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Summary

Human platelet 6-phosphofructokinase (EC 2.7.1.11) shows cooperativity
towards Fru-6-P and is allosterically inhibited by high Mg - ATP?~ concentra-
tions. No relation could be demonstrated between the cooperativity towards
Fru-6-P and the inhibition by Mg - ATP?". Increasing the concentrations of Mg °
ATP?” only raised the apparent K,, values for Fru-6-P, but did not change the
Hill constants. A possible formation of a Mg * ATP?" : enzyme ° Fru-6-P
complex during catalysis was investigated. Our calculations suggest that such a
ternary complex is indeed formed during the reaction.

Introduction

Platelet shape change, aggregation and especially release reaction are ener-
gy requiring processes [1,2]. Part of this energy is provided by glycolysis which
is stimulated by the mentioned platelet functions [3,4]. Changes in the levels
of glycolytic intermediates have indicated that phosphofructokinase plays an
important regulatory role in the rat platelet [5,6]. We have recently confirmed
this for human platelets (Akkerman, J.W.N., Gorter, G., Staal, G.E.J. and Six-
ma, J.J., unpublished results). More direct information about the regulatory
role of this enzyme may be gained from investigations of the purified enzyme.

6-Phosphofructokinase (EC 2.7.1.11) catalyzes the conversion of Fru-6-P
to Fru-1,6-P,, coupled with the dephosphorylation of ATP to ADP. This ca-
talysis depends on Mg?*. In previous articles we have described a purification
procedure and shown that the purified enzyme is activated strongly by sulphate
[7.8]. Rather than ATP alone the Mg * ATP?~ complex is the substrate for the



396

enzyme, but high Mg * ATP?” concentrations are inhibitory [9]. Free ATP*"
increases the allosteric inhibition by Mg * ATP?” [9]. When ITP was used as a
phosphate donor, free Mg?* stimulated with an optimal effect at a ratio
[Mg®*]1/[Mg ' ITP?>] = 1.0 [9].

In this paper we report the interdependence between the allosteric inhibi-
tion by Mg ' ATP? and the cooperativity towards Fru-6-P. A direct relation-
ship between these phenomena was observed in phosphofructokinase from pig
spleen [10], rat thymocytes [11] and rabbit muscle [12]. On the other hand,
studies with phosphofructokinase from yeast [13,14], Bacillus licheniformis
[15] and human erythrocytes [16] showed that the cooperativity towards
Fru-6-P was not dependent on or parallel with, allosteric inhibition by Mg -
ATP?",

Layzer et al. [17] proposed that the reaction catalyzed by red blood cell
phosphofructokinase takes place through a Ping Pong mechanism. In contrast
Staal et al. [18] proposed the existence of a ternary complex for the same
enzyme. Such a Mg * ATP?™ * enzyme * Fru-6-P complex was also found for the
enzyme from rabbit muscle [19]. Using the methods of Slater, Koster, Staal
and Veeger [18,20—23] we investigated whether this complex was formed also
during catalysis by the human platelet enzyme.

Materials and Methods

The nucleotide phosphates, added as sodium salts, glycolytic intermedi-
ates, cofactors and enzymes used for measurement of phosphofructokinase
activity, were obtained from Boehringer-Mannheim. All other chemicals used
were of analytical grade.

Human platelet phosphofructokinase was partially purified as described
previously [7]. The enzyme activity was measured by coupling the formation
of Fru-1,6-P, to the wa-glycerophosphate dehydrogenase reaction. The oxida-
tion of NADH was followed at 340 nm in a Perkin-Elmer 124 spectrophotome-
ter at 25°C. The assay mixture contained in a final volume of 3 ml: 0.2 M Tris *
HCI (pH 8.1); 6 mM KCl; 0.05 ml dialyzed auxiliary enzymes (fructose diphos-
phate aldolase, 10 mg/ml; triosephosphate isomerase, 2 mg/ml; glycerophos-
phate dehydrogenase, 2 mg/ml); 0.2 mM NADH (disodium salt) and the con-
centrations of substrates of the reaction catalyzed by phosphofructokinase as
indicated in Results. MgCl, was present at concentrations of [Mg;,¢4;] = 8 X
[nucleotide phosphate;,¢,1]. The levels of the Mg * ATP?~ complex were calcu-
lated with the aid of a stability constant of 20 000 M~! which has been deter-
mined for a medium which resembles the assay mixture used by us [24,25].
The Mg * ITP>~ complex was assumed to have an identical stability constant
[26]. Complex formation between Mg?* and Fru-6-P and between K' and
ATP*" or ITP*" was considered negligible because of the low stability constants
of these complexes [25,27]. The formation of HATP?*~, Mg - HATP ™ and simi-
lar complexes of ITP*~ was neglected since these complexes represent less than
1% of the total nucleotide content at pH 8.1 [28].

The reaction was started by adding 0.02 ml purified human platelet phos-
phofructokinase. A unit of enzyme activity is defined as the amount of enzyme
catalyzing the formation of 1 umol of Fru-1,6-P, per min at 25°C. The various
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purified phosphofructokinase preparations that were tested (n = 5) had a spec.
act. of about 7 units/mg protein, as measured at 4 mM Fru-6-P, 0.4 mM
ATP, a1 and 5 mM MgSO,. The protein content was assayed according to
Lowry et al. [29] using crystalline bovine serum albumin as a standard.

The influences of ATP and ITP were not disturbed by sodium effects and
corrections were not necessary.

Results

Relation between inhibition by Mg ATP?” and cooperativity towards Fru-6-P

Phosphofructokinases isolated from different sources are characterized by
sigmoidal velocity curves with respect to Fru-6-P and allosteric inhibition at
high Mg * ATP?” concentrations. Both the cooperativity towards Fru-6-P and
the inhibition by Mg * ATP?" are most pronounced at neutral pH. Unlike other
types of phosphofructokinase the platelet enzyme still exhibits these properties
to a large extent when the pH is raised to 8.1 on condition that bivalent anions
such as sulphate are absent [7,8]. Fig. 1A illustrates the inhibition by Mg °
ATP?" at pH 8.1. The inhibition is counteracted by Fru-6-P. The sigmoidal
velocity curves for Fru-6-P (Fig. 1B) illustrate the cooperativity towards this
substrate. At rising Mg * ATP?” concentrations and therefore increasing Mg °
ATP?" inhibition the curves seem to become more sigmoidal.

From these data it may be concluded that the inhibition by Mg * ATP?*"
influences the kinetics towards Fru-6-P and vice versa. We investigated this
relationship by comparing the velocity curves for Fru-6-P as measured in the
presence and in the absence of inhibition by Mg * ATP?",

It is generally assumed that the inhibition at high Mg - ATP?" levels
involves an inhibitory site which is highly specific for this nucleotide. At pH
8.1 the platelet enzyme also shows this specificity [7]. When Mg * ITP?*" was
used as a phosphate donor no inhibition was observed (Fig. 2A). This suggested
that Mg * ITP?" only acted on the catalytic site. Involvement of both inhibitor
and catalytic site (using ATP) could thus be separated from participation of the
catalytic site alone (using ITP).

In the absence of inhibition the cooperative interactions with respect to
Fru-6-P remained present (Fig. 2B). This was confirmed by calculations of the
Hill coefficients: values of 2.2 were calculated which were independent on the
concentrations of Mg - ITP?” in the range 0.04—1.98 mM Mg * ITP?>~ (Fig. 3).
When Mg * ATP?" was used the Hill values were slightly higher (n = 3.0). Under
our experimental conditions, again this value was not dependent on the concen-
trations of Mg - ATP?". Thus, both the absence (Fig. 3B) and the degree (Fig.
3A) of allosteric inhibition by Mg - ATP?~ had no effect on the cooperativity
towards Fru-6-P. In all experiments the n value with respect to Fru-6-P tended
to be somewhat lower with Mg * ITP?>~ than with Mg * ATP?". This may indicate
that binding of Mg ° ITP?>" and of Mg - ATP?™ have a different effect on the
cooperativity towards Fru-6-P.

The involvement of the inhibitor site for Mg - ATP?~, however, greatly
effected the affinity for Fru-6-P (Table I). Increasing concentrations of the
phosphate donors raised the apparent K, values for Fru-6-P. At about 0.5 mM
phosphate donor the catalytic site for the nucleotide phosphates appeared to
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rig. 1. Phosphofructokinase activity (expressed as AA min! - mI™1 enzyme solution) versus [Mg “ATP2"]
at various [Fru-6-P}: 0.2 mM, (¢ 0); 0.33 mM, (* *); 0.5 mM, (e ®); 0.75 mM,

(X X); 1.0 mM, (& 4); 1.5 mM, (A———~2=); 2.0 mM, (——0) and 4.0 mM, (m ),
shown in Fig. 1A and the activity versus [Fru-6-P] at various [Mg * ATP2‘]: 0.01 mM, (k-=-=--~ *); 0.04
mM, (®------m); 0.08 mM, (A------4); 0.18 mM, (© 0); 0.48 mM, (®———e); 0.98 mM,
(&

2) and 1.98 mM, (3———0) shown in Fig. 1B, as tested at pH 8.1. Data represent 1 out of 5
similar experiments.

be saturated and no further effect on the affinity for Fru-6-P was measured
when Mg * ITP?” was used. In contrast, the involvement of the inhibitory site

became apparent at higher Mg * ATP?" levels leading to pronounced influences
on apparent K,,, for Fru-6-P values.

A ternary complex in the reaction mechanism of phosphofructokinase?
The following rate equation for a two substrate reaction delivers an overall
picture of the reaction catalyzed by human platelet phosphofructokinase:

, KnFru-6P KnMg- ATP*~ K, Fru-6-P-E-Mg - ATP*-|~!
+

v=V-{1 +
[Fru-6-P1"  [Mg- ATP?-] [Fru-6-P]"[Mg- ATP*-]

(1)
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Fig. 2. Phosphofructokinase activity (expressed as A4 min~! - mi~! enzyme solution) versus [Mg * ITP2']
at various [Fru-6-P] shown in A and the activity versus [Fru-6-P] at various [Mg - ITP2"] (B) as tested on
the same enzyme preparation used in Fig. 1 at pH 8.1. Symbols for [Fru-6-P] and [phosphate donor} as
in Fig. 1. Data represent one out of five similar experiments.
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Fig. 3. Hill plots for Fru-6-P at various [Mg * ATPZ7] (Fig. 3A) and Mg * ITP2 (Fig. 3B). Data calculated
from Figs 1B and 2B [Phosphate donor] and symbols as in Fig. 1.
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MICHAELIS-MENTEN CONSTANTS FOR Fru-6-P WITH AND WITHOUT INHIBITION BY Mg - ATP2~

TABLE 1
The apparent K, values for Fru-6-P in the presence of Mg - ATP? or Mg - ITP? as the phosphate donor

were calculated from Fig. 3A and Fig. 3B respectively by extrapolation to log v/(V'-v) = 0, where V'

stands for apparent V.

Apparent K, for Fru-6-P (mM)

No inhibition (Mg - ITP?")

Phosphate donor
(mM)
Inhibition (Mg - ATP?")
0.04 0.58 0.40
0.08 0.81 0.68
0.18 1.00 0.83
0.48 1.41 1.12
0.98 1.82 1.12
2.51 1.12

1.98
where E and n stand for phosphofructokinase and the Hill coefficient, respec-
tively. If the term K, Fru-6-P-E-Mg - ATP?" is equal to zero, Eqn 1 will
represent a Ping Pong mechanism. If this term is unequal to zero a ternary

complex is involved in the reaction [18,20—23]. For calculations of this factor

the data from Figs 1 and 2 were replotted in Lineweaver-Burk plots for Fru-6-P
(Fig. 4) and Mg * ITP?> " (not shown in a figure). From Fig. 4 apparent Vi .«
values at various Mg * ATP?~ (Fig. 4A) and Mg ' ITP?" (Fig. 4B) levels at infinite

concentrations of Fru-6-P were derived by extrapolation to [Fru-6-P] ! =0
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Fig. 4. Lineweaver Burk plots of phosphofructokinase activity (expressed as AA min~
solution) versus [Fru-6-P] at various [Mg * ATP2"]. (Fig. 4A) and [Mg ' ITP?"] (Fig. 4B). Values were

calculated from Figs 1B and 2B. Symbols as in Fig. 1.
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Fig. 5. Plots of apparent V values (Vapp_Fru-G-P in Eqn 2; expressed as A4 min~! - mI'1 enzyme solution)
at corresponding apparent Ky, data for Fru-6-P (mM) (Km app. Fru-6-P in Eqn 2) using Mg - ATP2~ (lower
line) and Mg - ITPZ~ (upper line) as the second substrate (Fig. 5A). Similar plot for Mg - ITP?" using
Fru-6-P as the second substrate shown in Fig. 5B. Values calculated from Figs 1, 2 and 4. Points
corresponding to inhibition by Mg * ATPZ were excluded from the calculations. (Regression lines with
correlation coefficient (r): Fig. 5A. y = 0.323 x + 0.086;r = 1.00 for Mg * ATP2” and y = 0.377 x + 0.343;
r=0.98 for Mg * ITP2, Fig. 5B. y = 0.076 x + 0.029; r = 1.00). Symbols defined in Fig. 1.

These values were plotted against the respective apparent K,,, values for Fru-6-P
(Fig. 5A). The lines in Fig. 5A represent the graphic notation of Eqn 2, which
can be derived from Egn 1 by converting the latter to the form y =a + bx in
which y = apparent K,, Fru-6-P and x = apparent V at [Fru-6-P] = (V,,,
Fru-6-P)

K., Fru-6-P- E -Mg - ATP*~ .

K Fru-6-P =
maee Ko Mg - ATP?-

K Fru-6-P - K, Mg - ATP?~ — K., Fru-6-P-E-Mg - ATP?~
Ko Mg - ATP?- . V

- V,pp Fru-6-P (2)

Assuming that Fru-6-P is the first substrate the lines of Fig. 5A do not
pass through the origin, whether Mg * ATP?~ or Mg * ITP?" is the other sub-
strate (regression analysis: p < 0.01 using Mg - ITP?" as phosphate donor).
Therefore, the term K, Fru-6-P-E-Mg * NTP*"/K;, Mg * NTP? is unequal to
zero. If Mg - ITP?  is the first substrate Fig. 5B is valid. This line crosses the
ordinate at a significant distance from the origin (regression analysis p < 0.01).
The strong inhibition by Mg * ATP?" hampers similar calculations for this
substrate. However, if this inhibition was suppressed by the addition of sul-
phate [7] or cyclic 8', 5 AMP [30] results similar to those of Mg * ITP?~ were
obtained. Furthermore, in the presence of sulphate at pH 8.1 the platelet
enzyme shows strongly reduced cooperativity towards Fru-6-P (n = 1.2) [7].
Under these conditions a ternary complex can also be calculated, which means
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that sigmoidal kinetics do not disturb these calculations. This is not surprising
since in the calculations of the complex the velocity data are extrapolated to
infinite Fru-6-P concentration, i.e. to conditions in which n = 1.0. Whatever the
first substrate may be these data strongly suggest the involvement of a ternary
complex in the reaction mechanism.

Discussion

Phosphofructokinase isolated from different sources generally shows allo-
steric inhibition at high Mg - ATP?" levels and cooperativity towards Fru-6-P.
The way in which these properties are related, however, is not general. In one
group of phosphofructokinases both properties are completely independent
and each may be influenced separately by various effectors. Examples of this
class are phosphofructokinase from yeast [13,14] Bacillus licheniformis [15]
or human erythrocytes [16]. In contrast, the other group of phosphofructo-
kinases shows strong interdependence of these phenomena. The enzyme from
pig spleen [10], rat thymocytes [11] and rabbit muscle [12] is characterized
by a complete loss of cooperativity towards Fru-6-P when Mg * ATP?” inhibi-
tion is absent and furthermore the degree of cooperativity corresponds to the
degree of inhibition by Mg - ATP?~ (For a recent review see ref. 31).

The data presented in this paper show that the human platelet enzyme
behaves in the former way i.e. the cooperativity towards Fru-6-P remains pre-
sent in the absence of Mg ° ATP?” inhibition and this cooperativity is not
affected by various degrees of inhibition. Between 0.04 mM and 1.98 mM Mg *
ATP?" the Hill coefficient remained constant (n = 3.0). A similar observation
has been made by Kopperschldger on yeast phosphofructokinase [32]. Unlike
this enzyme which gave Hill values of 1.0 when ITP was present in stead of
ATP, the platelet enzyme still exhibits cooperativity towards Fru-6-P when Mg
* ITP?" is the phosphate donor (n = 2.2).

Recently, Lee et al. demonstrated that photo-oxidized phosphofructo-
kinase from human red blood cells looses its cooperativity towards Fru-6-P but
still shows the inhibition pattern of ATP [33]. They concluded that coopera-
tivity towards Fru-6-P and inhibition by ATP are independent phenomena and
this is well in accordance with the findings presented here for the platelet
enzyme,

From the data for Mg * ITP?" a second conclusion may be drawn. In the
range of Mg ° ITP?” concentrations used this substrate did not effect the Hill
coefficient for Fru-6-P. This indicates that the degree of saturation of the
catalytic site for the phosphate donor does not influence the cooperativity
towards Fru-6-P. In this respect the platelet enzyme resembles phosphofructo-
kinase from Escherichia coli. Here ATP only functions as a substrate and does
not inhibit enzyme activity. The various degrees of saturation with ATP had no
effect on the cooperativity of this enzyme towards Fru-6-P [34].

Investigations on the reaction mechanism of phosphofructokinase cataly-
sis have been performed using isotope exchange techniques, various substrate
analogs [19] or calculations of kinetic data at varying levels of both substrates
[18,20—23]. Using the latter method the involvement of a ternary complex in
the reaction mechanism of the platelet enzyme can be calculated although the
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reaction mechanism itself remains obscure. In this respect, our findings disagree
with those of Layzer et al. [17], who concluded from parallel lines in the
reciprocal plots that phosphofructokinase from human red blood cells follows a
Ping Pong mechanism. However, the demonstration that the reciprocal plots
produce apparent parallel lines is not conclusive evidence for a Ping Pong
mechanism |31]. In contrast to Layzer, Staal et al. [18] calculated a ternary
complex for the same enzyme using the methods described here for the platelet
enzyme. Such a complex was found also in rabbit muscle phosphofructokinase
catalysis; in fact the presently available information suggests that a ternary
complex is involved in the reaction mechanism of most types of phospho-
fructokinases [31]. The potent activities of the free constituents of the Mg -
ATP?™ complex already mentioned in the introduction may interfere with for-
mation of the ternary complex thus leading to a more complicated reaction
mechanism.

The physiological meaning of the results reported here is until now un-
certain. The independence of cooperative interactions towards Fru-6-P and
allosteric inhibition by Mg * ATP?” may perhaps provide an extra dimension to
regulation phenomena in human platelet glycolysis. But since various ligands
similarly effect both properties the netto result might be of relatively minor
importance [7,8,30].
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