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Abstract

The results indicate that the activity of pyruvate kinase in intact yeast
cells is greatly influenced by fructose 1,6 diphosphate. Furthermore, it is
suggested that the permeability properties of the cellular membranes may be an

important factor in regulating the activity of PK..

Pyruvate kinase (PK) has often been considered to be a controlling
enzymatic step in glycolysis (1 - 3). Kinetic studies with purified enzyme
from various sources have demonstrated that PK shows properties of a regulatory
enzyme being modified by various effectors (4 - 7). Thus, the yeast enzyme
shows co-operative kinetics towards the activating kations K+, NHZ, Mg2+ and
PEP (4, 5). TFDP changes the sigmoid kinetics of the enzyme, with respect to
the above activating ions and PEP, to hyperbolic. In the case of ions, the
sigmoid to hyperbola transition occurs by altering either K,end V (%) or
Km only (5). The evidence regarding the effect of FDP on the activity of PK

has not been conclusively demonstrated in vivo. However, PK has been shown to
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be a cross-over point in the transient phase of changes in the rate of glyco-
lytic flux (1, 2). The above evidence, although indicative of an activation
of PK under conditions of increased glycolytic flux, does not identify with
certainty the factors which cause this activation. In the present work we
offer data which indicate, firstly, that in intact baker yeast cells PK is
activated by FDP, and, secondly, that the state of cytoplasmic membranes may
affect in vivo the activity of the enzyme. Although the effect of cytoplasmic
membranes on PK activity is not clear, we postulate that it is manifested by

the segregation of the activating ions.

Methods and Material

D.C.L. yeast was bought from a local supplier. The cells were suspended
in 0.1 M phosphate buffer pH 5.4 and aerated for 18 - 20 hours at room tem-
perature. The cells were then washed twice with cold distilled water and sus-
pended in 0.02 M citrate buffer pH 5.4. The cell concentration was 10% wet
weight/volume. All the experiments were carried out at 8. Phosphate esters
were estimated by pipetting samples into TCA solution of 6% final concentration
The cells were centrifuged, washed once more with 5% TCA and the subsequent

determination of the phosphate esters was carried out by using specific enzymes

(8, 9).
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Fig. 1. Beker's yeast was aerated for 20 hours in 0.1 M. phosphate buffer
pH 5.4 and 0.01 mM glucose. The cells were then washed and suspended in
0.02 M. citrate buffer pH 5.4 at 8°C. After 15 minutes of constant aera-

tion, 0.1 M. glucose final concentration was added.

1077



Vol. 40, No. 5, 1970 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Results and Discussion

It is known that starved baker yeast cells do not show endogenous fermen-
tation and their rate of respiration is low (10, 11). The estimation of phos-

phate esters shows that the hexose phosphate pool is also very low, whereas the

levels of both phosphoenol pyruvate and 3-phosphoglyceric acid are several times

higher than in either yeast respiring or fermenting glucose (Table 1).

Table 1

P Moles/gr. wet weight#

Metabolite Starved cells Glucose oxidising Glucose
cells Fermenting cells
FDP - 0.520 0.610
G6P 0.008 1.%0 1.30
PEP 0.230 0.035 0.0k40
3-PGA 0.560 0.150 0.1k5
ATP 1.50 1.85 1.600
ADP 0.90 0.70 0.70

*¥The values are the average steady state values from six experiments.

It seems, therefore, that in intact starved baker yeast cells PK is relatively
inactive. Taking into consideration the facts that, firstly, the preceding
glycolytic enzymes up to phosphoglycerate kinase are easily reversible, and,
secondly, that in all our experiments PEP and 3-PGA show parallel changes, it
can be argued that the high level of 3-PGA reflects an inactivation of PK as

well. Similar observations have also been made previously (12).

With the addition of glucose under aerobic conditions PEP initially either
does not change at all, or else it even increases, and then, after about two
minutes, starts falling rapidly (Figs. 1, 2). This decrease in PEP is always
associated with an increase in fructose 1,6 diphosphate. The pattern of changes
in fructose 1,6 diphosphate is different when glucose is added under anoxic con-
ditions. Thus, instead of the slow initial rise, it rises rapidly within two
minutes after the addition of glucose. This increase in fructose 1,6 diphosphate
is associated with a steep decrease in PEP levels (Fig. 3). Adenosine diphos-
phate is not likely to activate PK in intact yeast cells as, although it rises
appreciably at the initial stages of glucose addition, PEP does not decrease

(10). Neither can the inactivity of PK be explained in terms of lack of ADP

1078



Vol. 40, No. 5, 1970 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

FOP

PEP

p moles PEP, FDP/gr.w.weight

A718 v 2 3 4 5 6 7 8 9 10
YEAST MINUTES

Fig 2. As Fig. 1.
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Fig. 3. Starved baker yeast as Fig. 1 was suspended in 0.02 M. citrate
buffer pH 5.4 at 8°C. Nitrogen was bubbled through for 15 minutes, then

0.1 M. glucose final concentration was added.

as 1t is present at a higher concentration in starved yeast than in glucose
utilizing cells (Table 1). We have also found that the air to nitrogen transi-
tion of glucose respiring yeast cells is followed by cyclic changes in fructose
1,6 phosphate, other glycolytic intermediates and adenosine nucleotides (10).

We always found that in the first cycle fructose 1,6 phosphate and phosphoenol
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Fig. L. Starved yeast cells, as in Fig. 1, were suspended in 0.02 M. citrate

buffer pH 5.4 at 8°%c. After 15 minutes of constant aeration, 0.1 M. glucose

was added. The yeast suspension was made anearobic after 20 minutes by

bubbling nitrogen through.

pyruvate were out of phase. Thus the peak in FDP coincides with the trough in
PEP (Fig. 4). This inverse pattern of changes in FDP and PEP, at the time
when the rate of alcohol production increases (10), and moreover despite the
fact that from one mole of FDP, two moles of PEP are formed, indicates that PK

is greatly activated.

The above results suggest that the activity of PK is strongly influenced by
FDP in intact baker yeast cells. It should also be pointed out that the steady

state level of FDP in both glucose respiring and fermenting yeast is always
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Fig. 5. Starved yeast cells, as in Fig. 1, were suspended in 0.02 M. citrate

buffer pH 5.4, After 15 minutes of aeration, LLO—5 M. carbonylcyanide m-

chlorophenylhydrazone final concentration was added.

much higher than the threshold value which appears to be required for PK's
activation. A similar inverse pattern of changes in FDP and PEP under condi-
tions of an increase in the rate of glycolysis has been observed with plant
tissues (2, 13).

We also found that if starved yeast was treated with either 2,4 dinitro-
phencl or carbonylcyanide m- chlorophenylhydrazone, PK was activated, as both PEP and
3-PGA fell rapidly. From the phosphate esters known to influence the activity

of PK, only ATP, which is a negative effector of the enzyme, increased (Figs.

5’ 6)'

Unless the uncouplers themselves activate the enzyme, the most likely ex-
planation would be that the cellular distribution of the essential activating
ions is altered by the addition of uncouplers. It is known that with artificial
bioclogical membranes 2,4 dinitrophenol alters their permeability characteristics

(14). Also, an efflux of K+, although not pronounced, has been observed after
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Fig. 6. To a suspension of starved baker yeast cells as in Fig. 5, 1o‘h M.

2,4 dinitrophenol final concentration was added.

the addition of DNP to isolated mitochondria (15). The alternative explanation
of the enzyme being converted to an FDP insensitive, as has been found with
purified enzyme from rat epididymal adipose tissue (16), does not seem likely

as the activation of PK is very rapid (Figs. 5, 6).
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