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Unlike other eukaryotes, plants possess a complex family of
heat stress transcription factors (Hsfs) with usually more than
20members. Among them, Hsfs A4 andA5 form a group distin-
guished fromotherHsfs by structural features of their oligomer-
ization domains and by a number of conserved signature
sequences. We show that A4 Hsfs are potent activators of heat
stress gene expression, whereas A5 Hsfs act as specific repres-
sors of HsfA4 activity. The oligomerization domain of HsfA5
alone is necessary and sufficient to exert this effect. Due to the
high specificity of the oligomerization domains, other class A
Hsfs are not affected. Pull-down assay and yeast two-hybrid
interaction tests demonstrate that the tendency to form
HsfA4/A5 heterooligomers is stronger than the formation of
homooligomers. The specificity of interaction between Hsfs A4
andA5was confirmedbybimolecular fluorescence complemen-
tation experiments. The major role of the representatives of the
HsfA4/A5 group, which are not involved in the conventional
heat stress response, may reside in cell type-specific functions
connected with the control of cell death triggered by pathogen
infection and/or reactive oxygen species.

Heat stress (hs)2-inducible genes in eukaryotes share hs pro-
moter elements (HSE) with the consensus motif (AGAAn)
(nTTCT) (1, 2). They represent recognition sites for heat stress
transcription factors (Hsf), which are the key regulators of the
hs response (3–8). In contrast to other organisms, plant
genomes encode extraordinarily complex Hsf families both in
terms of the total number of genes (usually more than 20) as
well as in terms of the structural and functional diversification
of the Hsfs. There is good evidence that the Hsf mixture in cells
strongly changes in a tissue-specific manner and in response to
stress treatments (Refs. 9–11, and for reviews, seeRefs. 6 and 8).
Hsfs have a modular structure (see Fig. 1A) with an N-termi-

nal DNA binding domain, an adjacent domain with heptad

hydrophobic repeats (HR-A/B) involved in oligomerization, a
cluster of basic amino acid residues essential for nuclear import
(nuclear localization signal), and a C-terminal activation
domain, which is frequently characterized by a nuclear export
signal and short peptide motifs (AHA motifs) essential for the
activator function (10, 12–14). Three classes of plant Hsfs
(classesA, B, andC) are defined by peculiarities of theirHR-A/B
regions (6, 8).
Unfortunately, our understanding of the complexity of the

plant Hsf family is very limited. Detailed investigations on the
structural and functional diversification so far are restricted to
Hsfs A1, A2, A3, A9, and B1 (10, 11, 13–24).3 An interesting
new aspect of functional diversification of Hsfs was reported
when a mutant of rice (spl7) with spontaneous necrotic lesions
inmature leaveswas identified as a pointmutationwith aTrp�
Cys substitution in the N-terminal part of the DNA binding
domain of HsfA4d. Although the molecular consequences of
this mutation need to be elaborated, the defect of HsfA4d evi-
dently made leaves hypersensitive to small doses of stress that
resulted in uncontrolled apoptosis (25). Examples for such daily
stress effects on leaves are certainly connected with high light
intensities and the generation of reactive oxygen species. In
support of this interpretation, Davletova et al. (26) showed that
transgenic Arabidopsis plants expressing a dominant negative
form of HsfA4a were inhibited in early signal transduction
events connected with high light and oxidative stress.
Based on details of so-called signature sequences,HsfsA4 are

closely related to Hsfs A5. Both together form a group that is
clearly separated fromothermembers of theHsf family (8). The
crucial similarities include details of the DNA binding and the
oligomerization domains as well as conserved sequence motifs
in theC-terminal domains (see Figs. 1A and 6A, block diagrams,
and the compiled data in supplemental materials Fig. S1 and
Table S1). In this report, we present data on the functional
interaction of Hsfs A4 and A5, which is based on an unprece-
dented specificity of their oligomerization domains. Based on
results from reporter assays in mesophyll protoplasts, we show
that HsfA4 represents an activator of hs gene expression,
whereas HsfA5 specifically inhibits HsfA4 activity. Evidently,
HsfA5 forms heterooligomers with HsfA4 and thus interferes
with its DNA binding capacity. The biological implications of
the cooperation between Hsfs A4 and A5 will be discussed.
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EXPERIMENTAL PROCEDURES

General Reagents and Procedures—Standard protocols were
used for cloning and nucleic acid analysis (27, 28). Total RNA
was prepared from plant tissues by using the RNeasy� plant
mini kit (Qiagen, Hilden, Germany). For cDNA synthesis,
Moloneymurine leukemia virus reverse transcriptase (Fermen-
tas, St. Leon-Rot, Germany) was used according to the manu-
facturer’s protocol. PCR fragments for subcloning were gener-
ated by using the High Fidelity PCR enzyme mix (Fermentas).
Protein extraction, SDS-PAGE, and protein blotting analysis

were performed as described (19, 29). The generation anduse of
specific antisera against individual tomato (Lycopersicon escu-
lentum) Hsfs (HsfA1, A2, A3) and Hsp17-CI were described
before (12, 21, 29). Primary antibodies for immunodetection of
green fluorescent protein (GFP)-, Myc-, HA-, and Strep-tagged
proteins were obtained from Roche Diagnostics (Mannheim,
Germany), HISS Diagnostics (Freiburg, Germany), and IBA
(Göttingen, Germany). Horseradish peroxidase-conjugated
secondary antibodies were obtained from Sigma (Taufkirchen,
Germany).
For transient gene expression studies, tobacco (Nicotiana

plumbaginifolia) leaf mesophyll protoplasts were used. Poly-
ethylene glycol-mediated co-transformation of reporter and
Hsf expression plasmidswas carried out as described previously
(10, 15, 18). Escherichia coli BL21-CodonPlus� (DE3)-RIL cells
(Stratagene, Amsterdam, TheNetherlands) were used for over-
expression of recombinant Hsfs and GST fusion proteins.
Plasmid Constructs for Transient Expression Studies in Pro-

toplasts—The Hsf-dependent reporter plasmids pGmhsp17.3B-
CI::GUS and pHSE9::GUS and the repressor reporter construct
p35S::HSE9-GUS were described before (15). Plasmid con-
structs for Hsf expression in plant cells are based on the pRT
series of vectors (30). Constructs for Hsfs A1, A2, and A3 were
described before (10, 21). PCR fragments containing the full-
length open reading frame regions of Hsfs tested in this study
were generated by using cDNA preparations from sepals of
opening flower buds (HsfA4b) or young leaves (HsfA5) as tem-
plate. Gene-specific oligonucleotide primers were designed on
the basis of corresponding expressed sequence tag sequence
data (supplemental Table S2) and adapted for introducing
appropriate restriction sites for in-frame subcloning of ampli-
fied DNA fragments into pRT vectors providing the corre-
sponding sequences for affinity tags (31, 32). Further deletions
or modifications were done on the basis of these parental
expression vectors. An overview of all constructs and primer
sequences is compiled in Table S2. For subcellular localization
studies, PCR fragments of the corresponding Hsfs were sub-
cloned into p35dS::GFP to generate in-frame GFP-Hsf fusions.
The binary bimolecular fluorescence complementation (BiFC)
plant transformation vectors pSPYNE and pSPYCE (33) were
kindly provided by Klaus Harter (Center for Plant Molecular
Biology, University of Tübingen, Germany) and were used as
template DNA for PCR amplification of Myc-YN and HA-YC
encoding sequences for cloning into pRT vectors to achieve
compatible cloning sites to create Hsf-Myc-YN and Hsf-
HA-YC fusion constructs (supplemental Table S2).

Expression Constructs for Yeast and E. coli—For expression
of tomato HsfA4b-Strep in yeast cells, the corresponding DNA
fragment was subcloned from a plant expression construct into
pAD5� (16). Expression constructs for GST pull-down bait pro-
teinswere based onplasmidpGEX-4T-1 (AmershamBiosciences,
Freiburg, Germany) and generated by in-frame fusions of DNA
fragments encoding C-terminal parts of tomato Hsfs A4b (amino
acids residues 112–393) and A5 (amino acids residues 110–478),
respectively. Full-length HsfA1 and 3HA-HsfA5 encoding
sequences were cloned in pJC vectors (22).
GST Pull-down Interaction Assay—Bait proteins were puri-

fied with the GST purification module (Amersham Bio-
sciences) according to the manufacturer’s protocol. The pull-
down assaywas conducted in 20mMTris, pH 7.5, 150mMNaCl,
5 mM MgCl2, 0.01% Nonidet P-40 (supplemented with Com-
pleteTM protease inhibitor, Roche Diagnostics) by incubation
of GST-Hsfs bound to glutathione-Sepharose with lysates
prepared either from yeast cells expressing HsfA4b-Strep or
from E. coli cells expressing HsfA1 or 3HA-HsfA5, respec-
tively. The bound proteins were eluted and separated by
SDS-PAGE and detected with the appropriate antibodies by
protein blot analysis.
Two-hybrid Interaction Assay—For two-hybrid interaction

studies, the pGal4-BD bait and pGal4-AD prey vector system
(Stratagene) was used as described previously (10, 21). All Ara-
bidopsisHsf fusion constructs used in this studywere described
earlier (14) and were kindly provided by Pascal von Koskull-
Döring (Goethe-University, Frankfurt, Germany). The strength
of interaction was confirmed by colony growth in the presence
of the histidine biosynthesis inhibitor 3-aminotriazole.
Intracellular Localization and Interaction Studies—Tobacco

protoplasts transformed with appropriate combinations of
plasmids encoding chimeras of Hsfs with GFP or with yellow
fluorescent protein (YFP) domains were analyzed after 16 h of
expression. For nuclear retention of Hsf proteins, protoplasts
were incubated in the presence of 20 ng ml�1 leptomycin B
(kindly provided by Minoru Yoshida, Tokyo, Japan) added 3 h
before harvesting (13).
Fluorescence microscopy analysis of protoplasts trans-

formed with GFP-Hsf fusion constructs was performed imme-
diately after harvesting without any further treatments. Fluo-
rescence light emission of recombinedYFP in heterooligomeric
Hsf-YN/Hsf-YC complexes was determined after fixation of
protoplasts and staining with 4�,6�-diamidino-2-phenylindole
hydrochloride to visualize the nuclei (13).
For fluorescence microscopic analysis, a Zeiss Axiophot

microscope (Zeiss, Oberkochen, Germany) was used combined
with a Color View XS photo system (Soft Imaging System,
Münster, Germany). For overlay, captured images were resized
and combined by using PhotoShop 8.0 software (Adobe Sys-
tems, La Jolla, CA).

RESULTS

Transactivation Potentials of HsfA4 and HsfA5—As a start-
ing point, we studied the transactivation potential of tomato
Hsfs A4b and A5 (Fig. 1A) using transient expression assays
with tobacco mesophyll protoplasts and two types of reporter
genes: (i) plasmid-borne GUS reporter gene harboring a 1-kb
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upstream region of the soybean Hsp17.3B gene (34) and (ii)
endogenous chromatin-embedded Hsp17 genes, which com-
prise a set of Hsf-dependent genes encoding the members of
Hsp17-CI and Hsp17-CII protein classes (29, 35). Because of
the excellent antiserum available for proteins of the class CI
members, we present here only the data obtained for this group
of proteins. With few exceptions, results obtained for the two
types of reporters were very similar.
In Fig. 1B, theGUS activity observed in a sample transformed

with the reporter plasmid only represents the basal level expres-

sion due to the endogenous Hsf
mixture present in tobacco proto-
plasts (marked with a dotted line).
GUS activities above this level cor-
respond to the transactivationpoten-
tial of the transiently expressed Hsfs.
Expression ofHsfA4b alone (sample
1) showed nearly 40-fold stimula-
tion of reporter gene expression as
compared with the basal level,
whereas expression of HsfA5
showed no activity (sample 8). In
agreement with the GUS activities,
expression of endogenous Hsp17
genes was high in sample 1 but not
detectable in sample 8 (Fig. 1C).
The contrasting behavior of the

two Hsfs in reporter assays was sur-
prising as both share very similar
basic structural features, particu-
larly of their DNA binding domains
and of their C-terminal domains
containing the activator motifs (Fig.
1A andTable S1, block diagram). To
examine any functional interaction
between them, we co-transformed
tobacco protoplasts with a constant
amount of HsfA4b and increasing
amounts of HsfA5 expression plas-
mids (Fig. 1B, samples 2–7). Two
effects were observed. (i) The level
of HsfA4b increased as a result of
co-expression with HsfA5. (ii) In
contrast to the increased HsfA4b
accumulation, the GUS reporter
activity decreased in direct correla-
tion with increasing HsfA5 expres-
sion (Fig. 1B, Hsf expression control
and GUS activity in samples 2–7,
respectively). Similar effects of
HsfA5 on HsfA4b activity were
observed on the endogenous Hsp17
level as reporter (Fig. 1C, samples
1–7). Interestingly, the repressor
effect of HsfA5 was more pro-
nounced on the chromatin-embed-
ded Hsp17 than on the plasmid-
borne GUS reporter gene (compare

results with samples 1 and 5 in Figs. 1B versus C).
Protein blot analysis (Fig. 1B, Hsf expression control) showed

that both HA-tagged Hsfs accumulated to detectable levels.
Usually, the level of HsfA5 was higher than that of HsfA4b,
ruling out the simple explanation that low expression of HsfA5
was the cause for its lack of activity.We conclude thatHsfA4b is
a strong activator, whereas HsfA5 has no activator potential on
either plasmid-borne or chromatin-embedded reporters.
Next, we examined whether the repressor effect of HsfA5 is

specific forHsfA4b orHsfA5 functions as a general repressor of

FIGURE 1. HsfA5 as repressor of HsfA4b activator function in tobacco protoplasts. A, block diagrams
representing the basic architecture of activators and the activator reporter construct. Reporter contains
the soybean Gmhsp17.3B-CI promoter fragment fused to GUS gene (34). The fragment consists of the
indicated combinations of HSE (for details, see Nover et al. (6) and TATA box (TA)). Numbers indicate the
distance in base pairs. Activator Hsfs A4b (amino acids 1–393) and A5 (amino acids 1– 478) with their DNA
binding domain (DBD), OD (formally defined as HR-A/B), nuclear localization signal (NLS), nuclear export
signal (NES), and activator motifs (AHA). SS marks the C-terminal signature sequences (for details, see
supplemental Table S1). SNED and CLLAS, conserved motifs with the indicated amino acid residues (one-
letter code). Numbers refer to the amino acid residues. Hsfs were triple HA-tagged to facilitate their
detection (depicted as black dots). B and C, effects of HsfA5 on the activator potential of HsfA4b. GUS
reporter activity (Rfu, relative fluorescence units) in samples transformed with the indicated amounts of
Hsf expression plasmids (�g/20,000 protoplasts) and protein blot analyses showing expression of 3HA-
tagged Hsfs A4b and A5 is shown (B). C, expression of the endogenous Hsp17-encoding genes detected by
antisera for Hsp17-CI. D, effects of HsfA5 on the activator potential of Hsfs A1, A2 and A3. GUS activities
and expression control using specific antiserum against each of the indicated Hsf (see “Experimental
Procedures”). 0.5 �g of Hsf encoding plasmids were used.
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Hsf activity, e.g. by competing for DNA binding sites. To this
aim, we co-expressed HsfA5 together with other well character-
ized members of the tomato Hsf family, i.e. Hsfs A1, A2, and A3
(Fig. 1D). All threeHsfs are potent transcriptional activators (sam-
ples 9, 11, and 13). However, the activity of none of them was
repressed in the presence of HsfA5 but was rather increased (Fig.
1D, samples 10, 12, and 14).We conclude that theHsfA5 function
as repressor is highly specific for HsfA4b and does not simply
result from competition for Hsf binding sites.
As an additional proof for the selectivity of HsfA5 repressor

function, we expressed HsfA5 and examined the hs response of
the tobacco protoplasts following temperature treatment as
indicated in Fig. 2A. The accumulation of Hsp17 in the mock-
transformed protoplasts (Fig. 2B) reflects the hs-induced activ-
ity of the tobacco Hsf system. It was completely blocked by the
expression of a dominant negative form of tomato HsfA1, i.e.
HsfA1�C394, which competes for DNA binding but has no
activator function. In contrast to this, expression of HsfA5 had
no detectable effect. Evidently, the hs induction in these meso-
phyll protoplasts completely depends on the activity of A1-type
but not A4-type Hsfs. Furthermore, HsfA5 does not act as a
general repressor. These results nicely confirm the fundamen-
tal differences between Hsfs A1, A2, and A3 on one hand and
Hsfs A4/A5 on the other.
HsfA5 Effectively Binds toHeat Stress Elements—The inactiv-

ity of HsfA5 prompts the question about the functionality of its
DNA binding domain. Thus, we studied DNA binding by using
a repressor reporter assay (15) that allows in vivo assessment of
DNA binding activity independent of the activator function of
Hsfs. The repressor reporter containsmultipleHsf binding sites
immediately downstream of the TATA box of the cauliflower
mosaic virus 35 S promoter (Fig. 3A). Binding of an Hsf blocks
the function of the 35 S promoter and thus diminishes tran-
scription of the GUS gene. Depending on the expression levels
and DNA binding capacities, Hsfs A1, A4b, and A5 strongly
reduced the detectable GUS activity (Fig. 3B, samples 2–8).

Reference points are sample 1 showing GUS activity in the
absence of transiently expressedHsfs and sample 9 expressing a
DNAbindingmutant formofHsfA5.We further confirmed the
functionality of the HsfA5 DNA binding domain by testing in
fusion proteins with the C-terminal activation domains of
HsfA2 or HsfA4b, respectively. As expected, both hybrid Hsfs
behaved as strong transcriptional activators (data not shown).
Repression of HsfA4b Activity Is Mediated through the Oli-

gomerization Domain of HsfA5—To define the structural ele-
ments of HsfA5 required for the repression of HsfA4b activity,
we prepared a series of deletion forms (Fig. 4A, constructs b–e)
and a DNA binding mutant form (construct f) and tested them
with respect to their repressor activity in transient reporter
assays (Fig. 4, B and E). As expected from the previous results
(Fig. 1B), none of the HsfA5 mutant forms showed any activity
on their own (data not shown), but as long as they contained the
oligomerization domain (OD), they effectively repressed
HsfA4b activity (Fig. 4B, samples 4, 7, and 8). Note that the
smallest HsfA5 fragment with full repressor activity contained
only the OD (construct e). Evidently, the oligomerization
domain of HsfA5 is necessary and sufficient to exert the repres-
sor effect on HsfA4b. In support of this, HsfA5 fragments lack-
ing the OD (Fig. 4A, constructs c and d) did not repress HsfA4b
activity (Fig. 4B, samples 5 and 6).
DNA binding and transcriptional activation by Hsfs are

strongly dependent on their oligomerization state. Hsf deletion

FIGURE 2. HsfA5 does not inhibit the hs-induced expression of Hsps in
tobacco protoplasts. A, pictograph showing the hs regimen. Samples 1–3
were harvested at indicated time points. T, protoplasts were transformed
with empty vector (mock) or with expression plasmids encoding HsfA1�C394
and HsfA5, respectively. B, protein blot analysis of the whole cell extracts from
indicated samples by using �-HsfA1, �-HA, or �-hsp17-CI antisera.

FIGURE 3. Use of the repressor reporter assay to test for DNA binding
affinity. A, block diagram showing the architecture of a repressor reporter
containing an array of nine HSEs immediately downstream of the TATA box of
the 35 S promotor (TA). B, GUS activities after transformation of protoplasts
with the repressor reporter and the indicated amounts of Hsf expression plas-
mids. C, Hsf expression controls using HA-antiserum (�-HA).
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mutants lacking their OD are poor in DNA binding and activa-
tor function (16). The repressor reporter assay described above
allowed us to test whether the DNA binding activity of HsfA4b
could be affected by co-expression with HsfA5 or its mutant
forms (Fig. 4C). The effects observed can be summarized as
follows. (i) As shown before (Fig. 3B), HsfA4b blocked theGUS
expression (Fig. 4C, sample 2), and co-expression of HsfA5
enhanced this effect (sample 3). This enhancement is mainly
due to the marked increase of the HsfA4b level in the presence
of HsfA5 (Fig. 4D, sample 3). (ii) In combinations of HsfA4b
withHsfA5mutant forms containing theOD (samples 4, 7, and
8),GUS expression wasmuch less diminished than in sample 3.

Evidently, interaction with the truncated forms of HsfA5
affected the DNA binding affinity of HsfA4b. (iii) As expected,
mutant forms of HsfA5 lacking the OD had no influence on the
HsfA4b-mediated block of GUS expression (Fig. 4C, samples 5
and 6). Taken together, these results imply that interaction of
HsfA5 with HsfA4b may disturb the oligomerization state of
the latter and thereby drastically decreases its DNA binding
capacity and function as transcriptional activator.
The structural prerequisites of HsfA4b, i.e. functional DNA

binding and oligomerization domains as well as the C-terminal
activator domain with AHA motifs, are basically similar with
those defined for HsfA1 and HsfA2 (18, 22). Therefore, we
wanted to know whether the repressor effect of HsfA5 could
also act on HsfA1, provided the OD regions are compatible for
interaction. To this aim, we testedHsfA1wild type and a hybrid
form containing the oligomerization domain of HsfA4b (Fig.
5A). As predictable from the results shown in Fig. 1C, the
expression levels of Hsp17 in samples with HsfA1 wild type
were notmuch affected by the presence of HsfA5 (Fig. 5B, sam-
ples 1–3). However, the high activity of the hybrid form
observed in sample 4 was completely abolished in the presence
of the HsfA5 fragment (Fig. 5B, samples 5 and 6). Interestingly,
inactivation of the hybridHsfA1 caused byHsfA5 fragmentwas
accompanied by amarked increase of the protein level (Fig. 5C,
protein blot analyses). Actually, the same holds true for HsfA4b
in combination with HsfA5 (Fig. 1B, lanes 2–7, expression con-
trols). It is tempting to speculate that, similar to observations in
yeast and mammalian cells, inactive transcription factors are

FIGURE 4. Structural requirements for the repressor function of HsfA5.
A, block diagrams representing HsfA5 and its mutant forms used for co-trans-
formation with HsfA4b. Wild-type (W.t.) HsfA5 (construct a), different trunca-
tion forms (constructs b– e), and a DBD mutant, in which the invariant argi-
nine residue at position 72 in the HTH motif, was mutated to aspartate (R72D).
Black dots mark triple HA tag at the N terminus used for Hsf detection. SS
marks the C-terminal signature sequences (for details, see supplemental
Table S1). B, GUS expression levels in samples containing HsfA4b in combina-
tion with the indicated forms of HsfA5. C, repressor reporter assay with the
same combination of Hsf constructs as used in B. D, Hsf expression controls for
samples 1– 8. In lane 6, the bands for HsfA4b and for the deletion form of
HsfA5 coincide.

FIGURE 5. The oligomerization domain of HsfA4b is sufficient to make
HsfA1 sensitive to the repressor effect of HsfA5. A, block diagrams of
HsfA1 and HsfA1 carrying the OD (HR-A/B region) of the HsfA4b and HsfA5OD
fragment used as repressor. NLS, nuclear localization signal; AHA, activator
motifs. B, expression of Hsp17 in samples transformed with the indicated Hsf
expression plasmids. C, expression control of Hsfs using antisera against
HsfA1 and HA tag.
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more stable because of proteasome activities connected with
active transcription complexes (36).
The Activator/Repressor Relationship of Hsfs A4 and A5 Is

Also Found in Arabidopsis—In Arabidopsis, two genes encode
A4-typeHsfs, namelyAtHsfA4a andAtHsfA4c (At4g18880 and
At5g45710), and one gene encodes AtHsfA5 (At4g13980). The
basic structure of these Hsfs is very similar to their tomato
homologues (Fig. 6A, block diagrams, andTable S1). Because of
the relatively low activator potential of the two Arabidopsis
Hsfs A4a and A4c as compared with tomato HsfA4b, we used a
high affinity activator reporter (pHSE9::GUS) for these tests
(Fig. 6B). The results were very similar to those for tomatoHsfs,
i.e. AtHsfA5 effectively repressed the activities of both AtHsfs
A4a and A4c (Fig. 6B, samples 3 and 6), and in the repressor
reporter assay, co-expressionwithAtHsfA5(R77D) relieved the
expression block byAtHsfsA4a andA4c (Fig. 6C, samples 3 and
5).Other classAHsfs ofArabidopsis, e.g.HsfsA1a, A1b,A2,A3,
etc. were not affected by co-expression with AtHsfA5, and we
observed cross-species inhibition between tomato and Arabi-
dopsis Hsfs A4 and A5 (data not shown).

Physical Interaction And Intracellular Distribution of HsfA5
andHsfA4—Our interpretation of the repressor effect ofHsfA5
on the activator function of HsfA4 implicates an unprece-
dented specificity of recognition among the A4/A5 group of
Hsfs, which evidently excludes other members of the class A
Hsfs. We wanted to support this conclusion by independent
approaches. First, we tested protein interactions using yeast
two-hybrid system with Arabidopsis Hsfs A1a, A4a, A4c, and
A5 in bait and Hsfs A4c and A5 in prey positions (Fig. 7A). All
yeast strains grew normally on non-selective medium (�WL),
but on selective medium (�WLH and �WLH �3-aminotria-

FIGURE 6. Arabidopsis HsfA5 specifically represses transcriptional activa-
tor potential of AtHsfs A4a and A4c. A, block diagrams depicting basic
structures of the AtHsfs. For convenience, we used as repressor only the DNA
binding mutant of AtHsfA5(R77D) with mutation of the same invariant Arg
residue as shown before for the tomato HsfA5 (Fig. 4). Results with wild-type
HsfA5 were very similar. SS marks the C-terminal signature sequences (for
details, see supplemental Table S1). AHA, activator motifs; NLS, nuclear local-
ization signal; NES, nuclear export signal. B, C tobacco protoplasts were co-
transformed with the indicated combination of expression plasmids, i.e. 0.5
�g of Hsfs A4a or A4c and 2 �g of HsfA5(R77D) either with the activator
reporter pHSE9::GUS (B), or with the repressor reporter p35S::HSE9-GUS (C).

FIGURE 7. Heterooligomerization prevails over homooligomerization
among A4 and A5 subgroup members from Arabidopsis and tomato.
A, yeast two-hybrid interaction test using Arabidopsis Hsfs A4c and A5 as
preys and A1a, A4a, A4c, and A5 as baits (see “Experimental Procedures” for
details of bait and prey constructs). AD and BD are activation and DNA binding
domains, respectively, of the yeast transcription factor Gal4; W (tryptophan), L
(leucine), and H (histidine) are selection markers; and 3-AT is 3-aminotriazole,
an inhibitor for histidine biosynthesis used at 10 mM concentration. B, GST
fusion protein pull-down assay with recombinant tomato Hsfs A4b and A5
purified from E. coli. Purified GST or indicated fusion proteins were incubated
with different whole cell protein extracts expressing HsfA4b-Strep, 3HA-
HsfA5, or HsfA1 (as described in “Experimental Procedures”). The boxes indi-
cate the samples with higher pull-down efficiencies of the baits in combina-
tions corresponding to the formation of heterooligomeric complexes.
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zole), only strains with strong protein interactions produced
colonies. These are exclusively the strains with heterodimeric
protein interactions within the A4/A5 group (rows 3, 5, 8, and
9). As expected, no interactions were foundwith the Gal4-DBD
alone (rows 1 and 6) or with HsfA1a in bait position (rows 2 and
7). The same is true for any other of the 19 Arabidopsis Hsfs
in bait position (data not shown). Surprisingly, even the
homodimeric interactions within the A4/A5 group were too
weak tobedetected in this system.The results clearly indicate that
at least in the yeast two-hybrid test, which is based on dimeric
protein interactions, formation of heterooligomers between Hsfs
A4andA5wasmuchpreferredascomparedwithhomooligomers.
These results were basically confirmed by a pull-down assay with
tomato Hsfs A4b and A5 fused to glutathione-S-transferase (Fig.
7B). The signals detected from the heterologous combinations
(boxed) were clearly much stronger than those from the homolo-
gous combinations.Moreover, nopull-downofHsfA1wasdetect-
able with any of the three baits used.
To study the localization and interaction of tomato Hsfs A4b

and HsfA5 in plant cells, we expressed the corresponding GFP
and YFP fusion proteins in tobacco mesophyll protoplasts (Fig.
8). GFP-HsfA4b was detected in the nucleus, whereas GFP-

HsfA5 was predominantly in the cytoplasm (Fig. 8A, samples 1
and 2). However, after the addition of leptomycin B, an inhibi-
tor of the nuclear export receptor, GFP-HsfA5, strongly accu-
mulated in the nucleus (Fig. 8A, sample 3). This result indicates
that, similar to the tomatoHsfA2 (13), the nuclear export signal
function of HsfA5 dominates its nuclear localization signal
function. Although localized mainly in the cytoplasm, HsfA5
shuttles between cytoplasm and nucleus. Next, we investigated
the possibility that the intracellular localization of HsfA5might
be influenced by HsfA4b. Indeed, co-expression of GFP-HsfA5
with HsfA4b-3HA caused nuclear localization of the former
(Fig. 8A, sample 4). Evidently, the balance of nuclear import and
export for the heterooligomers of Hsfs A4b and A5 is shifted
toward the import reaction. Such nuclear retention effect of
HsfA5 was not observed by co-expression with HsfA4b(�OD)
or of Hsfs A1, A2, or A3 (data not shown).
A very stringent method to demonstrate tight physical inter-

action between two proteins in plant cells is the BiFC analysis
(33). We used fusion proteins of tomato Hsfs A4b and A5 with
complementaryN-terminal andC-terminal fragments (YN and
YC) of the YFP (see “Experimental Procedures”). Co-transfor-
mations of tobacco protoplasts with YN and YC fragments
alone served as background control (Fig. 8B, sample 1). Proto-
plasts expressing HsfA4b-YN and HsfA4b-YC showed strong
YFP complementation in the nucleus (Fig. 8B, sample 2). In
contrast to this, samples expressing HsfA5-YN and HsfA5-YC
gave extremely faint signals (Fig. 8B, sample 3). We reasoned
that this could be the result of the general distribution of HsfA5
in the cytoplasm. Therefore, we co-expressed HsfA5-YN and
HsfA5-YC together with HsfA4b and HsfA1 containing no flu-
orescent tag. Indeed, a clear nuclear YFP signal was detectable
in the presence of HsfA4b (Fig. 8B, sample 4) but not of HsfA1
(sample 5). Interestingly, the nuclear detection of YFP fluores-
cence in sample 4 indicates the formation of (HsfA5-YN/
HsfA5-YC)-HsfA4b heterotrimers or multimers of this type.
As would be expected, co-expression of HsfA4b-YN and
HsfA5-YC or vice versa also resulted in strong nuclear YFP
signals (Fig. 8B, samples 6 and 7). However, no complementa-
tion was observed when either one of the two Hsfs was lacking
its oligomerization domain, e.g. Fig. 8B, sample 8. These results
with the BiFC technique clearly confirm the specificity and
structural requirements of the interaction between Hsfs A4b
and A5.

DISCUSSION

As compared with all other organisms with 1–3 Hsfs or Hsf-
related transcription factors (3–5, 7), the multiplicity of mem-
bers of the Hsf family in plants is striking (6, 8). Although our
knowledge is still very limited, functional diversification seems
to be the main reason for the coexistence of more than 20 Hsfs
in plants. Remarkable cases of specialization by selective
expression were reported for HsfA2 as a strongly hs-induced
protein (10, 11) and for HsfA9with exclusive expression during
seed maturation (20, 37).3 On the other hand, the well studied
examples of three tomato Hsfs, A1, A2, and B1, impressively
illustrated the extent of functional diversification and coopera-
tion of Hsfs. All three together form a functional triad for the
essential three phases of the hs response, i.e. the triggering

FIGURE 8. Intracellular localization and interaction of tomato HsfA4b and
HsfA5 in tobacco mesophyll protoplasts. A, images of living protoplasts
transformed with indicated expression plasmids encoding GFP-tagged Hsfs.
Sample 3 represents GFP-HsfA5 after leptomycin B (LMB) treatment. B, BiFC
using protoplasts expressing YFP domains, i.e. YN/YC alone or as their fusions
with wild-type or mutant forms of HsfA4b and HsfA5 as indicated on the top
of each panel. In contrast to A, pictures in B represent fixed cells. Either HsfA4b
or HsfA1 was co-expressed with the homooligomeric combination of
HsfA5-YN and HsfA5-YC (samples 4 and 5, respectively). Position of the
nucleus was determined by 4�,6�-diamidino-2-phenylindole hydrochloride
staining and is depicted as a dotted circle in those images where no fluores-
cent signal was detectable, i.e. 1, 3, and 5. Fluorescence signals in other sam-
ples corresponded to the nucleus and are marked by arrows.
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(HsfA1 as master regulator), maintenance, and high efficiency
of hs gene transcription (cooperation of HsfA1/A2 heterooli-
gomers with HsfB1) as well as for the restoration of housekeep-
ing gene transcription during the recovery phase. For the latter,
cooperation ofHsfB1with putative housekeeping transcription
factors is required as well (19, 22).
As compared with this, the situation with Hsfs A4 and A5

described here opens a completely novel aspect of Hsf cooper-
ation. When tested in reporter assays with Hsf-dependent pro-
moter constructs, tomato HsfA4b was functionally equivalent
or even stronger than Hsfs A1 and A2, whereas HsfA5 was
completely inactive (Figs. 1 and 2). This result was surprising
since HsfA5 has all the necessary functional elements of a bona
fide activatorHsf. It has a functional DNAbinding domain (Fig.
4) and harbors a typical and highly conserved AHAmotif in its
C-terminal part shown earlier to be crucial for the activator
function of Hsfs (14, 15, 18, 21, 38). Indeed, fusion of the C-ter-
minal domain of HsfA5 to the Gal4-DBD gives a weakly active
activator protein in yeast, and a mutation of the Trp residue in
the predicted AHA motif (�FWEQFL-3 �FAEQFL-, Table
S1) abolished this activity. These results indicate that the pre-
dicted AHAmotif is functional but not in its natural context of
the wild-type HsfA5 (14).
The inhibition of HsfA4 activity by HsfA5 is found for both

tomato andArabidopsis (Figs. 1 and 7, respectively) as well as
for corresponding cross-species combinations of these Hsfs.
Considering the conservation of Hsfs A4 and A5 (Fig. S1 and
Table S1), it is tempting to speculate that it is indeed a fun-
damental feature of the Hsf system in plants. The inhibitory
function of HsfA5 requires only its OD. Obviously, no addi-
tional factors, e.g. a putative corepressor recruited by the
C-terminal domain, are involved. In view of these results, it is
also not reasonable to discuss a simple shielding mechanism
for the AHAmotifs of HsfA4 by a putative internal repressor
domain of HsfA5. Evidently, the repressor effect mainly
results from the interference with the oligomeric state of
HsfA4b, which is essential for efficient DNA binding and
activator functions. Consistent with this interpretation,
HsfA1, which itself is insensitive to the inhibitory effect of
HsfA5, was made sensitive by exchanging its oligomerization
domain with that of HsfA4b. Thus, provided the compatible
oligomerization domains, the repressor effect can be
imparted onto other Hsfs. The whole molecular context of
HsfA4 is not required (data not shown).
The stringent interaction behavior of Hsfs A4 and A5 dem-

onstrates an unexpected specificity generated by their oli-
gomerization domains. Unfortunately, sequence inspection of
the HR-A/B regions of HsfA1/A2-type on the one hand and
HsfsA4/A5-type on the other gave no immediate clue to the
basis of this specificity. Moreover, pull-down assays and yeast
two-hybrid interaction tests (Fig. 7) clearly indicate that the
formation of heterooligomers is preferred. Very likely, this
tendency is crucial for the strong repressor effect of HsfA5 on
HsfA4 activity. In all cases investigated, deletion or heterolo-
gous replacement of the oligomerization domain in one of the
two partner Hsfs abolished the repressor effect.
What can be the biological implication of this pair of acti-

vator/repressor Hsfs? Are specific genes addressed by

HsfA4? All our assays in this work were based on Hsf-de-
pendent reporters, which respond equally well to HsfA1/A2
and to HsfA4. Also, other reporters tested did not indicate
promoter specificity (data not shown). However, this cannot
exclude a situation in plants, where combination of HsfA4
with other tissue-specific transcription factors creates pro-
moter specificity not detectable in our reporter assays. This
argument also holds true for the function of HsfA4 for hs-
induced gene expression. The dominant role of HsfA1 as
master regulator (Fig. 2) may not be valid to the same extent
for all tissues and developmental stages.
An essential aspect of the discussion about the specialized

function of Hsfs A4 and A5 in plants is their expression
profile. From expressed sequence tag and whole genome
sequence data bases of rice and Arabidopsis, we identified a
single HsfA5 but usually one or two A4 Hsfs. All members of
the HsfA5 subgroup are much more conserved among each
other than the members of the HsfA4 subgroup (Fig. S1 and
the sequence details compiled in Table S1). The detection of
numerous expressed sequence tags indicates that represen-
tatives of the A4/A5 group are well expressed in different
plant tissues. Analysis of the Arabidopsis microarray data
bases confirmed that Hsfs A4a, A4c, and A5 mRNAs are
indeed found in many tissues, albeit at very different levels,
which change with the developmental stages and stress con-
ditions (Fig. S2). Usually, the levels of HsfA5 mRNA in Ara-
bidopsis are markedly lower than those of Hsfs A4a and A4c.
This contrasts to the high abundance of HsfA5-specific
expressed sequence tags in the data bases of other plants.
These considerations are helpful, but it should be recalled
that all data are based on RNA analyses that may not give
direct information about the corresponding protein levels.
Intriguing hints for a specialized function of Hsfs A4 came

from the analyses of a rice HsfA4d mutant showing spontane-
ous necrotic lesions in mature leaves due to evident hypersen-
sitivity to mild stress challenges (25). On the other hand, trans-
genic Arabidopsis plants overexpressing a dominant negative
form of HsfA4a had defects in their response to oxidative stress
(26). It is tempting to speculate that we are actually dealingwith
the same HsfA4-dependent syndrome in rice and Arabidopsis
because in both cases, reactive oxygen species play key roles as
stressors and signals.
In summary, themost plausiblemechanism for the repressor

role of HsfA5 is based on its high affinity to interact with HsfA4
to generate inactive heterooligomers. It remains to be exam-
ined whether the balance between active HsfA4 homotrimers
and inactive HsfA4/HsfA5 heterotrimers could be influenced
by modifications, e.g. as a result of oxidative stress as nicely
summarized by Miller and Mittler (39), or whether the shut-
tling of HsfA5 between nucleus and cytoplasm plays a role in
such a regulatory mechanism. Similar to the highly selective
function of HsfA9 as part of the ABA-controlled program of
seed development (37),3 the special role of Hsfs A4 and A5may
be restricted to certain developmental stages and/or to biotic or
abiotic stress challenges. We hypothesize that HsfA5 may rep-
resent a novel type of selective repressor, regulating the func-
tion of A4-type Hsfs in plants.
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