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Abstract The class A heat shock factors HsfA1a and

HsfA1b are highly conserved, interacting regulators,

responsible for the immediate-early transcription of a

subset of heat shock genes in Arabidopsis. In order to

determine functional cooperation between them, we used a

reporter assay based on transient over-expression in Ara-

bidopsis protoplasts. Reporter plasmids containing pro-

moters of Hsf target genes fused with the GFP coding

region were co-transformed with Hsf effector plasmids.

The GFP reporter gene activity was quantified using flow

cytometry. Three of the tested target gene promoters

(Hsp25.3, Hsp18.1-CI, Hsp26.5) resulted in a strong

reporter gene activity, with HsfA1a or HsfA1b alone, and

significantly enhanced GFP fluorescence when both

effectors were co-transformed. A second set of heat shock

promoters (HsfA2, Hsp17.6CII, Hsp17.6C-CI) was acti-

vated to much lower levels. These data suggest that

HsfA1a/1b cooperate synergistically at a number of target

gene promoters. These targets are also regulated via the

late HsfA2, which is the most strongly heat-induced class

A-Hsf in Arabidopsis. HsfA2 has also the capacity to

interact with HsfA1a and HsfA1b as determined by

bimolecular fluorescence complementation (BiFC) in

Arabidopsis protoplasts and yeast-two-hybrid assay.

However, there was no synergistic effect on Hsp18.1-CI

promoter-GFP reporter gene expression when HsfA2 was

co-expressed with either HsfA1a or HsfA1b. These data

provide evidence that interaction between early and late

HSF is possible, but only interaction between the early

Hsfs results in a synergistic enhancement of expression of

certain target genes. The interaction of HsfA1a/A1b with

the major-late HsfA2 may possibly support recruitment of

HsfA2 and replacement of HsfA1a/A1b at the same target

gene promoters.
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Introduction

Heat shock factors (Hsfs) are central regulators of the heat

shock response in eukaryotes. Hsfs are involved in stress

sensing and signalling and can also be involved in the

regulation of other cellular processes, including develop-

ment. The functional properties of Hsfs are attributed to

conserved structural domains: the highest degree of con-

servation is observed for the DNA-binding domain (DBD),

which is composed of helix-turn-helix structures; and the

oligomerization domain (OD), composed of hydrophobic

heptad repeats. These structures are required for the for-

mation of trimeric, high affinity DNA-binding complexes

(Peteranderl and Nelson 1992; Peteranderl et al. 1999).
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Hsfs bind to the heat stress elements (HSE: 50-nGAAnn

TTCnnGAAn-30 or 5’nTTCnnGAAnnTTCn3’) present in

the upstream promoter regions of heat shock genes (for

review see Schöffl et al. 1998).

Plants comprise a superfamily of Hsfs classified as class

A-, -B, and -C Hsfs. Class B- and non-plant-Hsfs differ

from class A- and C-Hsfs by an additional 21 or 7 amino

acids, respectively, which separate the two subdomains

HR-A and HR-B located in the hydrophobic regions

(Nover et al. 1996, 2001). Furthermore, class B-Hsfs lack

the acidic AHA motif, which has a crucial activator func-

tion in class A-Hsfs (Döring et al. 2000).

In Arabidopsis, 15 class A and 5 class B-Hsf genes

have been identified. Members of class A have been

characterized as transcriptional activators of heat shock

genes. The Arabidopsis Hsfs AtHsfA1a and AtHsfA1b

are low-level constitutively expressed proteins, which

become activated for DNA-binding and transcriptional

simulation of heat shock target genes immediately upon

heat stress (Lohmann et al. 2004; Busch et al. 2005).

Mutational analysis showed that these two ‘‘early’’ Hsfs

are functionally redundant (Lohmann et al. 2004) and the

Hsf proteins interact with each other in vitro and in vivo

(Li et al. 2010).

Interestingly, one of the so-called ‘‘late’’ class A Hsf

genes, AtHsfA2, whose own expression is strongly

enhanced upon heat stress, appears to regulate the

expression of a set of target genes that largely overlaps

with those regulated by AtHsfA1a and AtHsfA1b (Wun-

derlich et al. 2007). Thus the ‘‘early’’ constitutive Hsfs are

considered as the primary regulators in the cell and may

become replaced by late Hsfs which work thereafter

throughout the duration of the heat stress response (Wun-

derlich et al. 2007). This is consistent with the finding that

HsfA2 was essential for the duration, but not for the

induction, of acquired thermotolerance (Charng et al.

2007).

In order to understand the regulation and function of

early and late class A-Hsfs in Arabidopsis, we analysed

their interaction using bimolecular fluorescence comple-

mentation (BiFC) in protoplasts with confocal microscopy

and flow cytometry in addition to yeast-two-hybrid inter-

action assays. These analyses show for the first time that

the early class A-Hsfs (HsfA1a and HsfA1b) can interact

with the late HsfA2, and that the oligomerization domains

are required and sufficient for this interaction. The com-

bined activator functions of HsfA1a and HsfA1b, when

co-expressed as effectors in Arabidopsis protoplasts, lead to

a synergistic enhancement of expression of a specific set of

target promoter-reporter genes. Furthermore, co-expression

of early and late Hsfs caused only additive effects when

assaying for the induction of the Hsp18.1-CI promoter,

which is a common target for both types of Hsfs.

Materials and methods

Protoplasts transformation, BiFC, and flow cytometric

assays

Arabidopsis thaliana (Col-0) cell-culture growth, prepara-

tion and transformation of protoplasts were carried out as

described by (Li et al. 2010).

According to Walter et al. (2004) Bimolecular Fluo-

rescence Complementation (BiFC) was used to study the

interaction between Hsf fusion-proteins. Each interaction

partner to be tested is fused to N- or, respectively C-ter-

minal parts of the Yellow Fluorescence Protein (YFP).

After co-transformation and expression of the fusion pro-

teins in Arabidopsis protoplasts, YFP-fluorescence is

reconstituted if two proteins can stably interact with each

other. The new BiFC constructs of the late HsfA2 (HsfA2-

YFPc, HsfA2-YFPN152, and ODHsfA2-YFPN152) were con-

structed by cloning the full length HsfA2 protein coding

region (PCR products from the start codon to the last

C-terminal amino acid) or the oligomerization domain

(OD; Supplement Tables 1, 4) into the XbaI and AscI sites

of the BiFC vectors pUC-SPYCE and pUC-SPYNE-152 as

described by Li et al. (2010). The BiFC constructs of

the early Hsfs (HsfA1a-YFPc, HsfA1b-YFPc) and the

oligomerization domain deleted constructs HsfA1aDOD-

YFPN152 and HsfA1aDOD-YFPC were previously descri-

bed by Li et al. (2010).

Interactions between Hsf-YFP constructs were visual-

ized 1 day after transfection by CLSM (Leica TCS SP2) by

excitation at 488 nm and measuring fluorescence emitted at

594 nm according to Li et al. (2010). Fluorescence of

protoplasts was quantified by flow cytometry using a

MoFlo (Modular Flow; Beckman Coulter) as described by

Li et al. (2010), using 488 nm excitation and emission

captured in FL1 (505–554 nm) plotted against auto-fluo-

rescence in FL2 (555–605 nm). The fluorescence index was

calculated based on the mean fluorescence multiplied by

the fraction (%) of fluorescent cells. The results were cal-

culated from three independent experiments.

Protein extraction, western blotting

The expression of Hsf-fusion proteins in transfected pro-

toplasts was examined by Western blot analysis essentially

as described by Li et al. (2010) using Myc-tag antibody

(Cell Signaling) for detection of YFPN and HA antibody

(Roche) for YFPC.

Promoter GFP reporter assay

The promoter fragments of six genes [Hsp26.5-P(r), -18.1-

CI, -25.3-P, Hsp17.6C-CI, -17.6CII, HsfA2] included the
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50upstream regions (that is, starting immediately upstream

of the start codon) were amplified by PCR using Pfu DNA

Polymerase (Fermentas) and cloned into GFP reporter

vector (pGKTan; Supplement Tables 3, 4). Three ug of

each promoter construct was co-transformed with either

25 lg of bZIP63 (non-Hsf-factor control) or the same

amount of an Hsf-construct alone or in combination of two

different Hsf-constructs; additionally, 5 lg pBT8-

35SLUCm3 vector was co-transformed with for normali-

zation of the transformation efficiency (Sprenger-Haussels

and Weisshaar 2000). Fifty lg of carrier DNA (sheared

Herring sperm, Sigma) was added to all samples. The

transfected protoplasts were heat-treated (37�C, 3 h) fol-

lowed by one hr recovery at room temperature (25�C).

Room temperature controls were incubated at 25�C during

the entire time. The promoter-driven GFP fluorescence was

quantified by flow cytometry as described above. From this

we derived a specific GFP fluorescence index calculated as

follows:

Protein was isolated by vigorously vortexing protoplasts

pellets in 100 ll LUC extraction buffer (100 mM potassium

phosphate, 1 mM DTT, pH7.5) for 30 s. After centrifugation

(10 min, 13,000g, 4�C), the supernatant was pipetted into a

new 1.5 ml Eppendorf tube and used for determination of

LUC activity and protein concentrations. At room temper-

ature, after adding 100 ll filter-sterilized LUC assay buffer

(20 mM tricine, 1.07 mM (MgCO3)4Mg(OH)2 9 5H2O, 2.67

mM MgSO4, 0.1 mM EDTA, 33 mM DTT, 0.27 mM CoA,

0.47 mM D-luciferin, 0.53 mM ATP, pH 7.8) to 10 ll of

extract LUC activity was determined by Luminometer

Lumat LB9501 with an interval of 10 s. Specific LUC activity

is given as relative light units (RLUs) lg protein-1 s-1.

Yeast-two-hybrid interaction assay

Full length coding sequences of Arabidopsis HsfA2,

HsfA1a, and HsfA1b were amplified by PCR using Pfu

DNA Polymerase (Fermentas) and cloned into pGBKT7

bait vector (fused with Gal4 DNA binding domain) and

pGADT7 prey vector (fused with GAL4 activation domain

(Supplement Tables 2, 4). The constructs were verified by

custom sequencing (AGOWA), and transformed into yeast

Y187 and AH109. Homologous or heterologous Hsf

interactions were identified by testing combinations of Hsf-

bait and Hsf-prey constructs co-expressed in yeast. Inter-

actions between Hsf fusion proteins were detected by

growth on selective media according to the manufacturer’s

instructions (Clontech/Biosciences Matchmaker GAL4

Two-Hybrid System). Strength of interaction was exam-

ined by spotting serial dilutions 1:10, 1:100, and 1:1000 on

the SD double dropout (-L, -W) and the SD triple dropout

(-L, -W, -H) plates. Yeast diploids containing each empty

pGBKT7 or pGADT7 were used as negative controls.

Results

Nuclear localization and interaction between HsfA2,

HsfA1a and HsfA1b

We employed BiFC to test whether the late-class A HSF

HsfA2 can interact with the early HsfA1a and HsfA1b in

vivo. Plasmids encoding YFP-fusion proteins with Hsfs

were cloned into the pUC-SPYNE-152 and pUC-SPYCE,

respectively, and were transformed into the Arabidopsis

protoplasts (Li et al., 2010). BiFC indicating homomeric

interaction of HsfA2-YFPN152 with HsfA2-YFPC was

clearly observed in the nucleus and less in the cytoplasm

(not shown). The heterologous combination of HsfA2-

YFPN152 with HsfA1a-YFPC or HsfA1b-YFPC also exhib-

ited BiFC in the nucleus (not shown). Flow cytometric

quantification of BiFC signals (Fig. 1d) showed a relatively

strong fluorescence for homomeric (HsfA2, pair #1) and

somewhat weaker fluorescence for heteromeric interactions

of HsfA2 with HsfA1a (pair #2) or HsfA1b (pair #3;

Fig. 1a).

In order to examine whether the ODs of the interacting

Hsfs are required and sufficient for the interactions, BiFC

vectors expressing only the ODs of HsfA1a, HsfA1b (Li

et al. 2010) or HsfA2 fused with YFP constructs were

tested (Fig. 1c). The heteromeric interaction between

HsfA2 and was not detectable when the HsfA1aDOD-YFPC

construct lacking the OD was used in any combination with

HsfA2 (Fig. 1a, d, pairs #4 and #5). Heteromeric OD

combinations of HsfA2 and HsfA1a (pair #2: ODHsfA1a-

YFPN152/ODHsfA2-YFPC) or respectively HsfA1b (pair #3:

ODHsfA1b-YFPN152/ODHsfA2-YFPC) interacted with each

other to about the same level as the full length Hsfs

(Fig. 1b). The homomeric interaction between the ODs of

HsfA2 (pair 1: ODHsfA2-YFPN152/ODHsfA2-YFPC) appeared

to be significantly less effective as compared with the full

length HSF-constructs (Fig. 1b), suggesting that either the

GFP index ¼ Hsf-dependent GFP fluorescence RFUð Þ=Luciferase activity RLU=lg protein=sð Þ
bZIP-dependent GFP fluorescence RFUð Þ=Luciferase activity RLU/lg protein/sð Þ
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entire OD domain was not taken, or additional amino acids

participate in homomeric HsfA2 interaction. This is further

supported by the data presented in Fig. 1a, where a deletion

of the OD domain did not completely abolish binding.

Conversely, no fluorescence was obtained for heteromeric

interactions between OD and the OD-deleted HsfA1a

fusion proteins (HsfA1aDOD-YFPC: pairs #4 and #5). As

observed previously for HsfA1a/A1b interaction, the

homologous and heterologous interactions with HsfA2

took already place in the absence of heat stress and there

was no significant change in the sub-cellular localization

and intensity of BiFC (data not shown).

Finally, we had used yeast-two-hybrid assays for

re-examining and confirming the interactions between

HsfA2, HsfA1a, and HsfA1b. Binding domain (BD) and

activation domain (AD) versions of GAL4-Hsf constructs

Fig. 1 Quantification of interactions between Late HsfA2 and early

HsfA1a and HsfA1b. a BiFC Interactions between full-length Hsf-

YFP constructs in Arabidopsis protoplasts. No interaction was

detected between full length HsfA2 and HsfA1a-DOD fusion protein.

b Interactions between the oligomerization domains (OD) of HsfA2,

HsfA1a and HsfA1b YFP fusion proteins in protoplasts. No interac-

tion was detected between any OD-YFP construct and HsfA1a-DOD-

YFP constructs. The BiFC was quantified by flow cytometric analysis

(see ‘‘Methods’’). c Schematic diagrams of types of Hsf-YFP

constructs, drawings are not to scale. BD DNA binding domain,

OD oligomerization domain, NLS nuclear localization sequence, AHA
activation domain motif, c-myc and HA tags provided by BIFC

vectors, 35-S and nos-ter constitutive CaMV promoter and respec-

tively termination Sequence of the BIFC vector. d BIFC of

transfected protoplast suspensions representing examples of HSF

interaction (HsfA2-YFPN152/HsfA2-YFPc) and respectively no inter-

action (HsfA1aDOD-YFPN152/HsfA2-YFPc). Dot plots depict the

fluorescence of cells, the marked gate delimits the area of BIFC

signals, the other dots result from auto-fluorescence of non-trans-

formed protoplasts
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were generated (Supplement Table 2) and assayed for

interaction in the combinations depicted in Fig. 2. The

homologous combination (HsfA2-BD/HsfA2-AD) and

both heterologous combinations (HsfA2-BD/HsfA1a-AD

and HsfA2-BD/HsfA1b-AD) resulted in the same growth

patterns on selective media thus indicating interaction.

Using the overlay assay, significant levels of ß-gal activity

were detected (data not shown).

Promoter specificity of HsfA1a/A1b and expression

of target genes

In order to assess whether interaction of HsfA1a and

HsfA1b may influence the promoter specificity and activity

of target genes, two groups of target gene promoters were

chosen for the analysis: HsfA1a/A1b-dependent [Hsp26.5-

P(r), -18.1-CI, -25.3-P] and HsfA1a/1b-independent

[Hsp17.6C-CI, -17.6CII, HsfA2] promoters. The discrimi-

nation of these promoters is based on the expression pro-

filing data of Hsf knock out mutants (Busch et al. 2005).

All the tested genes, with the exception of HsfA2, are

strongly heat-induced Heat Shock Protein (Hsp) genes of

Arabidopsis. The promoters (p) of these genes were cloned

into GFP reporter vector pGTKan. The reporter plasmids

were transformed into Arabidopsis protoplasts along

with effector plasmids encoding different Hsfs-YFPN152

constructs driven by CaMV-35S promoter (same as used

for BiFC analyses). The dummy effector construct

35S-bZIP63 was used as a control for normalizing Hsf

effector-dependent reporter gene activation. Luciferase

expression plasmid (pBT8-35SLUCm3), co-transformed

with the reporter/effector plasmids, was used for normal-

izing transfection efficiency according to Sprenger-

Haussels and Weisshaar (2000). The reporter and effector

constructs are listed in Supplement Tables 1 and 3. All

reporter constructs were tested in the presence and absence

of heat shock stress with the four effectors: bZIP63 as

negative control, HsfA1a alone, HsfA1b alone, or com-

bined HsfA1a/HsfA1b.

Each transfected protoplast sample was split, one aliquot

was treated by heat stress (37�C, 3 h) and the other was

kept at the control temperature (25�C, 3 h). The GFP

fluorescence was recorded for each sample using flow

cytometry and a GFP-index was calculated to derive the

promoter induction. In the absence of specific pHsp-

effectors (i.e. bZIP63) the GFP fluorescence index of all

reporter constructs increased upon heat stress by factors of

2 (pHsfA2-GFP) to 9 (pHsp21-GFP). The levels of reporter

activities obtained with the dummy effector bZIP63 still

responded to heat stress. This increase in the dummy

effector bZIP63 controls is attributed to the heat activation

of the endogenous Hsfs, which are present in all cells and

also capable to recognize and activate transcription of the

heat shock promoter-reporter gene construct.

Without heat stress, HsfA1a and HsfA1b caused higher

levels of reporter activity of all pHsp-driven GFP-con-

structs with the exception of pHsfA2-GFP. Upon heat

stress, the levels of HsfA1a/1b dependent reporter activities

increased in the presence of either HsfA1a or HsfA1b alone

by factors of 12-fold (pHsp26.5) to 27-fold (pHsp25.3;

Fig. 3). In contrast, HsfA1a or HsfA1b caused only minor

increases of reporter activities of HsfA1a/1b-independent

genes, up to 2.5-fold (pHsp17.6CII) without heat stress and

at maximum 7.7-fold (pHsp17.6C-CI) after heat stress,

respectively.

The combined co-expression of HsfA1a and HsfA1b,

however, resulted in somewhat higher levels of reporter

activity for all tested promoter-reporter genes compared to

HsfA1a or HsfA1b alone, again except for pHsfA2-GFP.

Comparison of the basal (RT) and the heat shock induced

expression of pHsps/HsfA2-GFP activities indicate signif-

icantly higher levels of pHsp-GFP activities. Based on the

background control, bZIP63 transformation at normal

temperature, the GFP activity of the three HsfA1a/1b-

dependent genes increased 18.8-fold (pHsp26.5), 30.3-fold

(pHsp18.1-CI) and 38.4-fold (pHsp25.3), respectively. The

highest level of GFP activity of the HsfA1a/1b-independent

genes increased to only about 10.9-fold (pHsp17.6C-CI).

These differences in reporter gene activities, particularly

after heat stress, are in good agreement with the previous

classification of HsfA1a/A1b-dependent and independent

genes (Busch et al. 2005). Moreover, cooperation between

the two Hsf effectors HsfA1a and HsfA1b on the expres-

sion of HsfA1a/A1b-dependent genes [Hsp26.5-P(r), -18.1-CI,

-25.3-P] indicates that the heteromeric interaction causes a

synergistic effect; the values of reporter activities are sig-

nificantly higher (P B 0.05) compared to single HsfA1a- or

Fig. 2 Yeast-two-hybrid interactions between early (HsfA2) and late

(HsfA1a and HsfA1b) class A-Hsfs. The interaction between GAL4

bait (BD binding domain) and prey (AD activation domain) HSF

fusion proteins in yeast was assayed by spotting serial dilutions (1:10,

1:100, 1:1000) of yeast on selective dropout media: -L (leucine), -W

(tryptophan) -H (histidine)

Plant Mol Biol (2010) 73:559–567 563
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HsfA1b-driven reporter gene activities. Reporter gene activity

of pHsp17.6C-CI was also increased by combined HsfA1a/

A1b effector expression, unlike the other two of HsfA1a/A1b-

independent genes, pHsp17.6C-CII-or pHsfA2-GFP.

The extremely low levels of reporter activities of

pHsfA2-GFP construct are not so surprising. Expression

profiling data showed also a much weaker heat stress

induction of HsfA2 expression which is *20-fold lower

than the expression of the strongly induced sHsp-genes

(Busch et al. 2005). Thus the HsfA2 promoter appears to be

‘‘weaker’’ compared to other HsfA1a/A1b-independent

heat shock genes. At present it is unknown which Hsf is the

natural transcriptional activator of Arabidopsis HsfA2.

Early and late Hsfs can act on the regulation

of pHsp18.1-CI-GFP reporter activity

The interaction between early (HsfA1a/A1b) and late

(HsfA2) Hsfs suggests that they might also functionally

cooperate in promoter activation of their common target

genes. In order to analyze such an effect we tested the

common target pHsp18.1-CI-GFP-reporter construct. Fol-

lowing co-transformation of protoplasts with pHsp18.1-CI-

GFP-reporter and effector plasmids (bZIP63, HsfA1a

alone, HsfA2 alone, HsfA1a/A2 or HsfA1b/A2 combina-

tions), significant GFP activity was measured compared to

the dummy bZIP63 effector (Fig. 4). In all cases, heat

shock resulted in enhanced promoter activation, but there

were no significant differences due to the simultaneous

presence of early and late Hsfs. This demonstrated that

early and late Hsfs have the same potential to recognize the

same heat shock promoters and regulate the expression of

those genes, yet in this experimental setup, there was no

indication for synergistic cooperation between them.

Discussion

A partial overlap between sets of putative target genes

regulated by AtHsfA1a/1b early and AtHsfA2 late in the

heat stress response was indicated by the transcriptome

analysis of HSF knock out mutants (Nishizawa et al. 2006;

2009; Schramm et al. 2006; Charng et al. 2007). We have

previously demonstrated that the early HsfA1a and HsfA1b

can interact with each other (Li et al. 2010). In the present

paper, we show for the first time in Arabidopsis that these

Fig. 3 Promoter specificity of HsfA1a/A1b and expression of target

genes. Homomeric (HsfA1a, HsfA1b) or heteromeric (HsfA1a/1b)

effectors coexpressed in Arabidopsis protoplasts together with

HsfA1a/1b-independent [top panels: Hsp17.6C-CI, -17.6CII, HsfA2]

and HsfA1a/1b–dependent [bottom panels: Hsp26.5-P(r), -18.1-CI,
-25.3-P] promoter-driven GFP reporter genes. GFP fluorescence was

quantified by flow cytometry. Three ug of each promoter::reporter

construct were cotransformed with 25 lg effector DNA (for double

HSF transformations 12.5 lg of each construct). Data were normal-

ized for transformation efficiency using co-transformation of 5 lg

luciferase (LUC) expression plasmid. The bZIP effector expression

was used as a negative control for determining endogenous Hsf-

background activities in protoplasts. The expression of the effector

proteins was determined by Western Blots (see supplement Fig. 1).

HS (left half panels): heat stress treatment (3 h, 37�C); RT (right half
panels): room temperature (3 h 25�C). Significance indicated by an

asterisk, P B 0.05. (Hsp17.6C-CI: HsfA1a vs. HsfA1a/1b t-test

P = 0.002, HsfA1b vs. HsfA1a/1b t-test P = 0.001; Hsp25.3-P:

HsfA1a vs. HsfA1a/1b t-test P = 0.009, HsfA1b vs. HsfA1a/1b t-test

P = 0.05; Hsp18.1-CI: HsfA1a vs. HsfA1a/1b t-test P = 0.04,

HsfA1b vs. HsfA1a/1b t-test P = 0.02; Hsp26.5: HsfA1a vs.

HsfA1a/1b t-test P = 0.03, HsfA1b vs. HsfA1a/1b t-test P = 0.002)

Fig. 4 Hsp18.1 promoter activation by early and late class A Hsfs.

Homomeric (HsfA1a, HsfA2) or heteromeric (HsfA1a/HsfA2,

HsfA1b/HsfA2) effectors coexpressed in Arabidopsis protoplasts

together the Hsp18.1-CI promoter-driven GFP reporter gene. GFP

fluorescence was quantified by flow cytometry. The expression of the

effector proteins was determined by Western Blots (see supplement

Fig. 1). Three ug of the promoter-reporter construct were cotrans-

formed with 25 lg effector DNA (for double HSF transformations

12.5 lg of each construct). Data were normalized for transformation

efficiency using co-transformation of 5 lg luciferase (LUC) expres-

sion plasmid. The bZIP effector expression was used as a negative

control for determining endogenous HSF-activities of protoplasts (see

supplement Fig. 3). HS heat stress treatment (3 h, 37�C), RT room

temperature (3 h 25�C)
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two early-Hsfs can also interact with the late-HsfA2 in

vivo. The interaction occurred predominantly in the

nucleus, but the interaction was not dependent on heat

stress. We would like to point out that in these interaction

studies performed in Arabidopsis protoplasts the original

split YFPN vector that has some non-specific complemen-

tation activity could not be used without N-terminal mod-

ifications (YFPN152: Li et al. 2010), while the original

YFPN construct had been used for studying Hsf interactions

in the tobacco system (Baniwal et al. 2007). This and other

discrepancies indicate that tobacco and Arabidopsis pro-

toplast systems seem to have different properties.

The interactions between HsfA1a and HsfA1b (Li et al.

2010) and they with HsfA2 (this paper) require their ODs.

The OD-deleted version of HsfA1a was unable to show

interaction with any full length Hsf or OD constructs.

It cannot be excluded that other parts of Hsfs may also

be involved in protein–protein interaction, but from

these results, we conclude not to any major extent. An

OD-dependent interaction suggests that hetero-oligomeric

complexes may be formed. An interaction, that depends on

the oligomerization domains, is reminiscent of the interac-

tion between tomato LpHsfA1 and LpHsfA2 (Chan-

Schaminet et al. 2009) and between AtHsfA4 and AtHsfA5

(Baniwal et al. 2006). In both cases the interactions are

highly specific for the respective Hsf pair. The early

LpHsfA1, described as a master regulator of the HS response

in tomato, triggers the expression of LpHsfA2 and LpHsf B1

that seem to cooperate in modulating gene expression to

maintain thermotolerance. The highly specific interactions

between AtHsfA4 and AtHsfA5 have an adverse negative

effect on the transcription activation activity of AtHsfA4.

The situation in Arabidopsis appears to be different; no

Hsf has been identified as a master regulator of the heat

shock response. The early Hsfs AtHsfA1a and AtHsfA1b

cooperate upon heat stress resulting in a strong and rapid

expression of only subgroups of Hsps and Hsfs. The

expression of the late AtHsfA2 is not controlled by

HsfA1a/A1b, since its heat-induced expression is largely

unaffected in hsfA1a/A1b knock out plants (Busch et al.

2005). As such, the mode of activation of HsfA2 expres-

sion in Arabidopsis is as yet unknown. Consistent with

what is described in the literature, the late Hsfs contribute

only little to the initial early expression of heat shock

genes. Later in the heat shock response of Arabidopsis, a

transition from early to late phase takes place. This stage is

marked by a transition in the pattern of Hsf-DNA-binding

capacity (Lohmann et al. 2004) and the massive heat-

induced expression of Hsps and other Hsfs. The formation

of the major-late HSF-DNA binding complex that replaces

the early HsfA1a/1b-dependent complex, requires HsfA2

and suggests that HsfA2 is dominating the late phase of the

HS response (Wunderlich et al. 2007).

During the early—late phase transition of the heat shock

response there must be timely and spatial overlap between

early and late Hsf functions. Since we find interaction

between early and late Hsfs but no cooperation and

enhancement of target gene expression, the interaction may

reflect the recruitment of HsfA2 to the same promoters

previously activated by HsfA1a/A1b. Indeed, HsfA2 has

been shown to be required for sustaining heat-induced gene

expression but not initiating it (Nishizawa-Yokoi et al.

2009; Charng et al. 2007). AtHsfA2 appears to be a rather

stable protein, which once accumulated, has an enduring

effect as a transcriptional activator. The rapid decline of its

putative target gene transcripts in the recovery phase

(Schramm et al. 2006) indicates that HsfA2 becomes rap-

idly inactivated during recovery. At this stage HsfA2 might

be retained in the cytoplasm in complexes with heat shock

proteins such as it has been shown for tomato LpHsfA2

(Port et al. 2004; Heerklotz et al. 2001); correspondingly,

we have observed interaction of HsfA2 with HsfA1a/A1b

also in the cytoplasm.

These examples show that some of the basic principles

regulating Hsf activities and target gene expression are

conserved in different plant species. However, convergent

evolution of Hsf genes has taken place as indicated by

functional differences (molecular interactions and target

gene expression) of the strongly sequence-conserved Hsfs

LpHsfB1 (Bharti et al. 2004) and AtHsfB1 (Kumar et al.

2009) or LpHsfA2 (Chan-Schaminet et al. 2009) and

AtHsfA2 (this paper).

Our promoter transactivation experiments using only

GFP as the reporter are largely consistent with previously

published literature for the HsfA1a/A1b-dependent pro-

moters, which suggested synergistic activation by these

two early Hsfs (Lohmann et al. 2004, Busch et al. 2005).

Although GFP has been used before as a promoter

expression reporter (Ducrest et al. 2002; Bargmann and

Birnbaum 2009); no previous study standardized a protocol

for multiple transactivation experiments for quantitative

comparisons. In this study, we were not able to measure

strong heat induced expression of all of the HsfA1a/A1b-

dependent promoters, which was expected when observing

their expression data (Busch et al. 2005; Wunderlich et al.

2007). These promoters appear heat-inducible but to a

much lower extent than previously published. The rela-

tively lower levels of heat induction are a consequence of

the already very high levels of reporter gene activities at

normal temperature. The high constitutive levels at normal

temperature in Arabidopsis protoplasts reflect a de-repres-

sion of Hsf-activities upon transient overexpression leading

to multimeric, and probably trimeric complexes as previ-

ously shown for HsfA1a when over-expressed in E. coli

(Hübel and Schöffl 1994) or Drosophila (Hübel et al.

1995). This phenomenon is attributed to the titration of
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negatively interacting factors (Shi et al. 1998) and is

consistent with the results of stably transformed Hsf-

overexpressing transgenic plants (Lee et al. 1995; Prändl

et al. 1998).

Nevertheless, in this protoplast assay, the HsfA1a/A1b-

dependent promoters [Hsp26.5-P(r), -18.1-CI, -25.3-P]

resulted in much stronger reporter gene activities than

HsfA1a/1b-independent [Hsp17.6C-CI, -17.6CII, HsfA2]

promoters. These findings are consistent with a promoter

specificity and synergistic interaction of HsfA1a and

HsfA1b for only a subset of the heat shock gene promoters.

The HsfA1a/A1b-independent promoters are also recog-

nized and activated by HsfA1a and HsfA1b in the proto-

plast assay but to lower levels and not in a synergistic

fashion. Similar to in vitro experiments, expression in

protoplasts leads to high levels of active (de-repressed)

Hsfs that may always recognize and bind to the HSE-ele-

ments present in the promoter regions of heat shock genes.

In contrast to early LpHsfA1 and late LpHsfA2 inter-

action, there was no synergistic activation of target gene

promoters by AtHsfA1a/1b and HsfA2. A moderated syn-

ergistic effect was only observed on a subset of heat shock

target gene-reporter constructs when the early HsfA1a and

HsfA1b were co-expressed. The synergistic effects were

much lower (1–2-fold) compared to the relatively strong

synergism described for the interaction between tomato

LpHsfA1 and LpHsfA2 (Chan-Schaminet et al. 2009).

However, as discussed above, the Arabidopsis HsfA1a/

HsfA1b are not true homologues LpHsfA1.

In conclusion: the Arabidopsis protoplast assay system

provides a general and quick tool for studying the effects

of Hsf interaction and trans-activation of heat shock gene

expression. However, as evident for all systems working

with transient overexpression of regulatory proteins

(transcription factors), it cannot always truly reflect the in

vivo situation. The wasteful overexpression of the effec-

tors (Hsfs) and the undetermined state of chromatin

structure of the target promoter-reporter plasmids in the

cell may interfere with the natural processes regulating the

activity of Hsf and gene expression. Thus conclusions

from such experiments are only relevant if substantiated

by data from other independent experimental approaches.

In our present study the transient promoter-effector assays

confirmed the Hsf-promoter specificities of heat shock

genes, which were previously suggested by the analyses

of Hsf gene knock out mutants and expression profiling

data.
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