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The HSP12 gene encodes one of the two major small heat shock proteins of Saccharomyces cerevisiae. Hsp12
accumulates massively in yeast cells exposed to heat shock, osmostress, oxidative stress, and high concentra-
tions of alcohol as well as in early-stationary-phase cells. We have cloned an extended 5’-flanking region of the
HSP12 gene in order to identify cis-acting elements involved in regulation of this highly expressed stress gene.
A detailed analysis of the HSP12 promoter region revealed that five repeats of the stress-responsive CCCCT
motif (stress-responsive element [STRE]) are essential to confer wild-type induced levels on a reporter gene
upon osmostress, heat shock, and entry into stationary phase. Disruption of the HOG1 and PBS2 genes leads
to a dramatic decrease of the HSPI12 inducibility in osmostressed cells, whereas overproduction of Hogl
produces a fivefold increase in wild-type induced levels upon a shift to a high salt concentration. On the other
hand, mutations resulting in high protein kinase A (PKA) activity reduce or abolish the accumulation of the
HSP12 mRNA in stressed cells. Conversely, mutants containing defective PKA catalytic subunits exhibit high
basal levels of HSP12 mRNA. Taken together, these results suggest that HSPI12 is a target of the high-
osmolarity glycerol (HOG) response pathway under negative control of the Ras-PKA pathway. Furthermore,
they confirm earlier observations that STRE-like sequences are responsive to a broad range of stresses and

that the HOG and Ras-PKA pathways have antagonistic effects upon CCCCT-driven transcription.

The response of the yeast Saccharomyces cerevisiae to os-
motic stress has recently been the focus of attention. It has
been found that, in this organism, shifts to higher osmolarities
trigger a signal transduction pathway consisting of a cascade of
mitogen-activated protein (MAP) kinase homologs (13). This
discovery prompted many studies indicating that the same mo-
lecular strategy is conserved in other yeasts as well as in mam-
mals (25, 29, 67, 75; for reviews, see references 8 and 31). In
addition, evidence suggesting that heat stress activates similar
pathways in a number of mammalian cell lines has been pre-
sented (22, 59).

In §. cerevisiae, two genes, HOGI1 and PBS2, coding for
components of the osmosensing pathway have been isolated (9,
13). Hogl is a member of the MAP kinase family, whereas
Pbs2 is a MAP kinase kinase homolog. Upon osmostress, Hogl
is tyrosine phosphorylated in a Pbs2-dependent manner (13).
Simultaneously, glycerol accumulates in order to increase the
internal osmolarity and counteract cell dehydration (7, 46).
hogl and pbs2 mutants show an osmosensitive phenotype, ac-
cumulating low amounts of glycerol and failing to grow on
high-osmolarity media. The PBS2-HOG! cascade was there-
fore called the high-osmolarity glycerol (HOG) response path-
way (13). Other genes encoding products interacting with and
presumably controlling this protein kinase cascade have been
cloned (44, 51). However, in contrast with HOG1 and PBS2,
disruption of the latter genes does not produce an osmosensi-
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tive phenotype (44). This result suggests the existence of an
alternative pathway operating upstream of Pbs2.

GPD1, coding for an isotype of the NAD " -dependent glyc-
erol-3-phosphate dehydrogenase, and CTTI, encoding the cy-
tosolic catalase T, are among the target genes of the HOG
pathway identified so far (1, 42, 65). Both genes are induced
upon a shift to high-salt media, and inactivation of either
HOG]1 or PBS2 results in lower amounts of C771 mRNA in
osmostressed cells. Other genes induced upon osmotic shock,
as identified by Northern (RNA) and two-dimensional protein
analyses, are those encoding the heat shock proteins (HSPs)
Hsp26 and Hsp12 (80). Although the function of these unre-
lated yeast small HSPs remains elusive, the massive accumu-
lation of both polypeptides upon heat shock and osmostress is
intriguing (52, 55, 73, 80). Small HSPs of Drosophila melano-
gaster, mammalian, and tomato cells form large cytoplasmic
complexes called heat shock granules (2, 3, 5, 50) and, in
general, show limited homology with the eye lens protein o-B-
crystallin (17). Recently, Jakob and coworkers (36) have dem-
onstrated that mammalian small HSPs and a-B-crystallin mol-
ecules exhibit chaperone activity. Although Hsp26 forms
aggregates similar to heat shock granules and its intracellular
location has been determined (58), a function has yet to be
assigned to this protein (62). Unlike Hsp26, Hsp12 does not
show homology with a-B-crystallin (55, 71). Instead, an iden-
tity of 47% has been found between the N-terminal regions of
Hsp12 and Wh1l, a 7.8-kDa polypeptide encoded by a gene
differentially expressed in the budding phase and hyphal-form-
ing cells of Candida albicans (70).

Apart from heat shock and osmostress, Hsp12 is expressed
in S. cerevisiae cells exposed to ethanol and oxidative stress, in
cells undergoing glucose depletion or entering stationary
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TABLE 1. S. cerevisiae strains used

Strain Relevant genotype Source or reference
BJ 2168 MATw leu2 ura3-52 trpl prcl-407 prbl-1122 pep4-3 YGSC*
YPH102 MATa ura3 leu2 his3 ade2 lys2 13
JBY13 MATa ura3 leu2 his3 ade2 lys2 hogl-Al::TRPI Derived from YPH102
JBY43 MATa ura3 leu2 his3 ade2 lys2 pbs2-Al::URA3 Derived from YPH102
MYY290 MATa leu2 his3 phoC phoE ura3 68
MYY385 MATa leu2 his3 phoC phoE ura3 hsfl-m3 Congenic to MY Y290
SEY6210 MATo leu2 ura3 lys2 trpl his3 85
SM10 MATa leu2 ura3 lys2 trpl his3 yapl-Al::HIS3 Derived from SEY6210
YAWI10 MATo leu2 ura3 lys2 trpl his3 yapI-Al::HIS3 cadl-Al::hisG Derived from SEY6210
SP1 MATa leu2 his3 trpl ade8 canl ura3 14
TK161-R2V MATa leu2 his3 trpl ade8 canl ura3 RAS2V*"° Derived from SP1
S18-D MATa leu?2 his3 trpl ade8 ura3 tpkI™" tpk2::HIS3 tpk3::TRPI Derived from SP1
RS13-58A-1 MATa leu2 his3 trpl ade8 ura3 tpk™’ tpk2::HIS3 tpk3::TRPI bcyl::LEU2 Derived from SP1
S7-7A MATa leu2 his3 trpl ade8 ura3 tpk2::HIS3 tpk3::TRP1 Derived from SP1
S13-3A MATo leu2 his3 trpl ade8 ura3 tpk2::HIS3 tpk3::TRPI bcyl::LEU2 Derived from SP1

“YGSC, Yeast Genetic Stock Center, Berkeley, Calif.

phase, and in mutants harboring a defective adenylate cyclase
(37, 54, 55, 71; this paper). This complex pattern of expression
and the unusual strength of the HSPI2 promoter has prompted
us to map the regulatory cis-acting elements and determine the
role of diverse signal transduction pathways in the regulation
of this gene. The stress-responsive element (STRE) present in
the CTTI gene is the only osmoresponsive cis-acting sequence
characterized as yet (47, 65). This element appears to coincide
with the CCCCT element found in the promoter region of
DDR?2, a gene induced by heat shock and DNA damage (39,
40). The heat shock element (HSE)-heat shock transcription
factor pair is another cis-trans pair able to mediate transcrip-
tional activation in eukaryotic cells upon heat shock as well as
other stresses (for a review, see reference 45). Band shift anal-
yses suggest, however, that a trans-acting factor distinct from
Hsf binds to the CCCCT motif (39, 40).

Here we show that five repeats of the CCCCT motif are
necessary to confer wild-type stress inducibility on the HSP12
gene. Disruption of the second most proximal CCCCT motif
(STRE2) causes a dramatic decrease in transcriptional activity
in heat-shocked and salt-stressed cells. Likewise, this promoter
allele is unable to confer inducibility on a reporter gene during
the diauxic shift. We also demonstrate that the HSPI2 gene is
modulated by the HOG pathway, and we extend early obser-
vations indicating that this gene is down-regulated by the Ras-
cyclic AMP-dependent protein kinase (PKA) pathway. A pos-
sible interaction between both signal transduction pathways is
discussed.

MATERIALS AND METHODS

Strains, growth conditions, exposure to stress, and DNA manipulation. All
yeast strains used in this work are listed in Table 1. S. cerevisiae BJ2168 was used
to integrate and determine the transcriptional activity of the HSPI2 promoter
mutant alleles fused to the B-glucuronidase (GUS) reporter gene. Unless stated
otherwise, yeast strains were grown aerobically on Sabouraud dextrose (SD)
medium (0.67% yeast nitrogen base [Difco], 2.0% glucose) containing the nec-
essary supplements at 30°C. Heat shock was imposed by shifting exponentially
growing cells from 23 to 37°C in a waterbath set at 65°C. The thermal shift took
less than 15 s as monitored by a thermometer in direct contact with the cell
suspension. Exposure to salt stress was carried out as described previously (80).
For all DNA manipulations, Escherichia coli SURE {mcrA A(mcrBC-hsdRMS-
mrs)171 supE44 thi-1 1-gyrA96 relAl lac recB rec] sbcC umuC::Tn5 (kan™) uvrC
[F’ proAB lacIZDM]15 Tnl0 (Tet")]; Stratagene} was used. Bacterial transfor-
mation and plasmid DNA isolation were performed according to procedures
described elsewhere (35, 61).

Construction of fusion genes and probes and genomic DNA library screening.
Because of the absence of suitable restriction sites to fuse the HSP12 promoter
region to the GUS gene, a Sall-BamHI fragment comprising the nucleotides

between —606 and +13 (relative to the translation start site) of the HSP12 gene
was PCR generated. This fragment was fused in frame with the ATG start codon
of the GUS reporter gene (64) by digestion and ligation at the BamHI site.
Proper transcript termination was achieved by placing an SstI-Bg/II linker and a
0.4-kb BglII-HindIII fragment containing the PGK terminator (32) downstream
of the GUS gene. This construct was subsequently subcloned into YIplac211 (27)
as a 3.1-kb Sall-HindIII fragment producing pKV2. Another version of this clone
(pKV3) (Fig. 1) was constructed with a YIplac211 vector where the BamHI site
of the multicloning site had been previously destroyed by end filling and religa-
tion. To generate pKV3-d0 (Fig. 1), the 346-bp Xbal fragment containing the
nucleotides between —606 and —261 was removed from pKV2 by digestion and
religation. For construction of a fusion gene carrying an extended HSPI2 pro-
moter region, a YEp13-based yeast genomic DNA library (49) (a kind gift of W.
Mulder and L. Grivell, University of Amsterdam, Amsterdam, The Netherlands)
was screened with the 0.6-kb Sall-BamHI fragment present in pKV3 (see above)
as a probe. Detection of positive clones was performed by in situ lysis on filters
and subsequent hybridization as described elsewhere (61). A 3.0-kb Xbal frag-
ment containing sequences upstream of the —260 position was isolated from a
4.8-kb genomic DNA clone (pBV3) and inserted into the unique Xbal site of
pKV3-d0. A clone carrying the Xbal fragment in the correct orientation was
selected by digestion analysis and named pKV1 (Fig. 1). pKVc (Fig. 1) was
produced by removal of the remaining 260 nucleotides of the HSP12 promoter
region from pKV3-d0 by BamHI digestion and religation.

Generation of deletions and site-directed mutagenesis. Progressive 5’ dele-
tions of pKV3 were generated with the Erase-a-Base kit (Promega) starting at
the Sall site. To prevent exonuclease III action upon upstream vector sequences,
pKV3 was predigested with Kpnl. Mutant alleles of the HSP12 promoter har-
boring internal deletions or mutations were constructed by means of mutagenic
primers (Table 2) and PCR amplification (33). The names of the primers are
identical to those of the HSPI2 mutant alleles generated. Constructs containing
multiple mutations were created by using suitable mutant alleles as DNA tem-
plates. Mutagenized PCR products were digested with Sa/l and BamHI, cloned
into pKV3, and verified by sequencing with a Sequenase kit (United States
Biochemical Corp.).

Chromosome integration and copy number determination. All constructs were
digested with Stul and integrated at the URA3 locus. Proper integration and copy
number was determined by Southern analysis. Yeast transformation, isolation of
yeast genomic DNA, and Southern analysis were carried out by established
procedures (38, 61, 72).

HOGI and HSP12 gene overexpression. The HOGI gene (13) was reisolated
by a pMA3a-based clone complementing the hogl osmosensitive phenotype
(pFJO; a kind gift of P. Bossier and C. Rodrigues-Pousada, Gulbenkian Institute
of Science, Oeiras, Portugal). pMA3a is a multicopy plasmid (>50 copies per
cell) containing a LEU2d selective marker (69). The identity of the pFJO clone
was confirmed by Southern and restriction analyses (not shown). YPH102 cells
(Table 1) were subsequently transformed with pFJO or with a pMA3a plasmid
bearing a full-length HSPI12 gene (pFJ1), isolated as a 1.9-kb BamHI DNA
fragment from pBV3 (Fig. 1). As negative control, an empty pMA3a vector was
used.

Northern analysis and determination of transcriptional activity. Northern
(RNA) analysis was performed as described previously (80), except for the
electrophoretic separation of RNA. Formaldehyde-agarose gels were used in-
stead, according to the method of Ausubel and colleagues (4). Signal quantita-
tion was performed by phosphoimaging (PhosphorImager 425; Molecular Dy-
namics), and, unless stated otherwise, the mean value for at least two
independent experiments was determined. GUS mRNA levels were used as a
measure of transcriptional activity. For the correction of differences in RNA
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FIG. 1. 5’ deletion analysis of an extended HSPI2 5’-flanking region. (A) Localization of the HSP12 and MDJI open reading frames (see the text) in the genomic
DNA clone pBV3. Black and white bars represent intragenic regions and open reading frames, respectively. The gray bar corresponds to the partial promoter region
of the LPDI gene present in pBV3. Above pBV3, the restriction map of the clone is given. Ba, BamHI; Bg, Bg/lI; E, EcoRI; H, HindIlI; K, Kpnl; Nc, Ncol; S, Sall;
Sc, Sacl; X, Xbal; Xh, Xhol. (B) HSP12-GUS fusion genes used to dissect the HSPI2 promoter region. Sequences of the pBV3 clone (see panel A) fused to the GUS
reporter gene are depicted as black lines. (C) Northern analysis of cells carrying pKVc, pKV3-d0, pKV1, and pKV3 exposed to a high salt concentration (0.7 M NaCl)
for 0, 30, and 60 min. The levels of PGK and HSP12 mRNA (wild-type endogenous copy) were used as internal controls for RNA loading and exposure to stress, respectively.

loading, a 2.5-kb HindIII fragment containing the PGK open reading frame as
gene-specific probe was used (32). The slight inducibility of the PGK gene upon
30 min of heat stress (53) was taken into account by setting separate 100% values
for stressed and nonstressed cells. Standard deviations ranged from 3 to 12%.

RESULTS

The HSPI2 5'-flanking region contains multiple copies of
putative STREs interspersed with matches to the Abfl- and

Rap1-binding sites. Isolation of a genomic clone containing up
to 609 nucleotides of the HSPI12 5'-flanking region relative to
the translation start site has been reported previously (55). To
verify whether this DNA fragment was sufficient to confer
wild-type regulation to a GUS reporter gene, we screened a
YEp13-based yeast genomic DNA library for clones possessing
a longer 5'-flanking region. After two rounds of in situ screen-
ing, we isolated two identical clones (pBV2 and pBV3) with a
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TABLE 2. Primers used for site-directed mutagenesis
Primer” Sequence” Location®

d100 5'-CCCCTCTTGATCTctgcaGTCTTTCTCTAAATC-3’ —190 to —158

d101 5'-AGGTTCCGGTCGTCaagCTtaTGATCTGAAAGG-3' =204 to —172

d102 5'-GTAACTAGATCTACAaagCtTaGAAAATCGTTTG-3’ —248 to —215

d103 5'-CACAGACCAGAAGCACACAGCCCCTGGAAAATCG-3’ =276 to —261 () —236 to —219
d104 5'-CCAGAAGCACTCTAGtatGAGAGTAACTAGATC-3’ —270 to —238

d105 5'-GCTGGCATCTGTTAAGGGAAAAGGAAAAGGAAAAGG-3’ —449 to —434 () —368 to —349
d106 5'-CAGCTGGCGGTAGCAATGGCTCTTGGGACAAGGAC-3’ —553 to —536 () —513 to —497
d107 5'-GAAGCACTCTAGACGaAttcTAACTAGATCTACAG-3’ —267 to —233

GUS-inv 5'-GTTTCTACAGGACGTAACATAAGG-3’

EV2 5'-CGCCAGGGTTTTCCCAGTCAGGAC-3’

“ To facilitate annealing during the amplification of the final product, oligodeoxynucleotides d100 through d107 were used in conjunction with complementary primers

(33). GUS-inv and EV2 are, respectively, primers annealing with the sense strand of the GUS open reading frame and with the vector sequences (antisense strand)
upstream of the HSP12 promoter region on the YIplac211-based constructs used for amplification in combination with the mutagenic primers.

b Nucleotides which differ from the wild-type sequence are given in lowercase.
¢ Location (5'—3") of the sequences in the HSPI2 promoter region annealing to

4.8-kb insert hybridizing with a promoter region-specific probe
(Fig. 1A, probe 1) and a 0.6-kb cDNA fragment containing the
HSPI2 open reading frame (Fig. 1A, probe 2). Restriction and
sequencing analysis confirmed the identity of the clones. An
EMBL/GenBank database search revealed that the extended
HSPI12 5’-flanking region comprises the MDJI gene (60) and,
further upstream, part of the LPDI promoter region (57). The
HSPI12 and MDJI genes have been assigned to chromosome
VI and are located between the SUF9 and CDC4 genes (60,
71).

The intragenic sequence shared by the HSPI2 and MDJ1
promoter regions contains seven copies of the CCCCT motif
(40) in different orientations (Fig. 2). Five CCCCT repeats as
well as two putative heat shock elements are located in the
proximal 606 bp of the HSPI2 5'-flanking region (Fig. 3). In
addition, a match to the Abfl-binding site consensus sequence,

-1000 -800 -600

the primer (Fig. 3). (), internal deletion.

similar to the one present in the gene encoding ribosomal
protein S33 (21), is centered at position —260 relative to the
HSPI?2 translation start site. Further upstream, a match to the
Rap1 consensus sequence (84) spans the nucleotides between
=566 and —554 (Fig. 3 and 4).

The proximal 606 bp of the HSP12 5'-flanking region are
necessary and sufficient to confer wild-type regulation on an
HSPI12-GUS fusion gene upon osmostress. To map the func-
tional stress-responsive cis-acting elements present in the
HSPI2 promoter region, different HSP12-GUS fusion genes
were constructed and integrated at the URA3 locus (see Ma-
terials and Methods). pKV1, a construct bearing approxi-
mately 3,300 bp of the HSPI2 5’-flanking region (Fig. 1B),
caused the accumulation of GUS mRNA upon a shift to 0.7 M
NaCl, which paralleled the induction of the endogenous
HSPI2 gene (Fig. 1C). Similar results were obtained when
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FIG. 2. Schematic representation of stress-inducible promoters containing STRE-like sequences. Promoters of genes known to be induced by heat shock, salt stress,
and/or entry into stationary phase were searched for the presence of the CCCCT motif in both strands. Lines represent the length of the 5’-flanking region searched.
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are from the GenBank and EMBL databases. For further information, see the text and references 1, 6, 18, 39, 41, 45-47, 52, 55, 60, 62, 76, 80, 82, and 83.
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-606 CCCACTAACGCCCAGCCGAAAATGGAAAAAAAGGGTCGGTGATGTG -561

.

=560 TGGGTGCCAGCTGGCGGTAGCAATGACGACGTGTTGACGGGCCCTTGGCTCTTGGGACAAGGACTAGAAGCCAAAAGCCA -481

STRES STRE4

-480 GAGGCGGTAAAAATAGCAAGACTAGAATATTGCTGGCATCTGTTAAGGGGATATGTTGCAACTTGCAGGGGGCGGCACAA -401
. . <+ <+

STRE3

-400 AATAACATAGAAACGTAGTAAAGAGGGGAAAAGGAAAAGGAAAAGGAAAAGGAAGGAAAAAAACCCATTGACGTAGAAAT -321

. .

Abfl

-320 TGAAAGAAGGAAAGGTATACGCAAGCATTAATACAACCCACAAACACAGACCAGAAGCACTCTAGACGGAGAGTAACTAG -241

STRE2

STRE1 __HSE

-240 ATCTACAGCCCCTGGAAAATCGTTTGGTCAACTTTGAGGTTCCGGTCGTCCCCCTCTTGATCTGAAAGGTCTTTCTCTAA ~-161

-160 ATCTATATTAAAACHIATAAATAGGACGGTGAATTGCGTTCTACTTCCTCAATTGCGTTTGATCTTATTTAATCTCTCTC -81

-80 TANTATATNGAAAAAAAAACCATCTGATTATTCGATAATCTCAAACAAACAACTCAAAACAAAAAAAACTAAATACAACA -1
. B .

FIG. 3. Nucleotide sequence of the proximal HSPI2 5'-flanking region. The five STRE (CCCCT) repeats are in bold, and their orientation is depicted with an
underlying arrow. The two putative HSEs are indicated by a dashed overline. Nucleotides matching the HSE consensus sequence (see reference 45) are underlined.
Sequences resembling Abfl- and Rap1-binding sites are underlined and overlined by dashed arrows, respectively (see the text for details). TATA boxes are boxed.

sequences upstream of the —606 position, coinciding with the
5" end of probe 1, were deleted (pKV3) (Fig. 1C). However,
deletions further downstream impaired or abolished the salt
inducibility of the GUS reporter gene (pKV3-d0 and pKVc)
(Fig. 1C). Taken together, these results suggest that the salt-
responsive cis-acting elements are located in the 606 bp prox-
imal to the HSPI2 open reading frame.

In all cases, except for pKVe, accumulation of GUS mRNA
peaked at 30 min upon salt shock and decreased rapidly there-
after, in contrast with accumulation of the wild-type HSPI2
transcript (Fig. 1C). The apparent lower stability of the GUS
mRNA prompted us to monitor changes of gene expression
only during the first half hour after stress onset (see below). It
is also interesting that a higher copy number seemed to result
in a corresponding rise in transcriptional activity in different
constructs (Fig. 1C and 5B). In spite of it, we will refer only to
single-copy integrants henceforth. These results were con-
firmed by B-glucuronidase enzymatic assays (data not shown).
However, a delay of 30 min and lower induced levels were
reproducibly observed and were probably due to the transient
protein synthesis inhibition caused by high salt concentrations
(80). For this reason, Northern analysis, rather than GUS
assays, was used to estimate transcriptional activity.

The HSP12 promoter region contains multiple positive and
negative cis-acting elements. To investigate in more detail the
relevant proximal HSPI2 5'-flanking sequences, a series of
progressive 5’ deletions was generated with exonuclease III,
fused to the GUS reporter gene, and integrated at the URA3
locus (Fig. 4A). A gradual decrease in salt responsiveness was
apparent when sequences upstream of the Abfl-binding site
were deleted (Fig. 4). This decrease was particularly manifest
when the nucleotides between —535 and —513 as well as —448
and —336 were removed (Fig. 4). The latter coincided with the
successive removal of the three distal CCCCT motifs (STRES).
However, elimination of the Abfl-binding site and sequences
further downstream caused a rise in the GUS transcript levels
in both nonstressed and salt-stressed cells (Fig. 4, clones d0,
d26, and d32). Deletion of the two most proximal STRE-like
sequences curtailed this increase in salt-shocked cells (Fig. 4,
clones d32, d36, d35, and d38) and, to a smaller extent, in

control cells. The deletion of the Rap1-binding site or flanking
sequences gave rise to a small but reproducible elevation in the
basal levels of GUS mRNA (Fig. 4, clones pKV3 and d2). On
the other hand, elimination of the TATA boxes and the tran-
scription start site (55) resulted in a virtually nonresponsive
promoter (Fig. 4, clones d5 and d4).

The CCCCT motifs (STREs) are essential for HSPI12 gene
salt inducibility. To further test the apparent involvement of
the five most proximal CCCCT elements in the regulation of
the HSPI2 gene expression, we mutated or deleted specific
sequences by site-directed mutagenesis (Fig. 6A). Mutation of
the most proximal HSE or CCCCT motif (STRE1) resulted in
a marginal decrease in the levels of GUS transcript in salt-
shocked cells (Fig. 6, clones d100 and d101). Similar results
were obtained with salt-stressed cells carrying d109, a pKV3
derivative containing a mutation in the most distal STRE
(STREYS), and d106, a clone lacking 22 nucleotides in the
region delimited by the 5’ ends of clones d18 and d14 (Fig. 4A
and 6A). However, mutation of the second CCCCT copy
(STRE2), immediately downstream of the putative Abfl-bind-
ing site, produced a drop to less than half of the wild-type
salt-induced levels (Fig. 6B, clone d102). A clone bearing a
double mutation of STRE1 and STRE2 (d108) exhibited a
further reduction of transcriptional activity upon a shift to 0.7
M NaCl. Clone d110, a combination of this double mutation
with the deletion of the three distal STREs (STRE3 to
STRES), showed almost no detectable basal or inducible ac-
cumulation of GUS mRNA (Fig. 6B).

To further confirm the relative contribution of the three
most distal elements (STRE3 to STRES) for the overall salt
inducibility of the HSPI2 gene, sequences upstream of and
overlapping the putative Abfl-binding site were removed from
constructs d101, d102, and d108. The resulting clones (d111 to
d113) exhibited weak or no inducibility upon exposure to high
salt levels (Fig. 6B), in agreement with the lower transcrip-
tional activity obtained with d110 than with d108. This suggests
that the distal STREs play an important role in potentiating
the transcriptional activation exerted by STREI and, in par-
ticular, STRE2 in cells exposed to salt stress.
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FIG. 4. 5’ deletion analysis of the HSPI2 promoter region. (A) Exonuclease III-generated HSP12-GUS fusion genes. The 5'-end locations of the different HSP12
promoter region alleles are indicated on the left of each construct. T, TATA box. Arrowheads pointing right and left represent CCCCT motifs on the sense and
antisense strands, respectively. (B) Northern analysis of single-copy integrants growing exponentially in SD minimal medium and exposed to 0.7 M NaCl for 30 min.
(C) Quantification of GUS mRNA levels shown in panel B, corrected for RNA loading variations (see Fig. 1 and Materials and Methods). The induced level of pKV3,
the wild-type HSPI12-GUS allele, was set at 100%.
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signal obtained with RNA isolated from wild-type cells.

The putative Abfl-binding site is not essential for the reg-
ulation of basal and salt-induced HSP12 gene expression. To
determine whether the putative Abfl-binding site plays a role
in the regulation of the HSPI2 gene expression, we examined
the effect of a mutation in the highly conserved ACG trinucle-
otide at the 3’ end of the Abfl consensus sequence (Fig. 6B,
clone d104). Although Abf1 is unable to bind to this mutant
sequence (21), the pattern of gene expression in cells carrying
d104 was indistinguishable from that in wild-type transfor-
mants (pKV3). Comparable results were obtained by mutating
sequences immediately downstream of the Abfl-binding site
(Fig. 6B, d107) or deleting 22 nucleotides between positions
—261 and —240 (Fig. 6B, d103), which encompass most of the
Abfl-binding site and sequences upstream of STRE2.

The CCCCT elements (STREs) are essential for the induc-
tion of HSP12 gene expression upon heat stress and entry into
stationary phase. Both the CCCCT motif and the HSE have
been implicated in the activation of heat-induced genes (39, 40,
45, 47). To assess the relative importance of the two putative
HSE sequences and the different STRE repeats present in the
HSPI2 promoter region, we heat shocked cells carrying d100,
d102, d108, and d110 constructs (Fig. 7). Mutation of the
proximal HSE (d100) did not affect either basal or induced
levels of the GUS mRNA. In contrast, the accumulation of
GUS transcript was severely impaired in transformants harbor-
ing d102, d108, and d110 clones upon heat shock (Fig. 7),
suggesting that the CCCCT elements rather than the HSEs are
involved in the activation and derepression of the HSPI2 gene
expression in heat-shocked cells. This conclusion seems to be
supported by results obtained with a temperature-sensitive al-

lele of the heat shock transcription factor (isfI-m3) (68). Upon
a shift to the restrictive temperature, similar levels of the
HSPI12 mRNA accumulated in Asfl-m3 and congenic wild-type
cells (data not shown).

Upon glucose exhaustion and entry into stationary phase,
yeast cells adjust their pattern of gene expression, repressing
and inducing various genes (for a review, see reference 83).
The latter comprise genes encoding several stress proteins, for
example, SSA3 (10), HSP26 (41), and HSPI2 (55). To verify
whether the CCCCT motifs and/or the HSEs were involved in
the induction of HSPI2 gene expression during the diauxic
shift, the set of strains described above was grown on SD
minimal medium until stationary phase (Fig. 8A). As in heat-
shocked cells, only mutations in the STREs, particularly
STRE?2, abolished the HSPI2 inducibility (Fig. 8B). The in-
volvement of CCCCT motifs in gene activation and derepres-
sion upon entry into stationary phase may be in agreement with
data obtained previously during the dissection of the SSA3
promoter (see Discussion).

HSPI12 gene expression is modulated by the osmosensing
HOG pathway. It has been shown that a number of salt-in-
duced yeast genes are regulated via the HOG pathway (1, 65),
a cascade of MAP kinases showing homology with other yeast
and animal protein kinases responding to extracellular signals
(13, 31, 76). To examine whether the HOG pathway is involved
in signal transduction leading to the activation of HSPI12 gene
expression, cells mutated in genes encoding two components
(Hogl or Pbs2) of this pathway were salt shocked and the
accumulation of the HSP/2 mRNA was monitored by North-
ern analysis (Fig. 5A). In wild-type cells the HSPI2 tran-
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script levels increased normally 30 min after stress onset. hogl
and pbs2 cells, however, exhibited only a slight induction of
HSPI2 transcription (Fig. 5A).

Modulation of the HSPI2 gene expression by the HOG
pathway upon osmostress was confirmed by the observation
that induced levels increased approximately fivefold in cells
overexpressing HOGI compared with levels in cells carrying an
empty vector (Fig. 5B). Higher levels were observed in cells
harboring pFJ1, a derivative of the multicopy plasmid pMA3a
carrying the HSPI2 gene (Fig. 5B). Despite the enormous
accumulation of the HSPI2 transcript, these cells did not show
improved growth on salt plates (data not shown), in accor-
dance with results obtained earlier with sspl2 and hsp12 hsp26
null mutants (80).

HSPI12 gene expression is negatively regulated by the Ras-
PKA pathway. Since HSPI2 basal expression increases upon
glucose deprivation (Fig. 8) (71) and with low adenylate cyclase
activity (55), we investigated the role of the Ras-PKA pathway
in the regulation of this gene upon salt and heat stress. For this
purpose, cells carrying mutations in genes coding for the cat-
alytic (TPKI, TPK2, and TPK3) or regulatory (BCYI) subunits
of PKA or containing a dominant mutation in a stimulator of
the adenylate cyclase (RAS2V#"'%) (for a review, see reference
76) were exposed to stress, and gene expression was deter-
mined by Northern analysis (Fig. 9A). Cells possessing only
one active isotype of the catalytic subunit of PKA (S7-7A)
exhibited a pattern of HSP12 expression similar to that in the
wild-type strain (Fig. 9B, bars 1 and 5). However, in a congenic
strain bearing an additional mutation in the BCYI gene (S13-
3A), resulting in high PKA activity, accumulation of the HSP12
mRNA was partially or totally abolished upon exposure to salt
or heat stress, respectively (Fig. 9B, bars 6). A less pronounced
reduction was observed in RAS2V*"'? cells under heat stress
(Fig. 9B, bars 2). tpkI™’ tpk2 tpk3 strains, either bearing the
beyl lesion or not, showed high basal levels, poor inducibility
upon heat stress, and a three- to fourfold increase in HSP12
mRNA levels upon salt stress (Fig. 9B, bars 3 and 4). Taken
together, these results suggest that the HSPI2 gene expression
is repressed by high PKA activity. On the other hand, an
overstimulated adenylate cyclase (RAS2V*"'? cells) seems to
produce a less noticeable effect (Fig. 9B, bars 2).

Yapl and Yap2/Cadl are not essential for the induction of
HSPI12 gene expression in stressed cells. A recent report has
implicated the Yapl transcriptional activator in the regulation
of stress-induced genes through the CCCCT element (28). In
order to test whether HSPI2 gene expression is regulated via
Yapl or its close homolog, Yap2/Cadl (11, 85), yapl and yap!
yap2 disruption mutants were heat and salt shocked and ex-
posed to oxidative stress (H,O,). Northern analysis showed no
significant difference in the pattern of gene expression between
a congenic wild-type strain and the mutant strains exposed to
salt, heat, or oxidative stress (Fig. 10). Hence, in contrast with
transcription activation of the TPS2 gene (28), STRE-medi-
ated transcription activation of HSP12 appears to be indepen-
dent of Yapl and Yap2.

DISCUSSION

We have cloned an extended 5’-flanking region of the
HSPI2 gene and identified the regulatory cis-acting elements
able to confer stress inducibility on a reporter gene. Further-
more, we have shown that HSPI2 gene expression is modu-
lated by the osmosensing HOG and the Ras-adenylate cyclase
pathways.

Two findings provided evidence that the HOG pathway
stimulates HSPI2 gene expression in cells under osmostress
(Fig. 5). First, disruption of the HOGI or PBS2 gene results in
a fourfold decrease in the levels of HSPI2 mRNA in salt-
stressed cells. On the other hand, cells overproducing Hogl
show higher induced levels upon a similar shift to high salt
concentrations. The activation in osmostressed cells of HSP12
and genes other than GPDI via the HOG pathway indicates
that this MAP kinase cascade, apart from being involved in
osmoregulation, plays an important role in processes not pri-
marily related to the stimulation of glycerol synthesis (1, 13,
65). Consistent with this, hogl and pbs2 cells exhibit physio-
logical disturbances such as abnormal budding patterns and a
defective cytoskeleton repositioning upon recovery from osmo-
stress (12).

Although Hspl2 is massively induced upon osmostress as
well as other stresses, the function of this protein is still un-
clear. The apparent wild-type phenotype of hspl2 and hspl2
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hsp26 cells under heat and osmostress (55, 80) is in agreement
with the fact that HSPI12 overexpression does not improve
growth on high-osmolarity media (Fig. 5 and data not shown).
Functional overlap among stress proteins, masking their in-
volvement in stress tolerance acquisition, has been recently
uncovered (62). In order to address this possibility, a synthetic
lethality screening for mutants requiring the HSP12 gene on
high-osmolarity media is under way.

The high stress inducibility of the HSP12 gene is likely to be
accounted for by the presence of multiple CCCCT elements in
the HSPI12-MDJI intragenic region. Deletion or introduction
of point mutations in any of the five most proximal STREs led
to a decrease in transcriptional activity in stressed cells (Fig. 1,
3, 4, and 6 through 8). A more drastic drop in the overall stress
inducibility of this promoter was observed when the CCCCT
repeat positioned at —232 (STRE2) is mutated. However,
when STRE2 was the only intact CCCCT motif (Fig. 6C, clone
d111), induction of transcription by osmotic stress was virtually

abolished. Thus, although all CCCCT motifs downstream of
position —606 appear to contribute to the overall stress induc-
ibility of HSP12, STRE2 seems to be the most important ele-
ment for attainment of high induced levels. On the other hand,
these results indicate that STRE2 is functional only in combi-
nation with the three distal STREs (STRE3 to STRES) and the
proximal STRE, STRE1. This suggests that a high degree of
synergism among different repeats is needed for efficient tran-
scriptional activation. This conclusion is supported by previous
results obtained with artificial promoters bearing one or more
CCCCT repeats in both orientations (40, 47). Promoters con-
taining one CCCCT motif were induced two- to eightfold upon
stress imposition; however, the introduction of two or more
STREs generated 10- to 32-fold induction ratios.

The essential role played by the HSP12 CCCCT elements in
transcription activation upon exposure to a broad range of
stresses contrasts with the seeming dispensability of the puta-
tive HSEs (Fig. 4 and 6 through 8). HSE sequences have been
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implicated in the regulation of several heat-induced genes (45).
On the other hand, HSEs appear to be unresponsive or ex-
tremely dependent on the promoter context for an efficient
response to stress signals such as glucose starvation or nutrient
depletion (10, 74). This raises the question of whether the
broad stress responsiveness of STRE-like sequences may ex-
plain cross-protection and the partial overlaps observed among
stress responses. For example, it is known that a yeast exposed
to heat shock, osmostress, and nutrient depletion accumulates
trehalose and a variable set of HSPs as well as other proteins,
depending upon the kind of stress imposed (34, 45, 46, 83).
Furthermore, all these stresses have been shown to enhance
thermotolerance (43, 63, 78, 80). Although mechanisms lead-
ing to acquisition of stress tolerance are complex and may vary
according to the physiological state of the cell, the accumula-
tion of stress proteins and/or trehalose has been proposed to
contribute to enhanced survival under stressful conditions (19,
43, 62, 79). When several 5'-flanking regions of genes induced
by heat shock, nutrient starvation, and/or osmostress were
searched for sequences matching the CCCCT motif, we ob-
served that most of them contain multiple STRE-like se-
quences (Fig. 2). As in the HSP12-MDJI intragenic region,
TPS1, TPS2, and TSLI promoters contain five or more
CCCCT repeats. Interestingly, these genes code for different
subunits of the trehalose synthase-phosphatase complex (6, 18,
81), which are induced by heat shock (7PSI and TPS2) as well
as osmostress (TPS2) (6, 18, 28). Likewise, all subunits accu-
mulate in a coordinate fashion in stationary-phase cells (81).
Although promoter studies of these genes are still lacking, the

observed broad stress responsiveness suggests that STRE-like
sequences may play an important role in the coordinate ex-
pression of genes apparently involved in stress tolerance ac-
quisition.

The presence of STREs in stress-inducible promoters does
not preclude the involvement of other sequences. In some
cases the role of an (defective?) STRE-like sequence may
depend on the combinatorial action with another cis-acting
element. An example of this may be the SS43 promoter, in
which a CCCCT-like element (post-diauxic shift element) has
been found to be dependent on a downstream HSE for effi-
cient transcriptional activation upon nutrient limitation (10).
On the other hand, heat-inducible promoters failing to re-
spond to stationary-phase signals, such as SSA7 or SSCI (82),
may be regulated via HSEs rather than STRE-like sequences.

Despite our detailed analysis of the HSPI2 promoter, the
data obtained so far did not disclose the precise location of
negative regulatory elements. Regions overlapping or flanking
the putative Abfl- and Rapl-binding sites appear to confer
some degree of repression (Fig. 4). However, site-directed
mutagenesis of the Abfl-binding site and flanking sequences
did not produce any change in basal levels (Fig. 6). This indi-
cates the existence of redundant mechanisms for negative reg-
ulation of HSPI2 transcription. Inactivation of the factor(s)
binding to the STRE by posttranslational modification via
PKA is a possibility. Our results (Fig. 9) as well as studies with
artificial promoters containing STRE sequences (47) strongly
suggest that the CCCCT motif is under negative control of
PKA. Alternatively, negative regulation of a factor (Yapl)
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binding to or operating upstream of the STRE-binding fac-
tor(s) by PKA has been postulated (28). HSP12 gene expres-
sion appears, however, to be largely Yapl and Yap2 indepen-
dent (Fig. 10). The observed difference may be due to the
presence or absence of ancillary sequences modulating STRE-
driven transcription in the HSP12 and TPS2 promoters. The
context specificity of such an interaction is consistent with
differences found between a STRE-lacZ reporter construct
and the CTTI gene (65a). Although the artificial promoter
showed a severe dependence upon the YAPI gene, similar
levels of CTTI mRNA were observed in wild-type and yapl
cells. A third possibility of negative regulation of the HSPI2
gene is via Migl-like sequences. Close inspection of STRE2
and flanking sequences (tttccAGGGG; lower- and uppercase
letters represent nucleotides flanking and encompassing
STRE?2, respectively) revealed a striking resemblance with the
Migl consensus sequence (WWWWSYGGGG [20]; W = A or
T,S = Cor G, Y = Cor T). Migl has been implicated in the
down-regulation of genes under glucose repression (56). It
remains to be investigated whether Migl or related trans-act-
ing factors may contribute to the maintenance of low levels of
HSPI2 mRNA in glucose-containing media (55, 71).

Despite the seeming redundancy of repressing mechanisms,
the down-regulation of stress genes exerted by PKA may ex-
plain in part the HSPI2 inducibility upon nutrient limitation.
Unlike exponentially growing yeast cells, post-diauxic shift and
stationary-phase cells contain low levels of cyclic AMP (24).
This drop in cyclic AMP concentration may be the trigger for

activation of transcription or derepression. However, growing
evidence suggests the involvement of cyclic AMP-independent
pathways in nutrient sensing as well as thermotolerance acqui-
sition (14-16, 76, 77). This does not exclude the involvement of
PKA from modulating the different stress responses. Indeed,
the involvement of a free catalytic subunit(s) of PKA in the
induction of thermotolerance and repression of stress genes
during refeeding of nutrient-starved cells has been proposed
(15, 76). The notion that free PKA catalytic subunits are re-
sponsive to signals other than variations of intracellular levels
of cyclic AMP predicts a new role for this second messenger.
Cyclic AMP may solely be a measure for growth potential,
varying the pool of Beyl-free PKA catalytic subunits according
to the physiological state of the cell. This free pool may sub-
sequently be activated by alternative (cyclic AMP-indepen-
dent) pathways (76). The mechanism proposed would provide
a way to integrate signals triggered by diverse extracellular
events, such as stress, with the need of the cell to determine
whether the conditions are suitable for growth and mitosis (see
below).

Cross-talk of the Ras-PKA pathway with other signal trans-
duction pathways may be illustrated by the opposite effects of
PKA and the HOG pathway upon HSPI2 gene expression (Fig.
5 and 9). It has been proposed that the HOG pathway may
interact with a target downstream of Rasl and Ras2 (9). Re-
cent genetic evidence suggests, however, that both pathways
operate in parallel rather than in a colinear fashion (65). Nev-
ertheless, the observed antagonism may explain differences in
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the effect of mutations in the Ras-PKA pathway on HSPI2
inducibility upon osmostress and heat shock (Fig. 9). Wild-type
cells or cells containing one functional 7PK gene show similar
induced levels upon both stresses. However, in mutant cells
containing high or low PKA activity, levels induced upon os-
mostress are generally higher than levels induced upon heat
shock. Since the HOG pathway appears to be specifically ac-
tivated by osmostress (65), this suggests that the Pbs2-Hogl
cascade is able to partially override the negative effect of high
PKA activity in cells shifted to high-osmolarity media. On the
other hand, a defective PKA may be unable to counteract the
effect of the HOG pathway, resulting in abnormally high levels
of HSP12 mRNA upon osmostress.

The involvement of the Ras-PKA and other pathways pre-
viously implicated in growth control or nutrient signalling in
the regulation of stress genes as well as stress tolerance acqui-
sition may indicate that responses to stress are intimately cou-
pled to processes controlling cell growth and mitosis (23, 26,
30, 66, 76, 77) (see above). The finding that the stress-respon-
sive CCCCT motif is under the regulation of cyclic AMP and
a MAP kinase cascade may provide the molecular basis for
such a connection. Because of the apparent conservation of
molecular mechanisms for signalling stress among eukaryotes
(see the introduction and reference 48), it is tempting to sug-
gest that similar mechanisms of transcriptional regulation may
occur in metazoans, including mammals.
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