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Tomato heat stress transcription factor HsfA2 is a shuttling protein with dominant cytoplasmic localization
as a result of a nuclear import combined with an efficient export. Besides the nuclear localization signal (NLS)
adjacent to the oligomerization domain, a C-terminal leucine-rich motif functions as a nuclear export signal
(NES). Mutant forms of HsfA2 with a defective or an absent NES are nuclear proteins. The same is true for
the wild-type HsfA2 if coexpressed with HsfAl or in the presence of export inhibitor leptomycin B (LMB).
Fusion of the NES domain of HsfA2 to HsfB1, which is a nuclear protein, caused export of the HsfB1-A2NES
hybrid protein, and this effect was reversed by the addition of LMB. Due to the lack of background problems,
Chinese hamster ovary (CHO) cells represent an excellent system for expression and functional analysis of
tomato Hsfs. The results faithfully reflect the situation found in plant cells (tobacco protoplasts). The
intriguing role of NLS and NES accessibility for the intracellular distribution of HsfA2 is underlined by the
results of heat stress treatments of CHO cells (41°C). Despite the fact that nuclear import and export are not
markedly affected, HsfA2 remains completely cytoplasmic at 41°C even in the presence of LMB. The temper-
ature-dependent conformational transition of HsfA2 with shielding of the NLS evidently needs intramolecular
interaction between the internal HR-A/B and the C-terminal HR-C regions. It is not observed with the HR

oligomerization domain (HR-A/B region) deletion form of HsfA2 or in HsfA2-HsfA1l hetero-oligomers.

Key regulators of the heat stress (HS) response are the HS
transcription factors (Hsfs), which belong to a family of pro-
teins conserved throughout the eukaryotic kingdom (24, 26, 35,
46). Hsfs have a modular structure with an N-terminal DNA-
binding domain characterized by a helix-turn-helix motif, an
adjacent domain with heptad hydrophobic repeats (HR-A/B)
involved in oligomerization, a cluster of basic amino acid res-
idues essential for nuclear import (the nuclear localization
signal, or NLS) and a C-terminal activation domain (Fig. 1).

The high degree of structural and functional conservation of
Hsfs was documented repeatedly by using heterologous sys-
tems for Hsf expression in combination with appropriate re-
porter assays. Thus, Drosophila melanogaster and human Hsfs
were tested in plant cells, Xenopus oocytes, and Saccharomyces
cerevisiae (5, 6, 22, 43, 50), and plant Hsfs were tested in yeast,
Drosophila, and human cells (4, 5, 8, 17). Using yeast strains
with disruption of the endogenous Hsf1 gene, it was shown that
many of these heterologous Hsfs were able to replace the yeast
Hsfl in most of its functions, i.e., in Hsf-dependent reporter
assays, in the survival function both at 25 and 37°C, and in the
generation of the thermotolerant state (5, 12, 22, 48).

In plants, the Hsf system is more complex than in any other
organisms investigated so far (26, 28, 35). (i) Besides the con-
stitutively expressed members of the Hsf family, many Hsfs
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themselves are HS-inducible proteins. (ii) Two classes of Hsfs
(class A versus class B) are discriminated by a 21-amino-acid
(21-aa) insertion found in the oligomerization domain of class
A Hsfs. This insertion is lacking not only in the plant class B
Hsfs but also in all Hsfs from other organisms. In addition, the
CTAD of class A Hsfs is acidic with two or more short peptide
motifs (AHA motifs), which are essential for the activator
function (4, 8). In contrast to this, the CTAD of class B Hsfs is
neutral or basic, and there is evidence for clear functional
differences between class A and class B Hsfs (5, 7).

Tomato HsfA2, a strongly HS-inducible protein, has two
remarkable properties. (i) Despite a functional NLS, it does
not localize in the nucleus unless coexpressed with the consti-
tutively expressed HsfAl. Evidently, the formation of hetero-
oligomers between both Hsfs markedly influences the intracel-
lular distribution and thus activator function of HsfA2 (36). (ii)
The ongoing accumulation of HsfA2 and other HS-inducible
proteins in the course of an HS period results in a unique
storage form in cytoplasmic chaperone complexes composed of
40-nm particles identified earlier as HS granules (HSG) (27).
No other Hsf so far identified in tomato plant cells (HsfAl,
HsfA3, and HsfB1) is found in the HSG complexes (4, 36).

To investigate the question of whether the nuclear cotrans-
port phenomenon is the result of intrinsic properties of the
Hsfs involved or whether other plant proteins are needed, we
expressed tomato Hsfs Al and A2 alone and together in Chi-
nese hamster ovary (CHO) cells and tobacco mesophyll pro-
toplasts. As shown in this paper, the mammalian expression
system has great advantages when studying protein interac-
tions contributing to the dynamically changing intracellular
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FIG. 1. Block diagram with functional motifs of HsfA2. The posi-
tions of the functional domains and/or motifs mentioned in the text are
indicated (from N to C terminus): DNA-binding domain (DBD), oli-
gomerization domain (HR-A/B), the bipartite NLS, activator motifs
(AHA1 and AHA?2), and the C-terminal heptad hydrophobic repeat
region (cross-hatched), including the NES. Sequence details and
amino acid exchanges in mutant forms of HsfA2 are given for the NLS
and NES, respectively. Deletion points 7 (aa 169 to 170) and 8 (aa 213
to 214) mark the portion of the protein lacking in HsfA2A7/8. Se-
quence details for the NLS mutant M3 and the NES mutant M4 as well
as the NES deletion mutant HsfA2AC343 are indicated below.

distribution of tomato Hsfs. By the application of leptomycin B
(LMB) as a covalent inhibitor of the nuclear export receptor
exportin 1 (10, 12, 19, 20), we noticed that the dominant cyto-
plasmic localization of HsfA2 is in fact the result of a strong
C-terminal nuclear export signal (NES) combined with a weak
or inaccessible NLS. Depending on the expression conditions,
HS markedly influences the intracellular distribution of HsfA2
in the presence of LMB.

MATERIALS AND METHODS

General materials and methods. The use of tobacco (Nicotiana plumbaginifo-
lia) mesophyll protoplasts for the transient expression of Hsfs was described
previously (23, 36). After polyethylene glycol-mediated transformation with the
indicated expression plasmids, protoplasts were incubated for 15 h at 25°C under
dim light. Protoplasts were processed for immunofluorescence as previously
described (18, 36).

The rabbit antisera against tomato HsfAl, HsfA2, and HsfB1 were described
before (23, 36). Secondary antibodies against rabbit immunoglobulins conju-
gated with fluorescent dyes CY2 or CY3 were obtained from Dianova (Hamburg,
Germany). Fluorescein isothiocyanate (FITC)-phalloidin for actin staining was
from Sigma-Aldrich Chemie GmbH (Deisenhofen, Germany).

LMB was kindly provided by Minoru Yoshida, Tokyo, Japan, and used at a
final concentration of 2 to 20 ng/ml.

Culture and transfection of CHO-K1 cells. CHO-K1 cells were maintained in
Ham’s F12 nutrient mixture supplemented with 10% fetal bovine serum and
penicillin-streptomycin (all from Life Technologies, Eggenstein, Germany). Cells
were grown in 25-cm? culture flasks (Nunc, Wiesbaden, Germany) at 37°C under
a 5% CO, atmosphere. Twenty-four hours before transfection, cells were seeded
on chamber slides (Nunc). DNA for transfection was prepared using the Plasmid
Midi kit (Qiagen, Hilden, Germany). Transfection was performed according to
the manufacturer’s protocol using the FUGENE 6 Transfection kit (Roche
Diagnostics, Mannheim, Germany). Cells were harvested 24 to 36 h after trans-
fection. For luciferase assays, cells were cultured in 24-well plates (Nunc) and
transfected as described above.

Protein analysis and Western blotting. About 2 X 10° CHO cells were washed
twice with phosphate-buffered saline (PBS) buffer (137 mM NaCl, 10 mM
Na,HPO,, 1.7 mM KH,PO,, 2.6 mM KClI [pH 7.4]) and lysed in 50 pl of hot
sodium dodecylsulfate sample buffer. Protein analysis by sodium dodecylsulfate-
polyacrylamide gel electrophoresis and Western blotting was performed as de-
scribed previously (8, 36).

Luciferase reporter assay. Thirty-six hours after transfection, cells were
washed two times in PBS and lysed in 70 wl of cell culture lysis reagent (100 mM
potassium phosphate [pH 7.8], 1 mM EDTA, 7mM 2-mercaptoethanol, 1%
Triton X-100, 10% glycerol). For all experiments, four cell samples were trans-
formed and processed independently. Experiments were repeated at least three
times. Cell lysates were stored at —80°C until usage. Luciferase activity was
measured with the luciferase assay reagent (20mM Tricine [pH 7.8], 5 mM
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MgCl,, 0.1 mM EDTA, 3.3 mM dithiothreitol, 270 pM coenzyme A, 50 pM
luciferin, 500 wM ATP) using a Mikrolumat LB 96P luminometer (Eg&G
Berthold, Bad Wildbad, Germany). Two seconds after injection of the substrate
cocktail, light emission was measured for 30 s. Hsf expression was monitored by
Western analysis.

Expression plasmids for plant and mammalian cells. Standard procedures
were used for cloning (2, 34). PCR was done using the Tag Plus Precision system
(Stratagene, Amsterdam, The Netherlands). Plant expression vectors are based
on the pRT series of vectors (42). Except for three plasmids given below, details
of the constructions were described before (5, 23, 43). The NES mutant of HsfA2
(HsfA2M4) was generated by PCR mutagenesis of a C-terminal fragment of
HsfA2 with primers 1 and 2, followed by insertion of a Bg/II/Xbal fragment into
pRTHsSfA2AC343 (22). For construction of the vector encoding the HsfB1-
A2NES fusion protein (HsfBlaal-296xHsfA2aa329-351), the C-terminal part of
pRTHsfA2 was amplified by PCR using primers 1 and 3, and a Bgl/ll/Xbal
fragment was inserted into pRTHsfB1. In the encoded fusion protein, the last
5-aa residues of HsfB1 were replaced by the last 23-aa residues of HsfA2. For
generation of the new vector encoding the green fluorescent protein (GFP)-
tagged HsfAl (pCKHsfA1-GFP), the HsfAl cassette of pRTHsfA1 (43) was
amplified by PCR using primers 6 and 7, and the corresponding Sacl/Xbal
fragment was inserted into pCK-GFP S65C (31).

All mammalian expression vectors were constructed by subcloning the whole
Hsf coding regions as Xhol/Xbal fragments from the pRT vectors into pcDNA3
(Invitrogen, Groningen, The Netherlands). The HsfA1-GFP expression plasmid
was obtained by subcloning an EcoR1/Xbal fragment from pCK-HsfA1-GFP into
pcDNA3.

For construction of the hspl7xluc reporter plasmid for the Hsf-dependent
luciferase reporter assays in CHO cells, a promoter-leader fragment of the plant
plasmid phsp17xgus (43) was amplified by PCR using primers 4 and 5. It was
inserted as an Asp7181/Smal fragment in front of the luciferase gene of the
pGL3-basic vector (Promega, Mannheim, Germany). The soybean AspI7 pro-
moter part of the inserted fragment (nucleotides —321 to —12) (38) is evidently
decisive for the remarkably low level of basal luciferase expression in mammalian
cells.

Primers. Primers (F, forward; R, reverse; restriction sites are underlined) are
as follows: primer 1 (HsfA2F), 5’AATCAGATCATTGCCATGGGAGAAAA
AATCGAAACACAGGAGAGG; primer 2 [HsfA2R(M4) and Xbal], 5'CTT
AATGTTCTGCGACATCTAGTTCGACCAAAGCGAATCAGATCTGAG
AACACA; primer 3 (HsfA2R and Xbal), 5’ GTTGAACCAAAGGAAATCTCA
GATCTCGCGCGCG; primer 4 (GusR), STTCGCGATCCAGACTGAATG
CG; primer 5 (Hspl7F and Asp718), 5’GGCCTGGTACCCCAATAATAACC;
primer 6 (HsfA1-GFP-F and Sacl), 5’ GAGCTGAGCTCTTACAGCCGGCGC;
and primer 7 (HsfA1-GFP-R and Xbal), 5’ GAATAGGGCCCTCTAGAAACT
ACC.

Indirect immunofluorescence of CHO cells. After being briefly washed in PBS
containing 1 mM MgCl, and 1 mM CaCl, CHO-K1 cells on chamber slides were
fixed for 30 min with freshly prepared 3.7% paraformaldehyde in microtubule-
stabilizing buffer (MTSB) (100 mM PIPES [piperazine-N,N’9-bis(2-ethanesul-
fonic acid] [pH 6.9], 1 mM MgSO,, 2 mM EGTA). After being washed in MTSB,
cells were permeabilized by a 15-min treatment with 0.5% Triton X-100 in
MTSB, and residual aldehyde groups were blocked by 15-min incubation in
PBS-100 mM glycine. After 30-min blocking in PBS-1% bovine serum albumin
(Sigma-Aldrich Chemie GmbH), cells were incubated for 3 h with the indicated
antisera diluted 1:500 in PBS-1% bovine serum albumin. After being washed
twice with MTSB and stained with fluorochrome-coupled goat anti-rabbit sec-
ondary antibodies, samples were mounted for microscopic inspection in mount-
ing solution (100 mM Tris-HCI [pH 8.5], 24% glycerol, 9.6% mowiol 4-88)
(Calbiochem-Novabiochem, Bad Soden, Germany) and 2.5% 14-diazabicy-
clo(2.2.2)octane. Cells transfected with plasmids encoding GFP-tagged Hsfs were
fixed and washed in PBS-100 mM glycine before mounting.

For microscopic analysis, an Axiophot microscope (Zeiss, Oberkochen, Ger-
many) combined with a DP10 Photo System (Olympus, Hamburg, Germany) was
used. Captured images were resized and combined using Photoshop 5.5 software
(Adobe Systems, La Jolla, Calif.). Confocal laser scan micrographs were cap-
tured using a TCS4 microscope (Leica, Bensheim, Germany) and Imaris soft-
ware (Bitplane, Ziirich, Switzerland).

RESULTS

Cytoplasmic localization of tomato HsfA2 is the result of
nuclear export. Our earlier experiments, demonstrating the
intriguing interaction of HsfAl and HsfA2 for nuclear local-
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FIG. 2. Nuclear localization of tomato HsfA2 in CHO cells de-
pends on physical interaction with HsfAl or the presence of LMB.
CHO cells were transfected with the indicated Hsf expression plas-
mids. After 20 h of incubation at 37°C, cells were processed for im-
munofluorescence. (A, C, and E) Detection of HsfAl with anti-HsfA1l
(green channel). (A and E) or of HsfA1-GFP (C); (B, D, and F)
detection of HsfA2 with anti-HsfA2 (red channel). (A and B) Cells
expressing HsfAl or HsfA2 alone; (C and D) cells coexpressing
HsfA1-GFP and HsfA2; (E and F) same as shown in panels A and B
but with LMB (2 ng/ml) added 60 min before cells were harvested. In
Fig. 2 to 6, bars represent 10 pm; Al, HsfAl; A2, HsfA2; B1, HsfB1.

ization of the latter, were always complicated by the unknown
and probably changing contributions of members of the en-
dogenous Hsf system in plant cells. To investigate the phenom-
enon in more detail without this experimental background, we
decided to use CHO cells for the expression of tomato HsfA2
alone and in combination with HsfAl, followed by immune
fluorescence analysis of the intracellular distribution (Fig. 2).
Similar to the situation in plant cells, HsfA1 was found distrib-
uted between the nucleus and cytoplasm (Fig. 2A), whereas
HsfA2 was exclusively cytosolic (Fig. 2B). Following earlier
observations (36), the nuclear exclusion of HsfA2 could be
overcome by coexpression with HsfA1. Both proteins colocal-
ize with a distribution between the nucleus and cytoplasm (Fig.
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2C and D). The results show that the characteristic interaction
of the tomato Hsfs Al and A2 and its consequences for the
intracellular localization of HsfA2 reflect intrinsic properties
of the two proteins and do not need the presence of other
plant-specific proteins.

An earlier model explaining the nuclear translocation of
HsfA?2 as a result of unmasking its NLS, either by binding of
HsfAl or by deletion of a C-terminal shielding domain (23,
36), evidently needs an important modification. Adding LMB,
an inhibitor of the nuclear exportin 1 dependent export path-
way (10, 12, 20), led to an almost complete nuclear localization
of HsfA2 without the need of HsfAl as a helper protein (Fig.
2F). The recompartmentalization was clearly visible after 15
min of incubation in the presence of LMB (2 ng/ml) and was
complete after 60 min (data not shown). Although the change
in intracellular distribution in the presence of LMB was most
pronounced for HsfA2 (Fig. 2B versus F), addition of the drug
also led to an exclusive nuclear localization of HsfA1l (Fig. 2A
versus E).

Structural determinants of nuclear import and export of
HsfA2. It was shown before that formation of hetero-oligomers
of HsfA1 and HsfA2 is a prerequisite for nuclear colocalization
of HsfA2 in the presence of HsfAl (36). To study this effect in
more detail, we expressed a deletion form of HsfA2 lacking the
oligomerization domain (HsfA2A7/8) (Fig. 1). Its intracellular
distribution was indistinguishable from that of the wild-type
HsfAZ2; i.e., it was found in the cytoplasm in the absence (Fig.
3A) and in the nucleus in the presence (Fig. 3B) of LMB. As
expected for this mutant protein, there was no influence of coex-
pression with HsfA1l. Due to the lack of formation of HsfAl-
HsfA2 hetero-oligomers, HsfA2A7/8 remained cytoplasmic
(Fig. 3C), whereas HsfAl was detected in the nucleus (Fig. 3D).

Upon inspection of the C-terminal part of HsfA2, we noticed
a peptide motif rich in leucine residues (340 ELQDLVDQL
GFLx) (Fig. 1). To test the role of this motif as a potential NES,
we used a deletion form lacking the last eight amino acid residues
(HsfA2AC343) and a mutant form of the full-length protein (ala-
nine substitutions of the three leucine residues are underlined)
(HstA2M4). As predicted, both forms had a predominant nuclear
localization (Fig. 3E and F), indicating that this C-terminal pep-
tide motif in the HR-C region represents the nuclear export signal
of HsfA2. Evidently, the negative effect of the HR-C domain on
the activator function of HsfA2 (23) results from the lack of
nuclear accumulation due to the presence of the NES in this
domain. The pronounced effect of LMB indicates that HsfA2
rapidly shuttles between nucleus and cytoplasm. In keeping with
this, no nuclear import could be detected with the NLS mutant of
HsfA2 (HsfA2M3), irrespective of the presence or absence of
LMB (Fig. 3G and H).

Nuclear export of HsfB1 by fusion with the NES of HsfA2.
The only member of the class B Hsfs so far identified in tomato
cells is HsfB1 (37). This protein is always localized in the
nucleus, irrespective of control or HS conditions (36). To sup-
port the evidence for the role of the C-terminal NES of HsfA2,
we expressed a fusion protein of HsfB1 with the C-terminal
23-aa residues of HsfA2 (HsfB1-A2NES) and compared its
intracellular distribution with that of the wild-type protein
(Fig. 4). Similar to the findings in plant cells, HsfB1 is also
found entirely in the nucleus in CHO cells (Fig. 4A). For better
orientation, actin fibers were stained with FITC-phalloidin. As
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FIG. 3. Structural determinants of HsfA2 influencing its intracel-
lular distribution. For transfection, incubation, and detection condi-
tions see the legend to Fig. 2. HsfA2 and its derivatives were detected
in the red channel (A to C and E to H), and HsfA1-GFP was detected
in the green channel (D). (A to D) CHO cells were transfected with
the expression vector encoding HsfA2A7/8 without LMB (A) or with
LMB (2 ng/ml) added 60 min before harvesting (B). (C and D) Cells
coexpress HsfA2A7/8 together with HsfA1-GFP (D). In contrast to the
wild-type HsfA2 (Fig. 2), there is no nuclear retention of the HR-A/B
deletion form HsfA2A7/8 in the presence of HsfAl (C). (E and F)

Nuclear localization of HsfA2 was observed in the absence of LMB if
the putative NES was deleted (A2AC343 [E]) or made defective by
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expected, most of the HsfB1-A2NES fusion protein was cyto-
plasmic, indicating an efficient nuclear export due to the at-
tached NES (Fig. 4B), and this effect was reversible by incu-
bation in the presence of LMB (Fig. 4C).

Nuclear export is also the dominant effect on the intracel-
lular distribution of HsfA2 in plant cells. To verify the role of
the NES of HsfA2 in plant cells, we also investigated essential
aspects of intracellular distribution by transient expression in
tobacco protoplasts. As shown earlier (36), expression of
HsfA?2 alone leads to a dominant cytoplasmic localization (Fig.
5A). However, similar to the results in CHO cells, nuclear
retention was observed after the addition of LMB to proto-
plasts expressing HsfA2 alone (Fig. 5C) or with cells expressing
the NES mutant form HsfA2M4 with alanine substitutions in
the C-terminal leucine-rich motif (Fig. 5B). As with the results
obtained with CHO cells, the intracellular distribution of the
deletion form HsfA2A7/8, lacking its oligomerization domain,
was not influenced by coexpression with HsfA1 (Fig. 5D versus
E) but by the addition of LMB (Fig. 5F). Finally, we tested
HsfB1 and its mutant form with a C-terminal NES. The results
were very similar to those shown in Fig. 4. The exclusive nu-
clear localization of the wild-type HsfB1 (Fig. 5G) contrasts
with the dominant cytoplasmic staining of cells expressing the
HsfB1-A2NES fusion protein. Nuclear export of the latter was
blocked in the presence of LMB added 60 min before proto-
plasts were processed for immunostaining (Fig. 51).

Effect of HS on the nucleocytoplasmic distribution of HsfA2.
The particularities of intracellular distribution of HsfA2 in
CHO cells and tobacco protoplasts are evidently caused by the
dynamic balance of nuclear import and export. Considering the
predominant incorporation of HsfA2 in cytoplasmic chaperone
complexes formed in tomato cells under HS conditions (4, 35),
we wanted to know whether the HS-dependent selective bind-
ing of HsfA2 to the HSG complexes reflects a conformational
transition of the transcription factor and whether the presence
of HsfAl has any effect on such a transition. To this end, we
analyzed the localization of HsfA2 alone and/or in combina-
tion with HsfAl in CHO cells under mild HS conditions
(41°C), which are close to the HS regime also used with ther-
motolerant tomato cell cultures (36). As a control, the HsfB1-
A2NES was included in the analysis. Twenty-four hours after
transfection, cells were shifted for 1 h to 41°C with LMB added
during the HS treatment to the indicated samples 30 min
before harvesting (Fig. 6).

Results with the HsfB1-A2NES fusion protein showed that,
similar to the results at 37°C (Fig. 4), most of the protein is also
cytoplasmic at 41°C but nuclear in the presence of LMB (Fig.
6A and B). For better orientation, actin was stained with
FITC-phalloidin (Fig. 6B). The results with HsfB1-A2NES
indicated that neither nuclear import nor export nor the effi-
ciency of LMB as an inhibitor was affected by the 1-h HS at
41°C. The same is evidently true for the results found with
CHO cells coexpressing HsfA1 and HsfA2 (Fig. 6C and D) and

alanine substitutions of the leucine residues (A2M4 [F]). (G and H)
The cytoplasmic localization of HsfA2 and its redistribution in the
presence of LMB require a functional NLS. The NLS mutant (A2M3)
(see Fig. 1) was permanently cytoplasmic irrespective of the absence
(G) or presence (H) of LMB.
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B1xA2NES
(+LMB)

FIG. 4. Intracellular localization of HsfB1 and the HsfB1-A2NES fusion protein. CHO cells were transfected with the indicated expression
plasmids encoding HsfB1 (aa 1 to 301) or the fusion protein HsfB1 (aa 1 to 296)-HsfA2 (aa 339 to 351) containing the NES domain of HsfA2
(B1-A2 NES). Detection was anti-HsfB1 (red channel). For better orientation, actin fibers were stained with FITC-phalloidin (green channel). (A)
The HsfB1 wild type was found exclusively in the nucleus, whereas HsfB1-A2NES was cytoplasmic in the absence (B) and nuclear in the presence

(C) of LMB.

with those expressing HsfA2A7/8 (Fig. 6E and F). Hence, it
was surprising that results with HsfA2 were totally different
(Fig. 6G to I). As expected, HsfA2 was also cytosolic at 41°C.
However, no nuclear import could be found in LMB-contain-
ing samples, when LMB was added to cells at 41°C. Even
increasing the LMB concentration to 20 ng/ml did not change
the outcome of the experiment (data not shown). It is impor-
tant to recall that a prerequisite for the rapid and remarkable
effects of LMB on the intracellular recompartmentalization of
HsfA2 from the cytoplasm to the nucleus at 37°C is the con-
stant shuttling of HsfA2 between both compartments. From
the abnormal behaviour of HsfA2 at 41°C, we conclude that
there is a temperature-dependent conformational transition
with intramolecular shielding of the NLS, which was not ob-
served in the mutant form lacking the oligomerization domain
or with HsfA2 as part of the hetero-oligomeric complexes with
HsfAl. The conformational change of HsfA2 with shielding of
the NLS is readily reversible after shifting the LMB-containing
cultures back to 37°C. After 15 min of recovery, a considerable
portion of HsfA2 was again detected in the nucleus, and
recompartmentalization was complete after 60 min of recovery
(Fig. oI).

Nuclear translocation of HsfA2 results in increased expres-
sion of an Hsf-dependent reporter. To investigate the conse-
quences of the intracellular redistribution of HsfA2 as a bal-
ance of the function of its NLS and NES, we used a luciferase
reporter assay. First, we tested a luciferase reporter construct
with the human Asp70 promoter (kindly provided by R. Mori-
moto). However, as a result of the endogenous Hsfs and other
activator proteins of CHO cells binding to this complex pro-
moter (45), there was a considerable level of basal activity,
which was increased only two- to threefold in the presence of
tomato HsfAl or HsfA2 (data not shown). Interestingly, a
solution to the problem was achieved by introducing a plant-
specific promoter fragment with the TATA box and scattered
Hsf binding motifs (HSE) into the pGL3xluc basal vector (Pro-
mega). This promoter fragment was derived from the soybean
hsp17.3B gene (38). Compared to the hsp70xluc reporter, this
new hspl7xluc reporter had a 60-fold-lower level of basal ac-
tivity, indicating that interaction with the endogenous Hsfs or

other mammalian transcription-activating proteins was very
inefficient. However, there was a good response in the pres-
ence of various tomato Hsfs (Fig. 7), in some cases resulting in
a >800-fold stimulation of luciferase expression, e.g., in sam-
ple 7. To avoid problems with luciferase as a temperature-
sensitive enzyme, we only used samples incubated at 37°C.

The results clearly demonstrate that the improved nuclear
localization of HsfA2 is indeed connected with considerably
increased luciferase expression. To include all data in one
diagram, the scale for the enzyme activity (relative light units,
10%) had to be extended 10-fold (Fig. 7B). Compared to the
background activity of samples transformed with the reporter
construct alone (Fig. 7, sample 1), the luciferase activity was
increased 10-fold in cells expressing HsfA2 (sample 4) and 30-
to 100-fold in samples expressing different amounts of HsfAl
(samples 2 and 3). Reporter activity was increased 300-fold
with the NES mutant of HsfA2 (M4) as activator (sample 8)
and 850-fold in cells coexpressing HsfA2 with HsfAl (sample
7). To optimize the stimulating effect of the coexpression of
HsfA2 and HsfA1 on the activator function of the former, we
used 1 pg of HsfA2 and 0.1 pg of HsfAl expression plasmid
for cotransformation (see results with samples 3 and 4 as a
reference for sample 7). As was observed earlier with plant
cells, a relatively small amount of HsfAl is sufficient to pro-
mote the translocation of HsfA2 to the nucleus (36).

Because nuclear retention of HsfA2 was most prominent
with LMB (2 ng/ml) in the culture medium, we tested the effect
of the drug on reporter activity if LMB was added 3 and 6 h
before harvesting. Considering the relatively short time of in-
cubation with LMB, the effect is striking. Compared to activity
in sample 4, luciferase activity increased about 2-fold after 3 h
and 6.5-fold after 6 h of incubation with LMB (Fig. 7, samples
5 and 6).

DISCUSSION

CHO cells as test system for tomato Hsfs. As outlined in the
introduction, the high degree of evolutionary conservation of
the HS response throughout the eukaryotic kingdom and the
conserved modular structure of the Hsfs were repeatedly used
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FIG. 5. Immunofluorescence analysis of the NES function of HsfA2 in tobacco protoplasts. At 16 h after transformation with the indicated Hsf
expression plasmids, protoplasts were processed for immunofluorescence. (A and C) Protoplasts expressing HsfA2 alone; (B) cells expressing the
NES mutant HsfA2M4; (D to F) protoplasts expressing HsfA2A7/8 alone (D and F) or together with HsfA1-GFP with A1-GFP detected in the
green channel (E); (G to I) protoplasts expressing the HsfB1 wild type (G) or the HsfB1-A2NES fusion protein (H and I). Samples shown in panels
C, F, and I contained LMB (2 ng/ml) added 1 h before fixation. Arrowheads in panels A, D, and H indicate the positions of nuclei.

as a basis for investigations of Hsf functions in heterologous
systems (4, 5, 8, 43). Following this line of inquiry, the results
in this paper demonstrate that CHO cells represent an efficient
system for the expression and analysis of tomato Hsfs. Com-
pared to tobacco mesophyll protoplasts used so far, the advan-
tage of CHO cells is the size of the cells, the lack of chloro-
plasts filling most of the cell (Fig. 5), and the lack of background
problems by interfering endogenous Hsfs (Fig. 7). This situa-
tion considerably facilitates detailed studies of the intriguing

network of protein interactions influencing the intracellular
distribution and function of tomato Hsfs.

As a starting point and to test the use of CHO cells as model
system, we studied the intracellular distribution of tomato
Hsfs. The results faithfully reflect results reported earlier for
tobacco protoplasts and tomato cells (35, 36). (i) HsfB1 is
always nuclear (Fig. 4A). (ii) HsfAl distributes between the
cytoplasm and the nucleus (Fig. 2A). (iii) HsfA2 is exclusively
found in the cytoplasm unless coexpressed with HsfAl (Fig. 2B
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versus D). Colocalization of HsfAl and HsfA2 requires for-
mation of heterooligomers mediated by the oligomerization
domain (HR-A/B region). As expected, a deletion form of
HsfA?2 lacking the oligomerization domain (HsfA2A7/8) is lo-
calized in the cytoplasm and cannot be influenced by coexpres-
sion with HsfAl (Fig. 3A and C).

The nuclear export signal of HsfA2. Our earlier concept that
the cytoplasmic localization of HsfA2 results from an intramo-
lecular shielding of the NLS by interaction of the C-terminal
HR-C with the HR-A/B region (36) is confirmed but evidently
needs an important modification. Addition of LMB to CHO
cells expressing HsfA2 alone led to a rapid intracellular redis-
tribution of HsfA2 to the nucleus (Fig. 2F). As demonstrated
earlier, LMB is an inhibitor of the nuclear export receptor
exportin 1 (10, 19, 20, 39) recognizing Leu-rich motifs in the
target proteins (NES). When comparing an NES consensus
motif LXXXLXXLXL (9, 12, 25, 29, 30) with the HR-C region
of HsfA2, the very C-terminal peptide motif LQDLVDQL
GFL* fits such a nuclear export signal. In support of this,
mutant forms of HsfA2 with alanine substitutions of the three
leucine residues (underlined above) or with a deletion of the
last 8-aa residues (HsfA2AC343) were both nuclear proteins
even in the absence of LMB or HsfAl as a mediator for
nuclear retention (Fig. 3E and F). The role of the C-terminal
NES of HsfA2 was confirmed by investigating the intracellular
distribution of a fusion protein of HsfB1 with the last 20-aa
residues of HsfA2 containing the NES (Fig. 4 and 5).

In contrast to HsfA2, a considerable portion of HsfAl was
always localized in the nucleus (Fig. 2A). As a consequence,
the LMB effect was less striking (Fig. 2E) but still detectable.
Because a leucine-rich motif with clear homology to the con-
sensus NES was not detectable, we tested a number of C-
terminal deletion forms available from earlier experiments
aimed at the identification of the activator motifs of HsfA1 (8,
43). All of them were found exclusively in the nucleus (data not
shown). In the mutant form with deletion of the C-terminal
26-aa residues (HsfA1AC491), the only peptide motif with a
weak homology to an NES is 505 TONMEHLTEQM 515. The
significance of this motif remains to be analyzed, e.g., by ala-
nine substitutions of the hydrophobic residues underlined.
However, Askjaer et al. (1) reported a similar peptide motif
derived from the Ns2 protein of minute virus of mice (DEMT
KKFGTLTIHD) with a particularly strong interaction with the
exportin 1 receptor. In this context, it is important to notice
that the classical leucine-rich NES is only one type of motif
recognized by exportin 1. Recently, Hoshino et al. (16) iden-
tified a totally unrelated cytoplasmic localization signal in the
mammalian Bach 2 repressor. In this case, the exportin 1

FIG. 6. HS effects on the intracellular distribution of tomato Hsfs
in CHO cells and on the effect of LMB. CHO cells were incubated for
24 h at 37°C and then shifted for 1 h to 41°C. LMB (2 ng/ml) was added
to samples shown in panels B, D, F, H, and I 30 min after the onset of
the HS. HsfB1 (A and B) and HsfA2 (C to H) were detected in the red
channel (C to H), and HsfA1-GFP was detected in the green channel
(C and D). (A and B) Cells transfected with HsfB1-A2NES, with actin
detected with FITC-phalloidin in the green channel (B); (C and D)
merged pictures of cells coexpressing HsfA1-GFP (green channel) and
HsfA2 (red channel); (E and F) cells expressing HsfA2A7/8; (G to I)
cells expressing HsfA2. LMB-treated cells in sample I were allowed to
recover at 37°C for 1 h after HS.
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FIG. 7. Activator assay with the hsp17xluc reporter. Expression of luciferase was measured in extracts of CHO cells incubated at 37°C for 36 h
after cotransformation with 1 pg of the reporter plasmid hsp17xluc plus the indicated Hsf expression plasmid (1 and 0.1 pg of HsfAl and 1 pg
of HsfA2 expression plasmid, respectively). LMB (2 ng/ml) was added to samples 5 and 6 at 3 and 6 h before harvesting. Note that the scale shown
in panel B is extended 10-fold. Expression of the Hsfs was monitored by Western blotting (see signals shown at the bottom of panel A, samples
2 to 8). In coexpression sample 7, only the signal for HsfA2 is indicated. The hsp17xluc reporter construct (C) contains a promoter fragment of
the soybean isp17.5B gene (see Materials and Methods). TA, TATA box; HSE, AGAAn or nTTCT motifs; shaded boxes, defective HSE (nTTmT);
numbers indicate the number of nucleotides between the functional elements of the construct. RLU, relative light units.

recognition motif represents a stretch of mostly hydrophilic
amino acid residues with two essential Cys residues.

The intracellular distribution of HsfA2 between the nucleus
and cytoplasm is evidently the result of an inefficient nuclear
import and an efficient nuclear export. It needs the intact NLS
adjacent to the oligomerization domain (see results with the
NLS mutant HsfA2M3 [Fig. 3G and H]) and the exposed
C-terminal NES. But oligomerization is not required as shown
by the results with the deletion form (HsfA2A7/8) lacking the
HR-A/B region. It is important to notice that the results with
the intracellular distribution of HsfA2 are very similar or iden-
tical, irrespective of the expression system used, i.e., CHO cells
or tobacco protoplasts. This is true not only for the nuclear
retention of HsfA2 by coexpression with HsfA1 (36) but also
for the effects of LMB and the NES mutations, as well as for
the nuclear export of the HsfB1-A2NES hybrid (Fig. 5). Evi-
dently, the characteristic pattern of intracellular localization of
tomato Hsfs results from the intrinsic properties of the three
proteins involved. Despite some differences in details reported
for the plant nuclear import system (15), the components of
the nuclear-cytoplasmic transport machineries are functionally
conserved between plants and mammals (12, 13, 44), and no

additional, plant-specific proteins are needed for the effects
described in this paper.

Interestingly, the close similarity between plant and animal
systems in many aspects of molecular cell biology does not hold
true for one important detail of the reporter assay, i.e., the
promoter context of the reporter construct with the pattern of
HSE. The high level of basal activity of the human hsp70xluc
reporter probably results from the complex pattern of potential
binding sites for Hsfs as well as for other activator proteins,
e.g., CTF, Spl, and AP2 (45). It could be reduced more than
60-fold by introducing a soybean hspl7.3B promoter fragment
(38). The new hsp17xluc reporter for animal cells provides the
basis for a sensitive activity assay for tomato Hsfs in CHO cells
(Fig. 7). The dominant nuclear localization of HsfA2 as a
result of coexpression with HsfA1, mutation of the NES, or the
addition of LMB is nicely documented by a considerable in-
crease of Hsf-dependent increase of luciferase expression.

Nucleocytoplasmic shuttling as controlled balance of import
and export. Nucleocytoplasmic redistribution of proteins in-
volved in signal transduction and transcription regulation is
evidently an important process in many systems. The balance
of NLS and NES and changes in the accessibility caused by
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interaction with other proteins or by protein modification are
decisive for the intracellular localization of these proteins.
Four examples may illustrate this point. (i) The RelA subunit
(p65) of the NF-«B transcription factor is a cytoplasmic pro-
tein unless it is complexed with the second subunit (p50).
Shielding of the NES of p65 or the balance of two NLSs (one
each in p65 and p50) with one NES of p65 may be responsible
for the effect (14). In addition, the newly synthesized inhibitor
protein I-kB with an NES in its C-terminal domain mediates
the reexport of NF-kB and thus terminates the response (33,
41). (ii) Intracellular distribution of the transcription factor
NFAT is controlled by the accessibility of two NESs in the N
terminus and two NLSs in the C-terminal part of the molecule.
Binding of the Ca?"-calcineurin phosphatase to the NES do-
main triggers nuclear import by shielding the NES and un-
masking the NLS by dephosphorylation (3, 49). (iii) The tumor
suppressor protein pS3 contains two NLSs and one NES, which
is part of the oligomerization domain. Because of NES shield-
ing, the p53 tetramers are nuclear, whereas monomers or
dimers are cytoplasmic (40). Nuclear retention and the stability
of the tetrameric state are increased by stress-induced phos-
phorylation of Ser392 in the C-terminal NLS domain. (iv) In
G,-arrested Xenopus oocytes, maturation is triggered by pro-
gesteron. The effect depends on the cytoplasmic release and
subsequent nuclear import of the dual-specificity phophatase
Cdc25 activating the Cdc2-cyclinB1 complex. Nuclear export of
Cdc25 and binding to cytoplasmic 14-3-3 proteins are charac-
teristic for the G,-arrested state (21, 32, 47).

The nucleocytoplasmic distribution of the tomato HsfA2 is
markedly influenced by heterooligomerization with HsfAl
(Fig. 2 and 5). The molecular basis for this influence is unclear.
It is tempting to speculate about masking of the NES of HsfA2
or about the balance of NLS and NES in the HsfA1-HsfA2
hetero-oligomer. Additional insights into mechanisms influ-
encing the intracellular distribution of HsfA2 came from the
experiments with CHO cells subjected to a mild HS of 41°C in
the absence and presence of LMB (Fig. 6). In contrast to the
results seen at 37°C, HS led to a complete exclusion of HsfA2
from the nucleus even in the presence of LMB. Because there
is no general effect on nuclear import or export or on the
inhibitory effect of LMB at 41°C, at least not under our exper-
imental conditions, the simplest explanation for this remark-
able behavior of HsfA2 is a reversible conformational transi-
tion with shielding of its NLS, probably mediated by
interaction of the HR-A/B with the HR-C region. In support of
this assumption, the intracellular redistribution at 41°C in the
presence of LMB was normal for CHO cells expressing
HsfA2A7/8, the HR-A/B deletion form of HsfA2 (Fig. 6). Since
the temperature of 41°C is also in the range of the physiolog-
ical HS response for tomato, it is tempting to speculate that
this HS-induced conformational change of HsfA2 may contrib-
ute to its efficient storage in the cytoplasmic chaperone com-
plexes of HSG formed in HS tomato cells (36). The faithful
reconstruction of many aspects of protein interaction in the
tomato Hsf system in CHO cells represents a good basis for
experiments with coexpression of HsfA2 with the components
of the HSG, in particular class I and II small Hsps of tomato,
to reconstruct the HSG or related complexes in a non-plant
system and to study the evident competition between HsfAl
and the small Hsps for interaction with HsfA2.
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