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Almtract--1. Kinetic studies were carried out on pyruvate kinase and phosphofructokinase from the lizard 
Lacerta galloti. 

2. Pyruvate kinase is inhibited by ATP and activated by fructose 1,6-biphosphate giving an hyperbolic 
saturation curve for ATP without the activator which becomes sigmoidal at saturating concentrations 
of fructose 1,6-biphosphate, giving a moderate cooperativity with a Hill coefficient of h = 1.72. 

3. Binding of fructose 1,6-biphosphate to pyruvate kinase was studied as protection effect against 
thermal denaturation, this being the most suitable ligand tested to avoid the loss of activity. 

4. Phosphofructokinase is inhibited by ATP at millimolar range and activated by AMP and by fructose 
2,6-biphosphate, AMP being the more efficient activator. 

INTRODUCTION 

Glycolysis regulation in mammalian liver is a well 
documentated process, though not totally clarified, 
and it is commonly accepted that it occurs mainly by 
changes in PFK'I" and PK activity, induced by their 
effectors. In fact, these two enzymes are allosteric in 
liver, PK being inhibited by ATP and activated by 
FI6P, and PFK being inhibited by ATP at the 
millimolar range and activated by AMP and F26P 
among others. We have previously studied (P~rez et 
al., 1982) PK regulation in rat liver, showing both 
that inhibition of this enzyme by ATP gives a hyper- 
bolic saturation curve without F16P which becomes 
sigmoidal at 0.1 mM F16P, and that activation by 
F16P without ATP is also cooperative. PK has been 
studied in several species (see Munday et al., 1980 for 
a review) and results have concluded that its activity 
is always much greater than PFK in liver and muscle, 
although its activity in vivo must be considerably less 
than when assayed in optimal conditions. On the 
other hand, the discovery of F26P as a strong activa- 
tor of PFK (Van Schaftingen et al., 1980; Uyeda et 
al., 1981 a,b) and the confirmation that concentration 
of this sugar varies according to the physiological 
state of the cells (see Hers and Van Schaftingen, 1982 
for a review) have again centered the problem of 
glycolysis regulation on the allosteric effects of these 
two enzymes. 

*To whom correspondence should be addressed. 
tAbbreviations used: F16P, fructose 1,6-biphosphate; 

F26P, fructose 2,6-biphosphate; LDH, lactate dehy- 
drogenase; PEP, phosphoenolpyruvate; PFK, phos- 
phofructokinase; PK, pyruvate kinase; F6P, fructose-6- 
phosphate. 

Glycolysis regulation in muscle is different from 
that in liver for two reasons: first, muscle pyruvate 
kinase is not an allosteric enzyme, where neither ATP 
or F16P regulate its activity, and second, ATP 
changes cannot occur to the same extent as in liver 
since near constant ATP concentrations are required 
to allow the function of the regulation system on 
contractility by calcium through troponin (Weber 
and Bremel, 1971; Marston et al., 1980). Thus, our 
knowledge about glycolysis regulation in muscle is 
much less than in liver. 

Glycolysis is a very ancient metabolic pathway in 
biological evolution but there are important 
differences in its later stages, especially with respect to 
the development of the quaternary structure of en- 
zymes and to adaptation to environmental conditions 
(Rossman, 1981). Thus, glycolysis regulation could 
be a useful field for the study of metabolic differences 
in the evolutionary process among different species. 

The studies carried out on glycolytic enzymes from 
poikilothermic vertebrates have pointed out an 
adaptative shift in LDH and other isoenzyme pat- 
terns dependent on temperature (Hochachka, 1965; 
see Somero, 1975 for a review). LDH from fish has 
been extensively studied (Sensabaugh and Kaplan, 
1972; Sidell and Beland, 1980 among others) as have 
other glycolytic enzymes from poikilothermic verte- 
brates. This dependence on isoenzyme patterns and 
kinetic parameters on temperature changes according 
to the environmental conditions (see Prosser, 1973 for 
a review) has been described for several enzymes in 
fish (Narita and Horiuchi, 1979; Schwantes and 
Schwantes, 1982; Somero, 1973; Valkirs, 1978), am- 
phibians (De Costa et al., 1979, 1981; Tsugawa, 1980) 
and reptiles (Beloff-Chain and Rookledge, 1970). The 
problem in studying evolution of metabolic pathways 
is that there are adaptative effects due to the influence 
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of environmental  conditions,  such as temperature,  on 
kinetic parameters  which do not account for evo- 
lutionary but rather adaptative differences. In order 
to obtain more adequate substantial data  of  gly- 
colytic enzymes we have studied the cooperativity of  
regulatory effectors on PK and P F K  as the two 
enzymes which depend on glycolysis regulation. As 
mentioned above, the liver has been used since gly- 
colysis regulation is more unders tood in this tissue. 
Finally, this work has been carried out in lizards, as 
a species less evolved than mammals,  in order  to 
compare  its regulatory kinetic parameters  with those 
of  rodents. Our results show that all studied effects 
occur in lizards as in rodents,  but to a lesser degree, 
which could reflect a lesser evolved state nearer to the 
origin of  the regulatory features of  ATP and F 16P on 
PK, and ATP, A M P  and F26P on PFK.  

MATERIALS AND METHODS 

Reagents 

Porcine heart lactate dehydrogenase type XVIII, rabbit 
muscle aldolase type I, rabbit muscle glycerophosphate 
dehydrogenase type I, rabbit muscle triosephosphate isom- 
erase type III, AMP, ADP ATP, NADH, F16P and F26P 
were obtained from Sigma (St. Louis, MO, U.S.A.); all 
other reagents were analytical reagent grade, purchased 
from E. Merck (Darmstadt, F.R.G.) or Koch Light (Coin- 
brook, Bucks, England). 

Biological samples 

Male and female lizards (20-30 g), Lacerta galloti, en- 
demic species of Tenerife island, were used for experiments 
2-5 days after capture, maintained during this time in 
captivity with feed and water ad libitum. Lizard livers were 
obtained under ether anesthesia from 3-6 animals in each 
experiment, washed with 0.14M NaCl, pooled, cooled, 
chopped and homogenized at 1 g/3 ml in 0.25 M sucrose for 
PK experiments and in 50 mM Tris-HCl buffer, pH 7.4 with 
10mM ammonium sulfate, 10mM dithiothreitol, 2mM 
EDTA and 1 mM MgCl 2 for PFK experiments, by using a 
Potter-Elvehjeim homogenizer with Teflon pestle, in an 
ice-cold bath. The homogenates were clarified twice by 
centrifugation at 27,000g in a Sorvall RC-SB centrifuge at 
3-4°C for 20 and l0 min, respectively. The resulting super- 
natants were used immediately for kinetic experiments and 
their protein concns were determinated by the method of 
Lowry et al. (1951). 

Kinetic experiments 

All kinetic experiments were developed by a continuous 
recording method at 340 nm using a Hitachi 100-60 spec- 
trophotometer with a Churchill thermocirculator and a 
Linear recorder. All kinetic experiments were carried out at 
25°C except to study influence of temp on enzyme activity, 
where experiments were carried out in the 5 50°C temp 
range. PK reaction was measured as previously described 
(Perez et al., 1982) by coupling with LDH reaction. The 
incubation mixtures contained: 0.14mM NADH, 0.1 M 
KC1, 2 mM MgCl 2, ADP and PEP according to the experi- 
ment, 2 U/ml LDH and 50 mM Tris-HC1 buffer, pH 7.4. PK 
activity was assayed at saturating concns of substrates in 
Vma x conditions, according to the results of our kinetic 
experiments, i.e., 5 mM ADP and 20 mM PEP. PFK reac- 
tion was measured according to Ling et al. (1966) with some 
modifications, by coupling with aldolase, triose phosphate 
isomerase and glycerophosphate dehydrogenase reactions. 
The incubation mixtures contained: 0.14mM NADH, 
25 mM KC1, 5 mM MgCI 2, F6P and ATP according to the 
experiment, 0.1 mM dithiothreitol, 5 mM ( N H 4 ) 2  S O 4 ,  

0.4 U/ml aldolase, 0.4 U/ml glycerophosphate dehy- 

drogenase, 25 U/ml triosephosphate isomerase and 0.1 M 
Tris-HC1 buffer, pH 7.4. PFK activity was assayed at satur- 
ating concentration of F6P (3 mM) and non-inhibitory ATP 
concn (0.5 mM), in Vma x conditions, according to the results 
of our kinetic experiments. 

Mixtures of 2 ml containing the appropriate reagents and 
tissue extracts were incubated in the sample cuvette of the 
spectrophotometer using as reference the same mixture with 
all reagents except NADH. Reactions were started by 
addition to the mixture of the diluted enzymatic extract 
(100#l) to obtain 0.8-1.2 protein mg in the incubation 
mixtures, and NADH decay was recorded during 8-10 min. 
A good linearity was obtained in the time from 0.8 to 0.1 
absorption units, enough to obtain initial velocity values. In 
experiments to study regulation effects of ATP, AMP, F 16P 
and F26P, about 3 min after triggering the reaction, the 
regulating reagent, dissolved in the same buffer, was added 
to the incubation mixture (50 #1) to obtain the appropriate 
concn in the total of the mixture, recording the new slope 
of the reaction. In Fig. 1 is shown a schematic diagram of 
these kinetic experiments. 

ATP inhibition on PK was calculated from graphic 
records by reference to primary rate (before ATP addition) 
according to the expression 

ll 
~o inhibition by ATP = __--/~ATP X 100 

where v is the velocity at saturating ADP concentration 
(5 mM) and 1 mM PEP before ATP addition, which was a 
constant value in this series of the experiments, and UAT P iS 
the velocity obtained after ATP addition. ATP inhibition on 
PK activated by F16P was calculated from graphic records 
by reference to primary rate (before ATP addition and with 
0.2 mM F16P) using 

% inhibition by ATP - vF - UF'ATP X 100 
U F 

where v v is the velocity in the same conditions as described 
above plus 0.2 mM F16P, also a constant value in this series 
of experiments, and Vv,AX P is the velocity obtained after ATP 
addition. In these experiments ATP saturation for enzyme 
at 0.2mM F16P is 

/)F - -  /)F,ATP 
YF,ATP 

U F 

and their fractional saturation values are 

.~F,ATP UF - -  I ¥ , A T P  

1 - YF,ATP UF ATP 

FI6P activation on PK was calculated by reference of 
values obtained after FI6P addition (vv) as compared with 
velocity values before FI6P addition (v) using 

/3 F - -  U 
% activation by F16P = x 100. 

v 

A similar expression was used to calculate AMP activation 
on PFK velocity. The results presented in this paper are the 
means of five experiments, giving a coefficient of variation 
(p/~) x 100 = 3.2. 

RESULTS 

Routine experiments to determine kinetic parame- 
ters elicited the data shown in Table 1. The kinetics 
of  PK for both PEP and A D P  are demonstra ted  by 
hyperbolic saturat ion curves without ATP, allowing 
us to obtain KM values for these substrates from 
Lineweaver-Burk plots (not shown). The kinetics of  
P F K  for F6P with 0.5 m M  ATP are demonstra ted by 
a sigmoidal saturation curve (Fig. 2) of  which the 
cooperativity can be calculated by the Hill plot, 
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Table 1. Kinetic parameters of lizard liver pyruvate kinase and phosphofructokinase* 

sp. KM~: 
act.t a§ ~ KI(ATP)I I K,$$ 
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PK 0.210 1 .12 (5 .0 )  0.25(20) 0.515/1.2"* 7.35 #M~ 2.1gMIItI(F16P) 
PFK 0.011 0.75 (0.5) 0.07 (3) 3.0tt 0.25 mM (AMP)¶¶ 

*These results are the means of five experiments, giving a coefficient of variation (tr/$) x 100 = 3.2. 
~'Fmoles of released product per min, per protein mg. Enzymes assayed in optimal conditions. 
:[:Apparent KM values at saturating conchs of the other substrate for PK and ATP at non-inhibitory 

concentration for PFK, obtained from Lineweaver-Burk plots; So. s value for PFK saturation by F6P. 
All data are minimolar concns. 

§The substrate a is PEP for PK and F6P for PFK; the substrate b is ADP for PK and ATP for PFK. 
The saturating concn of the other substrate used in experiments to obtain these values figure in 
parenthesis. 

IjApparent K i values as the millimolar ATP concns which account for 50% inhibition. 
¶Substrate concns used: I mM PEP and 5 mM ADP. 
**The same concns of substrates as ¶ plus 0.2mM FI6P. 
i'tValue obtained from the inhibition phase of the saturation curve with 3 mM F6P. See Fig. 3. 
$:~Dissociation constant of enzyme-activator binding from Lineweaver-Burk plot. 
~Substrate concns used: 1 mM PEP and 5 mM ADP. 
Illl The same substrate concns as ~ plus 0.9 mM ATP. 
¶¶Substrate concns used 5 mM and 3 mM F6P. 

giving a Hill  coefficient  h = 2.5; Sos for  A T P  F 6 P  
be ing  0.75 m M .  T h e  kinet ics  o f  P F K  are s h o w n  in 
Fig.  3 in wh ich  there  are  two  phases ;  the  first typical ly 
hyperbol ic ,  f r o m  which  the  L i n e w e a v e r - B u r k  p lo t  KM 
was  ca lcu la ted  at  s a tu ra t ing  F 6 P  c o n c e n t r a t i o n  
(3 m M ) ,  a n d  the  s econd  wh ich  c o r r e s p o n d s  to A T P  
inh ib i t ion  kinetics f r o m  which  a p p a r e n t / ~  was calcu-  
lated.  

A T P  inh ib i t ion  on  P K ,  s h o w n  in Fig.  4, gives a 
hyperbo l i c  curve  at  s a tu ra t ing  A D P  c o n c n  (5 m M )  
a n d  K M c o n c n  o f  P E P  (1.12 m M ) ,  w h e n  F 1 6 P  was n o t  
present .  How e ve r ,  wi th  sa tu ra t ing  concns  o f  this 
sugar  (0.2 m M ) ,  the  kinet ic  s a tu ra t ion  curve  becomes  

1.0 

o 0.8 
o'J 

0 .6  

= 0.4 

z~ 0.2 

time(rain) 

1 

Fig. 1. Graph records of  the kinetic experiments. Typical 
kinetic experiments to study regulation effects on PK and 
PFK. Soluble fractions of  lizard liver were incubated in the 
cuvette of  the spectrophotometer at 25°C (except in experi- 
ments to study temp effects, where several temps were used) 
with appropriate substrates according to the experiment as 
described under Materials and Methods; absorption decay 
at 340nm was continuously recorded obtaining velocity 
values from slopes in the graph records. Reactions were 
started by addition of tissue extract (100#1) to obtain 
0.1-0.15 protein mg per ml in the incubation mixture; 3 min 
after triggering reaction enzyme regulators (ATP or F16P in 
PK experiments, and AMP or F26P in PFK experiments) 
were added to the mixture in 50 #1 to obtain appropriate 
concns according to each experiment. In each experiment 
two slopes were obtained: the first, before modulator addi- 
tion and the second after it, the two having good linearity 
which allows us to calculate initial velocity values in all 
cases. Left: Inhibition effect of  ATP on PK; arrow 1, tissue 
extract addition; arrow 2, ATP addition. Right: Activation 
effect, i.e., F16P on PK and AMP or F26P or PFK; 
arrow 1, tissue extract addition; arrow 2, activator addition. 

s igmoidal ,  a l t h o u g h  its coopera t iv i ty  ob t a i ned  f rom 
the  Hill  p lo t  is no t  great ,  giving h = 1.72. In  these 
cond i t i ons  a p p a r e n t  K~ for  A T P ,  as A T P  c o n c n  which  
accoun t s  for  50% inhib i t ion ,  becomes  1.7 m M  f r o m  
its p rev ious  value o f  0.5 m M .  Thus ,  F I 6 P  act ivates  
P K  reveal ing the  coopera t iv i ty  for  ATP.  M o r e o v e r ,  
F 16P act ivates  the  enzyme  b o t h  wi th  A T P  or  w i t hou t  
it. This  ac t iva t ion  gives hyperbo l i c  s a tu r a t i on  curves  
p re sen ted  in Fig.  5 showi ng  tha t  0 . 1 - 0 . 2 m M  F 1 6 P  
tota l ly  sa tu ra tes  the  enzyme,  bu t  ac t iva t ion  c o n s t a n t s  
o b t a i n e d  f r o m  L i n e w e a v e r - B u r k  p lo ts  (no t  shown)  
are  di f ferent  in these  two  cond i t ions ,  these  be ing  
7 . 3 5 # M  F 6 P  wi thou t  A T P  and  2 . 1 0 # M ,  wi th  A T P  
at  c o n c n  a b o u t  the  value o f  K~. Thus ,  A T P  enhances  
affinity o f  the  enzyme  for  its ac t iva to r  F16P.  There-  
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Fig. 2. Kinetics of phosphofructokinase saturation by 
fructose-6-phosphate. Soluble fractions of  lizard liver were 
incubated for developing PFK reaction as described under 
Materials and Methods with 0.5 mM ATP in the cuvette of  
the spectrophotometer at 25°C. Reactions were started by 
addition of  tissue extract (100 #1) to the incubation medium 
velocity values being obtained from slopes of  absorption 
decay at 340 nm. Sigmoidal form of  the curve indicates 
cooperativity for binding F6P to PFK which is quantified by 
the Hill plot giving a Hill coefficient h = 2.5. According to 
these data 0.75 mM F6P is the substrate concn which gives 
half the maximal velocity. The quotients between velocity 
values of  the reaction and velocity value with 3 mM F6P 

are represented on ordinate axis. 



292 NI~TOR V. TORRES et  al. 

1.00 
T'2 
=E 

,~ 0.75 >o i 
.5 5 75 10 

#o5o  ~ 

A T  P m M  

Fig. 3. Kinetics of phosphofructokinase activity vs ATP 
concn. Soluble fractions of lizard liver were incubated for 
developing PFK reaction as described under Materials and 
Methods with 3mM F6P in the cuvette of the spec- 
trophotometer at 25°C. Reactions were started by addition 
of tissue extract (100/~1) to the incubation medium and 
velocity values were obtained from slopes of absorption 
decay at 340 nm. First phase of this curve gives a linear 
Lineweaver-Burk plot, the ATP which gives maximal veloc- 
ity being 0.5 mM and apparent KM for ATP obtained from 
these data being 0.07 mM; apparent K~ value for ATP, as 
ATP concn which accounts for 50~ inhibition, can also be 
calculated, this being 3 mM, in the inhibition phase of the 
curve. The quotient values between velocity in each case and 
velocity at 0.5 mM ATP are represented on ordinate axis. 
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Activation of pyruvate kinase by fructose 
1,6-bisphosphate. Soluble fractions of lizard liver were 
incubated for developing PK reaction as described under 
Materials and Methods with 1 mM PEP and 5 mM ADP, 
without ATP (O) and with 0.9 mM ATP (O). Reactions 
were carried out in the cuvette of the spectrophotometer at 
25°C, started by the addition of tissue extract (100 p 1) to the 
incubation medium; 3 min after triggering the reaction F16P 
was added (50#1) to obtain the indicated concns in the 
incubation mixture. Percent of activation values were ob- 
tained from slopes of absorption decay at 340 nm before (v[) 
and after (v2) F16P addition by (v 2 - vl) x 100/t,l, V t being 
the rate without activator which, in experiments with 
0.9mM ATP (0) ,  corresponds to 75~ inhibition with 
respect to the same value without ATP ((3). The activation 
effect is greater on inhibited enzyme although it is an 

activation effect of a lower velocity. 

fore, F16P is a greater  act ivator  with A T P  a l though 
the enzyme does not  recover its velocity, only reach- 
ing 8 0 ~  of  its previous rate, a value which corre- 
sponds to 6 0 ~  act ivat ion over 5 0 ~  inhibi ted enzyme 
with sa tura t ing  F16P concentra t ions .  Non- inh ib i ted  
enzyme, however,  shows only 20~o maximal  activa- 
t ion at the same F I 6 P  concentra t ion.  This act ivat ion 
effect on  PK by binding of  F16P is very clear in da ta  
f rom thermal  dena tu ra t ion  experiments  shown in 
Fig. 6, where the protect ion effect of  F 16P on thermal  
loss of  activity of  the enzyme can be seen. In these 
experiments  all o ther  l igands of  the enzyme are 

present in the same conditions but only FI6P binding 
to the enzyme avoids thermal  denatura t ion .  In the 
first range, f rom 5 to 35°C we have the expected 
thermal  act ivat ion and  in the second range, at  higher 
temps, there is a loss of  activity only when F16P is 
no t  included in the incubat ion  mixture,  reaching total  
loss of  activity at  50°C; however,  with F16P at 
sa tura t ing  concent ra t ion ,  all other  l igands being at 
the same condit ions,  thermal  act ivat ion is main ta ined  
at this temp, which suggests a useful way of  purifying 
the enzyme. Q~0 value calculated from these data  was 
2.7. 
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Fig. 4. Inhibition of pyruvate kinase by ATP. Soluble fractions of lizard liver were incubated for 
developing PK reaction as described under Materials and Methods with 1 mM PEP and 5 mM ADP 
without FI 6P (O) and with 0.2 mM F16P (O) in the cuvette of the spectrophotometer at 25°C. Reactions 
were started by addition of tissue extract (100 #l) to the incubation medium, and 3 min after triggering 
the reaction ATP was added (50 #1) to obtain the indicated concns in the incubation mixture. Percent of 
inhibition values were obtained from slopes of absorption decay at 340 nm before and after ATP addition. 
Apparent K~ values, as ATP concn which account for 50~o inhibition in these conditions, are, according 
to these results, 0.5 mM without F16P and 1.2 with 0.2 mM F16P. Hyperbolic saturation curve for ATP 
without F16P gives good linearity in the Lineweaver-Burk plot which shows no cooperativity for binding 
ATP to the enzyme. However, with 0.2 mM F16P a sigmoidal saturation curve is obtained showing a 

certain cooperativity in the Hill plot, giving h = 1.72. 
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Fig. 6. Protection of fructose 1,6-biphosphate on thermal 
denaturation of pyruvate kinase. Soluble fractions of lizard 
liver were incubated for developing reaction as described 
under Materials and Methods with 1 mM PEP, 5 mM ADP, 
and 0.5 mM ATP (O) and all previous reagents at same 
concns plus 0.2 mM F16P (0).  Reactions were carried out 
in the cuvette of the spectrophotometer in the temp range 
from 5 to 50°C, in different experiments. Velocity values 
were obtained from slopes of absorbance decay at 340 nm. 
vt/v25..c represented in the ordinate axis is the quotient 
among velocity values obtained in each experiment and the 

constant value obtained at 25°C. 
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Fig. 8. Fructose 2,6-biphosphate activation of phos- 
phofructokinase. Soluble fractions of lizard liver were incu- 
bated to develop PFK reaction as described under Materials 
and Methods with 3 mM F6P. Reactions were carried out 
in the cuvette of the spectrophotometer at 25°C started by 
the addition of diluted tissue extract (100/~l) to the incu- 
bation medium and, 3 min after triggering the reaction, 
F26P was added in 50#1 to the mixture. Velocity values 
were obtained from slopes of absorbance decay at 340 nm 
before and after F26P addition. Concentrations of F26P in 
the incubation mixture are: none (©); 7.5/~M (O) and 
15 #M (m). The quotients between velocity values of the 
reaction and the velocity value with 0.SmM ATP are 

represented on ordinate axis. 

A M P  and F26P activation on P F K  are shown in 
Figs 7 and 8, respectively. It can be seen that A M P  
is a more efficient activator than F26P, since at the 
high ATP concn used (5 mM) the enzyme recovers its 
activity with A M P  at saturating concns, but this does 
not  occur with F26P in the same conditions. Kinetics 
of  A M P  saturation of  P F K  is hyperbolic allowing us 
to obtain its dissociation constant from the 
Lineweaver-Burk plot giving Ka = 0.25 mM. It is 
important  to observe, on the other hand, that, ac- 

2 0 0  1.0 

.2 1so g ,o o o.8 

.> l o o  ~ 
~ o, 

¢~ 50 o 1 2 3 4 s 
I/AMp rnM 0.4  

o 
0 015 1:0 1:5 1:0 

A M  P m M  

Fig. 7. AMP activation of phosphofructokinase. Soluble 
fractions of lizard liver were incubated for developing PFK 
reaction as described under Materials and Methods with 
5 mM ATP and 3 mM F6P. In these conditions, ATP 
produces the maximal inhibition, PFK activity being about 
33~ of its value at optimal ATP concn (see Fig. 3). 
Reactions were carried out in the cuvette of the spec- 
trophotometer at 25°C, started by the addition of tissue 
extract (100#l) to the incubation medium and, at 3 min 
after triggering the reaction, AMP was added to the mixture 
in 50/~1 at appropriate concns according to the experiment. 
Percent of activation values were obtained from slopes of 
absorbance decay at 340 nm before and after AMP addition. 
Origin in ordinate axis is the primary rate (before adding 
AMP) which corresponds to 33~ rate with respect to Vm, x 
(with 0.5 mM ATP, see Fig. 3). V a is the second rate, after 
adding AMP. The hyperbolic curve is asymptotic to V~,ax, 
indicating that AMP can totally eliminate ATP inhibition. 

cording to our results, F26P does not  activate P F K  
in the ATP concn range of  the first phase of  the 
saturation curve, where ATP does not inhibit. 

DISCUSSION 

Ratio of  activities of  P K / P F K  in the studied lizard 
is great as found in other vertebrate species including 
mammals  (see Munday et  al., 1980 for a review). This 
high ratio, apparently generalized could be explained 
in the light of  the regulation features of  glycolysis 
based on PK and P F K  allosteric regulation, since PK 
catalyzes one of  the last reactions, while P F K  acts on 
the first steps of  glycolysis. Thus P F K  could be more 
critical in its changes of  activity. The kinetic features 
we have found in lizard which differ from rat liver are 
the Hill coefficient of  PK for ATP at saturating F16P 
conch which is 2.84 in rat liver (P6rez el  al., 1982) and 
1.72 in lizard liver, and the small activation effect of  
F26P on lizard liver PFK,  as compared with rat liver 
(Hers and Van Schaftingen, 1982). These results 
suggest that activation of  PK by F16P could be an 
ancient effect in biological evolution but in lesser 
evolved species than mammals  its cooperative bind- 
ing could be less important,  this being increased in 
the evolution to rodents. With respect to the other 
point mentioned, it is possible that F26P does not  
have an important  physiological significance in liz- 
ards since its effect on P F K  activity at saturating 
concn is very small if compared with activation by 
AMP. Because these two differences discussed be- 
tween lizard and rat liver refer to activation effects it 
could be thought that activation has been achieved or 
enhanced in the later stages of  biological evolution. 
Further  studies on glycolysis regulation patterns 
could give more information about  the evolution of  
kinetic parameters, this possibly being glycolysis reg- 
ulation, a promising field for the study of  biological 
evolution. 



294 N,6.STOR V. TORRES et al. 

Acknowledgements--This work was supported in part by a 
research grant from the Comision Asesora de Investigaci6n 
Cientifica y Tecnica with the reference number 4119-79 and 
in part by the program of aid to scientific research from the 
Ministerio de Educacion y Ciencia. 

REFERENCES 

Beloff-Chain A. and Rookledge K. A. (1970) A comparative 
study on the influence of temperature on the metabolism 
of glucose in isolated reptilian and mammalian muscle. 
Comp. Biochem. Physiol. 37, 67-72. 

De Costa J., Alonso-Bedate M. and Fraile A. (1979) 
Temperature acclimatization in amphibians: changes in 
lactate dehydrogenase activities and isoenzyme patterns 
in Discoglossus pictus pietus (Otth.) tadpoles. Acta Em- 
bryol. Morph. exp, 3, 233-246. 

De Costa J., Alonso-Bedate M. and Fraile A. (1981) 
Temperature acclimatization in amphibians: changes in 
lactate dehydrogenase activities and isoenzyme patterns 
in several tissues from adult Discoglossus pictus pietus 
(Otth.). Comp. Biochem. Physiol. 70B, 331-339. 

Hers H.-G. and Van Schaftingen E. (1982) Fructose 
2,6-biphosphate 2 years after its discovery. Biochem. J. 
206, 1-12. 

Hochachka P. W. (1965) Isoenzyme in metabolic adaptation 
of a poikilotherm: subunit relationship in lactate dehy- 
drogenase of goldfish, drchs Biochem. Biophys. 111, 
96-103. 

Ling K. H., Paetkau V., Marcus F. and Lardy H. A. (1966) 
Phosphofructokinasc, I. Skeletal muscle. In Methods in 
Enzymology, Vol. IX (Edited by Wood W. A.), pp. 
425-429. Academic Press, New York. 

Lowry O. H., Rosebrough N. J., Farr A. L. and Randall 
R. J. (1951) Protein measurement with the Folin phenol 
reagent. J. biol. Chem. 193, 265-275. 

Marston S. B., Trevett R. M. and Waiters M. (1980) 
Calcium ion-regulated thin filaments from vascular 
smooth muscle. Biochem. J. 185, 355-365. 

Munday K. A., Giles I. G. and Poat P. C. (1980) Review 
of the comparative biochemistry of pyruvate kinase. 
Comp. Biochem. Physiol. 67B, 403-411. 

Narita J. and Horiuchi S. (1979) Effect of environmental 
temperature upon muscle lactate dehydrogenase in the 
crayfish, Procambarus clarki Girard. Comp. Biochem. 
Physiol. 64B, 249-253. 

P6rez J. A., Siverio J. M., Corzo J. and Mel6ndez-Hevia E. 
(1982) Cooperative ATP inhibition and fructose-l,6- 

biphosphate activation of rat liver pyruvate kinase. Int. J. 
Biochem. 14, 63-66. 

Prosser C. L. (1973) Temperature in Comparative Animal 
Physiology, 3rd edn, pp. 362-428. Saunders, Philadelphia. 

Rossman M. G. (1981) Evolution of glycolytic enzymes. 
Phil. Trans. R. Soc. B293, 191-203. 

Schwantes M. L. B. and Schwantes A. R. (1982) Adaptative 
features of eetothermic enzymes--I. Temperature effects 
on the malate dehydrogenase from a temperate fish 
Leiostomus xanthurus. Comp. Biovhem. Physiol. 72B, 
49-58. 

Sensabaugh Jr G. F. and Kaplan N. O. (1972) A lactate 
dehydrogenase specific to the liver of gadoid fish. J. biol. 
Chem. 247, 585-593. 

Sidell B. D. and Belland K. F. (1980) Lactate dehydrogenase 
of Atlantic haglish: physiological and evolutionary imp- 
lications of a primitive heart isozyme. Science, N. Y. 207, 
769-770. 

Somero G. N. (1973) Thermal modulation of pyruvate 
metabolism in the fish Gillichthys mirabilis: the role of 
lactate dehydrogenase. Comp. Biochem. Ph.vsiol. 44B, 
205-209. 

Somero G. N. (1975) The roles of isozymes in adaptation to 
varying temperatures. In lsozymes IL Physiological Func- 
tion (Edited by Markert C. L.), pp. 221-234. 

Tsugawa K. (1980) Thermal dependence in kinetic proper- 
ties of lactate dehydrogenase from the African clawed 
toad, Xenopus laevis. Comp. Bioehem. Physiol. 66B, 
459-466. 

Uyeda K., Furuya E. and Luby L. J. (1981a) The effect of 
natural and synthetic D-fructose 2,6-biphosphate on the 
regulatory kinetic properties of liver and muscle phos- 
phofructokinases. J. bioL Chem. 256, 8394-8399. 

Uyeda K., FuruYa E. and Sherry A. D. (1981b) The 
structure of 'activation factor' for phosphofructokinase. 
J. biol. Chem. 256, 8679-8684. 

Valkirs A. (1978) Lactate dehydrogenase activity in the 
swimbladder gas gland of Symbolophorus evermanni 
(Myctophidae)---a diurnally migrating fish. Comp. Bio- 
chem. PhysioL 59A, 125-126. 

Van Schaftingen E,, Hue L. and Hers H.-G. (1980) Fructose 
2,6-bisphosphate, the probable structure of the glucose- 
and glucagon-sensitive stimulator of phospho- 
fructokinase. Biochem. J. 192, 897-901. 

Weber A. and Bremel R. D. (1971) Regulation of con- 
traction and relaxation in the myofibril. In Contractility 
of Muscle Cells and Related Processes (Edited by 
Podolsky R. J.), pp. 37-53. Prentice Hall, Englewood 
Cliffs, New Jersey. 


