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The stress-responsive DDR2 gene (previously called DDRA2) of Saccharomyces cerevisiae is transcribed at
elevated levels following stress caused by heat shock or DNA damage. Previously, we identified a 51-bp
promoter fragment, oligo3l/32, which conferred heat shock inducibility on the heterologous CYCI-lacZ
reporter gene in S. cerevisiae (N. Kobayashi and K. McEntee, Proc. Natl. Acad. Sci. USA 87:6550-6554, 1990).
Using a series of synthetic oligonucleotides, we have identified a pentanucleotide, CCCCT (C4T), as an essential
component of this stress response sequence. This element is not a binding site for the well-characterized heat
shock transcription factor which recognizes a distinct cis-acting heat shock element in the promoters of many
heat shock genes. Here we demonstrate the ability of oligonucleotides containing the C4T sequence to confer
heat shock inducibility on the reporter gene and show that the presence of two such elements produces more
than additive effects on induction. Gel retardation experiments have been used to demonstrate specific complex
formation between C4T-containing fragments and one or more yeast proteins. Formation of these complexes
was not competed by fragments containing mutations in the C4T sequence nor by heat shock element-
containing competitor DNAs. Fragments containing the C4T element bound to a single 140-kDa polypeptide,
distinct from heat shock transcription factors in yeast crude extracts. These experiments identify key cis- and
trans-acting components of a novel heat shock stress response pathway in S. cerevisiae.

In eukaryotes, many of the fundamental features of gene
activation by heat shock appear to have been conserved.
Heat shock genes from organisms as diverse as Saccharo-
myces cerevisiae, Drosophila melanogaster, and vertebrates
contain a specific DNA sequence, the heat shock element
(HSE), which serves as a binding site for the heat shock
transcription factor (HSF). The consensus HSE was initially
identified as a palindromic sequence, CnnGAAnnTTCnnG,
where n is any nucleotide (14). More recently, however, the
HSE has been shown to consist of repeats of the 5-bp
module nGAAn arranged in alternating orientations (1, 15,
31). HSFs have been purified from S. cerevisiae, D. mela-
nogaster, and human cells (4, 22, 27, 30), and their structural
genes have been cloned from S. cerevisiae and D. melano-
gaster (2, 23, 26). Recently, multiple HSF genes have been
isolated from tomato, human, and mouse cells (17-20). The
mechanism by which HSF activates transcription likely
involves structural changes and/or modification of the HSF
polypeptide, but the detailed features appear to be funda-
mentally different in yeasts and in higher eukaryotes. In S.
cerevisiae, HSF binds constitutively to the HSE and appears
to undergo phosphorylation immediately following thermal
stress. It has been proposed that the degree of phosphory-
lation correlates with transcriptional activation of HSF (21,
23). In contrast, HSE-binding activity is present only after
heat shock or other stresses in HeLa cells and Drosophila
tissue culture cells, and activation does not require protein
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synthesis, suggesting that conversion of HSF from the
non-DNA-binding to the DNA-binding configuration is cru-
cial for transcriptional activation of heat shock genes (29,
32).
We recently demonstrated that a 51-bp sequence (oligo3l/

32) of the DDR2 upstream region contained a cis-acting
regulatory element which conferred heat shock inducibility
on the reporter gene, CYCl-lacZ (6). The level of 0-galacto-
sidase induction by thermal stress was comparable to that
produced by multiple HSEs inserted upstream of the re-
porter gene in analogous promoter fusion constructs. How-
ever, oligo31/32 does not share significant sequence homol-
ogy with HSE, except for a repeated TTC trinucleotide.
Furthermore, quantitative competitive gel retardation assays
demonstrated that oligo31/32 does not compete with binding
of HSF to HSE. These results suggested that a distinct stress
response pathway was responsible for heat shock induction
of DDR2 expression.

In this report, we further define the thermal stress up-
stream activating sequence (UAS) and show that it contains
the pentanucleotide CCCCT (C4T). This new thermal stress-
responsive element has been designated TRS. The C4T
element is repeated within oligo31/32, and two copies of the
TRS were shown to activate transcription synergistically
upon heat shock treatment. In vitro, fragments containing
the TRS form specific complexes with one or more yeast
proteins, and these proteins do not bind DNA fragments
containing alterations in the C4T sequence. Our results
demonstrate that the major protein which recognizes the
TRS-containing fragments is a polypeptide having an appar-
ent molecular mass of 140 kDa. These results suggest that a
novel transcription factor distinct from HSF regulates ex-
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TABLE 1. Oligonucleotides used for DDR2 promoter analysis

Oligonucleotide Length (bp) Sequencea

Oligo31/32 51 aaTTCTTTTCCCCTGTTTCCATTTTTGTCTTTTCTCACCCCTTATGGGGAC
A 34 aaTTCTTTTCCCCTGTTTCCATTTTTGTCTTTTC
B 31 aattcTGTCTTTTCTCACCCCTTATGGGGAC
C 14 aattcTGTCTTTTC
D 20 tcgagACCCCTTATGGGGAC
H 12 aattcTCCCCTc
I 14 aattcGTTTCCATc
J 13 aattcACCCCTTc
K 14 aattcATGGGGTCc
HSE 30 aaTTCTAGAACGTTCTAGAAGCTTCGAGAc
HSE-26 26 tcgaTTTTCCAGAACGTTCCATCGGC
a Lowercase letters in the sequences identify nucleotides added for cloning into pCZA expression vector.

pression ofDDR2, and possibly other genes of S. cerevisiae,
in response to heat shock and other stresses.

MATERIALS AND METHODS

Strains, growth conditions, 0-galactosidase assays, and
extract preparation. Saccharomyces cerevisiae M12B (a ttp
1-289 ura3-52 gal2) was used for transformation with recom-

binant plasmids and determination of 1-galactosidase activ-
ity as previously described (6). For preparation of proteins
for Southwestern and gel retardation experiments, yeast
whole-cell extracts were prepared from strain BJ2168 (a leu2
trpl ura3-52 prbl-1122 pep4-3 prcl-407 gal2) according to
published procedures (22). To prepare crude protein extracts
from heat shock-treated cultures of strain BJ2168, cells were
grown in 1 liter of YPD medium at room temperature to late
log phase, 500 ml of fresh YPD medium prewarmed to 61°C
was added to rapidly raise the temperature to 37°C, and
incubation was continued at 37°C for an additional 30 min.
Cells were harvested by centrifugation, and extracts were
prepared as described elsewhere (6).

Construction of plasmids. Cloning of double-stranded syn-
thetic oligonucleotides into expression vector pCZA (8) was
performed as described elsewhere (6). Oligonucleotides used
in this study (Table 1) were synthesized on a DuPont
Generator or Applied Biosystems 391 PCR Mate DNA
synthesizer. All synthetic oligonucleotides except oligonu-
cleotide D were constructed with EcoRI and XhoI restriction
sites at 5' and 3' ends, respectively, and cloned into pCZA,
which had been digested with EcoRI and XhoI. Oligonucle-
otide D, containing XhoI sites at both ends, was cloned into
vectors pCZA and pCZ-A, which had both been restricted
with XhoI and dephosphorylated at their 5' ends by using
bacterial alkaline phosphatase. The sequences of the pro-
moter fusions were confirmed by double-stranded dideoxy-
nucleotide sequencing using Sequenase version 2.0 (U.S.
Biochemical), and compression at GC regions was resolved
by using 7-deaza-dGTP (Pharmacia).

Gel retardation assay. Competition gel retardation analysis
was performed as previously described (6). The binding
reaction mixture contained 65 p,g of yeast whole-cell extract,
1 p.g of poly(dI-dC) poly(dI-dC), 20 mM HEPES-KOH
(N-2-hydroxyethylpiperazine-N, N'-ethanesulfonic acid; pH
8) 1 mM MgCl2, 60 mM KCl, 1 mM diethiothreitol (DTT),
0.1% Nonidet P-40, 12% glycerol, and 0.2 ng (10,000 cpm) of
DNA probe in a total volume of 25 p,l.
DNA probes. The two complementary synthetic oligonu-

cleotides were annealed and isolated from polyacrylamide
gels as described previously (5, 9). The purified duplex

fragments were phosphorylated by using T4 polynucleotide
kinase in buffer containing 50 mM Tris-Cl (pH 8.0), 10 mM
MgCl2, 5 mM DTT, 1 mM ATP, and 0.5 mg of bovine serum
albumin per ml. Concatemers were prepared by incubating
the fragment with T4 DNA ligase in the same buffer over-
night at 16?C. The DNA was extracted with phenol-chloro-
form-isoamyl alcohol (25:24:1) and precipitated in absolute
ethanol at -20°C. Concatemers with mean lengths of 6 to 10
repeats were produced in this way. The multimeric DNAs
were radiolabeled by end-filling with the Klenow fragment of
Eschenchia coli DNA polymerase I and [t_-32P]dATP (6,000
Ci/mmol) and then were separated from unincorporated
nucleotides by gel filtration through a G-50 Sephadex column
as described elsewhere (9). DNA probes prepared in this
way had specific activities in the range of 7 x 107 to 25 x 107
cpm/,ug of DNA.
Sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-

phoresis, transfer, and DNA probing of immobilized proteins
(Southwestern assay). Yeast whole-cell extracts were pre-
pared from unstressed and heat shock-treated cells as de-
scribed previously (22). Extracts (250 pug) were incubated for
5 min at 950C with an equal volume of loading buffer (2%
SDS, 20% glycerol, 60 mM Tris-HCl [pH 6.8], 200 mM DTT,
0.001% bromophenol blue) and loaded onto an SDS-5%
polyacrylamide gel (40:1 acrylamide:bisacrylamide), and the
proteins were fractionated by electrophoresis. Amersham
rainbow markers were used as molecular weight standards.
Proteins were electrophoretically transferred onto a nitrocel-
lulose membrane in buffer containing 25 mM Tris-190 mM
glycine (pH 8.3) in a Bio-Rad TRANSBLOT apparatus. The
probing of nitrocellulose-bound proteins with radiolabeled
concatenated oligonucleotides was done by the method of
Vinson et al. (24), with slight modifications. All subsequent
procedures were carried out at 4°C. Filters were rinsed in
binding buffer (25 mM HEPES [pH 8], 100 mM KCl, 2 mM
MgCl2, 1 mM DTT) for 5 min, denatured in 6 M guanidine
hydrochloride in binding buffer for 10 min, and then rena-
tured in a series of washes (5 min each) in five successive 1:1
dilutions of the guanidine hydrochloride solution in binding
buffer. The filters were washed twice (5 min each) with
binding buffer alone and blocked by incubation in binding
buffer containing 5% nonfat dry milk (Carnation) for 30 min.
The probe was added to the binding buffer containing 2.5%
dry milk at a final specific activity of 1 x 106 to 2 x 106
cpm/ml. Filters were incubated with end-labeled probe for
approximately 2 to 3 h, washed with four changes of binding
buffer containing 0.25% dry milk for 20 to 30 min, dried in
air, and placed under film (DuPont Cronex) overnight at
-70°C with an intensifying screen for autoradiography.
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Expression of HSF in E. coli and preparation of bacterial
extracts. E. coli AR68 containing either the HSF expression
plasmid pOTSNcol2-8* or its derivative p2650 (26) were
grown in Luria broth containing 100 ,ug of ampicillin per ml
at 30°C to anA595 of 0.6. The culture was quickly transferred
to a 43°C water bath and shaken for 25 min. The temperature
was reduced to 37°C, and the cultures were incubated for an
additional 60 min. The cells were pelleted, resuspended in
extraction buffer (50 mM Tris-Cl [pH 7.5], 1 mM EDTA, 1
mM DTT, 1 mM phenylmethylsulfonyl fluoride) and quickly
frozen in dry ice-ethanol. The frozen cells were rapidly
thawed, lysozyme was added to a final concentration of 0.5
mg/ml, and the suspension was incubated on ice for 15 min.
Following lysis, NaCl was added to a concentration of 1 M
and the lysate was incubated on ice for 15 min and then
centrifuged for 30 min in a Microfuge. The cleared lysate was
dialyzed against extraction buffer and used for Southwestern
experiments as described by Weiderrecht et al. (26).

RESULTS

Oligo31/21 contains two elements which confer heat shock
induction. In order to further delineate the sequences re-
sponsible for heat stress induction in the DDR2 promoter,
double-stranded oligonucleotides corresponding to different
portions of oligo31/32 were cloned into promoter fusion
vector pCZA (see Materials and Methods) and the 3-galac-
tosidase activities of the transformants were measured be-
fore and after heat shock treatment.
The analysis of several 3' deletions of the DDR2 promoter

cloned into the CYCl-lacZ reporter vector demonstrated
that a sequence which was necessary and sufficient for
transcriptional activation by heat shock was located between
-212 (d32) and -165 (d31) relative to the start of DDR2
translation. The results obtained from both 5' and 3' deletion
analyses further argued that the important regulatory ele-
ment(s) was located between -187 (d19) and -165 (d31) (6).
Oligonucleotide B (Table 1 and Fig. 1A) encoding the
sequence between these end points was cloned in the CYCl-
lacZ promoter fusion vector pCZA to yield plasmid pCZ-B.
The level of 3-galactosidase activity was induced 4.9-fold
when yeast cells containing pCZ-B were exposed to 37°C for
60 min (Fig. 1B).

Interestingly, oligonucleotide A, corresponding to se-
quences between -212 and -180 (Fig. 1A), also conferred
heat shock-inducible expression of j-galactosidase activity
(Fig. 1B), and the amount of P-galactosidase activity in cells
containing plasmids pCZ-A following heat shock treatment
(20 U) was comparable to that in cells containing plasmid
pCZ-B (21 U). The induction ratio for pCZ-A (2.4-fold) was
lower than that for the pCZ-B plasmid (4.9-fold) because of
the higher basal-level expression in cells containing plasmid
pCZ-A. This result suggested either that the overlapping
8-bp region of oligonucleotide A and oligonucleotide B
contained the regulatory element or that two or more heat
shock-inducible regulatory elements were present within
oligo31/32.
The sequence of oligonucleotide B was further divided

into oligonucleotide C (9 bp) and oligonucleotide D (15 bp)
(Fig. 1A). Oligonucleotide C, containing sequences corre-
sponding to the overlapping region between oligonucleotides
A and B, did not contain measurable UAS activity and was
unable to confer heat shock-inducible expression when
placed upstream of the CYCl-lacZ reporter gene (Fig. 1B).
Cells containing plasmid pCZ-D showed a threefold heat
shock induction of ,-galactosidase activity, indicating that

oligonucleotide D, as well as oligonucleotide A, contained
elements which responded to thermal stress. The induction
ratio of 3-galactosidase activity determined for cells contain-
ing plasmid pCZ-D (3.0-fold) was slightly lower than that
seen in cells containing plasmid pCZ-B. However, in cells
transformed with plasmid pCZ-DD (containing two direct
repeats of oligonucleotide D), P-galactosidase activity in-
creased to 77 U (9.8-fold induction) after heat shock treat-
ment, more than six times the level measured in cells
containing the pCZ-D plasmid. Taken together, these results
argued that the 15-bp fragment D contained UAS activity
that conferred heat shock-inducible expression to the re-
porter gene and that this UAS functioned synergistically
when another copy of this element was placed in direct
repeat.
The transcription-activating sequence located within oli-

gonucleotide D also functioned in a reverse orientation.
Plasmids pCZ-DR and pCZ-DRDR contained one and two
copies, respectively, of oligonucleotide D in the reverse
orientation (Fig. 1A). Cells transformed with pCZ-DR and
pCZ-DRDR showed 3.1- and 10.7-fold induction of ,B-galac-
tosidase activity, respectively, following heat shock treat-
ment (Fig. 1B). These induction ratios and the induced levels
of 3-galactosidase activity were comparable to those found
for the pCZ-D and pCZ-DD plasmids, respectively.

Oligonucleotides A and D were inserted into vector pCZA
to prepare plasmid pCZ-AD. The relative order and orienta-
tion of the two fragments in pCZ-AD were identical to those
of the original oligo31/32 (Fig. 1A). Cells containing plasmid
pCZ-AD expressed 76 U (12.7-fold induction) of 3-galacto-
sidase activity after heat shock treatment (Fig. 1B). This
level of induction was significantly greater than the sum of
the activities produced by oligonucleotides A and D inserted
individually into the pCZA vector.
The above results indicated that both oligonucleotides A

and D contained UAS activity but that heat shock induction
measured in cells containing either plasmid pCZ-A or pCZ-D
was significantly lower than induction in cells containing
plasmid pCZoligo3l/32. By placing both oligonucleotide A
and oligonucleotide D in one promoter, a heat shock induc-
tion ratio similar to that of cells containing pCZoligo3l/32
was obtained. Therefore, heat shock induction of ,-galacto-
sidase expression conferred by the oligo31/32 in promoter
fusion vector pCZA appeared to be due to the contribution of
two separate activating elements, one located in region A
and the other in region D of oligo31/32.
A 7-bp half-site within fragment D is sufficient for heat

shock induction of transcription. Analysis of the sequence of
oligo31/32 revealed that it contained two types of short
repeated elements which were located within oligonucle-
otides A and D (Fig. 2A). Regions J and K' are palindromic
sequences comprising fragment D. Moreover, the H element
within fragment A contains a sequence homologous to
regions J and K'. Additionally, sequence I, which is located
within fragment A, and sequence K, which is located within
fragment D, are palindromic sequences which share homol-
ogy at six of eight nucleotides. To test whether these
repeated sequences function as upstream elements which
confer heat shock inducibility, double-stranded synthetic
oligonucleotides encoding each repeat were cloned into the
pCZA& vector. As shown in Fig. 2B, cells containing plasmid
pCZ-J showed a 3.2-fold induction of P-galactosidase activ-
ity following heat shock treatment, which was similar to the
induction ratio observed with cells containing the pCZ-D
plasmid. Cells containing plasmid pCZ-I and cells containing
plasmid pCZ-K repeatedly showed little induction of P-gal-
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FIG. 1. Heat shock induction of CYCI-lacZ promoter fusions containing oligonucleotides from the oligo31/32 region of the DDR2
promoter. (A) The nucleotide sequence of oligo3l/32 is presented on the top line along with the deletion endpoint of 5' deletion d19 (open
triangle) and the deletion endpoint of 3' deletion d31 (filled triangle). The fragments cloned into the CYCl-lacZ promoter fusion vector pCZA
are indicated below. Heavy arrows correspond to the oligonucleotide D fragment, and the direction of the arrow indicates the orientation of
the fragment in the vector; i.e., in the pCZ-D construct oligonucleotide D is in the same orientation as it is in oligo31/32, whereas in pCZ-DR
the oligonucleotide is in the opposite orientation. At the bottom is a representation of the pCZA fusion vector showing EcoRI and XhoI
restriction sites within the polylinker (6). The striped box represents CYCI sequences, and the filled box corresponds to the TATA element.
(B) Derivatives of the pCZA plasmid containing oligonucleotides corresponding to DDR2 upstream regulatory sequences were transformed
into yeast strain M12B. The ,B-galactosidase activity was determined for transformants grown at 23°C (control [filled bars]) and for
transformants subjected to heat shock at 37°C for 60 min (open bars). Induction ratios are given in parentheses. The 0-galactosidase activities
reported are the average values of two or more samples obtained from each of at least two independent transformants.
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FIG. 2. Short sequence elements within oligo3l/32 confer heat shock regulation to a CYCl-lacZ promoter fusion. (A) Computer analysis
of oligo3l/32 DNA was used to identify repeats (shown by arrows). Sequences presented by thick arrows (J, K', and H) share homology at
five of six nucleotides. Sequences I and K (thin arrows) contain the motif 5'GTnnCCAT3' (where n stands for any nucleotide). (B)
Double-stranded synthetic oligonucleotides corresponding to the repeated elements within oligo31/32 (H, I, J, and K) were cloned into the
CYCl-lacZ reporter plasmid pCZA and tested for heat shock-inducible expression of 3-galactosidase. Filled bars represent 1-galactosidase
activities of control cells grown at 23°C. Open bars represent 3-galactosidase activities of cells incubated at 37°C for 60 min. Induction ratios
are given in parentheses. j-Galactosidase activities are averages of two or more samples obtained from two independent transformants.

actosidase activity; these induced enzyme levels were sig-
nificantly lower than those observed in cells containing the
pCZ-J plasmid (12 U) and were comparable to levels ob-
tained with pCZA. Although cells containing the pCZ-H
plasmid showed a modest increase in P-galactosidase activ-
ity following heat shock (1.8-fold), we observed that multiple
insertions of the H oligonucleotide resulted in high levels of
P-galactosidase induction which were comparable to those
produced by cells containing the complete oligo3l/32 frag-
ment (data not shown). These results indicated that the H
fragment likely contained a stress-regulatory element.
These results demonstrated that oligonucleotides H and J,

each containing only 7 bp ofDDR2 sequence, were sufficient
to confer heat shock-inducible expression to the heterolo-
gous promoter. Oligonucleotides J and H share a pentanu-
cleotide sequence, CCCCT (C4T), which appears to be an

essential component of the heat shock-inducible UAS. We
designate this new element containing the C4T sequence a

thermal stress-responsive sequence or TRS.
Mutations in the C4T sequence abolish heat stress-inducible

expression of ,3-galactosidase. A derivative of oligonucleotide
A in which the C4T sequence was changed to A4G was

prepared. The oligonucleotide containing this alteration,
designated oligonucleotide AM (Fig. 3), was ligated into the
pCZA expression vector. Similarly, oligonucleotide BM, in
which the C4T element within the B fragment was changed to
A4G, was prepared, and this oligonucleotide was also in-
serted into the pCZA& expression vector. As shown in Fig. 3,
there was little or no increase in P-galactosidase activity

after heat shock treatment of cells containing either plasmid
pCZ-AM or plasmid pCZ-BM. These results further argue

that the C4T element is required for heat shock stress
induction of the CYCl-lacZ reporter gene and, by inference,
of the DDR2 gene itself.

Specific binding of yeast proteins to promoter fragments
containing the C4T motif. The specific binding of one or more

yeast proteins to oligonucleotides spanning the oligo31/32
region was investigated by using a gel retardation assay (see
Materials and Methods). As shown in Fig. 4, labeled oligo-
nucleotide B formed a complex when incubated with yeast
protein extracts, and this complex was specific as judged by
competition with excess unlabeled oligonucleotide B. More-
over, complexes were subjected to competition by adding
unlabeled oligo31/32 to the reaction but not by adding a

500-fold molar excess of oligonucleotide BM, which lacked
the C4T sequence. These complexes were also subject to
competition by excess unlabeled fragment A but not by
fragment AM lacking the TRS element. These results indi-
cated that these complexes are specific and require the C4T
element present in fragments A and B. Figure 4 also shows
that complexes with oligonucleotide B were formed effi-
ciently in the presence of a 500-fold molar excess of the
HSE2-26 oligonucleotide, corresponding to a functional heat
shock element within the promoter of the SSAI gene (6, 13).
Thus, formation of a specific protein-DNA complex with
fragment B was not due to binding of HSF. This latter result
is consistent with our earlier demonstration that oligo3l/32

A

(X1.2)

I (X3.0)

C= 1 ((x1.8)
(xl.4)

I (x3.2)
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A
oligo 31 / 32 aalTC¶iTITCCCCTGTTTCCATITTTGTC1TIT1TI7CACCCCTTATGGGGAC

A CCCCT
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-AAAAG

B
pCZ-A

pCZ - AM

pCZ-B
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0 5 10 15 20 25 30 35
,6-galactosidase (units)

FIG. 3. Alterations of the C4T motif abolish 1-galactosidase induction by heat shock. (A) A derivative of oligonucleotide A was
synthesized in which the C4T pentanucleotide was changed to A4G, and it was designated oligonucleotide AM. Similarly, the C4T motif was
changed to A4G in oligonucleotide B. This oligonucleotide was designated oligonucleotide BM. Each was cloned into expression vector pCZA
as described in Materials and Methods. (B) ,B-Galactosidase activity measured in strains containing plasmids pCZ-AM and pCZ-BM are
indicated for both control (filled bars) and heat shock-treated cells (open bars). The 13-galactosidase activities are averages of two experiments
performed with two separate transformants.

does not contain a binding site for the "classical" HSF
protein (6).

Oligonucleotide D contains a binding site for a 140-kDa
protein. Additional evidence that the 15-bp oligonucleotide
D contains a specific binding site for yeast proteins was
obtained by probing cellular proteins which had been immo-
bilized on nitrocellulose with radiolabeled fragment D. Yeast
soluble proteins were separated by electrophoresis in SDS-
polyacrylamide gels, transferred to nitrocellulose mem-
branes, renatured in situ, and incubated with radiolabeled,
concantenated, double-stranded oligonucleotides (see Mate-
rials and Methods). With oligo31/32 as a probe, a single
protein band was detected in extracts, and this protein
migrated at the position of a polypeptide having an apparent
molecular mass of 140 kDa (Fig. 5, lanes 1 and 2). Radiola-
beled oligonucleotide D also bound to a protein with identi-
cal mobility in polyacrylamide gels (Fig. 5, lanes 3 and 4).
This binding activity was present in extracts prepared from
both unstressed and heat shock-treated cells.
When the proteins were incubated with a labeled HSE

probe, a single protein was detected, and this protein mi-
grated at a position expected of a 150-kDa polypeptide (Fig.
5, lanes 5 and 6). This result was consistent with the
previously reported molecular weight of HSF determined by
SDS-polyacrylamide gel electrophoresis (22). In order to
show that the oligo3l/32-binding protein was distinct from
HSF, the protein blot was incubated with both labeled HSE
and labeled fragment D probes. As can be seen in Fig. 5
(lanes 7 and 8), two binding activities which migrated close
to one another in SDS-polyacrylamide gels were detected

following autoradiography. On the basis of the relative
intensity and mobility of the binding proteins, the upper
band corresponds to HSF, while the lower band corresponds
to the TRS-binding protein. We estimate that these proteins
differ in size by 5 to 10 kDa.
The HSF protein expressed in E. coli binds the HSE but not

oligo3l/32. The Southwestern assay results, together with
our previously reported competitive gel retardation data (6),
argue that the classical HSF does not bind oligo3l/32 and
that a distinct protein binds to oligo31/32 in yeast cell
extracts. We have further demonstrated that oligo3l/32 does
not contain an HSF-binding site by expressing this protein in
E. coli and examining binding by the Southwestern tech-
nique. As shown previously (26), full-length HSF protein, as
well as the carboxyl-terminal deletion mutant (p2650), ex-
pressed in strain AR68 were able to bind to an HSE probe on
a Southwestern blot (Fig. 6, lanes 3 and 4). For both the
wild-type and deletion proteins, multiple bands were seen
either because of protein breakdown or because of prema-
ture termination of translation of the HSF protein. In both
cases, however, bands corresponding to the full-length
translation product were detected. However, incubation of
the same extracts with labeled oligo31/32 showed a different
(and unexpected) result. This probe identified a single bind-
ing activity migrating at the position of a 70-kDa polypep-
tide. This band does not correspond to any of the HSF
fragments and, in fact, was detected in extracts of the
parental AR68 strain lacking the cloned HSF gene (Fig. 6,
lane 5) as well as in extracts of uninduced cells containing
the HSF gene (Fig. 6, lane 6). Thus, this binding activity is

I (x4.0)

=(x1~~x.4)l

I(x4.7)

(x 1.1)
I_I I I I I
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FIG. 4. Specific binding of yeast proteins to oligonucleotides containing the C4T motif. Labeled oligonucleotide B was prepared by end
filling with Klenow fragment as described in Materials and Methods and incubated for 15 min at room temperature with a crude extract
prepared from untreated cells as described elsewhere (6). For competition experiments, the indicated amount of unlabeled competitor DNA
(expressed as a molar ratio) was incubated with yeast whole-cell extract for 15 min at room temperature prior to addition of the labeled
fragment. The arrow indicates the position of the specific protein-DNA complex. The faster-migrating band was not subject to competition
and was composed of nonspecific DNA-binding proteins. The sequences of the oligonucleotides are given in Table 1 and Fig. 3. The unbound
labeled oligonucleotide probe migrated at the bottom of the gels.

an E. coli protein. We do not know whether the C4T motif is
recognized by this bacterial factor or whether the factor
recognizes a distinct sequence element within oligo3l/32.
These results, however, further demonstrate that S. cerevi-
siae HSF does not recognize sequences within the oligo31/32
promoter element and that the 140-kDa protein is a novel
binding factor distinct from HSF.

ments in oligo3l/32, each of which can function indepen-
dently but which evoke a more than additive response when
combined upstream of the TATA box. This behavior sug-
gests that interaction between these two elements is impor-
tant for optimal induction of DDR2 transcription following
heat shock stress.
Sequence inspection of oligonucleotides A and D revealed

DISCUSSION

In this report, we have described cis and trans compo-
nents of a novel heat stress regulatory pathway in S.
cerevisiae. The identification of these elements resulted from
a molecular analysis of the yeast DDR2 gene. Transcription
of this gene increases more than 20-fold following brief heat
shock or exposure to a variety of DNA-damaging agents (eg,
UV irradiation, alkylating agents, etc.). Previously, we
demonstrated that a 51-bp oligonucleotide corresponding to
a region upstream of the TATA elements in the DDR2
promoter contained all the sequences that were necessary
and sufficient for heat shock induction of a CYCl-lacZ
reporter gene (6). We also demonstrated that oligo31/32 did
not bind the well-characterized heat shock transcription
factor (HSF) as judged by competitive gel retardation exper-
iments using labeled HSE-containing DNAs. By further
dissecting oligo3l/32, we have shown that this oligonucle-
otide contains two elements which are capable of conferring
heat shock induction when placed in front of the CYCl-lacZ
reporter. Oligonucleotide A and nonoverlapping oligonucle-
otide D each conferred approximately two- to threefold
inducibility when placed upstream of the CYCl-lacZ re-
porter. Combining the two fragments produced a more than
12-fold increase in expression after heat shock. Significantly,
insertion of two copies of oligonucleotide D in either orien-
tation led to a 9- to 11-fold increase in P-galactosidase
expression after heat shock treatment. These results dem-
onstrate the presence of two transcriptional regulatory ele-

probe oligo31/ 32 D HSE

D
+
HSE

MW
-200

UaIh

-97.4
1 2 3 4 5 6 7 8

FIG. 5. Specific DNA binding by a protein in whole-cell extract
of S. cerevisiae. Yeast whole-cell extracts were fractionated by
electrophoresis in a 5% polyacrylamide gel containing SDS, trans-
ferred to nitrocellulose, renatured after guanidine hydrochloride
treatment, and hybridized with radiolabeled concatenated oligonu-
cleotide. Lanes: 1 and 2, hybridization with oligo3l/32; 3 and 4,
hybridization with oligonucleotide D; 5 and 6, hybridization with
HSE; 7 and 8, hybridization with both oligonucleotide D and HSE.
The sequences of oligonucleotides used as probes are listed in Table
1. Oligonucleotide HSE contains multiple overlapping HSEs. Lanes
1, 3, 5, and 7 contained 250 p.g of protein prepared from control
cells, and lanes 2, 4, 6, and 8 contained 250 ,ug of extract prepared
from heat shock-treated cells (see Materials and Methods). The
positions of molecular weight (MW) standards are indicated.
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Probe HSE Oligo 31/32
FIG. 6. HSF expressed in E. coli binds HSE but not oligo31/32.

Expression of HSF was induced in cells by incubating them at 43°C,
and extracts were prepared and fractionated through a 7.5% poly-
acrylamide gel as described in Materials and Methods. Following
transfer to nitrocellulose and renaturation, the filters were hybrid-
ized with a labeled HSE probe (lanes 1 through 4) or with labeled
oligo31/32 (lanes 5 through 8). The positions of molecular mass
standards in kilodaltons (kd) are indicated at right. Lanes: 1 and 5,
E. coli AR68 without HSF clone; 2 and 6, uninduced strain AR68
containing plasmid pOTSNco12-8*, corresponding to the full-length
HSF clone (26); 3 and 7, strain AR68 containing plasmid
pOTSNcol2-8* induced at 43°C; 4 and 8, strain AR68 containing
plasmid p2650 encoding a truncated HSF and induced at 43°C.

two types of repeat elements that were candidates for the
stress response element. By preparing smaller oligonucle-
otides and inserting them in front of CYC1-lacZ, we deter-
mined that only those oligonucleotides containing the pen-

tanucleotide sequence C4T could evoke a stress response.

Moreover, by introducing base changes within the C4T
element we abolished the ability of these oligonucleotides to
confer heat shock induction on the reporter gene.

The gel retardation experiments shown in Fig. 4 demon-
strated the presence of one or more proteins in S. cerevisiae
which bind to oligonucleotides A and B. These complexes
likely represent functionally important interactions, since
they are not bound by oligonucleotides in which the C4T
motif has been mutationally altered (oligonucleotides AM
and BM) and which do not confer heat shock inducibility in
vivo. Additionally, we have observed that excess oligonu-
cleotide A competes with oligonucleotide B for binding,
demonstrating that the proteins responsible for complex
formation recognize the same sequence element(s) within
each of these DNA fragments. The failure of a 500-fold molar
excess of the HSE-containing oligonucleotide, HSE2-26, to
compete for retardation of oligonucleotide B argues strongly
that the proteins which recognize the C4T element are

distinct from HSF. This conclusion is further strengthened
by the demonstration that HSF expressed in E. coli binds an

HSE-containing DNA fragment but not one containing the
C4T sequences (Fig. 6). This novel stress regulatory element
containing this pentanucleotide sequence has been desig-
nated TRS, for thermal stress response sequence.

Southwestern blotting was used to identify a yeast protein

which recognizes the C4T motif in oligo3l/32 as well as in
oligonucleotide D. Our data indicate that the binding activity
migrates as a polypeptide with an apparent molecular mass
of approximately 140 kDa. This protein was found to migrate
slightly faster than HSF in our gel system and was present in
extracts prepared from both stressed and unstressed cells.
Furthermore, our results demonstrate that there is neither an
increase in the amount nor an obvious alteration in the
mobility of the TRS-binding factor in heat shock-treated
cells. However, additional experiments with the purified
TRS-binding factor will be required to determine whether
heat shock or other stress treatments alter the conformation
or modify the structure of this protein. We have designated
this protein the thermal stress transcription factor or TSF.
Recently, we have observed that sequence changes outside
of the C4T element can modulate its interaction with TSF
(lla). These results suggest that flanking sequences may
play a role in mediating a heat or stress response.
The identification of a new stress-regulatory pathway in S.

cerevisiae raises several interesting and important new ques-
tions. What is the relationship between the HSF and TSF
proteins? Do other eukaryotes possess this pathway for
stress regulation of transcription? How many other stress-
regulated genes in S. cerevisiae are controlled by TRS
elements? The first two questions will be answered when the
complete sequence of the cloned TSF gene is determined.
These experiments are in progress. As for the last question,
we have already observed that the stress-regulated yeast
UBI4 gene contains a promoter sequence related to the TRS
elements of DDR2, and at least one of these sequences
appears to participate in heat shock induction of UBI4
transcription (20a). It is also worth noting that two copies of
the TRS element are located in the promoter of the stress-
regulated HSP12 gene (16), and two sequences closely
related to the TRS element have been found in the promoter
of the stress-regulated cytosolic catalase T gene (C7TJ) of S.
cerevisiae. Furthermore, deletion studies implicate one of
these elements in stress regulation of C7TT expression (28).
Recently, Ota and Varshavsky (12) identified sequences in
the 5' flanking region of the yeast PTP2 gene (encoding a
heat shock-inducible phosphotyrosine phosphatase) which
closely resemble the heat stress-regulatory region of DDR2.
In this region are located two C4T elements. It will be
important to determine whether these sequence elements are
functionally important in the regulation of these different
stress-inducible genes.
Our original deletion studies of the DDR2 promoter dem-

onstrated that sequences within the oligo3l/32 region were
needed for DDR2 transcription induction by DNA-damaging
agents as well as by heat shock (6). Although it is almost
certain that the TRS elements and TSF protein are required
for induction by DNA-damaging agents, our recent molecu-
lar studies suggest that additional promoter sequences are
needed for regulation by chemical mutagens and/or carcin-
ogens. We are currently investigating the nature of these
sequences and their possible interactions with TRS and
determining what additional factor(s) binds to these pro-
moter elements.

In E. coli, cr32 regulates transcription of 17 or more genes
in response to heat shock (for a review, see reference 11).
Recently, a second transcription factor, &%, has been puri-
fied; &- controls expression of the rpoH gene (encoding o-&2)
at elevated temperatures and at least one additional stress-
regulated gene (3, 25). It has been proposed that o-E activates
gene expression in response to potentially lethal tempera-
tures (>420C) and plays a role in establishing a thermotoler-
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ant condition for cells (3). The TRS/TSF pathway may
function analogously to establish thermotolerance in yeast.
Alternatively, the TRS/TSF pathway may control functions
which are needed to repair or mitigate certain types of
damage common to both heat-shocked and mutagen- and/or
carcinogen-treated cells. Interestingly, there is considerable
overlap between heat shock and DNA damage (or replica-
tion blockage) regulation in E. coli, in which expression of as
many as seven heat shock genes, including dnaK andgroEL,
occurs in response to conditions of replication arrest or
DNA damage (7). In S. cerevisiae, expression of the major
heat shock genes is not significantly influenced by DNA-
damaging treatments, indicating a greater separation of these
two regulatory pathways (10). Genetic analysis of the TRS/
TSF system should help to identify the role of this stress
response pathway in S. cerevisiae.
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