
Vol. 43, No. 1, 1 9 7 1  BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

A / L O S T E R I O  P R O P E R T I E S  O F  A D I P O S E  T I S S U E  

P Y R  U V A T E  K I N A S E  

Rober to  Marco  :~, Juan Carbone l l  and P i l a f  L l o r e n t e  ~ 

Instituto de Enz imologfa,  Oent ro  de Invest igaciones B io l6g icas ,  

Oonsejo S u p e r i o r  de Invest igaciones Oient f f icas,  M a d r i d - 6 ,  Spain 

Received February 18, 1971 

S U M M A R Y .  The  py ruva te  k inase of rat  adipose t issue is s t rong ly  
inhibited by physio logical  concentrat ions of a lanine.  T h i s  inhibit ion is 
counteracted by F D P  + in the j Jmo la r  range of concentrat ions° These  
effects can be observed independently of the homogenization medium 
employed and in par t ia l l y  pur i f ied p repara t ions  of the enzyme.  Ag ing 
of the p repara t ions  tends to produce the loss of the inh ib i tory  and 
ac t i va to ry  effects, pointing to the i r  e l los te r i c  nature .  

P y r u v a t e  k inase,  which cata lyses the th i rd i r r e v e r s i b l e  step in 

g lyco lys is  presents  important regu la to ry  p roper t i es  in 91uconeogenic 

t issues ( 1 ) .  In adipose t issue the possib le existence of two in te rcon-  

ve r t i b le  enzyme forms with regu la to ry  impl icat ions was suggested ( 2 , 3 )  

main ly on the basis of some dif ferent responses in t h e  kinet ics respect  

to phosphoenolpyruvate when adipose t issue was homogenized in a 

medium with and without 5 mM E D T A ,  although the physio logica l  s ig -  

ni f icance of this effect has been c r i t i c i sed  ( 1 ) .  F u r t h e r  studies on the 

regu la to ry  p roper t i es  of py ruva te  k inase in dif ferent rat  t issues (4) 

have led to the charac te r i za t ion  of some definite a l los te r i c  p roper t i es  of 

potential physio logical  s igni f icance in the pyruva te  k inase f rom both 

whi te and brown adipose t issue.  

P resen t  addresses :  ~Depa r tmen t  of B i ochem is t r y ,  S tan ford  School  of 
Medic ine,  Pa lo  A l to ,  Oal i f .  94305; ~ D e p a r t m e n t  of Phys io log ica l  
C h e m i s t r y ,  Johns Hopkins U n i v e r s i t y  School  of Medic ine,  Ba l t imo re ,  
Md. 21205. 
+ 

Abbrev ia t i ons :  F D P ,  f r u c t o s e - l , 6 - d i p h o s p h a t e ;  P E P ,  phosphoenol-  
py ruva te .  
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M a t e r i a l s  and M e t h o d s .  E p i d i d y m a l  ad ipose  t i ssue of wh i t e  W i s t a r  r a t s  
of about  100 g of w e i g h t  and b r o w n  ad ipose  t issue f r o m  the i n t e r s c a p -  
u l a r  b u r s a  of n e w b o r n  ra t s  w e r e  used in these e x p e r i m e n t s .  T h e  ra t s  
w e r e  decap i ta ted  and the t i ssue  w a s  r a p i d l y  r e m o v e d  and h o m o g e n i z e d  
in the co ld  ( 2 ' 4  ° )  in 0 . 2 5  M s u c r o s e .  T h e  e x t r a c t s  w e r e  cen t r i f uged  
at 3 0 , 0 0 0  g x 20 min and the s u p e r n a t a n t s  w e r e  used in the e n z y m e  
a s s a y s ,  excep t  in the case  of the p y r u v a t e  c a r b o x y l a s e  w h e r e  a s u s -  
pens ion  of the pe l le t  of th is cen t r i f uga t i on  w a s  used a f te r  f r e e z e  d r y i n g .  

P y r u v a t e  k inase~ enolase~ F D P a s e  and P E P  c a r b o x y k J n a s e ,  
w e r e  m e a s u r e d  as p r e v i o u s l y  d e s c r i b e d  ( 1 ) .  H e x o k i n a s e ,  p h o s p h o -  
f r u c t o k i n a s e ,  g l u c o s e p h o s p h a t e  i s o m e r a s e ,  g l ucose  6 - p h o s p h a t e  d e h y -  
d r o g e n a s e ,  mala te  d e h y d r o g e n a s e  and g lu tamic  o x a l o a c e t J c t r a n s a m i n a s e  
w e r e  m e a s u r e d  e s s e n t i a l l y  as d e s c r i b e d  by V a l l e j o  et a l .  ( 5 ) ,  6 - p h o s -  
p h o g l u c o n a t e  d e h y d r o g e n a s e  as V a l l e j o  et a l .  ( 6 ) ,  p y r u v a t e  c a r b o x y l a s e  
as M a r c o  et a l .  (?)  and a l d o l a s e  as S i l l e r o  et a l .  ( 8 ) .  

G l u t a m i c  p y r u v i c  t r a n s a m i n a s e  w a s  m e a s u r e d  us ing a s i m i l a r  
a s s a y  m i x t u r e  as that fo r  g l u t a m i c o x a l o a c e t i c t r a n s a m i n a s e  1 w i th  a lan ine  
ins tead  of a s p a r t a t e  and l a c t a t e d e h y d r o g e n a s e  ins tead of m a l a t e d e h y d r o -  
9 e n a s e .  L a c t a t e  d e h y d r o g e n a s e  w a s  a s s a y e d  s i m i l a r l y  as P a l a t e  d e h y -  
d r o g e n a s e  1 wi th  p y r u v a t e  ins tead of P a l a t e .  

L - c K - g l y c e r o p h o s p h a t e  d e h y d r o g e n a s e  w a s  m e a s u r e d  f o l l ow ing  
the d e c r e a s e  in a b s o r b a n c y  at 3 4 0 n m  wi th  5 0 r a m  i m i d a z o l e  H C l  pH  ?, 
0.1 mM N A D H  and 0 .2  mM d i h y d r o x y a c e t o n e - P .  P h o s p h o g l y c e r a t e  
k i n a s e  w a s  m e a s u r e d  in 50 mM i m i d a z o l e  a C l  p a  ?1 0.1 M K C I ,  5 mM 
MgC121 2 mM A T P ,  0.1 mM N A D H  1 2 mM 3 - P - g l y c e r a t e  and 2 units 
of g l y c e r a l d e h y d e - 3 - P  d e h y d r o g e n a s e .  P h o s p h o g l y c e r a t e  mutase  w a s  
m e a s u r e d  in 50 mM i m i d a z o l e  H C l  pH ? 1 0.1 M K C i ,  5 mM M g C l 2 ,  
2 mM A T P  I 0.1 mM N A D H  1 0 . 1 5  mM 2 1 3 - d i p h o s p h o g l y c e r a t e  1 2 mM 
2 - P - g l y c e r a t e ,  2 units of p h o s p h o g l y c e r a t e  k i n a s e  1 and 2 units of g l y -  
c e r a l d e h y d e p h o s p h a t e  d e h y d r o g e n a s e .  

E n z y m e  ac t i v i t i es  a r e  e x p r e s s e d  in j J m o l e s / m i n .  P r o t e i n  w a s  
m e a s u r e d  as L o w r y  et e l .  ( 9 ) .  

R e s u l t s  and D i s c u s s i o n .  F i g .  1 s h o w s  the k ine t i cs  of w h i t e  ad ipose  t i ssue  

p y r u v a t e  k i n a s e  w i th  r e s p e c t  to its s u b s t r a t e  P E P .  In the p r e s e n c e  of 

2 mM a l a n i n e ,  a t yp ica l  s i gmo id  c u r v e  a p p e a r s  w i th  a S 0 .  5 of about  

0 . 5  raM, w h i l e  in its a b s e n c e  it is of about  0.1 raM. F D P  at 1 0 j J M  

c o n c e n t r a t i o n  c o m p l e t e l y  r e m o v e s  the inh ib i t ion  and t r a n s f o r m s  the k ine t i cs  

f r om s i g m o i d  to h y p e r b o l i c .  T h e s e  r e s u l t s  have  been ob ta ined w i th  

i m i d a z o l e  bu f fe r  and w i th  e x t r a c t s  s t o r e d  in the co ld  ( 2 - 4  ° ) . P r e i n c u b a t i o n  

of the e x t r a c t s  did not change  the r e s p o n s e  of the e n z y m e  and s i m i l a r  

r e s u l t s  cou ld  be ob ta ined us ing phospha te  bu f f e r .  S o m e t i m e s  w h e n  the 

e x t r a c t s  w e r e  s t o r e d  in the r e f r i g e r a t o r  fo r  a long p e r i o d  of t i m e  (about  

one w e e k )  the d e s c r i b e d  effects w e r e  lost ,  w i thou t  s ign i f i can t  d e c r e a s e  

in the ac t i v i t y  of the e n z y m e ,  po in t ing  to the a l l o s t e r i c  n a t u r e  of these 

e f fec ts .  
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F i g .  1. A d i p o s e  t i ssue p y r u v a t e  k i n a s e .  K i n e t i c s  fo r  the P E P  in the 
p r e s e n c e  o r  absence  of the a l l o s t e r i c  e f f ec to r s .  T h e  assay  m i x t u r e  
con ta ined  in 1 ml~ 50 mM i m i d a z o l e - H C I  pH  7, 0 .1  M K C i ,  5 mM 
M g C I 2 ,  1 mM A D P ~  P E P  at the c o n c e n t r a t i o n  ind ica ted ,  0 . 1 5  mM 
N A D H ~  0 . 5  units of lactate d e h y d r o g e n a s e  and 2 0 j a l  of ad ipose  t i ssue  
h o m o g e n i z e d  in 2 v o l u m e s  of 0 . 2 5  M s u c r o s e ; ( 0 ) ,  no e i f ec to rs  added ;  
( 0 ) ,  + 2 mM a l a n i n e ; ( l l )  , + 10JJM F D P ; ( D )  , + 2 mM a lan ine  and 
10 dam F D P .  B l a n k s  w i thou t  A D P  o r  P E P ,  c a r r i e d  out in p a r a l l e l ,  
w e r e  s u b s t r a c t e d .  A doub le  r e c i p r o c a l  plot  of the data a p p e a r s  in the 
i nse r t °  

In F i g .  2 A  the effect of the c o n c e n t r a t i o n  of the a l l o s t e r i c  i nh i b i t o r  

a lan ine  is s h o w n .  A t  0 . 2 5  mM P E P  a c o n c e n t r a t i o n  of less than 1 mM 

a lan ine  is enough to p r o d u c e  50% inh ib i t i on .  T h e r e  is no a p p r e c i a b l e  

inh ib i t ion  in the p r e s e n c e  of 10jJM F D P .  A T P  has no m a r k e d  i n h i b i t o r y  

effect on the k ine t ics  of ad ipose  t i ssue  p y r u v a t e  k inase~ except  the we l l  

k n o w n  inh ib i t ion  as p r o d u c t  at high c o n c e n t r a t i o n s  ( 3 ) .  M o r e o v e r ,  w h e n  

the e n z y m e  is a s s a y e d  wi th  i m i d a z o l e  bu f fe r ,  the p r e s e n c e  of 2 mM 

M g A T P  r e m o v e s  the effect of a l an ine ,  act ing s i m i l a r l y  to F D P .  N e v e r -  

theless~ w i th  phospha te  bu f fe r ,  M g A T P  has no effect e i t h e r  on the k ine t i cs  

r e s p e c t  to P E P  o r  on the inh ib i t ion  by a lan ine  and the coun te r i nh i b i t i on  

by F D P .  When the i m i d a z o l e  bu f fe r  is used ,  F D P  c o n c e n t r a t i o n s  b e l o w  

0.1 jJM a r e  enough fo r  fu l ly  c o u n t e r a c t i n g  the a lan ine  inh ib i t i on .  With 

40 mM K + phospha te  as bu f fe r  the c o n c e n t r a t i o n  of F D P  for  50% c o u n t e r -  

inh ib i t ion  is of about 1jJM ( F i g .  2 B )  . T h e  s i gmo id i c i t y  of the c o n c e n t r a t i o n  

c u r v e s  of both e f fec to rs  ( F i g s .  2 A  and 2 B )  a lso  ind ica tes  the a l l o s t e r i c  

n a t u r e  of t h e i r  ac t i on .  On the o the r  hand~ the tendency  to desens i t i za t i on  
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F i g .  2 .  E f f ec t s  of the c o n c e n t r a t i o n  of e f f ec to rs  o n  the ad ipose  t i ssue  
p y r u v a t e  k i nase  a c t i v i t y .  A .  Inh ib i t ion  by  a l an i ne .  T h e  e n z y m e  w a s  
a s s a y e d  as in F i g .  1 at 0 . 2 5  mM P E P ;  ( 0 ) ,  no F D P ;  ([3) , + 1 0 j J M  
F D P .  B .  Coun te r - i nh ib i t i on  by  F D P .  A s s a y  as in F i g .  1, but w i t h  
40 mM po tass ium phospha te  pH  7 as b u f f e r ,  0 .1  mlk4 P E P  and 2 mM 
a l a n i n e .  

w i t h  the i m i d a z o l e  b u f f e r ,  and the def in i te  absence  of a l l o s t e r i c  i nh ib i t i on  

by  A T F  of the ad ipose  t i s sue  e n z y m e ,  exp la i n  o u r  p r e v i o u s  f a i l u r e  to 

detect  these  a l l o s t e r i c  p r o p e r t i e s  ( 1 ) .  

A m o n g  the ana logues  of a lan ine  i nves t i ga ted  on ly  p h e n y l a l a n i n e  

i nh ib i t ed  ad ipose  t i s sue  p y r u v a t e  k i n a s e  in a s i m i l a r  d e g r e e .  A s p a r t a t e  

(2 raM) , ma la te  (4 mM)  , ~ - a l a n i n e  (2 raM) , g l y c i n e  (2 raM) , o r  lactate 

(4 raM} d id not inh ib i t  s i g n i f i c a n t l y .  N o  c o u n t e r i n h i b i t i o n  w a s  found w i t h  

0 o S m M  f r u c t o s e - i - P ,  0 . 5 m M  g l u c o s e - l - P ,  1 mM g l u c o s e - 6 - P  o r  2 . 5  

mM f r u c t o s e - 6 - P .  T h e  e n z y m e  cou ld  be p a r t i a l l y  p u r i f i e d  by  p r e c i p i t a t i o n  

w i t h  ( N H 4 ) 2 8 0 4  w i t hou t  loss of the a l l o s t e r i c  p r o p e r t i e s .  N o  qua l i t a t i ve  

d i f f e r e n c e  in the a l l o s t e r i c  b e h a v i o r  of the ad ipose  t i ssue  p y r u v a t e k i n a s e  

cou ld  be o b s e r v e d  w h e n  the ad ipose  t i s sue  w a s  h o m o g e n i z e d  w i t h  the 

b u f f e r s  d e s c r i b e d  by P o g s o n  (2 ,  3 ) .  

A q u a l i t a t i v e l y  s i m i l a r  b e h a v i o r  of the p y r u v e t e  k i n a s e  of b r o w n  

ad ipose  t i s sue  of the i n t e r s c a p u l a r  b u r s a  of ra t  fe tuses  and n e w b o r n  has 

been o b s e r v e d .  

In p r i n c i p l e ,  these  a l l o s t e r i c  p r o p e r t i e s  of ad ipose  t i s sue  p y r u v a t e  

k i n a s e  may  have  s o m e  s p e c i f i c p h y s i o l o g i c a l  func t ion  in th is  t i s sue ,  un l ess  

it w e r e  an i s o e n z y m e  p r ~ . m a r i l y  se lec ted  fo r  its v a l u e  in some  o t h e r  

t i s sue  r e l a t e d  to ad ipose  t i s sue  in the p r o c e s s  of d i f f e r e n t i a t i o n .  In th is  
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case  the c o r r e s p o n d i n g  gene may  be e x p r e s s e d  in the la t te r  even  if t h e r e  

is in it no p h y s i o l o g i c a l  benef i t  f r o m  these po ten t ia l l y  r e g u l a t o r y a l l o s t e r i c  

p r o p e r t i e s .  T h e  i n f o r m a t i o n  on the c o n c e n t r a t i o n s  of m e t a b o l i t e s i n  ad ipose  

t i s sue  is s c a n t y  ( 1 0 - 1 5 ) ,  based  ma in l y  on m e a s u r e m e n t s  in i ncuba ted  

fat pads  (10-1/-I-),  e n d n o t  easy  to i n t e r p r e t  in t e r m s  of ac tua l  i n t r a c e l l u l a r  

c o n c e n t r a t i o n s  of metebo l i tes  ( 1 6 ) .  N o  data f o r  a lan ine  a r e  a v a i l a b l e  to 

o u r  k n o w l e d g e  and the c o n c e n t r a t i o n  of F D P  ca l cu la ted  f r o m  a v a i l a b l e  

data (13 )  s e e m s  r a t h e r  h igh (0 .1  r a M ) .  

T a b l e  I s h o w s  the ac t i v i t i es  in w h i t e  ad ipose  t i s sue  of some  

g l y c o l y t i c  and o the r  r e l a ted  e n z y m e s .  A s  o b s e r v e d  by Reshe f  a n d H e l l e r  

(17 )  there ,  a r e  some d i f f e r e n c e s J n  r e s u l t s  depend ing  on the h o m o g e n i z a t i o n  

med ium u s e d .  T h e r e  is a c o n s i d e r a b l e  d i f f e r e n c e  in the ac t i v i t i e s  of the 

key  e n z y m e s  of the h i g h e r  p a r t  and the l o w e r  pa r t  of the g l y c o l y t i c  

p a t h w a y .  Wh i le  h e x o k i n a s e  and p h o s p h o f r u c t o k i n a s e  have  an ac t i v i t y  of 

about  0 . 5  u n i t s / g  of t i s s u e ,  p y r u v a t e  k i n a s e  has an ac t i v i t y  of about  7 

u n i t s / g .  T h e r e f o r e ,  a p o s s i b l e  p h y s i o l o g i c a l  imp l i ca t i on  of the a l l o s t e r i c  

p r o p e r t i e s  above  d e s c r i b e d  cou ld  be the c o o r d i n a t i o n  of the o v e r a l l  

f unc t i on ing  of the g l y c o l y t i c  p a t h w a y .  T h e  F D P  ac t i va t i on  of p y r u v a t e  

k i n a s e  in ad ipose  t i s sue  cou ld  have  two  impo r t an t  c o n s e q u e n c e s :  1 ) , t o  

ma in ta in  a s teady  state c o n c e n t r a t i o n  of F [ D P  and d i h y d r o x y a c e t o n e - P  

h igh enough to p r o d u c e  I _ - g l y c e r o l - l - P  in amoun ts  su f f i c ien t  fop l i po -  

g e n e s i s ,  and 2 ) ,  to p r e v e n t  the a c c u m u l a t i o n  of p y r u v a t e  and lactate 

(and  c o n s e q u e n t l y  of a l an ine )  in quan t i t i es  greater "  than those  w h i c h  can 

be t r a n s f o r m e d  in a c e t y l - C o A  in ad ipose  t i s s u e ,  p r e v e n t i n g  the loss of 

t hese  i n t e r m e d i a t e s  ( p y r u v a t e  and lac ta te)  to the e x t r e c e l l u l e r  s p a c e .  

On the o the r  hand the p o s s i b l e  p h y s i o l o g i c a l  s i g n i f i c a n c e  of the 

e x i s t e n c e  of a p h o s p h o e n o l p y r u v a t e  c a r b o x y k i n a s e  ac t i v i t y  in ad ipose  

t i s sue  has  been e m p h a s i z e d  by R e s h e f  et e l .  ( 1 8 ) ,  and G o r i n g  et a l .  ( 19 )  

us ing  it f o r  e x p l a i n i n g  the i so top i c  labe l ing  of g l y c e r o l  f r o m  p y r u v a t e .  A s  

can be seen  in T a b l e  I ,  p y r u v a t e  k i n a s e  ac t i v i t i e s  exceed  by  about  two  

o r d e r s  of /magn i tude  the p h o s p h o e n o l p y r u v a t e  c a r b o x y k i n a s e  even  in 

fasted y o u n g  ra t s  ( ( 1 9 )  and T a b l e  I ) .  T h e r e f o r e  on ly  w i t h  a s t r i c t  

r e g u l a t i o n  of p y r u v a t e  k i n a s e  cou ld  the P E P  f o r m e d  f r o m  oxa loace ta te  

be t r a n s f o r m e d  into g l y c e r o l  to a s i gn i f i can t  ex ten t .  N e v e r t h e l e s s ,  the 
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possib le physio logical  s igni f icance of this potential g lycerogen ic  pathway 

is not v e r y  c l ea r ,  as it should become operat ive  only when no glucose 

is ava i lab le ,  i . e .  in condit ions when l ipogenesis is decreased and l ipo- 

lys is  is increased in adipose t issue.  
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