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Effects of Mn 2+ and Mg ~+ on the P igeon  Liver Pyruvate  Kinase 

Pigeon  l iver  p y r u v a t e  k inase  ~, l ike t he  e n z y m e  of o the r  
d i f fe rent  cells ~-4, ha s  a n  ob l iga to ry  r e q u i r e m e n t  of 
d i v a l e n t  cat ions�9 W e  p r e s en t  d a t a  showing  t h a t  M n  2+ a n d  
Mg 2+ a c t i v a t e  t he  p igeon  l iver  p y r u v a t e  k inase  in a 
d i s t i nc t  was, and  t h a t  Mn 2+ is able  to  inf luence  t he  e n z y m e  
a l ready  a c t i v a t e d  b y  s a t u r a t i n g  c o n c e n t r a t i o n s  of Mg ~+. 
Some of t he  d a t a w e r e  g iven  in a p rev ious  c o m m u n i c a t i o n  5. 

Material and method. Fed  male  p igeons  were used  as 
l iver  donors.  The  whole  l iver  was homogen ized  w i t h  two 
p a r t s  of 0.25 M sucrose a n d  cen t r i fuged  for 10 ra in  a t  
10 ,000•  The  col lected s u p e r n a t a n t  was  cen t r i fuged  
aga in  for 1 h a t  105,000 • g. I n  order  to  res tore  t he  a l los ter ic  
p roper t i e s  of t h e  enzyme,  t h e  105,000 •  s u p e r n a t a n t  was  
i n c u b a t e d  a t  25 ~ for 2 h before  be ing  used for t he  e n z y m e  
assay  ~. P y r u v a t e  k inase  a c t i v i t y  was  assayed  b y  B~cI-I~R 
and  PFLt~IDERER 6 me t hod .  T he  vo lume  of t he  r eac t ion  
m i x t u r e  was a lways  1.0 ml  and  t he  f ina l  concen t r a t i ons  
were as follows: Tris-HC1 buffer  p H  7.0 50 m M ;  KC1 
0.1 M ;  N A D H  0.15 m M ;  A D P  1.0 m M ;  l a c t a t e  dehydro -  
genase 0 5 U. The  c o n c e n t r a t i o n  of p h o s p h o e n o l p y r u v a t e ,  
MgC12 and  MnCI~, were  as i nd i ca t ed  in t h e  legend of t he  
figures.  The  e n z y m e  a c t i v i t y  was expressed  as FMol of 
N A D H  oxidized • m i n  - t  • g-1 of l iver  and  ca lcu la ted  f rom 
in i t i a l  veloci ty .  

Results and discussion. Mg 2+ produces  t he  s t ronges t  
a c t i v a t o r y  effect  w h e n  i t  is p r e s e n t  in c o n c e n t r a t i o n  of 
3.0 m M  or h ighe r  a n d  w h e n  p h o s p h o e n o l p y r u v a t e  is 
1 0  m M  (Figure 1). I n  our  assay  condi t ions ,  a concen t ra -  
t i on  of p h o s p h o e n o l p y r n v a t e  above  0.5 m M  s a t u r a t e s  t he  
e n z y m e  ~. Mn ~+ is a more  powerfu l  a c t i v a t o r  w h e n  t h e  
e n z y m e  is in  t he  p resence  of low concen t r a t i ons  of 
p h o s p h o e n o l p y r u v a t e  and  w h e n  t he  assay  is pe r fo rmed  
w i t h  a c o n t e n t  of d i v a l e n t  ca t ions  lower t h a n  0.5 m M .  

F igure  2 shows t he  effect  of Mn ~+ on t h e  p y r u v a t e  
k inase  a c t i v a t e d  b y  a c o n s t a n t  c o n c e n t r a t i o n  of Mg 2+. 
Mn 2+ is a powerfu l  a c t i v a t o r  of t he  e n z y m e  assayed  in t he  
presence  of low c o n c e n t r a t i o n s  of p h o s p h o e n o l p y r u v a t e .  
I n  th i s  assay  cond i t ion  t he  m a x i m a l  a c t i v a t o r y  effect is 
a b o u t  7 t imes .  

The  effect  of Mn ~+ in t h e  presence  of 0.3 m M  phospho-  
e n o l p y r u v a t e  is complex.  A t  low c o n c e n t r a t i o n s  Mn ~+ acts  
as a n  ac t iva to r ,  and  b y  inc reas ing  t h e  Mn 2+ c o n c e n t r a t i o n  
t he  or ig inal  s t i m u l a t o r y  effect  of M n  ~+ is pa r t i a l l y  reduced  ; 
f u r t h e r  increases  of M n  ~+ c o n t e n t  are ineffect ive.  At  

1.0 m M  p h o s p h o e n o l p y r u v a t e ,  t h e  effect  of Mn ~+ on t h e  
e n z y m e  a c t i v i t y  is s imi la r  to  t h a t  obse rved  a t  0.3 m M  
p h o s p h o e n o l p y r u v a t e ,  w i t h  t h e  dif ference t h a t  t he  act ivE- 
t o r y  effect  is v e r y  smal l  a n d  t h a t ,  on inc reas ing  t he  
Mn 2+ concen t r a t i on ,  t h i s  effect  is comple t e ly  lost  a n d  a n  
i n h i b i t o r y  effect  is observed .  W h e n  Mn ~+ is p r e sen t  in  
c o n c e n t r a t i o n  h ighe r  t h a n  3.0 raM,  t h e  e n z y m e  specific 
a c t i v i t y  is f ixed a t  a c o n s t a n t  va lue  t h a t  is i n d e p e n d e n t  
f rom t h e  p h o s p h o e n o l p y r u v a t e  concen t r a t i on .  

The  a l los ter ic  n a t u r e  of t he  p igeon l iver  p y r u v a t e  
kinase,  in  p a r t i c u l a r  the  coopera t ive  effect  of t he  phospho-  
e n o l p y r u v a t e  ~, suggests  t h a t  t h e  d i f fe ren t  s ens i t i v i t y  of 
the  e n z y m e  towards  d i v a l e n t  ca t ions  could be  r e l a t ed  to 
d i f fe ren t  c o n f o r m a t i o n s  of t he  e n z y m e  pro te in .  The  d a t a  
on  F igure  2 clear ly i nd i ca t e  t h a t  t he  p h o s p h o e n o l p y r u v a t e  
c o n c e n t r a t i o n  inf luences  t he  sens i t i v i ty  of t he  p y r u v a t e  
k inase  t owards  Mn ~+ 

i t  has  been  sugges ted  t h a t  d i v a l e n t  ca t ions  7-9 can  p l ay  
all i m p o r t a n t  role in  t h e  con t ro l  of c a r b o h y d r a t e  m e t a b o -  
l ism b y  a f fec t ing  t h e  ca t a ly t i c  a c t i v i t y  of t he  re la ted  
enzymes .  

Accord ing  to  th i s  view, t h e  possible  phys io logica l  effect  
of Mn ~+ on t he  p igeon l iver  p y r u v a t e  k inase  has  to  be  
s tud ied  in a r ange  of c o n c e n t r a t i o n  close to  M n  ~+ c o n t e n t  
in  t he  l iver,  t h a t  is, 0.1-0.15 mMg.  The  h e p a t i c  c o n t e n t  of 
Mg ~+ is 5 .0-10 m M  z0, p h o s p h o e n o l p y r u v a t e  0 .03-  
0.15 m M  ~,1~ I n  t h e  r ange  of t he  c o n c e n t r a t i o n s  g iven  
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Fig. 1. Effect  of MII ~+ and  Mg ~+ oli pigeon p y r u v a t e  kinase ac t iv i ty .  
The assay sys tem was as descr ibed in  the tex t .  �9 O, 0,1 m M  phospho- 
e l io lpyruva te ;  D, II, 0.3 r a m  phosphoe l io lpyruva te ;  A, A, 1.0 m M  
phosphoenolpyruva te .  Opeli symbols  MgCI~; eolsed symbols  MnC12. 
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Fig. 2. Effect  of Mn 2+ on the pigeon l iver  p y r u v a t e  kinase ac t iv i ty i  n 
the presence of 5 m M  Mg 2+. The assay sys tem was as described in 
the t e x t  wi th  5 m M  MgC12. O, 0.1 m M  phosphoenoipyruva te ;  
M, 0.3 m M  phosphoenolpyruva te ;  A, 1.0 m M  phosphoenolpyruvate .  
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a b o v e ,  i t  a p p e a r s  t h a t  M n  2+ a c t s  o n  t h e  p i g e o n  l i ve r  
p y r u v a t e  k i n a s e  o n l y  as  a p o s i t i v e  e f f ec to r .  

T h e  p i g e o n  l i ve r  p y r u v a t e  k i n a s e  a c t i v i t y  c a n  be  v a r i e d  
b y  a s m a l l  c h a n g e  of  M n  ~+ c o n c e n t r a t i o n  e v e n  w h e n  t h e  
M g  2+ c o n t e n t  in  t h e  cell  is m a i n t a i n e d  a t  a c o n s t a n t  level .  
C h a n g e s  o f  t h e  M n  2+ c o n t e n t  in  t h e  l i ve r  c y t o p l a s m  c a n  be  
p o s t u l a t e d ,  b e c a u s e  r a t  l i ve r  m i t o c h o n d r i a  a r e  a b l e  t o  
a c c u m u l a t e  M n  =+ f r o m  a s u r r o u n d i n g  s o l u t i o n  za. H o w e v e r ,  
t h e  l a c k  o f  k n o w l e d g e  of  t h e  a c t u a l  i on  e n v i r o n m e n t  of  t h e  
e n z y m e  in  t h e  cell  p r e c l u d e s  t i l e  e x a c t  v a l u a t i o n  of  t h e  
p h e n o m e n a  in  v i v o .  

Riassu,zlo.  M n  ~+ a n d  M g  2+ a t t i v a n o  la  p i r u v a t o  c i n a s i  
d i  I e g a t o  di  p i c c i o n e  in  m a n i e r a  d i s t i n t a .  I n  p r e s e n z a  di  
b a s s e  c o n c e n t r a t i o n i  d i  f o s f o e n o l p i r u v a t o  M n +  6 pifi 

e f f i cace  di  M g  2+ ed  6 a t t i v a t o r e  d e l l ' e n z i m a  s a t u r a t o  d a  
M g  2+. P i r u v a t o  c i n a s i  (EC 2.7.1.40) .  
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Conformat iona l  Ana lys i s  of Prote ins  f r o m  Circular D i c h r o i s m  Spectra  wi th  
Reference to H u m a n  Erythrocupre in  

T h e  i n t e r p r e t a t i o n  of p r o t e i n  c o n f o r m a t i o n  f r o m  c i rcu-  
l a r  d i c h r o i s m  (CD) s p e c t r a  h a s  a t t r a c t e d  m u c h  a t t e n -  
t i o n  1-5. I t  is  a s s u m e d  t h a t  t h e  f a r  u l t r a v i o l e t  C D - s p e c -  
t r u m  h a s  a b a s i s  c o n s i s t i n g  o f  t h e  s p e c t r a  o f  t h e  e -he l i ca l ,  
f l - s t r u c t u r a l  a n d  n n o r d e r e d  c o n f o r m a t i o n s ,  a n d  is  g i v e n  
b y  a l i n e a r  c o m b i n a t i o n  o f  t h e s e  s p e c t r a .  A l t h o u g h  
p o l y - a - a m i n o  a c i d  C D - s p e c t r a  g i v e  g o o d  a p p r o x i m a -  
t i o n s  in  c e r t a i n  c a s e s  1,a, i t  is  d o u b t f u l  w h e t h e r  t h e s e  
s p e c t r a  c a n  f o r m  a t r u e  b a s i s  fo r  p r o t e i n  s p e c t r a  4-6. 
T h e  u s e  of  b a s i s  s p e c t r a  c a l c u l a t e d  f r o m  t h e  C D - s p e c -  
t r a  of  r e f e r e n c e  p r o t e i n s  w h o s e  s t r u c t u r a l  c o m p o s i t i o n  
h a s  b e e n  d e t e r m i n e d  b y  X - r a y  a n a l y s i s  h a s  t h e r e f o r e  
b e e n  p r o p o s e d  4-6. T h e  r e s e r v a t i o n s  in  t h i s  a p p r o a c h  
h a v e  b e e n  p o i n t e d  o u t  ~-~. W e  h e r e  d r a w  a t t e n t i o n  t o  
t h e  n e e d  to  a s s u m e  t h a t  t h e  s e t  of  r e f e r e n c e  a n d  a n a l y z e d  
p r o t e i n  s p e c t r a  h a v e  t h e  s a m e  ba s i s .  T h i s  a s s u m p t i o n  is 
a m e n a b l e  to  c o n f i r m a t i o n  b y  r a n k  a n a l y s i s  of  t h e  m a -  
t r i x  of  r e f e r e n c e  a n d  a n a l y z e d  p r o t e i n  s p e c t r a .  F o r  a 
v a l i d  3 - c o m p o n e n t  f i t  of  t h e  a n a l y z e d  s p e c t r a  t h i s  m a -  
t r i x  s h o u l d  h a v e  a r a n k  of  t h r e e .  W e  p r o p o s e  t h i s  m a -  
t r i x  r a n k  a n a l y s i s  p r i o r  t o  c u r v e  f i t t i n g  of  p r o t e i n  C D -  
s p e c t r a  w i t h  c a l c u l a t e d  b a s i s  s p e c t r a  as  in  t h e  c o m p u -  

r a t i o n s  r e p o r t e d  h e r e  o n  C D - s p e c t r a  of  h u m a n  e r y t h r o -  
c u p r e i n .  

T h e  p ro f i l e s  of  t h e  a n a l y z e d  h u m a n  e r y t h o c u p r e i n  
C D - s p e c t r a  h a v e  b e e n  r e p o r t e d  p r ev ious lyV .  T h e  s p e c t r a  
w e r e  d i g i t i z e d  a t  i n t e r v a l s  of  1 o r  2.5 n m  a n d  t h e  d a t a  
w e r e  s m o o t h e d  b y  a q u a d r a t i c  5 - p o i n t  l e a s t  s q u a r e s  
a p p r o x i m a t i o n  s . B a s i s  s p e c t r a  we re  c a l c u l a t e d  f r o m  
t h e  C D - s p e c t r a  of  m y o g l o b i n ,  l y s o z y m e  a n d  r i b o n u -  
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Table I. CD-spectra of human  erythrocuprein preparations 

Wavelength Mean residue ellipticity 
(nm) (deg. em2/d mol) 

Holoprotein Apoprotein Partial apoprotein 

205 --3410 --2700 --3030 
207.5 --3740 --3280 --3310 
210 --3600 --3280 --3200 
212.5 --3150 --2980 --2810 
215 --2560 --2630 --2400 
217.5 --1920 --2160 --1920 
220 --1230 --1600 --1480 
222.5 --530 --1070 --1050 
225 130 --  630 - -  640 
227.5 500 -- 420 --  360 
230 620 --  250 --  140 
232.5 550 --  230 --  70 
235 450 -- 240 - -  50 
237.5 370 --  240 10 
240 360 --  160 70 

Table II. Results of rank analysis of a matr ix  of the CD-sprectra of 
Table I and the spectra oi myoglobin, lysozyme and ribonuclease ~ 

Reduced data matrix 

--24850 --9580 --7810 --  530 --1070 --1050 
0 7003 --4260 --3111 --2097 --2438 
0 0 2960 1471 783 936 
0 0 0 --  634 -- 621 --  379 
0 0 0 0 --  394 --  12 

0 0 0 0 0 --  95 

Reduced error matrix 

1)43 479 391 27 54 53 
0 776 577 172 145 160 
0 0 616 298 208 239 
0 0 0 796 504 581 
0 0 0 0 855 688 
0 0 0 0 0 491 

a Contained 60% of original copper and no zinc. ~ First 6 rows. 


