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On the Mechanism of the Glycogenolytic Effect of Dinitrophenol.  Activity of Phosphofructo-  
kinase in Perfused Hearts 

T h e  r e l a t i o n s h i p  b e t w e e n  t h e  g l y c o g e n o l y t i c  e f f ec t  of  
t h e  2, 4 - d i n i t r o p h e n o l  ( D N P ) ,  e i t h e r  in  v i v o  o r  in  p e r f u s e d  
h e a r t s ,  a n d  t h e  a c t i v i t y  of  t h e  p h o s p h o r y l a s e  b k i n a s e ,  
w a s  r e c e n t l y  s h o w n  in  s t u d i e s  f r o m  t h i s  l a b o r a t o r y  ~,2. 
H o w e v e r ,  a t t e m p t s  to  d e m o n s t r a t e  t h e  e f f ec t  of  t h e  d r u g  
d i r e c t l y  on  t h e  a c t i v i t y  of  p a r t i a l l y  p u r i f i e d  p r e p a r a t i o n  of  
t h e  e n z y m e ,  or  on  t h e  a d e n o s i n e - 3 ' , Y - p h o s p h a t e  cyc l i c  
leve l  in  t h e  m u s c l e ,  we re  u n s u c c e s s f u l  3. T h e s e  f a c t s  
s u g g e s t e d  t h a t  D N P  c o u l d  s t i m u l a t e  g l y c o g e n o l y s i s  b y  a 
m e c h a n i s m  o t h e r  t h a n  t h a t  d e s c r i b e d  for  c a t e c h o l a m i n e s ,  
i.e. t h e  so - ca l l ed  ' p u s h  m e c h a n i s m '  a c c o r d i n g  t o  CORu * 
t e r m i n o l o g y .  T h u s  t h e  ' pu l l  m e c h a n i s m '  in  w h i c h  t h e  
p h o s p h o f r u c t o k i n a s e  r e p r e s e n t s  a n  i m p o r t a n t  r e g u l a t o r y  
e n z y m e ,  c o u l d  be  i n v o k e d  to  e x p l a i n  t h e  g l y c o g e n o l y t i c  
e f f ec t  of  t h e  D N P .  

T h e  D N P ,  a m o n g  o t h e r  p r o p e r t i e s ,  p r e s e n t s  a wel l -  
k n o w n  A T P a s i c  a c t i o n  5. S ince  t h e  a c t i v i t y  of  p h o s p h o -  
I r u c t o k i n a s e  is h i g h l y  d e p e n d e n t  o n  t h e  A T P  leve l  of  t h e  
cell, e x p e r i m e n t s  h a v e  b e e n  c a r r i e d  o u t  to  a c c u m u l a t e  
e v i d e n c e  o n  t h e  a c t i v i t y  of  t h i s  e n z y m e  in  p e r f u s e d  h e a r t s  
in  c o n d i t i o n s  u n d e r  w h i c h  t h e  g l y c o g e n o l y s i s  w a s  s t i m u l a t -  
ed.  T h e  r e s u l t s  a l so  h e l p e d  to  s u g g e s t  a n  e x p l a n a t i o n  fo r  
t h e  h i g h  a c t i v i t y  of  t h e  p h o s p h o r y l a s e  b k i n a s e  f o u n d  in  
a n i m a l s  p o i s o n e d  b y  t h e  D N P .  

T h u s ,  h e p a r i n i z e d  a d u l t  r a t s  were  a n e s t h e t i z e d  w i t h  
e t h e r  a n d  t h e  h e a r t s  we re  r a p i d l y  r e m o v e d  a n d  p e r f u s e d  
w i t h  a K r e b s - H e n s e l e i t  b i c a r b o n a t e  bu f fe r ,  g a s s e d  w i t h  a 
m i x t u r e  of  O 2 : C O  ~ (95 :5)  a t  3 7 ~  for  10 ra in ,  in  o r d e r  t o  
a d a p t  t h e  h e a r t s  t o  t h e  n e w  p h y s i o l o g i c a l  c o n d i t i o n s  
a c c o r d i n g  to  MORGAN e t  al.  6, a n d  t h e n  for  a f u r t h e r  
p e r i o d  of  10 m i n  e i t h e r  in  t h e  p r e s e n c e  or  a b s e n c e  of  
10 -5 M D N P .  A f t e r  t h i s  t r e a t m e n t ,  t h e  h e a r t s  we re  
f r o z e n  b y  i m e r s i o n  in  l i qu i d  n i t r o g e n  a n d  a s a m p l e  w a s  

Table I. The phosphorylase activity and the levels of G-6-P, ATP, 
ADP and AMP in hearts perfused 10 min with 10 5 M DNP 

Determinations Control DNP 

Phospa/ to ta l •  100 10.70 -L 1.8 ~ 37.5 -t= 7.4 
G-6-P (wnoles) 0.69 ~ 0.03 0.48 A- 0.04 
ATP ([xmoles) 17.4 -k 1.1 14.4 ~_ 0.8 
ADP ([*moles) 1.6 • 0.2 3.63 ~- 0.4 
AMP (~xmoles) 0.37 q- 0.08 0.69 i 0.1 
ATP/ADP 10.8 • 1.8 4.07 -L 1.2 

The results are expressed per g of dry hearts. 
~ S.E.?ff. 

w e i g h e d  a n d  g r o u n d  in  i ce -co ld  s o l u t i o n  c o n t a i n i n g  0.001 
M E D T A  0.02 M s o d i u m  f luo r ide ,  p H  6.8 in t h e  p r o p o r t i o n  
of  25 m l / g  of  m u s c l e .  A f t e r  c e n t r i f u g a t i o n ,  t h e  p h o s p h o r y -  
l ase  a c t i v i t i e s  we re  d e t e r m i n e d  as  p r e v i o u s l y  d e s c r i b e d  ~ 
a n d  p o r t i o n s  of  t h e  r e m a i n i n g  m u s c l e  we re  d m n p e d  o n t o  
1 0 %  pe rc lo r i c  a c id  a n d  g r o u n d .  A f t e r  c e n t r i f u g a t i o n ,  
a l i q u o t s  we re  t a k e n  f r o m  t h i s  e x t r a c t  for  d e t e r m i n a t i o n  of  
g l u c o s e - 6 - p h o s p h a t e ,  A T P ,  A D P  a n d  A M P .  

T h e  l eve l s  of  n u c l e o t i d e s  we re  e s t i m a t e d  b y  t h e  
PETERSgN a n d  KALCKAR m e t h o d  7, u s i n g  a c u v e t t e  
c o n t a i n i n g  2.5 m l  of  0.3 M s u c c i n a t e  bu f f e r ,  pI-I 6 .1;  
20 ~zl 0.1 M MgC12; 500 [xl of  n e u t r a l i z e d  t i s s u e  e x t r a c t  a n d  
10 ~zl (10 [zg/ml) s o l u t i o n  of  5 - a d e n y l i c  a c id  d e a m i n a s e  s. 
A f t e r  no  c h a n g e  in  a b s o r b a n c e  a t  265 n m ,  20 [zl (20 ~xg/ml) 
of  m y o k i n a s e  s o l u t i o n  ' a n d  50 ~zl of  (10 [zg/ml) s o l u t i o n  of  
p o t a t o  a p y r a s e  ~0 we re  a d d e d  a n d  t h e  c o n t e n t s  of  A D P  a n d  
A T P  were  d e t e r m i n e d  b y  t h e  d e c r e a s e  in  a b s o r b a n c e  a t  
265 n m  of  t h e  r e a c t i o n  m i x t u r e .  G l u c o s e - 6 - p h o s p h a t e  
(G-6-P)  w a s  d e t e r m i n e d  b y  t h e  i n c r e a s e  in  a b s o r b a n c e  a t  
340 n m  n a f t e r  t h e  a d d i t i o n  10 ~zl (1 m g / m l )  of  g l u c o s e - 6 - P  
d e h y d r o g e n a s e  s o l u t i o n  t o  a c u v e t t e  c o n t a i n i n g  0.5 m l  of  
t i s s u e  e x t r a c t  a n d  0.5 m l  of  0.20 M Tris-C1 s o l u t i o n ,  
0.01 M MgCI~ a n d  0.1 m M  N A D P  a t  p H  7.5. 

T a b l e  I s h o w s  t h a t ,  in  10 m i n  of p e r f u s i o n  w i t h  D N P ,  
t h e  r a t e  of  g l y c o g e n o l y s i s  is i n c r e a s e d  as  d e t e r m i n e d  b y  t h e  
a c t i v i t y  of  t h e  p h o s p h o r y l a s e s  s y s t e m .  I n  t h e  s a m e  t ab l e ,  
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Table Ii. Level of G-6-P and ratio of phosphorylase a/total phosphorylase in hearts perfused in either the presence or not of 10 .5 M DNP 
in the perfusate 

t~ 
Perfusion Time of DNP action (min) G-6-P (bunoles/g) Phosp - -  • 100 

total 

10 min KH (14) a 0 0.69 • 0.03 b 10.70 ~= 1.8 
81/2 min KH + 11/2 min DNP 10 -5 M (8) 11/2 0.35 :J_ 0.02 15.5 • 1.64 
5 min KH q- 5 rain DNP (5) 5 0.48 ~ 0.04 40.5 --  5.52 
10 min DNP (7) 10 0.49 i 0.03 37.50 i 7.4 

The DNP was dissolved in the same Krebs-Henseleit buffer (KH) (see text). 
Represents the number  of rat hearts used. b S.E.M. 
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a decrease  is seen of t h e  c o n t e n t  of A T P  a n d  G-6-P,  and  
a n  increase  of t he  A D P  a n d  A M P  c o n t e n t  in  t h e  ca rd iac  
muscle.  These  resu l t s  are cons i s t en t  w i t h  a n  increas ing  
p h o s p h o f r u c t o k i n a s e  a c t i v i t y  in  the  cell. 

Tab le  I1 shows a serie of e x p e r i m e n t s  in  wh ich  all  t h e  
h e a r t s  were per fused  for 10 min.  The  zero t i m e  r ep resen t s  
t he  cont ro l s  in  wh ich  t he  h e a r t s  were per fused  for 10 ra in  
w i t h  t he  D N P - f r e e  buffer .  T he  per iods  of 1x/2 a n d  5.0 m i n  
r ep re sen t  d e t e r m i n a t i o n s  in  wh ich  the  h e a r t s  were pre l im-  
i n a r y  per fused  for  81/2 a n d  5.0 m i n  respec t ive ly  w i t h  
DNP- f r ee  buffer ,  a f t e r  wh ich  t h e y  were r ap i d l y  swi tched  
to  a buf fe r  c o n t a i n i n g  D N P .  T ime  10 ra in  r ep resen t s  
d e t e r m i n a t i o n s  in  w h i c h  t h e  h e a r t s  were per fused  for  10 
ra in  w i t h  a D N P - c o n t a i n i n g  buffer .  As can  be  seen, a f t e r  
lz/2 m i n  of pe r fus ion  w i t h  D N P  t he  c o n t e n t  of G-6-P  in 
t he  muscle  was found  to  be  lower, a n d  a t  t he  same  t i m e  
only  a smal l  increase  in t he  c o n t e n t  of p h o s p h o r y l a s e  a 
could be  not iced.  

F r o m  these  resul ts ,  i t  was  possible  to  asgume t h a t  t he  
g lycogenolyt ic  effect  of D N P  is no t  exp la ined  b y  t he  
' p u s h  m e c h a n i s m ' ,  where  t he  G-6-P level  is f ound  to  be  
h igher  t h a n  in t h e  case of ca t echo lamines  4. T he  G-6-P  a n d  
nuc leo t ides  levels found  a f t e r  a shor t  per iod  of expos i t ion  
of t he  h e a r t s  to  t he  d rug  (11/2 min) ,  suggest  t h a t  t he  D N P  
m a y  cause  p r i m a r y  a c t i v a t i o n  of t he  phospho f ruc tok inase ,  
and  in consequence  a h igher  r a t e  of glycogenolysis .  On 
t he  o the r  h a n d ,  cons ider ing  t h a t  G-6-P  is an  i n h i b i t o r  of 
p h o s p h o r y l a s e  b k inase  a c t i v i t y  12, t he  low levels of t h i s  

m e t a b o l i t e  would  be  respons ib le  for t he  h igher  a c t i v i t y  of 
t h e  phospho ry l a se  b k inase  found  in t h e  h e a r t s  pe r fused  
w i t h  D N P .  

S tudies  to  be  descr ibed  e lsewhere  show t h a t  t h e  G-6-P  
c o n c e n t r a t i o n  obse rved  in to  t h e  ca rd iac  cell in  n o r m a l  
cond i t ions  of pe r fused  h e a r t s  causes  s ign i f ican t  i n h i b i t i o n  
of t h e  phospho ry l a se  b kinase .  

Summary. To exp la in  t h e  m e c h a n i s m  of D N P  ac t ion  t he  
c o n t e n t s  of ATP ,  ADP,  A M P  a n d  G-6-P  were d e t e r m i n e d  
in per fused  r a t  h e a r t s  in  a pe r iod  of t i m e  in which  t he  r a t e  
of t h e  glycogenolysis  was  increased.  The  levels of these  
m e t a b o l y t e s  in  t he  e x t r a c t  were cons i s t en t  w i th  a n  in-  
crease of t h e  p h o s p h o f r u c t o k i n a s e  ac t iv i ty .  On t he  o the r  
h a n d ,  t h e  f ind ing  of h ighe r  a c t i v i t y  of p h o s p h o r y l a s e  b 
k inase  in D N P - p o i s o n e d  a n i m a l s  could be  exp la ined  as due  
to t he  low c o n t e n t  of G-6-P  in  t he  per fused  h e a r t s  sub-  
j ec ted  to  t h e  ac t ion  of t he  drug.  

A. E.  VERCESI a n d  A. FocEsI  JR. 

Departamento de Bioquimica, Instituto de Biologia da 
Universidade Est. de Campinas, C.P. 1170, 
Campinas (S. Paulo, Brazil), 7 January ]975. 

I2 E. G. I{REBS~ D. S. LovE, G. E. BRATVOLD, K. A. TRAYSER, W. L. 
~I/[EYER and t~. H. FISCHER, Biochemistry 3, 1022 (1964). 

P r e p a r a t i o n  and P r o p e r t i e s  of a So luble  T r y p s i n - D e x t r a n  Conjugate  

The  p roper t i e s  of insoluble ,  immobi l i zed  enzymes  h a v e  
been  ex t ens ive ly  i n v e s t i g a t e d  a n d  d o c u m e n t e d  z. B y  
compar i son ,  however ,  d a t a  ava i l ab le  for enzymes  i m m o -  
bi l ized in so lu t ion  are  l imi ted ,  a l t h o u g h  ear ly  inves t iga -  
t ions  b y  MITZ a n d  SUMMARIA 2 i nd i ca t ed  t h a t  soluble  
chymot ryps in -ce l lu lose  con juga te s  e x h i b i t e d  h ighe r  ca t -  
a ly t ic  ac t iv i t i e s  t h a n  t h e i r  insoluble  coun te rpa r t s .  More 
r ecen t ly  severa l  c h y m o t r y p s i n - d e x t r a n  gra f t  co-po lymers  
h a v e  b e e n  s h o w n  to  possess increased  s t ab i l i t y  w i t h  un-  
a l t e red  ca t a ly t i c  p rope r t i e s  3, 4. 

T r y p s i n  (EC 3.4.31.4) cova l en t ly  a t t a c h e d  to n e u t r a l  
p o l y a l d e h y d e  d e x t r a n  is also more  s tab le  t h a n  t h e  free 
e n z y m e  b u t  i t s  a c t i v i t y  t ow ar ds  po lymer ic  s u b s t r a t e s  a n d  
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pH-aetivity profiles for trypsin, I = 0,17 (�9 acetaldehydetrypsin, 
I = 0.17 (O); PADT, I = 0.17 (~)); PADT, I = 1.17 (@). All 
reaction mixtures contained 0.1 mg/ml protein and 1.27 • 10 -8 M 
BAPNA. 

i ts  pI-I-rate profi le  h a v e  b o t h  been  a l t e red  b y  immob i -  
l izat ion.  

D e x t r a n  TT0 (Pha rmac ia ,  G.B.,  L td)  was  oxidized b y  a n  
acidic so lu t ion  of sod ium pe r ioda t e  for 16 h, 25 ~ in t he  
dark .  The  po lya ldehyde  d e x t r a n  (PAD) so fo rmed  was 
recovered  b y  dia lysis  a n d  lyophi l i za t ion .  T ryps in  (Boe- 
r inge r  Corpora t ion ,  London ,  Ltd . )  was  s t i r red  w i t h  a n  
excess of P A D  for 24 h a t  5~ in 0.1 M c i t r a t e  buf fe r  
pI-I 7.0. No insoluble  m a t e r i a l  was  fo rmed  d u r i n g  con-  
j u g a t i o n  a n d  t he  soluble p o l y a l d e h y d e  d e x t r a n - t r y p s i n  
c o n j u g a t e  (PADT) was i so la ted  b y  gel c h r o m a t o g r a p h y .  
R e c h r o m a t o g r a p h y  of t he  i so la ted  complex  a t  h i g h  ionic 
s t r e n g h t  h a d  no  effect  on  t h e  p ro t e in  c o n c e n t r a t i o n  in  t h e  
complex.  A typ ica l  p r e p a r a t i o n  of t h e  P A D T  complex  
c o n t a i n e d  0.41% n i t rogen  e q u i v a l e n t  to  a p p r o x i m a t e l y  
3% t r y p s i n  (w/w). 

T r y p t i c  a c t i v i t y  was a s sayed  s p e c t r o p h o t o m e t r i c a l l y  
a t  30 ~ w i t h  benzoyl-D, L-arginine p -n i t r an i l ide  hydroch lo -  
r ide  (BAPNA)  (Boer inger  Corpora t ion ,  London ,  Ltd . )  
A p p a r e n t  Michae l i s -Menten  p a r a m e t e r s  for B A P N A  were 
e s t i m a t e d  f rom L i n e w e a v e r - B u r k  p lo ts  a n d  were re f ined  
us ing  a p rocedure  s imi la r  to  t h a t  of WILKINSON 5. The  
p ro teo ly t i c  a c t i v i t y  of t r y p s i n  was e s t i m a t e d  b y  i ts  
ca ta lyzed  release of TCA soluble  p r o d u c t s  f rom 0.5% 
casein so lu t ion  6. 
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