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Acute glucose deprivation rapidly but transiently depolarizes the actin cytoskeleton and inhibits translation initiation in
Saccharomyces cerevisiae. Neither rapid actin depolarization nor translation inhibition upon glucose removal occurs in a
reg1 disruptant, which is defective in glucose repression, or in the tpk1w mutant, which has weak cAPK activity. In the
absence of additional glucose, recovery of either actin polarization or translation initiation relies upon respiration, the
Snf1p protein kinase, and the transcription factors Msn2p and Msn4p. The readdition of glucose to glucose-starved cells
causes a rapid recovery of actin polarization as well as translation initiation without respiration. These results indicate
that the simultaneous regulation of actin polarization and translation initiation is divided into three reactions: 1) rapid
shutdown depending on Reg1p and cAPK after glucose removal, 2) slow adaptation depending on Snf1p and Msn2p/4p
in the absence of glucose, and 3) rapid recovery upon readdition of glucose. On glucose removal, translation initiation is
rapidly inhibited in a rom2 disruptant, which is defective in rapid actin depolarization, whereas rapid actin depolarization
occurs in a pop2/caf1 disruptant, which is defective in rapid inhibition of translation initiation. Thus, translation initiation
and actin polarization seem to be simultaneously but independently regulated by glucose deprivation.

INTRODUCTION

The actin cytoskeleton provides the structural basis for cell
polarity in the yeast Saccharomyces cerevisiae and is organized
primarily into two morphologically distinct structures: cor-
tical patches and cables (Botstein et al., 1997). Cortical
patches are discrete cytoskeletal bodies at the plasma mem-
brane, whereas actin cables are long bundles of actin fila-
ments that are oriented along the mother-bud axis. Both
structures are polarized during the budding phase of the cell
cycle. During early G1 phase, cortical patches and cables are
randomly distributed. As a bud emerges, cortical patches
cluster at the growing tip and cables extend from the mother
cell into the bud. Near the end of bud growth, the patches
and cables redistribute randomly, disrupting the asymmet-
ric distribution of the actin cytoskeleton. At the end of
mitosis, patches accumulate in and cables reorient toward
the mother-bud neck in connection with cytokinesis and
septum formation (Botstein et al., 1997).

The actin cytoskeleton is also regulated in response to
environmental stimuli. Mating pheromone causes polariza-
tion of the actin cytoskeleton toward the tip of the mating
projection via the Cdc42p GTPase (Read et al., 1992; Leberer
et al., 1997). In contrast, stresses such as osmotic shock, heat
shock, and glucose starvation depolarize the actin cytoskel-
eton in budded cells as shown in Figure 1A (Novick et al.,
1989; Chowdhury et al., 1992; Delley and Hall, 1999). In
particular, the depolarization by heat or osmotic stress is

known to be a rapid and transient reaction. A recent report
has indicated that the rapid depolarization by heat stress
occurs as a consequence of cell wall stress (Delley and Hall,
1999). This stress is sensed by a signal transduction pathway
consisting of the Wsc1p plasma membrane protein, the
Rom2p guanine nucleotide exchange factor, and the Rho1p
GTPase with its effector kinase Pkc1p, a yeast homologue of
mammalian protein kinase C (Figure 1A). Although the
Pkc1p-activated MAPK cascade is not required for the rapid
depolarization of actin, it is involved in the slow repolariza-
tion of the actin cytoskeleton after heat stress (Delley and
Hall, 1999).

Osmotic stress also rapidly but transiently inhibits trans-
lation initiation (Uesono and Toh-e, 2002). This observation
suggests that a common mechanism may regulate both the
dynamics of the actin cytoskeleton and translation initiation.
The Hog1p MAPK cascade has a crucial role in osmotic
sensing, and yet it is not required for either rapid actin
depolarization or rapid inhibition of translation initiation
upon exposure of yeast to osmotic stress. However, this
cascade is required for the accurate repositioning and reas-
sembly of the actin cytoskeleton and the recovery of trans-
lation initiation after osmotic shock (Brewster and Gustin,
1994; Uesono and Toh-e, 2002; Yuzyuk et al., 2002). There-
fore, the precise factors initially controlling both actin depo-
larization and the inhibition of translation remain unknown.

Glucose, the preferred carbon and energy source for most
eukaryotic cells, has significant and varied effects on cell
function. There are three major pathways responsible for
glucose-regulated gene expression in S. cerevisiae: the main
glucose repression pathway, the cAMP-dependent protein
kinase (cAPK) pathway, and the hexose transporter gene
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(HXT) induction pathway (Thevelein, 1994; Colombo et al.,
1998; Gancedo, 1998; Carlson, 1999; Rolland et al., 2001;
Figure 1B). Glucose deprivation also rapidly inhibits trans-
lation initiation (Martinez-Pastor and Estruch, 1996; Ashe et
al., 2000). Ashe et al. (2000) reported that several mutants
affected in the glucose-sensing signal transduction pathways
are resistant to the inhibitory effect of glucose removal on
translation initiation. This indicates that these pathways are
involved in the regulation of translation initiation as well as
the transcriptional control of glucose-regulated genes. Other
work has reported that after glucose removal, cells exhibited
a somewhat abnormal actin cytoskeleton (Novick et al.,
1989). These findings suggest that osmotic stress and glucose
deprivation have similar consequences for both the actin
cytoskeleton and translation initiation and thus that similar
mechanisms might be involved. However, it is not known
how glucose regulates the organization of the actin cytoskel-
eton. Here, we describe the regulation of both actin polar-
ization and translation initiation by glucose and highlight
the genes that are involved in these apparently independent
phenomena. In addition, we speculate that the regulatory
mechanisms that coordinate effects on the actin cytoskeleton
with effects on gene expression may be involved in control-
ling the spatial distribution of gene expression after envi-
ronmental stress.

MATERIALS AND METHODS

Strains, Plasmids, Media, and Growth Conditions
Standard genetic manipulation of yeast and DNA manipulation were per-
formed as described previously (Guthrie and Fink, 1991). Yeast transforma-
tions were performed by the lithium acetate method (Ito et al., 1983; Elble,
1992). The strains used in this study are listed in Table 1. The W303-1A0 (rhoo)

strain lacking mitochondrial DNA was isolated from W303-1A by treatment
with ethidium bromide as described previously (Goldring et al., 1970). Strain
YDK069, in which the MSN2 and MSN4 open reading frames (ORFs) are
completely deleted, was provided by D. Kaida and Y. Kikuchi (Department of
Biological Science, University of Tokyo, Tokyo, Japan). Strain YBC1d was
constructed by a cross of BY4741 (bcy1�) with BY4742 (bcy1�), in which the
BCY1 ORFs were fully deleted using the bcy1�::URA3 fragment derived from
plasmid pKZ8 (a gift from K. Tanaka, Institute for Genetic Medicine, Hok-
kaido University, Sapporo, Japan). StrainYRS23 was constructed by crosses of
Y03836 (BY4741 rgt2�::kanMX4) with BY4742 and Y07201 (BY4741
snf3�::kanMX4). Strain YRM24 was constructed by deletion of the MSN2 ORF
in Y04911 (BY4741 msn4�::kanMX4) by using the msn2�::HIS3 fragment de-
rived from plasmid YIP-�MSN2 (a gift from D. Kaida). StrainYRM24-1C was
constructed by a cross of YRG1-1C (BY4742 reg1�::kanMX4) with YRM24.

Media used in this study were YP (2% polypeptone, 1% yeast extract) and
YP containing 2% glucose (YPD), 0.5% glucose (0.5% Glu), 2% sucrose (YPS),
2% galactose (YPG), 2% raffinose (YPR), or 2% glycerol (YPGly). YP, SCD
(0.67% yeast nitrogen base, 2% glucose), and STMD (0.17% yeast nitrogen
base without ammonium sulfate, 2% glucose) were used for deprivation of
glucose (�Glu), amino acids (�aa), or both nitrogen and sulfate (�NS),
respectively. YP or YPD containing antimycin A (2 �g/ml; Sigma-Aldrich, St.
Louis, MO) was used to inhibit respiration after glucose removal. Cyclohex-
imide (Wako Pure Chemicals, Tokyo, Japan) and rapamycin (Sigma-Aldrich)
were added to the culture at final concentrations of 100 �g/ml and 1 �g/ml,
respectively. Cells were precultured in a test tube without shaking to mini-
mize adaptation to an aerobic condition. The experimental cultures were then
incubated at 25°C in a test tube containing 5 ml of medium with shaking and
bubbling by a micropipet. When the OD600 of cultures reached 0.5–1.0, the
cells were collected rapidly by centrifugation at 25°C and washed once with
the appropriate medium for cytological tests. The washed cells were resus-
pended in the same medium and cultured further in a test tube with shaking
and bubbling or in an Eppendorf tube without shaking (to produce partially
anaerobic conditions).

Pulse-labeling Assay
Cells were grown in SCD-Met medium with appropriate supplements (with-
out methionine) at 25°C without shaking. When the OD600 of cultures reached
0.2, the cells were collected by centrifugation and washed once with SC-Met
medium lacking glucose. The washed cells were resuspended in SC-Met and
cultured with shaking. After cells were collected at the indicated times, the
rates of both methionine uptake and protein synthesis were measured by the
pulse-labeling method using [35S]methionine (ICN Pharmaceuticals, Costa
Mesa, CA) as described previously (Uesono and Toh-e, 2002). The relative
uptake rates were calculated as [the cell-associated counts at the indicated
times]/[those at time 0]. The protein synthesis rate was calculated as the ratio
of trichloroacetic acid (TCA)-precipitated counts to cell-associated counts of
the same aliquots.

Ribosome Analysis
Polysome analysis was carried out as described previously (Uesono and
Toh-e, 2002) but with a few modifications. Samples containing 5 or 8 A260
units and a sample containing RNaseA (10 �g/ml) were layered onto 11 ml
of a continuous 15–50% sucrose gradient, and ultracentrifugation was per-
formed using a p40ST rotor (Himac CP60E; Hitachi, Tokyo, Japan) at 40,000
rpm for 2 h at 4°C. The polysome/monosome ratio was determined as the
ratio of the area of polysomes to the area of 80S monosomes using NIH Image
(developed and maintained by the National Institutes of Health, Bethesda,
MD).

Actin Staining
Actin staining was performed as described previously (Adams and Pringle,
1991) with some modifications. Cells were fixed by adding formaldehyde to
a culture at a final concentration of 5%, washed twice with phosphate-
buffered saline, and then stained with rhodamine phalloidin (Molecular
Probes, Eugene, OR). The percentages of polarization were calculated as the
fraction of the cells exhibiting polarized actin cytoskeleton in small- and
medium-budded cells (n � 300). Cells with �50% of their actin patches in the
bud were considered to have a depolarized actin cytoskeleton, following the
convention of Delley and Hall (1999).

ATP Measurement
Extraction of ATP from cells was performed as described by Ashe et al. (2000).
Logarithmically growing cells in YPD were exposed to each stress by transfer
to YP, shift to 37°C, or adding NaCl to the culture to a final concentration of
0.6 M. Then, 200 �l of each culture was collected rapidly by centrifugation at
the indicated times, and the cells were mixed with 20 �l of 5% TCA. Ten
microliters of each sample was used for ATP measurement with the Enliten
luciferase/luciferin kit (Promega, Madison, WI), according to the manufac-
turer’s instructions. Luminescence was measured at 560 nm by using a
spectrofluorometer (F-2000; Hitachi). Another 5 �l of each sample was used to
determine the cell density (OD600). ATP concentrations were calculated as

Figure 1. Summaries of the stress-responsive pathways depolar-
izing the actin cytoskeleton (A) and the signaling pathways in-
volved in glucose-mediated control (B) in S. cerevisiae. Arrows indi-
cate activating signals, and blunt-ended lines indicate inhibitory
signals.
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units of luminescence per the cell density. The ATP concentrations of the
wild-type cells before exposure to each stress were used as the 100% standard
in each panel. The relative ATP levels were calculated as [the ATP concen-
tration at the indicated time]/[the 100% standard in each panel].

RESULTS

Glucose Deprivation Elicits a Rapid but Transient
Depolarization of the Actin Cytoskeleton
To investigate the effects of nutrient deprivation on the actin
cytoskeleton, wild-type cells (W303-1A) grown in YPD were
transferred to various media, and the distribution of actin in
small- and medium-budded cells was observed at various
time points. On transfer to YP (�Glu), the actin cytoskeleton
started to depolarize after 3 min, and the polarization
reached a minimum level after 30 min (Figure 2A, a and b;
and B). Similar results were observed upon transfer to YPG
(galactose), YPR (raffinose), or YPS (sucrose) (our unpub-
lished data). In contrast, no depolarization was seen when
cells were transferred from YPD to YPD (our unpublished
data) or to YP containing 0.5% glucose (Figure 2A, d; and B).
Hence, the rapid depolarization is not simply due to the
manipulation upon medium replacement or to hypoosmotic
stress. Rapid depolarization was also observed upon trans-
fer from YPD to YP medium containing cycloheximide (our
unpublished data), indicating that de novo protein synthesis

is not required for the rapid depolarization of the actin
cytoskeleton. In contrast to the rapid depolarization after
glucose deprivation, the actin cytoskeleton was only gradu-
ally depolarized over a period of several hours after a shift
from YPD to SCD (�aa) or STMD (�NS) (Figure 2A, e and
f; and B). A gradual depolarization was also observed after
treatment of cells grown in YPD with rapamycin, which
inhibits the TOR protein (Barbet et al., 1996), or after a shift
from YPG or YPR to YP (our unpublished data). Thus, the
rapid depolarization of the actin cytoskeleton is specific to
the abrupt deprivation of glucose.

Interestingly, the actin cytoskeleton gradually repolar-
ized, up to �80% of the initial value, after 5 h in the absence
of glucose (Figure 2A, c; and B). Thus, the depolarization of
the actin cytoskeleton upon glucose removal is transient. It
was reported previously that cells showed a somewhat ab-
normal actin cytoskeleton 2 h after glucose removal (Novick
et al., 1989). This is consistent with the transient depolariza-
tion observed here, because �20% of cells contained repo-
larized actin 2 h after glucose removal (Figure 2B).

The timing of actin depolarization upon glucose depriva-
tion closely resembled that observed for translation inhibi-
tion (Ashe et al., 2000), suggesting that glucose deprivation
simultaneously regulates both actin polarization and trans-
lation initiation. In addition, the specificity for carbon source

Table 1. Yeast strains used in this study

Strain Genotype Source

W303-1A MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1can1-100 ssd1-d2 2
W303-1A0 W303-1A rhoo 1
YDK069 W303-1A msn2��HIS3 msn4��URA3 3
FY250 MAT� his3-200 leu2-1 trp1-63 ura3-52 4
MCY3278 MAT� his3-200 leu2-1 trp1-63 ura3-52 reg1��URA3 5
yAS2605 MAT� his3-200 leu2-1 trp1-63 ura3-52 reg1��URA3 snf1��kanMX2 6
yAS2605-1 MAT� his3-200 leu2-1 trp1-63 ura3-52 snf1���kanMX2 1
MCY2616 MAT� his3-200 leu2-1 trp1-63 ura3-52 glc7-T152K 5
JC821A/pKC886 MAT� his3-11,15 leu2 trp1 ura3 glc7��HIS3 p[GLC7 TRP1 CEN] 7
JC821A/pKC866-Q48K MAT� his3-11,15 leu2 trp1 ura3 glc7��HIS3 p[GLC7-Q48K TRP1 CEN] 7
SP1 MATa ade8 his3 leu2 trp1 ura3 8
S18-3B MATa ade8 his3 leu2 trp1 ura3 tpk1-w1 tpk2��HIS3 tpk3��TRP1 8
ASY62 MATa ade8 his3 leu2 trp1 ura3 tpk1��ADE8 tpk2��HIS3 tpk3��TRP1 msn2��HIS3 msn4��LEU2 9
TK161-R2V MATa ade8 his3 leu2 trp1 ura3 RAS2-val19 8
A1961 MAT� leu2 trp1 ura3 met14 10
A1954 MAT� leu2 trp1 ura3 his3 aro7 met14 pop2��LEU2 10
JK9-3da MATa his4 leu2-3,112 trp1 ura3-52 rme1 HMLa 11
PA39-1b JK9-3da wsc1��kanMX4 11
AS138-1b JK9-3da rom2��URA3 11
OHNY1 MATa ade2 his3 leu2 trp1 ura3 12
IOS20a MATa ade2 his3 leu2 trp1 ura3 rom2��HIS3 12
BY4741 MATa his3�1 leu2�0 ura3�0 met15�0 13
BY4742 MAT� his3�1 leu2�0 ura3�0 lys2�0 13
BY4743 MATa/MAT� his3�1/his3�1 leu2�0/leu2�0 ura3�0/ura3�0 met15�0/MET15 LYS2/lys2�0 13
Y33967 BY4743 reg1��kanMX4/reg1��kanMX4 13
Y34311 BY4743 snf1��kanMX4/snf1��kanMX4 13
Y33731 BY4743 gpr1��kanMX4/gpr1��kanMX4 13
Y30152 BY4743 gpa2��kanMX4/gpa2��kanMX4 13
Y35280 BY4743 rom2��kanMX4/rom2��kanMX4 13
YBC1d BY4743 bcy1��URA3/bcy1��URA3 1
YRS23 BY4741 rgt2��kanMX4 snf3��kanMX4 1
YRM24 BY4741 msn2��HIS3 msn4��kanMX4 1
YRM24-1C MATa his3�1 leu2�0 ura3�0 met15�0 lys2�0 reg1��kanMX4 msn2��HIS3 msn4��kanMX4 1

Sources of strains listed: this study (1); our strain collection (2); a gift from D. Kaida and Y. Kikuchi (3); Sherwood and Carlson (1997) (4); Tu
and Carlson (1995) (5); Ashe et al. (2000) (6); Ramaswamy et al. (1998) (7); Nikawa et al. (1987) (8); Smith et al. (1998) (9); Shimizu-Yoshida et
al. (1999) (10); Delley and Hall (1999) (11); Ozaki et al. (1996) (12); and the EUROSCARF collection (13).

Y. Uesono et al.

Molecular Biology of the Cell1546



on actin depolarization (see above) is similar to that found
for the regulation of gene repression/derepression or trans-
lation initiation (Thevelein, 1994; Ashe et al., 2000).

Both Actin Repolarization and Translation Initiation
after Glucose Removal Require Respiration
Although the actin cytoskeleton gradually repolarized after
glucose removal in an aerated culture (see above), repolar-
ization was not observed in a static nonaerated culture (Fig-
ure 3, A and B; YP-air). In addition, when cells were trans-
ferred from YPD to YP containing antimycin A, an inhibitor
of the electron transfer system in mitochondria, the actin
cytoskeleton was not repolarized even with aeration (Figure
3, A and B; YP�antiA). A similar result was observed with
a rhoo strain defective in mitochondrial function [Figure 3, A
and B; YP (rhoo)]. In contrast, antimycin A had no effect on
the actin cytoskeleton of cells grown continuously in YPD
medium (Figure 3A). Together, these results indicate that
respiration is required for repolarization of actin in the
absence of glucose.

To know whether translation also recovers in the contin-
ued absence of glucose, we performed a pulse-labeling ex-

periment by using [35S]methionine. Interestingly, the rate of
methionine uptake decreased after glucose removal and did
not recover during the experimental period (Figure 3C). In
contrast, the rate of protein synthesis rapidly decreased but
then gradually recovered after glucose removal in an aer-
ated culture (Figure 3C). These phenomena seem to resem-
ble the transient inhibition of protein synthesis caused by
osmotic stress (Uesono and Toh-e, 2002). We then investi-
gated whether translation initiation resumes after glucose
removal, judging this by the polysome/monosome ratio,
which has been observed to decrease in several mutants
defective in translation initiation (Hartwell and McLaughlin,
1969; Valasek et al., 1998). The polysome/monosome ratio
was markedly reduced 30 min after glucose removal (Figure
3D), as reported previously (Ashe et al., 2000). However,
after 5 h in an aerated culture, high-molecular-weight ma-
terials increased, whereas monosomes decreased (Figure
3D). These high-molecular-weight materials disappeared,
whereas 80S monosomes increased, upon RNaseA treatment
(Figure 3D), indicating that the high-molecular-weight ma-
terials are indeed polysomes despite the absence (for un-
known reasons) of discrete peaks in the polysome fraction.

Figure 2. Glucose deprivation rapidly but
transiently depolarizes the actin cytoskeleton.
Wild-type (W303-1A) cells were grown in
YPD, shifted to YP (�Glu), SCD (�aa), STMD
(�NS), or YP containing 0.5% glucose (0.5%
Glu), cultured further in test tubes with shak-
ing, and stained for actin after various times.
The percentage of budded cells after shifts to
YP, SCD, or STMD gradually decreased from
63%, reaching 18, 31, and 8%, respectively,
after 5 h. (A) Actin staining of cells growing in
YPD (a), 30 min (b), or 5 h (c) after a shift to
YP, or 30 min after a shift to YP containing
0.5% glucose (d), SCD (e), or STMD (f). Bar, 5
�m. (B) Percentages of cells exhibiting a po-
larized actin cytoskeleton at the indicated
times. A representative of three experiments
is shown.
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The polysome/monosome ratio did not recover after 5 h
when the cultures were not aerated or contained antimycin
A (Figure 3D). Thus, translation initiation recovers in the
continued absence of glucose in a respiration-dependent
manner.

Rapid Repolarization of Actin upon Glucose Readdition
We next examined the effect of glucose addition on cells that
had been glucose starved for 30 min. In the presence of
antimycin A, repolarization did not occur in the absence of
glucose (Figure 4A; and B, left) but was rapid and extensive
at each glucose concentration tested (Figure 4A; and B,
right). Similar results have been obtained for the regulation
of translation initiation after glucose readdition to starved
cells (Ashe et al., 2000). Thus, both actin polarization and

translation initiation are simultaneously regulated by glu-
cose, and this synchronous regulation can be divided into
three individual processes: 1) the rapid shutdown immedi-
ately after glucose removal, 2) the slow adaptation in the
absence of glucose, and 3) the rapid recovery after readdi-
tion of glucose.

Genes Involved in the Loss and Recovery of Both Actin
Polarization and Translation Initiation after Glucose
Removal
The main glucose-repression pathway, the cAPK pathway,
and the HXT induction pathway regulate not only the tran-
scription of many genes (Figure 1B) but also translation
initiation (see INTRODUCTION). Therefore, we examined

Figure 3. Repolarization of actin and the re-
sumption of translation require respiration in
the absence of glucose. (A and B) Wild-type
(W303-1A) cells grown in YPD were trans-
ferred to YP with aeration (YP), YP without
aeration (YP-air), YP containing antimycin A
with aeration (YP�antiA), or YPD containing
antimycin A with aeration (YPD�antiA).
W303-1A (rhoo) cells were transferred to YP
with aeration [YP (rhoo)]. (A) Percentages of
cells exhibiting polarized actin cytoskeletons
at the indicated times. A representative of
three experiments is shown. (B) Actin cy-
toskeletons of representative cells after 5 h in
the indicated medium. Bar, 5 �m. (C) Time
course of the rates of methionine uptake and
protein synthesis (TCA/uptake), determined
as described in MATERIALS AND METH-
ODS after shifting W303-1A cells from SCD-
Met to SC-Met lacking glucose. The relative
rates of uptake are plotted as a percentage of
the rate in the SCD-Met-grown cells. (D) Poly-
some profiles (eight A260 units) of W303-1A
cells at the indicated times after a shift from
YPD to YP, YP�antiA, or YP-air as in A. An
aliquot of one sample (YP with aeration, 5 h)
was treated with RNaseA (YP�RNase). Gra-
dient fractions were collected from top (left)
to the bottom (right) in each panel. M and P
indicate 80S monosomes and polyribosomes,
respectively. The polysome/monosome (P/M)
ratios are indicated in parentheses in each
panel.
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whether these pathways also contribute to the rapid depo-
larization of the actin cytoskeleton upon glucose removal.

In the main glucose repression pathway, the protein ki-
nase Snf1p is active in the absence of glucose but is nega-
tively regulated in the presence of glucose by a type 1
protein phosphatase (PP1) complex consisting of regulatory
(Reg1p) and catalytic (Glc7p) subunits (Gancedo, 1998; Carl-
son, 1999). In a snf1� strain, the actin cytoskeleton was
polarized normally during growth on glucose and was de-
polarized as rapidly as in wild-type after glucose removal
(Figure 5A, a). These results indicate that Snf1p plays no
direct role in actin cytoskeletal polarization or depolariza-
tion and are consistent with the conclusion from the cyclo-
heximide experiment (see above) that new gene expression
is not necessary for the rapid depolarization response. In
contrast, either a REG1 deletion or the glc7-Q48K allele of the
essential gene GLC7 (Ramaswamy et al., 1998; Ashe et al.,
2000) caused a slower-than-normal depolarization (Figure
5A, a and b; and B, a). These results suggest that the consti-
tutive derepression of Snf1p-dependent genes that occurs in
the reg1 and glc7 mutants might interfere with the rapid
depolarization response. In strong support of this hypothe-
sis, a reg1� snf1� double mutant depolarized as rapidly as
wild type (Figure 5, Aa and Ba). These results all parallel
those obtained previously with respect to the rapid inhibi-

tion of translation initiation upon glucose removal (Ashe et
al., 2000).

In the cAPK pathway, cAPK negatively regulates the
stress-responsive transcription factors Msn2p and Msn4p by
inhibiting their nuclear import (Ruis and Schuller, 1995;
Görner et al., 1998, 2002). A tpk1w mutant (tpk1-1w tpk2�
tpk3�), which has a low level of cAPK activity, was largely
resistant to actin depolarization upon glucose removal,
whereas a tpk1� tpk2� tpk3� msn2� msn4� strain depolar-
ized as rapidly as wild type (Figure 5, Ac and Bb). These
results suggest that the constitutive activity of Msn2p/4p in
the low-cAPK mutant is responsible for the loss of rapid
depolarization. Again, these results parallel those obtained
in studies of translation initiation (Ashe et al., 2000). To
investigate the relationship between the Reg1p/Glc7p/
Snf1p and cAPK/Msn2p/4p pathways, we constructed a
reg1� msn2� msn4� triple mutant (YRM24-1C). This strain
was resistant to rapid depolarization like the reg1� single
mutant (our unpublished data), indicating that Msn2p and
Msn4p are not involved in the reg1� effect.

In the HXT induction pathway, glucose is sensed by the
high- and low-affinity glucose sensors Rgt2p and Snf3p,
which are required for the differential expression of HXT

Figure 4. Rapid recovery of actin polarization upon readdition of
glucose. Wild-type (W303-1A) cells grown in YPD were transferred
to YP containing antimycin A. After 30 min, glucose at a final
concentration of 0, 0.1, 0.5, or 2% was added to the starved cells. (A)
Percentages of cells with polarized actin cytoskeletons at the indi-
cated times. A representative of three experiments is shown. (B)
Actin cytoskeletons of representative cells 30 min after addition of 0
or 0.5% glucose.

Figure 5. Genes required for rapid actin depolarization upon glu-
cose removal. Cells of the indicated strains grown in YPD were
transferred to YP at time 0. In two cases (Aa, reg1��A; Ac,
tpk1w�A), cells growing in YPD were pretreated with antimycin A
for 1 h and then transferred to YP containing antimycin A. (A)
Percentages of cells exhibiting a polarized actin cytoskeleton as a
function of time. A representative of three experiments is shown. (B)
Actin cytoskeletons of cells before (0�) or 15 min after transfer.
Strains were as follows: (Aa and Ba) Wild-type, FY250; reg1�,
MCY3278; snf1�, yAS2605-1; snf1� reg1�, yAS2605; (antibody) wild-
type, yAS2506; glc7-Q48K, yAS2507. (Ac and Bb) Wild-type, SP1;
tpk1w, S18-3D; tpk� msn2/4�, ASY62. (Ad and Bc) Wild-type,
BY4741; rgt2� snf3�, YRS23.
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genes (Özcan and Johnston, 1996; Özcan et al., 1998). In an
rgt2 snf3 double mutant, translation initiation continues after
glucose removal (Ashe et al., 2000), and actin polarization is
also maintained (Figure 5, Ad and Bc). Thus, it seems that
each of the three pathways for glucose response is required
for the normal synchronous regulation of actin depolariza-
tion and shutdown of translation initiation upon glucose
withdrawal.

As shown above, respiration is necessary for the gradual
recovery of actin polarization and translation initiation in
the continued absence of glucose. Snf1p is crucial for the
activation of respiration after glucose depletion because it
allows the derepression of genes required for utilization of
nonfermentable carbon sources and for mitochondrial func-
tion (Ulery et al., 1994; Carlson, 1999). Thus, it seemed likely
that Snf1p would be necessary for the recovery of actin
polarization and translation initiation after glucose removal.
Indeed, neither actin polarization nor translation initiation
recovered well in a snf1 disruptant within 5 h after glucose
removal (Figure 6, Aa and B). In the course of these exper-
iments, we also observed that recovery is also affected by
strain background and/or ploidy. Thus, in contrast to
W303-1A (Figures 2 and 3) and BY4743 (Figure 6), neither
FY250 (the wild-type strain used in Figure 5) nor a haploid
of the BY background showed efficient recovery of actin

polarization within 5 h after glucose removal (our unpub-
lished data).

Msn2p and Msn4p are also required for growth on nonfer-
mentable carbon sources (Estruch and Carlson, 1993) and thus
presumably would also be necessary for the recovery of actin
polarization and translation initiation after glucose removal. In-
deed, little or no recovery was observed in an msn2 msn4 dis-
ruptant during the experimental period (Figure 6, antibody and
C). In addition, a bcy1 disruptant, which has a high level of cAPK
activity that negatively regulates Msn2p/4p, also showed little or
no recovery (Figure 6A, a; our unpublished data).

It is possible that the constitutive activation of Snf1p and
Msn2p/4p in the reg1 and tpk1w mutants, respectively, re-
sults in an activation of respiration even in the presence of
glucose in the mutant strains. If it is such a preactivation of
respiration that prevents rapid actin depolarization and
translation inhibition in the mutant strains upon glucose
removal (Figure 5), then the effects of the mutations might be
prevented by inhibiting respiration before glucose removal.
However, both the reg1 and tpk1w mutants were still largely
resistant to actin depolarization when the cells were treated
with antimycin A for 1 h before glucose removal (Figure 5,
Aa and Ac), although in both cases there were small de-
creases in resistance. These results suggest that it is the
expression of Snf1p- and Msn2p/4p-regulated genes other

Figure 6. Genes required for both repolar-
ization of the actin cytoskeleton and resump-
tion of translation initiation after glucose re-
moval. (A) Percentages of cells showing a
polarized actin cytoskeleton are shown for a
representative of three experiments in each
case. (a and b) Cells of the indicated strains
grown in YPD were transferred to YP. (a)
Wild-type, BY4743; snf1�, Y34311; bcy1�,
YBC1d. (b) Wild-type, W303-1A; msn2/4�,
YDK069. (c) Cells of the indicated strains
grown in YPD were transferred to YP contain-
ing antimycin A. After 30 min, 2.0% glucose
as final concentration was added to the cul-
tures in the continued presence of antimycin
A. Wild-type, BY4743; bcy1�, YBC1d; gpr1�,
Y33731; gpa2�, Y30152. (B and C) Polysome
profiles (8 A260 units) of the indicated strains
are shown before (0�) and 30 min and 5 h after
transfer from YPD to YP. The P/M ratios are
indicated in parentheses in each panel. (B)
Wild-type, BY4743; snf1�, Y34311. (C) Wild-
type, W303-1A; msn2/4�, YDK069.
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than those involved in respiration that is primarily respon-
sible for the lack of rapid actin depolarization (and perhaps
of rapid translation inhibition) upon glucose removal in the
reg1 and tpk1w mutant strains.

Recovery of Actin Polarization upon Glucose Readdition
Does Not Seem to Require Snf1p, Msn2p/4p, or a
Transient Increase in cAMP
The addition of glucose to glucose-starved cells causes a
rapid and transient increase of intracellular cAMP level. This
transient increase is strongly reduced in a strain with en-
hanced feedback inhibition of cAMP synthesis by elevated
cAPK activity (Mbonyi et al., 1990; Colombo et al., 1998;
Figure 1B), such as a bcy1 disruptant, which is also defective
in the slow adaptation of the actin cytoskeleton in the ab-
sence of glucose (see above). In addition, the transient in-
crease is also partially dependent on Gpr1p, a putative G
protein-coupled receptor, and Gpa2p, a G protein subunit
(Thevelein, 1984; Kübler et al., 1997; Kraakman et al., 1999).
To ask whether this transient increase of cAMP is required
for the recovery of actin polarization upon glucose addition,
we observed the recovery in bcy1, gpr1, and gpa2 dis-
ruptants. In the presence of antimycin A (to avoid the slow
adaptation process), the actin cytoskeleton was rapidly po-
larized after glucose addition in these mutants (Figure 6A,
c). Similar results (our unpublished data) were observed in
the snf1 and msn2/4 disruptants, which are also defective in
the slow adaptation in the absence of glucose (see above).
These results suggest that the rapid, glucose-dependent re-
covery of actin polarization does not require either the tran-
sient increase in cAMP or the control of gene expression
mediated by Snf1p or Msn2p/4p.

Interactions between the Glucose-Sensing and Stress
Pathways during Rapid Actin Depolarization
The actin cytoskeleton is rapidly depolarized via an uniden-
tified pathway upon exposure to osmotic stress, via the
Rom2p/Rho1p/Pkc1p pathway upon exposure to heat
stress, or via the glucose-sensing pathways upon glucose
removal (Brewster and Gustin, 1994; Delley and Hall, 1999;
Figures 1 and 5). To investigate possible cross talk between
these pathways, we tested whether the various stresses
could depolarize actin in the mutants defective in the
Rom2p/Rho1p/Pkc1p or glucose-sensing pathways.

Three different wild-type strains showed similar depolar-
ization of actin after addition of 0.6 M NaCl (Figure 7, A–C,
left). This depolarization was typically less rapid than that
seen after glucose removal. Addition of 0.6 M NaCl to the
congenic reg1, tpk1w, and rom2 mutants led to a similar
depolarization (Figure 7, A–C, right). These data suggest
that osmotic stress depolarizes the actin cytoskeleton via a
pathway different from the glucose-sensing and Rom2p/
Rho1p/Pkc1p pathways. The observation on the tpk1w mu-
tant is consistent with studies of the effects of osmotic stress
on translation initiation (Uesono and Toh-e, 2002).

In two of the wild-type strains, �20% of cells showed a
polarized actin distribution at 30 min after a shift to 37°C
(Figure 7, B and C, left). However, in the third wild-type
strain (FY250), polarization was �85% at this time (Figure
7A, left). Thus, the degree of actin depolarization upon heat
stress depends upon the strain background. In strain FY250,
actin was slightly depolarized at 15 min and then recovered
quickly by 30 min, whereas the congenic reg1 disruptant
showed more depolarization after 30 min at 37°C (Figure
7A). These data suggest that Reg1p may be involved either
in preventing actin depolarization or in allowing a rapid
recovery from depolarization upon heat stress in the FY250

strain background. In comparison with the congenic wild-
type strain, the tpk1w mutant showed somewhat less actin
depolarization upon shift to 37°C (Figure 7B), suggesting
that cAPK is involved in heat stress-induced depolarization,
at least in this strain background. Thus, there seems to be
some common components in the glucose-sensing and heat
stress pathways of actin depolarization.

This conclusion was supported by observations on the
rom2 disruptant. As expected (Delley and Hall, 1999), this
mutant showed less depolarization upon shift to 37°C than
did the congenic wild-type strain (Figure 7C, right). It also
showed less depolarization in response to glucose removal
(Figures 7C and 8A). In contrast, a wsc1 disruptant did not
show resistance to depolarization upon glucose removal
(Figure 8A). These results suggest that not only heat stress
but also glucose deprivation can transmit a signal via the
Rom2p. Heat stress is sensed by Wsc1p (Delley and Hall,
1999), whereas glucose deprivation must be sensed by other
factors. We also observed that in either the BY or OHNY1
strain background, a rom2 disruptant did not show resis-
tance to actin depolarization upon either a shift to 37°C or
glucose removal (our unpublished data). Therefore, Rom2p

Figure 7. Interrelationship between the stress-responsive path-
ways for actin depolarization. Cells of the indicated strains growing
in YPD were shifted to 37°C, exposed to 0.6 M NaCl, or transferred
to YP (�Glu). Percentages of cells exhibiting a polarized actin
cytoskeleton are shown for a representative of three experiments in
each case. (A) Wild-type, FY250; reg1�, MCY3278. (B) Wild-type,
SP1; tpk1w, S18-3B. (C) Wild-type, JK9-3da; rom2�, AS138-1b.
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is not absolutely required for depolarization after either heat
stress or glucose removal, but it is clearly involved in the
depolarization process in some strain backgrounds.

Specific Roles of Rom2p and Pop2p/Caf1p in Actin
Depolarization and Translation Inhibition upon Glucose
Removal
We have reported that the pop2/caf1 disruptant, which is
defective in mRNA deadenylation (Tucker et al., 2001), is
resistant to the inhibitory effect of glucose removal on trans-
lation initiation (Uesono and Toh-e, 2002). We examined
whether the pop2 disruptant is also resistant to actin depo-
larization upon glucose removal. However, in contrast to
mutants that are resistant to both effects, such as reg1 and
tpk1w (see above), a pop2 disruptant depolarized actin at least
as efficiently as the congenic wild-type strain (Figure 8B),

whereas translation initiation was partially maintained (Fig-
ure 8C, a). This indicates that Pop2p plays a role in the
inhibition of translation initiation but is not involved in the
actin depolarization after glucose removal.

In contrast, although actin polarization was partially main-
tained in a rom2 disruptant upon glucose removal (Figures 7C
and 8A), translation initiation was inhibited as in the congenic
wild-type strain (Figure 8C, b). In addition, overexpression of
activated Pkc1p did not inhibit translation initiation in W303-
1A, as judged by polysome profiles (our unpublished data),
although it did cause actin depolarization (Delley and Hall,
1999). Thus, at least in these strain backgrounds, the Rom2p/
Rho1p/Pkc1p pathway seems to be important for actin depo-
larization but not for inhibition of translation initiation upon
glucose removal. Consistent with a specific role for the
Rom2p/Rho1p/Pkc1p pathway in the dynamics of the actin

Figure 8. Specificity of actin depolarization
and inhibition of translation upon glucose re-
moval. (A) The actin cytoskeletons of rom2�
(AS138-1b) and wsc1�(PA39-1b) cells were
viewed before (0�) and 15 min after a shift
from YPD to YP. (B) Wild-type (A1961) and
pop2� (A1954) cells grown in YPD were trans-
ferred to YP. Percentages of cells exhibiting a
polarized actin cytoskeleton are shown at the
indicated times for a representative of three
experiments. (C) Polysome profiles (five A260
units) are shown for (a) wild-type (A1961)
and pop2� (A1954) strains or (b) wild-type
(JK9-3da) and rom2� (AS138-1b) strains be-
fore (0�) and at 7 and 15 min after transfer
from YPD to YP. The P/M ratios are indicated
in parentheses in each panel.
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cytoskeleton, these proteins have all been reported to localize
to the site of polarized growth (Yamochi et al., 1994; Manning
et al., 1997; Andrews and Stark, 2000). Consequently, our find-
ings suggest that Pop2p and the Rom2p/Rho1p/Pkc1p path-
ways act separately on the translation machinery and the actin
cytoskeleton, respectively.

Rapid Actin Depolarization Does Not Seem to Be Due to
a Decrease in Intracellular ATP
Intracellular ATP decreases transiently after glucose re-
moval (Ashe et al., 2000; Jona et al., 2000). Because polymer-
ization of actin requires ATP, it seemed possible that actin
depolarization is linked to this decrease in ATP. Thus, we
investigated the relationship between actin polarization and
ATP levels in various strains exposed to different stresses. In
the wild-type strains W303-1A and BY4743, the ATP levels
decreased rapidly after glucose removal, as expected, but
then gradually recovered to 70–80% of the initial level after
5 h in an aerated culture (Figure 9A). This recovery was
markedly decreased when antimycin A was added (Figure
9A), when the W303-1A rhoo strain was examined (our un-
published data), or when a msn2/4 or snf1 disruptant was
examined (Figure 9A). In each of these situations, actin
polarization also failed to recover (Figures 3, A and B; and 6,
Aa and antibody). Moreover, in the reg1� and tpk1w mu-
tants, where rapid actin depolarization did not occur (Figure
5, Aa and Ac), there was also no rapid decrease in ATP levels
(our unpublished data; Ashe et al., 2000). These data are all
consistent with the hypothesis that the transient depolariza-

tion of the actin cytoskeleton is due to the transient decrease
in ATP levels after glucose removal.

However, in contrast, a shift to 37°C or exposure to 0.6 M
NaCl did not produce a decrease in ATP levels in the wild-
type strain JK9-3da strain (Figure 9B, left), although these
conditions caused rapid actin depolarization in this strain
(Figure 7C). Moreover, in the related rom2� strain, ATP
levels decreased to the same degree as in wild-type after
glucose removal (Figure 9B, right), although actin was not
rapidly depolarized in this mutant (Figure 7C). Thus, in
these situations, the occurrence of actin depolarization is not
correlated with changes in ATP levels. It is conceivable that
Rom2p produces rapid actin depolarization by sensing the
decrease in ATP levels upon glucose removal. However,
Rom2p is also required for rapid actin depolarization in
response to heat stress (Figure 7C; Delley and Hall, 1999),
which is not correlated with changes in the ATP level (Fig-
ure 9B). Together, the observations suggest that rapid actin
depolarization in response to either glucose removal or heat
stress is caused by a signal other than a decrease in ATP
levels. This signal must act at least partially via Rom2p.

DISCUSSION

We have found that actin polarization and translation initi-
ation are regulated simultaneously and in parallel by glu-
cose: 1) rapid loss of each upon glucose removal depends on
Reg1p and cAPK; 2) slow adaptation of each in the contin-
ued absence of glucose depends on respiration, Snf1p, and
Msn2p/4p; and 3) rapid recovery of each occurs after read-
dition of glucose and is independent of respiration in this
case. Thus, the systems for glucose repression of gene ex-
pression are also required for the regulation of both actin
polarization and translation initiation.

In relation to both actin polarization and translation initi-
ation, the response to glucose deprivation is divided into
two opposite reactions in a way similar to the response to
osmotic stress (Uesono and Toh-e, 2002). One is the acute
loss of both actin polarization and translation initiation via
an unidentified mechanism that has no requirement for
changes in gene expression. The other is the slow reactiva-
tion of both translation and actin polarization, possibly via
gene expression changes brought about by Snf1p and
Msn2p/4p, a hypothesis supported by the observation that
both the snf1 and msn2/4 disruptants showed incomplete
adaptation of actin polarization and translation initiation
after glucose removal (Figure 6). These two opposite reac-
tions are likely to start at virtually the same time after
glucose removal, because the shutdown is initiated after �3
min (Figure 2), whereas Snf1p and Msn2p/4p are rapidly
modified by phosphorylation and rapidly imported into the
nucleus, respectively (Wilson et al., 1996; Vincent et al., 2001;
Görner et al., 2002). As a result of the combination of these
opposite reactions, the shutdown may occur only tran-
siently. This relationship closely parallels the transient shut-
down of translation initiation caused by osmotic stress, ex-
cept that the Hog1p pathway instead of Snf1p and
Msn2p/4p is involved in the slow reactivation (Uesono and
Toh-e, 2002). There seem to be two possibilities for the
relationship between the opposite reactions. One is that gene
expression via Snf1p and Msn2p/4p overcomes a shutdown
pathway that simultaneously regulates both actin polariza-
tion and translation initiation after glucose removal. The
other is that changes in gene expression directly stimulate an
activation pathway that simultaneously regulates both
translation and the actin cytoskeleton. We favor the former
hypothesis, because the tpk1w mutant, which has activated

Figure 9. Relationships between intracellular ATP levels and actin
depolarization/repolarization. (A) Wild-type strains W303-1A (left)
and BY4743 (right), the msn2/4� strain YDK069, and the snf1� strain
Y34311 were shifted from YPD to YP. W303-1A was also shifted to
YP containing antimycin A. Relative ATP levels are plotted as a
percentage of the levels in W303-1A (left) or BY4743 (right) at 0 min.
(B) Wild-type strain JK9-3da and rom2� mutant strain AS138-1b
growing in YPD were exposed to 37°C or to 0.6 M NaCl or were
transferred to YP. Relative ATP levels are plotted as a percentage of
the level in JK9-3da at 0 min. In each case, a representative of three
experiments is shown.
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Msn2p/4p, does not activate bulk protein synthesis in the
presence of glucose (Ashe et al., 2000).

Some translation factors are likely to associate physically
with cytoskeletal components such as actin or tubulin
(Hasek et al., 2000; Palecek et al., 2001). Because the loss of
both translation initiation and actin polarization occurs at
approximately the same time after glucose removal, it is
possible that these shutdown processes are dependent upon
each other. However, the polysome/monosome ratio did
not decrease rapidly in the presence of glucose in an act1
mutant, which rapidly depolarizes the actin cytoskeleton
after a shift to the restrictive temperature (our unpublished
data), suggesting that the rapid shutdown of translation
initiation does not result from rapid depolarization of the
actin cytoskeleton. Conversely, rapid depolarization of the
actin cytoskeleton was not observed in the presence of glu-
cose after addition of cycloheximide (100 �g/ml), which
rapidly inhibits translation at the elongation step, or after a
shift to restrictive temperature of a prt1-1 mutant, which
rapidly shuts down translation at the initiation level (our
unpublished data). Thus, the rapid depolarization does not
seem to result from the loss of translation initiation. [How-
ever, the actin cytoskeleton did depolarize slowly after cy-
cloheximide treatment (our unpublished data), suggesting
that maintenance of actin polarization may require continu-
ous protein synthesis, as reported previously (Novick et al.,
1989)]. In addition, translation initiation was rapidly inhib-
ited in a rom2 disruptant, which is defective in the rapid
depolarization of actin upon glucose removal (Figure 8, A
and Cb), indicating that shutdown of translation initiation
can occur irrespective of actin polarization. Conversely,
rapid depolarization occurred in a pop2 disruptant, which is
defective in rapid inhibition of translation initiation upon
glucose removal (Figure 8, B and Ca), indicating that actin
depolarization can occur irrespective of translation initia-
tion. Together, the observations suggest that translation ini-
tiation and actin polarization are simultaneously but inde-
pendently regulated by acute glucose deprivation.

We found that the previously described glucose-sensing
pathways regulate actin polarization and translation ini-
tiation as well as transcription. These systems may func-
tion cooperatively in response to glucose deprivation, as
indicated in the possible model shown in Figure 10. When
glucose is present, Reg1p/Glc7p and cAPK inactivate
Snf1p and Msn2p/4p, which are involved in the transcrip-
tional derepression/activation of glucose-repressed genes
(Figure 10A). Immediately after glucose removal, a shut-
down pathway (X) that does not involve de novo protein
synthesis is activated rapidly and causes actin depolariza-
tion via Rom2p and the inhibition of translation initiation
via Pop2p before the new gene expression occurs. Simul-
taneously, however, Snf1p and Msn2p/4p are also acti-
vated rapidly via inactivation of Reg1p/Glc7p and cAPK

(Figure 10B). Thus, after a few hours in the absence of
glucose, the gene products required for cancellation of the
shutdown pathway are transcribed by the activated tran-
scription factors and translated (perhaps preferentially).
Consequently, the actin repolarizes and bulk translation
initiation is reactivated (Figure 10C). Glucose removal
cannot induce a rapid shutdown in the reg1 or tpk1w

mutant (Figure 5), because preactivation of Snf1p or
Msn2p/4p in these mutants prevents the shutdown path-
way from functioning by means of the preactivated gene
expression. Adaptation does not occur in the snf1 or
msn2/4 mutant after glucose removal (Figure 6), because
the shutdown pathway is not canceled by activated gene
expression in these mutants.

What is the biological significance of the transient losses of
both actin polarization and translation initiation, which oc-
cur synchronously upon exposure to stresses such as glucose
deprivation or osmotic stress? It has been reported that
many mRNAs and RNA-binding proteins are localized to
specific compartments, along with cytoskeletal elements, in
a variety of eukaryotic cells (Jansen, 2001; Kloc et al., 2002).
In S. cerevisiae, many mRNAs are localized to produce pro-
teins in specific compartments such as the daughter cell or
the mitochondria (Corral-Debrinski et al., 2000; Takizawa et
al., 2000; Jansen, 2001; Kwon and Schnapp, 2001; Shepard et
al., 2003). These observations suggest that individual
mRNAs may be consistently transported to specific areas in
the yeast cell. One possible scenario for transient shutdown
of both actin polarization and translation initiation by
stresses is as follows. When cells are exposed to such
stresses, the cells immediately suspend both transportation
of mRNAs to the specific compartments by loss of actin
polarization and production of proteins by shutdown of
translation initiation. During the shutdown, the intracellular
profile of mRNAs is dramatically changed in response to the
stress (Gancedo, 1998; Causton et al., 2001). The shutdown of
translation at the initiation but not the elongation level
would increase the proportion of mRNAs that are not pro-
tected by the ribosome. This would allow the mRNAs that
are unnecessary for the stressed condition to be degraded by
the mRNA decay pathways. Consequently, the cell can eas-
ily change the intracellular pattern of mRNAs, as required
for the stressed condition, by changes in transcriptional
regulation and/or mRNA stability during the shutdown.
Subsequently, some mRNAs are relocated to specific areas,
where their translation products are required for the
stressed condition, by repolarization of the actin cytoskele-
ton. Simultaneously, the cell can produce the corresponding
proteins by resuming the translation process. Therefore, it
seems likely that the dramatic changes in both the actin
cytoskeleton and protein synthesis, as described here, form
part of a system for the spatial rearrangement of gene ex-
pression in response to environmental stress.

Figure 10. A possible model for the synchro-
nous regulation by glucose deprivation. The
reaction to glucose deprivation is separated
into three steps: the normal situation before
glucose deprivation, the shutdown phase just
after glucose deprivation, and the adaptation
phase in the continued absence of glucose.
Black and gray lines indicate an active and an
inactive state, respectively. X represents the
presumed target of glucose that is common to
the pathways controlling translation initiation
and actin polarization.
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