
Int. J. Biochem., 1974, Vol. 5, #A 853 to 857. Pergamon Press. Printed in Great Britain 853 

INFLUENCE OF SULPHATE ON EFFECTS OF ADP, 

&$-CYCLIC AMP AND CITRATE ON HUMAN PLATELET 

PHOSPHOFRUCTOKINASE ACTIVITY 

J. W. N. AKKERMAN, G. GORTER AND J. J. SIXMA 
Division of Haemostasis and Thrombosis, State University Hospital, Utrecht, The Netherlands 

AND 

G. E. J. STAAL 
Department of Haematology, State University Hospital, Utrecht. The Netherlands 

(Received 22 324 1974) 

ABSTRACT 

I. Sulphate ions activate partially-purified human platelet phosphofructokinase. This 
is caused by suppression of the cooperativity of the enzyme with respect to fructose 6- 
phosphate. 

2. Sulphate therefore markedly affects the influences of allosteric modifiers such as ADP, 
3’,5’-cyclic AMP and citrate. 

3. The role of sulphate in assay mixtures is discussed. 

PHOSPHOFRUCTOKINASE (ATP : n-fructose 6- 
phosphate I -phosphotransferase, EC 2.7. I. I I) 

(PFK) catalyzes the conversion of fructose 
6-phosphate (F6P) to fructose I ,6-diphosphate 
(FDP), coupled with the dephosphorylation 
of MgATP to MgADP. Due to its important 
function in glycolytic control, the enzyme 
has been purified from various types of cells, 
including platelets (Akkerman, Gorter, 
Corbey, Staal & Sixma, 1973; Akkerman, 
Gorter, Sixma & Staal, rg74a; Akkerman, 
Gorter, Sixma & Staal, rg74b) and its 
characteristics have been described. Recently 
we reported the pronounced effects of 
sulphate ions on human platelet PFK activity 
(Akkerman et al., 1973, rg74a). Sulphate is 
commonly used in coupled assay systems for 
measurement of PFK activity. Both flxed 
(Yamada & Okyama, 1972) and variable 
(Staal, Koster, Banziger & Van Milligen- 
Boersma, 1972) amounts have been used. 

This communication describes the influence 
of sulphate ions on the allosteric inhibition 
by citrate and the activation by ADP and 
3’,5’-cyclic AMP. It shows that sulphate 
ions interfere markedly with these effects. 
If these data hold true for PFK from other 

sources, the divergent reports about influences 
on phosphofructokinase activity of citrate 
(Layzer, Rowland & Bank, 1969; Staal et al., 
1972) and other ligands may be the result of 
insufficient attention drawn to this powerful 
effector. 

MATERIALS AND METHODS 
The nucleotide phosphates, NADH-Na,, and 

enzvmes used for measurement of PFK activitv 
were obtained from Boehringer, Mannheim, i. 
Germany. Citric acid was from Merck, Darm- 
stadt, W. Germany. All other chemicals used 
were of analytical grade. 

Human platelet PFK was partially purified as 
described previously (Akkerman et al., tg74a), 
The enzyme activity was measured by coupling 
the formation of FDP to the a-glycerophosphate 
dehydrogenase reaction and following the oxida- 
tion of NADH at 240 nm. in a Perkin Elmer 124 
spectrophotometer-at 25°C. The assay medium 
contained in a final volume of 2 ml. : 0.2 M Tris- 
HCl(pH7~1or8~t);2mMEDTA;6mMKCl; 
0.05 ml. dialyzed auxiliary enzymes (fructose- 
diphosphate aldolase,’ I o mg./ml . ; triose-phosphate- 
isomerase, 2 mg./ml. ; glycerophosphate dehydro- 
genase, 2 mg./ml.); 0.2 mM NADH-Na,; 3 mM 
MgCl,, I mM ATP and the various concentra- 
tions of F6P as indicated in Results. The reaction 
was started by adding 0.02 ml. purified human 
platelet PFK. A unit of enzyme activity is defined 



as the amount of enzvme catalvzine the formation RESULTS 
of I pmole of FDP ‘per minute at 25°C. The 
various purified enzyme preparations (n = 4) bad 
specific activities of about 7 U/mg. protein as 
tested in the assay medium described above at 
4 mM F6P; 0.4 mM ATPtotat, 5 mM MgSO, 
and an additional 5 mM EDTA-Na,. The protein 
content was determined according to Lowry, 
using crystalline bovine serum albumin (Sigma, 
St. Louis, MO., U.S.A.) as a standard (Lowry, 
Rosebrough, Farr & Randall, 1951). The 
influence of sulphate ions was investigated at a 
concentration of 3 mM since this level produced 
optima1 effects (Akkerman et at., 1974a). ADP, 
3’,5’-cyclic AMP and citrate were tested at 
concentrations arbitrarily chosen at 0.1 mM. 
This level clearly demonstrated the properties of 
these effecters without affecting the infhtences 
of other circumstances, e.g. pH. The data 
reported here were not affected by influences of 
ionic strength or sodium ions. 

The PFK activities at pH 7.1 at various 
F6P concentrations and at a fixed ATP 
concentration of 0.1 mM is shown in FIN. I. 

In the absence of sulphateions (FIG. I, top) 
strong sigmoidal curves were obtained, 
reflecting pronounced cooperati~~ty with 
respect to F6P. This was expressed also by 
a high Hill coefficient of 40, calculated from 
the data of FIG. I, top (Table I). Various 
ligands influenced the PFK activity (FIG. 
I, top). ADP and cyclic AMP shifted the 
S-shaped curve in the velocity US [FGP] plot 
to a more or less Michaelis-Mente~ curve. 
Therefore, at low F6P levels the enzyme 
activity was increased bv ADP and cvclic 
AMP. This resulted 

, I 

in decreased values of 

[Fru-S-P]mM 

RG. I .--The infiuence of 3’,5’-cyclic AMP, ADP and citrate on PFK activity (expressed as A A.min.-.” 
ml.- 1 enzyme solution) at various F6P concentrations as tested at pH 7. I without (top) and with (bottom) 
3 mM sulphate. [ATP]= O-I mM; [3’,5‘-cyclic AMP]= 0’1 mM (m); [GDP] = 0.1 mM (a); control 
(0) and [citrate] = 0’1 mM (0). 
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both the Hill coefficient and apparent Km The presence of 3 mM sulphate in the 
values for FGP (Table I). Th e addition of assay medium diminished the sigmoidicity 
citrate to the assay mixture led to opposite (FIG. I, bottom) and a decreased Hill co- 
effects, and increased apparent Km values efficient was calculated (n = 2.3, see Table 
for F6P were calculated. Citrate did not I). This was accompanied by an altered sus- 
raise the Hi11 coefficient to values more than ceptibility for allosteric modifiers. In the 
4’0. presence of suIphate the activation by ADP 

Table I.-INFLUENCE OF SULP~ATE ON THE EFFECTS OF CITRATE, ADP AND 3’,5’-CYCLIC AMP ON 
KINETIC DATA OF PFK 

HILL COEFFICIENT APPARENT X, FOR F6P (mM) 
REACTION control citrate ADP cyclic control citrate ADP cyclic 

MEDIUM AMP AMP 

PH 7.1; -SO,z- 4-o 4.0 3.2 3.0 I.59 2’00 o71 0.74 
pH 7’ I ; f SO,2- 3’3 . I.8 

;:; 3’7 :.; 2.0 
063 ~71 0.2 I 0.25 

pH 8.x; - so*s- 0.87 I.09 0’45 0.48 
pH 8.1; + S0,2- r.g 2.3 1-7 1.7 0.25 o-30 a.15 0’13 

LA-1 = 0‘1 mM; [citrate] = [ADP] = [3’,5’-cyclic AMP] = 0.1 mM; [SO,z-] = 3 mM. Values 
were calculated with the aid of Hill plots from data in FIGS. I and 2 and represent one of 4 similar 
experiments. 

FIG, I.-The influence ofg’,g’-cyclic AMP, ADP and citrate on PFK activity (expressed as A A.min.-1. 
ml.-* enzyme solution) at various F6P concentrations as tested with the same enzyme preparation used in 
FIG. I, at pH 8.1, without (top) and with (bottom) 3 mM sulphate. Further symbols as in FIG. I. 
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and cyclic AMP was less pronounced than in 
a medium without this anion. This was illus- 
trated by smaller changes ofthe Hill coefficient, 
whereas the K, data were influenced in a 
similar way. In the presence of sulphate 
only, ADP reduced the apparent I’,,,. 

At 3 mM sulphate concentration, citrate 
indeed affected the Hill coefficient, but only 
slightly altered the apparent X, value. 

It is well-known that increasing pH reduces 
the cooperativity towards F6P and this 
phenomenon is illustrated in FIG. 2. These 
plots also show that at more alkaline pH, 
sulphate still was able to suppress the S- 
shaped curve resulting in a more or less hyper- 
bolic one (FIG. 2, bottom). This was further 
supported by lower values of the Hill 
coefficient and the apparent K, for F6P. 
This shift to Michaelis-Menten kinetics led 
to a strong reduction of the effects produced 
by ADP and cyclic AMP. When these 
ligands were tested in the presence of 3 mM 
sulphate only minor alterations of kinetic 
data were calculated. At pH 8.1 in the 
absence of sulphate, ADP and cyclic AMP 
produced effects comparable to the influences 
observed in a medium at pH 7. I in the 
presence of sulphate. 

At pH 8.1 the reduction of the apparent 
V maz by 0.1 mM ADP was not affected by 
sulphate, which was in contrast to the 
situation at pH 7.1. At more alkaline pH 
citrate again acted as an allosteric inhibitor. 
In the absence of sulphate, o* I mM citrate 
did not alter the Hill coefficient, but increased 
the apparent K, for F6P. In the presence of 
sulphate, however, citrate raised the Hill 
coefficient whereas only minor changes in 
the Km data were observed. 

DISCUSSION 

The data support the previous observations 
that sulphate is a powerful activator of human 
platelet PFK (Akkerman et al., 1973; 
Akkerman et al., 1974”). Its activating 
properties are due to the formation of an 
enzyme conformation which shows diminished 
cooperativity with respect to F6P. This 
results in a decreased susceptibility to ADP 
and cyclic AMP, which also suppresses the 

cooperativity towards F6P. Sulphate does 
not reduce the cooperativity completely 
(Akkerman et al., 1974-a). Even at pH 8. I 

and 3 mM sulphate concentration, the 
Hill coefficient may still be decreased by 
the addition of 0.1 mM cyclic AMP. In 
all media tested here, citrate acted as a 
negative effector, having the strongest 
influence on the Hill coefficient in the presence 
of sulphate, and the most pronounced effect 
on the apparent K, values for F6P in the 
absence of this anion. 

Therefore, the degree of activation or 
inhibition by these effecters depends on the 
presence of sulphate ions in the assay 
medium. When comparing the properties 
of PFK prepared from different sources, one 
must be aware of possible disturbances by 
sulphate ions. Kinetic measurements of 
the enzyme from jejunal mucosa (Ho & 
Anderson, 1g71), erythrocytes (Layzer et al., 
1969; Staal et al., 1g72), thymocytes (Yamada 
& Okyama, 1g72), reticulocytes (Kwiatkow- 
ska, 1973) and other sources (Donnicke, 
Hofer & Pette, rg72a,b; Kwiatkowska, 
Zatonski & Baranowski, 1972 ; Layzer et al., 
I g6g ; Wenzel, Zimmerman, Gauer, Diezel‘ 
St. Liebe & Hofmann, 1972 ; Wimhurst & 
Manchester, 1972) have been carried out 
in the presence of fixed or variable amounts of 
sulphate. The influence of NH4+ and Mg2+ 
has been investigated using variable amounts 
of the sulphate salts (Wimhurst & 
Manchester, 1972). If the sulphate effects 
described here for the platelet enzyme also 
hold true for PFK prepared from other types 
of cells, this anion may partly be responsible 
for effects attached to several cations or 
related to structural differences in the 
enzyme prepared from various sources. 

Recently sulphate activation has been 
reported for PFK from rat erythrocytes 
(Kuhn, Jacobasch & Rapaport, 1974) which 
may indeed indicate that sulphate activation 
is not restricted to the human platelet 
enzyme. 

SUMMARY 

Partially-purified human platelet PFK 
is strongly activated by sulphate ions. This 
activation is due to suppression of the 
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cooperativity of the enzyme towards DZ~NNICKE, M., HOFER, H. W., & PETTE, D. 

F6P. (1g72b), ‘ Influence of enzyme concentration on 

Sulphate ions markedly reduce the 
the reaction of rabbit muscle phosphofructo- 

activation by ADP and cyclic AMP. In 
kinase with antibodies ‘, FEBS Lett. PO, I @Igo. 

Ho, W., & ANDERSON, .J. W. (IgTI), ‘ Phospho- 
the absence of sulphate these ligands strongly fructokinase in rat jejunal mucosa: subcellular 

diminish both the Hill coefficient and distribution, isolation and characterization ‘, 

apparent X;, values for FGP. In the presence 
Biochim. &o&s. Acta, 027, 354-363. 

of 3 mM sulphate these alterations are less 
K&zN, B., JACOBASCH, G., & RAPAPORT, S. M. 

(‘974L 
wronounced. 

‘ Identity of sulfate and phosphate 
activation of the phosphofructokinase from 

Z Citrate is a negative effector of human 
platelet PFK. It increases both the Hill 
coefficient and apparent X;, values for F6P. 
In the presence of 3 mM sulphate, citrate 
had the strongest effect on the Hill coefficient, 
whereas in the absence of sulphate the Km 
values were predominantly affected. 
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