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1. Introduction

Kinetic studies on very dilute purified enzymes, in

conditions of optimal pH and substrate concentrations,

are very useful for the characterisation of these isolat-
ed biocatalysts. But they give only very limited infor-
mation about their action in situ. This is especially
true regarding metabolic control phenomena.

In this dilemma we are very fortunate that in care-
fully prepared cell-free extracts of yeast cells, control
of glycolysis persists with characteristics comparable
to those of the intact living cell {1]. This extract is
substantially free of mitochondria and other particles,
but it contains all the cytoplasmic enzymes and co-
factors. In this homogeneous system we can be certain
that substrates and cofactors are present at the enzyme
site in the concentrations analysed. Conditions in this
extract are not identical with those of living cells, but
insofar as control characteristics are similar, we may
compare the two systems.

2. Material and methods

The preparation of cell-free extracts from Saccha-
romyces carlsbergensis has been described [1--3].
Metabolites were assayed enzymatically [4] using
improved methods [5,6]. The enzymes used were pur-
chased from Boehringer and Comp., Tutzing.

In experiments on the kinetics of yeast PFK sam-
pling methods were used throughout, since the reac-
tion had to be followed in the presence of both reac-
tion products. Yeast PFK was incubated with ATP
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and F-6-P, in the presence of other substances as in-
dicated, in 40 mM TRA buffer pH 6.5. Samples of
the reaction mixture were taken at 0.3 and 6 min
after the addition of the enzyme and deproteinized
by injection of 2 ml into 1 ml of 15% HCIO,. After
¢entrifugation, the clear supernatant was neutralized
with KOH and TRA buffer to pH 7.0-7.2.

After freezing and thawing, the potassium per-
chlorate was removed by centrifugation and the super-
natant was assayed for F-6-P. The velocity of the en-
zyme reaction was constant for more than 10 min,
provided that no one of the substrates was limiting.

3. Results and discussion

3.1. Concentrations of metabolic intermediates in
yeast cells and cell-free extract

Table 1 illustrates the maximal and mininal con-
centrations of intermediates during oscillatory glyco-
lysis. Since there is only a small dilution by buffer in
the preparation of the extract (up to a maximal 13%),
it is not surprising that many substances are found in
the same range of concentration in both the living
cell and the cell-free system. Adenosine nucleotides
are somewhat less concentrated in the extract, reason-
ably since mitochondria are absent. Hexose mono-
phosphates are about 25% more concentrated in the
extract. Since glycolysis persists, their concentration
depends on the control actually occurring in this sys-
tem. FDP and both triose phosphates are 4 times more
concentrated in the cell-free system. This difference
is large enough to suggest some difference in the con-
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Table 1
Maximal and minimal concentraticns of intermediates in os-
cillatory controlled glycolysis (from ref. [7]).

Yeast cells Yeast extract
Substance (umoles/g) (umoles/ml)

max. min. max. min.
ATP 1.90 1.40 1.60 0.70
ADP 0.52 0.18 0.45 0.11
AMP 0.16 0.02 0.16 0.06
G-6-P 1.25 0.80 1.95 0.51
F-6-P 0.33 0.22 0.55 0.15
FDP 1.60 0.65 6.60 5.10
DAP 0.43 0.27 1.67 1.15
GAP 0.10 0.05 0.44 0.24
Pyruvate 0.75 0.45 0.58 0.32

trol of glycolysis in the two systems.

Indications of such a difference also come from the
phase relations in the two systems. In fig. 1, our ear-
lier data on phase relations in yeast cells [8] are com-
pared with Cassuto’s [9] data on yeast extract. In
both systems NADH is out of phase with ATP, and
F-6-P is out of phase with FDP. That means, that in
both cells and extract, control at the PFK level is
effective. But pyruvate, which in living cells is clearly
in phase with NADH, is retarded in the cell-free sys-

in yeas! cells

NADH
Pyruv.

FEBS LETTERS

FoP F-

April 1969

tem, which indicates some limiting step in the extract
between 1,3-diphosphoglycerate and pyruvate. This
step need not necessarily be actively controlled, it
might only be a “bottle neck”. A limiting step could
explain why pyruvate and NADH are not exactly syn-
chronised in the extract. It would also explain the
slight differences between cells and extract in the
phases of ATP and FDP, and the accumulation of
FDP, DAP and GAP in the cell-free system. But be-
sides these minor differences, control at the PFK step
is common to both systems.

Fig. 2 summarizes some common control features.
During the accumulation of NADH, glucose incorpo-
ration into yeast cells is maximal [10]. A high
[FDP]/ [DAP] - [GAP] quotient indicates that the
influx into FDP is higher than the efflux from GAP
[10], and in this phase pyruvate or acetaldehyde in-
duce maximal phase shifting in cell suspensions [11].
Simultaneously, FDP synthesis is maximal in the ex-
tract [3]. During the oxidative half cycle all these
reactions are minimal, only ATP synthesis [3] is max-
imal in the extract. These observations demonstrate
that control of glycolysis, as far as it depends on PFK,
is essentially identical in both systems.

3.2. Kinetics of yeast phosphofructokinase

Yeast PFK is inhibited by rather low ATP concen-
trations, as in the enzyme from other organisms. Its
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Fig. 1. Schema of phase relations of glycolytic intermediates in yeast cells [8] and yeast extract [9].
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Fig. 2. Schema of pulsatory flux in glycolysis.

activity is restored by higher concentrations of the
second substrate, F-6-P and to some extent it is acti-
vated by the reaction product FDP and to a much
larger extent by AMP [12,7].

In contrast to PFK from other sources, yeast PFK
is not stimulated by ADP. In the Hill plot coordina-
tion numbers of 2 can be demonstrated for ATP,
AMP and FDP; n=4 was found for F-6-P [13]. All
substrates and effectors become inhibitory at slightly
elevated concentrations.

The effect of these chemicals becomes different, if
kinetics are studied in the presence of all the other
effectors in concentrations similar to those found in
the extract. As most of the earlier work on yeast PFK
has been done at pH 7.5, we, too, first used this pH
in the multifactor system. In this work pH = 7.5 was
used, because freshly prepared extracts are of this
pH, and also it is nearer the pH optimum.of yeast
PFK (6.7). There is no substantial difference in kinet-
ics between pH 6.5 and 7.5.

We used a reaction medium with similar concentra-
tions as the extract, containing ATP 1 mM, ADP
0.3 mM, AMP 0.1 mM, F-6-P 0.3 mM, FDP 8 mM,
Mg2* 10 mM and PO%' 10 mM. The last two ions were
at smaller concentrations than in the extract because
of their limited solubility in the absence of complexing
agents.

Fig. 3a represents the dependence of v on ATP con-
centration. There is evidently some inhibition by an
overshoot of this substrate, but under our conditions

almost maximal activity persists with concentrations
of ATP from 0.5 mM to 2.5 mM, whereas in the ab-
sence of FDP, ADP and AMP the inhibitory effect of
ATP starts at 0.1 mM [12]. Under “extract conditions”
PFK activity is almost maximal over the range of phys-
iological fluctuations in ATP concentrations. Thus in
oscillatory control of glycolysis the ATP concentration
is not a decisive factor, FDP activitates PFK, as seen
from fig. 3b, but only to a very limited extent. With
concentrations of 2 mM and higher, PFK is maximally
activated. In yeast extracts, where FDP is fluctuating
within the concentration range 5 to 7 mM, this chem-
ical has no control at the PFK step. In this series of
experiments ADP was as inefficient as described ear-
lier [12]. Fig. 3¢ shows the activating effect of AMP

in the concentration range which really coincides with
the physiological one. The enzyme is activated by a
factor of 1.5 if the AMP concentration rises from 0.05
to 0.1 mM.

In fig. 3d the dependence of PFK activity on the
concentration of F-6-P is shown. There is a consider-
able enhancement, by a factor of 2.5, if F-6-P is raised
from 0.25 to 0.5 mM.

At substrate and effector concentrations similar to
those of the cell free extract, only AMP and F-6-P are
effective activators of yeast PFK. The efficient con-
centration range of both chemicals coincides with the
fluctuations actually occurring during oscillatory con-
trol in yeast extract. Both substances controlling the
activity of PFK are dependent on other reactions.



Volume 3, number 1

W
<

N
S

N

FEBS LETTERS April 1969

PFK pH 6.5
v
x -
./
./
12
L]
20
F-6-P 0,29 mM
La B ADP 0,29 mM
AMP 0,12 mM
FOP 8,85 mM
64
Mgt 0 M
0 mM
o 3 TRA 40 mM
2-
05 1,0 L5 20 25 50 mM AIP
(@)
wlv PFK pH=6.5 v PFK pH 65
|
. X
10 4 12 x/ \X x
] F-6-P 026 mM
. ADP 038 -
B AMP Q.17 v
4 ATP 107 9 F-6-P 025 mM
] Mg** 10 ADP 030 mM
] PO 10 " g ATP 108 mM
] TRA 40 n 6 FDP 834 mM
T T 8 mM FDP Mgt 10 mM
®) El PO;= 10 mM
TRA 40 mM
T T T T ™
02 04 06 08 10
mM AMP
()
v PFK pH=6.5
] ADP 034 mM
_ AMP 011 n
_ ATP 113 n
] FOP 778 »
- ~ Mg** 10 " Fig. 3. Kinetics of yeast phosphofructokinase in the presence
] / PO 10 " of different substances in concentrations similar to those
4" TRA 40 " found in the oscillating yeast extract.
- (a) Influence of ATP concentration
LA A A A AN S B BN S| (b) Influence of FDP concentration
02 o 20 mM F6P (¢) Influence of AMP concentration
(d) (d) Influence of F-6-P concentration




Volume 3, number 1

AMP is always in phase with ADP and adenylate kinase
is active enough in yeast cells to keep the concentra-
tions not far from equilibrium. F-6-P is always in phase
with G-6-P. Its concentration depends on the influx
from hexokinase or phosphorylase reactions and the
efflux through the PFK reaction. As control is rather
drastic at the PFK step and the activation factors ob-
served for AMP and F-6-P are rather low, we should
look for the possibility that activation of different
reactions could be sequentially additive.
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