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1, Introduction 

In the absence of positive effecters, phosphofructo- 
kinase activity is not proportional to enzyme concen- 
tration [ 1 J . This phenomenon could only be partially 

explained by concentration dependent inactivation of 
the enzyme, which is caused by dissociation. The data 
are consistent with a mechanism which involves differ- 
ent allosteric properties of the aggregated forms of the 

enzyme [2] . 
This study demonstrates that the formation of pre- 

cipitabb complexes between specific antibodies and 
phosphofructokinase also depends on the concentra- 
tion of the enzyme. Moreover, the kinetics of precipi- 

table and non-precipitable complexes of the enzyme 
are clearly different. 

2. Materials and methods 

The preparation of antibody-containing y-globulin 
fractions and of crystalline rabbit-skeletal muscle phos- 
phofructokinase was the same as described in [3] . In 

control experiments, antibody-free y-globulins were 
used. 

The following assays were used for phosphofructo- 
kinase activity determinations: system A:50 mM tri- 
ethanolamine-HCl, 5 mM EDTA, 8 mM MgSOz ,0.4 

mM NADH, 3 mM fructose 6-phosphate, 1 mM ATP, 

100 lug aldolase/ml, 30 1.18 triosephosphate isomerasel 
ml, 80 pg glycerolphosphate dehydrogenase/rnl, pH 
7.6. System B: 100 mM imidazole-HCl, 4 mM MgCl*, 
3 mM ATP, 1 mM phosphoeno~pyr~vate, 0.4 n&l 
NADH, 200 pg pyruvate kinase/ml, 200 1.18 lactate 
dehydrogenase~~, pH 6.8. The concentrations of 
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fructose (i-phosphate were variable. Auxiliary enzymes 

were used in (NH4)zS04-free solution. 

3. Results 

Phosphofructokinase, which was preincubated in 
imidazole buffer, was activated by low concentrations 
of antibodies even when the reaction mixture was 

centrifuged before the assay in order to remove pre- 
cipitable complexes between antibodies and enzyme. 
Fig. 1 correlates the specific activities of phospho- 
fructokinase with increasing concentrations of the 
antibodies. The abscissa has been plotted in terms 
of the antibody/antigen ratio. The curves refer to 
different ~on~ntr~tions of phosphofructo~nase. 
The extent of activation was more pronounced at low 
concentrations of phosphofructokinase, but a relative- 
ly higher amount of antibodies was required to reach 
optimum activity. At still higher antibody concen- 
trations visible precipi~tion occurred and the enzy- 
mic activity in the supernatants decreased. Thus the 
fraction of precipitable enzyme-antibody complexes 
could be estimated by means of activity determin- 
ations. 

The precipitating effect of antibodies was optimal 
at high phosphofructokinase concentrations. Similar 
to the activation, a relatively higher amount of anti- 
bodies was required at lower concentrations of the 

enzyme in order to obtain the same degree of preci- 
pitation. 

When phosphofructokinase was diluted in a buffer 
system, which provided optimum specific activity, 
e.g. in 0.1 M phosphate buffer, pH 7.5, containing 
0.1 mM fructose 1,6-diphosphate, a similar effect 
was observed (fig. 2). In contrast to the experiments 
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Fig. 1. Dependence of the specific activity of phosphofructo- 
kinase on the concentration of specific antibodies. Different 
amounts of phosphofructokinase were incubated with various 
concentrations of antibody-containing y-globulins in 0.1 M 
imidazole-HCI and 0.2 M KCI, pH 7.5, for 15 min at 22”. Ao 
tivities were measured after 4 min centrifugation at 20,000 g 
in test system A and plotted versus the ratio mg y-globulins/ 
mg phosphofructokinase as present in the incubation mixtures. 
The concentrations of phosphofructokinase were: 0.35 mg/ml 
(u-o), 0.14 mg/ml (e-e), 0.070 mglml (a-a), 0.047 mg/ml 

(A-A), and 0.035 mg/ml (o-o). 

illustrated in fig. 1, the enzyme was not activated at 
low concentrations of antibodies. The dependence of 
the formation of precipitable antigen-antibody com- 
plexes on phosphofructokinase concentration is also 
evident under these conditions. 

The reaction of the antibodies with phosphofructo- 
kinase led to an alteration of the kinetic properties of 
the enzyme. The curves in fig. 3 show saturation cur- 
ves for fructose 6-phosphate. The activities measured 
were referred to a reference activity as determined at 
pH 7.6 (assay system A, see Methods). Curve A shows 
the sigmoid saturation curve in the absence of antibod- 
ies. An analogous curve, obtained in the presence of 
antibodies and dispersed precipitable complexes of 
antigen-antibody reaction is represented by plot B. 
Obviously, the enzyme was highly activated by its 
antibodies, when assayed at pH 6.8 in the presence of 
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Fig. 2. Dependence of specific activity of phosphofructokin- 
ase on the concentration of specific antibodies at activating 
conditions. Incubation of phosphofructokinase was perform- 
ed for 15 mm at 22” in 0.1 M phosphate buffer, pH 7.5, con- 
taming 0.2 M KC1 and 0.1 mM fructose 1,6diphosphate. 
The experiments were analogous to fig. 1 and were perform- 
ed with the following concentrations of phosphofructokinase: 
0.070 mg/ml (u-c), 0.035 mg/ml (A-A), and 0.017 mg/ml 

(A-A). 

inhibitory concentrations of ATP. At pH 7.6, the ac- 
tivity was the same as in the control. 

Plot C is congruous with A and represents the sat- 
uration curve for fructose 6-phosphate as obtained in 
the supernatant after removal of precipitable antibody 
complexes by centrifugation. The activity at pH 7.6 
(assay A) was about half of that in the experiment 
underlying curve A. The lower activity reflects the de- 
creased phosphofructokinase concentration [ 11. In 
comparison to the facts known on concentration de- 
pendence of phosphofructokinase saturation curves, 
the close correspondence of curves A and C seems re- 
markable, since in the absence of antibodies a decrease 
in phosphofructokinase concentration causes a shift 
of the fructose 6-phosphate saturation curve to higher 
substrate concentrations [ 1 ] . This effect is demon- 
strated by curve D, which was obtained in the absence 
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Fig, 3. Saturation of phosphofructokinase with fructose 6- 
phosphate in the presence of antibodies. (A-C): 0.5 mg phos- 
phofructokinase were incubated for 15 min at 22”in 0.1 M 
imidazole-HCl, pH 7.3 and 0.2 M KCl with 0.86 mg antrbody- 
containing (along with the same amount of antib~y-free) 
-r-globulins. The activities at different fructose (i-phosphate 
~n~ntrations (assay system B) were referred to reference 
activity as measured in assay system A. Curve A (o-o): incu- 
bation without an~~odies (reference activity 65 unit~mg). 
Curve B (e-o): incubation in the presence of antibodies (ref- 
erence activity 65 units/mg). Curve C (A-A): same as B, but 
measurements were performed in the supematant after 4 mm 
~t~fugation at 20,000 g (reference activity 37 units). 
Curve D (a-a): control experiment without antibodies in 
the presence of 37 units (reference activity) phosphofructo- 

kinase. 

of antibodies. The enzyme concentration in the experi- 
ment was adjusted to give the same reference activity 
as in the experiments which are represented by curve 
C. 

4. Discussion References 

The heterogeneity of rabbit muscle phosphofructo- 
kinase was first described by Ling et al. [4]. Paetkau 
et al. [5] suggested the different forms to be mono- 
mers, dimers and trimers. A model which is based on 

reversible transitions between differently aggregated 
forms of the enzyme was used by Hofer [2] to ex- 
plain the dependence of phosphofructokinase kinet- 
ics on enzyme concentration. This phenomenon is 
also obvious in fig. 3, when curves A and D are com- 
pared. 

Nonlinearity of precipitation curves, as visible in 
fig. 1 and 2, has been observed in various antigen- 
antibody reactions and was in most cases explained 
by the assumption of heterogeneous antigens and 
antibodies. The pronounced dependence of the pre- 
cipitating effect of antibodies on phosphofructokin- 
ase con~ntration cannot be explained merely by 
heterogeneity, but demands the possibility of revers- 
ible transitions between heterogeneous forms of the 
enzyme. These transitions may include the dissocia- 
tion of the enzymatically active monomer to inactive 
subunits, as well as the interconversion of monomers, 
dimers, trimers, etc. present in a concentration de- 
pendent association dissociation equilibrium. 

It appears from curve C of fig. 3 that this equili- 
brium is fixed by the reaction of the antibodies with 
the enzyme. The same conclusion was drawn from re- 
sults obtained in the preceding study [3]. Higher en- 
zyme concentrations favour association and therefore 
the concentration dependence of the reaction with 
the antibodies is best explained assuming the higher 
aggregates to be more reactive with antibodies. 

In the precipitable en~me-antibody complexes, 
the antibodies induce a higher affinity of phospho- 
fructokinase for its substrate fructose 6-phosphate. 
This effect resembles that of an allosteric activator. 
This does not necessarily imply an interaction of the 
antibody at the effector site but could be due to an 
induced conformational change of the enzyme. It 
remains unclear whether the suggested changes in con- 
for~tion refer only to altered subunit interaction or 
increased association of the enzyme in the precipi- 
tates, which may also presuppose improved affinity 
for fructose &phosphate 121. 
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