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Abstract

Mitogenic response to growth factors is concomitant with the modulation they exert on the levels of Fructose 2,6-bisphosphate (Fru-2,6-P,), an
essential activator of the glycolytic flux. In mammalian cells, decreased Fru-2,6-P, concentration causes cell cycle delay, whereas high levels of Fru-
2,6-P; sensitize cells to apoptosis. In order to analyze the cell cycle consequences due to changes in Fru-2,6-P; levels, the bisphosphatase-dead mutant
(H258A) of 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase enzyme was over-expressed in Schizosaccharomyces pombe cells and the
variation in cell phenotype was studied. The results obtained demonstrate that the increase in Fru-2,6-P, levels results in a defective division of
S. pombe, as revealed by an altered multisepted phenotype. The H258 A-expressing cells showed impairment of cytokinesis, but normal nuclear
division. In order to identify cellular mediators responsible for this effect, we transformed different S. pombe strains and observed that the cytokinetic
defect was absent in cells defective for Weel kinase function. Therefore, in S. pombe, Weel integrates the metabolic signal emerging from changes in
Fru-2,6-P; content, thus coupling metabolism with cell proliferation. As the key regulators of the cell cycle checkpoints are conserved throughout
evolution, these results may help to understand the experimental evidences obtained by manipulation of Fru-2,6-P, levels in mammalian cells.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

One of the essential processes for cell cycle progression is the
activation of the glycolytic flux. This metabolic change is
essential for providing the energy and the biosynthetic pre-
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hemagglutinin; DAPI, 4’,6-Diamidino-2-phenylindole
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cursors that cells require for entering the cell cycle. Glycolysis is
stimulated when growth-promoting agents are added to
quiescent cells and in many types of transformed cells. The
major regulatory step in the glycolytic pathway is regulated by 6-
phosphofructo-1-kinase activity. Activation of glycolysis
involves the increase in Fructose 2,6-bisphosphate (Fru-
2,6-P,) levels, a potent allosteric stimulator of 6-phospho-
fructo-1-kinase [l]. Interestingly, the growth factors and
mitogens leading to cell proliferation increase Fru-2,6-P; levels,
which triggers the activation of the glycolytic flux as part of the
cell division process [2].

Fru-2,6-P, content is regulated by the bi-functional enzyme 6-
phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PF2KFB),
which catalyzes both its synthesis and degradation (reviewed in
[3]). Four different genes encoding isoenzymes (PF2KFB1-4)
have been found in mammals. In accordance with the role of
Fru-2,6-P, in cell proliferation, growth factors and transforming


mailto:silvia.fernandez@uib.es
mailto:tauler@ub.edu
http://dx.doi.org/10.1016/j.bbamcr.2007.07.006

S. Ferndndez de Mattos et al. / Biochimica et Biophysica Acta 1783 (2008) 144—152 145

oncogenes modulate the activity and expression of several
PF2KFB isoforms. F-type and PF2KFB3 isoenzymes are cons-
titutively expressed in proliferating tissues, in transformed cell
lines and various tumours [4,5]. Mitogenic signals regulate F-
type expression through MAPK and PI3K/Akt cascades [6,7],
and AP1 and E2F oncogenic proteins are important for this effect
[8,9]. Furthermore, the PF2KFB3 isoenzyme is mainly regulated
by hypoxia [10], and has been recently proven to be an essential
downstream metabolic mediator of oncogenic Ras transforma-
tion [11].

The links between Fru-2,6-P, cell content and cell cycle state
raise the question whether changes in the concentration of this
metabolite would alter the cell division process. Different reports
have demonstrated that Fru-2,6-P, levels increase in different
proliferative states. This increase occurs during G1/S transition
and levels remain high throughout the cell cycle [6]. How
alteration of these levels could affect the cell cycle progression is
still unclear. Rat-1 fibroblasts overproducing Fru-2,6-P, main-
tain similar proliferative rates to control cells, although this
increase in Fru-2,6-P, levels causes apoptosis in growth-factor
withdrawal conditions [12]. In the Mv1Lu epithelial cell line, the
decrease in Fru-2,6-P, levels by over-expression of the bispho-
sphatase domain of PF2KFB induces a delay in cell cycle
progression [13]. Moreover, decrease of Fru-2,6-P, levels by
depletion of PF2KFB3 in HeLa cells leads to reduced cell
viability and an increase in the apoptotic rate [14]. Interestingly,
a recent report demonstrates that the decrease in Fru-2,6-P,
levels correlates with the protection of cells from ROS (reactive
oxygen species)-induced apoptosis. The enzyme TIGAR (TP53-
induced glycolysis and apoptosis regulator), a p53-induced
gene, possesses a functional Fru-2,6-BPase domain and can
lower Fru-2,6-P, levels in cells, resulting in the inhibition of
glycolysis and an overall decrease in ROS levels [15].

In order to analyze cell cycle consequences due to changes in
Fru-2,6-P, levels, the liver bi-functional enzyme 6PF2KFB1 and
the bisphosphatase dead mutant (H258A) [16] were over-
expressed in Schizosaccharomyces pombe (S. pombe) cells and
the variation in cell phenotype was studied. Fission yeast proved
to be an excellent model organism to study regulation of the cell
cycle [17], as the effect of any over-expressed protein was easily
detected by changes in the cellular phenotype.

The results obtained in this work demonstrate that an increase
in Fru-2,6-P, levels results in a defect in the normal cell division
of S. pombe, as revealed by an altered multi-septed phenotype
that is dependent on the presence of the Weel kinase. Thus,
Weel may be a relevant cellular target of the metabolic signals
emerging from changes in Fru-2,6-P, content. To our knowl-
edge, this is the first report linking alterations in Fru-2,6-P,
levels with key regulators of the cell cycle process, such as the
Weel kinase.

2. Materials and methods

2.1. Fission yeast strains, media and growth conditions

Strains are listed in Table 1. Rich medium was YES, selective medium was
EMM2 supplemented with 225 mg/I of the required amino acids [18]. Standard
techniques for fission yeast genetics were followed [18]. Fission yeast

Table 1

S. pombe strains used

Strain Genotype Source
wt 117 h™ leul-36 ura4-D18 Lab stock
wee 1-50 leul—-36 ura4-D18 weel-50 Lab stock
Amikl leul—36 ura4-D18 mik1::ura4” Lab stock
cdc2-1w leul—-36 ura4-D18 cdc2-1w Lab stock
cdc2-3w leul—-36 ura4-D18 cdc2-3w Lab stock
cdc2-3w Acdc25 leul—36 ura4-D18 cdc2-3w cdc25::ura4” Lab stock
adh::cde25 leul-36 ura4-D18 adh :cdc25" cdc25::ura4”  Lab stock

constructions were transformed by lithium acetate as described in [18].
Micrographs of S. pombe cells were obtained using a Zeiss Axioplan
microscope with an MC80 photographic camera incorporated. DAPI staining
was as described in [18].

2.2. DNA manipulation and plasmids construction

H258A ¢cDNA was previously cloned in pET bacterial expression plasmid as
described in [19]. Plasmid pREP1-H258 A was constructed as follows: the cDNA
of H258A was amplified from the pET vector with the following oligonucleo-
tides: FOR, GTTTAACTTTAAGAAGGAGATATAC and REV (countering the
Notl restriction at 3’ of the cDNA) ATAATTGCGGCCGCGGTAATGGG-
CAGGTAC. The resulting PCR product was digested with Ndel and Notl and
ligated into a pREP1 plasmid [20,21] digested with the same enzymes. The
resulting plasmids containing the entire H258A c¢DNA under the inducible
promoter nmt! fused to two hemagglutinin (HA) epitopes and a hexahistidine tag
at the COOH-terminal region was transformed to S. pombe strains (Table 1), as
episomal plasmids.

2.3. Fluorescence-activated Cell Sorting (FACS) Analysis

To analyze DNA content, cells were collected by brief centrifugation and
fixed by re-suspension in ice-cold 70% ethanol. Cells were then re-suspended in
0.5 ml of 50 mM sodium citrate plus 0.1 mg/ml RNAse A, and incubated at
37 °C for at least 2 h. Just before processing, 0.5 ml of 50 mM sodium citrate
plus 4 pg/ml propidium iodide was added. The fluorescence intensities of
individual cells were measured by flow cytometry, using a Beckton Dickinson
FACScan, and DNA content was measured through the FL2 channel. Results
were analyzed by Cell Quest software.

2.4. Protein extracts and Western blotting

Twenty optical densities (ODs) of exponential growth cultures (OD600=0.5)
were used to prepare boiled protein extracts for Western blotting as described in
Forsburg’s web page (http://www-rcf.usc.edu/~forsburg/plasmids.html). Prima-
ry antibodies: 1/1000 of monoclonal antibody anti-HA (12CAS5) from ascites
fluid was used and detected with horseradish peroxidase-conjugated antibodies
mouse or rabbit (Bio-Rad). Membranes were visualized by enhanced
chemoluminescence (ECL kit, Amersham-Pharmacia).

2.5. Fructose-2,6-bisphosphate content determination

Twenty optical densities (ODs) of exponential growth cultures (OD600=0.5)
were used to prepare extracts. Cells were briefly harvested, washed in 50 mM
NaOH, and re-suspended in 250 pl of 50 mM NaOH. Glass beads were added to
the tubes, cells were vortexed for 30 min, and spun. The supernatants were
incubated at 80 °C for 5 min to inactivate Fructose 1,6-bisphosphate, then
samples were spun again (13000 rpm, 30 min, 4 °C), and the supernatants were
used for Fru-2,6-P, determination. The method used is based on the degree of
activation of the enzyme Pyrophosphate: D-fructose 6-phosphate 1-phospho-
transferase (PP;-PFK) from potato tuber by Fru-2,6-P, [22]. The concentration of
Fru 2,6-P, was spectrophotometrically determined by monitoring the rate of
NAD formation concomitant to the breakdown of Fru 1,6-P,. A discrete sample
automatic analyzer (Cobas Mira S analyzer, Roche) was used to perform the
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procedure and to monitor the spectrophotometric changes. The assay reaction
was performed at 30 °C in a reaction vessel of a multicuvette segment,
automatically fed by the Cobas system. The course of the reaction was
automatically monitored at 340 nm by the formation of NAD", after the
automatic addition of the starter reagent PPi-PFK to the assay reaction mixture.
The concentration of the samples was calculated from the defined mathematical
function from the standard curve. The values for the samples and controls were
automatically provided as pmol/l.

3. Results

3.1. Effect of over-expression of PF2KFB constructs in
S. pombe wild-type cells

The S. pombe wild type strain //7h was transformed with
PREP1 expression plasmids coding for the full-length PF2KFB
enzyme (pREP1-Full) and for the H258A-mutated protein
(pPREP1-H258A). The H258 A mutation abolished the bispho-
sphatase activity while retaining the kinase activity [16]. The
expression of these proteins was controlled by the strong
nmtl” promoter, which was induced by thiamine (B1) re-
moval. The pREP1 empty vector was used to control the
transformation effects. Transformed cells were grown in
selective minimal medium in the presence or in the absence
of thiamine, and the resulting phenotype was observed under
the microscope and photographed. As shown in Fig. 1,

pREP1

FULL

H258A

transformation of cells with a non-codifying vector (pREPI
panels) or over-expression of the full PF2KFB isoenzyme (Full
panels) did not affect the S. pombe phenotype. The cellular
morphology of these two strains was the same in non-induced
and induced conditions (+B1 and —B1, respectively), with no
significant differences with a wild type culture. In contrast,
over-expression of H258 A mutant (H258A panels) caused a
multiple septation phenotype at 24 h, only present in the
stimulated (—B1) condition.

To determine whether the transformed fusion proteins were
properly induced and expressed, PF2KFB protein levels were
measured by Western blot analysis. As shown in Fig. 2A, both
pREP1-Full and pREP1-H258A strains expressed a 56-kDa
protein, HA-tagged, induced upon thiamine withdrawal from
the growth medium. As expected, transformation of cells with
the empty vector showed no expression of tagged proteins. To
confirm that these proteins were functional in the S. pombe
cellular context, we determined the content of Fru-2,6-P,
(Fig. 2B). Fru-2,6-P, levels increased from 12- to 16-fold in the
pREP1-H258A plasmid-bearing strain after thiamine with-
drawal (—B1). This occurred in the early stages (16 h) and was
maintained for up to 42 h. The timing of Fru-2,6-P, increase
was in accordance with the previously observed time of
PF2KFB protein expression. It is highly probable that the lack
of Fru-2,6-BPase activity together with an active kinase domain

Fig. 1. 6PF2K/Fru-2,6-BPase plasmids overexpression in wild type S. pombe: Wild type S. pombe strains were transformed with the above-indicated plasmids.
Induction of the nmt1” promoter was carried out by incubating the cells in minimal medium without thiamine (—B1, right panels) for 24 h. Left panels are non-induced
cultures (+B1). Transformed cells were observed under microscope and photographed.
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Fig. 2. Analysis of 6PF2K/Fru-2,6-BPase transformed S. pombe strains. (A) Western blot analysis: S. pombe strains bearing the indicated plasmids were grown in
minimal medium, and induced in the absence of thiamine for the indicated hours. Extracts were obtained and run on 10% SDS-PAGE gel, transferred to PVDF
membranes and analyzed for the presence of the fusion protein by Western blot with HA antibody, as described in Materials and methods. Also shown is a blot for Actin
as a loading control. (B) Fructose-2,6-bisphosphate levels determination. S. pombe wild-type and transformed strains were grown in the appropriate medium and
induced in the absence of thiamine (—B1), where indicated. At the indicated incubation times, extracts for Fru-2,6-P, quantification were obtained and analyzed for the
presence of the metabolite, as described in Materials and methods. Values were corrected for the amount of total protein in each extract. Data are means+S.E.M. from

three independent determinations.

are responsible for this change. In contrast, no significant
variation was detected after thiamine removal in the pREP1-Full
transformed strain. The content of Fru-2,6-P, remained close to
the basal reference concentration (20-30 pmol/mg protein)
suggesting an equal balance between the rate of Fru-2,6-P,
synthesis and degradation. As expected, Fru-2,6-P, levels were
not modified in the pREP1 empty vector strain.

The results described above suggest that in S. pombe, an
increase in Fru-2,6-P, levels interferes with the cell cycle
machinery and produces a multiple septation phenotype.
The cells show a defect in cytokinesis, re-entering a new
cycle of division without completing the previous cytokinetic
step.

3.2. Analysis of nuclear content and cell cycle profile of the
PREPI-H258A strain

In order to analyze whether the H258A-induced strain
impaired cytokinesis by conserving a normal nuclear division,
or whether septation occurred in the absence of nuclear division,
we then analyzed the nuclear content of the pREP1-H258A
strain by DAPI (4/,6-Diamidino-2-phenylindole) staining meth-
od. As shown in Fig. 3A, each multisepted cell presented the
appropriate number of nuclei at all times of analysis. Thus, the
impairment of cytokinesis was not accompanied by a previous
defect in nuclear division. The non-induced (+B1) H258A-
transformed strain showed a normal phenotype, as expected.
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Fig. 3. (A) Nucleus analysis of pREP1-H258A strain by DAPI staining. Wild-type S. pombe cells transformed with the pREP1-H258A plasmid were grown and
induced in the absence of thiamine (—B1). At the indicated time points, cells were fixed with 70% ethanol and their nuclei stained with DAPI as described in Materials
and methods. Stained nuclei were observed under microscope and photographed. (B) Cell cycle analysis of pREP1-H258A strain. S. pombe pREP1-H258A strain
induced by incubation in minimal medium without thiamine, was fixed in 70% ethanol at the indicated time points, and processed for FACS analysis as described in

Materials and methods.

The multiseptation effect suggests some failure in the
division cycle of the cell. To ascertain whether this was the
case, the cell cycle profile of the H258 A-transformed cells was
analyzed by FACS analysis. As demonstrated in Fig. 3B,
H258A-transformed non-induced cells (+B1, left panels)
showed a normal cell cycle profile, as 80 to 90% of cells
showed a 2n DNA content characteristic of the G, phase of the
cell cycle, and only 2—-10% of cells were in the G, phase (n
content). In the induced culture (=B, right panels), the
population of cells in each phase of the cycle was normal at
earlier times of induction, however the 2n DNA content decayed
up to 65% at 40 h after thiamine removal. Interestingly, the
population of cells with a DNA content >2n increased up to
32.5%, concurrently to the presence of multisepted and multi-
nucleated cells as observed in Figs. 1 and 3A.

3.3. Effect of over-expression of H258A4 mutant in S. pombe cell
cycle mutants

One of the main regulatory steps in S. pombe cell cycle is
governed by the master Cdc2 cyclin-dependent kinase, which

is mainly inhibited through phosphorylation in its Tyr-15 by
the Weel and Mikl kinases, and activated through dephos-
phorylation by the Cdc25 phosphatase [23—25]. To understand
the mechanism by which the increase in Fru-2,6-P, levels
account for the observed altered phenotype, the H258 A con-
struct was over-expressed in several S. pombe cell cycle
mutants, which carry an alteration in one of the proteins
involved in the above-mentioned key regulatory step. The
resulting phenotype was observed under the microscope and
photographed (Fig. 4A). The cell cycle S. pombe mutants used
are described in Table 1.

The multisepted phenotype characteristic of the induced
H258-transformed strain was observed in the cell cycle
mutants lacking the Cdc25 regulatory step (cdc2-3w and
cdc2-3w Acdc25 strains), cells over-expressing the Cdc25
regulatory phosphatase (adh::cdc25) or cells without the
inhibitory kinase Mikl (4mikl strain) (Fig. 4A,-Bl, right
panels). In contrast, the multisepted phenotype was no longer
present in the absence of Weel kinase (wee /-50) or in cells
with a Cdc2 cyclin-dependent kinase independent of Weel
phosphorylation (cdc2-1w). Thus, Weel could be the cell cycle
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protein that integrates the metabolic signal emerging from To confirm that over-expression of the H258 A mutant
changes in Fru-2,6-P, content, coupling metabolism with cell ~ version of the bi-functional enzyme altered the Fru-2,6-P,
proliferation. content of the wee 1-50 thermosensitive strain at the restrictive
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Fig. 4. (A) pREP1-H258A plasmid overexpression in S. pombe cell cycle
mutants. The S. pombe cell cycle mutants listed in Table 1 were transformed
with the pREP1-H258A plasmid. Induction of the nmt/ promoter was carried
out by incubating the cells in minimal medium without thiamine (—B1, right
panels), for 24 h. Left panels are non-induced cultures (+B1). Transformed cells
were observed under microscope and photographed. (B) Fructose-2,6-P2 levels
determination in the wee 1-50 strain. S. pombe wee 1-50 transformed and non-
transformed strains were grown in the appropriate medium and induced in the
absence of thiamine (—B1), where indicated. Extracts for Fructose-2,6-P,
quantification were obtained 24 h after thiamine removal, and analyzed for the
presence of the metabolite as described in Materials and methods. Values were
corrected for the amount of total protein in each extract. Data are means+S.E.M.
from three independent determinations.

temperature of 30 °C, we determined Fru-2,6-P, levels. As
shown in Fig. 4B, the removal of thiamine from the growing
media increased Fru-2,6-P, levels more than 10 fold, confirming
the expression and correct activity of H258 A. Therefore the lack
of a phenotype effect observed in the H258 A-transformed cells
in the wee [-50 genomic context (Fig. 4A) was not due to a
defect in the expression nor in the activity of the enhanced-
kinase version of PF2KFB.

4. Discussion

Although several studies have investigated the role of Fru-
2,6-P, on the cell cycle process, the question still remains
unanswered. In mammalian cells, decrease in Fru-2,6-P, levels
due to over-expression of Fructose-2,6-bisphosphatase causes
cell cycle delay [13], whereas high levels sensitize cells to
apoptosis [12]. In contrast, in S. cerevisiae, changes in Fru-2,6-
P, due to alteration of PFK1, PFK26 or PFK27 activities
[26,27] have a modest effect and do not cause any relevant
change in the cellular phenotype. To further investigate this
phenomenon, we have analyzed the effect of over-overproduc-
tion of Fru-2,6-P, in S. pombe, an excellent model for studying
basic cellular processes. Interestingly, genetic studies performed
in this organism have shown that overexpression of PF1K
(Pfk1) causes a cell cycle arrest phenotype [28].

The full-length and H258A cDNAs were over-expressed in
S. pombe cells, and the phenotype revealed that cells
transformed with the H258 A mutant of PF2KFB showed an
alteration of the cytokinetic step, which resulted in an altered
multisepted phenotype. The multisepted phenotype is probably

due to the increase in Fru-2,6-P, levels as a consequence of the
lack of Fru-2,6-bisphosphatase activity and the high kinase
activity of the H258 A-overexpressed protein. Expression of full-
length PF2KFB did not produce changes in Fru-2,6-P,
concentration and the multisepted phenotype was not observed.
How can the increase in the concentration of this metabolite
account for this effect? Most probably, the effect of Fru-2,6-P,
levels on S. pombe phenotype occurs through modulation of
PF1K activity. Kinetic studies of S. pombe Pfk1 have revealed
that, as reported in others species, Fru-2,6-P, is also an allosteric
activator of this enzyme [29]. Interestingly, overexpression of
Pflk in S. pombe causes also an abnormal septation pattern [28].
Very likely, changes on PF1K activity or indirectly in other
glycolytic enzymes, or compounds acting up or downstream
Fru-2,6-P,, may help to generate the metabolic signal initiated
by Fru-2,6-P, increase. Our results suggest that a metabolic
product of the glycolytic flux could be a metabolic sensor of cell
cycle progression. In accordance with this hypothesis ATP, a
major product of glycolysis, is used in eukaryotic cells as a
sensor to control cell growth associated with cell proliferation
[30]. Other possibilities are not excluded. It has also been
reported that, although sugar is considered a growth-promoting
agent in yeast cells, it can induce apoptosis in the absence of
additional nutrients [31]. Therefore, changes in the content of
carbohydrates due to the high levels of Fru-2,6-P, could be
causing the multisepted phenotype.

Several surveillance mechanisms referred to as checkpoints,
ensure the progression and completion of critical events in the
cell division process of eukaryotic cells, blocking subsequent
cell cycle transitions if earlier ones are incomplete. The
appearance of septation in H258 A-transformed strain with no
defect in nuclear division indicated that cells had initiated a
second mitosis without completing cell separation. This
phenotype suggests that a checkpoint that controls the correct
cytokinesis has been overcome, as cells re-enter a new division
cycle without completing the cell cleavage that forms two
individual cells. Interestingly, PF1K and the majority of
glycolytic enzymes are actin-binding proteins as has been
shown in S. cerevisiae [32]; modification of their activity by Fru-
2,6-P2 could therefore cause a defect in septation. A morpho-
genetic checkpoint has been described in S. cerevisiae [33]; this
checkpoint is a link between cell cycle and the cytoskeleton that
is activated when actin is depolarized. The final response
elements are the cell cycle machinery, through the Swelp kinase,
the homologue of S. pombe Weel. Likewise, other reports
suggest that, in S. pombe, an F-actin and Weel-dependent
checkpoint blocks G,/M transition until the previous cytokinesis
has been completed [34]. A recent report has shown that S.
pombe cells lacking Mpgl (mannose-1-phosphatase guanyl-
transferase) show an aberrant septum structure, and a G2/M
arrest that is dependent on Weel [35]. A plausible explanation
for our results could be that high concentration of Fru-2,6-P; is
affecting the glycosylation of cell-wall proteins.

It is worthy of note that over-expression of the H258A-
mutated PF2KFB in the wee 1-50 and cdc2-1w strains did not
lead to cellular multiseptation. The increase in Fru-2,6-P, may
alter the inhibitory function of the protein Weel. This alteration
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may prevent the normal function of Weel, which delays the cell
cycle if cytokinesis has not been completed. The fact that Mik1
or Cdc25 defective mutants did not abolish the multiseptation
phenotype of H258A overexpression implies that Weel kinase
is the metabolic sensor, and not Cdc2 activity. It is well known
that Weel is regulated at multiple levels [23]. Changes in Fru-
2,6-P, levels and activation of the glycolytic flux could interfere
in this regulation, allowing cells to overcome the cytokinetic
checkpoint.

Yeast is a unicellular organism, and has no restrictions of
organ/body shape or body mass. Alteration of growth and cell
shape can occur more easily than in a multi-cellular system, and
new defects caused by alteration of Fru-2,6-P, levels can be
observed. As most yeast components of the checkpoints are
conserved in higher organisms, the results obtained in this work
can shed new light on the consequences of changes in Fru-2,6-P,
levels. The multisepted phenotype caused by high levels of Fru-
2,6-P, may reflect a dysfunction in cell cycle progression. This
can be linked to the cell cycle delay induced in mammalian cells
by lowered levels of Fru-2,6-P, [13]. Interestingly, two different
studies connect Fru-2,6-P, levels with the cellular response to
stress. In S. cerevisiae, this metabolite has been proved to be
essential to maintain adequate glycolysis when cells are exposed
to weak acid stress [36]. In higher eukaryotes, the protective
function of the TIGAR enzyme against oxidative stress-induced
apoptosis has been linked to its ability to reduce Fru-2,6-P,
levels [15].

In summary, the results obtained in this work enhance our
understanding of the role of Fru-2,6-P, in the context of cell
division, and highlight its significance for cell proliferation. To
the best of our knowledge this is the first experimental evidence
linking the alteration of a glycolytic activity with a defect in a
cytokinesis checkpoint.

Acknowledgements

We are grateful to Anna Caseras for her help with Fru-2,6-P,
determinations, and to Sairica Rose for correcting the English.
This work was supported by DGICYT (BFU2004-03585).

References

[1] E. Van Schaftingen, M.F. Jett, L. Hue, H.G. Hers, Control of liver 6-
phosphofructokinase by fructose 2,6-bisphosphate and other effectors,
Proc. Natl. Acad. Sci. U. S. A. 78 (1981) 3483-3486.

[2] M. Dalmau, R. Bartrons, J. Gil, Control of fructose 2,6-bisphosphate
metabolism by different mitogenic signals in Swiss 3T3 fibroblasts, Exp.
Cell Res. 212 (1994) 93-96.

[3] M.H. Rider, L. Bertrand, D. Vertommen, P.A. Michels, G.G. Rousseau, L.

Hue, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase: head-to-head

with a bifunctional enzyme that controls glycolysis, Biochem. J. 381 (2004)

561-579.

M. Joaquin, J.L. Rosa, R. Bartrons, A. Tauler, Expression of the F-type 6-

phosphofructo-2-kinase/fructose-2,6-bisphosphatase mRNA during liver

regeneration, Biochim. Biophys. Acta 1334 (1997) 256—-260.

T. Atsumi, J. Chesney, C. Metz, L. Leng, S. Donnelly, Z. Makita, R.

Mitchell, R. Bucala, High expression of inducible 6-phosphofructo-2-

kinase/fructose-2,6-bisphosphatase (iPFK-2; PFKFB3) in human cancers,

Cancer Res. 62 (2002) 5881-5887.

[4

[}

[5

=

[6] M. Joaquin, C. Salvado, B. Bellosillo, A.J. Lange, J. Gil, A. Tauler, Effect
of growth factors on the expression of 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase in Rat-1 fibroblasts, J. Biol. Chem. 272 (1997)
2846-2851.

[7]1 S. Fernandez de Mattos, E. de los Pinos, M. Joaquin, A. Tauler, Activation
of phosphatidylinositol 3-kinase is required for transcriptional activity of
F-type 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase: assessment
of the role of protein kinase B and p70 S6 kinase, Biochem. J. 349 (2000)
59-65.

[8] M. Joaquin, C. Salvado, S. Fernandez de Mattos, A. Tauler, An intronic
AP-1 sequence mediates the transcriptional activation of the F-type
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase by serum, Biochim.
Biophys. Acta 1574 (2002) 131-136.

[9] S. Fernandez de Mattos, E.W. Lam, A. Tauler, An E2F-binding site
mediates the activation of the proliferative isoform of 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase by phosphatidylinositol 3-kinase, Bio-
chem. J. 368 (2002) 283-291.

[10] M. Obach, A. Navarro-Sabate, J. Caro, X. Kong, J. Duran, M. Gomez, J.C.
Perales, F. Ventura, J.L. Rosa, R. Bartrons, 6-Phosphofructo-2-kinase
(ptkfb3) gene promoter contains hypoxia-inducible factor-1 binding sites
necessary for transactivation in response to hypoxia, J. Biol. Chem. 279
(2004) 53562-53570.

[11] S. Telang, A. Yalcin, A.L. Clem, R. Bucala, A.N. Lane, J.W. Eaton, J.
Chesney, Ras transformation requires metabolic control by 6-phospho-
fructo-2-kinase, Oncogene 25 (2006) 7225-7234.

[12] P. Durante, M.A. Gueuning, M.I. Darville, L. Hue, G.G. Rousseau,
Apoptosis induced by growth factor withdrawal in fibroblasts over-
producing fructose 2,6-bisphosphate, FEBS Lett. 448 (1999) 239-243.

[13] J.X. Perez, T. Roig, A. Manzano, M. Dalmau, J. Boada, F. Ventura, J.L.
Rosa, J. Bermudez, R. Bartrons, Overexpression of fructose 2,6-bispho-
sphatase decreases glycolysis and delays cell cycle progression, Am. J.
Physiol., Cell Physiol. 279 (2000) 1359-1365.

[14] M.N. Calvo, R. Bartrons, E. Castano, J.C. Perales, A. Navarro-Sabate, A.
Manzano, PFKFB3 gene silencing decreases glycolysis, induces cell-cycle
delay and inhibits anchorage-independent growth in HeLa cells, FEBS
Lett. 580 (2006) 3308—3314.

[15] K. Bensaad, A. Tsuruta, M.A. Selak, M.N. Vidal, K. Nakano, R. Bartrons,
E. Gottlieb, K.H. Vousden, TIGAR, a p53-inducible regulator of glycolysis
and apoptosis, Cell 126 (2006) 107—-120.

[16] A. Tauler, A.J. Lange, M.R. el-Maghrabi, S.J. Pilkis, Expression of rat
liver 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase and its kinase
domain in Escherichia coli, Proc. Natl. Acad. Sci. U. S. A. 86 (1989)
7316-7320.

[17] J. Hayles, P. Nurse, Cell cycle regulation in yeast, J. Cell Sci. Suppl. 4
(1986) 155-170.

[18] S. Moreno, A. Klar, P. Nurse, Molecular genetic analysis of fission
yeast Schizosaccharomyces pombe, Methods Enzymol. 194 (1991)
795-823.

[19] A. Tauler, A.H. Rosenberg, A. Colosia, F.W. Studier, S.J. Pilkis, Expression
of the bisphosphatase domain of rat liver 6-phosphofructo-2-kinase/
fructose-2,6-bisphosphatase in Escherichia coli, Proc. Natl. Acad. Sci.
U. S. A. 85 (1988) 6642—-6646.

[20] K.Maundrell, Thiamine-repressible expression vectors pREP and pRIP for
fission yeast, Gene 123 (1993) 127-130.

[21] G. Basi, E. Schmid, K. Maundrell, TATA box mutations in the Schizo-
saccharomyces pombe nmtl promoter affect transcription efficiency but
not the transcription start point or thiamine repressibility, Gene 123 (1993)
131-136.

[22] E. Van Schaftingen, B. Lederer, R. Bartrons, H.G. Hers, A kinetic study of
pyrophosphate: fructose-6-phosphate phosphotransferase from potato
tubers. Application to a microassay of fructose 2,6-bisphosphate, Eur.
J. Biochem. 129 (1982) 191-195.

[23] R. Aligue, L. Wu, P. Russell, Regulation of Schizosaccharomyces pombe
Weel tyrosine kinase, J. Biol. Chem. 272 (1997) 13320—13325.

[24] K.L. Gould, P. Nurse, Tyrosine phosphorylation of the fission yeast cdc2+
protein kinase regulates entry into mitosis, Nature 342 (1989) 39-45.

[25] R. Egel, The Molecular Biology of Schizosaccharomyces pombe, Springer,
Denmark, 2004.



152 S. Ferndandez de Mattos et al. / Biochimica et Biophysica Acta 1783 (2008) 144—152

[26] E. Boles, H.W. Gohlmann, F.K. Zimmermann, Cloning of a second gene
encoding S-phosphofructo-2-kinase in yeast, and characterization of
mutant strains without fructose-2,6-bisphosphate, Mol. Microbiol. 20
(1996) 65-76.

[27] S. Muller, F.X. Zimmermann, E. Boles, Mutant studies of phosphofructo-
2-kinases do not reveal an essential role of fructose-2,6-bisphosphate in the
regulation of carbon fluxes in yeast cells, Microbiology 143 (Pt. 9) (1997)
3055-3061.

[28] V.A. Tallada, R.R. Daga, C. Palomeque, A. Garzon, J. Jimenez, Genome-
wide search of Schizosaccharomyces pombe genes causing overexpres-
sion-mediated cell cycle defects, Yeast 19 (2002) 1139-1151.

[29] R. Reuter, M. Naumann, J. Bar, D. Haferburg, G. Kopperschlager,
Purification, molecular and kinetic characterization of phosphofructoki-
nase-1 from the yeast Schizosaccharomyces pombe: evidence for an
unusual subunit composition, Yeast 16 (2000) 1273—-1285.

[30] P.B. Dennis, A. Jaeschke, M. Saitoh, B. Fowler, S.C. Kozma, G. Thomas,
Mammalian TOR: a homeostatic ATP sensor, Science 294 (2001)
1102-1105.

[31] D. Granot, A. Levine, E. Dor-Hefetz, Sugar-induced apoptosis in yeast
cells, FEMS Yeast Res. 4 (2003) 7—13.

[32] J. Schwock, J. Kirchberger, A. Edelmann, T.M. Kriegel, G. Koppers-
chlager, Interaction of 6-phosphofructokinase with cytosolic proteins of
Saccharomyces cerevisiae, Yeast 21 (2004) 483—494.

[33] D.J. Lew, Cell-cycle checkpoints that ensure coordination between nuclear
and cytoplasmic events in Saccharomyces cerevisiae, Curr. Opin. Genet.
Dev. 10 (2000) 47-53.

[34] M.K. Balasubramanian, D. McCollum, U. Surana, Tying the knot: linking
cytokinesis to the nuclear cycle, J. Cell Sci. 113 (Pt. 9) (2000) 1503—1513.

[35] L. Donoso, M.C. Munoz-Centeno, M.A. Sanchez-Duran, A. Flores, R.R.
Daga, C.M. Guevara, E.R. Bejarano, Mpgl, a fission yeast protein required
for proper septum structure, is involved in cell cycle progression through
cell-size checkpoint, Mol. Genet. Genomics 274 (2005) 155-167.

[36] A.K. Pearce, I.R. Booth, A.J. Brown, Genetic manipulation of 6-
phosphofructo-1-kinase and fructose 2,6-bisphosphate levels affects the
extent to which benzoic acid inhibits the growth of Saccharomyces
cerevisiae, Microbiology 147 (2001) 403—410.



	Increase in Fru-2,6-P2 levels results in altered cell division in Schizosaccharomyces pombe
	Introduction
	Materials and methods
	Fission yeast strains, media and growth conditions
	DNA manipulation and plasmids construction
	Fluorescence-activated Cell Sorting (FACS) Analysis
	Protein extracts and Western blotting
	Fructose-2,6-bisphosphate content determination

	Results
	Effect of over-expression of PF2KFB constructs in �S. pombe wild-type cells
	Analysis of nuclear content and cell cycle profile of the �pREP1–H258A strain
	Effect of over-expression of H258A mutant in S. pombe cell cycle mutants

	Discussion
	Acknowledgements
	References


