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The mode of synthesis and the regulation of fructose-1,6-bisphosphatase
(FBPase), a gluconeogenic enzyme, and phosphofructokinase (PFK), a glycolytic
enzyme, were investigated in Saccharomyces cereuvisiae after growth in the
presence of different concentrations of glucose or various gluconeogenic carbon
sources. The activity of FBPase appeared in the cells after the complete disap-
pearance of glucose from the growth medium with a concomitant increase of the
pH and no significant change in the levels of accumulated ethanol. The appear-
ance of FBPase activity following glucose depletion was dependent upon the
synthesis of protein. The FBPase and PFK were present in glucose-, ethanol-,
glycerol-, lactate-, or pyruvate-grown cells; however, the time of appearance and
the levels of both these enzymes varied. The FBPase activity was always higher
in 1% glucose-grown cells than in cells grown in the presence of gluconeogenic
carbon sources. Phosphoglucose isomerase activity did not vary significantly.
Addition of glucose to an FBPase and PFK synthesizing culture resulted in a
complete loss, followed by a reappearance, of FBPase activity and an initial
increase, followed by a decrease, of PFK activity. In the presence of cycloheximide
the disappearance of glucose and the changes in the levels of FBPase and PFK
were decreased significantly. It is concluded that S. cerevisiae exhibits a more
efficient synthesis of FBPase after the exhaustion of glucose compared to the
activity present in cells grown in the presence of exogenous gluconeogenic carbon
sources. Two metabolically antagonistic enzymes, FBPase and PFK, are present
during the transition phase, but not during the exponential phase, of growth, and
the decay or inactivation of these enzymes in vivo may be dependent upon a

glucose-induced protease activity.

Glycolysis and gluconeogenesis are two key
processes involved in carbohydrate metabolism
(3, 5, 15, 27). Several investigators have shown
that the synthesis of glycolytic enzymes in yeast
is modulated by the kind and concentration of
carbon source as well as by the concentration of
intracellular metabolites (14, 19). The synthesis
of phosphoglucose isomerase (EC 5.3.1.0) ap-
pears to be least sensitive to regulation, whereas
the syntheses of fructose-bisphosphate aldolase
(EC 4.1.2.13), triosephosphate isomerase (EC
5.3.1.1), and glyceraldehyde-phosphate dehydro-
genase (EC 1.2.1.12) are most sensitive to regu-
lation.

Catabolite regulation affects, in yeast and bac-
teria, the utilization of several carbohydrates
other than glucose, the degradation of amino
acids, the tricarboxylic acid cycle, and respira-
tory enzymes (18, 22). The synthesis of gluco-
neogenic enzymes including fructose-1,6-bis-
phosphatase (FBPase; EC 3.1.3.11) in yeast and

bacteria have been shown to be under catabolic
regulation (7, 11, 25). In the case of enteric
bacteria, exogenous cyclic adenosine 3',5-mono-
phosphate (cCAMP) reverses the glucose repres-
sion of a number of catabolite-sensitive enzymes
(23). In addition to catabolic regulation, yeast
FBPase has also been shown to be regulated by
catabolite inactivation (8, 26, 30). This inacti-
vation results in an irreversible loss of FBPase
activity, within a relatively short period of time,
when FBPase synthesizing cells are exposed to
glucose, mannose, fructose, or sucrose. It has
been suggested that an FBPase-specific protease
may play a role in this inactivation process (13,
20).

Regulatory mechanisms of gluconeogenic and
glycolytic enzymes incuding FBPase and phos-
phofructokinase (PFK; EC 2.7.1.11) have been
examined in detail in animal systems (1, 3, 27).
However, a simultaneous investigation of the
synthesis and regulation of these two metabol-
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ically antagonistic enzymes is lacking in micro-
bial systems. Gancedo et al. (6) have reported
no FBPase activity in Saccharomyces cerevisiae
grown in the presence of 2% glucose. However,
we have observed significant FBPase and PFK
activities in cells grown in the presence of 1%
glucose, fructose, or galactose (4). These obser-
vations prompted us to investigate the precise
mode of synthesis and regulation of FBPase and
PFK in glucose- and ethanol-grown cells. We
report here for the first time the results of ex-
periments demonstrating the mode of synthesis
of FBPase and PFK in relationship to the
growth phase, disappearance of glucose, and
other physiological and metabolic changes in the
culture. Results are also presented regarding
catabolite repression and inactivation of FBPase
in glucose-grown cells, and a simultaneous pres-
ence of FBPase and PFK in S. cerevisiae grown
in the presence of several gluconeogenic carbon
sources.

MATERIALS AND METHODS

Organism and growth conditions. Wild-type S.
cerevisiae X2180 was grown in a nutritionally com-
plete (nutrient) medium (carbon source; MgSO,, 1 g;
KH,PO,, 2 g; peptone, 6 g; yeast extract, 4 g; and
distilled water, 1 liter). The medium was adjusted to
an initial pH of 5.5 in all experiments with 2 N KOH
or 5 N HCI, except in those where the initial pH of the
medium was varied. Concentrations of glucose
(wt/vol), ethanol, glycerol, and sodium lactate varied
according to each experiment. Sodium pyruvate and
alanine were added as carbon source to yield a final
concentration of 2% (wt/vol). The gluconeogenic car-
bon sources were standardized on the basis of molar
ratios, 2% ethanol being equivalent to a final concen-
tration of 0.43 M. Culture flasks of 500-ml capacity,
each containing 250 ml of medium with the appropri-
ate carbon source, were inoculated with a standardized
suspension of X2180 cells to an initial density of 1.5
X 10° cells per ml and incubated at 30°C in a Meta-
bolyte water bath shaker (New Brunswick Scientific
Co., Inc.) with 225 rpm. Cells were harvested by cen-
trifugation in a Sorvall RC-5 Superspeed Refrigerated
Centrifuge (DuPont Instruments) at 4°C after appro-
priate growth periods. In specific experiments, cyclo-
heximide (100 ug/ml [10]) and glucose (1% wt/vol)
were added to culture flasks, at appropriate times,
before cell harvest.

Enzyme preparations. Crude enzyme prepara-
tions were obtained by disrupting cells in a Braun
model MSK mechanical homogenizer as previously
described (4). The supernatant from the disrupted cell
mass was dialyzed for 18 h with three buffer changes
and used as the source of enzymes. The protein was
determined by the biuret method (9). Enzyme activi-
ties remained stable for at least 3 days when cell
extracts were stored at 0°C.

Enzyme assays. All enzymes were assayed by cou-
pling the particular step to the appropriate nicotina-
mide adenine dinucleotide- or nicotinamide adenine
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dinucleotide phosphate-linked reaction. The rate of
production or the disappearance of reduced nicotina-
mide adenine dinucleotides was followed at 340 nm by
using a Gilford 240 recording spectrophotometer (in
cuvettes with a 1-cm light path) at 25°C. Enzyme
activities are expressed as milliunits per milligram of
protein at 25°C (1 mU is the enzyme activity that
transforms 1 nmol of substrate in 1 min). Statistical
analysis and controls for enzyme assays were as pre-
viously described (4).

FBPase. FBPase was determined according to the
method of Gancedo et al. and Gancedo (7, 8). The
activity of FBPase was followed by the glucose-6-phos-
phate dehydrogenase-dependent reduction of nicotin-
amide adenine dinucleotide phosphate (4).

PFK. PFK was determined according to the method
of Sols and Salas (28). The activity of PFK was fol-
lowed by the a-glycerophosphate dehydrogenase-de-
pendent oxidation of NADH (4).

Phosphoglucose isomerase. Phosphoglucose
isomerase activity was determined by the method of
Maitra and Lobo (19). This activity was followed by
the glucose-6-phosphate dehydrogenase-dependent
reduction of nicotinamide adenine dinucleotide phos-
phate (4).

Glucose and ethanol determinations. The levels
of glucose (milligrams/milliliter) in culture superna-
tants were determined by using the Sigma glucose
assay kit no. 15-10 (Sigma Chemical Co.). In some
cases, an initial 1:4 dilution of the supernatant was
necessary to stay within assay limits. The levels of
ethanol (milligrams per milliliter) in culture superna-
tants were determined by using the Sigma ethanol
assay kit no. 331. An initial 1:12 dilution of the super-
natant was necessary to stay within limits of the assay.

Measurement of growth and pH. At appropriate
intervals, a portion of culture was removed aseptically
and an American Optical Bright-Line hemacytometer
was used to count cell number. The resulting cell
counts were graphed as log functions. In specified
experiments, the pH of the culture supernatant was
determined in samples aseptically removed during in-
cubation, or in samples obtained after cell harvest.
The pH was determined using a Sargent-Welch pH
meter (model NX).

Enzymes and chemicals. The coupling enzymes
were obtained from Sigma Chemical Co., at the high-
est purity available. Dipotassium ethylenediaminetet-
raacetic acid was obtained from Eastman Organic
Chemicals. All other fine chemicals were obtained
from Sigma.

RESULTS

Relationship of the appearance of
FBPase, PFK, and phosphoglucose isom-
erase with the disappearance of glucose
from the growth medium. The activity of
FBPase was first detected in 12-h cultures grown
in the presence of 1% glucose, and this activity
reached a maximum of 140 mU after 20 h (Fig.
1). A significant amount of PFK was present in
10-h cultures, and this activity increased to a
maximum of 240 mU in 12-h cultures. In con-
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Fi1c. 1. Enzymatic activities of PFK and phosphoglucose isomerase (PGI), and the mode of synthesis of
FBPase in relation to the changes of pH, disappearance of glucose from, and the accumulation of ethanol in,
the growth medium. S. cerevisiae X2180 was grown in the presence of 1% glucose with constant shaking. The
glucose (A) and ethanol (M) concentrations, and the pH (@) of the growth medium were determined at
specified intervals. Cells were harvested from individual flasks after 10, 12, 14, 16, 18, and 20 h of growth, and
extracts were prepared, dialyzed, and assayed for FBPase (O), PFK (4), and PGI (O) activities.

trast, the phosphoglucose isomerase activity re-
mained higher than the activities of PFK and
FBPase. Results of additional experiments (not
shown here) demonstrated that the levels of
phosphoglucose isomerase were not significantly
different in cells grown in the presence of differ-
ent concentrations of glucose, fructose, and ga-
lactose; however, the specific activity of PFK
was fivefold less in galactose-grown cells.

The appearance of FBPase activity coincided
with the complete disappearance of glucose
from, and a simultaneous increase in pH of, the
growth medium. Unlike the synthesis of FBPase,
the syntheses of PFK and phosphoglucose isom-
erase occurred before the disappearance of glu-
cose. Accumulation of ethanol in the culture
supernatant reached a maximum at 11 h, and
did not change significantly in relation to the
increase in the level of FBPase activity. An
increase of pH of the culture supernatant in
relation to the disappearance of glucose and the
appearance of FBPase is particularly significant,
but no significant change was observed in the
accumulated acidic metabolites, acetate and py-
ruvate, in the culture supernatant after 8, 12,
and 16 h of growth. There was, however, a slight
reduction in the small amount of citrate accu-
mulated through 8 h, after 12 h of growth.

Exogenous cAMP is known to reverse the
glucose repression of catabolite-sensitive en-
zymes in bacteria (23). Such effects in yeasts and

molds are not conclusive (2, 29). Attempts to
demonstrate the synthesis of FBPase before the
disappearance of glucose by supplementation of
the growth medium with cAMP at 0, 8, and 10
h were unsuccessful. We have also harvested
cells at 8 and 10 h and resuspended the cells in
fresh medium containing cAMP but no glucose.
No activity of FBPase was found after 2 h of
incubation. The lack of any effect by exogenous
cAMP may be due to the breakdown (decycli-
zation) of cAMP, lack of cAMP permeation
through the membrane, or ineffectiveness of
cAMP in this particular yeast system.

Effect of cycloheximide on the synthesis
of FBPase. The levels of FBPase did not in-
crease after the addition of cycloheximide in
either experiment (Fig. 2). Control cells ex-
hibited FBPase activity to a level of 140 mU
after 20 h of growth. Results from these experi-
ments demonstrate that the synthesis of FBPase
after the disappearance of glucose is blocked by
100 pg of cycloheximide per ml (10). Extracts
from cells harvested after 8 or 10 h of growth
failed to exhibit any inhibitory effect on the
FBPase activity from cells harvested after 14 or
18 h, when the two extracts were added together
in a 1:1 ratio.

Effect of different concentrations of glu-
cose on the syntheses of FBPase and PFK.
Different initial concentrations of glucose in the
growth medium affected the time of appearance
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Fi1G. 2. Effect of cvcloheximide on the appearance of FBPase. S. cerevisiae X2180 was grown in the presence
of 1% glucose in three identical flasks. Cycloheximide (100 pg/ml) was added to one flask at 12 h and to
another flask at 14 h. Cells were harvested at 16, 18, and 20 h, and extracts were prepared, dialyzed, and
assaved for FBPase (O) activity. The control experiment (@) contained no cveloheximide.

as well as the maximum level of FBPase activity
(Fig. 3A). The highest specific activity of
FBPase was observed in 14- and 16-h cultures
grown in the presence of 0.1% glucose. A decreas-
ing order of this activity was in 0.5, 0.75, and 1%
glucose-grown cultures. No FBPase activity was
observed in the 14- and 16-h cultures grown in
the presence of 2.5 and 5% glucose, respectively.
The specific activity of PFK in 10-h cultures,
grown in the presence of different concentrations
of glucose, varied significantly (Fig. 3B), as did
the maximum levels of PFK in the 20-h cultures.
Particularly significant was the loss of PFK ac-
tivity from 20-h cultures grown in the presence
of 1, 2.5, and 5% glucose. Except in cells grown
in the presence of 5% glucose, both FBPase and
PFK activities were present simultaneously in
all cultures grown with glucose as the carbon
source. However, the initiation of the synthesis
of FBPase varied depending upon the initial
concentration of glucose in the growth medium.
Maximum levels of FBPase and PFK were pres-
ent between 12 and 16 h in cells grown in the
presence of 1% glucose. This 12- to 16-h growth
period represents a transition phase in the cul-
ture between exponential and stationary phase
(Fig. 4). Although cell growth continued during
this transition phase, the rate of growth was
slower than that in the early or mid-exponential
phase. Consistent with the lack of disappearance
of ethanol from the growth medium, we did not

observe any biphasic growth (11). Not only were
FBPase and PFK activities present simultane-
ously in cells grown in the presence of 0.1%
glucose, but the levels of these activities in-
creased in a coordinate manner (Fig. 3A and B).

Effect of aeration and pH on the
syntheses of FBPase and PFK. In cells grown
in the presence of 1% glucose under low aeration,
there was less than 10 mU of FBPase activity
after 20 h of growth and approximately 50 mU
after 40 h of growth (4). In highly aerated cul-
tures, the synthesis of FBPase began at 12 h and
reached a maximum level of approximately 140
mU after 20 h. The specific activity of PFK was
not significantly affected by aeration.

The pH of the growth medium also affected
the initiation of FBPase synthesis (Table 1). The
least amount of FBPase activity was observed
after 12 h in cells grown in medium with an
initial pH of 5.0. Significantly higher levels of
FBPase were found after 12 h in cells grown in
media with an initial pH of 4.0 and 6.0. The
synthesis of PFK was not significantly altered
by the initial pH of the growth medium. Changes
in the initial pH may affect the uptake and
utilization of glucose and, consequently, the syn-
thesis of FBPase.

Effect of gluconeogenic carbon sources
on the syntheses of FBPase and PFK. There
were approximately 500 mU of phosphoglucose
isomerase activity, a small amount (40 mU) of
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F1c. 3. Effect of different concentrations of glucose on the syntheses of FBPase (A) and PFK (B). S.
cerevisiae X2180 was grown under identical conditions except for the concentrations of glucose shown in the
figure. Cells were harvested at 12, 14, 16, and 20 h and extracts were prepared, dialvzed, and assaved for
FBPase and PFK activities.

FBPase activity, and no PFK activity present in  detected after 20 h, and this activity increased
15-h cultures grown in the presence of 1% (0.21 along with FBPase activity up to 30 h as the
M) ethanol (Fig. 5). The activity of PFK was  growth of the culture continued. This 20- to 30-
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F1c. 4. Comparison of the growth response of S. cerevisiae X2180 in 1% glucose- and 1% ethanol-containing
media (initial pH 5.5) under constant shaking. Cultures were incubated at 30°C and cell counts were
determined by using a hemacytometer, in portions removed at various times. Cell numbers were plotted as log

functions.

TaBLE 1. Effect of initial pH on the appearance of
FBPase and PFK activities®

Enzyme activity (mU/mg of pro-

pH of spent

. : I
(I)lfllttl;:] ;1: tein) after 12 h of growth medivm after
dium FBPase PFK (+ . 12h ot:l

(£SD)* (£SD) growth
3 1+£0.0 165+ 3 2.92
4 18+1 191 £ 1 3.79
4.5 142 231 £ 6 4.28
5 2+1 228+ 5 4.51
5.5 4+2 229+ 1 4.75
6 22+ 3 1915 5.10
7 21+ 2 190 £ 1 6.20

¢ 8. cerevisiae X2180 was grown in 1% glucose me-
dium under identical conditions except for the initial
pH of the medium.

® Cells were harvested after 12 h of growth, extracts
were prepared and dialyzed, and specific activities of
FBPase and PFK were determined.

¢ SD, Standard deviation.

¢ Mean determination.

h growth period represents the transition phase
in the 1% ethanol-grown culture (Fig. 4). Both
FBPase and PFK activity were present in 20-h
cultures grown in the presence of glycerol, lac-

tate (except in 0.86 M concentration), or pyru-
vate as the sole carbon source (Table 2). These
activities increased significantly, in certain cases,
after 40 h of growth. In contrast to glucose-
grown cells, the activity of PFK appeared to be
more stable in ethanol- and lactate-grown cells.
Cells grown in the presence of 0.86 M ethanol,
0.43 M alanine, or 2% peptone exhibited very
little PFK activity (10 mU) after 20 h of growth.
Cells grown in the presence of 0.86 M sodium
lactate had no appreciable FBPase or PFK ac-
tivity. In this experiment there was very little
cell yield. In all cases the cell yields were less for
the gluconeogenic carbon sources than for 1%
glucose. It is important to note that the specific
activity of FBPase, in cells grown in the presence
of 1% or less concentrations of glucose, was
higher than in cells grown in the presence of any
of the gluconeogenic carbon sources, including
ethanol.

Effect of glucose disappearance and cy-
cloheximide on the glucose inactivation of
FBPase. Unlike previous studies with ethanol-,
lactate-, or glycerol-grown cells, we used glu-
cose-grown cells as the source of FBPase and
examined the disappearance of glucose and the
fate of FBPase and PFK in the presence and in
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(A), and phosphoglucose isomerase (PGI) (O) from S.

cerevisiae X2180 grown in the presence of 1% ethanol with constant shaking. The pH (@) of supernatant from
the growth medium was also determined. Cells were harvested at 15, 20, 30, and 40 h, and extracts were
prepared, dialyzed, and assayed for FBPase, PFK, and PGI activity.

TaBLE 2. FBPase and PFK activities from S. cerevisiae grown in gluconeogenic carbon sources®

Enzyme activity after 20 h of

Enzyme activity after 40 h of

b H of spent b pH of spent
Carbon Source growth nl:egiouhml:ffter growth me(iiou}r:l affter
0! [
ffggj? PFK (+SD)  growth’  FBPase (+SD)* PFK (+SD)*  growth
0.217 M Ethanol 77+ 8 58 + 8 5.90 — —
0.434 M Ethanol 767 43+ 10 5.84 134 + 5¢ 58 £ 10 6.47
0.868 M Ethanol 28+ 1 6+1 5.65 — —
0.217 M Glycerol 39+4 97+9 5.94 — —
0.434 M Glycerol 42+ 5 85+ 12 5.91 85+9 2119 5.95
0.868 M Glycerol 43+ 3 9 +4 5.88 — —
0.217 M Na Lactate 58 + 7 116 £ 15 6.55 — —
0.434 M Na Lactate 71+6 105+ 9 5.93 876 91+ 14 6.94
0.868 M Na Lactate 61 9+1 5.41 — —
0.434 M Na Pyruvate 23+ 7 106 = 2 6.74 — —
0.434 M Alanine 41+ 2 10+ 3 5.99 62 2 332 6.88
2% Peptone 372 7+4 5.87 78+ 4 15+1 6.18

“S. cerevisiae X2180 was grown under identical conditions except for the kind and concentration of

gluconeogenic carbon source.

® Enzyme activity (mU/mg of protein) was determined in dialyzed cell extracts after 20 and 40 h of growth.

¢ SD, Standard deviation.
¢ Mean determination.

the absence of cycloheximide. When glucose
(1%) was added to a growing culture at 14 h, the
glucose disappeared completely from the me-
dium within 2 h (Fig. 6A). This disappearance
of glucose was much faster because of the larger
quantity of induced cells in this experiment as
compared with the slower disappearance of glu-
cose shown in Fig. 1. With the addition of glucose
at 14 h, the FBPase activity rapidly disappeared
and then, by 17 h began to reappear (Fig. 6B).
The pH of the growth medium decreased up to

16 h and then increased along with the activity
of FBPase. The FBPase activity observed be-
tween 17 and 18 h is most likely the result of
newly synthesized enzyme after the disappear-
ance of glucose. The activity of PFK increased
rapidly during the first hour after the addition
of glucose, and then the activity decreased (Fig.
6C). When 1% glucose and cycloheximide (100
ug/ml) were added simultaneously to a 14-h
culture, the disappearance of glucose from the
medium was much slower and the FBPase activ-
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F16. 6. Effect of cycloheximide on the glucose inactivation of FBPase and PFK in vivo. Cultures of S.
cerevisiae were grown in glucose medium for 14 h in a series of flasks under identical conditions. Fresh
glucose, at a 1% final concentration, was added aseptically after 14 h of growth to one group of flasks. Glucose
(GLC, 1%) and cycloheximide (CYC, 100 pg/ml) were added to a second group of flasks after 14 h of growth.
No addition was made to the control flasks. The amount of GLC remaining in the growth medium was
determined at specified time intervals after the addition of GLC or GLC plus CYC at 14 h (A). Cells were
harvested at specified intervals after the addition of GLC or GLC plus CYC, extracts were prepared and
dialyzed, and the specific activities of FBPase (B) and PFK (C) were determined.

ity initially decreased, but then the activity lev-
eled off, retaining approximately 70% of the orig-
inal activity, and the PFK activity did not
change significantly. It is important to note that
more than 50% of the added glucose was taken
up in the presence of cycloheximide, but the
FBPase activity remained relatively unaffected.
The addition of glucose to the in vitro reaction
mixture had no effect on FBPase activity. These
results indicate that glucose itself is not respon-
sible for the loss of FBPase activity in vivo;
instead, new protein synthesis, after glucose ad-
dition, is necessary for a direct or indirect effect
on FBPase activity as well as the observed de-
crease of PFK activity.

DISCUSSION

Results of this investigation demonstrate
clearly that cells grown in 1% or less glucose
possess the highest level of FBPase activity, and
synthesis of FBPase is initiated only after the
disappearance of glucose from the growth me-
dium. The fact that the specific activity of
FBPase is increased linearly after the disappear-
ance of glucose suggests that this synthesis is

dependent upon an inducer. We believe that the
pH change of the growth medium is related to
the utilization of certain acidic metabolites and
a simultaneous induction of FBPase. However,
the exact nature of such an inducer has not been
determined. Individual gluconeogenic carbon
sources, when provided exogenously at equimo-
lar concentrations, induce less FBPase than is
found in cells grown in the presence of 1% glu-
cose. It thus appears that glucose-grown cells
may provide the most insight into the biosyn-
thesis of FBPase and the interplay between gly-
colytic and gluconeogenic regulations as exem-
plified by PFK and FBPase.

Results presented here reinforce the view (14,
19) that the synthesis of phosphoglucose isom-
erase is constitutive in nature and is not affected
by the nature or the concentration of the carbon
source. In contrast, the synthesis of PFK is
affected both by the nature and by the concen-
tration of the glycolytic or gluconeogenic carbon
source. The PFK also appears to be unstable,
and the inactivation may be mediated by a glu-
cose-induced protease. However, a modification
of the enzyme other than proteolysis cannot be
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ruled out. Increased inactivation of PFK and
other glycolytic enzymes in glucose-supple-
mented cultures has been observed by Maita
and Lobo (19). But cycloheximide (10 pg/ml)
apparently had no effect on the inactivation of
these enzymes.

The term inactivation-repression (8, 26, 30)
suggests that glucose, in some manner, inacti-
vates preexisting FBPase in ethanol- or lactate-
grown S. cerevisiace. We have investigated the
inactivation of FBPase in glucose-grown S. cer-
evisiae. Results presented in this report indicate
clearly that the inhibition of new protein syn-
thesis, after glucose addition, also inhibits the
inactivation of FBPase. Since the inactivation of
FBPase by a specific protease has been demon-
strated in rabbit liver (24) and in vitro by Mo-
lano and Gancedo (20), such an inactivation by
FBPase by a glucose-induced protease is also
possible in vivo. Similar inactivation of enzymes
by intracellular proteases is well recognized in
microorganisms (13).

For the purpose of metabolic efficiency and to
conserve cellular energy, it seems appropriate to
postulate a mutually exclusive mode of synthesis
of FBPase and PFK to prevent a futile cycle (16,
17, 21). Evidence in support of this view has
come from the observations that glucose-grown
cells lack FBPase activity and ethanol-grown
cells possess a significantly reduced PFK activity
(6). Although it is true that, depending upon the
kind and the concentration of carbon source
used, the degree of aeration, and the time of
harvest of culture, one may observe the presence
of either FBPase or PFK, but not both (Fig. 1,
Fig. 5), it does not mean, however, that these
two metabolically antagonistic enzymes are
never present simultaneously in cells grown in
the presence of either glycolytic or gluconeo-
genic carbon sources. To the contrary, results
presented in this report from well-defined exper-
iments, using glucose- or ethanol-grown cells,
demonstrate clearly that both of these enzymes
are present at some phase during the growth of
S. cerevisiae. We also believe that the same is
true for glycerol-, lactate-, and pyruvate-grown
cells (Table 2). PFK and FBPase have also been
shown to be present in both glycolytic and glu-
coneogenic tissues in animals (1, 3, 27). To what
extent these metabolically antagonistic enzymes
are active in vivo remains to be determined. It
is known that PFK is a cytosolic enzyme, and
recently it has been shown that FBPase is also
a cytosolic enzyme (12). This rules out compart-
mentalization as a possible basis for the post-
translational regulation of FBPase and PFK. It
should be noted that, depending upon the car-
bon source used, during the early and mid-ex-
ponential phase of culture growth, there is pres-
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ent in cells only one of these activities, thus
avoiding a futile cycle. However, during the tran-
sition phase (between the exponential and the
stationary phase) both enzymes are present ir-
respective of the carbon source used. At this
point post-translation regulations may play a
vital role in preventing a futile cycle. One such
post-translational mechanism that would sup-
press futile cycling has been suggested by Ko-
erner et al. (17).
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