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S U M M A R Y  

Kmet lc  studies have been made  of the p H -de pe nde n t  mhlb i t ion  of phospho- 
f ructoklnase (ATP:D-fructose-6-phosphate  I -phosphotransferase ,  EC 2 7 I I I )  b y  
A T P  Non-hnear  relat ionships between the  reciprocal  of the  ml t ia l  ve loci ty  and concen- 
t r a t ion  of A T P  at  Inhib i tory  levels md ica t ed  the  mul t ip le  existence of A T P  mhlb l to r  
sites on phosphofructokinase  Since the  convent ional  graphica l  me thod  of measur ing 
kinet ic  pa ramete r s  from the o rd inary  Mlchaehs-Menten  kinet ic  d a t a  fails to give 
decisive values for such non-l inear  kinetics,  a computer  me thod  for ob taming  the most  
plausible pa ramete r s  based  on s ta t i s t ica l  considerat ions was explored b y  means  of a 
d igi ta l  computer .  

Appl ica t ion  of this es t imat ion  me thod  to the  kinet ic  da t a  ob ta ined  at  var ious  
p H  levels from 6.8 to 9 6 led to the  following conclusions (I) Mul t iphc l ty  of the  A T P  
inhib i tor  sites, or coopera t lv i ty  of b inding of A T P  at  the  lnhlbl tor  sites, was found to 
be most  pronounced at  p H  7 3 and was reduced b y  a shift of p H  to ei ther  side. The 
p r eop l t ous  inhibi t ion of the  enzyme caused b y  a m m u t e  increase of A T P  concent ra t ion  
at  a lower p H  m a y  be due to a high coopera t iv l ty  at  the mhlb l to r  sites (2) Affinity of 
A T P  for the  mhmbltor sites decreased m a r k e d l y  as the  p H  was raised from 6 8 to 8 o. 
This reduct ion of affinity m a y  p lay  a significant role in the  removal  of the  A T P  inhi- 
bi t ion of the  enzyme by  raismg the pH.  

A physiological  significance of these s t range kmet lc  proper t ies  of phospho-  
f ructokinase in the  cellular regula t ion of glycolysis  is discussed 

INTRODUCTION 

Phosphofruc toklnase  (ATP D-fructose-6-phosphate  I -phosphot ransferase ,  EC 
2. 7 I . I I )  react ion IS a ra te -de te rmin ing  s tep of the  glycolyt lc  sys tem fortified with  

* Prehmlnarv accounts of part of this work were presented before the 7th Intern Congr_ 
of Blochem, Tokyo, 1967, (Abstr IV ,p 755) and the Seminar on Metabolic Control under the 
Japan-U S Cooperation Science Program, organized by D E ATKINSON and O HAYAISHI, 
Kyoto, 1966 (Abstr , p_ 22). 
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MULTIPLE INHIBITOR SITES ON PHOSPHOFRUCTOKINASE 51 

ATP, because an excess of ATP is inhibitory to the enzyme. Under such condltlons, 
the overall rate of glycolysls could be enhanced by activating phosphofructokmase 
The activation of phosphofructokinase in such a state, z.e., the reversal of the ATP- 
induced mhibitlon of phosphofructoklnase from various sources, was found to be 
brought about by a number of substances includmg another substrate, Fru-6-P 1-12, 
and productsl,S,s,9,n, ~3,14 of the enzyme, nucleoside monophosphatesl,a-9,n-13,15-17,19, 
inorganic phosphate i,s,7,9,n-x3,x7 and metal lonsg,*°, 21 On the contrary, citrate in- 
creases the degree of the inhibition induced by ATPe,S,~°, z~-zv Such a modification of 
ATP-mduced inhibition of the enzyme undoubtedly plays a key role in the regulation 
of cellular glycolytlc rate Our recent studies using isolated rat diaphragm showed 
that raising the pH of the incubation medium was also effective in overcoming the 
inhibition and, as a result, stimulated the production of lactate by the intact-cell 
preparation as well as glycolytlc rate of the ATP-added cell-free extracts 2s 

Since the inhibition pattern of phosphofructokmase, slgmoldal rather than 
hyperbolic, IS strikingly affected by minute changes of pH around the physiological 
value, It would appear that pH dependence of the ATP-mduced inhibition of phospho- 
fructokmase plays a significant role in the regulation of glycolysls in the cell *s. Hence, 
an analysis of the "non-hnear" kinetics of muscle phosphofructokinase in the presence 
of ATP and H + at inhibitory levels was undertaken on the basis of statistical con- 
sideratlons with the aid of a digital computer_ The purpose of the present paper is to 
show kinetic evidence that bmdmg of ATP at the Inhibitor sites of the enzyme is 
profoundly affected by a change in pH 

MATERIALS AND METHODS 

Phosphofructokmase was extracted from rabbit muscle and partially purified 
according to the method of GATT AND RACKER zg. Ketose-I-phosphate aldolase was 
also prepared from rabbit muscle as described by TAYLER 3° Other enzymes for 
assaying phosphofructokmase, including trlose-phosphate lsomerase and glycerol-3- 
phosphate dehydrogenase, were purchased from Sigma Chemical Co_ Phosphofructo- 
kmase activity was measured by estimating the rate of NADH oxidation in the presence 
of ketose-I-phosphate aldolase, trlose-phosphate lsomerase and glycerol-3-phosphate 
dehydrogenase The rate of disappearance of NADH was followed at a wavelength of 
34 ° m# and a decrease in absorbance during the initial 2 mln was taken as the 
initial velocity (v)_ 

Fru-6-P, NADH, ATP (sodium salt) and Trls were obtamed from Sigma Chemical 
Co ATP was freed of sodium by applymg twice to an ion exchange column (Dowex 50)- 
The acid eluate of free ATP was immediately neutralized with Tris and stored at 
- - 2 0  ° before use_ Contamination of this solution with a minute quanti ty of sodmm was 
detected by flame photometric analysis. However, further treatment with Ion ex- 
changer was not undertaken because Na +, at a concentration as high as IO raM, 
exerted no influence upon the reaction velocity under the present experimental 
conditions (see also ref 34) 

The fitting of the observed reaction velocities to the postulated kmetic equation 
was conducted in prmclple according to the method of least squares by means of a 
digital computer (NEAC 22o3G, Nippon Electric Company) with a Fortran IV 
programming 

B~o¢hzm B,ophys Acta, 159 (I968) 50-63 



52 M. UI 

% ~o 2o 3o 

100 

.50 

i 

t 

lO 

5 

i 

i 
[ATP~ (raM) , 

i 

o~ i 2 o 
0 5 ]0 

[ATP] (rnM) [AT P] (m M) 

Fig I Phosphofructokmase activity at  pH 7 6 ms a function of ATP at  inhibitory and non- 
inhibitory levels Phosphofructoklnase preparat ion stored by suspending in 5 o% satd (NH4)2SO 4 
at o ° was diluted 2o-fold with o i M Trls HC1 buffer (pH 7 6) Each cuvette contained o I M 
Trls-HC1 buffer (pH 7 6), 3 mM MgCI2, o oi ml diluted phosphofructokmase, ATP (at a final 
concentration as indicated), enzyme mixture (ketose-i-phosphate aldolase, those-phosphate  
lsomerase and glycerol-3-phosphate dehydrogenase, each equivalent to the amount  capable of 
converting I / ,mole substrate per mm) and o 4/~mole NADH in a total  volume of i 5 ml The 
reaction was init iated by the addition of o o25 mM Fru-6-P Decrease in absorbance at  34 ° m/z 
during the initial 2 mm was plotted as initial velocity on the ordinate Temperature, 22 ° A 
double remprocal plot is shown in the inset 

Fig 2 Effects of pH on the kinetics of phosphofructokmase The conditions are those of F~g i 
The reaction was initiated by the addihon of o 05 mM Fru-6-P O - - O ,  pH 6 8, / k - - A ,  pH 7 o, 
I-I--IN, p H 7 3 ;  ( ~ - - ( ~ , p H  76 ,  O---O, pH 8 o, A- -A,  p H 8 3 ,  I - - . ,  p H 8 8 ,  O - - 0 ,  p H 9 3 ,  
× - -  ×,  pH 9 6  The inset shows replottmg of the kinetic data at  pH's  68  73  on a different scale 

RESULTS 

K,netw pattern of phosphofructokznase *n the presence of A T P  at ,nh~b#ory levels 
As s h o w n  in F i g  I ,  a n  i nc r ea se  in  t h e  c o n c e n t r a t i o n  of A T P  b e y o n d  o p t i m a l  

c o n c e n t r a t i o n  ( a b o u t  o 3 m M  u n d e r  t h e  c o n d i t i o n s  in  Fig. I)  c a u s e d  a n  i n h i b i t i o n  of 

t h e  r a t e  of p h o s p h o f r u c t o k l n a s e  react ion_ As  p o i n t e d  o u t  in  ou r  r e c e n t  p u b l i c a t i o n  2s, 

t h e  I n h i b i t i o n  of m u s c l e  p h o s p h o f r u c t o k i n a s e  b y  excess  A T P  is c h a r a c t e r i z e d  b y  t h e  

fo l l owmg two  o b s e r v a t i o n s  F i r s t ,  t h e  i n h l b l h o n  is p H  d e p e n d e n t ,  i n c u b a t i o n  of t h e  

e n z y m e  a t  lower  p H  gives  r ise  to  s t r o n g e r  inhibi t ionS,9,  ~s Second ,  a s i g m o i d a l  i n h i b i t i o n  

p a t t e r n  was  o b t a l n e d  b y  p l o t t i n g  t h e  i n i t i a l  v e l o c i t m s  a g a i n s t  A T P  a t  I ts  i n h i b i t o r y  

levels  I n  a n  a t t e m p t  to  s t u d y  t h e s e  p a r t i c u l a r  p r o p e r t i e s  of p h o s p h o f r u c t o k i n a s e  
r e a c t i o n  f u r t h e r ,  t h e  r e a c t i o n  v e l o c i t y  w as  e s t i m a t e d  in  t h e  p r e s e n c e  of a n  i n h i b i t o r y  

c o n c e n t r a t i o n  of A T P  a t  v a r i o u s  p H  levels_ P a t t e r n s  i l l u s t r a t e d  in  Fig.  2 we re  o b t a i n e d  

b y  p l o t t i n g  r ec ip roca l s  of t h e  i n i t i a l  ve loc i t i e s  as a f u n c t i o n  of A T P .  T h e s e  c u r v e s  a re  

c h a r a c t e r i z e d  b y  t h e i r  n o n - h n e a r l t y  w h i c h  is in  k e e p i n g  w i t h  t h e  s i g m o i d a l  f o r m  of 

v e l o c i t y - A T P  c o n c e n t r a t i o n  r e l a t i o n s h i p  r e p o r t e d  p r e v i o u s l y  zs T h e  s lope of t h e  p l o t s  

is so s t e e p  b e l o w  p H  7 3 t h a t  t h e  r e c i p r o c a l  of v e l o c i t y  w o u l d  a p p e a r  to  b e  h n e a r l y  
r e l a t e d  to  A T P  c o n c e n t r a t i o n  in t h i s  p H  r a n g e  (Fig  2)_ H o w e v e r ,  t h e  p lo t s  a lso p r o v e  
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to be non-hnear  as seen in the inset in which they have been redrawn to a different scale, 
enlarged with respect to the x axis and shortened with respect to the y axis 

If it is assumed tha t  the Inhibition caused by  an excess amount  of substrate IS 
due to binding of substrate at  any  site (inhibitor site) other than the catalyt ic  site, 
the non-linear relationship demonst ra ted  in Fig. 2 would suggest tha t  there are two 
or more inhibitor sites on the enzyme molecule, because a hnear plot should be obtained 
for the single inhibitor site. 

A kinetic equatwn conforming to the A T P  ~nhib,t, on o fphosphofruc tok ,nase  

A set of plots in Fig 2 suggests tha t  the ability of the Inhibitor site to absorb 
ATP was influenced by  a change in hydrogen ion concentrat ion If it IS assumed tha t  
binding of ATP  at the inhibitor sites is a highly cooperative process and independent  
of the binding at the catalytic site, the following equations are obtained for dissociation 
of the e n z y m e - A T P  complexes 

E + S ~-ESa Ka 
E + S ~ ES~ K~_ 1 
ES  x + S ~ - E S  2 K~_~ 

I ESn-x + s ~ ESn K~-n 

E +  nS ~ ESn K~ I- K~ 2- K~_,, 

ESaS 1 + S ~ ESaS z K~_~ 

ES~ + nS ~ ES,,S,~ Kt-~ 'K,-2  K,  ,~ 
ES,~ + S ~- ES~S, K~ 

where E S a  and E S n  represent the enzyme molecule occupied b y  ATP at its catalytic 
site and all of its inhibitor sites, respectively, n IS a parameter  related to mul t lphcl ty  
of the inhibitor sites (or cooperativxty of binding at Inhibitor sites, as discussed later) 

In  view of the fact tha t  a greater increase In ATP concentrat ion over the Inhi- 
b i tory  levels resulted in an almost total  mhiblt lon of the enzyme act ivi ty  (Figs. I and 2), 
it is reasonably assumed tha t  no product  could be formed from the enzyme molecule 
once its inhibitor site has been occupied. If  this is the case, the following kinetic 
equation m a y  be derived 

v 
= (1) 

where V is the max imum velocity and K, = "V~K,_~.K,_~ K , _ n .  This equation 
m a y  be transformed to the following one when the reaction velocity IS determined in 
the presence of ATP at the inhibitory level 

l o g ( ~  I ) =  n log(s)+ log (K~n) (2) 

because K a / s  in Eqn. I could be neglected under  such conditions_ Therefore, two 
kinetic parameters,  n and K~, could be obtained from the logarithmic plots of (V/v - -  I) 
against ATP.  This affords a pat tern  equivalent to the empirical Hill plot Another  
parameter ,  V, which is required for calculating one variable, log (V /v  - -  I), in Eqn  2, 
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should be de te rmined  from the exper imenta l  d a t a  as accura te ly  as possible, because 
employment  of a dev ia ted  value for the  m a x i m u m  veloci ty  would result  in an unrehable  
pa t te rn .  

If a l inear  re la t ionship  were ma in ta ined  between the reciprocal  of veloci ty  and 
reciprocal  of subs t ra te  concentra t ion  (or between the reciprocal  of veloci ty  and 
subs t ra te  concentra t ion  itself In the  case of the  subs t r a t e - inh lbmon  pa t t e rns  such as 
those in F ig  2), V could be es t lmated  by  de te rmining  the in tersechon point  of the  
l inear  plot  on the  I/V axis_ A curvi l inear  re la t ionship as observed for phosphofructo-  
kinase, however,  makes  i t  ra ther  difficult to es t imate  V di rec t ly  from the graphica l  
expression of the  kinetic  d a t a  Therefore, a calculat ion method  has been explored for 
es t imat ing  the most  plausible V on the basis of s ta t i s t ica l  considerat ions as shown in 
the  following section. 

Computatwn method for the est~matwn of V and ~ts rehabthty as verified by computer 
s~mulatwn stud2es 

The principle of the  es t imat ion of V b y  calculat ion involves an assumpt ion  
t ha t  the most  l inear Hill  plot  is ob ta ined  if the  most  plausible V is employed for 
calculat ing a variable,  log (V/v -- I ) ,  ~.e, t ha t  the  most  plausible V is presumed to be 
the  one t ha t  affords the  min imum devia t ion  from regression* based on the convent ional  
methods  of s ta t i s t ica l  analysis  when the Hill  plot  is drawn by means  of least-squares  
fit t ing. The calculat ion procedure  is as follows. Fi rs t ,  an a rb i t r a ry  value,  as smal l  
as possible, is t aken  as a V U s i n g  this  t en ta t ive  V the exper imenta l  da t a  are f i t ted 
to Eqn  2 b y  the me thod  of least  squares and the devia t ion  from regression IS ca lcula ted  
Then the next  value,  shght ly  larger  than  the preceding one, is t aken  as V and the 
calculat ion procedure  is repea ted  as before Af ter  m a n y  repet i t ions  of this  calculat ion,  
each successively employing  a new value as V, a value  is found which minimizes the 
devia t ion  from regression This value  should be the  most  plausible V according to the  
assumpt ion  descr ibed above This procedure  demands  a grea t  deal  of calculat ion which 
is made  possible only b y  means  of a compute r  

A computer  exper iment  descr ibed below was then per formed in an a t t e m p t  to 
ver i fy  tha t  this calculat ion procedure  can provide  rel iable kinet ic  parameters .  

Since Eqn  2 is a mere va r i an t  of Eqn  3, the calculat ion m e t h o d  presented  above 

* W h e n  y l  1~ h n e a r l y  r e l a t e d  to  x .  t h e  s a m p l e  r e g r e s s i o n  e q u a t l o n  is w r i t t e n  a~ 

y --  ~ - -  (x i )  
Z(xl - ~)~ 

a c c o r d i n g  to  t h e  p r m c t p l e  of  l e a s t - s q u a r e s  f i t t ing_ T h e  s u m  of  s q u a r e s  for  t h e  d i f fe rence  b e t w e e n  t he  
s a m p l e  v a l u e  y~ a n d  t h e  c o r r e s p o n d i n g  v a l u e  of  y e s t i m a t e d  b y  t h e  a b o v e  e q u a t i o n  is e x p r e s s e d  as 

(Z( :q  i )  (y~ _ p))2 Z(yl - ~)~ - 
2;(xi - ~)a 

which ,  u s u a l l y  r e f e r r ed  t o  as t h e  d e w a t m n  f r o m  r e g r e s s i o n  (D R ), a f fords  a m e a s u r e  of  t h e  
d e g r e e  of  d e v i a t i o n  f r o m  h n e a r l t v  

-/~ in  T a b l e s  I I  IV,  t e r m e d  t h e  coef f ic ien t  o f  m u l t i p l e  c o r r e l a t i o n ,  ha s  b e e n  d e r i v e d  f r o m  
D R a c c o r d i n g  to  t h e  f o l l o w i n g  e q u a t i o n  

R ~  I 
Z'(y~ ~)~ 

R m e a s u r e s  t h e  c loseness  of  f i t  of  t he  e x p e r i m e n t a l  d a t a  to  the  p o s t u l a t e d  e q u a t m n  
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would afford vahd  kinetic parameters  If concentra t ion o[ the substrate(s) as well as 
the observed veloc,ty (v), s depending on Eqn_ 3, were determined wi thout  error 

v 
v -- - (3) 

In  fact, however, al though s can ordinari ly be controlled quite precisely, v is subject  to 
greater or lesser exper imental  error. In  a s lmulat ,on study,  presented below, a " t rue"  
or "popula t ion"  value for v was calculated by  means of Eqn.  3 on the bas,s of s from 
8 lO -4 to 2 6-1o -3 and the true parameters,  Ki  ~ IO -3, V = IOO and n = 5 were 
computed These values are presented in the second column of Table I_ A table of 
normal ly  d ls t r ,buted  random numbers  was utilized to generate a normal ly  dis t r ibuted 
populat ,on of the values of v w,th the des,red devmtion around each of the ten " t rue"  
values of v. The magmtude  of the error employed for the present  s tudy  is approx 5 % 
m the first case and IO% ,n the second case expressed as a coefficient of var ia t ion The 
mean  and the actual  coefficients of var ia t ion  of IOO samples thus calculated are also 
shown m Table I. An actual  expenmen t  was s imulated by  having the computer  
wi thdraw a single value of v at random from each of the ten populat ions From each 
such set of ten "exper imental"  values, the computer  then calculated the V, n and K~ 
according to the prmc,ple of calculation presented above. The average of a hundred  
values thus calculated for each kinetrc constant  ,s presented in Table I I  along w,th the 

TABLE I 

VALUES ASSUMED FOR COMPUTER EXPERIMENT 

" P o p u l a t i o n "  v a l u e  o f  v w a s  p r e p a r e d  a c c o r d i n g  t o  t h e  f o l l o w i n g  e q u a t i o n ,  

V 
v 

w h e r e  i t  is a s s u m e d  t h a t  V = IOO, K~ = IO -s  a n d  n ~ 5 A h u n d r e d  " s a m p l e "  v a l u e s  fo r  e a c h  
" p o p u l a t l o n "  v a l u e  o f  v w e r e  o b t a i n e d  wa th  t h e  aad o f  a t a b l e  o f  n o r m a l l y  d i s t r i b u t e d  r a n d o m  
n u m b e r s  w i t h  s m a l l e r  e r r o r s  m Case  I a n d  l a r g e r  e r r o r s  m Case  2 

s "Population" 
(raM) value of v 

Case I 
(wzth smaller errors) 

Case 2 
(with larger errors) 

Mean of Coefficzent of Mean of Coef#e*ent of 
I 0 0  variance* I 0 0  variance* 
"'sample" (%) "sample" (%) 
value ofv  value ofv  

0 8  7 5 3  
I O  5 o 0  
1_2 28 7 

1 4  1 5 7  
1 6  8 7 1  
1 8  5 o 3  
2 0  3 0 3  
2 2  1 9 0  

2 4 1-24 
2 6  0 8 4  

75 i 5 5 7 4 9  I i  o 
49 9 5 5 49 7 i I o 
28 8 4.7 29 o 9 3 
1 5 8  4 7  1 5 9  9 9  

8 71 5 5 8 7 ° i o  5 
5 03 5-4 5 o2 i i i 
3 02 5 7 3 o i  IO 8 
i 9 ° 5 o i 89 9 9  
i 25 5 7 i 25 Io  9 
o 84 5 I o 84 Io  9 

" C o e f f i c m n t  o f  v a r i a n c e  = ( s t a n d a r d  d e v i a t i o n / m e a n  o f  i o o  s a m p l e s )  x i o o  

B,ochzm Bzophys Acta, 159 (1968) 50--63 
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T A B L E  I I  

THE MEAN AND STANDARD ERRORS OF KINETIC PARAMETERS I~STIMATED FOR IOO SETS OF '~SAMPLE" 
VALUES OF U 

F r o m  e a c h  o f  IOO se ts  of  t h e  " s a m p l e "  v a l u e  of  v, k m e t l c  p a r a m e t e r s ,  V, n, a n d  K~, w e r e  c a l c u l a t e d  
b y  c o m p u t e r  as de sc r i be d  In t h e  t e x t  (each  se t  cons l s t s  of  t e n  " o b s e r v a t i o n s "  as s h o w n  in T a b l e  I) 
T h e  m e a n  a n d  t h e  S E w e r e  c a l c u l a t e d  for  ioo  e s t i m a t e s  T h e  coeff ic ient  o f  m u l t i p l e  c o r r e l a t m n  
(R) w a s  also c a l c u l a t e d  for  e a c h  se t  o f  " s a m p l e "  v a l u e s  o f  v a n d  t h e  m e a n  is h s t e d  in t h e  l as t  

c o l u m n  as a m e a s u r e  of  c loseness  o f  fit 

Case V n K~ × zo 3 R 
No 

Mean  S E Mean  S E Mean  S E 

I IOO 5 I 02 5 0 0  O O13 I OO O O035 O 999 
2 103 8 2 12 4 9 9  OO25 O99  OO070 O998  

s t anda rd  error of the  mean The average value for coefficient of mul t ip le  correla t ion (R) 
is also shown in Table  I I  as a measure  of closeness of fit 

The results  of the  compute r  analysis  l is ted in Table  I I  show tha t  the  ca lcula ted  
pa ramete r s  based on the "expe r imen ta l "  d a t a  are in good agreement  wi th  the  " t rue"  
pa rame te r s  and thus  m a y  provide s ta t i s t ica l  evidence of the  r ehab lh ty  of the  compu- 
ta t ion  me thod  presented  here for es t imat ing  the most  plausible  kinet ic  pa rame te r s  
from the non-l inear  kinet ic  d a t a  

K,  netzc parameters of phosphofructokznase 
By means  of this computa t ion  method,  kinet ic  pa ramete r s  of phosphofructo-  

kinase concermng the inh ib i tor  sites can be es t imated  from the kinet ic  pa t t e rns  in 
Fig. 2 Fig. 3 presents  the  logar i thmic  plots  of (V/v --  I) agains t  A T P  drawn b y  the  

T A B L E  I I [  

KINETIC PARAMI~TERS ESTIMATED AT VARIOUS p H  LEVELS 

FJgures  In  p a r e n t h e s e s  r e p r e s e n t  t he  f iducla l  l im i t  w i t h  a m g m f i c a n c e  leve l  of  5 % R is a m e a s u r e  
o f  goodness  of  fit as m d l c a t e d  in t h e  foo tno te ,  p 54 

p H  V n i S E  K ~ ± S E  R 

0 8 o 096 I 75 ~- o 14 (I 4 2 I) o 18 4- o 06 o 992 
7 o o 253 8 o2 -E o 43 (6 8 -  9.2) o 4 ° ± o 17 o 995 
7 3 o 348 12 oo ± 1.o 3 (9 4 - 1 4  6) I 5 4- o 82 o 982 
7 6 o 3 7 8  9 75-t= o 5 2  (8 5 - 1 1 o )  2 3 ± o 7 5  o 9 8 4  
8 0  0 3 8 2  3 9 8 ±  ° I 2  ( 3 7 -  4 3 )  4 2 ± 0 7 2  0 9 9 8  
8 3  o 4 o 4  2 4 2  ± o o 9  (2 2 -  2 7) 4 7  ± o 9 9  o 9 9 5  
8 8  o 3 1 6  2 o 8 i o o  4 ( 2 0  22 )  5 1 ± 0 5 2  0 9 9 9  
9 3  o 3 o 8  I 82 ~2 o o 6  (I 7 -  2 I) 3 3 ~= o 5 8  o 9 9 7  
9 6  o 3 1 o  1 5 2 ± O l l  ( 1 3 - 1 8 )  1 3  -1=o52 0 9 8 8  

method  of leas t -squares  based on the computed  V which minimizes the  devia t ion  f rom 
regression_ The kinet ic  pa ramete r s  thus  es t ima ted  are l is ted in Table  I I I  and dep ic ted  
graphica l ly  in Fig. 4 as a funct ion of pH.  As is shown in Fig  4, n, which is re la ted  to 
mul t ip l i c i ty  of inhib i tor  sites, is m a r k e d l y  affected b y  a change of p H  from 6 8 to 8 o, 
wi th  the  m a x i m u m  value  as large as 12 at  p H  7 3- I t  is of some mteres t  t ha t  the  n - p H  
curve is symmet r i ca l  in this p H  range This fact m a y  suggest  t ha t  the  ionic s ta te  of 
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Fig 3 Logari thmic plots of ( V / v  --  i) against  ATP concentrat ion at various p H  levels Kinetic 
da ta  in Fig 2, along wi th  the most  plausible V determined f rom them as described in text ,  
were used for calculat ing the variables shown in abscissa and ordinate O- - (D ,  p H  6 8 ,  /k~--A, 
p H 7  o, [:]--[2], p H 7 3 ,  ( ~ ( ] ~ ,  p H 7 6 ,  O - - O ,  p H 8 o ,  & - - A ,  p H 8 3 ,  I I - - l ,  p H 8 8 ,  © - - © ,  
p H 9 3 ,  × - - × ,  p H 9 6  

Fig 4 Plots of n, pK,  and log V as a funct ion of p H  Kmetm parameters  in Table I I I  were 
plot ted against  p H  Perpendicular  lines represent  the s tandard  error of the kinetic pa ramete r  
The s tandard  error of pK,  was calculated f rom those of KL in Table I I I  according to an equation, 

S E (K 4 
S E (pK,) ~ log e 

K, 

as suggested by  WILKINSON 40 

the lonizable group(s) on the enzyme protein plays a significant role in the multlphclty 
(or cooperatlvity) of the inhibitor sites. I t  may be concluded that a strong inhibition 
of phosphofructokmase caused by a very minute increase of ATP concentration at 
the inhibitory level is due to such a great multiphclty (or cooperatlvlty) of the inhibitor 
sites at lower pH levels 

Affinity of ATP to the inhibitor sites, being expressed as pK, in Fig 4, is also 
pH dependent over the range of pH from 6 8 to 8_0; an abrupt decrease in pK, occurred 
upon a shift of pH toward alkahne values Thus, one of the most outstanding charac- 
teristics of the ATP-induced inhibition of phosphofructokmase, a marked reduction 
of the degree of inhibition by raising the pH, may be accounted for by this pronounced 
increase in K, in response to a rise of pH 

A relation of V to the pH is also shown in Fig 4 The discontinuities observed m 
pK, -  and log V- pH plots at pH's 7 8 and 9 2 and at pH 7 2 may have something to do 
with the pK of the ionlzable group closely associated with the binding sites on the free 
enzyme and enzyme-substrate complexes, respectively, because pK's of substrates, 
ATP and Fru-6-P, differ sigmficantly from these values 

Effect of the concentratwn of Fru-6-P on the mh,  bztzon by A T P  
Several investigators have reported that Fru-6-P is capable of overcoming the 
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Fig  5 Effects of F ru -6 -P  concen t ra t ion  on the  k ine t ics  of phosphof ruc tok lnase  The condi t ions  
are those  in F ig  i F ru -6 -P  concen t ra t ion  0 - - ( 2 ) ,  o 025 raM, / k - - z ~ ,  o 05 raM, D - - F 1 ,  
o 075 raM, O - - - I ,  o i mM, Ik--&,  o 25 mM, I - - i ,  o 5 mM The inse t  shows r e p l o t t m g  of the  

k]netm d a t a  on a different  scale 

F ig  6 Loga r l t hmm plots  of (V /v  -- I) aga ins t  A TP  concen t r a tmn  a t  var ious  condi t ions  of Fru-  
6-P  K m e t m  d a t a  in Fig 5, a long wi th  the mos t  p laus ib le  V e s t i m a t e d  the re f rom as descr ibed 
m tex t ,  were used for ca lcu la t ing  the  var iab les  m abscissa  and  o rd ina te  F ru -6 -P  concen t ra t ion  
( 2 ) - - 0 ,  o o 2 5 m M ,  / X - - A ,  o o 5 m M ,  [~--[2], o o 7 5 m M ,  © - - © ,  o l m M ,  0 - - 0 ,  o z 5 m M ,  

& - - J k ,  o 5 mM 

ATP-induced Inhibition 1-1~- So, the rate of phosphofructokinase reaction in the 
presence of ATP at mhibltory levels was measured at a fixed pH (pH 7.6) with in- 
creasmg concentration of Fru-6-P The results, shown m Fig 5, were analyzed by 
computer in the same manner as were the kinetic data in Fig 2 Fig 6 shows the 
logarithmic plots of ( V / v  - -  I) agamst ATP concentration drawn by the method of 
least-squares on the barns of the V estimated by computer The kinetic parameters 

T A B L E  IV 

EFFECT OF FRU-6-P CONCENTRATION ON KINETIC PARAMETERS 
Figures  in paren theses  r ep resen t  the  fiduclM h i l t  wi th  a significance level  of 5 % R is a measure  

of goodness of fit as md lca t ed  in the  footnote,  p 54 

Concn V n --  S E K~ 3c S E 
of (.,M) 
F r u - 6 - P  
( r a M )  

oo25  o 2 4 o  6 8 6  ± o65  (5 2-8 5) 2 4  ± I 41 
o o  5 o392  792 =E o 4 4  (6 8 -9o )  2 7 ± o91  
o o 7 5  0-584 7 ° 2 - - ° 3 7  (6 1-7-8) 2 9  ± o 8 9  
o I o 6 8 4  7 4  ° i ° 4 6  (6 2-8 6) 3 I q- I IO 
o 2 5  I 02 4 ° °  ± o 2 4  (3 5-4 5) 4 4  + I 39 
0 5  14o  1 9 2 - 4 - ° ° 7  ( 1 7 - 2 1 )  4 8 ~ L ° 8 I  

R 

o 979 
o 989 
o 991 
o 986 
o 986 
o 994 
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Fig  7 A_ Double  rec iprocal  p lo t  of the  V aga ins t  Fru-6-P_ B Double  reciprocal  p lo ts  of the  
ln t t la l  ve loc i ty  of p h o s p h o f r u c t o k m a s e  reac t ion  aga ins t  F ru -6 -P  In the  presence of much  lower 
concen t ra t ions  of A T P  The condi t ions  are those  of F ig  i ATP  concen t ra t ion  © - - © ,  o 024 raM, 
A - - A .  o 03 raM, [~ - - [~ ,  o 04 mM, O - - Q ,  o 06 mM 

de te rmined  are summar ized  in Table  IV As is ev ident  in Table  IV, n was v i r tua l ly  
unmfluenced b y  an Increase of the  concent ra t ion  of F ru -6 -P  up to o . I  raM, bu t  a fur ther  
increase resul ted  in a reduct ion.  K ,  s tead i ly  increased as the  concent ra t ion  of F r u - 6 - P  
increased from o 025 to 0-5 mM_ I t  would appear  t ha t  there  is a de tec tab le  In terac t ion  
be tween  the b inding  of A T P  at  the  inhibi tor  site and  b m d m g  of F ru -6 -P  to the  enzyme 
molecule 

When  reciprocals  of the  V thus  es t ima ted  are p lo t t ed  agains t  reciprocals  of 
F ru -6 -P ,  the  h n e a r r e l a t l o n s h l p w a s o b t a m e d a s s h o w n m F l g . 7 A  POGSONANDRANDLE 1° 
also repor ted  t ha t  a plot  of I/V agains t  I/S was l inear  for the  ra t  hear t  enzyme.  
F ig  7 A is considered to represent  the  effect of F ru -6 -P  on the react ion veloci ty  of 
phosphof ruc tokmase  when a ca ta ly t i c  site for A T P  has been s a tu r a t ed  with  an A T P  
molecule In  an a t t e m p t  to s t u d y  the effect of F ru -6 -P  on an A T P - u n s a t u r a t e d  enzyme,  
the  ini t ia l  velocit ies were measured  as a funct ion of the  concent ra t ion  of F r u - 6 - P  wi th  
a series of A T P  levels low enough to exer t  no inhibi t ion (Fig, 7 B) The  non-l inear  double  
reciprocal  plots  presented  in F ig  7 B mdlca te  a coopera t ive  In terac t ion  of F r u - 6 - P  
wi th  the  enzyme As the  concent ra t ion  of A T P  increases, however,  the  coopera t ive  
in te rac t ion  tends  to be reduced Therefore,  the  l inear  re la t ionship  be tween reciprocals  
of V and reciprocals  of F r u - 6 - P  (Fig 7A), in keeping wi th  the  exper imenta l  d a t a  in 
F ig  7 B, makes  i t  possible to assume tha t  the  adsorp t ion  of F ru -6 -P  at  the  al losteric  
site is p r even ted  b y  the occupancy  of the  ca ta ly t i c  site for ATP.  

Alternat,ve react,on models 
Eqn.  2, which has been used to ob ta in  the  k inet ic  parameters ,  was der ived  b y  

assuming t ha t  b ind ing  of A T P  at the  inh ib i tor  sites is a sufficiently coopera t ive  process 
If  no coope ra t lv l t y  is assumed for the b ind ing  of ATP,  the s i tua t ion  would be accounted  
for by  the  following equat ion,  

V 
v = (4) 

S r~ 

where it is also assumed tha t  all of the  inhib i tor  sites have  the  same Intr insic dtssoclat lon 
cons tant ,  K~. 
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When  s t eady- s t a t e  kinet ics  are apphed,  the  following expression is made  possible 
on the basis of topological  conslderat lons first proposed  b y  V O L K E N S T E I N  AND GOLD- 
STEIN 35_ 

k+aS nk+lS (n - -  m _L i )k+lS n l k+ls  
E=-- ~ - E S a ~ - ~  nESaSI~ ESaSm~ ~- -ESaSn  

p r o d u c t  

where k represents  the  veloci ty  cons tan t  a t  the  appropr ia t e  react ion s tep A kinet ic  
equat ion essent ial ly  ldentmal  to Eqn.  4 is then der ived by  defining K a  = (k_a + kp) /  
k+a and K~ = k_4/k÷a. Though f i t t ing of the  kinet ic  d a t a  to Eqn. 4 was a t t e m p t e d  b y  
means of d igi ta l  compute r  a6, the  closeness of fit a t t a ined  was far inferior  to t ha t  in the  
case of f i t t ing to Eqn  2 This m a y  lend some suppor t  to the  conclusion t ha t  the b ind ing  
of A T P  at  the  inhibi tor  sites IS a h ighly  coopera t ive  process. 

DISCUSSION 

Since the  react ion ra te  as well as kinet ic  pa t t e rns  of phosphofruc tokinase  are 
p rofoundly  influenced b y  a va r i e ty  of factors,  the  kinet ic  proper t ies  observed ~n wtro 
m a y  involve  some depar tu re  from those in hvlng cells The present  exper iments  were 
unde r t aken  to observe the  p H  dependence of A T P  inhibi t ion of the  enzyme and the  
involvement  of effectors o ther  than  F ru -6 -P  was not  s tud ied  Nevertheless ,  some 
components  of the react ion mix ture  could exer t  such an appreciable  influence on the  
react ion kinet ics  as to deserve discussion 

Reac t ion  veloci ty  was measured  in the  absence of K+ and in the  presence of 
NH4+ and SO42- at  an app rox ima te  concentra t ion  of I mM These ions are known to 
act  as s t imula tors  of phosphofructoklnaseS,6,9,1o,13,aT,22, a1-~4 In addi t ion,  NH4+ was 
found to modi fy  the  ATP- lnduced  inhibi t ion of the  enzymes from ra t  l iver 6, sheep 
bra in  9 and paras i te  n Recent  reports  on the enzyme from rabb i t  muscle, however,  
showed tha t  the  degree of A T P  inhibi t ion and modif icat ion of Inhibi t ion b y  metabol i tes  
were not  affected b y  the presence of NH4+ (refs. 5, 17) Since a concentra t ion  of these 
Ions is l i t t le  Influenced b y  a change in p H  or A T P  concentra t ion,  It is l ikely t ha t  the  
kinet ic  proper t ies  of phosphof ruc tokmase  observed here are not  dependent  upon these 
ions_ 

A role of Mg 2+ in the  ATP- lnduced  inhibi t ion of phosphof ruc tokmase  has also 
been discussed by  several  lnvestlgators3,4,7,9,~O,XT,2O,2~, a~ A T P  as more inh ib i to ry  when 
free than  when combined with  Mg z+ (refs_ 9, 2o). On the other  hand,  excess of Mg 2 ~ also 
causes an inhibi t ion of the  enzyme reactlonT,9, x5 and prevents  the  crys ta l l iza t ion  
observed an the  presence of A T P  17 MgATP was found to be more inh ib i to ry  in regard  
to t u m o r  phosphofruc toklnase  than  free A T P  under  cer tain condit ions 7 In  the  present  
s t u d y  concentra t ion  of to ta l  Mg 2+ was ma in ta ined  at  3 raM, a concent ra t ion  no t  
Inh ib i tory  to muscle enzymeS, ~°, in an a t t e m p t  to avoid  an excess of Mg 2+ which could 
occur at  higher  A T P  concentra t ions  when the rat io  of Mg 2+ to A T P  was kep t  cons tan t  
(also see ref 34) As a result ,  the  re la t ive  concent ra t ion  of one of the  molecular  species 
of A T P  to another  changed grea t ly  when the concentra t ion  of A T P  was a l t e r ed ,  
MgATP was p redominan t  at  pH ' s  below 7 6 because the  molecular  concen t ra t ions  of 
A T P  employed  were lower than  those of Mg ~ ~, whereas a larger  pa r t  of added  A T P  
remained  free when A T P  was present  far in excess of Mg 2+ Kinet ic  d a t a  p resen ted  
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here, therefore, represent a combined effect of various species of ATP, though a marked 
modification of kinetic parameters dependmg on a change in pH was observed when 
MgATP was predominant and the concentration of Mg 2+ was sufficient (Fig_ 4) Little 
information has been obtained so far on the specificity of molecular species of ATP 
as substrate of phosphofructokmase Whether the mhlbltor sites of phosphofructo- 
klnase are occupied predominantly by one or another of the ion species of ATP also 
remains as a subject for further investigation 

The kinetic parameter n, usually referred to as an index of kinetic order of re- 
action or mteraction (cooperatlvlty) coefficient, is a function of the number of inter- 
acting substrate-bmnding sites per enzyme molecule and of the strength of Interaction 37 
As is evident m deriving Eqn 2, n is equal to the number of the binding sites when a 
sufficiently high cooperatlvlty is assumed for ATP binding. In the present study, as 
many as 12 ATP sites were obtained at pH 7 3, no such high estimate has been suggested 
by the kinetic study for the number of b i d i n g  sites for a single ligand Recent findings 
on purified or crystallized rabbit muscle phosphofructokinase by PAETKAU AND 
LARDY 34 and LING, MARCUS AND LARDY 3s, as well as PARMEGGIAN117 a n d  KEMP AND 

KREBS is, clearly showed that phosphofructokmase undergoes reversible association 
and dissociation depending on the concentration of the enzyme protein, pH, addition 
of ATP or kind of buffer_ According to physical studies, 3 molecules of ATP are bound 
to the minimal bmdmg unit having a molecular weight of 9 ° ooo ~8, which can aggregate 
in the solution 17 A value of 360 ooo calculated by PAETKAU AND LARDY 34 for the 
molecular weight of the smallest molecule of the active enzymes shows that their 
enzyme consists of four bmdmg units and might possibly possess 12 b i d i n g  sites for 
ATP. Owing to differences in experimental conditions, no decisive information is 
available for the polymerization state of the enzyme m the present study However, 
it is highly probable that phosphofructokinase exists in Trls buffer in monomer-dimer- 
tetramer system as suggested by LING, MARCUS AND LARDY as. If an mteractlon be- 
tween ATP sites is assumed to be not very strong, the actual number of the binding 
sites might be larger than n estimated in the present study. Such a possibility may not 
be excluded because the molecular weight of 13oo ooo was calculated for the most slowly 
sedlmentlng species of rabbit muscle enzymeS*, as, mdlcating a much higher degree of 
aggregation of the protein molecule 

Values similar to n in the present study have been proposed for the combined 
number of various kinds of binding sites of sheep bram 9 and rabbit muscle 21 phospho- 
fructokinase Based on the physical studies 19 as well as the present kinetic finding that 
bindmg of ATP at the inhibitor sites is alternated by excess of Fru-6-P, it may be 
possible to postulate that some binding sites are common to several hgands and that 
the number of the ATP inhibitor sites estimated here has something to do with the 
combined number of all the binding sites for substrates and modifiers 

MANSOUR 39, usmg phosphofructokmase from mammalian heart, reported that 
active enzyme was reversibly converted to inactive enzyme during incubation at acid 
pH. The reactivation of the enzyme, which took place after IO-mln incubation of the 
concentrated enzyme solution at pH levels below 6-5 at 37 °, was found to be accompa- 
nied by a change in sedimentation behavior suggesting that dissociation of the enzyme 
protein into subunits had occurred Though the experimental conditions employed 
by MANSOUR are more drastic than the conditions of enzyme assay, it is possible that 
his finding is somewhat related to the pH dependence of kinetic parameters observed 
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here_ Two forms of yeast phosphofructokmase with different sensitivity to ATP 
Inhibition were also ldentlfied by VINUELA e~ al 25 The requirement of the specific 
enzyme along with NaF and 3', 5'-AMP for their mterconversion appears to make it 
implausible that a similar phenomenon takes place during incubation of phospho- 
fructoklnase m the present study Instead, the lonlzable group(s) on the enzyme protein 
may play a significant role m the association-dissociation state of muscle phospho- 
fructokmase as suggested by the symmetrical form of the n pH curve (Fig 4) Kinetic 
behavior of phosphofructokinase was not studmd at pH levels below 6 8, because it 
was impossible to maintain an incubation medmm at constant acid pH's with the aid 
of Trls-HC1 buffer Though replacement of HC1 by maleic acid lowered the pH range 
of Tris buffer, the addition of malem acid was found, even at higher pH's, to Impair 
enzyme activity This finding is in agreement with the previous report by PASSONNEAU 
AND LOWRY 22 that dlcarboxyhc acid was inhibitory to phosphofructoklnase 

As mentioned above, it is possible to assume that n in Eqn. 2 corresponds to 
cooperatlvJty of bAnding of ATP at the inhibitor sites rather than actual multiphc~ty of 
the inhibitor sites When cooperatlvlty is taken into consideration in deriving the rate 
equation, Eqn 4 should be replaced by Eqn 5, 

V 
v = (5) 

where a represents cooperativlty (interaction) factor of ATP binding at the inhibitor 
sites (The term (I + K a / s )  is omitted ) Fitting of kinetic data to Eqn 5 with the aid 
of a computer, assuming n -- I2, resulted in the following approximate values for a at 
pH's from 6 8 to 9_6 pH 6 8, 4, pH 7.o, IO; pH 7 3, > 5 o, pH7 6, IO, pH 8 o,4, pH 8-3, 4, 
pH 8.8, 4, pH 9 3, 4; pH 9 6, 4 Though the degree of fitting to this equation is inferior 
to that to Eqn. 2, the trend of alteration of a in response to a pH change is consistent 
with the change of n m Eqn 2 hsted In Table III .  

It would appear that these kinetic properties of phosphofructokmase play a 
significant role in the control mechamsm of cellular glycolytlc systems Owing to the 
striking pH dependence of the affinity of ATP to the inhibitor sites, an extremely 
minute change of the lntracellular pH in the presence of Fru-6-P and ATP at normal 
concentrations could result in an appreciable alteration of the rate of phosphofructo- 
kinase reactmn On the other hand, the high cooperativity observed around the 
possible cellular pH as to binding of ATP at the inhibitor sites makes it possible that 
a small change of intracellular ATP concentrations results in a marked modification 
of phosphofructokanase activity Since the intracellular concentration of ATP and 
hydrogen ions is considered to be dependent upon the activity of oxidative phos- 
phorylatlon of mltochondria, it IS tempting to speculate that these peculiar kmetm 
properties of phosphofructoklnase are closely related to the mitoehondrial inhibition 
of glycolysls, the Pasteur effect This speculation might be favored by our unpublished 
prehminary observations that phosphofructoklnase from rat erythrocytes, which are 
lacking m mltochondria, exhibits kinetic patterns rather independently of the pH in 
the incubatmn medmm Recently, TRIVEDI AND DANFORTH 27, on the basis of their 
kmetm studies of frog muscle enzyme, also proposed that the shifts in mtracellular pH 
are significant in the regulatmn of phosphofructoklnase activity_ 
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