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Cells respond to environmental stimuli by fine-tuned regulation of gene expression. Here we investigated the dose-dependent
modulation of gene expression at high temporal resolution in response to nutrient and stress signals in yeast. The GALI activity
in cell populations is modulated in a well-defined range of galactose concentrations, correlating with a dynamic change of his-
tone remodeling and RNA polymerase II (RNAPII) association. This behavior is the result of a heterogeneous induction delay
caused by decreasing inducer concentrations across the population. Chromatin remodeling appears to be the basis for the dy-
namic GALI expression, because mutants with impaired histone dynamics show severely truncated dose-response profiles. In
contrast, the GRE2 promoter operates like a rapid off/on switch in response to increasing osmotic stress, with almost constant
expression rates and exclusively temporal regulation of histone remodeling and RNAPII occupancy. The Gal3 inducer and the
Hogl mitogen-activated protein (MAP) kinase seem to determine the different dose-response strategies at the two promoters.
Accordingly, GALI becomes highly sensitive and dose independent if previously stimulated because of residual Gal3 levels,
whereas GRE2 expression diminishes upon repeated stimulation due to acquired stress resistance. Our analysis reveals impor-
tant differences in the way dynamic signals create dose-sensitive gene expression outputs.

C ells continuously adapt their protein composition to changing
environmental conditions. The regulation of gene expression
is one of the fundamental mechanisms to adjust the global protein
repertoire of the cell in order to maintain cell function and integ-
rity in response to environmental challenges. Budding yeast is a
powerful model to unravel the modes of transcriptional adapta-
tion at the levels both of specific genes and of the whole organism
(1, 2). Additionally, the basic structure of the signaling cascades
responding to environmental perturbations is conserved from
yeast to humans. It implies the alteration of core kinase activities,
which modulate the expression of defense genes through a range
of specific transcription factors. Extensive knowledge which pre-
cisely describes the molecular machinery and its global impact on
gene expression in response to many types of stress has accumu-
lated (3-7). However, the vast majority of these studies are per-
formed with harsh environmental insults and therefore saturating
stimulation. As a consequence, only very limited information or
approaches are available to understand how cells adapt their
gene expression programs to small or gradual changes in their
environment.

Itis assumed that cells have acquired mechanisms that ensure a
transcriptional response which is finely adjusted according to the
strength of the stress or stimulation. However, the nature of the
signaling molecules which confer gradual transcription outputs
remains to be determined in most cases. Fine-tuning of gene ex-
pression responses can occur with different purposes, and the gen-
eration of a graded response can be achieved at different stages
along the signal transduction path. For example, a linear response
to mating pheromone has been described for the yeast mating
mitogen-activated protein (MAP) kinase cascade (8). Addition-
ally, specific transcriptional activators such as yeast Msn2 or Crzl
and mammalian NF-kB transmit linear signals to their cognate
promoters by modulating their nuclear accumulation (9-12).

The same signal transduction pathway might have to distin-
guish related signals that originated from different stressors. This
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has been very recently described for yeast Msn2, a transcription
factor responding to general stress and capable of filtering differ-
ent stress inputs to generate graded gene expression outputs (13).
Furthermore, among the often numerous genes activated in re-
sponse to a given stress, the cell has to impose different sensitivities
to guarantee an equilibrated adaptive response. Here, chromatin
structure has been implied in modulating the threshold of gene
activation in the yeast phosphate response (14), and different nat-
ural promoters and cis regulatory elements confer characteristic
dose-sensitive expression profiles upon osmotic and oxidative
stress (15).

Here we investigated the mechanisms that confer a gradual and
dose-sensitive gene expression for two types of environmental
cues: (i) the availability of a specific carbon and energy source and
(ii) cytotoxic stress. We used two very well defined model genes,
the nutrient-regulated GALI and stress-regulated GRE2 genes.

The expression of the yeast GAL genes is specifically upregu-
lated by the presence of galactose in the growth medium via the
transcriptional activator Gal4 (16). Gal4 is already bound at its
target promoters under noninducing conditions (without galac-
tose), but its activation domain is inhibited by direct binding of
the Gal80 repressor protein (17, 18). Upon growth in glucose-
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FIG 1 Comparison of transcriptional memory at the GALI and GRE2 genes. (A) GALI expression is efficiently sensitized upon subsequent galactose induction.
A GALI-lucCP" reporter gene was used in live-cell luciferase assays to determine the expression rates in raffinose-containing minimal medium after supple-
mentation with the indicated concentrations of galactose. Naive cells (— memory) were stimulated just once with galactose, while transcriptional memory (+
memory) was achieved by a previous galactose induction, as explained in Materials and Methods. (B) The stress-induced GRE2 expression decreases and is not
sensitized by repeated stimulation. A GRE2-lucCP" reporter gene was used in live-cell luciferase assays to determine the expression rates in glucose-containing
minimal medium after supplementation with NaCl. Cells were pretreated with 0.7 M NaCl (+ memory) or not pretreated (— memory) before the induction with
the indicated NaCl doses. (C) Effect of Gal3 levels on the dose response of GALI. A GALI-lucCP"* reporter gene was used in live-cell luciferase

3670 mcb.asm.org Molecular and Cellular Biology November 2015 Volume 35 Number 21

1sanb Aq 6T0Z ‘0E 1890100 U0 /610 wse qowy//:dny wody papeojumod


http://mcb.asm.org
http://mcb.asm.org/

limiting and galactose-containing medium, GAL gene expression
is induced with the help of the Gal3 inducer. Upon stimulation,
Gal3 binds galactose and ATP, interrupts Gal80 inhibition of
Gal4, and permits transcriptional activation (19-21). Gal4 addi-
tionally recruits chromatin-modifying complexes and mediator
(22-27) in order to efficiently induce GAL gene expression.

GRE?2 is a prototypical gene involved in the hyperosmotic and
oxidative stress defense, which includes the stimulated gene ex-
pression encompassing hundreds of different cellular functions
(5, 28). Its promoter is bound by the specific transcription factor
Skol in a complex with the general corepressor Cyc8-Tupl under
normal noninducing growth conditions (29). Upon hyperos-
motic stress, transcriptional activation of GRE2 is rapidly achieved
by the association of Skol with the stress-activated MAP kinase
Hogl, which switches Sko1 from repression to activation by mul-
tiple phosphorylation and the additional recruitment of chroma-
tin modifiers and the mediator complex (30). As a result, GRE2
gene expression is very fast and transiently activated, as commonly
observed for transcriptional stress responses in yeast.

Additionally, the cell’s history can modulate the transcrip-
tional response at specific genes. Transcriptional memory has
been described for several inducible yeast genes, including GALI.
Here, a previous galactose induction facilitates the transcriptional
response to the second galactose exposure. Different mechanisms
have been proposed to establish transcriptional memory at the
GAL genes, including the tethering of actively transcribed GALI to
the nuclear envelope via the histone variant Htz1, prolonged chro-
matin remodeling via Swi/Snf, or the inheritance of signaling
compounds such as the Gall and Gal3 inducers (31-34).

The general architectures of the GALI and GRE2 regulons are
very similar and involve a switch of a promoter-bound transcrip-
tion factor from an inactive (or repressed) state to an active state
by the direct association with a specifically activated inducer.
Here, we identify important differences in how both systems re-
spond to gradual or repeated stimulation. This was possible by the
high temporal resolution and quantification of gene expression
using destabilized luciferase reporters for the two types of genes.
This allowed us to accurately define the dynamic range of gene
regulation and identify the molecules which modulate the charac-
teristic dose-response pattern for GALI and GRE2 during nutrient
sensing or acute osmotic stress adaptation.

MATERIALS AND METHODS

Yeast strains. The Saccharomyces cerevisiae strains used in this study were
wild-type (wt) BY4741 (MATa his3A1 leu2A0 metI5A0 ura3A0) and
strains carrying the mutant alleles gal3::KanMX4, gen5:KanMX4, snf2:
KanMX4, gall1:KanMX4, and htz1::KanMX4 (35). Yeast strains express-
ing chromosomally tagged TAP fusion proteins were BY4741 (MATa
his3A1 leu2A0 met15A0 ura3A0) with GAL4-TAP-His3MX and GAL3-
TAP-His3MX (36). Yeast strains expressing chromosomally tagged hem-
agglutinin (HA) fusion proteins were W303-1A (MATa leu2-3,112 trpI-1
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canl-100 ura3-1 ade2-1 his3-11,15) with 3XHA-HOGI, 3XHA-SKOI
(30),and 3X HA-RPB3 (37). Yeast strains expressing firefly luciferase were
MMY116-2C (MATa leu2-3,112 trpl-1 canl-100 ura3-1 his3-11,15) with-
out GALI-Flucand MMY116-2C with GALI-FLuc integrated in the URA3
locus (a gift from A. Mazo-Vargas). DBY746 (MATa ura3-52 trp1-289
his3-A1 leu2-3,112) and its enal-4::LEU2 derivative were used to study the
effect of the ENA gene dose on the GRE2 transcriptional memory.

Plasmid constructions. Single-copy reporter fusions with a destabi-
lized luciferase gene (lucCP") were constructed as described previously
(38). The upstream regulatory sequences of GRE2 (nucleotides —940 to
—7), GALI (nucleotides —450 to —1) (38), CTTI (nucleotides —983 to
—10), SOD2 (nucleotides —977 to —16) (15), ALD6 (nucleotides —785
to —2), and HOR2 (nucleotides —948 to —33) (this study) were used. An
integrative version of the GALI-lucCP™ reporter fusion was constructed
by insertion of the lucCP" gene into the pAG306GALI1-ccdB Gateway
destination vector (39), which was integrated into the URA3 locus of yeast
wild-type strain W303-1A. An integrative version of the GRE2-lucCP*
reporter fusion was constructed by insertion of the lucCP™ gene before the
KanMX marker in the pUG6 plasmid. The lucCP* KanMX-containing
cassette was PCR amplified and fused to the GRE2 promoter in the ge-
nomes of yeast wild-type strains BY4741 and W303-1A. Multicopy inte-
gration plasmid pRS406-GAL1pr-Fluc was built by swapping MET25 with
the GALI promoter in pRS406-MET25-Fluc and integrating into strain
MMY116-2C (40). Both the plasmid and integrated strains were gifts from
A. Mazo-Vargas. For constitutive or induced overexpression of GAL3
under the control of the TDH3 or GALI promoter, the entire GAL3 gene
was inserted in the Gateway destination vectors pAG416GPD-ccdB and
PAG416GAL1-ccdB (39). For constitutive overexpression of ENAI under
the control of the PMAI promoter, the plasmid pRS699-ENA1 (a gift
from J. M. Mulet, Valencia, Spain) was used.

Live-cell luciferase assays. Yeast strains containing the indicated lu-
ciferase fusion genes were grown at 28°C in synthetic dextrose (SD) or
synthetic raffinose (SRaff) medium lacking histidine (0.67% yeast nitro-
gen base, 2% glucose, 50 mM succinic acid [pH 5.5], 0.1 g/liter leucine, 0.1
g/liter methionine, 0.025 g/liter uracil) to exponential growth phase. Cul-
ture aliquots were then incubated with 0.5 mM luciferin (Sigma) on a
roller at 28°C for 90 min. The cells were then transferred in 100-pl aliquots
in white 96-well plates (Nunc) with or without the indicated concentra-
tions of NaCl, menadione, or galactose supplied from appropriate stock
solutions. The light emission was then continuously recorded in a GloMax
microplate luminometer (Promega) in three biological replicates. Data
were processed with Microsoft Excel software. For representation of
the relative light units of each reporter gene, we normalized the raw
data for the number of cells in each assay. The maximal synthesis rate
(Vimay) and the maximal luciferase activity (A were calculated as
described previously (38).

ChIP. Chromatin immunoprecipitation (ChIP) was performed essen-
tially as described previously (41). For the immunoprecipitation of HA
fusion proteins, a mouse monoclonal anti-HA antibody (12CA5; Roche)
was used in combination with Dynabeads protein A (Invitrogen). For the
immunoprecipitation of TAP fusion proteins, pan-mouse IgG Dynabeads
(Invitrogen) were used. For the immunoprecipitation of histone H3, a
polyclonal anti-H3 antibody (ab1791; Abcam) was used in combination
with Dynabeads protein A (Invitrogen). Quantitative PCR (qPCR) anal-
yses at the indicated chromosomal loci were performed in real time using

max)

assays to determine the expression rates in raffinose-containing minimal medium after supplementation with the indicated concentrations of galactose. Cells
were grown in synthetic glucose medium before induction was started in synthetic raffinose medium containing the indicated galactose concentrations. Agal3
mutants containing plasmid-carried GAL3 under constitutive control (GPD-GAL3) or the empty vector (Agal3) were compared with wild-type cells containing
the empty vector (GAL3). Constitutive overexpression of GAL3 leads to GALI induction by raffinose; therefore, an additional control in glucose-containing SD
medium is included in the last panel. (D) The decrease of GRE2 expression upon repeated NaCl induction depends on a functional ENA gene cluster. The
indicated strains (DBY746 background) were compared for GRE2-lucCP* expression under conditions identical to those for panel B. (E) Transient activation of
GRE2 depends on the Enal levels. Yeast wild-type cells (BY4741) were assayed for GRE2-lucCP* expression in the presence of constitutive ENA I overexpression
(PMAIp-ENATI) or the empty plasmid (wt) upon exposure to 0.4 M NaCl. Cells were pretreated (+ memory) or not (— memory) with 0.7 M NaCl. For all panels,
the mean values for three independent biological replicas are shown for each galactose or NaCl concentration (standard deviation, <15%).
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FIG 2 Comparison of the gradual gene expression, RNAPII occupancy, and histone remodeling at the GALI and GRE2 genes. (A) The expression of a
GALI-lucCP" reporter gene is dynamically modulated at the level of the synthesis rate. A live-cell luciferase assay was used to determine the expression rates in
raffinose-containing minimal medium after supplementation with the indicated concentrations of galactose. GALI-luciferase fusions were expressed from
centromeric plasmids (upper panel) or after integration in the genome (lower panel). Data for the upper panel are from reference 38. The mean values for three
independent biological replicas are shown for each galactose concentration (standard deviation, <15%). (B) Gradual association of RNAPII with the GALI
promoter is modulated by the galactose inducer concentration. ChIP of Rpb3-HA-expressing cells was used to determine the RNAPII density at the GALI
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an Applied Biosystems 7500 sequence detector and Fast EvaGreen Mas-
termix for qPCR (Biotium). All occupancy data are presented as fold IP
over the POLI coding sequence (+1796/+1996) internal control. Each
ChIP was performed in triplicate with three different chromatin samples.
All primer sequences used for ChIP are available upon request.

Transcriptional memory experiments. For memory experiments at
GALI, cells containing the GALI-lucCP™ reporter gene were grown over-
night in synthetic raffinose (SRaff) medium lacking histidine to exponen-
tial growth phase. A first round of induction was then performed for 2 h
with 2% galactose, while naive cells remained in SRaff medium. Both cell
cultures were then precipitated, washed once with water, and then incu-
bated in fresh SD medium for 1 h. Finally, cells were changed to SRaff
medium containing 0.5 mM luciferin for 90 min before starting the next
induction with the indicated galactose concentrations and continuous
measurement of luciferase activity. For the memory experiment under
gradual Gal3 expression levels, the duration of the first round of galactose
induction was reduced to 30 min.

For memory experiments at GRE2, cells containing the GRE2-lucCP™
reporter gene were grown overnight in synthetic glucose (SD) medium
lacking histidine to exponential growth phase. A first salt shock was ap-
plied by treatment with 0.7 M NaCl for 1 h, while naive cells remained in
SD medium. We confirmed that those salt stress conditions did not cause
any decrease in cell viability. Both cell cultures were then precipitated,
washed once with water, and then incubated in fresh SD medium with 0.5
mM luciferin for 90 min. The indicated NaCl doses were then applied to
aliquots of both cultures and the luciferase activity continuously mea-
sured.

Single-cell time-lapse luminescence microscopy. Cells with an inte-
grated GALI-FLuc reporter gene were grown over night in synthetic
raffinose (SRaff) medium. We sonicated our yeast in a Diagenode Biorup-
tor UCD-200 sonicator for 30 s at medium intensity to obtain single-cell
suspensions before loading them onto microfluidic plates (CellAsic). Bio-
luminescence imaging of yeast cells was performed with a DV Elite micro-
scope equipped with UltimateFocus, an Evolve EMCCD camera, and a
60X/1.25-numerical-aperture (NA) phase oil objective lens. Cells were
grown for 60 min at 30°C in SRaff medium at pH 3.8 with 200 WM beetle
p-luciferin before switching to the SRaft-plus-galactose version of the
same medium. We imaged cells every 4 min and processed raw data using
same protocols as before (40). Briefly, cell segmentation was done in Cell-
Stat (MATLAB plug-in [42]), and single-cell gene expression was fit to an
exponential curve using the induction model described previously (40).

RESULTS

Comparison of transcriptional memory at the nutrient-con-
trolled GALI and stress-induced GRE2 genes. Transcriptional
memory effects in yeast have been found predominantly at nutri-
ent-regulated genes. We therefore sought to compare how the
dose-dependent gene expression was modulated after a previous
stimulation at nutrient- versus stress-regulated loci. We chose two
prototypical yeast genes which represent the two classes of regu-
lation, GALI and GRE2. To determine the dose-response behavior

Dose-Sensitive Gene Regulation in Yeast

of both genes, we applied reporter fusions with destabilized lucif-
erase, which allow monitoring of gene expression in real time in
the living yeast cell with a wide range of stimulus concentrations.
We first investigated how the dose-sensitive induction of GALI
was modulated by repeated galactose exposure. The expression
profile from GALI-luciferase reporters in naive yeast cells was
compared with that in cells that previously experienced a galactose
induction. As shown in Fig. 1A, without prestimulus, GALI re-
sponded with a gradual increase in reporter activity over the dy-
namic range of inducer concentrations. After previous stimula-
tion, however, we observed a much faster response to galactose
and an increased synthesis rate of the GALI-luciferase reporter.
Importantly, in the second response to galactose, even the lowest
inducer concentration (0.01%) was able to activate GALI gene
expression to the maximal synthesis rate. We concluded that the
GALI dose response largely changed during the establishment of
transcriptional memory and that the gene expression profile
switched from a dose-sensitive graded mode to a dose-insensitive
but highly responsive mode. These dynamic changes in dose-re-
sponsive GALI stimulation are faithfully reproduced by the cen-
tromeric luciferase reporters used throughout this study com-
pared to chromosomally integrated reporter genes (data not
shown).

We next tested whether the dose-response behavior of the
stress-activated GRE2 gene changed upon repeated activation.
Memory experiments were performed with the GRE2-luciferase
real-time reporter and multiple NaCl induction. We observed in
this case (Fig. 1B) that the induction of GRE2 expression was nei-
ther faster nor more efficient nor more sensitive at low stress doses
in the second round of stimulation. Irrespective of previous gene
induction, GRE2 expression always occurred at the same time and
with remarkably similar synthesis rates. The only difference we
observed was that cells which responded to salt stress for the sec-
ond time aborted the induced GRE2 expression a few minutes
earlier than naive cells. Thus, it seemed that GRE2 induction is not
further enhanced or sensitized by previous stress treatment and
that it instead reduced the amplitude of the transcriptional burst
at GRE2 in the second round of activation.

Next we wanted to gain insights into the mechanisms which
sensitized GALI gene expression to dose-independent maximal
induction rates after previous induction. It has been previously
reported that the transcriptional memory at GALI was domi-
nantly regulated by signaling molecules such as the Gal3 inducer
(33). Thus, we manipulated the Gal3 levels and tested its impact
on the dose-dependent induction profile of GALI. As depicted in
Fig. 1C, constitutive overexpression of GAL3 led to a highly effi-
cient GALI-luciferase expression independently of the galactose

promoter in synthetic raffinose medium before and after induction with the indicated galactose concentrations. The mean values for three independent biological
replicas are shown with the corresponding standard deviation. (C) Nucleosome remodeling is gradually stimulated by increasing galactose inducer concentra-
tions. ChIP of histone H3 was used to determine the nucleosome occupancy at the GALI promoter in synthetic raffinose medium before and after induction with
the indicated galactose concentrations. The mean values for three independent biological replicas are shown with the corresponding standard deviation. (D)
Dynamic dose-response profile of a GRE2-lucCP" reporter gene upon NaCl stress. A live-cell luciferase assay was used to determine the expression rates in
glucose-containing minimal medium after supplementation with the indicated concentrations of NaCl. GRE2-luciferase fusions were expressed from centro-
meric plasmids (upper panel) or after integration in the genome (lower panel). The mean values for three independent biological replicas are shown for each salt
concentration (standard deviation, <15%). (E) Modulation of RNAPII recruitment at GRE2 over the dynamic range of NaCl concentrations. ChIP of Rpb3-
HA-expressing cells was used to determine the RNAPII density at the GRE2 promoter in synthetic glucose medium before and after induction with the indicated
NaCl concentrations. The mean values for three independent biological replicas are shown with the corresponding standard deviation. (F) The duration of
transient nucleosome remodeling at GRE2 is stimulated by increasing NaCl concentrations. ChIP of histone H3 was used to determine the nucleosome
occupancy at the GRE2 promoter in synthetic glucose medium before and after induction with the indicated NaCl concentrations. The mean values for three
independent biological replicas are shown with the corresponding standard deviations.
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inducer concentration. Therefore, high GAL3 levels can mimic the
enhanced sensitivity of GALI expression acquired during repeated
galactose induction. The Gal3 inducer level is therefore a key ele-
ment in changing the dose-response behavior at the GALI gene
during memory.

GRE2 expression was modulated by repeated stimulation in a
manner opposite to that for GALI, as the second wave of transient
gene expression was shorter than the initial one in this case. We
hypothesized that the accumulation of defense proteins in the first
round of stimulation could prepare the cells for the second salt
shock and thereby permit an efficient adaptation with a dimin-
ished transcriptional response. We considered two physiological
adaptations as most relevant for the tolerance to salt stress: the
accumulation of the osmolyte glycerol and the enhanced extru-
sion of Na™. Both processes can be blocked by single deletions in
key structural genes, such as in the gpdI and enal-4 mutants,
respectively. We repeated the memory experiments in those spe-
cific mutant strains. The gpd1 cells were indistinguishable from
the wild type (data not shown), but we detected important differ-
ences for the enal-4 mutant, which lacks all copies of the Ena Na™
extrusion ATPase. As shown in Fig. 1D, in this mutant the GRE2-
lucCP* reporter responded almost equally during the first and
second exposures to NaCl stress. Finally, we altered the ENAI
expression levels by the use of an additional copy of the gene under
the control of the constitutive PMAI promoter. The effect of in-
creasing ENAT expression was a subsequent decrease of the GRE2
expression peak (Fig. 1E), thus providing additional evidence that
the gradual GRE2 expression depended on the amount of the Enal
Na™ pump. Taken together, these experiments show that impor-
tant differences exist in the responses of differentially regulated
genes to previous exposure. GALI gene expression is highly sensi-
tized to previous exposure, which leads to a dose-independent
activation likely driven by the Gal3 inducer. The transient GRE2
expression is not sensitized to previous exposure and seems to be
modulated principally by the physiology of the cell, which dictates
the amplitude of the transcriptional response at this gene.

Dose-dependent expression of GALI in cell populations cor-
responds with gradual histone remodeling and RNAPII associ-
ation. The pattern of the gradual response of GALI to increasing
galactose concentrations was recorded with real-time luciferase
reporters, which were expressed from centromeric plasmids or
integrated into the yeast genome. The GALI-luciferase expression
was stimulated to a detectable level with a minimal galactose con-
centration of approximately 0.02% for plasmid expression or
0.01% for genomic expression. Increasing stimulus concentra-
tions provoked a continuous increase of the reporter activity until
a threshold concentration of 0.5% was reached (Fig. 2A). Greater
galactose concentrations did not further increase the reporter ac-
tivity; however, they slightly decreased the lag time between stim-
ulation and response. Since GALI transcript levels are actively
repressed in the absence of galactose, we interpreted the GALI-
luciferase expression data as the actual mRNA synthesis rates
which are dynamically modulated in a stimulus dependent man-
ner. Galactose concentrations from 0.02% to 0.5% result in a
gradual activation of GALI promoter activity. We next addressed
whether this dynamic behavior was attributable to a galactose-
dependent regulation of RNA polymerase IT (RNAPII) association
at GALI. We performed in vivo ChIP experiments to quantify the
association of the RNAPII subunit Rpb3 with the GALI promoter
within the range of galactose concentrations which apparently

3674 mcb.asm.org

Molecular and Cellular Biology

cause graded transcription outputs. As shown in Fig. 2B, RNAPII
recruitment is slow and inefficient at low threshold concentra-
tions (0.03% galactose) and is continuously faster and more effi-
cient until an upper threshold concentration of 0.5% galactose is
reached. As a result, we can correlate the dynamic behavior ob-
served with the GALIp-driven luciferase expression system with
the gradual association of the transcription machinery at the
GALI promoter.

We then wanted to know whether the gradual increase of GALI
promoter activity was accompanied by graded chromatin remod-
eling. Therefore, we determined the histone H3 density at GALI
by ChIP over the same range of galactose concentrations. As de-
picted in Fig. 2C, we found that the speed and efficiency of nucleo-
some remodeling at GALI are gradually increased in the dynamic
range of galactose concentrations. Thus, at the nutrient-regulated
GALI gene, an ample range of inducer concentrations is trans-
duced to a graded remodeling of its nucleosomal promoter struc-
ture and the dynamic entry of the transcription machinery.

Dose-dependent expression of GRE2 relies on the temporal
regulation of histone remodeling and RNAPII association at
constant synthesis rates. We next extended our analysis of graded
gene regulation to the transiently activated GRE2 gene. We first
determined the complete dose-response profile in response to
NaCl stress in vivo by the use of plasmid-borne or integrated
GRE2-luciferase reporters. As shown in Fig. 2D, GRE2 responded
with characteristic and transient activation profiles in an NaCl
concentration range from 0.1 M to 1 M. Moderate salt concentra-
tions (0.15 to 0.4 M) induced GRE2 always at the same time and
with almost identical synthesis rates. However, in the same dy-
namic range of salt concentrations, a gradual increase of the stim-
ulus (NaCl) provoked gradually increasing maximal reporter ac-
tivities. This apparently was achieved by continuously prolonging
the time during which GRE2-lucCP™" remained actively expressed
at maximal synthesis rates. In summary, in contrast to the gradual
regulation of synthesis rates seen in the case of GALI, the GRE2-
luciferase reporter was dynamically regulated temporally while
maintaining constant gene expression rates.

We then wanted to determine whether this particular dose-
response profile correlated with transcriptional events. Thus, we
directly measured the association of RNAPII and histone H3 by
ChIP at GRE2 at NaCl concentrations which cause dynamic
changes in the maximal expression. We found that RNAPII
association with the GRE2 promoter occurred very rapidly at low
salt concentrations (0.1 to 0.3 M) (Fig. 2E). Clearly, increasing salt
concentrations did not stimulate the absolute RNAPII levels but
continuously increased the time during which the RNA polymer-
ase remained associated with GRE2. These data correlated well
with the rapid loss of histone H3 from the GRE2 promoter region,
which was continuously prolonged, but not more efficient, in re-
sponse to stimulation by increasing NaCl shock (Fig. 2F). Taking
these observations together, we find that the differential expres-
sion of GRE2 caused by increased stress doses is achieved mainly
by regulating the time during which the promoter remains
actively transcribed with practically constant synthesis rates,
RNAPII occupancy, and histone eviction.

We then wanted to determine whether this temporal pattern of
dose response was general for stress-responsive genes. Therefore,
we quantified the dose-sensitive expression patterns of two more
osmotic-stress-inducible natural promoters, HOR2 and ALDG.
The respective fusions with destabilized luciferase were suitable
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for determination of the entire dose-response profiles for both
genes upon NaCl stress (Fig. 3A). The comparison of the stimulus-
dependent modulation of both the maximal expression and the
synthesis rates revealed almost identical patterns for GRE2, ALDG6,
and HOR?2 (Fig. 3B). At all three genes the maximal synthesis rate
was reached with low stress doses (0.2 M NaCl), while the maxi-
mal expression further increased until 0.4 M NaCl due to pro-
longed activation of the respective fusion genes. Finally we tested
the dose-response behavior of two additional genes, SOD2 and
CTT1,in response to a different type of environmental cue such as
oxidative stress (Fig. 3C). As depicted in Fig. 3D, the two genes
showed very similar patterns of maximal gene expression and syn-
thesis rates upon increasing stimulation with menadione com-
pared to the previous patterns obtained for salt stress. Thus, the
temporal modulation of gene activity in response to increasing
stress doses might be a general feature for stress-responsive genes
in yeast.

Increasing galactose stimuli gradually decrease the lag phase
and cell-to-cell variability to activate GALI gene expression. We
investigated the dose-sensitive response of GALI at the level of
single cells. GALI gene expression has been reported to occur in a
bimodal fashion, especially at lower galactose concentrations (43—
46). Therefore, we wanted to test to what degree bimodality was
the source of the gradual GALI regulation. We performed time-
elapsed induction studies and recorded the traces of GALI-lucif-
erase-expressing single cells upon stimulation with different ga-
lactose concentrations. As shown in Fig. 4, a high galactose
stimulus (0.5%) leads to a fast and homogeneous induction
throughout the cell population, while lower galactose concen-
trations increase the lag phase and the heterogeneity of gene
induction. However, even very low inducer concentrations (0.02%)
activated GALI expression in most of the cells over time, and the
slope of GALI induction was largely unaffected by the inducer
concentration (Fig. 4d and e). Thus, the gradual decrease of GALI
expression in a cell population is mostly the result of a heteroge-
neous induction delay caused by suboptimal inducer concentra-
tions.

SAGA, SWI/SNF, or mediator mutants cause severely re-
duced dose responses of GALI. The expression of the GALI gene
is finely tuned depending on the galactose availability, and we have
shown above that this regulation involves the graded modulation
of promoter activity and nucleosome eviction in a cell population.
We next wanted to know how impaired nucleosome remodeling
affected the dynamic adaptation of GALI promoter activity to
changing inducer concentrations. Therefore, we determined the
induction profile of the GALI-luciferase reporter gene in response
to a wide range of galactose concentrations in mutants with de-
fects in various coactivator complexes. We included in this study
the gen5 (SAGA histone acetyltransferase), snf2 (SWI/SNF chro-
matin-remodeling complex), and gall1 (mediator complex) mu-
tants, with mutations in genes previously identified as important
for full GALI transcriptional activation via Gal4 (22-27), and ad-
ditionally the htzI mutant in the histone variant H2AZ. The com-
parison of the dose-response profiles obtained for all mutant
strains (Fig. 5A) revealed that loss of SAGA or SWI/SNF function
significantly reduced the dynamic range of luciferase synthesis
rates driven by the GALI promoter (Fig. 5B). While wild-type cells
continuously increase the expression rate until a galactose con-
centration of 0.5% is reached, gcn5 and snf2 mutants have trun-
cated dose responses. Both mutants reach a maximal synthesis rate
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at very low inducer concentrations, which cannot be further in-
creased. The galll and htzl mediator mutants revealed an even
stronger reduction in the dynamic gene expression at GALI. To
attribute the observed loss of dynamic GALI promoter activity in
response to gradual increment of inducer to impaired chromatin
remodeling, we next compared the changes in histone H3 occu-
pancy among the different mutant strains. As shown in Fig. 5C,
loss of SAGA, SWI/SNF, or mediator function impaired the effi-
cient and dose-dependent histone eviction from the GALI pro-
moter. Thus, a correlation exists between efficient nucleosome
removal and the gradual adaptation of GALI promoter activity,
which relies on the activity of the coactivator complexes investi-
gated here. In the absence of histone variant H2AZ, we still ob-
served efficient histone H3 remodeling at GALI (Fig. 5B). There-
fore, the defect of htzl mutants in the galactose-dependent
modulation of GALI gene expression is likely caused by effects
other than impaired nucleosome eviction.

We next applied the same exhaustive analysis of dose-response
profiling at the stress-regulated GRE2 gene. An NaCl gradient was
applied to the same set of mutants, and their dose-dependent GRE2
expression profiles were determined (Fig. 6A). As the GRE2 gene
expression is dynamically regulated in response to increasing salt
stress via modulation of its maximal expression level, we chose this
parameter to identify alterations in the dose-dependent behavior of
this gene. As shown in Fig. 6B, the loss of SWI/SNF activity did not
affect the dose-response profile of GRE2. Mutations in SAGA or
H2AZ caused a general reduction in the maximal GRE2-luciferase
activities; however, a continuous increase in reporter activity was still
observed in the dynamic inducer range (0.1 to 0.5 M NaCl). Loss of
mediator function caused a very poor expression of GRE2 at any salt
concentration. Importantly, and different from the case for the GALI
gene, SWI/SNF activity is dispensable for the efficient adaptation of
GRE?2 activity to increased stimulation by salt. Also, in the absence of
SAGA, the absolute expression levels of GRE2 decreased; however,
the gradual increase in the maximal expression following the NaCl
gradient was maintained. In conclusion, chromatin modifiers such as
SWI/SNF or SAGA have distinct roles in the establishment of specific
dose responses, exemplified here for the GALI and GRE2 genes.

Gradual association of Gal3 and temporally regulated re-
cruitment of Hogl recapitulate the different dose-response
behaviors of GALI and GRE2. The regulation of the dose-de-
pendent expression of GALI and GRE2 depends on different
mechanisms. We next investigated the signaling compounds
which were responsible to establish a specific dose-response pat-
tern at the two genes. We first focused at the specific transcription
factors Gal4 and Skol, which bind directly to the GALI or GRE2
promoter regions and confer galactose- or salt-induced transcrip-
tional activation. We found that Gal4 binding to GALI was gen-
erally stimulated by galactose but independently of the concentra-
tion tested (Fig. 7A). Skol binding to GRE2 was slightly increased
by low salt doses (Fig. 7B) but did not correlate with the increasing
GRE2 promoter activity observed before in this range of salt stim-
uli. Therefore, the differential binding of the direct transcriptional
activator Gal4 or Skol was not a mechanism to establish the dy-
namic dose responses at the GALI or GRE2 gene. We then deter-
mined the association of a second class of regulators, the Gal3
inducer and the Hogl MAP kinase. Both signaling molecules are
imported into the nucleus upon stimulation, associate with the
promoter regions via Gal4 or Skol, and are required to trigger the
transcriptional switch from repression to activation. As shown in
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FIG 3 Dose-sensitive modulation of salt and oxidative stress-regulated yeast genes. (A) Live-cell reporter fusions with destabilized luciferase were used to determine the
dose-response profiles of the HOR2 and ALD6 genes in response to NaCl stress. The mean values for three independent biological replicas are shown for each salt
concentration (standard deviation, <15%). (B) Maximal expression levels (A, ,.) and synthesis rates (V,,,) of the ALD6, HOR2, and GRE2 genes upon NaCl stress.
Error bars indicate standard deviations. For each gene, the highest value for A, or V, .. was adjusted to 100. (C) Live-cell reporter fusions with destabilized luciferase
were used to determine the dose-response profiles of the SOD2 and CTT1 genes in response to menadione stress. The mean values for three independent biological
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(***, P < 0.001 by Student’s f test).

Fig. 7A, Gal3 association with the GALI promoter increases grad-
ually with increasing galactose concentrations. The Gal3 inducer
bound slowly and less efficiently with low galactose concentra-
tions and faster and more efficiently with higher galactose stimu-
lation. These data correlated with the dynamic nucleosome re-
modeling, entry of RNAPII, and modulation of promoter activity
in the same range of galactose concentrations. Of note, Gal3 asso-
ciation with GALI in response to high galactose concentrations
was transient, although expression of GALI occurs for longer
times. However, our observation is in agreement with previous
findings that report transient Gal3 association with GAL genes
only in the early phase of galactose induction (47).

The recruitment over time of the Hogl MAP kinase was finally
determined for increasing salt stress at GRE2. As shown in Fig. 7B,
Hogl association was indistinguishable at early time points for the
different NaCl doses tested; however, Hogl remained bound for lon-
ger times with increasing stimulus. These data correlated with the
temporal regulation of gene expression, nucleosome remodeling, and
RNAP II association at GRE2 observed before. In conclusion, the
different patterns of dose-dependent gene expression activity at
GALI and GRE2 are recapitulated by the specific association pattern
of transcriptional inducer molecules such as Gal3 or Hogl.
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We finally wanted to determine whether the Gal3 inducer level
was the decisive factor for the sensitivity and efficiency of GAL gene
expression. We therefore placed the GAL3 gene under the control of
the GALI promoter and monitored the effect of a gradual activation
of GAL3 by limiting galactose concentrations on the second round of
GALI-luciferase expression. As shown in Fig. 7C, the gradual increase
of GAL3 preactivation mimicked the transition from slow and insen-
sitive to fast and highly sensitive GALI gene activation. These data
indicate that the Gal3 inducer level is an important determinant of
regulating the dose-sensitive GAL gene expression.

DISCUSSION

Cells execute transcriptional programs in response to many dif-
ferent environmental stimuli and threats. A single cell such as a
yeast cell has acquired a multitude of gene expression responses
triggered by external stimuli, which is well documented by exten-
sive literature published over the past decades. Traditionally these
environmental stress responses were investigated with severe in-
sults, which activate the signaling pathways to a maximal level.
However, the adaptation to subtle changes in the cell’s environ-
ment might be of more physiological importance, and generally
we expect that cells are able to adapt their transcriptional re-
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FIG 5 The efficiency of dose-sensitive regulation at GALI depends on coactivator complexes and histone remodeling. (A) The GALI-lucCP" reporter gene was
used in live-cell luciferase assays in the indicated yeast strains to determine the expression rates in raffinose-containing minimal medium after supplementation
with the indicated concentrations of galactose. The mean values for three independent biological replicas are shown for each galactose concentration (standard
deviation, <15%). (B) Comparison of galactose-dependent modulation of GALI synthesis rates. Data shown represent the mean values for the maximal synthesis
rate for each galactose concentration determined in three independent biological replicates for the indicated yeast strains. Error bars indicate standard deviations.
(C) Comparison of nucleosome remodeling at GALI in response to increasing galactose inducer concentrations. ChIP of histone H3 was used to determine the
nucleosome occupancy at the GALI promoter in YP-raffinose medium before and after induction with the indicated galactose concentrations. The mean values
for two independent biological replicas are shown with the corresponding standard deviation.
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sponses gradually in response to the severity of the stress. It is luciferase reporters for continuous live-cell measurements in
largely unknown how gene regulatory systems adapt to these yeast turned out to be especially useful (15, 38). This real-time
“suboptimal” signals, mostly because it is experimentally chal- survey of gene expression activity reveals the dynamic range of
lenging to quantify the dynamic gene expression upon gradually  differentially regulated groups of genes. In the case of the two
changing stimulation. Here, the recent application of destabilized ~ genes studied in detail in cell populations here, we find a graded
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dose response in concentration ranges well below the stimuli nor-
mally used for these types of genes: GALI expression gradually
adapts from 0.01 to 0.5% galactose, while GRE2 expression con-
tinuously increases from 100 to 400 mM NaCl. These specific
stimulus concentrations that provoke gradual outputs might re-
flect evolutionary adaptation to the naturally occurring environ-
mental changes. It is important to note that the sensitivity of gene
expression to a common signal, such as a nutrient or a stress, can
be different for specific responsive genes. Here, the chromatin
structure and the combination of different cis-regulatory elements
in promoters have been implicated in creating characteristic dose
sensitivities of yeast genes (14, 15). In our present study, we reveal
different strategies that ensure an appropriate transcriptional ac-
tivation corresponding to subtle environmental changes.
Galactose induction at the GALI gene is slow and inefficient at
threshold concentrations. This might be due to the repressive
chromatin structure at the GALI promoter region, which has to be
overcome by the activated Gal3 inducer. The initial repressed lev-
els of Gal3 in combination with low galactose concentrations de-
lay the transition of GALI to the on state. Consequently, the time
point of active gene expression becomes much more variable for
individual cells at low galactose doses; however, it is important to
note that even at the lowest inducer concentrations, all cells finally
actively express GALI with comparable induction kinetics. There-
fore, the key determinants which explain a gradual galactose re-
sponse are the signaling events that permit the first round of tran-
scription (Fig. 7D). It is likely that with few Gal3 molecules present
in a cell that has not metabolized galactose over a longer time, the
rate-limiting step for efficient GAL gene transcription is a thresh-
old concentration of active Gal3 bound at the Gal4 transcriptional
activator. In this model, the grade of active Gal3 counteracting the
Gal80-mediated repression and additional recruitment of SAGA
and Swi/Snf coactivators would increasingly favor GALI tran-
scriptional initiation along with growing galactose concentra-
tions. On the other hand, the fact that the expression of GAL3 itself
is activated by galactose makes the GAL system especially modu-
latable. An inducible sensor such as Gal3 allows adaptation of the
sensitivity of the GAL gene activation to environmental needs in a
way that yeast cells, for example, which frequently encounter ga-
lactose as an energy source, would respond more readily in the
following round of stimulation (33, 34). Of note, transcriptional
memory in yeast has been identified predominantly at genes re-
sponsive to nutritional stimuli (31, 48). Thus, gradually regulated
promoter activity over a range of metabolite concentrations with

Dose-Sensitive Gene Regulation in Yeast

the ability to modulate the sensitivity by specific inducible signal
transducers might be a general scheme of nutrient-stimulated
gene expression in yeast.

The adaptation of gene expression to different grades of cyto-
toxic stress seems to follow a different principle. Intuitively one
might think that a gene product that functions in the detoxifica-
tion of an acute stress has to be produced as soon as possible and,
at least in the beginning of the stress defense, regardless of the
strength of the insult. Such an “emergency” response is identified
here in the case of the prototypical stress defense gene GRE2. At
this gene, maximal levels of nucleosome eviction and preinitiation
complex formation are observed almost immediately (experimen-
tally at 2 min) after salt stress exposure. Importantly, and in con-
trast to the case for GALI, low stress doses provoke maximal in-
duction at GRE2. Our data suggest that activation of the HOG
signaling pathway in the range of mild salt stress always triggers
the same signal to its target promoters, which in all cases leads to
full transcriptional activation in the first instances of adaptation.
Only at salt concentrations above 0.4 M NaCl can a progressive
delay in gene expression be observed, which can be explained by
general inhibition of the transcription process and a slowdown of
signal transduction at high osmolarity (49-51). Our results also
indicate that the switch-like behavior is a general feature for stress-
responsive promoters and not restricted to GRE2 activation by salt
stress. We therefore speculate that genes of acute stress responses
might generally switch to active transcription easily and indepen-
dently of the stress dose and that mainly the duration of the on
state would be dictated by the strength of the stress. This regula-
tory mode can provide the cell the most efficient protection, as the
absolute production of defense gene mRNAs continuously in-
creases from very low stress levels to stress levels that actually start
to inhibit gene expression in general (Fig. 3B). This also implies
that the dynamic adaptation of gene expression to stress results
not from gradual activation but from the timely shutdown of tran-
scription, a process whose molecular basis is substantially un-
known and therefore of special interest for future studies on stress
regulation. In general, the osmotic and oxidative stress responses
might be optimized to execute very rapid transcriptional activa-
tion, which cannot be further enhanced during transcriptional
memory. In line with this assumption, the most notable effect of
memory on the GRE2 expression is a reduction in the amplitude
during repeated salt stress. This reduction is produced by the ac-
cumulation of defense proteins such as the cation exporter Enal in
the case of NaCl stress. Therefore, stress-induced genes might be

FIG 7 The Gal3 inducer and the Hogl MAP kinase show different patterns of dose-dependent recruitment at target promoters. (A) Gal3 association with the
GALI promoter is gradually increased with galactose concentration. ChIP of Gal4-TAP- or Gal3-TAP-expressing yeast cells was used to determine the association
of both factors with the GALI promoter in synthetic raffinose medium after the indicated times of induction with different galactose concentrations. Left panel,
Gal4 occupancy before and after 20 min of galactose induction; right panel, Gal3 occupancy before and after the indicated galactose induction. The mean values
for three independent biological replicas are shown with the corresponding standard deviations. (B) Hogl occupancy at the GRE2 promoter is temporally
regulated in response to increasing NaCl stimuli. ChIP of Sko1-HA- or Hogl-HA-expressing yeast cells was used to determine the association of both factors with
the GRE2 promoter in synthetic glucose medium after induction with the indicated concentrations of NaCl. Left panel, Skol binding to GREZ2; right panel, Hog1
recruitment at the GRE2 promoter upon increasing salt stress. The mean values for three independent biological replicas are shown with the corresponding
standard deviations. (C) Gradual induction of Gal3 confers increasing sensitivity of GALI expression. The memory experiment of Fig. 1A was modified by a brief
first induction with limiting galactose concentrations (depicted above the graphs). A gal3 mutant was either transformed with the empty vector (left panel) or
transformed with single-copy GALIprom-GAL3 (other panels). The galactose concentrations used for the second induction are given at the right. (D) Model of
the dose-dependent regulation of GALI expression. Low galactose concentrations provoke slow and heterogenous promoter activation at the level of individual
cells. The time needed for engagement of most of the cells in active transcription is long, while high galactose concentrations (or a low galactose stimulus after
previous induction) provoke a fast and homogeneous transition to the on state. This regulation leads to a gradual reduction of GALI expression levels in a cell
population (depicted at the right). Shown is single-cell GALI expression upon high and low galactose stimulation, with the dotted lines indicating the population
average.
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modulated predominantly by the cellular defense capacity,
which determines the time needed to maintain maximal gene
expression. It is worth noting that a positive memory effect has
been reported recently for the yeast response to oxidative stress
when the cells were previously treated with a mild dose of salt
(52). Future work might therefore reveal the importance of
acquired resistance versus transcriptional memory for differ-
ent stress types and doses.

The nuclear expression of both GALI and GRE2 is modulated
by signals which originate in the cytoplasm and are then sent to the
chromosomal genes via signaling proteins Gal3 and Hog1, respec-
tively. Galactose-bound Gal3 and phosphorylated Hogl physi-
cally interact with their target genes through DNA-bound tran-
scription factors. Here we show that the dynamics of Gal3 or Hogl
association during gradual stimulation faithfully reflect the grade
of chromatin remodeling, RNAPII density, and transcriptional
output of the regulated genes. Therefore, Gal3 and Hogl are very
likely to be responsible for the specific dose responses observed at
their target genes. Importantly, Gal3 protein levels in the unin-
duced state are very low, which explains the need for high inducer
concentrations to efficiently switch on transcription of GAL genes.
In contrast, Hogl protein levels are constitutively high (approxi-
mately 10-fold more abundant than uninduced Gal3 [36]) inde-
pendently from the stress condition, thereby ensuring maximal
signaling rates at low stress doses. Of note, the increasingly longer,
but not more efficient, association of Hogl with its GRE2 target
promoter reported here is in agreement with gradually longer
phosphorylation of the MAP kinase upon increasing salt stimula-
tion (53). An additional layer of regulation might affect the chro-
matin structure at stress- versus nutrient-regulated genes. In the
case of GALI, nucleosome remodeling seems to be more impor-
tant to achieve efficient transcription, and accordingly, we find
that the Swi/Snfand SAGA chromatin modifiers are crucial for the
dynamic increase of GALI activity. In the case of GRE2, nucleo-
some remodeling either might occur in a much easier fashion or
might be less important for activated transcription. This notion is
supported by our finding that Swi/Snf is completely dispensable
for the dose-dependent GRE2 regulation, and even in the absence
of SAGA, the transcriptional output is gradually stimulated by
increasing salt stress. Both coactivator complexes, however, have
been shown to be recruited to the GRE2 promoter upon salt shock
(30). Taking our findings together, gradual stimulation of induc-
ible yeast genes can be conferred by different principles, i.e., mod-
ulation of the time in the “on” state in the case of stress genes or
gradual modulation of the transition to the “on” state in the case
of nutrient-regulated genes. The efficiency of signal transduction
is a key determinant for the type of response, and its reinforce-
ment during memory provides a way to switch from one mode to
another.
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