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POP2 protein of Saccharomyces cerevisiae is a component of a protein complex that regulates the
transcription of many genes. We found that the 97th threonine residue (Thr 97) of Pop2p was phosphorylated
upon glucose limitation. The Thr 97 phosphorylation occurred within 2 min after removing glucose and was
reversed within 1 min after the readdition of glucose. The effects of hexokinase mutations and glucose analogs
indicate that this phosphorylation is dependent on glucose phosphorylating activity. We purified a protein
kinase that phosphorylates a peptide containing Thr 97 of Pop2p and identified it as Yaklp, a DYRK family
kinase. Phosphorylation of Pop2p was barely detectable in a yak1A strain. We found that Yaklp interacted
with Bmh1p and Bmh2p only in the presence of glucose. A GFP-Yaklp fusion protein shuttled rapidly
between the nucleus and the cytoplasm in response to glucose. A strain with alanine substituted for Thr 97 in
Pop2p showed overgrowth in the postdiauxic transition and failed to stop the cell cycle at G, phase in
response to glucose deprivation. Thus, Yaklp and Pop2p are part of a novel glucose-sensing system in yeast
that is involved in growth control in response to glucose availability.
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Glucose is the favored carbon source for most cells. De-
pending on the availability of glucose, cells dramatically
change expression of many genes involved in processes
such as metabolism, growth, and proliferation. In the
yeast Saccharomyces cerevisiae, glucose represses or in-
duces the expression of many genes, including those en-
coding proteins in the respiratory pathway, enzymes for
the use of alternative carbon sources, and glucose trans-
porters. These phenomena are well known as glucose
repression and glucose induction, respectively. The Snfl
kinase plays a central role in the glucose repression
mechanism (Carlson 1999). Activation of Snfl kinase ac-
tivity in response to glucose limitation is caused by con-
formational changes in the kinase complex triggered by
its phosphorylation (Jiang and Carlson 1996). A major
role of the Snfl kinase is to inhibit the repression of
glucose-repressible genes through the phosphorylation of
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Miglp, a zinc finger protein that mediates the glucose
repression of several genes. Phosphorylation of Miglp is
necessary for targeting it to the nucleus, as well as for its
repressor activity (De Vit and Johnston 1999). In another
glucose-sensing system, Snf3p and Rgt2p function as glu-
cose sensors for the glucose-induced transcription of
HXT (glucose transporter) genes (Ozcan et al. 1998;
Johnston 1999). In the absence of glucose, another zinc
finger protein, Rgtlp, binds to the HXT promoters and
represses their transcription (Ozcan et al. 1996). Glucose
generates a signal and causes the SCF™' complex to
inactivate the Rgtlp repressor, thereby derepressing
HXT gene expression (Li and Johnston 1997). Glucose
also triggers a rapid elevation of the intracellular level of
cAMP and then activates protein kinase A (PKA) (Thev-
elein and de Winde 1999), whose downstream targets are
metabolic enzymes involved in intermediary carbon me-
tabolism. Other targets of this process are Msn2p and
Msndp, transcription factors required for the expression
of STRE (stress response element)-controlled genes (Gor-
ner et al. 1998). For glucose-activated cAMP synthesis, a
G-protein-coupled receptor system, consisting of a puta-
tive glucose receptor, Gprlp, and its G-protein Gpa2, is
required (Yun et al. 1998; Kraakman et al. 1999).

The POP2 gene is required for expression of glucose-
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repressed genes in S. cerevisiae (Sakai et al. 1992). Cells
carrying a pop2 mutation show many defects, such as an
inability to derepress glucose-repressed genes; tempera-
ture-sensitive growth; reduced level of reserved carbohy-
drate, isocitrate lyase, and invertase activities; and ab-
normal entry into stationary phase (Sakai et al. 1992;
Hata et al. 1998). Pop2p is ubiquitous, and a mouse ho-
molog can suppress the yeast pop2 null mutation (Draper
et al. 1995; Shimizu-Yoshida et al. 1999). Pop2p, Ccrdp
(required for transcription of glucose-repressible ADH2),
and Dhhlp (RNA helicase) form a protein complex
(CCR4-NOT complex) that regulates gene expression
both positively and negatively (Draper et al. 1995; Hata
et al. 1998; Bai et al. 1999).

In this paper, we show that Pop2p is a phosphoprotein,
and the phosphorylation is regulated rapidly by glucose.
We also present evidence showing that Yakl kinase, a
DYRK (dual specificity Yakl-related kinase) family ki-
nase, is the major Pop2p kinase in vivo. The intracellular
localization of Yaklp is regulated by glucose, probably
through the binding of Bmhlp and Bmh2p. Phosphory-
lation of Pop2p by Yaklp is required for proper cell cycle
arrest upon glucose limitation. We discuss the role of
Yakl1p-Pop2p in glucose sensing in yeast.

Results

Pop2p is phosphorylated at its 97th Thr residue

Because the POP2 gene is required for entry into station-
ary phase (Sakai et al. 1992), we analyzed Pop2p in cells
in various growth phases using SDS-PAGE followed by
Western blotting. Pop2p was identified as a single 50-kD
band in exponentially growing cells. A band with slower
migration appeared where the cell density reached its
maximum (defined in this article as post-log phase; Fig.
1A), indicating a posttranslational modification. Alka-
line phosphatase treatment of immunoprecipitated
Pop2p from post-log phase cells eliminated the slowly
migrating form, indicating that it is the phosphorylated
form of Pop2p. To confirm this, Pop2p 3>P-labeled in
vivo was prepared from post-log phase cells by immuno-
precipitation and analyzed. We discovered that (1) both
the 50-kD form and the slower migration form were
phosphorylated, and (2) two-dimensional thin-layer
chromatography and phosphoamino acid analysis of the
tryptic peptides derived from both forms of protein re-
vealed that the 50-kD form is phosphorylated at a serine
residue(s), and the slowly migrating form is phosphory-
lated at serine and threonine residues (data not shown).
We therefore concluded that Pop2p is phosphorylated at
a serine residue(s) in exponentially growing cells and an
additional phosphorylation occurred at a threonine resi-
due(s) in post-log phase cells, as well as in response to
glucose deprivation (see below). To identify the thre-
onine(s) that is phosphorylated, we constructed 16 Pop2p
mutants in which one threonine residue in each was
replaced with alanine. Each mutant gene was introduced
into the pop2 null mutant cells, and the mobility shift of
Pop2p in post-log phase cells was examined. As shown in
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Figure 1. (A) Appearance of a slower migration Pop2p in post-
log phase. Yeast strain D24 (wild-type diploid) was inoculated
into YPD media and cultivated at 24°C. At each culture time
indicated, protein sample was prepared from the cells and Pop2p
was detected by Western blot analysis. (B) The 97th threonine is
responsible for the mobility shift. Sixteen mutant Pop2p, har-
boring threonine to alanine substitutions (one had a triple re-
placement) at the indicated positions, were introduced into the
pop2A-3 (A2280) cells. The cells were grown to post-log phase
and Pop2p was detected by Western blotting. (C) Schematic il-
lustration of Pop2p including the amino acid sequence around
the 97th threonine residue.

Figure 1B, the mobility shift was detected in all of the
mutant Pop2p, except for the residue 97 mutation
(POP2-T97A). The position of Thr 97 in Pop2p is pre-
sented in Figure 1C. This result indicates strongly that a
serine/threonine kinase(s) phosphorylates Thr 97 of
Pop2p in post-log phase.

The Thr 97 phosphorylation of Pop2p is regulated
by glucose

The post-log phase in which Pop2p was phosphorylated
is known as the “diauxic phase,” when glucose is ex-
hausted. Therefore, the slower migration form of Pop2p
could be induced by limitation of glucose in the media.
As shown in Figure 2A, when exponentially growing
cells were transferred to glucose-deprived media, phos-
phorylated Pop2p appeared within 2 min and increased
for 2-3 h, but the maximum amount never exceeded
50% of the total Pop2p. When glucose was added to the
glucose-starved culture, the phosphorylated form disap-
peared within 1 min (Fig. 2B, lane 5). Addition of 100
pg/mL of cycloheximide did not affect either the phos-
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phorylation or the dephosphorylation of the Pop2p, indi-
cating that the quick and reversible phosphorylation was
independent of protein synthesis.

The dephosphorylation of Thr 97 is coupled to glucose
phosphorylating activity

To determine whether dephosphorylation of Pop2p was
specific to glucose, we tested the effects of several carbon
sources on the dephosphorylation. Figure 2C shows that
glucose and fructose caused dephosphorylation of Pop2p
whereas galactose, glycerol, and ethanol did not. Because
both glucose and fructose are phosphorylated by hexoki-
nase, we investigated the effects on Pop2p phosphoryla-
tion of mutations in the three genes encoding hexoki-
nases (Herrero et al. 1995). The addition of glucose to a
hxk1 hxk2 glkl triple mutant failed to eliminate the
phosphorylated form (data not shown). Cells carrying
hxk1 hxk2 mutations, which block phosphorylation of
fructose but not glucose (Gancedo et al. 1977), failed to
dephosphorylate Pop2p in response to fructose (Fig. 2D).
These results indicate that either ATP production by gly-
colysis or phosphorylation of glucose might be necessary
for dephosphorylation of the Thr 97 phosphorylation of
Pop2p.

To clarify this, we examined the effects of various glu-
cose analogs on dephosphorylation of Pop2p. Pop2p was
dephosphorylated by 2-deoxyglucose, which is incorpo-
rated into cells and phosphorylated by hexokinases but
not metabolized further, but not L-glucose, which is not
incorporated into cells, or 6-deoxyglucose, which is in-
corporated into cells but not phosphorylated by hexoki-
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Figure 2. (A) Phosphorylation of Pop2p. Exponentially
growing D24 cells in YPD medium were collected by
centrifugation, washed once with YP medium, and re-
suspended in YP medium. At the times indicated,
5 Pop2p from the cells was detected by Western blot
analysis. (B) Dephosphorylation of Pop2p. Exponen-
tially growing D24 cells in YPD medium were trans-
ferred to YP medium, and glucose was added to the
culture to a final concentration of 20 mM. Pop2p from
the cells was detected by Western blotting. Effects of
various carbon sources (C), glucose analogs (D), and mu-
tations of hexokinase genes (E) on Pop2p phosphoryla-
tion. Exponentially growing D24 cells (in A and B) or
A1643 (hxk1A hxk2A mutant, in C) in YPD medium
(YPD) were transferred to YP medium for 60 min (YP),
and indicated carbon sources were added to the culture
to a final concentration of 20 mM, unless otherwise
stated. After 10 min, protein samples were prepared
from the cells and Pop2p was detected by Western blot-
ting. (Glc) Glucose; (Fre) fructose; (Gal) galactose; (Gly)
glycerol; (EtOH) ethanol; (L-Gle) L-glucose; (6-D-Glc)
6-deoxyglucose; (2-D-Glc) 2-deoxyglucose.

5

nases (Fig. 2E), indicating that dephosphorylation of
Pop2p was not dependent on ATP production but instead
was related to hexokinase activity.

Purification of a protein kinase that phosphorylates
Thr 97 of Pop2p

Next, we tried to identify a protein kinase that phos-
phorylates Thr 97 of Pop2p. Pop2p was phosphorylated
normally in all the protein kinase mutant strains we
tested (snf1, pkcl, bck1, mpk1, hogl, tpkl, tpk2, tpk3,
and tpk1 tpk?2 tpk3™). To identify the protein kinase that
phosphorylates Thr 97 of Pop2p, we developed a kinase
assay system using a 22-mer peptide containing Thr 97
and flanking amino acids of Pop2p (Pop2 peptide) and the
T97A peptide, another 22-mer peptide that has a threo-
nine to alanine substitution. Because phosphorylation of
Thr 97 was observed in stationary-phase cells, we at-
tempted to detect Pop2 peptide kinase activity from sta-
tionary-phase yeast cells. As shown in Figure 3A, Pop2
peptide-specific kinase activity was detected in a 0.2-0.5
M NaCl elution fraction from a phosphocellulose col-
umn. Using six chromatographic steps (see Materials and
Methods), we succeeded in isolating Pop2 peptide kinase
close to homogeneity (Table 1). The elution profile of the
last column (ceramic hydroxyapatite column) is shown
in Figure 3B. The peak fractions of the peptide kinase
activity contained mainly a 45-kD protein (Fig. 3C). The
partial amino acid sequences of this 45-kD protein
(SRTEYLTQSITEAK, LAPEESSSSTQ, and QEFTGEW-
FPPGSSLPG) are identical to those of Yaklp of S. cerevi-
siae (positions 402 to 415, 607 to 617, and 707 to 722,
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Figure 3. Detection, purification, and identification of the
Pop2p peptide kinase. (A) Detection of Pop2 peptide-spe-
cific phosphorylation activity in phosphocellulose column
fraction. Lysate of stationary-phase yeast cells was loaded
on a phosphocellulose (P11) column. Protein was eluted
with the NaCl concentrations indicated. The Pop2 peptide
and T97A peptide kinase activities of each fraction were
determined. (B) Elution profile of the final step of the Pop2
peptide kinase purification (ceramic hydroxyapatite chro-
matography). Pop2 peptide kinase activity (Kinase activity,
CPM), K-phosphate concentration (K-phosphate, mS/mL),
and protein concentration (Protein, A,g,) of each fraction
are shown. (C) Silver staining image of the SDS-PAGE- C
separated elution fractions of the column indicated in

panel B. The molecular weights indicated on the left side

were estimated by SDS-PAGE standards (Bench-Mark pro-

tein ladder, GIBCO BRL). (D) The purified Pop2 peptide

kinase was Yaklp. Amino acid sequences of three peptides

Kinase activity { CPM x 10-3)

derived from purified 45-kD Pop2p peptide kinase were D

determined and analyzed as described in the Materials and
Methods. The positions of the peptides determined are
shown as lines under the structure of Yaklp.

respectively [Fig. 3D]). Yaklp is a 97-kD protein kinase
and a negative growth regulator that antagonizes the
PKA pathway (Garrett and Broach 1989; Garrett et al.
1991). Judging from its amino acid sequence and molecu-
lar weight, the 45-kD protein we purified was the C-
terminal half of Yaklp, which contains the catalytic do-
main of the protein kinase (Fig. 3D). Endogenous prote-
ase digestion must have occurred during the purification.

YAK]1 kinase phosphorylates Pop2p in vitro
and in vivo

To confirm that Yaklp is the Pop2p kinase in vitro and
in vivo, we constructed a yaklA mutant strain and de-
termined its Pop2p peptide kinase activity. Pop2 peptide
kinase activity was detected in the fractions from the
phosphocellulose column (Fig. 4A, left) of wild type, but
not the yakIA cell lysate (Fig. 4A, right). These results
show clearly that YAK1 is the major Pop2 peptide kinase
activity in the yeast cell extract. The band corresponding
to the Thr 97 phosphorylated product of Pop2p was ob-
served in wild-type cells when glucose was depleted, but
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not in the yakIA cells (Fig. 4B). Introduction into the
yakIA cells of a plasmid harboring the YAKI gene
(pHIS012) restored the phosphorylated form of Pop2p.
These results indicate strongly that Yaklp is the major
Pop2p kinase in vivo. It should be noted that we were
still able to observe a small amount of phosphorylated
Pop2p after long exposure to enhanced chemilumines-
cence (ECL) on Western blotting (data not shown). Be-
cause this band is never observed in POP2-T97A cells,
another Pop2p protein kinase seems to exist in yeast.
To determine if Yaklp could phosphorylate full-length
Pop2p, we constructed a plasmid that expressed gluta-
thione S-transferase (GST)-Yaklp fusion protein from
the GAL1 promoter in yeast. In cells overexpressing
GST-Yaklp, the Thr 97 phosphorylation of Pop2p was
still observed 5 min after the addition of glucose (Fig.
5C). Full-length Pop2p and Pop2p-T97A were purified as
maltose-binding protein (MBP) fusions expressed in
Escherichia coli. GST-Yaklp could phosphorylate MBP-
Pop2p, but not MBP-Pop2p-T97A (Fig. 5A). In addition,
kinase-negative Yaklp (GST-Yak1p-K398R), which has a
mutation in its ATP binding site, failed to phosphorylate

Table 1. Purification of Pop2 peptide kinase
Volume Total protein Total activity Specific activity Enrichment

Fraction (mL) (ng) (cpm/min) (cpm/min/mg) (fold)
P11 60 216,000 71,600 0.331 1
Methyl-HIC 12 13,400 408,000 304 92
Bio-Gel HTP (NaCl) 4.5 563 335,000 595 1800
Bio-Gel HTP (Phosphate) 4.5 59.6 219,000 3670 11,000
Bio-Scale CHT2-I 0.4 (10 38,200 [3820]* [11,500]*

2Quantity of total protein in Bio-Scale CHT2-1 peak fraction estimated by Coomassie Brilliant Blue staining on SDS-PAGE.
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Figure 4. Kinase activities in the yakI null mutant strain.
(A) In vitro peptide kinase activities of peptide kinase ac-
tivity in the phosphocellulose (P11) column fractions in
wild-type (YAK1; H213) and yak 1A (H214) cell lysates. The
stationary-phase cell lysate of each strain was loaded on a
P11 column and then eluted with a 0 to 0.5 M NaCl gra-
dient. Peptide kinase activity of each elution fraction was
determined as described in the Materials and Methods. (B)
In vivo phosphorylation of the Pop2p in wild type (YAKI;
H213), yak1A (H214), H214 harboring pRS314, and H214
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the MBP-Pop2p. These results strongly support the idea
that Yaklp is the major Pop2p kinase under glucose-
limiting conditions.

Regulation of Yaklp by glucose

To determine if Yaklp kinase activity is regulated by
glucose, GST-Yaklp was purified from cells cultured
transiently in YPD or YP medium, and Pop2 peptide ki-
nase activity was determined. As shown in Figure 5B, we
failed to detect any difference in Yaklp activity on Pop2
peptide or MBP-Pop2p between the two glucose condi-
tions. We also purified a protein extract by the same
method reported for Snfl kinase (Wilson et al. 1996), but
GST-Yaklp activity was not affected by the glucose con-
dition. We obtained the same result using C-terminal
hexahistidine-tagged Yaklp (Yaklp-His6) expressed
from the YAK1 promoter, showing that these results are
not due to addition of GST to the N terminus of Yaklp.
Based on these observations, we conclude that the kinase
activity of Yaklp is not regulated by glucose. It has been
reported recently that deletion of the N-terminal region
of Yaklp activates the kinase activity and that phos-
phorylation of the tyrosine residue is required for the
activity of Yaklp (Kassis et al. 2000). However, we failed
to find any evidence indicating the existence of a cleaved
product of Yaklp or a difference in the Tyr phosphory-
lation on Yaklp between the two glucose conditions.
We next analyzed proteins bound to Yaklp. Intrinsic
Pop2p was copurified with GST-Yaklp (Fig. 5C), but the
amount of Pop2p was indistinguishable under the two
glucose conditions. Although the GST-Yaklp overex-
pression caused phosphorylation of endogenous Pop2p
under both glucose-existing and nonexisting conditions,

harboring YCpYAKI(pHIS012). Exponentially growing
cells of each strain were washed by YP medium and resus-
pended in YPD medium (Glucose +) or YP medium (Glu-
cose -). After 5 min, protein samples were prepared from
the cells and Pop2p was detected by Western blotting.

the copurified Pop2p with GST-Yak1p was dephosphory-
lated only under the glucose-existing condition (Fig. 5C).
We believe that a Pop2p phosphatase could be activated
under the glucose-existing condition and Pop2p was de-
phosphorylated during the purification (see Discussion
and Fig. 8). We found that two proteins (~30 kD) copuri-
fied with GST-Yaklp only in the glucose-treated condi-
tions (Fig. 5D). Four peptide sequences derived from the
larger protein (LAEQAERYEEMVE, SEHQVELL IETELTK,
and ATNSSLEAYK) indicated that it is Bmh2p (the cor-
responding positions were amino acids 14-27, 77-84,
91-97, and 146-155, respectively). Two peptide se-
quences derived from the smaller protein (VFYYK and
ATNASLEAYK) showed that it is Bmhlp (the corre-
sponding positions were amino acids 120-124 and 146-
155, respectively). Bmhlp and Bmh2p are homologs of
mammalian 14-3-3 protein (van Heusden et al. 1992,
1995). The 14-3-3 proteins are known to bind to the
amino acid sequence motifs that contain a phospho-ser-
ine residue (Yaffe et al. 1997) and to function as nuclear
export molecules (Kumagai and Dunphy 1999).

Yak1p localization is altered by glucose

To observe the intracellular localization of Yaklp, we
used green fluorescent protein (GFP)-Yaklp fusion pro-
tein expressed under the control of the YAKI promoter
on a single-copy plasmid. We confirmed that the GFP-
YAK1 plasmid could complement the defect of the
Pop2p phosphorylation of yakIA strain (data not shown).
As shown in Figure 6A, in the presence of glucose, GFP-
Yaklp did not show any specific localization. However,
GFP-Yaklp accumulated in the nucleus when glucose
was removed from the culture medium. When glucose
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Figure 5. Analysis of Yaklp using GST-
Yaklp fusion protein. (A) GST-Yaklp phos-
phorylates Thr 97 of full-length Pop2p. Phos-
phorylation assays were performed as de-
scribed in the Materials and Methods. (WT) A
Wild-type Yaklp; (KD, kinase dead) K398R
mutant of Yaklp; (Thr) wild-type Pop2p; (Ala)
alanine substitution mutant for the 97th
threonine of Pop2p; (GST-Yaklp*) autophos-
phorylation product of GST-Yaklp; (MBP-
Pop2p*) phosphorylated MBP-Pop2p; (MBP-
Pop2p [CBB]) CBB staining of MBP-Pop2p. (B)

In vitro Pop2 peptide kinase activity of GST-
Yaklp was not regulated by glucose. The
Pop2 peptide phosphorylation activities of

GST fusion proteins purified from yeast after
treatment with the glucose conditions indi-

cated were determined. (C) Pop2p associates

with Yaklp. GST fusion proteins were puri- C
fied from yeast cells after 10 min incubation

in YPD medium (Glc +) or YP (Glc -) and
separated by SDS-PAGE, and the proteins

were stained with CBB. The Pop2p copurified

with the GST fusion proteins was detected Gle
using anti-Pop2p specific antibody (Pop2p [co-

purified]). The endogenous Pop2p in each Pop2p
yeast cell was detected by Western blotting  (co-purified)
(Pop2p [endogenous]). (D) Yaklp associates

with Bmhl1/2p in a glucose-dependent man- Pop2p
ner. SDS-PAGE image of GST and GST- (endogenous)
Yaklp purified in panel C. The amino acid

sequences of peptides derived from Yaklp-as-

sociated proteins were determined and ana-

lyzed as described in the Materials and Meth-

ods.

was readded to glucose-starved cells, GFP-Yaklp spread
reversibly throughout the entire cell. A deletion of the
YAK1 C-terminal region (amino acids 189 to 807) from
GFP-YAK]1 resulted in the loss of the specific localiza-
tion (data not shown), indicating that this localization
pattern was dependent on Yaklp. Exclusion from the
nucleus was also dependent on the hexose phosphoryla-
tion activity (Fig. 6B). This alteration in localization was
a rapid phenomenon and was completed within 3 min
(Fig. 6C).

Physiological roles of the phosphorylation on Thr 97
of Pop2p

The POP2-T97A cells with pop2 null allele did not show
any known phenotype of the pop2 null mutant cells,
including temperature-sensitive growth, glucose-regu-
lated expression of the SUC2 gene, caffeine sensitivity,
accumulation of glycogen, STRE promoter activity, and
survival in stationary phase (data not shown). Here, we
found that the saturation density of POP2-T97A cells
always reached 1.3 to 1.5 times higher than that of the
wild-type cells. As shown in Figure 7A, after glucose in
the culture medium was exhausted, POP2-T97A cells
grew more rapidly than wild type, although the growth
rate of them in log phase was indistinguishable. In con-
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trast, the pop2 null mutant cells grow more slowly and
show reduced saturation density in stationary phase
(Sakai et al. 1992; Hata et al. 1998). The POP2-T97A is
dominant because POP2-T97A with the POP2 wild-type
allele also showed the same phenotype. We also found
that the POP2-T97D and POP2-T97E mutations had the
same overgrowth phenotypes as the POP2-T97A cells
(data not shown). Yeast cells grow using ethanol as a
carbon source after the diauxic transition, but the
growth rate of POP2-T97A and wild type in YPethanol
medium was unchanged. Thus, the overgrowth pheno-
type seems to require a carbon source transition. In the
diauxic transition, the growth rate of yeast cells is re-
duced dramatically (cell cycle progression is retarded)
compared with exponentially growing cells (Fig. 7A). We
therefore tested the POP2-T97A cells in cell cycle regu-
lation upon glucose limitation. As shown in Figure 7B,
G,-phase cells accumulated in the wild-type cells after
glucose removal, but the POP2-T97A cells failed to ac-
cumulate G,-phase cells 2 h after glucose deprivation.
This indicates that the cell cycle is still progressing in
the POP2-T97A cells 2 h after glucose deprivation, and
this may be one of the reasons for the overgrowth after
diauxic transition. As described previously, the yakIA
cells did not show any growth defect (Garrett and Broach
1989). We failed to find any difference in the growth
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Figure 6. Intracellular localization of GFP-
Yaklp. (A) Localization of GFP-Yaklp is regu-
lated by glucose. The yak1A (H214) cells harbor-
ing the single-copy and GFP-Yaklp-expressing
plasmid (pHIS063) grown in SCM-Ura were col-
lected and resuspended in SCM-Ura (+Glc) or
SCM-Ura minus glucose (-Glec). After 3 min,
fluorescent images were taken. (B) Effect of the
glucose analogs on the nuclear localization of
GFP-Yaklp. The glucose analogs shown were
added to pHIS063/H214 cells precultured in
SCM-Ura minus glucose. (Gle) D-glucose; (L-Glc)
L-glucose; (6-Deo-Glc) 6-deoxy-D-glucose; (2-
Deo-Gle) 2-deoxy-D-glucose. (C) Time course of
the translocation of GFP-Yaklp. Images were
taken for the time periods indicated after the
pHIS063/H214 cells were transferred to SCM-
Ura from SCM-Ura minus glucose (+Glc), or
SCM-Ura minus glucose from SCM-Ura (-Glc).

phase cells upon glucose depletion as POP2-T97A cells.
As described above, Pop2p was still phosphorylated in
the yak1A cells at a very low level. This low-level phos-
phorylation could be enough to prevent the overgrowth

Figure 7. Physiological roles of Pop2p phosphory-
lation by Yaklp. (A) Growth curves of the POP2-
T97A cells (open circles) and wild-type cells (closed
circles) and glucose concentration of each culture.
Two independent experiments were performed,
and the standard deviations of each duplicated ex-
periment are indicated as error bars. (B) The phos-
phorylation of Pop2p by Yaklp is required for
proper cell cycle arrest upon glucose deprivation.
Exponentially growing wild-type (H213), POP2-
T97A (A2079), and yakIA (H214) cells were trans-
ferred to YPD medium and YP medium. After 2 h
culture time, cell cycle profiles of each sample
were analyzed by FACS analysis.

GENES & DEVELOPMENT 1223



Moriya et al.

phenotype but could not be enough for rapid cell cycle
arrest upon glucose deprivation.

Discussion

Glucose-regulated phosphorylation of Thr 97
of Pop2p and its role in growth control

Here, we report that Thr 97 of Pop2p is phosphorylated
within 2 min after glucose removal and reversed within
1 min after glucose readdition (Fig. 2A,B). Dephosphory-
lation of Thr 97 of Pop2p is dependent on the first step of
glucose metabolism (glucose phosphorylating activity)
(Fig. 2C,D). We believe that the regulation of Thr 97 of
Pop2p is one of the earliest events in glucose sensing in
yeast. Although POP2-T97A cells did not show any phe-
notype observed in pop2 null mutant cells, they showed
one interesting phenotype associated specifically with
glucose limitation and growth: After the diauxic transi-
tion, the POP2-T97A cells grow more rapidly than the
wild-type cells (Fig. 7A). In addition, the POP2-T97A
cells failed to arrest the cell cycle after glucose depriva-
tion (Fig. 7B).

Our current hypothesis is as follows: Pop2p regulates
growth depending on the carbon source via phosphory-
lation of its Thr 97 residue. When glucose is present in
the medium, Pop2p is dephosphorylated, and this form
of Pop2p supports rapid growth (rapid cell cycle progres-
sion). When glucose is depleted from the medium, Thr
97 of Pop2p is phosphorylated, and this form of Pop2p is
required for proper cell cycle arrest. POP2-T97A is a
dominant-negative mutation that allows cells to receive
the glucose signal continuously. This growth control
does not seem to be performed through STRE, a major
cis-element that functions in the induction of many
genes during the diauxic transition (Boy-Marcotte et al.
1998). In the POP2-T97A cells, the expression of a re-
porter gene from STRE was not affected during diauxic
transition (data not shown). Search for downstream tar-
gets of the growth control by the phosphorylation of Thr
97 of Pop2p will be required.

We also provided evidence that Yaklp is the major
protein kinase that phosphorylates Pop2p upon glucose
depletion (Fig. 4). Yaklp was identified as a protein ki-
nase that functions as a negative growth regulator by
antagonizing the PKA pathway (Garrett and Broach
1989). Our present results that Yaklp phosphorylates
Pop2p, and that this phosphorylation is required for
proper cell cycle arrest upon glucose limitation, supports
the previous belief that Yaklp functions as a negative
growth regulator. In addition, our findings add new in-
sight into the function of YAKI in glucose sensing
through the phosphorylation of Thr 97 of Pop2p. We do
not believe that Yaklp is the only protein kinase that
phosphorylates Thr 97 of Pop2p in vivo, because weak
phosphorylation is still observed in the yakIA cells and
the yakIA cells did not show the overgrowth phenotype
observed in the POP2-T97A cells (see Results). Because
the POP2-T97A mutation could not rescue the growth
defect of the PKA pathway, although the yaklA muta-
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tion could (data not shown), Pop2p does not seem to be
the only target of Yaklp. We believe that another target
for Yaklp to antagonize the PKA pathway exists in yeast
cells.

Regulation of Yaklp by glucose

Transcription of the YAKI gene and the kinase activity
of Yaklp increase in stationary phase and correlate with
cell cycle arrest (Garrett et al. 1991). Our results showed
that Yaklp phosphorylated Pop2p in response to glucose
removal, but the kinase activity of Yaklp was not
changed by glucose (Fig. 5). Instead, we found another
possible mode of regulation of Yaklp: Glucose regulates
the association of Bmhlp and Bmh2p (14-3-3 proteins)
and its translocation to the nucleus (Figs. 5,6). The 14-
3-3 proteins bind to phospho-serine residues and func-
tion as nuclear export molecules (Yaffe et al. 1997;
Kumagai and Dunphy 1999). Yaklp could be phosphory-
lated at its serine residues (not identified) and exported
from the nucleus by the binding of Bmh1p and Bmh2p in
the presence of glucose. As expected, GFP-Yaklp was
shuttling rapidly from the cytoplasm to the nucleus and
was affected by glucose. On the removal of glucose, GFP-
Yaklp accumulated in the nucleus within minutes. Fur-
thermore, with the readdition of glucose, GFP-Yaklp
spread reversibly throughout the entire cell within min-
utes. This localization pattern correlates exactly with
the association pattern of Bmh1/2p and supports their
predicted function as nuclear export molecules. This
change in localization is also dependent on glucose phos-
phorylating activity as in the case of the dephosphoryla-
tion of Pop2p (Fig. 6). Currently, the most likely up-
stream protein kinase is PKA, which is known to be
active in the presence of glucose. Yaklp has five poten-
tial PKA phosphorylation sites and can be phosphory-
lated by PKA in vitro (Garrett et al. 1991). However,
disruption of the GPR1 gene (see introduction) did not
affect Yaklp localization, and phosphorylation of Yaklp
by PKA in vitro did not enhance the binding of Bmhlp
(data not shown).

Yaklp as a member of the DYRK family

Yaklp is a member of the DYRK family, which also in-
cludes DYRK1A/B/C, DYRK2, and DYRK3 (mamma-
lian), minibrain (Drosophila), and YakA (Dictyostelium)
(Becker and Joost 1999). These kinases share several se-
quence motifs in the catalytic domain that distinguish
them from all other known protein kinases, and they are
involved in the regulation of growth and development.
DYRKI has been suggested to be involved in Down’s
syndrome (Tejedor et al. 1995; Song et al. 1996), mini-
brain is required for proper neuroblast cell formation and
maintenance, and YakA is essential for starvation-in-
duced development and growth arrest (Souza et al. 1998).
Despite their significant biological roles, however, the
participation of DYRK family kinases in a particular sig-
nal transduction pathway and its native substrate have
not been shown. The consensus amino acid sequences of



targets for DYRK1A (Himpel et al. 2000) and Yak1p (Kas-
sis et al. 2000) using artificial substrates (histoneH1 and
myelin basic protein, respectively) have been determined
and found potentially to be proline-directed kinases. The
Thr 97 of Pop2p is also positioned before proline. To the
best of our knowledge, our finding is the first report of a
native substrate and particular pathway for a DYRK fam-
ily kinase.

Conclusion: Yak1p-Pop2p system in the
glucose-sensing system in yeast

Figure 8 shows our current model. When glucose is lim-
ited, Yaklp accumulates in the nucleus where it phos-
phorylates Pop2p, which is required for proper cell cycle
arrest (Fig. 8A). In the presence of glucose, Yakl1p is phos-
phorylated by an as yet unknown protein kinase at its
serine residue(s) and associates with Bmh1p and Bmh2p,
and is then exported from the nucleus to the cytoplasm.
Glucose phosphorylation is required for this reaction
(Fig. 8B). There clearly are unknown components in this
model: a protein kinase that phosphorylates Yaklp and a
protein phosphatase that dephosphorylates Pop2p in the
presence of glucose. Further analysis is required to iden-
tify these components.

Materials and methods

Strains, media, and growth conditions

All S. cerevisiae strains used in this study were derived from
S$288C and are listed in Table 2. E. coli strain JM109 was used
for DNA manipulations, and BL21(DE3) (Novagen) was used for
the expression of the maltose binding protein (MBP) fusion of
Pop2p. The transformation of yeast was performed by the
LiOAc-method (Ito et al. 1983). The basic culture medium used
for S. cerevisiae was YPD medium containing 1% Bacto-yeast
extract, 2% Bacto-peptone, and 2% dextrose. For YP medium,
the dextrose was removed from YPD medium. The synthetic
medium was CSM medium containing 0.67% yeast nitrogen
base without amino acids, 2% dextrose, and amino acids as
required (Sherman et al. 1986). The media were solidified with
2% Bacto-agar for plates. Crossing, sporulation, and tetrad
analysis were performed by standard genetic methods (Sherman
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Figure 8. Models of the Pop2p phosphorylation and Yaklp.
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et al. 1986). Unless otherwise specified, the permissive and re-
strictive temperatures were 24°C and 37°C, respectively.

Constructions of yeast mutant strains

To construct the yak1 deletion mutant, an EcoRV fragment of
the YAK1 gene (bases +900 to +1760 from the start codon) of
strain D51 was replaced with the TRPI gene by one-step gene
replacement (Rothstein 1983) using pYAKIA2 (a kind gift of
Akira Matsuura, National Institute for Longevity Sciences,
Aich, Japan). To construct the hxk1 deletion mutant, an ECORV
fragment of HXK1 gene (bases +736 to +1309 from the start
codon) of strain D24 was replaced with the LEU2 gene. To con-
struct the hxk2 deletion mutant, an EcoRV fragment of the
HXK?2 gene (bases +736 to +856 from the start codon) of strain
D24 was replaced with the URA3 gene. To construct the glk1
deletion mutant, a Sall fragment of the GLK1 gene (bases +736
to +1309 from the start codon) of strain D51 was replaced with
the HIS3 gene. The diploid transformant cells were sporulated,
and haploid cells were recovered by a standard micromanipula-
tion technique. Each disruption was confirmed by PCR and
Southern hybridization. Haploid cells carrying hxk1A::LEU2
hxk2A::URA3 or hxk1A::LEU2 hxk2::URA3 glk1A::HIS3 were
constructed by a standard genetic cross. The POP2 alanine re-
placement mutants were constructed as follows: Plasmids har-
boring each replacement mutant were constructed using the
“splice by overlap extension” method (Horton et al. 1990)
against pYUK220, which has the full-length POP2 on pRS316
(Shimizu-Yoshida et al. 1999). Each mutant plasmid was intro-
duced into the pop2-A3 mutant (A2280) cells. Cells carrying
POP2-T97A were constructed as follows: The POP-T97A DNA
(A to G transition on base +289 from the start codon of the
POP2 gene) constructed as above was subcloned into pRS306
(Sikorski and Hieter 1989) and introduced at the URAS locus of
pop2-A3 cells.

Plasmids used in this study

Standard DNA manipulations were performed as described pre-
viously (Sambrook et al. 1989). PCR was performed using KOD
dash (Toyobo) DNA Polymerase according to the supplier’s pro-
tocol. The YAK1 plasmid pHISO12 (YCpYAK1) was made by
inserting a 3.5-kb YAK1 fragment (bases -663 to +2773 from the
start codon, amplified by PCR from yeast genomic DNA) into
pRS316 (Sikorski and Hieter 1989). The plasmid used for the
expression of GST-Yaklp fusion protein pHIS020 was con-
structed by inserting a 2.4-kb YAK1 fragment (from the start
codon to the stop codon, amplified by PCR from pHIS012) into
pEG(KT) (Mitchell et al. 1993). pMAL-POP2 was made by in-
serting a 1.3-kb POP2 fragment (from the start codon to the stop
codon) into an MBP fusion vector pPEPKmalE. pMAL-T97A was
constructed by inserting a 1.3-kb POP2-T97A fragment (from
the start codon to the stop codon) into pPEPKmalE. The plasmid
used for the observation of GFP-Yakl1p fusion protein pHIS063
was prepared by inserting a 0.7-kb GFP fragment (amplified by
PCR from pQBI63 [Wako]) immediately after the start codon of
YAK1 on pHISO12.

Detection of Pop2p by Western blot analysis

Yeast cells (ODgyo = 1.0) of each strain in various conditions
were collected by centrifugation. The cell extracts were pre-
pared by boiling for 5 min in 20 uL of 2x SDS-PAGE loading
buffer (125 mM Tris-HCI at pH 6.8, 4% SDS, 0.01% bromophe-
nol blue, 14% glycerol, 10% [v/v] 2-mercaptoethanol). Ten mi-
croliters of each extract was separated on an 8% SDS-PAGE and
then blotted onto a PVDF membrane (Fluorotrans W mem-
brane, Pall) using a semidry electroblotting system (Model BE-
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Table 2. Yeast strains used in this study

Strain Genotype Source
D24 MATa/a HIS3/his3 trpl/trpl ura3/ura3 LEU2/leu2 A. Sakai
D51 MATa/« his3/his3 trp1/trpl ura3/ura3 LEU2/leu2 A. Sakai
A1643 MATa leu2 trp1 ura3 hxk1A::LEU2 hxk2A::URA3 This study
A2260 MATa his3 leu2 trp1 ura3 hxk1A::LEU2 hxk2A::URA3 glk1A::HIS3 This study
A2085 MATa his3 trp1 ura3 leu2 pep4A::TRP1 A. Sakai
A2279 MATa his3 leu2 trp1 ura3 This study
A2280 MATa his3 leu2 trpl ura3 pop2-A3::LEU2 This study
A2281 MATa his3 leu2 trpl ura3 URA3::POP2-T97A This study
A2282 MATa his3 leu2 trp1 ura3 pop2-A3::LEU2 URAS3::POP2-T97A This study
H213 MATa his3 trpl ura3 leu2 This study
H214 MATa his3 trp1 ura3 leu2 yak1A::TRP1 This study

300, Biocraft). The membrane was incubated with the affinity-
purified antibody against Pop2p (Shimizu-Yoshida et al. 1999) at
a 1:1000 dilution, followed by anti-mouse/-rabbit antibody con-
jugated to horseradish peroxidase (Histofine simple stain PO
[multi], Nichirei). The antibody on the membrane was then
detected with an ECL system (Supersignal west pico chemilu-
minescent substrate, Pierce).

Kinase assays

Peptide kinase assays were performed as follows: 80 mM K-
phosphate (pH 7.5), 20 mM MgCl,, 100 pM ATP, 1 mM peptide
(Pop2 peptide: RRFNIGTPVSVASLPPGL or T97A peptide:
RRFNIGAPVSVASLPPGL), 1 uCi [y->*P]ATP, and 5 uL protein
sample were mixed in a 25 pL solution. This reaction mixture
was incubated for 20 min at 30°C. The mixture was spotted on
P81 phosphocellulose filters (Whatman), and the filters washed
three times with 1% phosphate and then dried. The radioactiv-
ity of each filter was measured by scintillation counting. The
MBP-Pop2p kinase assays and autophosphorylation assays were
performed as follows: 80 mM K-phosphate (pH 7.5), 20 mM
MgCl,, 100 pM ATP, 10 uCi [y-22P] ATP, 1.2 M (NH,),SO,, and
5 pL of kinase sample (purified Pop2p kinase or GST-Yaklp
beads) and 5 pL of substrate (MBP-Pop2p or MPB-Pop2p-T97A)
were mixed in a 25 pL solution. This reaction mix was incu-
bated for 30 min at 30°C. The reaction products were separated
by SDS-PAGE. After Coomassie Brilliant Blue (CBB) staining,
the phosphorylated proteins were visualized using an imaging
analyzer (FLA2000). Autophosphorylation assays were per-
formed in the same way without substrate.

Purification of Pop2 peptide kinase

All purification procedures were performed at 4°C. All chro-
matographic steps were performed using an Econo system (Bio-
Rad), and each chromatographic matrix was packed in a suitably
sized Econo Column (Bio-Rad) unless otherwise stated. All
chromatographic columns except for the Methyl-HIC columns
were equilibrated with KPG (15 mM K-phosphate at pH 7.5,
10% glycerol) before loading a sample. The conductivity of each
elution fraction was determined using a B-173 (Horiba) conduc-
tivity meter. The protein concentration of each elution fraction
was determined using a protein assay kit (Bio-Rad). Yeast cells
(D24) were cultured for 4 d at 30°C in 3 L of YPD medium
containing 4% glucose, harvested, and resuspended in 150 mL
of KPG with one tablet of protease inhibitor mix (Complete,
Roche) per 50 mL of solution. The cells were disrupted using a
Bead-Beater with 0.5-mm diameter glass beads (Biospec Prod-
ucts). The lysate was clarified by centrifugation at 40,000g for
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60 min, passed through glass wool, and then loaded onto a 40-
mL (bed volume) DEAE-cellulose (DE-52, Whatman) column.
The flow-through was then loaded onto a 30-mL (bed volume)
phosphocellulose (P11, Whatman) column. Following extensive
washing with KPG, the proteins were eluted by a single step
with 60 mL of KPG containing 0.4 M NaCl. Solid (NH,),SO,
was added to the P11 elution to a final concentration of 2.0 M
and then loaded onto a 10-mL Methyl-HIC (Macro-Prep Methyl
HIC, Bio-Rad) column equilibrated with 2.4 M (NH,),SO,-KPG.
Following extensive washing with 2.4 M (NH,),SO,-KPG, a 40-
mL linear gradient of 2.4 M to 0 M (NH,),SO, in KPG was used
for elution. Fractions (2 mL) were collected and analyzed for
Pop2 peptide kinase activity as described above. Fractions con-
taining the kinase activity were pooled (about 12 mL), diluted
with 2 volumes of KPG, and loaded onto a 3-mL (bed volume)
hydroxyapatite (Bio-Gel HTP, Bio-Rad) column. Following ex-
tensive washing with KPG, a 30-mL linear gradient of 15 mM to
400 mM K-phosphate (pH 7.5) was used for elution. Fractions (1
mL) were collected and analyzed for activity. Fractions contain-
ing the kinase activity were pooled (about 4.5 mL), diluted with
3 volumes of KPG, and loaded onto a 0.5-mL (bed volume) Bio-
Gel HTP column. After extensive washing with KPG, a 12.5-mL
linear gradient of 0 to 1 M KCI in KPG was used for elution.
Fractions (0.5 mL) were collected and the kinase activity deter-
mined. Fractions containing the kinase activity were pooled
(about 4.5 mL), diluted with 2 volumes of KPG, and loaded onto
a ceramic hydroxyapatite column (Bio-Scale CHT2-I, Bio-Rad).
Following extensive washing with KPG, a 12-mL linear gradient
of 0 mM to 400 mM K-phosphate (pH 7.5) was used for elution.
Fractions (0.4 mL) were collected and the kinase activity deter-
mined. The fractions with kinase activity were also separated
by SDS-PAGE followed by silver-staining and autophosphoryla-
tion assay.

Determination of partial amino acid sequence of Pop2
peptide kinase and Yakl1p-associated proteins

Proteins separated by SDS-PAGE were blotted onto a polyvinyl-
idene difluoride (PVDF) membrane (Problott membranes, Ap-
plied Biosystems) and stained with CBB. Protein spots corre-
sponding to a target protein were excised and digested overnight
with 0.2 pg of Lysyl-endopeptidase AP-1 (Wako) in 100 pL of 20
mM Tris-HCI (pH 8.5) with 8% acetonitrile at 37°C. The di-
gested peptides were extracted with 8% acetonitrile and puri-
fied using an HPLC system (Model 172, Applied Biosystems)
with a C8 column (RP-300, Applied Biosystems). The amino
acid sequences of the recovered peptides were determined using
a pulse liquid phase sequencer (Model 492 cLC, Applied Biosys-
tems). Sequence homology was analyzed with a GENETYX com-
puter software program (Software Development).



Affinity purification of GST-Yakl1p

A2085 yeast cells harboring a plasmid (pHIS020) or a control
(pEG[KT]) were cultured overnight in 10 mL of CSM medium
minus uracil (CSM-Ura medium). The cells were transferred to
100 mL of YP-galactose (2%) medium and cultured overnight.
After collecting the cells by centrifugation, they were resus-
pended in 10 mL of YPD medium or YP medium, incubated for
10 min at 24°C with shaking, and then harvested by centrifu-
gation. The cells were resuspended in 0.5 mL of KYB (KPG
containing 50 mM NaF, 5 mM Na-pyrophosphate, and one tab-
let of protease inhibitor mix [Complete, Roche] per 50 mL of
buffer), and then broken by vortexing with glass beads (0.5-mm
diameter, Biospec Products). The cell extract was clarified by
centrifugation at 15,000 rpm for 10 min at 4°C, and 100 pL of
glutathione-sepharose 4B beads (50% slurry, Pharmacia) was
added to the extract. After incubation for 1 h at 4°C, the beads
were washed three times with KYB and suspended in KYB.
These GST-Yakl1p beads were used for further analysis in a 50%
slurry form.

Preparation of MBP-Pop2p

E. coli cells expressing MBP-Pop2p (from pMBP-POP2) or MBP-
Pop2p-T97A (from pMBP-T97A) were harvested and disrupted
by sonication in TSB (50 mM Tris-HCl at pH 7.5, 100 mM NaCl,
5 mM DTT). The clarified cell lysate was loaded onto an amy-
lose resin column (New England Biolabs), and the MBP-fusion
protein was eluted with TSB containing 10 mM maltose. The
concentration of MBP-fusion protein was 0.5 mg/mL.

Microscopic observation

The log-phase yeast cells cultured in CSM-Ura medium were
collected and washed with CSM-Ura minus glucose medium.
For the glucose-minus condition, the cells were resuspended in
CSM-Ura minus glucose medium. For the glucose-plus condi-
tion, glucose (or glucose analogs [Sigma]) was then added to a
final concentration of 2%. DAPI was added to a final concen-
tration of 2.5 pg/mL. The cells were observed using a fluores-
cent microscope (AX-80, Olympus Optical Co., Ltd.). A
U-MWIBA/GFP cube was used for the GFP fluorescent obser-
vation, and a WU cube unit was used for the DAPI fluorescent
observation. Images were taken using a SenSys CCD camera
system (Photometrics) and IPLab Spectrum software (Signal
Analytics) and cropped and processed with Adobe Photo-
shop 5.0 software.

FACS analysis

Log-phase cells of wild-type and mutant strains were transferred
to glucose-deprived medium for 2 h and fixed with 70% ethanol.
DNA was stained with propidium iodide, and FACS analysis
was performed as described (Moriya and Isono 1999).
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