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Abstract

We have isolated the Arabidopsis heat shock factor gene Athsf! as genomic and corresponding cDNA
sequences via cross-hybridization with tomato clones. Sequence analysis indicates only a partial
homology with the HSFs from tomato and other organisms which is confined to the DNA-binding and
the oligomerization domains. The gene is constitutively expressed but the level of mRNA for Athsf]
increases two-fold upon heat shock. However, the putative promoter region lacks the canonical heat
shock elements. After expression in Escherichia coli the recombinant Athsf1 protein binds specifically to
a synthetic oligonucleotide containing five heat shock elements. The native size of recombinant ATHSF1
in vitro is consistent with a trimer as demonstrated by chemical cross-linking and pore exclusion limit

analysis.

Introduction

The heat shock (hs) response is a conserved
reaction of cells and organisms responding to
environmental stress, particularly to elevated
temperatures, and in different organisms also to
a variety of chemical inducers. A common feature
of the hs response is the rapidly induced expres-
sion of heat shock proteins (Hsp). For most of
the different classes of Hsp (Hsp70, Hsp60 and
Hsp20) a functional role as molecular chaperones
has been demonstrated (see [ 15, 21] for review).
In plants Hsp20 seems to play a special role
because this class of Hsp is prevalent and mem-
bers of the Hsp20 family are also transported into

chloroplasts. Their expression is primarily regu-
lated at the transcriptional level; post-transcrip-
tional regulation such as control of translation
and mRNA stability are secondary phenomena.

In eukaryotes the induction of the transcription
of heat shock genes is mediated by a pre-existing
transcriptional activator, the heat shock factor
(HSF), which binds to a conserved sequence, the
heat shock element (HSE), present in multiple
copies in the promoter regions. The binding motif
of HSE is composed of 5 bp [nGAAn] blocks in
alternating orientations; at least three units are
required for stable binding [2, 23, 33, 38, 40]. In
Drosophila, vertebrates and plants binding of HSF
to HSE is hs-inducible [ 18, 28, 29] and requires

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under

the accession number X76167.
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in vertebrates, Drosophila and yeast a conversion
from a latent monomer to an active trimer [ 6, 20].
Hence HSF is a constitutively expressed gene
whose function is post-transcriptionally con-
trolled.

Genes encoding HSF have been isolated from
the yeasts Saccharomyces cerevisiae, K. lactis and
from fruit fly, chicken, mouse, man and tomato
(see [20] for review). In yeasts and Drosophila
HSF is encoded by a single gene shown to be
essential for yeast [35]. Somehow unexpected has
been the multiplicity of HSF, in tomato by three
[29] and in several other species including man
[30], mouse [28] and chicken [22] by at least two
different genes. The precise functional role of dif-
ferent HSF is not known but transient expression
of tomato HSF in tobacco suggests differences in
promoter specificity [36].

Sequence comparisons of HSF genes from dif-
ferent species demonstrate a strong conservation
but only in their DNA-binding and oligomeriza-
tion domains [28]. This holds true also for the
three tomato HSF genes which have been iso-
lated via screening of cDNA libraries using syn-
thetic HSE as DNA ligand [29].

Here we describe the identification of a cDNA
and the corresponding genomic sequences from
Arabidopsis thaliana that show the characteristic
motifs of HSF. The recombinant protein binds to
synthetic HSE sequences and forms a multimer
in vitro. The expression and function of the Ara-
bidopsis HSF is discussed. The identification of
this regulatory gene in Arabidopsis and the char-
acterization of the recombinant protein are es-
sential for the genetical, molecular and biochemi-
cal analyses of the heat stress-induced signal
transduction in this plant model.

Material and methods
Library screening

An Arabidopsis genomic library in ADash and a
¢DNA library in Agtl0 derived from adult, non-
heat-shocked plants were used. The genomic
library was screened by hybridization with to-
mato ¢cDNA clones Lphsf8 and Lphsf24; the

c¢DNA library with Lphsf8, Lphsf24 in addition
to the crosshybridizing fragments of the genomic
screen.

Hybridization was performed at 38 °C in
10 mM PIPES pH 6.9, 600 mM NaCl, 1 mM
EDTA, 10 x Denhardt’s solution, 0.1%, SDS,
and 100 pug/ml yeast RNA. The final wash was
done in 0.2 x SSC at 50 °C. Six genomic and
four cDNA clones were isolated, subcloned into
pBluescript SK (Stratagene) and sequenced.

Sequence analysis

Deletion derivatives were generated using exonu-
clease III [22] and cloned into pBluescript.
Nucleotide sequences were determined by the
dideoxynucleotide method [26]. Both strands of
the sequence presented in Fig. 1 were determined.

All cloning and DNA manipulations including
also primer extention mapping of the transcrip-
tional start site were carried out according to
standard procedures [25].

Heat shock conditions and nucleic acid isolation

A hs treatment of 37 °C or the control tempera-
ture (25 °C) was applied for 2 h to whole Arabi-
dopsis plants as described for soybean seedlings
[16].

Total RNA was isolated exactly as described
[4]. For preparation of genomic DNA the method
of Dellaporta et al. [8] was applied.

Electrophoresis of DNA and RNA and hybrid-
ization was carried out as described [31].

Reprobing the northern blot with 18S and 258
rDNA proved that equal amounts of RNA were
present in each lane.

The mRNA levels were quantified by radioiso-
tope scanning (Berthold).

Cloning and expression in E. coli

For the expression of the Athsfl protein the
QIA-express expression system (Diagen,
QE1003) was used.



The ¢DNA was cloned Sall/Pst1 into the
pQE-32 expression vector. In this construct a 6 x
His tag is located 5’ to the polylinker. Expression
and purification was done according to the
manufacturer’s description.

Gel retardation assay

1 ug poly[dIldC] and 1ng *°P-labelied HSE
oligonucleotide in 25 ul binding buffer (20 mM
Tris-HCI pH 8, 50 mM NaCl, 15 mM MgCl,,
0.5mM EDTA, 1mM DTT, 109 glycerol)
were incubated with 1 ug recombinant, purified
ATHSFI1 protein. After 25 min at 25 °C the mix-
ture was electrophoresed overnight on a 5%, poly-
acrylamide gel (acrylamide/bisacrylamide 47:1)
with TBE as running buffer. The following oligo-
nucleotides were used for the gel retardation
assay:

HSE 5'-tcgaggatcctaGAAgcTTCcaGAAgcTTCtaGAAgcagate
cctaggat CTTegAAGgt CTTegAAGatCT Teglctagaget-3”

HSEm 5'-tcgaggatcctat AAgcTTacat AAgcTT atat AAgeagatc
cctaggat a TTcgAA t gta TTegAA tat a TTegtclagaget-3'

Oligonucleotides were annealed at 25 °C over-
night, the double strand eluted from a 8%, poly-
acrylamide gel and labelled with **P-ATP using
T4 kinase.

Pore exclusion limit gel electrophoresis [3]

5 ug of recombinant, purified ATHSF1 protein
and high molecular weight marker proteins (Phar-
macia Lot 3070445011) were electrophoresed on
a 3-159, polyacrylamide (2-109%, glycerol) gra-
dient gel in 0.5 x TBE buffer. Electrophoresis
was continued for 24 h at 4 °C (20 V/cm) and the
gel was stained with Coomassie blue.

Chemical cross-linking [1]

Cloned recombinant HSF (5 ug) was incubated
with ethyleneglycol-bis(succinic acid N-hydrox-
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ysuccinimide ester) (EGS from Sigma), dissolved
in dimethyl sulfoxide, for 30 min in 109, v/v re-
action buffer (150 mM NaCl, 25 mM sodium
phosphate, 109 glycerol). Reactions were
quenched by the addition of 109, v/v of 300 mM
glycine, precipitated with 15% TCA, washed
twice with ice-cold acetone and dissolved in
Laemmli sample buffer. Samples were heated to
95 °C for 5 min and separated on an SDS/4-
109, polyacrylamide gel without a stacking gel
and stained with Coomassie blue.

Results
Isolation of Arabidopsis HSF genes

The screening of libraries, cDNA in Agtl0 and
genomic DNA in ADash, was based on cross-
hybridization of the DNA-binding domain with
tomato cDNA clones for hs transcription factors
Lphsf8 and Lphsf24. The genomic screen resulted
in several independent clones which were subdi-
vided in three groups based on restriction map-
ping and DNA sequence analysis (data not
shown). The cross-hybridizing fragments and
the tomato genes were used as probes for cDNA
library screening. Four out of 500000 clones were
identified and characterized by DNA sequencing.
All of them shared identical sequences corre-
sponding to only one of the genomic sequences.
The longest cDNA clone is obviously not full-
length, missing the 5’ terminus of the protein-
coding sequence. Comparative analysis of cDNA
and genomic sequences revealed that the longest
possible open reading frame of 1473 nucleotides
is interrupted by an intron of 148 nucleotides lo-
cated within the DNA-binding domain.

The open reading frame encodes a protein of
491 amino acids with an estimated molecular
mass of 54 kDa.

The transcriptional start site was determined
by primer extension (data not shown); it is located
ca. 374 nt upstream from the protein coding se-
quence (Fig. 1). The promoter region upstream
from the transcriptional start site contains two
CCAAT boxes (positions —421 and -158); it



356

=492 GAA TTC TAG T

o

T TAT CTC AGA GTA GAT GCA AGA GTT TAA GGT ATC AAC
444 AGA TCT AAT CAA ACA CTC ACA SCA ATc age TAA TTA CTC GTA ATC CGT
-356 ATA TTC ACA AAG CAA AGG ATC ATA GTA CAC ATA CTT GAG AAG AAG CTC
-348 CAT ATC AGG TCC TGG ATA CTT GAT TTC TAT AGT ATT AGA ATG TCC AGG
300 TGA TGA AAA TGT GTT CAA GCA ATC AAC AAG AAG CCC TAA GCT GAT TCC
-252 GAA TCT CGG CCT ACC TTG AGC TCC ATA CTC GTA TTT CGT GAA TAG CTA
-204 CTC ATA TAA CAC ATC AAA CAG ATT TCG GAT TCA ATC GAA TTT TAG GSE
<156 IILAga paa TTT AAG ATA AAC TCA GAA ATC GAT ACC TCG CGT TGA AGA
-10B TAA ACT TTG GCT TGA AGA CAA CCT GAT TCT TCA ACA ATC AAA ACT ATT
-60 TGT TCA GAT AAT TCT ACT AAA GCA TCC TGG AAA CGG AGA AGT TTT CAG
12 CCB AAA ATC AAA'BAR GAA CCC TAG ATT GAA TTT GGG GAG GAT GGA GAT
+37 AAA AAC CTG GTG GCG TTT CCA TCG GAC GCA AGT GAG TGC ATC GAC CAT
+85 TCC TTG AAC ATT ATC GAG CTG GCA AAT CAG GTC CGG TGT GTC TGG TTC
+133  AAT CGC CGG CGA CGA GGA CGA ACT CAT T1C TCT CTC TCT €TC TCy cqc
+181 Tce Tv¢ ET€ TGe TTT CCC GCC AGA AAA TAT ATG CCG ACA AAA TAG CAA

+229 TTA AAT TGA TTA TTA TTA TAT TT6 17

=

TAG CAG GCC CAG TTA TTA ATA
+277 AAG TTG ATC TTT TTG GCC CAC ACA CAA ACT AAA AAG AAA AAT AAA AGC
+325 CCA TCT TTA TGA TAT CGC GTT TAT ATC TGA GTC ACA GAG AAA TAA AAG

1 vV N F K Y F 8 F F I R T K
+373 GGT ATG TTT GTA AAT TTC AAA TAC TTC TCT TTC TTT ATC CGT ACG AAA

6 M b 6 vV T 6 6 G T N I 6 E A V T
+421 ATG GAC GGT GTT ACC GGC GGA GGA ACG AAT ATC GGC GAG GCT GTG AC

32 A P P P R N P H P A T L L N A ¥
+469 GCG CCA CCA CCG CGG AAT CCG CAT CCA GCG ACT TTA CTT AAT GCG AAC

48 s L P P P F L S§ K T Y D M V E D
+517 ICT TTA CCG CCC CCT TTC CTT AGC AAG ACG TAT GAC ATG GTG GAA GAT

64 P A T D A I V § W § P T N N § F
+565 CCG GCG_ACG GAC GCG ATT GTC TCA TGG AGT CCG ACG AAC AAT AGC TTC

8 I v w D P P E F S R D L L P K Y
+613 ATT GTT TGG GAT CCA CCG GAG _TTY TCT CGT GAT CTT CTA CCT AAA TAC

9% F K H N N F S$ S8 F V R Q@ L N T ¥
+661 TIC AAA CAC AAC AAT TTC TCC AGC TTT GTT CGC CAG TTA AAC ACC TAT

+709 GTA AGT ATA AAT TCT CTC GCG CCC TAA TTT CTC CAC CAT TGA TTT CTC
+757 TAA TTG TAC TGT GTA TAG ATT ATG ATT TCG TTG AAT AAT CTT AGT GCT
+805 TGA TGT GTT TGA TAA GAT TTA TAT GAT TCA TGT GCC AAT TTT GAT GAA

112 6 F R K V D P D R W E F A N E
+853 CAG GGT TTT AGG AAA GTG GAT CCA GAT CGA TGG GAA TTT GCT AAT GAA

127 6 F ¢ R 6 @ K # L L K K I s R R
+901 GGT TTC TTA AGA GGT _CAA AAA CAT CTA TTG AAG AAG ATA AGC CGG AGA

143
+949

159
+997

175
+1045

191
+1093

207
+1141

223
+1189

239
+1237

255
+1285

27
+1333

287
+1381

303
+1429

319
+1477

335
+1525

351
+1573

367
+1621

383
+1669

399
+1717

415
+1765

431
+1813

447
+1861

463
+1909

479
+1909

+2005
+2053
+2101

K 8§ v @ 6 H 6 8 § 8§ S N P Q@ § 4
AAA_TCT GTT CAG GGA CAY GGT AGT AGT AGT AGT AAT CCA CAA TCT CAG

@ L § @ 6 @ G S M A A L S § C V
CAA TTA TCT CAG GGT CAA_GGT TCA ATG GCT GCA TTA TCT TCA TGT GTT

E V 6 K F 6 L E E E vV E @ L K R
GAG GTT GGG AAA TTT GGG TTA GAG GAA TT_GAA CAG CTT AAA_AGA

D K M V L M @ E L V K L R @ 0 a
GAC AAA AAC GTG TTG ATG CAG GAA CTC GTT AAG TTA CGC CAG CAG CAA

a 7T T b N X L @ V M V K H L o v
CAA ACA ACA GAT AAT AAA CTT CAG GTT ATG GIT AAA CAY CIT CAG GTT

M E @ R @ Q0 @ I M S F L A K A V
ATG GAG CAG AGG CAA CAA CAG ATT ATG TCT TTC CTT GCT AAA GCT GTA

a N P T F L $ @ F I @ K Q@ T 0 s
CAG AAT CCT ACT TVC CTC TCT CAG TTT ATA G_CAG ACT GAT AGT

N M H v T E A N K K R R L R E D
AAT _ATG CAT GTA ACC GAG GCC AAT AAG AAG GA CTC AGA 1)

$ T A A T E 8 ¥ S H S§ H s L D A
AGT ACT GCT GCT ACT GAG AGT AAT AGT CAT AGC CAT AGC TTG GAT GCA

s D 6 @ I VvV K Y @ P L R N D S M
TCA GAT GGA CAG ATA GTT AAG TAT CAG CCA_CTT Al C_GAT TCA ATG

M W N M M K T D P K Y P F L D 6
ATG TGG _AAC ATG ATG AAA ACA GAT GAT AAG TAT CCG TTT CTT GAC GGG

F § § P N @ V § 6 V T L @ E V L
TTC TCA TCT CCA AAC CAG GTA TCA GGA GTC ACT CTT CAA GAG GTA CTA

P T T § 6 @ § @ A Y A $ V P 8§ G
€CC ACA ACT TCA GGA CAG TCA CAG GCA TAT GCA TCT GTA CCA TCA GGA

e P L s Y L P § T 8 T § L+ P D T
CAG CCT TTA TCA TAC TTA CCC TCT ACT TCA ACT TCT CTC CCG GAT ACC

I ¥ P E T 8§ @ 1 P @ L T R E s 1
ATA_ATG CCA GAG ACT TCC CAG ATA CCA CAA TTG ACA CGA GAG AGT ATC

N P F P T E N Y M D T E K N V P
AAC GAC TTC CCT ACA GAA AAC TAC ATG GAT ACA GAG AAG AAT GTT CCA

E A F I s P 8 P F L D 6 6 S8 V P
GAG GCA TTC ATC TCT CCA AGC CCA TTC CTT GAT GGT GGT TCA GTC CCG

1 @ ¢t E ¢ 1 p E D P E I D E L M
ATT CAG CTT GAG GGA ATA CCC GAA GAC CCC GAG ATT GAT GAA CTA ATG

$ N F E F L E E Y M P E S§ P V F
AGT_AAC TTY GAA TTC CTT GAA GAA TAT ATG CCA GAA AGC CCA GTT TTT

G D A T T L E N N N N N N N N N
GGA GAT GCA ACT ACA CTA GAG AAC AAC AAC AAC AAC AAC AAC AAC AAC

N N N N N N N T N G R H M D K L
AAC AAC AAC AAC AAC AAC AAC ACA AAT GGY AGA CAT ATG GAT AAG CTT

1 E E L 6 t L T 8 E T E H =
ATA GAA GAA TTG GGT CTT CTC ACA TCA GAA ACA GAA CAC TAG TAA AGG

ATT ATG TTT_AGT ATC CAT TGT AAA GTC TTT CTC TAC TAA CAT TAT CGT

JAG GAC TCA GTA GTA CGG TTG CAA CTT TGT GCA GAA AYC TTT CCT TGG

ATA ATA GAA GAG TTG TAT TTA TTA TTA AAA AGA AAA TGC CAT TTT YTCT

Fig. 1. Nucleotide and predicted amino acid sequences. The sequence was obtained by sequencing a set of overlapping exonu-
clease III deletions of the cDNA and genomic clones. The cDNA sequence is underlined, intron borders (nt 1201 and nt 1348)
are highlighted. The transcription start site determined by primer extension (nt + 1), the CCAAT boxes (nt —421, —158) and the
GA stretches (nt + 161, + 187) are indicated by upper-case characters.

lacks sequences that resemble the classical
TATAAA motif. Downstream from the transcrip-
tional start site at position + 161, a 16 bp region
of alternating G and A residues was found

(Fig. 1). Such repeats have been shown to be es-
sential for DNasel hypersensitive site formation
within the Drosophila Hsp26 gene [19].
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Fig. 2. Southern blot analysis of Athsfl. Genomic DNA
(10 ug/lane) was digested with the restriction enzymes as in-
dicated, separated by agarose gel electrophorese, blotted onto
a nylon membrane and probed with an Azhsf! genomic frag-
ment (nt —492 to + 1822). A. The blots were hybridized at
42 °C and washed to final conditions of 65 °C, 0.2 x SSC,
0.19% SDS. B. The blot was hybridized at 30 °C and washed
to final conditions of 35 °C, 0.2 x SSC, 0.1% SDS. Migra-
tion of DNA size markers is indicated at the left.

Athsfl is constitutively transcribed

Southern blot analysis of Arabidopsis genomic
DNA digested with Eco RI or Sac I and probed

MARKER c hs
(RNA)

4.4 kb

2.4 kb

1.4 kb

probe: 5' leader

357

with an Athsf] genomic fragment (nt positions
—492 to + 1822), which includes promoter and
protein-coding regions, suggest that Arhsfl is
present as a single-copy gene (Fig. 2A). A tandem
duplication of the gene is very unlikely since
further sequencing extending in the Athsf flank-
ing regions failed to identify any duplications
(F. Schoffl, unpublished results). Hybridizations
carried out under low stringency conditions show
at least two supplementary cross-hybridizing
fragments (Fig. 2B), indicating the presence of
related but not identical genomic sequences in the
Arabidopsis genome.

Northern blot hybridization of RNAs from
control and heat-shocked Arabidopsis plants with
a gene-specific 41 bp oligonucleotide probe de-
rived from the untranslated leader sequence ( + 53
to +93, downstream of the transcription start
site) shows only a single hybridizing band (Fig. 3).
A rehybridization of the same blot using the whole
cDNA enhanced strongly the hybridization signal
but no additional cross-hybridizing bands ap-
peared (Fig. 3). The size of the Athsfl mRNA is
ca. 2100 nucleotides, which is in good agreement
with the size of the transcript deduced from the
sequencing data (2011 nt plus poly(A) tail). The

Cc hs

protein coding

Fig. 3. Northern blot analysis of Athsfl in Arabidopsis thaliana. 40 ug RNA from control (c) and heat shocked (hs) plants were
separated by agarose gel electrophoresis, blotted on nylon and probed (left) with an oligonucleotide (nt + 53 to + 93) derived from
the sequence of the 5’ leader and (right) rehybridized with Athsfl cDNA (nt +466 to +2077). Hybridizations were carried out
at 60 °C and washed to final conditions of 60 °C, 0.2 x SSC, 0.1% SDS. Migration of RNA size markers is indicated at the

left.
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ATHSF1: HSE binding

2 3 4 5 6 7

1
bound ll ll

free

Fig. 4. Gel shift analysis. For the gel retardation assay a
double-stranded 42 nt oligonucleotide containing five perfect
HSE was used. Complex formation with the labelled HSE
(lanes 2, 3) is efficiently competed by a 100-fold excess of the
unlabelled HSE (lane 4). The DNA-protein complex is not
competed by a 100-fold excess of a mutant oligonucleotide
HSEm (lane 5, 6). No complex is formed with the labelled
HSEm (lane 7). Negative control (lane 1): instead of ATHSF1
protein BSA was incubated with the labelled HSE oligonucleo-
tide.

differences in Athsfl mRNA levels between hs
and control tissues were quantified by radio iso-
tope scanning and showed roughly a two-fold in-
crease upon heat shock (data not shown).

Recombinant Athsfl protein binds specifically to
HSE

For in vitro binding analysis of the HSF protein
Athsfl cDNA was overexpressed in E. coli using
the QIAexpress expression system. Recombinant
HSF containing an N-terminal histidine tag fused
to amino acid 31 of AthsfI was purified by affinity
chromatography. The protein migrates in SDS-
PAGE with an apparent molecular mass of
80 kDa, significantly higher than the predicted
value of 54 kDa (Fig. 5A). Such an anomalous
electrophoretic mobility on SDS-polyacrylamide
gel has been previously observed for Drosophila
and human HSF proteins [5]. The DNA-binding
ability of the recombinant Athsfl was shown by
gel mobility shift using synthetic HSE sequences
(Fig. 4, lanes 2, 3). Specificity of the HSF/HSE

(A) SDS-PAGE

-
o
-
—
a
=

EGS (mM)

340 kDa

170 kDa iy

85.2 kDa

43 kDa

(B) NATIVE-PAGE

MARKER
HSF

669 kDa

440 kDa

232 kDa

140 kDa

Fig. 5. Estimation of the nature size of HSF. A. EGS cross-
linking of cloned HSF. Purified HSF was treated with EGS
as indicated. Lane 6: HSF protein was diluted 100-fold and
precipitated with 15% TCA. Proteins were separated by SDS-
PAGE. B. Pore exclusion limit analysis of cloned HSF. 5 ug
cloned HSF was electrophoresed on a nondenaturating
3-159%, polyacrylamide gel until the limit of migration was
reached. The gels were stained with Coomassie blue. Positions
of marker proteins are indicated.



complex was determined by a competition using
100-fold excess of unlabelled HSE oligonucleo-
tide (lane4). A mutated oligonucleotide was
unable to compete the labelled DNA fragment
to that complex formation was not affected
(lanes 5, 6).

Oligomeric state of recombinant HSF

The native size of recombinant HSF was mea-
sured by pore exclusion limit analysis according
to Andersson et al. [3]. In this protocol the na-
tive protein is electrophoresed for an extended
time (24 h) under non-denaturating conditions
on a polyacrylamide gradient gel. The protein mi-
grates until it reaches the pore exclusion limit,
which is to a first approximation dependent on
the size of the protein. The recombinant HSF
migrates on such a gel with an estimated size of
290 kDa consistent with an oligomeric state of a
trimer (Fig. 5B).

The oligomeric nature of cloned HSF was con-
firmed by chemical cross-linking. Purified HSF
was cross-linked with limited amounts of the bi-
functional reagent EGS [1] and analysed on an
SDS gel. The major species of cross-linked HSF
migrates with an estimated size of 280 kDa, in
addition to larger species at the limiting mobility
of the gel (Fig. SA). The same result was achieved
with a 100-fold dilution of cloned HSF protein
suggesting that the oligomerization of HSF to
trimers is not due to an artificially high concen-
tration of the recombinant protein.

Discussion

There are four characteristic criteria by which heat
shock factors are commonly identified, namely
the existence of a conserved DNA-binding do-
main (indicated by amino acid homology), a pu-
tative oligomerization domain (indicated by struc-
tural motifs of leucine zippers), the ability of the
protein to bind heat shock elements and finally
the tendency of the protein to form oligomers [24,
27, 28, 37]. Here we demonstrate that these cri-
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teria are fulfilled for ArhsfI, the first HSF gene
from Arabidopsis. Plant HSF genes have been
previously isolated as cDNAs from tomato [29]
but Arabidopsis is the first organism for which
c¢cDNA and corresponding genomic sequences
have been described (this paper), and the only
plant species whose recombinant HSF seems to
exist as a multimeric complex upon expression in
E. coli.

The comparison of the amino acid homologies
between Athsfl and other cloned heat shock fac-
tors from tomato, Drosophila (Fig. 6A), S. cerevi-
siae, K. lactis, man, mouse and chicken reveals
that the highest similarity is found in the DNA-
binding domain: 939, between Athsfl and Lphsf8,
followed by Lphsf24 (77%,) and Lphsf30 (71%,).
Lphsf8 is constitutively expressed in tomato,
whereas Lphsf24 and Lphsf30 show increased
mRNA levels after heat shock [29]. The DNA-
binding domain of Athsfl is interrupted by an
intron of 148 nucleotides. The consensus nucle-
otides at the borders and the high AT content of
699, are in good agreement with published plant
introns [9, 32].

Additional sequences that exhibit significant
homology with HSF's from other species are only
located in the leucine zipper motifs implicated in
oligomerization of Drosophila and S. cerevisiae
HSF [34]. A fourth leucine zipper motif is lo-
cated in the carboxy-terminal region (Fig. 6B). In
higher eukaryotes, this C-terminal leucine zipper
is required to maintain HSF in a monomeric and
non DNA binding state under non-heat shock
conditions [24]. In contrast to the situation in
higher eukaryotes disruption of the C-terminal
zipper in yeast has no observable regulatory effect,
although, the leucine zipper motifs are located
within the transactivator domains [5]. The acti-
vator domain of tomato HSF was investigated by
deletion and a substitution analysis [36]. For
Lphsf8, which shows the highest homology to
Athsfl, a 50 amino acid C-terminal activator
domain containing two Trp elements is described.
These alternative operating elements constitute
the functional center of the activator domain. The
only similarity between Athsfl and Lphsf8 in the
C-terminal part of the protein is a short match in
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(A)

Athsfl 50- PPPFLSKTYDMVEDPATDAIVSWSPTNNSFIVWDPPEF
Iphsf8 39- PPPFLVEKTYDMVDDPSTDKIVSWSPTNNSFVVWDPPEP
Lphsf24 7- PAPFLLKTYQLVDDAATDDVISWNEIGTTFVVWKTAEF
Lpohs£30 22-PPPFLSKTYEMVEDS STDQVISWS TTRNSFIVWDSHKF
Dmhsf 47- PA-FLAKLWRLVDDADTNRL ICWTKDGQSFVIQNQAQF
Athsfl SRDLLPKYFEKHNNFSS LNTYGFRKV~—--=~=~
Lphsf8 AKDLLPKYFKHNNFSSFV

Lphsf24 AKDLLPKYFKHNNFSSEVRQLNTYGFRKI

Lphs£30 QLNTYGFRKVSTLLPRFFKHSNNFSSFIR-==~=~==
Dmhs f AKELLPLNYKHNNMASFIRQLNMYGFHKITSIDNGLL
Athsfl ~=--DPDRWEFANEGFLRGQKHLLEKISRRK -143
Lphsf8 =--DPDRWEFANEGFLRGQKHLLKSISRRK -130
Lphsf24 ~-—VEDKWEFANENFKRGQKELLTAIRRRK -100
Lphsf30 -~--DPDRWEFANEGFLGGQKHLLKTIKRRR -115
Dmhsf RFDRDEI-EFSHPFFKRNSPFLLDQIKRK~ -147
(B)

ZIPPER 1

* * * * * *

Athsfl 181~
Iphsfs 152-
Iphsf24 135-
Iphsf30 117-

LEEEVEQLKRDKNVLMOELVKLRQOQQTTDNKLQVLVKHL
QMOPPGHSASVGACVEVGKFGLEEEVERLKRDKNVLMQEL
SPDSKNPGSVDTPGKLSQFTDLSDENEKLKKDNQMLSSEL
NVGQSMNQQGSGACIEIGYYGMEEELERLKRDKNVLMTEI

* . * . * . * - * - * .
Dmhsf 166- MSKILTDVKVMRGRQDNLDSRFSAMKQENEVIWREIASLR

ZIPPER 2,3
*% L .
Athsfl QVMEQRQQQ-IMS FLAKAVQONPTFLSQ -246
ILphsf8 VRLR--QQQOQST () OMMSFLAKAV-NSP -234
Lphsf24 VQ-~--AKKQ-CN ELVAFLSQYVKVAP ~-217
Lphsf30 VKLR--QQQQST () QMMSFLAKIF-SNP -199
* % .o * % ..
DmHSF QKHAK-QQQ-IVN KLIQFLITIVQPSR -230
{) Insert of lé6aa
ZIPPER 4
* * * *

Athsfl 356- LPSTSTSLPDTIMPETSQIPQLTRES
Iphsf8 403- IMPELSOLOGILPENNTDVIGCDSFM
Iphsf30 327~ VED-LVVKTPEWGEELODLVDOLGFL

* . * - * . * -
Dmhsf 584~ LHGHLESMQDELETLKDLLRGDGVAI

Fig. 6. Conservation of HSF sequences. A. Amino acid ho-
mologies between DNA-binding domains of AthsfI, tomato
Lphsf8, Lphsf24, Lphsf30 and Drosophila Dmhsf. B. Conserved
heptad repeats in leucine sipper motifs of Athsfl, Lphsf8,
Lphsf30 and Drosophila Dmhsf. Heptad repeats of hydropho-
bic amino acids are marked by dots and asterisks.

one of this Trp elements (Lphsf8 467-482, Athsf]
432-448); this structure may be also a candidate
to modulate the transcription stimulating activity
of Athsfl. Although only the Athsfl cDNA was
identified by screening with heterologous tomato
gene probes Arthsf] may not be the sole heat shock

factor in Arabidopsis. Firstly, the low-stringency
Southern blot hybridization gave rise to at least
two additional cross-hybridizing fragments. Sec-
ondly, clones derived from the genomic library
screen contain sequences with homology to
C-terminal parts of the DN A-binding domain, in
addition to leucine zipper motifs reminiscent of
the oligomerization domain. However none of
these genomic sequences was represented in the
c¢DNA library and the gene structure could not be
determined unambigously (data not shown). If
other HSF genes are functional in Arabidopsis
their expression would be much less abundant
than that of Athsfl. The northern hybridization
shown in Fig. 3 appears to be specific for Athsf]
mRNA since an oligonucleotide probe derived
from the 5'-untranslated leader, a highly diver-
gent region among HSF, was used. The increase
of the signal upon rehybridization with the whole
cDNA cannot exclude the possibility that
mRNAs of similar size from other HSF genes
cross-hybridize due to their homology in the
DNA-binding domain. A clear discrimination
would only be possible with gene-specific cDNA
probes from other potential HSF genes from Ara-
bidopsis. It seems also possible that other HSFs
are expressed under heat shock conditions or in
certain developmental stages and for that reason
are not represented in our cDNA library. A de-
velopmental expression of Hsp is indicated by the
detection of small Hsp in Arabidopsis seeds [11,
and unpublished results]. Small Hsp were also
found in other plant species in different develop-
mental stages [10, 17, and unpublished results]
but it is not yet known whether HSF is involved
in developmental expression.

The expression of HSF in animals seems to be
constitutive but its ability to bind DNA is factor-
specific and partially regulated by heat (see [33]
for review). The level of Athsfl mRNA in Arabi-
dopsis increases two-fold upon heat shock. A
heat-inducible increase in mRNA levels have also
been described for two tomato HSF genes but not
for Lphsf8 [29], the gene which shares the high-
est sequence similarities with Athsf1. The lack of
HSEs in the promoter region of Athsfl suggests
a post-transcriptional mechanism controlling the



mRNA stability. However, it cannot be excluded
that other unknown elements could stimulate
heat-inducible transcription. The putative pro-
moter region contains two CCAAT box se-
quences, but no other known promoter elements
including GC boxes and the classical TATAAA
motif were identified. Although approximately
209, of eukaryotic promoters lack typical TATA
box elements, the transcriptional initiation of
these mRNAs is not yet understood and cannot
be generalized at all [2]. GA elements located
downstream of the transcription start point are
reminiscent of similar elements found in promot-
ers of Drosophila heat shock and histone genes. It
has been shown that the GAGA factor is consti-
tutively bound to these elements and a potential
role for this protein in displacing or altering nu-
cleosomes in vivo has been suggested [11, 19].

In unstressed cells of Drosophila HSF is present
in a monomeric form with no DNA-binding ac-
tivity and in response to heat HSF assembles into
a trimer, that binds the HSE [37]. The active
form of HSF in vivo is still unknown, but recom-
binant HSF of Drosophila expressed in E. coli
shows constitutive DNA-binding properties and
is present as a multimer indicated by gel retarda-
tion assays and cross-linking experiments [7].
Athsfl expressed in E. coli at 37 °C, the hs tem-
perature of Arabidopsis, is present in a trimeric
form and binds a synthetic HSE oligonucleotide.
The active state of ATHSF1 may be a conse-
quence of either the high growth temperature of
E. coli and/or the expression in a recombinant
system. It is not yet known whether the authen-
tic Arabidopsis HSF is trimerized and activated
only after heat shock. A more sensitive detection
by specific antibodies or a transgenic overexpres-
sion of Athsf1 will be required to verify the eluci-
dated in vitro properties of the recombinant pro-
tein.
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