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The protein level of the GTS1 gene product (Gtslp) fluctuated during the oscillation of
energy metabolism in continuous culture of the yeast Saccharomyces cerevisiae. Here,
we found that the GTS1 mRNA level oscillated with the same periodicity as the meta-
bolic oscillation, suggesting that the expression of GTS1 was regulated at the transcrip-
tional level. As the 5'-upstream sequence of GTS1 contains two short open-reading
frames at -310 and -829 bp from the initiation codon, we determined the GTS1 promoter
required for the oscillatory expression. The upstream sequence was truncated into frag-
ments of 183, 365, 1,042, and 1,572 bp, named GTSlpr.183 and so on, and their effects on
the expression of lacZ as a reporter gene and the GTS1 gene itself were examined. The
ft-galactosidase activity and Gtslp level oscillated in the continuous cultures when
genes were expressed under the control of GTSlpr.183 but not GTSlpr.355. The disap-
pearance of the metabolic and cell-cycle oscillations in the GTS1 -deleted mutant was
rescued by the transformation with GTSlpr.l83-GTSl but not with GTSlpr£55-GTSl.
However, the stress-resistance oscillations were not found in the cells transformed with
GTS2pr.l83-GTSI, differing from the case of GrS2pr.lO42-GTS2 reported previously
[Wang et al (2001) FEBS Lett. 489, 81-86]. Thus, we suggest that the 183-bp upstream
sequence of GTS1 is basically required for the metabolic oscillation, while the 1,042-bp
upstream sequence is required for oscillations of stress resistance.

Key words: biological rhythm, budding yeast, GTS1 gene, oscillatory expression, pro-
moter.

In the yeast Saccharomyces cerevisiae, sustained oscilla- In the present study, we found that the expression of
tdons of energy-metabolism cycling between the respiro-fer- GTS1 was regulated at the transcriptional level, as the
mentatdve and respiratory phases with a period of about 4 GTS1 mRNA level oscillated during energy-metabolism. As
h have been observed in continuous cultures (1-5). These there are two unidentified open reading frames (ORFs) in
oscillations arise spontaneously under aerobic conditions m the 1.0-kbp upstream sequence of GTS1, we investigated
a manner dependent on high cell density and are detect- the regulatory upstream sequence required for the oscilla-
able as a periodic change in 02 consumption, CO2 produc- tory expression of GTS1. For this purpose, recombinant
tion and glucose and ethanol concentrations (1-5). Recently, plasmids carrying lacZ as a reporter (8-10) or GTS1 under
we reported that cellular responses to various stresses such the control of different lengths of the GTS2-upstream se-
as heat, oxidative agents, and cytotoxic chemicals oscillated quence were constructed and their effects on the appear-
in coupling with the ultradian oscillations of metabolism (6) ance of the biological rhythms in continuous cultures were
and that the Gtslp level oscillated with the same periodic- examined. We found that, basically, the 183-bp upstream
lty as the energy metabolism in continuous cultures (7). sequence is required for the oscillatory expression of GTS1,
The inactivation of GTS1 severely affected the metabolic which can induce energy-metabolism oscillation coupled
oscillation, resulting in the disappearance of biological with cell-cycle division in continuous cultures (In this
rhythms, which was substantially rescued by transforma- paper, "coupling" means a state where multiple oscillators
tion with GTS1 (7). In those experiments, we used a 1.0- fluctuate with the same periodicity with and without the
kbp upstream sequence as promoter of GTS 1, based on the same phase.)
fact that most yeast genes contain cis-elements in the 1.0-
kbp upstream sequence; and thus the precise region of the MATERIALS AND METHODS
promoter remained to be clarified.

Yeast and Culture Media—The haploid strains W303
•To whom correspondence should be addressed Tel +81-55-273- (MATa ade2-l his3-ll trpl-1 leu2-3 ura3-l canl-100) and
1111, Fax; +81-55-273-6784, E-maal ktsurugi@res.yamanashi-med. S 2 8 8 C (MATa mal gal2 SUC2) of the yeast S. cereuisiae

Abbreviations: ORF, open readmg frame; A ^ absorbance at 550 w e r f ^ for
u ^ batch and continuous cultures, respec-

nm; DO, d.ssolved oxygen; PCR, polymerase chain reaction tively. In batch cultures, W303 cells were cultured at 30 C
in a synthetic medium containing 2% glucose or other car-

©2001 by The Japanese Biochemical Society bon sources as defined elsewhere (3). Cell samples in the
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590 H. Tonozuka et al

exponentially growing and stationary (post-diauxic) phases
were harvested when the absorbance at 550 nm (Af&) of
the culture reached 0.8-1.0 and 2.0-2.2, respectively. In
experiments of carbon source-shift, the cells cultured in the
synthetic medium containing 2% glucose were harvested in
the stationary phase and resuspended in the same volume
of synthetic medium containing glucose. Cells were cul-
tured for 2 h at 30"C, and cell samples for (3-galactosidase
assay were collected. Cells in the rest of the culture were
harvested, washed and resuspended in medium containing
ethanol. After incubation for 2 h at 30°C, cell samples for (}-
galactosidase assay were collected. In continuous cultures,
S288C cells were cultured using a bench-top fermenter,
MDL-6C (Marubishi Bioengineenng, Tokyo), with a con-
stant volume of 500 ml (6, 7). The culture was aerated with
a flow of 1 liter/min and stirred at an agitation speed of 420
rpm. Continuous cultures were started 2 h after the con-
sumption of ethanol from the medium of batch culture and
continued at a dilution rate of 0.1 Ir1 with the same medi-
um containing 1% glucose at pH 5.5. The periodic change in
respiratory-fermentative metabolism was monitored by
measuring the level of dissolved oxygen (DO) with an oxy-
gen electrode. Stress conditions with heat, H?O2 and cad-
mium, and determination of the survival rate of the treated
cells were described previously (6).

Construction of Recombinant Plasmids Containing lacZ
as a Reporter Gene under the Control of GTSl Upstream
Sequences of Different Lengths—The Sphl-Sall fragment
containing about a 1.6-kbp upstream sequence of GTSl
was amplified by polymerase chain reaction (PCR) using
synthetic primers, 5'-CCCGAAGCATGCTGTGCTCAC-3'
and 5'-AGAACTCGTCGACCTCATTTTTGAC-3' for 5'- and
3'-primers, respectively, directed on the recombinant plas-
mid pGTSl (11) (Fig. 1). The 183-bp BamHl-Sall (named
GTSipr.183) and 355-bp EcoW-Sall (GTSlpr.355) frag-
ments from the PCR product were inserted into the multi-
cloning site of YEP358 vector (10) in frame oilacZ encoding
the Escherichia coli-derived |3-galactosidase. The recombi-
nant plasmids carrying lacZ downstream of GTSlpr. 183
and GTSlpr.355 were named pGTSipr.l83-/acZ and
pG:TSlpr.355-/acZ (Fig. 1), respectively Similarly, the
1,042-bp Hindm-Sall (GTSlpr.1042) and 1,572-bp Sphl-
Sall (GTSlpr.1572) fragments from the PCR products were
inserted into YEP357 (10) to obtain recombinant plasmids
pG71S2pr.l042-/acZ and pGTS2pr.l572-/ocZ (Fig. 1), re-
spectively. The recombinant plasmids were transformed
into the wild-type W303 cells as described previously (6, 7).

Construction of Centromere-Based Plasmids Containing
GTSl under the Control of GTSl Upstream Sequences of
Different Lengths—To construct a recombinant plasmid
carrying GTSl downstream of GTSipr.183, named pACpr.-
183-GTS1, a PCR product synthesized using 5'-GAAAT-
TCTCGAGAGTTGAAGAAAGTTAGTG-3' and 5'-GTGCT-
ACTAGTGGGTTTTCCTTACATTACC-3' as 5'- and 3'-pri-
mers, respectively, directed on pGTSl (11) was used. The
1,646-bp BamHl-Smal fragment of the PCR product was
blunt-ended and inserted into the centromere-based plas-
mid pAUR112 (Takara, Tokyo) at the Smal site pACpr.-
355-GTSi containing GTSl pr.355 was constructed by
inserting the 1,866-bp EcoBl-Spel fragment of pGTSl into
pAUR112 at the Smal site after blunt-ending. pACpr.1042-
GTS1 was constructed as described in a previous report (7),
where it was called pACGTSi(NS). pACpr.l572-GTSi was

obtained by inserting a 3,084-bp Sphl-Spel fragment into
pAUR112 at the Smal site after blunt-ending. These re-
combinant plasmids were introduced into the GTSl -deleted
mutant (gtslA) of S288C as described previously (7).

Determination of fi-Galactosidase Activity—Cell samples
in batch cultures were harvested from 1 ml of culture
medium, and those in the continuous cultures showing DO
oscillation were collected from 0.1 ml of effluent from the
bioreactor at 30-min intervals. The cells were washed and
resuspended in 0.2 ml of Z buffer containing 0.2% sodium
lauroyl-sarcosinate and 50 mM p-mercaptoethanol (12).
The cell suspension was freeze-thawed and incubated for
30 min at 30'C after adding 0.4 ml of Z buffer. The reaction
was started by adding 0.15 ml of 4 mg/ml o-mtrophenyl p-
D-galactopyranoside solution in Z buffer, allowed to proceed
for 1 h at 30°C, then stopped by adding 0.4 ml of 1.5 M
Na2CO3. The resulting mixture was centnfuged at 4,000 xg
for 10 min. The supernatant was removed and the enzyme
activity was determined by measuring A420 (12). The en-
zyme activity was corrected for cell density by dividing the
A42O by the A^,, of the original culture medium.

Northern and Western Blot Analyses—mRNA levels of
GTSl and lacZ were determined by Northern blot analysis
using the 0.82-kbp HindHl-Clal fragment of YEP358 (10)
and the 1.24-kbp EcoBl-Kpnl fragment of pGTSl (27) as
probes, respectively. mRNA levels of putative ORFs were
determined using ohgonucleotides as probes, which were
PCR-amplified using primers, 5'-AGACATACCATTGTTG-
AATG-3' and 5'-GGAACAGTATTATTCTTCTC-3' for YGL-
182C, and 5'-GTTAAACCTCCGTAAATTCC-3' and 5'-CGT-
GATTTAGAAATTGCTAG-3' for YGL183C. For detection of
lacZ mRNA, the Hin&m-Clal fragment of YEP358 was
used as probe. Probes were labeled with a DIG-labeling
system (Roche Diagnostics, Mannheim, Germany) and fluo-
rescence was quantified with a fluorescence-imaging ana-
lyzer (Fuji Film, LAS 1000, Tokyo). The mRNA levels were
normalized with the level of actin mRNA as a control.

Western blotting of Gtslp and actin was performed and
the relative Gtslp to actin level was determined as de-
scribed previously (7).

RESULTS AND DISCUSSION

Regulation of GTSl Expression at the Transcriptional
Level—We previously found that the Gtslp level oscillated
with the same periodicity as energy-metabolism, peaking
at the respiratory phase (7). Here, to ascertain whether the
expression of GTSl is regulated at the transcriptional
level, we determined the mRNA level by Northern blot
analysis (Fig. 1). The GTSl mRNA level fluctuated with a
broad peak at the respiro-fermentative phase, which is the
opposite of the Gtslp fluctuation (7), suggesting that GTSl
expression was regulated in an oscillatory manner at the
transcriptional level.

In the upstream sequence of GTSl, there are two puta-
tive ORFs of 324 bp (YGL182C) and of 525 bp (YGL183C),
located at -310 and -829 bp upstream from the first resi-
due A of the initiation codon (+1) of GTSl, respectively,
prior to the next gene, STR3 (YGL184C), which encodes
the yeast homologue of cystathionine-p-lyase (Fig. 2A). As
cts-regulatory elements in most genes of yeast exist in 1.0-
kbp upstream sequences, it should be clarified whether the
two ORFs comprise a regulatory region of GTSl. To search
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Oscillatory Expression of the GTSl Gene 591

for the regulatory region required for the oscillatory expres-
sion of GTS1, we constructed four recombinant plasmids
carrying lacZ as reporter under the control of GTS1 up-
stream sequences of different lengths (Fig. 2B). The up-
stream sequences of the recombinant plasmids, pGTSl-
pr.l83-/acZ and pGTS.Zpr.355-/acZ, do not contain any full-
length ORFs, although the latter contains the 48-bp 3'-side
sequence of YGL182C. pGTSlpT.10424acZ contains YGL-
182C and the 206-bp 3'-half of YGL182C, and pGTSipr.-
1572-lacZ contains the full lengths of YGL182C and
YGL183C. It should be added that a main transcriptdon-ini-

3
Time (h)

GTS1 * * W W t v f p W M ^ * * w w w
Actin mm «v«»^MW^«»«»w^ ^

Fig 1 Fluctuation of the GTSl mRNA level during the en-
ergy-metabolism oscillation in the continuous culture of the
wild-type S288C. Cell samples were harvested on the second day of
the dissolved oxygen (DO) oscillation (solid line) Relative GTSl
mRNA to actin mRNA level (open circles) was determined with the
fluorescence-imaging analyzer after Northern blotting, and the
GTSl mRNA level is presented as a percentage of the highest value

EeoRI SamHI
-357 -185

B
•3291 -- 1894

YGL183C YGLJB2C
-1364~-839 -634—310

p(77S/pr 357-tarZ

pOTi7pr.l045-/o<.Z

>

lacZ
Fig. 2. A: Main restriction enzyme sites and open reading
frames (ORFs) of the upstream sequence of GTSl. Numbers
indicate nucleotide positions from the first nucleotide A of the initia-
tion codon of GTSl Arrowheads indicate approximate positions of
primers used for amplification of the Sphl-Sall fragment containing
about a 1.6-kbp upstream sequence of GTSl Arrows indicate ap-
proximate positions and transcnptional directions of identified
genes (solid line) and putative ORFs (broken line). B: Schemes of
gene constructs inserted into the recombinant plasmids con-
taining lacZ as a reporter gene under the control of different
lengths of GTSl upstream sequence.

tiation site of GTSl was the T residue at -30, determined
by a primer-extension method (data not shown), and so a
putative TATA box for RNA polymerase II is predicted to
lie at -60.

Effect of Carbon Sources on the Expression of lacZ
Reporter Gene in Batch Cultures—To test the GTSl expres-
sion level under the control of upstream sequences of differ-
ent lengths, P-galactosidase activity of the transformants
was measured in batch cultures using glucose or ethanol as
a carbon source (Fig. 3). The cells transformed with pGTSl-
pr.l83-tocZ showed markedly higher transcriptional activ-
ity than those transformed with other recombinant plas-
mids irrespective of carbon source or growth phase (Fig. 3).
Similar results were obtained when fermentable carbons
like galactose and trehalose were used in the place of glu-
cose and non-fermentable glycerol was used in place of eth-
anol (data not shown). It should be noted that in the
stationary phase, the cells transformed with pGTSipr.183-
lacZ exhibited 1.6-times higher activity when cultured on
ethanol than on glucose (Fig. 3B). The result suggested that
under glucose-limited conditions, the transcription of GTSl
was more responsive to ethanol than to glucose. In agree-
ment with this, the transcription activity of pGTS2pr.l83-
lacZ in the stationary phase cells was increased by 20%
after the shift from glucose to ethanol (Fig. 4). These results
may reflect the fact that in the continuous culture, where
glucose is limited, the transcription of GTSl is increased in

Glucose Ethanol
Fig 3 Effect of carbon sources on the expression of lacZ un-
der the control of GTSl upstream sequences of different
lengths in the exponentially-growing (A) and stationary-
phase cells (B). W303 cells transformed with pGTSlpr.l83-lacZ
(closed bars), pGTSi pr 35 WacZ Qateral-stnpped bars), pGTSlpr-
1042-lacZ (hatched bars), and pGTSiprl572-/acZ (open bars) were
incubated at 30*C in synthetic medium containing glucose or etha-
nol at 2%. Cell samples (1 ml) were harvested when t h e A ^ of the
culture reached 0 8-1 0 (exponentially growing phase) or 2.0-2 2
(stationary phase) p-Galactosidase activity was measured and cor-
rected by theAja, of the culture as described in "MATERIALS AND
METHODS." Mean values and standard deviations were calculated
from three independent experiments.
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592 H Tonozuka et at.

the respiro-fermentative phase (Fig. 1) during which etha-
nol accumulates (3).

Expression of the Putative ORFs in the Upstream of
GTS1—The results using the lacZ reporter (Fig. 3) raised
the possibility that the transcriptional products or proteins
from putative ORFs affected the reporter gene expression
under the control of the 183-bp sequence having the oscilla-
tory transcription activity. Alternatively, the region further
upstream than the 183-bp sequence may contain inhibitory
elements which are required for the oscillatory transcrip-
tion. To examine the former possibility, the lysate from the
cells transformed with pGTSlpr.l5724acZ (Fig. 5) carrying
both ORFs in full length was applied to Northern blot anal-

Fig 4 Effect of carbon-source shift on the expression of lacZ
under the control of GTSl-upstream sequences of different
lengths in the stationary-phase cells. W303 cells transformed
with pGTSlpr 183-lacZ (open bars), pGTSlpr 355-&zcZ (crossed
bars), pGTSlpr 1042-lacZ (hatched bars), and pGTSlpr. 1572-focZ
(closed bars) were incubated at 30*C in synthetic medium containing
glucose at 2% and harvested in the stationary phase. Cells were
then incubated in synthetic medium containing glucose and then
ethanol, each for 2 h B-Galactosidase activity was measured before
and after the carbon-source shift and corrected by the-Ajj,, of the cul-
ture The ratios of the enzyme activity were calculated by dividing
the activity on ethanol by that on glucose in every transformant
Mean values and standard deviations were calculated from three in-
dependent experiments

LacZ
mRNA

(3100 b)

27SrRNA
(3392 b)
18S rRNA
(1798 b)

Fig 5. Detection of transcripts of lacZ and putative ORFs in
the GTS1 upstream sequence by Northern blot analysis in
the wild-type cell (W303) transformed with pGrSlpr.1572-
lacZ in a multi-copy plasmid."[" indicates approximate position
of transcripts of the putative ORFs, YGL183C and YGL182C, calcu-
lated from the migration rates of rRNAs.

ysis to detect their products. The products of the putative
ORFs were not accumulated in detectable levels, while lacZ
mRNA was clearly detected. Together with the finding that
there are no obvious TATA boxes in putative promoter
regions of the two putative ORFs, these results suggest
that the ORFs are not expressed in viva

Oscillatory Expression of lacZ in Continuous Culture
under the Control of GTS 1-Upstream Sequences of Varying
Lengths—To examine whether the 183-bp upstream se-
quence having the highest transcription activity is enough
for the oscillatory expression of GTS1, wild-type S288C
cells transformed with pGTSlpr. 1834acZ were subjected to
continuous culture. The transformant showed a stable DO
oscillation like the wild-type cells (data not shown) and the
3-galactosidase activity fluctuated with the DO oscillation
(Fig. 6A), suggesting that the lacZ transcription oscillated
with the metabolic activity. The peak of the fi-galactosidase
activity corresponded to that of the GTS1 mRNA level (Fig.
1) but not the Gtslp level (7), probably because the E. coli-
derived enzyme was degraded rapidly after translation as a
foreign protein. In contrast, the cells transformed with
pGTSlpr.3554acZ showed low enzyme activity without sig-
nificant fluctuation (Fig 6B), while the DO oscillation was
stable (data not shown). Therefore, the result suggested
that the 183-bp upstream sequence (GTSlpr.183) is suffi-
cient, if not complete, for the oscillatory expression of
GTS1.

Effect of GTS1 Expression on the Energy-Metabolism
Oscillation in the GTSl-Deleted Mutant (gtsl^h-ks, the
lacZ reporter gene was expressed m an oscillatory manner
under the control of GTSipr.183, we examined whether the

1 2 3
Time (h)

Fig. 6 Expression of lacZ under the control of the 183-bp (A)
and 355-bp upstream sequences (B) of GTSl during the en-
ergy-metabolism oscillation in the continuous culture. The
wild-type S288C cells transformed with pGTSlpTl834acZ (A) and
with pGTSlpr3554acZ (B) were incubated at 30'C in the continu-
ous culture. Cell samples were collected on the second day of the DO
oscillation (solid line) and (}-galactosidase activity (open circles) was
measured
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Oscillatory Expression of the GTSl Gene 593

GTS1 pr.l83-controlled expression of GTS1 can generate
metabolic oscillation in gtslA by transforming the cells
with the centromere-based recombinant plasmid, pAC-
prl83-GTSl. The DO oscillation appeared and continued
for about 4 days in the transformant (Fig. 7A), although the
amplitude of the waves of the DO oscillation was shallow
compared with that of the wild-type cells (7) (Table I). On
the other hand, gtsl A transformed with pACpr.355-GTSi
showed irregular oscillations which ceased within a few
days (Fig. 7B). Thus, the result suggested that the 183-bp
upstream sequence is basically required for oscillatory ex-
pression of GTS1, although the DO oscillation was shallow
compared with that of the wild-type cells (Table D- The
result also supported the notion that the oscillatory expres-
sion of Gtslp is required for the stable oscillation of the
energy-metabolism pathway (7).

The Western blots showed that the fluctuation of Gtslp
level in gtslA transformed with pACpr.l83-GTSi was cou-

100 •

30 4836
Time (h)

Fig 7 Effect of GTSl expression under the control of 183-bp
(A) and 355-bp upstream sequences (B) of GTSl on the DO os-
cillation in gtsl A. gtsl A (S288C) was transformed with pACpr-
183-GTS1 (A) or pACpr355-GTSi (B) and subjected to continuous
culture. The continuous culture was started at time zero

pled with the DO oscillation (Fig. 8) The maximal (peak)
level of Gtslp was about 509b higher and the minimal
(trough) level was three times higher than those of the
wild-type cells and cells transformed with pACpr.1042-
GTS1 (7) (Fig. 8 and Table II). Thus, the amplitude of the
Gtslp level was significantly restricted on a high basal
level in gtslA transformed with pACpr.l83-<37^S2. The
result is in agreement with the finding that the transfor-
mant with pGTSlpT.183-lacZ showed markedly higher
transcriptional activity of the reporter gene than the others
(Fig. 3). It should be pointed out that the amplitude of the
Gtslp level oscillated in parallel with the amplitudes and
duration of the DO oscillation among different strains
(Table II).

Coupling of Various Biological Rhythms with the Meta-
bolic Oscillation Regulated by pACpr.l83-GTSl—ln a pre-
vious report, we suggested that the rhythmic expression of
Gtslp is more important than the protein level for the
maintenance of biological rhythms, as the constitutive ex-
pression of GTSl under the control of the TPI promoter
resulted in the disappearance of biological rhythms (7). As
the amplitude of Gtslp fluctuation was restricted in the
cells transformed with pACpr.l83-GTS2 (Fig. 8), we exam-
ined whether various biological rhythms are coupled with
the metabolic oscillation. The metabolic oscillation regu-

2 3
Time (h)

Gtslp'
Actin-

Fig 8 Fluctuation of the Gtslp level in gtslA transformed
with a recombinant plasmid carrying GTSl under the con-
trol of its own 183-bp upstream sequence. The Gtslp level was
determined by Western blot analysis in gtslA transformed with
pACpr 183-GTS1 on the second day of the DO oscillation (Fig 7A)
Relative protein level of Gtslp to actin (open circles) was determined
with a fluorescence-imaging analyzer after Western blotting, and
the Gtslp level is presented as a percentage of the highest value.
The last column (C) indicates the relative Gtslp level at its peak
during the DO oscillation in the wild-type strain as a control (closed
circle)

TABLE I. Wavelengths and amplitudes of the DO osculations in the wild-type and gtsl A transformed with pG7^Sipr.l83-G!TS2
or pGTSlprJ355-GTSl. Numbers in parentheses indicate % control.

Strains No of waves11 (waves/run) Wavelength' (h/wave) Amplitude* (%DO)

Wild type
gtsl A transformed with
pGTSlpr.l83-GTSl
pGTSlpT.355-GTSl

34 (n = 5)*

22 (n = 3Y
10 (n = ZY

3 90 ± 0 34 (100)

3.92 ±0 33(101)
2 53 ± 0.61 ( 65)

40 4 ±2.21 (100)

21 8 ± 3.70 ( 54)
15 1 ± 4 16 ( 37)

The number of experiments used for statistical analysis. ""Average of the number of waves in a run of oscillations. "Average and standard
deviation of the wavelength determined with all experimental values for each strain. ""Average and standard deviation of the amplitude of
all waves for each strain estimated by subtracting the DO concentration (%) of the trough from that of the peak of the next wave
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TABLE n. Comparison of the Gtslp-level fluctuation with the DO and stress-resistance oscillations in the wild-type andgtsld
transformed with pGTSlpr.l83-GTSl or pGTSlpr.lO42-GTSl.

Strains
Gtslp level DO oscillation

Peak/Trough1" = Amplitude Amplitude Duration*
Stress-resistance oscillation

Wild type*
gtalA transformed with
pACpr 1042-GTS1'
pACpr 183-GTS1

100/35 = 2.86

95/33 = 3 03
155/90 = 1 73

40.0

28.4
21.8

132

117
86

•Parameters for these strains were calculated using the data presented in a previous paper (7) ""Relative Gtslp to actin level at the peak
and trough of the fluctuations. The Gtslp level in each strain was normalized by taking the peak level of the wild-type cells as 100, which
was used as a control in each experiment "Average duration time (h) of the DO oscillation calculated by multiplying the average number of
waves by the average wavelength

Fig. 9. Coupling of cell-cycle and stress-resistance oscillations
in gtslA transformed with a recombinant plasmid carrying
GTSl under the control of its own 183-bp upstream sequence
in a centromere-based plasmid. Budding rate (open circles) and
survival rates on treatment with heat (55'C, 3 min) (closed circles),
hydrogen peroxide (5 mM) (open squares), and cadmium (10 mM)
(closed squares) were determined in gtsl A transformed with pACpr-
183-GTS1 (Fig. 7A) on the second day of the DO oscillation (solid
line).

lated by pACpr.l83-GTS2 in gtsl A coupled well with the
cell-cycle oscillation but not with stress-resistance oscilla-
tions (Fig. 9). As we previously reported (7), gtsl A trans-
formed with pACpr.lO42-G71Si generated Gtslp oscilla-
tions similar to the wild-type cells, which induced coupling,
if not completely, of the stress-resistance oscillations with
the DO oscillation (7). Thus, the result supported the possi-
bility that the region further upstream than the 183-bp
sequence contains some inhibitory elements which are
required for the oscillatory expression of GTS1 capable of
inducing the stress-resistance oscillations. It should be
added that gtslA transformed with pACpr.l572-G71SJ
showed a little unstable DO oscillation which ceased within
a few days and was followed by irregular and frequent
oscillations. Thus, these results suggested that, for the ap-
pearance of stress-resistance oscillations, an upstream se-
quence ranging over 1.0 kbp is required.

A search of the database TFSEARCH ver. 1.3 (Kyoto
University, Kyoto) for consensus sequences of known cis-
elements revealed no obvious matches m the 183-bp up-
stream sequence of GTS 1. However, we found a consensus
sequence for general carbohydrate regulator 1 (GCR1) (13,
14) at nucleotide -88 of the GTSl-upstream sequence. The
GCR1 protein is a major activator for main glycolytdc en-

zymes like enolase, glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH), phosphofructokinase and others (15, 16),
and is activated by glucose (17). However, pGTSlpr.183-
lacZ was more activated by non-fermentable carbons than
by glucose in the glucose-limited conditions. Thus, it is
unlikely that the oscillatory expression was controlled only
by GCR1 even if the m-element participates in the tran-
scription of GTSl.

Why did GTSlpr.355 inhibit the oscillatory expression of
GTSl and lacZ, while GTS7.pr.183 and GTSipr.1042 facili-
tated it? It is unlikely that the putative ORF YGL182C
inhibited the expression, because GTS 7. pr. 1042 also con-
tains the full-length ORF and because the transcript was
not detected in the transformant with multi-copy recombi-
nant plasmids. Rather, it is possible that there are inhibi-
tory elements in the upstream sequence between position
-375 and -183 which are regulated by some stimulatory
elements) in the region further upstream up to -1042 and
-355. The results m this report suggest that these yet-uni-
dentified elements are required for the full oscillation of the
Gtslp level to induce the coupling of the stress-resistance
oscillations with the energy-metabolism oscillation. GTSl-
pr. 1042-355 contains several putative E-boxes (CANNTG),
which are known as cis-elements for basic-helix-loop-helix
(bHLH) transcription activators (18), which are involved m
the oscillatory expression of the clock gene period in Droso-
phila (19). Interestingly, of several known bHLH transcrip-
tion factors in yeast (20), the SGC1 product is recognized as
a transcription activator for the genes of main glycolytac
enzymes like the GCR1 product (21). However, further
experiments should be done to determine cis-regulatory
elements for basic oscillation of GTSl expression within
the 183-bp upstream fragment and those in the region fur-
ther upstream.
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