r a n a - b e a r i n g  

c h l o r o p l a s t s  w h i l e  in  s o m e  a l g a e  for i n s t a n c e  t he se  p l a s t i d s  a re  g r ana - f r ee .  I n  t h e  f o r m e r  ch lo ro -  
p l a s t s  l a m e l l a r  s t r u c t u r e  is p r i n c i p a l l y  r e s t r i c t e d  t o  g r a n a  e m b e d d e d  in a p r o t e i n a c e o u s  s t r o m a ,  
b u t  t h e  l a t t e r  ones  a re  c o m p o s e d  of l a m e l l a e  t h r o u g h o u t  t h e  w h o l e  b o d y  a n d  do  n o t  c o n t a i n  s t r o m a  
s u b s t a n c e .  T h e  p l a t e l e t - s h a p e d  3Iougeotia c h l o r o p l a s t s  a n d  t h e  s p i r a l l y  b u i l t  Spirogyra ones  a re  
e x a m p l e s  of t h e  l a m e l l a t e  t y p e .  


