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Occurrence of two phosphorylated forms of yeast fructose-1,6-bisphosphatase
with different isoelectric points
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Yeast fructose-1,6-bisphosphatase (EC 3.1.3.11) immunoprecipitated from glucose-derepressed wild-type
cells and subjected to isoelectric focusing, appears as a unique peak, essentially homogeneous and devoid of
incorporated phosphate. However, after cell incubation with glucose, two phosphorylated forms are detecta-
ble. The isoelectric point of one is higher and of the other is lower than that of the native form. In contrast,
in the mutant ABYS1 which is deficient in several vacuolar proteinases (Achstetter, T., Emter, O., Ehmann,
C. and Wolf, D.H. (1984) J. Biol. Chem. 259, 13334-13343), only the more acidic phospho form appears
after cell incubation with glucose. However, sequence data rule out the possibility that limited proteolysis is
the event responsible for the appearance of the more basic form of the phosphoenzyme. Nevertheless, time
courses of glucose-induced inactivation of fructose-1,6-bisphosphatase show that the enzyme undergoes a
substantially slower inactivation in the ABYS1 mutant as compared to the wild-type. These findings point to
a degradative mechanism involving, besides the well-known phosphorylation, an additional as yet unknown
modification which probably sensitizes the enzyme to proteolytic attack; furthermore, the enzyme responsi-
ble for such a modification seems to require one or more of the vacuolar proteinases missing in the mutant
for its maturation.

Glucose addition to yeast cells adapted to a
sugar-free medium triggers inactivation of several
enzymes [1]. The inactivation mechanism of fruc-
tose-1,6-bisphosphatase has been largely eluci-
dated, and consists of a rapid phosphorylation
[2,3] followed by a much slower proteolytic
breakdown [4,5]). Enzyme phosphorylation is cata-
lyzed by a cAMP-dependent protein kinase [6,7],
which, in turn, is activated by a glucose-induced
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cAMP increase [8,9]; furthermore, the phosphory-
lative event represents an indispensable prere-
quisite for enzyme proteolysis, although other ef-
fectors evoked by glucose are required at the same
time to trigger the degradative process [10].

The experiments described in this paper, were
carried out in order to check the possible involve-
ment of further modifications of the enzyme in the
degradative process. To this end, fructose-1,6-bis-
phosphatase was immunoprecipitated from yeast
cells before and after glucose-triggered phosphory-
lation, and analyzed by isoelectric focusing. For
such experiments, two strains of Saccharomyces
cerevisiae were employed: the diploid wild-type
strain M1 (kindly supplied by Professor H. Holzer,
University of Freiburg, F.R.G.) and the haploid
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mutant ABYSI1 [11], deficient of the four vacuolar
proteolytic enzymes proteinase yscA, proteinase
yscB, carboxypeptidase yscY and carboxypepti-
dase yscS (kindly supplied by Professor D.H. Wolf,
University of Freiburg, F.R.G.). Yeasts were
grown to the stationary phase in a low-P; YEPD
medium [12] in the presence of [32P]P, (50 pCi/ml)
and of [2,5->Hhistidine (40 pCi/ml). When using
the strain ABYSI, adenine (0.5 mg/ml) was also
added. At the end of growth, cells were collected,
resuspended in 0.1 M potassium Mes buffer (pH
6.0) and incubated with 0.1 M glucose as previ-
ously reported [13]. At the indicated incubation
times, cell samples were withdrawn, disrupted and
centrifuged; quantitative immunoprecipitation of
fructose-1,6-bisphosphatase was carried out on the
supernatants, and the immunoprecipitates were
subjected to SDS-gel electrophoresis. The whole
procedure was performed as described [10]. The
gel lanes were immediately cut into 2-mm slices
and the radioactivity was extracted from each slice
by grinding it in a Potter homogenizer in the
presence of 1.2 ml of 7 mM Tris-HCI (pH 8.0).
After removal of gel debris by centrifugation, sui-
table aliquots of each supernatant were counted.
The enzyme-containing supernatant was then con-
centrated in a Centricon-30 microconcentrator
(Amicon, Danvers, MA) and subjected to isoelec-
tric focusing according to O’Farrell [14], using a
mixture of 1% Bio-Lyte 4/6, 1% Bio-Lyte 6/8
(Bio-Rad, Richmond, VA) as ampholytes. The gel
rod was cut into 3-mm slices, which were ex-
tracted with 0.7 ml of NCS tissue solubilizer from
Amersham International (Amersham, U.K.) con-
taining 10% (v/v) water and counted in a two-
channel liquid scintillation counter for separate
estimate of *H and ?P.

Under these conditions, a unique, essentially
homogeneous enzyme peak was extracted from
wild-type cells before incubation with glucose (Fig.
1A); furthermore, the peak was devoid of any
incorporated phosphate as expected, and dis-
played an isoelectric point of 5.8, which is fairly
close to the previously reported value of 5.5 [15].
By contrast, two phosphorylated peaks of com-
parable size and ratio >*P/*H were obtained from
yeast cells incubated for 3 or for 20 min with
glucose (Fig. 1B and C); in addition, a residual
amount of the unphosphorylated form repre-
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Fig. 1. Isoelectric focusing of fructose-1,6-bisphosphatase im-
munoprecipitated from yeast strain M1 grown to the stationary
phase in the presence of [*H]histidine and [*?P]P,. Excess
antibody was added to extracts from cells incubated 0 min (A),
3 min (B) and 20 min (C) with glucose.

senting about 20% of the total enzyme protein was
also detected in both samples. The more acidic
phosphorylated peak displayed an isoelectric point
of 5.6, which is lower than that of the native form;
this is an obvious consequence of enzyme phos-
phorylation. However, the additional phospho
form displayed an isoelectric point of 6.1, thus
proving to be even more basic than the native one.
This suggests that the enzyme undergoes a further
modification besides phosphorylation.

We therefore took into consideration the possi-
bility that the enzyme encountered limited pro-
teolysis after phosphorylation: in fact, in support
of this idea, we found that in the mutant ABYS1,
only the more acidic phosphorylated peak was
evidenced after cell incubation with glucose (Fig.
2). However, the phosphorylated and the unphos-
phorylated forms from wild-type cells showed
identical patterns in a gradient SDS-gel electro-
phoresis (data not shown), although under these
conditions, a proteolytic event removing as little
as ten amino acids should have been detected as
an increase in electrophoretic mobility. Further-
more, the amino acid sequence indicates that the
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Fig. 2. Isoelectric focusing of fructose-1,6-bisphosphatase im-

munoprecipitated from yeast mutant ABYS]1 grown to the

stationary phase in the presence of [*H]histidine and [*? PJP;.

Excess antibody was added to extracts from cells incubated 0
min (A) and 20 min (B) with glucose.

removal of the first acidic amino acid starting
from the N-terminus, i.e., Asp-10, requires a
simultaneous loss of the two basic residues Arg-8
and Arg-9 [16]. Likewise, further sequence data
(Marcus, F., personal communication) show that
proteolytic removal of the acidic amino acid closest
to the C-terminus also involves the loss of an
arginine and of a histidine residue. Therefore,
these data demonstrate that a limited proteolysis
can not be responsible for the appearance of the
more basic phospho form. On the other hand, the
results reported in Fig. 1B and C, show that the
relative areas of the two phosphorylated peaks did
not appreciably change during enzyme degrada-
tion, although after 20 min of incubation, the
residual radioactivity represented about 50% of
that detected at 0 and at 3 min. This suggests a
prompt metabolic equilibration of the two phos-
pho forms like in the case of phosphorylative step,
which is reversed in vivo by a phosphatase activity
[17]. Furthermore, evidence that this additional
modification is a covalent one is provided by the
fact that the isoelectric focusing procedure em-
ployed here is carried out in the presence of urea
[14], which should dissociate non-covalently bound
molecules.

Also, the possibility ‘that the heterogeneity of
the phosphoprotein described represents an
artifact arising in crude extracts of the wild-type
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strain could be ruled out on the basis of the
following experiment: the ABYS1 cells were grown
in the presence of [2,5-3H]histidine and incubated
with glucose; crude extracts were prepared and
mixed, prior to immunoprecipitation, with ex-
tracts from wild-type cells grown in the absence of
radioactivity and also incubated with glucose.
Nevertheless, under these conditions, the radioac-
tive pattern detected in isoelectric focusing was
the same as that reported in Fig. 2B (data not
shown).

On the whole, these data suggest that one or
more of the proteinase activities missing in the
mutant ABYS1 play a role in the inactivation
mechanism of fructose-1,6-bisphosphatase, al-
though a direct action of these proteolytic en-
zymes on fructose-1,6-bisphosphatase can not be
postulated. A plausible hypothesis might be that
they promote the maturation of an enzyme cata-
lyzing a covalent modification of the phosphatase.
However, the nature of such modification has still
to be established.

The involvement of the aforementioned pro-
teinases in the degradation mechanism of fruc-
tose-1,6-bisphosphatase is also supported by a
substantially slower inactivation in the mutant as
compared to the wild type: indeed, glucose-in-
duced inactivation carried out with cells collected
after 24 h of growth, showed that the wild-type
M1 underwent a complete disappearance of the
immunologically reactive protein within 2 h (Fig.
3); this result compares well with those reported
for other wild-type strains [4,18]. In contrast, in
the mutant ABYS1 about 40% of the immunologi-
cally reactive protein was retained after 3 h of
incubation (Fig. 3). On assuming a first-order
degradation kinetics, these data indicate a 6-fold
lower degradation constant in the mutant with
respect to the wild type. Furthermore, such a
pattern was not substantially changed if the cells
were collected at 16 or at 48 h of growth (data not
shown),

Based on these results, we speculate that the
additional modification shown in this paper might
involve a sensitization of the phospho form to
proteolytic attack with resulting stimulation of
enzyme degradation.

A major question about the inactivation mecha-
nism of fructose-1,6-bisphosphatase concerns the
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Fig. 3. Time course of glucose-induced degradation of fructose-
1,6-bisphosphatase in the yeast strain M1 (®, O) and in the
mutant ABYS1 (m,0). Cells grown in the presence of
[*Hihistidine were resuspended in 0.1 M potassium Mes (pH
6.0). At zero time, 0.15 M glucose was added; at the indicated
times, cell samples were collected, the enzyme was im-
munoprecipitated and subjected to SDS-gel electrophoresis.
The radioactivity incorporated into the enzyme band was then
quantified and expressed as relative to zero time. Open sym-
bols indicate no glucose added.

intracellular compartment in which it takes place.
This paper and one from Funaguma et al. [19]
suggest that the vacuolar proteolytic machinery is
involved in the proteolysis of the enzyme. This,
however, does not provide conclusive evidence in
support of an intravacuolar degradation, if one
assumes, as proposed above, that the vacuolar
proteinases are responsible for the maturation of
an enzyme which in turn modifies fructose-1,6-bis-
phosphatase, and that this latter event occurs in
the cytoplasmic compartment. Moreover, a recent
report from Schiifer et al. [20] proposes that the
proteolytic degradation of the enzyme occurs ex-
travacuolarly, since its incubation with an extract
from isolated vacuoles leads to the accumulation
of a 32-kDa immunologically reactive inter-
mediate, which instead is not detected in intact
cells. Thus, further studies are required to gain a
better understanding of the mechanism of enzyme
proteolysis; nevertheless, our results strongly sug-
gest an involvement in the process of the vacuolar
proteinases.
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