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hsp26, the small heat shock protein of Saccharomyces cerevisiae, accumulates in response to heat and other
types of stress. It also accumulates during the normal course of development, as cells enter stationary phase
growth or begin to sporulate (S. Kurtz, J. Rossi, L. Petko, and S. Lindquist, Science 231:1154-1157, 1986).
Analysis of deletion and insertion mutations demonstrated that transcriptional control plays a critical role in
regulating HSP26 expression. The HSP26 promoter was found to be complex and appears to contain repressing
elements as well as activating elements. Several upstream deletion mutations resulted in strong constitutive
expression of HSP26. Furthermore, upstream sequences from the HSP26 gene repressed the constitutive
expression of a heterologous heat shock gene. We propose that basal repression and heat-induced depression
of transcription play major roles in regulating the expression of HSP26. None of the recombinant constructs
that we analyzed separated cis-regulatory sequences responsible for heat shock regulation from those
responsible for developmental regulation of HSP26. Depression of HSP26 transcription may be the general
mechanism of HSP26 induction in yeast cells. This regulatory scheme is very different from that described for
the regulation of most other heat shock genes.

All organisms respond to heat and other physiological
stresses by rapidly accumulating the heat shock proteins
(hsps). Different organisms employ various combinations of
control mechanisms to achieve this response, but in most if
not all, transcriptional activation of the heat shock genes is a
critical component. The mechanism of transcriptional acti-
vation is thought to be universal among eucaryotes (28) and
shows a remarkable conservation of cis-acting regulatory
elements and trans-acting regulatory factors.
The cis-regulatory component of transcriptional activation

is the conserved heat shock element (HSE) (27). HSEs are

responsible for the heat shock-inducible transcription of all
eucaryotic heat shock genes examined to date (6, 27, 28).
These elements are best defined as three or more contiguous
repeats of a five-nucleotide element, NGAAN, in alternating
orientations (1, 32, 50).
The trans-acting component of transcriptional activation

is the heat shock transcription factor (HSF). HSF is consti-
tutively present. In Drosophila and mammalian cells, it does
not bind HSEs or activate transcription under optimal
growth conditions (16, 26, 30, 40, 41, 49). With heat shock,
its activity is modified. It then binds DNA (as a trimer) and
activates transcription (30, 32, 49, 53).

In contrast, the HSF of yeast cells can bind to HSEs
constitutively (13, 52) and appears to promote both the basal
expression and heat shock-activated expression of the yeast
heat shock genes (6, 24, 29, 39). For example, a single HSE
from the SSAI (HSP70) gene, HSE2, is sufficient to provide
a heterologous marker gene with high basal expression and
heat shock-inducible expression (6, 29). A factor, apparently
HStF, from control cell extracts binds to this HSE in vitro
(29). For the yeast HSP82 gene, methylation protection and
DNase I footprinting experiments indicate that HSF is
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constitutively bound to HSE1 and is necessary for constitu-
tive expression (24). Point mutations within HSE1 reduce
both HSF binding and constitutive expression of HSP82,
without affecting the heat-inducible expression. On the basis
of such findings, it has been speculated that the yeast HSEs
may form functionally distinct subclasses which provide
different patterns of basal and inducible expression (6, 24). A
dual role for yeast HSF in regulating both basal and heat
shock transcription of essential genes (e.g., SSCI of the
yeast HSP70 gene family) could explain why HSF is essen-
tial in yeast cells (42, 48).
The small hsps present a particularly interesting case in

which to examine transcriptional control because they are

regulated by both stress and development (21). The small-
hsp gene of S. cerevisiae, HSP26, is expressed during heat
shock, during stationary-phase growth, and early after trans-
fer to sporulation medium (20). Our results demonstrate that
HSP26 expression is controlled in large part through the
regulation of transcript synthesis. In contrast to other heat
shock genes, transcription of HSP26 appears to be regulated
by a mechanism of basal repression during growth at normal
temperatures and derepression during heat shock. Nearly all
other heat shock genes studied to date are regulated by
transcriptional activation. In the large number of deletion
mutations analyzed, we were unable to separate the cis-
regulatory elements responsible for HSP26 induction follow-
ing heat shock from those responsible for induction during
stationary-phase growth. This result also is unexpected. In
the only other well-studied case, that of the Drosophila
small-hsp genes, cis-regulatory sequences involved in stress
induction are readily separated from those involved in
developmental induction (4, 7, 10, 11, 15, 17, 35).

MATERIALS AND METHODS
Yeast strains and growth conditions. All Saccharomyces

cerevisiae strains were derived from the nearly isogenic
W303-1A and W303-1B haploid strains produced by repeated
backcrossing (ade2-1, canl-100, his3-11,15, leu2-3,12,
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trpi-J, ura3-1; R. Rothstein). The diploid LP112 was derived
from mating W303-1A and -1B. The diploid hsp26 deletion
strain (LP150-1) carries an hsp26::HIS3 gene (34) in which
the HIS3 gene replaces the 72-nucleotide BgIIH fragment
(-129 to -57) upstream of the HSP26 coding sequence.

Cells were grown at 26°C in either YPDA or YPAc (1%
yeast extract, 2% Bacto-Peptone, 10 ,ug of adenine sulfate
per ml, with either 2% dextrose or 2% potassium acetate).
Transformants (12) were selected for uracil prototrophy and
maintained on minimal SD or SGal medium (0.68% yeast
nitrogen base without amino acids, supplemented with 2%
adenine sulfate, 2% tryptophan, 3% leucine, 1.2% phthallic
acid [pH 5.5], and 2% dextrose or 2% high-purity galactose
[containing <0.01% glucose; Sigma]). In minimal media,
cultures of strain LP150-1 were supplemented with 2% uracil
and cultures of LP112 were supplemented with 2% uracil and
2% histidine. For sporulation, cells were grown to mid-log
phase in YPAc and then washed and resuspended in 1% KAc
(pH 7.0) (20).
Immunological assay for hsp26. Cultures were grown to

mid-log phase (5 x 106 cells per ml) or stationary phase (108
cells per ml) in SD. Portions of 1 ml were transferred to
30-ml Corex tubes at 25°C (control) or 39 to 40°C (heat
shock) with frequent mixing. Cells were lysed by vigorous
agitation with 0.5-mm-diameter glass beads in 0.5 ml of
ice-cold absolute ethanol (3) containing 2 mM phenylmeth-
ylsulfonyl fluoride, 1 ,ug of leupeptin per ml, and 1 ,ug of
pepstatin per ml. Proteins were electrophoretically sepa-
rated on 10% polyacrylamide-sodium dodecyl sulfate (SDS)
gels and transferred to nitrocellulose membranes (3). Blots
were blocked with 5% powdered milk, reacted with a rabbit
anti-yeast hsp26 polyclonal antibody (20, 36), and then
reacted with 125I-protein A (ICN; 3). In many different
experiments, we have observed a close correspondence
between the concentrations of hsp26 message assayed by
Northern (RNA) blots and the concentration of hsp26 pro-
tein analyzed by Western blots (immunoblots).

I-Galactosidase assays. ,-Galactosidase assays (2, 29)
were performed on 150-,ul portions of a mid-log-phase cul-
ture incubated in glass tubes (10 by 75 mm) in a 25 or 39°C
water bath for 150 min with frequent mixing. Cells were
pelleted and resuspended in 150 ,ul of buffer Z (2) containing
1 mM phenylmethylsulfonyl fluoride. One drop of 0.1%
SDS, 15 ,ul of chloroform, and 200 ,ul of 4-mglml o-nitrophe-
nyl-p-D-galactopyranoside (ONPG) in 0.1 M KH2PO4 (pH
7.0) were added (2). Reactions were incubated at 30°C and
were terminated by the addition of 500 ,ul of 1 M Na2CO3.
Following a brief centrifugation, the A420 and A556 were
measured. ,B-Galactosidase activities were calculated as pre-
viously described (2). Each value reported is the mean of six
assays (duplicate assays on each of three independent trans-
formants). For the pp10 and pP30 25°C values, the coeffi-
cient of variance was <0.48. For all other values, the
coefficient of variance was between 0.10 and 0.30.

Yeast RNA extraction and analysis. RNAs were extracted
from 1-liter cultures (22), denatured (25), and electrophoret-
ically separated on 1.0% agarose gels in phosphate buffer
(23). RNAs were transferred to Hybond-N (Amersham) by
capillary action according to the manufacturer's recommen-
dations. Membranes were prehybridized in Sx Denhardt
solution (23)-4x SSC (0.6 M NaCl and 0.06 M sodium
citrate)-100 ,ug of denatured salmon sperm DNA per ml-
0.1% SDS-50% formamide. Hybridization was at 42°C in
1.25x Denhardt solution-4x SSC-100 p.g of salmon sperm
DNA per ml-0. 1% SDS-50% formamide with the nick-
translated 1.3-kb BglIl-PstI fragment of the HSP26 clone,

containing the entire HSP26 open reading frame. Blots were
washed for 10 min at 250C in 2x SSC-0.1% SDS, for 30 min
at 65°C in 2x SSC-0.5% SDS with four changes of the wash
solution, and finally for 30 min at 25°C in 0.lx SSC-0.1%
SDS.

Construction of hsp26 deletion mutations. To generate the
pYB set of clones (e.g., pYB10-1 and pYB12-1), a series of
5' nested deletion mutations of HSP26 was generated by
exonuclease III treatment (8, 45). A BamHI linker was
added at each deletion junction, allowing HSP26 sequences
to be transferred to the centromeric vector, YCpSO (14), as
BamHI-HindIII fragments (45).
The pLFC11 to pLFC21 series of constructs was gener-

ated by in vitro site-directed mutagenesis (18, 54). The
single-stranded mutagenic template DNA was derived from
pYE8, a centromeric clone containing the hsp26 fragment
from pYB10-1 (with an HSP26 5' endpoint at -501) and a
500-bp insert carrying the fl phage origin insert (51) from
pUCfl (Pharmacia). Synthetic mutagenic oligonucleotides,
prepared by Paul Gardner (University of Chicago) by using
an Applied Biosystems (Foster City, Calif.) 380B DNA
synthesizer, had the following sequences: oligonucleotide 10
(oligo 10), CTTCGTTGTTGATGTTGTCAAAG; oligo 11,
GCAGCAGCAACTCCGCGGAATAGTAACCGT; oligo 12,
TGTGTACCCGTAAACGTTTACATGAACATC; oligo 13,
ATTGTTGGATCGGAATTCCCTCCCCCTTAT; oligo 15,
AATATAGGGTGCTCGAGTAATATGCGAGTT; oligo 16,
CACTTAGCGTGCTCGAGTGGTATTTCATAA; oligo 17,
CAACACAAAATTAAGCTTTTTCACCCTTAT; oligo 19,
TCCTAAACATATAAATATTCTACTCTCTTATA; oligo
20, AAATAGGACCTCCATGGTATCCAAAAAAGC; and
oligo 21, CACGGATAAAGATATCTAAACAAATTAACA.
The mutagenic primers were phosphorylated (2) and an-
nealed to the template DNA (1 ,ug of single-stranded DNA,
20 pmol of the mutagenic oligonucleotide primer, 2 pmol of
the upstream, nonmutagentic primer [54], 20 mM Tris [pH
7.5], 10 mM MgCl2, 50 mM NaCl, 1 mM dithiothreitol
[DTT]). Samples were heated to 55°C for 5 min and then
maintained at 25°C for 5 min; 10-,u1 samples of the annealing
mixes were then used in 20-1±l elongation-ligation reactions
by adjusting the reactions to 20 mM Tris (pH 7.5), 10 mM
MgCl2, 10 mM DTT, 4 mM each dATP, dCTP, dGTP, and
dTTP, 3 U of T4 DNA ligase, and 2 U of Klenow enzyme.
Reaction mixtures were incubated for 6 h at 150 C and then
supplemented with 2 mM each deoxynucleoside triphos-
phate and 2 U of Klenow enzyme. Reactions were continued
at 37°C for 90 min. Diluted reaction mixtures were used to
transform an ung+ strain of Escherichia coli (BSJ72). hsp26
deletion mutations were sequenced and transferred to
YCpSO as BamHI-HindIII fragments. Strain names corre-
spond with names of the mutagenic oligonucleotides de-
scribed above (e.g., oligo 11 generated the deletion mutation
of pLFC11).
To generate pLFC1, the HSP26 sequence of pVZ26A10-1

(an exonuclease Ill-generated 5' deletion with the same
hsp26 sequences as pYB10-1; see Fig. 3A) was digested with
XbaI. Overhanging ends were filled by treatment with the
Klenow enyzme in the presence of all four deoxynucleoside
triphosphates and then joined by DNA ligase. The entire
hsp26 sequence was then transferred to YCpSO as a BamHI-
HindIII fragment. To generate pLFC8, the BglII fragment
(-129 to -57) of pVZ26 (45) was removed and the remaining
hsp26 sequences were transferred to YCpSO as a BamHI-
HindIII fragment. To generate pLFC22, the hsp26 insert
from pLFC15 was transferred to the polylinker of pVZ1 (9).
This intermediate was cut with XbaI and XhoI. The ends
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were filled and joined as described above. The BamHI-
Hindlil fragment from pLFC13 was inserted into the corre-
sponding sites of the pRS312 polylinker (38). To generate
pLFC26, the XhoI-HindIII fragment from pLFC16 was
inserted into the pRS312 polylinker.
The p110 to p141 series of constructs was produced by

modification of the 2jxm-based plasmids pZJHSE2-26 and
pZJHSE2-26R, kindly provided by E. A. Craig (29, 39).
Sequences from HSP26 were either added upstream of the
HSE from SSAI (p111, p321, and p1331) or used to replace
the HSE (p,B10, p,B20, and p130). For p,B10, p111, p,B20, and
p1321, the SmaI-XhoI restriction fragments from pLFC15
and pLFC16 (containing HSP26 sequences from -501 to
-294 and -501 to -262, respectively, with +1 designating
the translational start site) were ligated into the correspond-
ing sites of pZJHSE2-26 and pZJHSE2-26R. For p,B30 and
p1331, a synthetic XhoI linker was inserted in place of the
small BglII fragment upstream of the HSP26 coding region in
pVZ26. The large SmaI-XhoI fragment (1,422 nucleotides of
HSP26 sequence) of this intermediate was then transferred
to pZJHSE2-26 and pZJHSE2-26R. For p,B40 and p1341, a
small NruI-SalI fragment (321 nucleotides) from the coding
region of the tetracycline resistance gene of pBR322 was
ligated into pZJHSE2-26 and pZJHSE2-26R.
Primer extension analysis. Synthetic oligonucleotide prim-

ers (10 ptg) were end labeled in reaction mixtures containing
1 mM [_y-32P]ATP (specific activity, >3,000 Ci/mmol), 50
mM Tris hydrochloride (pH 7.5), 10 mM MgCl2, 5 mM DTT,
50 ,ug of bovine serum albumin, and 20 U of T4 polynucle-
otide kinase at 37°C for 60 min. Unincorporated ATP was
removed with a Sephadex G-50 spin column (Boehringer
Mannheim). Primer (200 cpm) was hybridized with 2 to 4 ,g
of total yeast RNA in 0.5 M NaCl-10 mM Tris hydrochloride
(pH 7.5)-2 mM EDTA in 10-uI reaction mixtures, which
were heated at 80°C for 4 min and then slowly cooled to
room temperature. Reaction mixtures were supplemented to
50 mM Tris hydrochloride (pH 8.3), 6 mM MgCl2, 40 mM
KCl, 1 mM DTT, 1 mM each dATP, dCTP, dGTP, and dTTP
(Pharmacia ultrapure), and 15 U of RNaseIN (Boehringer
Mannheim). Then 200 U of cloned Moloney murine leukemia
virus reverse transcriptase (Bethesda Research Laborato-
ries) was added, and the volume was brought to 45 ,ul.
Reaction mixtures were incubated at 37°C for 90 to 120 min.
Products were precipitated in ethanol, washed, dried, and
resuspended in deionized formamide containing 0.03% bro-
mophenol blue and 0.03% xylene cyanol. Samples were heat
denatured and separated on 6% Gelmix-6 (Bethesda Re-
search Laboratories) sequencing gels.

RESULTS

HSP26 transcript analysis. The first step in elucidating the
mechanism of HSP26 regulation in S. cerevisiae was to
characterize the transcripts produced from the gene under
different conditions. Initially, total cellular RNAs were ana-
lyzed by Northern (RNA) blot hybridization (Fig. 1). No
HSP26 hybridization was detectable with RNAs extracted
from unstressed, mid-log-phase cells. With cells that had
been heat shocked at 39°C for 60 min, a strong band of
hybridization was observed with an RNA of approximately 1
kb, the expected size of the HSP26 message. Intense bands
of hybridization were also observed with RNAs isolated
from yeast cultures that were transferred to sporulation
medium or grown to stationary phase. These RNAs migrated
on gels to the same position as did the heat-induced tran-
script. No hybridization was detected with RNAs extracted

FIG. 1. Northern analysis of heat shock and developmentally
induced HSP26 transcripts. Total RNA was prepared from a diploid
wild-type strain (LP112; lanes C, HS, Sp, and St) or an hsp26
homozygous deletion stain (LP150-1; lane AHS)- Cells grown in
glucose medium at 25°C were harvested in mid-log phase (C), heat
stressed for 60 min at 39°C (HS and AHS) washed, and transferred
to sporulation medium for 6 h (Sp) or grown to stationary phase (St).

from an hsp26 deletion mutant (LP1501-1), whether or not
the cells had been heat shocked. These patterns of HSP26
transcript accumulation are identical to the patterns of hsp26
protein accumulation previously described. The protein is
not detectable during mid-log-phase growth at 25°C but
accumulates during heat shock, during stationary-phase
growth, and after transfer to sporulation medium (20, 34).
Thus, expression of hsp26 appears to be controlled primarily
by the regulation of transcript accumulation.

Next, we mapped the 5' ends of the transcripts that
accumulated under different induction conditions. Tran-
scripts were analyzed by primer extension with two different
and nonoverlapping synthetic oligonucleotide primers. The
first primer was 23 nucleotides long and was complementary
to nucleotides +30 to +52, relative to the HSP26 transla-
tional start site at + 1. The second primer was 28 nucleotides
long and was complementary to nucleotides +92 to +119
(45).
The first primer was elongated by reverse transcriptase to

127 nucleotides (Fig. 2, lanes 6 to 8). The second was
elongated to 194 nucleotides (lanes 13 to 15). Both results
identify a unique 5' end for HSP26 transcripts that is 74
nucleotides upstream of the translational start site. Template
RNAs from wild-type cells that had been heat shocked,
transferred to sporulation medium, or grown to stationary
phase directed the synthesis of identical primer extension
products.
Two potential problems with primer extension analysis are

(i) nonspecific primer hybridization and (ii) premature termi-
nation of extension reactions because of secondary structure
in the RNA template. To control for the specificity of primer
hybridization, extension experiments were performed with
no added RNA (Fig. 2, lanes 11 and 18), RNA isolated from
heat-shocked cells of the hsp26 deletion mutant (lanes 9 and
17), or RNA isolated from wild-type cells maintained at 25°C
(lanes 5 and 12). No extension products were detected in any
of these samples.
To control for premature termination, extension reactions

were performed with HSP26 transcripts initiated from the
GAL] promoter (45). A GALI-HSP26 fusion gene was
created by joining the BglII site (at -54) of the HSP26 gene
to the BamHI site of the GAL] promoter in plasmid BM150
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FIG. 2. Mapping the mature 5' ends of HSP26 transcripts by
primer extension analysis. Total RNA was extracted from a diploid
wild-type strain (LP112; lanes 5 to 8 and 12 to 15), a homozygous
hsp26 deletion strain (LP150-1; lanes 9 and 17), or an hsp26 deletion
strain transformed with a centromeric GALI-HSP26 chimeric gene
(L33; lane 10 and 16). RNAs from wild-type cells were from
mid-log-phase cultures maintained in YPDA at 25°C (lanes 5 and 12),
heat-shocked at 40°C for 60 min (lanes 6 and 13), transferred to
sporulation medium for 6 h (lanes 7 and 14), or grown to stationary
phase (lanes 8 and 15). The hsp26 deletion strain was incubated at
40°C for 60 min (lanes 9 and 17). The GALI-HSP26 strain was grown
to mid-log phase in SGal minimal medium (lanes 10 and 16). Each
RNA sample was analyzed by primer extension, using as primers
32P-end-labeled oligo 10 (lanes 5 to 10) and oligo 24 (lanes 12 to 17).
Mock primer extension reactions with no added RNA (lanes 11 and
18) and single-strand sequencing reactions using oligo 10 (lanes 1 to
4) or oligo 24 (lanes 19 to 22) were included as controls.

(14). The hsp26 deletion strain was transformed with this
plasmid. RNA isolated from galactose-grown transformants
gave a primer extension product 23 nucleotides longer than
the extension product from wild-type HSP26 transcripts.

This product terminated at the expected site for a transcript
initiating at the GAL] promoter (Fig. 2, lanes 10 and 16).
Thus, reverse transcriptase reads through at least 54 nucle-
otides of HSP26 upstream sequence without impedance.
Considering these results and the relatively high A+T con-
tent of the HSP26 leader region, it seems unlikely that
secondary structure causes premature termination of primer
extensions with natural HSP26 messages. We conclude that
position -74 is the true mature end of natural HSP26
transcripts. Apparently, transcription initiates at the same
site during induction by heat shock and during developmen-
tal induction by stationary-phase arrest or sporulation.

Transcriptional regulation of HSP26. We previously de-
scribed a 2.8-kb BamHI-PstI subclone of HSP26 containing
1,543 nucleotides of sequence upstream of the translational
start site. This clone provides fully regulated HSP26 expres-
sion when introduced into yeast cells on a centromeric
plasmid (45). An HSP26-lacZ chimeric gene was created
from this 2.8-kb subclone, retaining the HSP26 upstream
sequences and replacing sequences downstream of codon 36
with lacZ sequences. This chimeric gene was strongly in-
duced during heat shock and during stationary-phase growth
in yeast cells (45). A complementary construct retained most
of the HSP26 message leader region, the entire HSP26
coding region, and 633 nucleotides of downstream sequences
but replaced HSP26 upstream sequences with the GALI
promoter. This gene, GALI-HSP26, was induced by galac-
tose but not by heat shock. Together, these results suggest
that sequences upstream ofHSP26 are important for the heat
shock and stationary-phase expression of HSP26 and that
downstream sequences are dispensable.
To better elucidate the mechanism of HSP26 regulation,

we attempted to identify cis-regulatory sequences by creat-
ing deletion mutations in these upstream sequences. To
avoid possible artifacts involved in monitoring chimeric or
heterologous protein expression in yeast cells, we chose to
monitor hsp26 expression from these mutations directly.
This was accomplished by transferring each deletion muta-
tion into the homozygous hsp26 deletion strain (LP150-1).
The validity of this approach depends on two previous
observations. First, the strain carrying the hsp26 deletion
mutation (LP150-1) is phenotypically wild type (34). Second,
overexpression or underexpression of HSP26 alters neither
the regulation of HSP26 nor the regulation of any of the
other heat shock genes (45). Therefore, the varying levels of
hsp26 accumulation observed in these mutant strains should
have no phenotypic effect on the cells and no effect on the
regulation of HSP26 or on the regulation of the heat shock
response in general.

Transcriptional derepression ofHSP26. The first mutations
that we analyzed were a set of nested deletion mutations,
originally created for sequence analysis (45). The deletions
were produced by unidirectional nucleolytic digestion from
the BamHI site at -1543, the 5' end of the original 2.8-kb
subclone. A BamHI linker was added at each deletion
endpoint to allow the transfer of the HSP26 inserts to a
centromeric yeast vector, which should be maintained at
approximately one copy per cell. A map of the deletions is
shown in Fig. 3A.
Transformants were analyzed for hsp26 accumulation by

reacting electrophoretically separated total cellular protein
with an anti-hsp26 antibody (Western immunoblot analysis).
For these and all other constructs analyzed, multiple inde-
pendent transformants were isolated and their proteins were
analyzed on multiple blots. The results obtained with each
construct were highly reproducible. Moreover, the intensity

t
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FIG. 3. Analysis of HSP26 nested deletions. (A) Exonuclease Il-generated 5' deletions. The arrow indicates the position and orientation
of the HSP26 open reading frame. Clone designations and relative sizes of the HSP26 inserts are indicated on the left. Relative levels of hsp26
accumulation observed at 25°C (C), at 39°C (HS), or during stationary-phase growth (STAT) are summarized at the right. (B) Accumulation
of hsp26 protein. The 5' exonucleolytic deletion mutations were introduced into the hsp26 homozygous deletion (strain LP150-1) as
centromeric clones. Accumulation of hsp26 protein was determined by reacting electrophoretically separated proteins transferred to
nitrocellulose with an anti-hsp26 antibody (Western blot analysis). Homozygous wild-type diploid (HSP26) and heterozygous diploid
(26+/26-) strains were included as controls. Cells grown at 25°C were harvested in mid-log phase (C), exposed to 42°C for 60 min (HS), or
grown to stationary phase at 25°C.

of the hsp26 reaction with diploid cells homozygous for the
HSP26 gene was reproducibly twice the intensity of the
reaction with cells heterozygous for the wild-type and dele-
tion mutations.

All HSP26 inserts containing 501 nucleotides or more of
sequence upstream of the HSP26 translational start site were
fully regulated (Fig. 3B). That is, hsp26 was not detected
during log-phase growth at 25°C but accumulated to high
levels in mid-log-phase cells heat shocked at 39°C for 60 min
and in cells grown to stationary phase at 25°C. The next
deletion mutation in this series (YB12-1) contained only 253
nucleotides of upstream sequence. This mutation produced a
high level of basal expression. With heat shock, hsp26
expression was two- to threefold further inducible, reaching
a level comparable to that observed in heat-shocked wild-
type cells. That is, basal expression of hsp26 in log-phase
cells carrying YB12-1 was approximately one-third to one-
half of the fully heat induced level in wild-type cells. More
extensive deletion mutations, containing 125 or fewer nucle-
otides of upstream sequence (YB12-4, YB12-2, YB12-3, and
YB13-4), showed no detectable basal or inducible accumu-
lation of hsp26.
These results demonstrate that 501 nucleotides of up-

stream sequence is sufficient for fully regulated HSP26
expression. They also suggest that the 249 nucleotides
between -501 and -253 (the YB10-1 and YB12-1 endpoints,
respectively; Fig. 4) are involved in reducing the constitutive
expression of the HSP26 gene. An alternative explanation is
that the constitutive expression of HSP26 observed with
YB12-1 is due to spurious transcription directed by vector
sequences. To distinguish between these two possibilities,
we first transferred the HSP26 insert of YB12-1 from its
position in the middle of the tetracycline resistance gene of
YCp50 (14) to a new location, within the lacZ gene of
pRS312 (38), generating RS12 and providing the hsp26
sequences with a completely different flanking sequence
context. Although hsp26 was not produced as abundantly in
RS12 as in YB12-1, it showed the same pattern of accumu-
lation. That is, in log-phase RS12 transformants growing at
25°C, HSP26 was expressed at approximately one-third to
one-half the level observed after heat shock (data not shown;
R. E. Susek, Ph.D. dissertation, The University of Chicago,
Chicago, Ill., 1989).
We also characterized the HSP26 transcripts produced

from YB12-1 by Northern blot hybridization and primer
extension analysis. Both the 25 and 39°C transcripts from

Box A

-501 GGGCAGCAGCAACTCCGTGTGTACCCCTAACTCCGTGTGTACCCCAAAGAACCTTGCCTGTCAAGGTGCATTGTTGGATCGGAATAGTAACCGTCTTTA
>pYB10-1 HSE5

Xba I Cia I Box B

-401 CATGAACATCCACAACCAACGAAAGTGCTTTTTCAAGCATTGCTTGATTTCTAGAAAGATCGATGGTTATTCCCTCCCCCTTATGCGTCCAAAAATATAG
HSE4 HSE3 HSE2

-301 GGTGCTCGTAACAGTAAGGTATTCGCACTTAGCGTGCTCGCAACACAAAATTAAGTAATATGCGAGTTTTAGATGTCTTGCGGATCTATGCACGTTCTTG
>pYB12-1 HSE1

0... ... ... ...0 0 0 Bg1 II * *
-201 AGTGGTATTTCATAACAACGGTTCTTTTTCACCCTTATTCCTAAACATATAAATAGGACCTCCATTAGTTAGAGATCTGTTTTTAATCCATTCACCTTTC

>pYB12-4

** * t Bgl II
-101 ATTCTACTCTCTTATACTAATAAAACCACCGATAAAGATATATCAGATCTCTATTAAAACAGGTATCCAkAAAAAGCAAACAAACAAACTAAACAAATTAA

+1 .
-1 CATGTCATTTAACAGTCCATTTTTTGATTTCTTTGACAACATCAACAACGAAGTTGAT...

MetSerPheAsnSerProPhePheAspPhePheAspAsnIleAsnAsnGluValAsp...

FIG. 4. HSP26 proximal upstream sequence. Sequence (45) and features of the proximal upstream regulatory sequence are shown.
Spacing of 10 nucleotides is indicated at the top ( ). Restriction endonuclease recognition sites are indicated. The HSP26 open reading frame
is indicated in italics. The 5' ends of the HSP26 transcripts map to -74, relative to the start site of translation. The 5' boundaries of several
exonuclease III-generated deletion mutations are indicated (>; pYB10-1 at -501, pYB12-1 at -253, and pYB12-4 at -125). Matches to the
HSE consensus sequence are indicated by double underlines (HSE1 to HSE5). Nucleotides matching the consensus are indicated (0).
Nucleotides that are not part of a larger consensus but match an individual HSE subcomponent (GAA or TCC) are also marked. An
18-nucleotide direct repeat (at -489 to -454) is marked by dashed arrows. Single underlines denote sequence boxes A and B described in
the legend to Fig. 5.
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YB12-1 migrated to the same position as wild-type heat-
induced HSP26 transcripts during gel electrophoresis
(Susek, Ph.D. thesis, 1989). Consistent with the results of
protein accumulation, YB12-1 showed a high basal accumu-
lation ofHSP26 transcripts, with a two- to threefold increase
in accumulation following heat shock. Primer extension
analysis demonstrated that HSP26 transcripts from the wild-
type chromosomal gene and from the YB12-1 mutation had
identical mature 5' ends at -74 (Susek, Ph.D. thesis, 1989).
Together, these results indicate that the constitutive expres-
sion observed with the YB12-1 construct arises from the
deletion or perturbation of sequences regulating the natural
HSP26 promoter rather than from a spurious promoter in the
plasmid.
Recombinant HSP26 genes. These results implicate a 249-

nucleotide sequence of HSP26 (between -501 and -253,
relative to the start of translation) in the negative control of
HSP26 transcription. To better elucidate the mechanism(s)
of HSP26 regulation, this putative cis-regulatory sequence
was the target of additional deletion mutagenesis. Using the
technique of oligonucleotide-mediated site-directed muta-
genesis (18), we created a series of small overlapping dele-
tion mutations that spanned the region between -501 and
-14 (Fig. 5A). Each deletion mutation was marked by a new
restriction site generated by joining the deletion endpoints.
No heterologous sequences were added.

FIG. 5. Analysis of site-directed deletion mutations. (A) Site-
directed deletion mutations (pLFC11 to pLFC21). The top line
depicts the HSP26 restriction map. Map positions indicate positions
relative to the start of translation at + 1. The HSP26 transcript 5' end
at -74 is marked by a vertical arrow; an 18-nucleotide direct repeat
is indicated by adjacent horizontal arrows. Each deletion construct
is diagrammed on a separate line, with the deleted sequences

denoted by gaps. Exact deletion endpoints are given above the line,
and the sequence of the deletion junctions is indicated to the right.
All constructs have a common 5' end at -501, and no new
nucleotides have been introduced at the deletion site. Boxes A and
B mark upstream sequences that were deleted in pYB12-1 but were

not deleted in any of the mutations of this series. The relative levels
of hsp26 accumulation shown in panel B are summarized to the
right. (B) Accumulation of hsp26 in HSP26 (LP112) and hsp26
(LP150-1) diploids and in hsp26 diploids transformed with centro-
meric plasmids carrying individual site-directed deletion mutations,
analyzed as described for Fig. 4. Cells grown at 25°C were harvested
in mid-log phase (C) or exposed to 40°C for 60 min (HS).

All but one of the mutations showed a wild-type pattern of
expression, with no hsp26 accumulation in log-phase cells at
25°C and strong accumulation after heat shock (Fig. SB) and
during stationary phase (data not shown). The one excep-
tion, LFC20, showed no hsp26 protein (Fig. 5B) and no

transcript accumulation (data not shown) under any of the
conditions tested. This deletion (from -137 to -40) removes
the wild-type transcription initiation site at -74 and an

extensive part of the leader sequence.
By primer extension analysis, we characterized the

HSP26 transcription initiation sites of several deletion mu-

tations which gave wild-type hsp26 expression patterns.
With a single exception, all hsp26 transcripts had a unique 5'
end at nucleotide position -74, corresponding to that of the
wild-type transcript. The exception, LFC8, produced the
same total quantity of hsp26 transcripts (Northern analysis
not shown), but the 5' ends of these transcripts, in roughly
equal proportions, mapped to -26, -25, -22, -21, -18,
-17, -13, -12, and -8 (Susek, Ph.D. thesis, 1989). The
boundaries of the LFC8 deletion (-126 to -54) are nested
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FIG. 6. Constitutive expression of HSP26. (A) Structures of constructs. pLFC22, pLFC24, and pLFC26 all show constitutive and heat
shock-inducible hsp26 accumulation. The top line diagrams the 501 nucleotides ofHSP26 upstream sequence that are sufficient for a wild-type
pattern of regulation. Map positions are relative to the HSP26 translational start site at + 1. The vertical arrow marks the transcript 5' end
at -74. Boxes A and B indicate sequences not deleted in the site-directed deletion series pLFC11 to -21. pLFC13, pLFC15, and pLFC16 are

site-directed deletion mutations that were used to create pLFC22, pLFC24, and pLFC26 as described in Materials and Methods. The HSP26
insert from pYB12-1 was transferred to the centromeric vector pRS312 (38) to generate pRS12. Relative levels of hsp26 accumulation for each
mutation are indicated at the right. (B) Accumulation of hsp26 in HSP26 (LP112), hsp26 (LP150-1), and hsp26 cells transformed with
centromeric clones containing hsp26 upstream deletion mutations (pLFC22, pLFC24, and pLFC26), analyzed as described for Fig. 4. Cells
grown at 25°C were harvested at mid-log phase (C), heat shocked at 40°C for 60 min (HS), or grown to stationary phase (Stat). Proteins were

extracted and analyzed as for Fig. 4. The very faint bands seen in pLFC8 and pYP10-1 were due to loading artifacts and were not observed
in other gels. The band pLFC22 was highly reproducible.

inside the boundaries of the LFC20 mutation, and they also
remove the wild-type transcription initiation site. Presum-
ably, an initiator element that acts to position transcript start
sites (43), but does not affect the efficiency of initiation, was
altered or deleted in LFC8. In the more extensive LFC20
deletion (-137 to -40), a critical promoter element was

altered, and this prevented expression altogether. The re-
sults demonstrate that promoter elements required for tran-
script initiation and initiation site selection are located
between nucleotide positions -137 and -40. These pro-
moter elements are distinct from the sequences involved in
basal repression and heat shock inducibility.
None of the small-deletion mutations of this series re-

sulted in strong basal expression, as was observed with
YB12-1. One explanation is that the cis-regulatory se-

quences involved in repressing basal expression of hsp26 are

functionally redundant. An alternative explanation is pro-
vided by the fact that the sequences designated A and B in
Fig. 5A were not deleted in this series. These sequences

were present in YB10-1, which gave a wild-type pattern of
expression, but not in YB12-1, which gave a high level of
constitutive expression. If a single sequence element were
responsible for the basal repression of HSP26 transcription,
then either box A or box B might contain that element. (Our
repeated failure to obtain deletions of these two sequences
was presumably due to the instability of the constructs in E.
coli or to the nature of the oligonucleotides used to generate
the mutations.)

Additional recombinant deletion mutations (Fig. 6A) were

created to investigate these alternatives. Two of the con-
structs, LFC24 and LFC26, were created by recombination,
using the new restriction sites in LFC13 and LFC16. They
contain 332 and 201 nucleotides, respectively, of upstream
sequence. Each of these constructs gave a high basal level of
hsp26 expression and showed a two- to threefold further
increase in expression upon heat shock (Fig. 6B). Their
patterns of hsp26 expression were indistinguishable from
that of the original constitutively expressed mutation,
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FIG. 7. Demonstration that upstream untranscribed HSP26 sequences confer heat shock inducibility and constitutive repression on a
heterologous gene. HSP26 upstream sequences were added immediately 5' of a 26-nucleotide HSE from the yeast SSAI gene (HSE2) in
plasmid pZJHSE2-26R (p111, p321, and p131). The same HSP26 inserts were added to pZJ in the absence of the HSE (p,B10, p,B20, and p,B30).
p140 and p341 contain an insert from the coding region of the pBR322 tetracycline resistance gene. YCp5O is a control plasmid that carries
the same URA3 selectable marker but does not contain the lacZ gene. 1-Galactosidase activity (2) was assayed in mid-log-phase cells
maintained at 25°C or in cells incubated at 39°C for 2.5 h. Each value is the mean of six assays (duplicate samples from each of three
independent transformants). The ratio of the 39 and 25°C values (R) represents the level of regulated expression. Symbols: t. , HSE2 from
SSAI; , HSP26; - - -, CYCI; -w, pBR322.

YB12-1. Since each of these mutations has a different
junction with the vector, this result supports our earlier
conclusion that it is not the peculiar new juxtaposition of
sequences that leads to basal expression of HSP26 but the
deletion of sequences in the HSP26 upstream region that are
normally required for repression. These sequences must lie
upstream of nucleotide -332. Therefore, box B cannot be
uniquely required for basal repression.
Another mutation, LFC22, was produced by expanding

the deletion of LFC15 (-294 to -248) upstream to the XbaI
restriction site at -351. This mutation showed weak consti-
tutive hsp26 accumulation and was fully inducible with heat
shock. Although basal expression was lower than that seen
with YB12-1, LFC24, or LFC26, it was clearly and repro-
ducibly higher than that seen with the wild type or with any
other construct. Thus, box A cannot be uniquely required
for basal repression. Therefore, while sequences between
-501 and -332 appear to repress basal expression of
HSP26, no unique element within that sequence is required.
HSP26 upstream sequences repress expression of a heterol-

ogous gene. If sequences upstream of HSP26 repress basal
transcription at normal temperatures, then it might be pos-

sible to repress the expression of a heterologous gene by
introducing hsp26 sequences upstream of that gene. Obvi-
ously, the ideal gene for this experiment should have a high
level of basal expression, to provide an assay for repression.
However, it should also be expressed at high temperature.
This would provide a means of distinguishing regulated
repression by HSP26 upstream sequences from nonspecific
inactivation of the heterologous gene.
For this analysis, we chose a lacZ fusion gene created by

Slater and Craig (39). This gene contains S. cerevisiae CYCI
upstream sequences and 5' coding sequences fused to the
coding region of the E. coli lacZ gene. It also contains a
26-nucleotide fragment from the S. cerevisiae SSAI (HSP70)
gene. This HSE-containing fragment, in either orientation
(pZJHSE2-26 and pZJHSE2-26R), enhances basal expres-
sion of lacZ 10-fold compared with the level observed with
the parental construct (pZJ). With heat shock, ,B-galactosi-
dase activity is further induced 20- to 30-fold (Fig. 7; 29, 39).
The HSP26 sequences implicated in repression at 25°C

were inserted upstream of the HSE in pZJHSE2-26R (Fig. 7;
p,1ll, p,B21, and p,331). To control for the effects of unusual
sequence juxtapositions or spacing alterations, three dif-

YCp5O

pZJ

pZJHSE2-26

p3l 1

p32 1

pJ33 1

p1341

3

3

2

120

410 137

580 193

290 145

p13 10

p1320

p1330

pJ340

630 5

-262

-125
2

-1547 I"
INNMNNNNININW

law --------------------
Illow ----------------

------ir-------------- 1-

MOL. CELL. BIOL.

I

I



TRANSCRIPTIONAL DEREPRESSION OF S. CEREVISIAE HSP26 6371

ferent fragments (containing 207, 239, or 1,422 nucleotides of
HSP26 upstream sequences in p,ll, p,B21, and p,B31, re-

spectively) were used. All three fragments have different
junctions with the reporter gene, and one has a different
junction with the vector sequences. As an additional control,
a 321-nucleotide fragment from within the coding region of
the pBR322 tetracycline resistance gene was inserted instead
of HSP26 sequences.
Each HSP26 insert resulted in substantially less basal

,B-galactosidase activity than in the parental construct
(pZJHSE2-26R). With heat shock, however, ,B-galactosidase
activity was as high as it was without the HSP26 sequences.

These results lend support to the hypothesis that HSP26
upstream sequences function as regulated upstream repres-

sor sequences (URS), repressing expression at normal tem-
peratures.
To examine the effects of HSP26 upstream sequences in

the absence of the HSE from SSAI, each HSP26 insert was

used to replace the HSE from pZJHSE2-26. In two of the
constructs, basal expression of P-galactosidase was reduced
approximately twofold. Since the basal expression of ,-ga-
lactosidase was already very low in pZJ, the effect was

small, and perhaps of doubtful significance, but it was

reproducible. More importantly, with each construct (pP10,
pP20, and p,30) the expression of P-galactosidase was

greatly enhanced after heat shock. Full heat shock induc-
tion with HSP26 sequences alone was significantly less
than that observed with the HSE from SSAJ. However,
since the HSP26 constructs also had substantially lower
basal expression, they showed a much greater degree of
regulation. The ratio of induced to basal expression was 90
for pP10, compared with 20 for pZJHSE2-26. Apparently,
the sequences located between nucleotides -501 to -294
can repress basal expression of a heterologous gene, but
they must also contain elements that can promote transcrip-
tion during heat shock.

DISCUSSION

hsp26 is the only known member of the small-molecular-
weight hsp family in S. cerevisiae. The protein is not present
in unstressed, vegetative cells but is strongly induced by
heat shock, stationary-phase arrest, or nitrogen starvation
(sporulation conditions) (19, 20). As reported here, expres-

sion of the message is coincident with expression of the
protein and is regulated primarily at the level of transcrip-
tion. Several lines of evidence suggest that the same pro-

moter is employed under all induction conditions. First, the
transcripts produced during heat shock, during stationary-
phase arrest, and during sporulation all have a unique 5' end
at -74. (Such unique transcription start sites are unusual in
S. cerevisiae, in which the transcripts of most genes have
multiple 5' ends.) Second, the deletion of 74 nucleotides
surrounding the initiation site (the LFC8 mutation) results in
the use of many new initiation sites but changes neither the
efficiency of transcription nor its pattern of regulation.
Third, the deletion of a few additional nucleotides on either
side of the LFC8 mutation (the LFC20 mutation) results in
the absence of hsp26 expression under all conditions. Fi-
nally, none of the deletion mutations in the extensive series
analyzed here separated the capacity to produce this protein
during heat shock from the capacity to produce the protein
during development.

Surprisingly, three different upstream deletion mutations
(pYB12-1, pLFC24, and pLFC26) result in very high levels

of constitutive hsp26 expression, nearly half the levels
achieved with heat shock in wild-type cells. This pattern of
constitutive expression is maintained when one of these
mutations is transferred to a completely different vector
context. Moreover, transcripts produced by these altered
genes are initiated at the normal HSP26 initiation site. When
the sequences that are deleted in these mutations are trans-
ferred upstream of a heterologous gene containing a heat
shock promoter element, they repress its constitutive
expression but not its heat shock inducibility. These results
implicate the region between nucleotides -501 and -332
(relative to the translational start site) in the basal repression
of HSP26 and indicate that derepression is a key element in
its induction by heat shock.
Thus far, it has not been possible to identify any single

upstream sequence that is responsible for repressing basal
HSP26 transcription. Instead, the gene appears to contain
functionally redundant repression elements. Such a system
has not been reported for a heat shock gene before.

Other results reported here indicate that derepression is
not the only mechanism employed to regulate HSP26. First,
the three deletion mutations with high basal expression at
25°C are two- to three-fold further induced at 39°C, to a level
comparable to that of the wild-type gene. In the one case
tested, YB12-1, transcript concentrations also increase two-
to threefold. This might be accomplished either by an
increase in transcription or by an increase in the stability of
the message. Increased stability of the hsp70 message during
heat shock is an important component of its regulation in
both Drosophila and mammalian cells (26, 33).
The effects of HSP26 upstream sequences on a heterolo-

gous marker gene also suggest that both positive and nega-
tive regulatory elements are employed in the regulation of
HSP26. As discussed above, a 207-nucleotide sequence
upstream of HSP26 (-501 to -294) is sufficient to repress
the constitutive expression of a heterologous gene contain-
ing a heat shock promoter element. This same sequence also
confers strong heat shock inducibility upon a heterologous
gene that does not contain a heat shock promoter element.
Thus, this sequence is competent for both basal repression
and for heat shock activation of transcription.

In the yeast SSAI(HSP70) and HSP82 genes, HSEs play a
role in both constitutive and heat-inducible expression. It is
not clear whether they play a role in the regulation of
HSP26. The 501-nucleotide sequence that we have studied
contains five matches to the HSE consensus. None of these
is essential. Any one of them, and several combinations of
them, can be deleted without altering HSP26 expression.
This is not uncommon in heat shock promoters; redundant
HSEs are the general rule. Most of the HSEs in the HSP26
upstream sequence are very weak matches to the consensus
and would not be expected to be functional on their own. It
is possible, however, that they work cooperatively. Since
HSF binds yeast HSEs constitutively, they might even
account for both basal repression and heat shock activation
of HSP26. That is, the HSEs of this gene might bind HSF in
a nonproductive manner at normal temperatures, thereby
repressing basal transcription. With heat shock, a change in
the properties of HSF might change their interaction into a
productive one. Alternatively, separate, redundant repres-
sor elements might be responsible for basal repression, with
the HSEs independently responsible for weak heat shock
activation. Sequences retained in the constitutively ex-
pressed deletion YB12-1 pose an interesting case. They
contain only one rather poor match to the HSE consensus
(HSE1; Fig. 4). They do, however, contain an unusual
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number of partial elements, TTCs. Are these sequences,

through a weak interaction with HSF, able to provide both
basal expression and heat shock induction in this mutation?
(In the wild type, basal expression would presumably be
repressed by the upstream repressor sequences.) Or is
transcription of the YB12-1 mutant regulated by other, as yet
unidentified transcription elements? Given the redundancy
and interdigitation of the elements involved, a much more

detailed analysis will be required to unravel the role of HSEs
in HSP26 regulation.
The importance of derepression in the regulation of

HSP26 contrasts with that of most other eucaryotic heat
shock genes, which are thought to be controlled primarily by
HSF-mediated transcriptional activation. There is, however,
evidence that negative regulation may play some role in the
transcription of other heat shock genes (29, 46). Specifically,
the yeast SSAI gene is constitutively expressed at a fairly
high level and further induced by heat shock. Numerous
promoter modules are dispersed across a large upstream
sequence, but the most important elements are the multiple
HSEs, which provide both constitutive and heat shock-
induced transcription (29, 39). However, one functional
HSE overlaps a URS1 element, an upstream repressor

sequence with a proposed function in the repression of other
yeast promoters (44). (Sequences related to the URS1 con-

sensus, TAGCCGCCG, do not appear in the upstream
region of HSP26.) Transcription of the Drosophila HSP70
gene also appears to be negatively regulated, in this case at
a step early in transcript elongation (37). Following heat
shock, the block in transcription elongation is removed and
full-length HSP70 transcripts are synthesized. In a heterol-
ogous system, it has been reported that sequences surround-
ing the HSP70 transcriptional start site repress constitutive
transcription of the Drosophila HSP70 gene in mammalian
cells (5); however, other analyses suggest that only HSE-
mediated activation is important (28, 31).

Finally, our results suggest that the regulation of HSP26
transcription differs from that of other small heat shock
genes in yet another way. HSP26 of S. (erevisiae and the
small-hsp genes of other organisms share the property of
being expressed not only during heat shock but also at
specific times during the normal course of development. For
example, yeast hsp26 is induced under conditions of nutrient
deprivation that lead to stationary-phase arrest and sporula-
tion in diploids. This physiological response is distinct from
a heat shock induction in several ways: the full set of heat
shock genes is not induced, a large number of other genes

are induced, and the trigger is not the same (19, 20, 47). (The
trigger for the heat shock response is believed to be protein
denaturation, aggregation, and misassembly.) Certain of the
Drosophila small-hsp genes are induced during oogenesis,
and members of the small-hsp gene family in lilies are

induced during meiosis. For the Drosophila small-hsp genes,
elements regulating heat shock induction are widely dis-
persed and readily separated from those regulating develop-
mental expression (4, 7, 10, 11, 15, 17, 35). In contrast, none

of our many HSP26 deletion mutations separated heat shock
regulatory elements from developmental regulatory ele-
ments. It may be that these elements are indeed separate in
S. cerevisiae but too closely interdigitated to be dissected in
this manner. It is also possible, if not probable, that a

common regulatory mechanism is employed for HSP26
transcription in response to heat shock, nitrogen starvation,
and stationary-phase arrest.
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