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SUMMARY 

I. Pyruvate kinase L has been found to be adaptive in rat kidney and reti- 
culocytes, as previously observed for liver, increasing two-fold in response to high 
fructose or glycerol diets. 

2. The other allosteric pyruvate kinase of liver and kidney seems to be consti- 
tutive. 

INTRODUCTION 

Two classes of pyruvate kinase (ATP :pyruvate phosphotransferase, EC 2.7. i. I O) 
have been described in kidney1; one which accounts for about a quarter of the total 
activity of the crude extract and has kinetic similarities with the L class of the liver; 
the other, at first identified as M class, has regulatory properties similar to those 
described for the adipose tissue enzyme 2 and described as class A by Carbonell et al. 3. 

On the other hand pyruvate kinase from red blood cells has been identified as L 
class 4. We report here that pyruvate kinase L is an adaptive enzyme in the three 
tissues examined (liver, kidney, reticulocytes) while the A class isoenzyme in liver 
and kidney is constitutive. 

MATERIAL AND METHODS 

Male albino rats weighing 14o-18o g were fed for seven days on a diet con- 
taining 60% carbohydrate (glucose or fructose) or glycerol, 20% caseine, 5% corn 
oil, 5 % cellulose, 5 % mineral salts and 6 % vitamin mixture. Pregnant rats were fed 
a high fructose diet during the last week of pregnancy. In both cases control animals 
were fed a laboratory standard diet. 
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Adul t  animals  were decap i t a t ed  and thei r  l ivers and  k idneys  qu ick ly  removed.  
Tissue homogena tes  were p repared  in 3 vol. of cold o.25 M sucrose and the cyto-  
p lasmic  f ract ions  were ob ta ined  b y  cent r i fuga t ion  at  2o ooo × g for I h, a t  o 4 °C. 
The ex t rac t s  were f r ac t iona ted  using 0 - 5 o %  or 5 o - 7 5 %  sa tu r a t ed  (NH4)2SO ~ and 
the pellets resuspended in 25 mM Tris-HC1, p H  7.o, conta in ing  o.I  mM E D T A  and 
I mM di th ioery thr i to l .  The o - 5 o %  fract ion contains  the  L class p y r u v a t e  kinase 
while the  5o-75 ~o f rac t ion conta ins  the  A class, as shown b y  Carbonell  at aI. a. 

Red  blood cells were ob ta ined  from decap i t a t ed  newborn ra ts  as descr ibed by  
Okuda  et al. 5, t ak ing  advan t age  of the fact  t ha t  in newborn  ra ts  99% of red blood 
cells are re t iculocytes .  

Assay  of  p y r u v a t e  kinase ac t i v i t y  was carr ied out  as descr ibed by  Llorente  
et al. 6. Prote in  de te rmina t ion  was carr ied out  as descr ibed by  the me thod  of Lowry  
et al. 7. 

R E S U L T S  A N D  D I S C U S S I O N  

Table I gives the  ini t ia l  and  final body  weights,  and  the l iver  and  k idney  
weights.  They  are included since there  were m a r k e d  changes in several  condit ions.  
The loss of b o d y  weight  of  the  animals  on the high glycerol  diet  is str iking,  bu t  
p r e sumab ly  is a consequence of  the  poor in take  of this  diet .  In  re la t ion to this, 
a t t e m p t s  to increase the  caloric in take ,  reinforcing this diet  b y  subs t i tu t ion  of 5o% 
glycerol  for the  dr ink ing  water ,  were unsuccessful  and  led to even grea ter  loss of 
body  weight ,  p r e sumab ly  due to dehydra t ion .  As can be seen, l iver weights  suffered 
para l le l  changes to body  weights  while k idney  weights  remained  unal tered.  

TABLE I 

\VEIGHTS OF Tl tE ANIMALS AND THEIR LIVERS AND KIDNEYS 

The data (presented with S.E. values) represent the means of four animals per group. 

Body weight Liver weight Kidney weight 

Initial Final 

Standard diet 139 ± 25 162 5= 29 7 ± 0.8 1.49 ± 0. 3 
Starvation (48 h) 146.5 ± 24 116.5 Jz 24 3-9 ± i 1.15 ~ o.i 
High glucose diet 15° ~+ 7 166.6 L- 7 8. 5 :]- 0.8 1.41 ± o.i 
High fructose diet 159 ± 8 163 ± 2 9.7 +- 1-7 1.64 ± o.i 
High glycerol diet 161. 5 ±: 24 i io  I- I9 5.9 ± 1.9 1.38 :F 0.5 

The results  of  an exper iment  in which s ta rva t ion ,  high glucose, high fructose, 
and  high glycerol  diets  were tes ted  in thei r  i nd iv idua l  capac i ty  to  modi fy  the  levels 
of p y r u v a t e  kinase are shown in Table  I I .  As prev ious ly  repor ted ,  to t a l  l iver  p y r u v a t e  
kinase a c t i v i t y  decreased on s t a rva t ion  and  increased wi th  the  high fructose diet ,  
due exclus ively  to an increase in the  levels of the  L class. We  also found a fructose- 
l ike effect for the  high glycerol  diet .  In  k idney  the increase of  to ta l  p y r u v a t e  kinase 
in response to high fructose or glycerol  diets  is not  so significant as in l iver;  never-  
theless, when classes L and  A were e s t ima ted  sepa ra te ly  af ter  a m m o n i u m  su lpha te  
f rac t ionat ion ,  a two-fold increase became appa ren t  for the  L class. The difference is 
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T A B L E  I I  

ACTIVITIES OF PYRUVATE KINASE AND ITS ISOENZYMES IN LIVER AND KIDNEY IN DIFFERENT 
DIETARY CONDITIONS 

P y r u v a t e  k i n a s e  i s o e n z y m e s  w e r e  s e p a r a t e d  a n d  a s s a y e d  a s  d e s c r i b e d  in  M a t e r i a l s  a n d  M e t h o d s .  
R e s u l t s  a r e  e x p r e s s e d :  A, in  i n t e r n a t i o n a l  u n i t s  ( / , m o l e s / m i n )  p e r  g t i s s u e ;  B,  in  t o t a l  u n i t s  (p re -  
s e n t e d  w i t h  S .E .  v a l u e s )  r e p r e s e n t i n g  t h e  m e a n  o f  f o u r  a n i m a l s  p e r  g r o u p .  

Liver K i d n e y  

Crude Fraction L Fraction A Crude Fraction Fraction 
extract extract L A 

S t a n d a r d  d i e t  A 65 ± 3 48 ± 9 8 £ i 47  -" 6 i o  ± i 34 ± 4 
B 455  --  51 337  = 80  57  ~ 7 7 ° i 6 15 ± 3 51 i 6 

S t a r v a t i o n  ( 4 8 h )  A 26 ± 6* 17 ± 2"  7 --  i 4 9  ± 3 i i  ± 2 3 ° ± 3 
B lO 3 ± 36* 7 ° ± 22* 29 ~ 7 56  ± 18 14 ± 4 36 • 7 

H i g h  g l u c o s e  d i e t  A 63 ± 9 46  ~ 12 6. 5 ± I 52 ± 7 i o  = 3 35 ± 6 
B 533  ± 82 386  _4 9 9  55 i 9 75 -- I I  15 "i2 5 5 ° ~= 7 

H i g h  f r u c t o s e  d i e t  A i i o  ± 16"  72 • 5"  7 £- 2 64 ~- 5* 25 -£- 2 " 3 1  I:  4 
B 1o94 ± 34 I* 700  £: 148"  68 ± 18 98  £ 4* 39  ± 3 * 4 5  ± 4 

H i g h  g l y c e r o l  d i e t  A i o o  ± 6* 97  3: i 6 "  8 ± 2 75 • 3* 29 ± 2 * 4 o  t= 4 
B 700  ~ 189"* 580 if: I 86"*  49  : -  16 lO6 i 23* 46  ± 1 2 " 5 6  ± 14 

• S i g n i f i c a n t  c h a n g e  t o  t h e  c o n t r o l  v a l u e  ( P  < o . o o i ) .  
• * S i g n i f i c a n t  c h a n g e  t o  t h e  c o n t r o l  v a l u e  (P  < o . o i ) .  

probably due to the lower level of the adaptive L class in this tissue against the 
predominant  constitutive A class. The "high glucose" (6o%) diet had no effect on 
the pyruvate  kinases of either liver or kidney compared to the standard diet. Star- 
vation does not affect the L class in kidney. In no case did the A class change sig- 
nificantly, and thus it may be considered as constitutive. Relative specific activities 
were consistently similar on comparing them to tissue weights as listed in the Table. 

We also tested the possible adaptabil i ty of the L pyruvate  kinase in red blood 
cells 4 to high fructose. Newborn rats having 99% of their red blood cells as reti- 
culocytes and corresponding to pregnant rats that  had received high fructose (6o% 
and standard diets during the last week of their pregnancy) were used as the source 
of reticulocytes and assayed for pyruvate  kinase as described in Materials and 
Methods. The results for the standard diet (13 newborns) and the high fructose diet 
( I i  newborns) were 2. 7 and 4.9/~moles/min per IOO mg protein, respectively. The 
increase in the high fructose group was 8o%, and the difference was highly sig- 
nificant (P < o.ooi). 

The fact that  the L class of pyruvate  kinase in red blood cells suffers only 
adaptive changes in the nucleated, immature  reticulocyte cells but not in the un- 
nucleated mature  cells, which might suggest, indirectly, that  the changes in the 
activity of the enzyme are due to its de novo synthesis. 

Although the allosteric properties of the L class of pyruvate  kinase 6 seem 
adequate for the fine control of this enzyme in the switch-over from glycolysis to 
gluconeogenesis, there is no doubt that  a long term regulation involving adaptive 
changes in the level of the enzyme could help to minimize a futile cycle in gluco- 
neogenic conditions while allowing for high levels when a maximal  metabolic flux 
is expected to take place, as on the feeding of high fructose or glycerol diets. I f  this 
were the case, the above reported adaptabil i ty of the pyruvate  kinase class L would 
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make  sense in glycolyt ic-gluconeogenic  t issues as is the  case for l iver and  kidney,  
bu t  i t  would not  appea r  clear in the  case of exclus ively  g lycolyt ic  cells as in reti-  
culocytes .  Nevertheless ,  considering a common ancestor  for l iver and  re t iculocyte  
cells (N .B .  the  hematopo ie t i c  facu l ty  of the  l iver  dur ing  the fetal  life) the a da p t a -  
b i l i ty  of  the  re t icu locyte  p y r u v a t e  kinase could depend  on this ontogenic re la t ionship 
wi thou t  ac tua l  physiological  significance. 

In  summary ,  p y r u v a t e  kinase L is an adap t ive  enzyme in the  three tissues 
examined  (liver, k idney,  and  ret iculocytes)  while the  A class isoenzyme in l iver and  
k idney  is cons t i tu t ive .  
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