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The TU8 mutant of Arabidopsis previously described to be deficient in glucosinolate metabolism and pathogen-induced
auxin accumulation was found to be remarkably less tolerant upon exposure to elevated temperatures than wild-type plants.
Although moderately increased temperature only affected shoot growth, exposure to severe heat stress led to a dramatic
decay of mutant plants. By contrast, wild-type seedlings showed little or no damage under the same conditions. Analysis
of different heat stress proteins (Hsps) in TU8 seedlings revealed that only expression of cytoplasmic Hsp90 was affected in
these plants. Although Hsp90 was present under control conditions, its level declined in mutant plants at elevated
temperatures. Northern-blot analysis indicated that the decrease in Hsp90 protein was accompanied with a reduction of
hsp90 transcript levels. Transient expression of Hsp90 in mutant protoplasts increased their survival rate at higher
temperatures to near equivalent that of wild-type protoplasts. These data suggest that the reduced level of Hsp90 in TU8
mutants may be the primary cause for the observed reduction in thermostability.

Pioneer weeds like Arabidopsis are adapted to a
broad temperature amplitude, which is a prerequisite
for enduring changes in the environment for sessile
organisms. Survival above optimal temperature con-
ditions is accompanied by a massive accumulation of
heat stress proteins (Hsps). Most of them belong to a
group of proteins termed molecular chaperones (Ellis
and van der Vries, 1991). Their main task is to assist
refolding of partially unfolded or denatured proteins
occurring under elevated temperatures (for review,
see Forreiter and Nover, 1998). Deficiency in the
expression of chaperones often results in increased
thermosensitivity or death of the organism even un-
der normal growth conditions (Lindquist, 1986;
Nover, 1991). In this article, we describe an Arabi-
dopsis mutant that failed to survive temperatures
above 25°C when grown in the greenhouse, whereas
wild-type seedlings grown under the same condi-
tions were not affected. This mutant line, designated
TU8, has been analyzed for its reduced thermostabil-
ity and Hsp expression. It is interesting that TU8
showed pleiotrophic effects such as an altered phe-
notype (shorter stems and reduced apical domi-
nance) and differences in auxin induction upon in-
fection with Plasmodiophora brassicae, the causal agent

of clubroot disease of Brassicaceae (Ludwig-Müller et
al., 1999). TU8 was first isolated by Haughn et al.
(1991) on the basis of its altered glucosinolate pat-
terns. Glucosinolates are mainly synthesized by Bras-
sicaceae but are also present in other plant species
(Rodman, 1991). The level of glucosinolates is depen-
dent on tissue type and age (Porter et al., 1991) and
increases after wounding and pathogen attack
(Doughty et al., 1991). Thus far, three distinct groups
have been described (Bennett and Wallsgrove, 1994;
Bennett et al., 1995)which contain more than 100
different members (Heaney and Fenwick, 1987; Dax-
enbichler et al., 1991). It has been discussed that
glucosinolates play a role in plant defense against
bacterial and fungal pathogens as well as predatory
insects, but they may also be involved in host/patho-
gen recognition (Bennett and Wallsgrove, 1994). In-
dole glucosinolates are hypothesized to be especially
important for symptom development of clubroot dis-
ease (Butcher et al., 1974). Altered glucosinolate me-
tabolism of TU8 and its effect upon infection with P.
brassicae was already described in detail by Ludwig-
Müller et al. (1999). Whereas auxin concentrations in
roots of wild-type plants increased markedly after
infection, the concentrations in mutant plants re-
mained unaffected. In addition, TU8 mutants showed
delayed symptom development accompanied by re-
duced fungal structures within the root cortex and a
slower development of the fungus.

In this study, we analyze the observed reduced
thermostability in TU8 mutant plants in more detail
and present evidence that the increased sensitivity to
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high temperatures may be linked to a possible defect
in cytoplasmic Hsp90 expression.

RESULTS

TU8 Plants Are Affected in Growth and Survival
Rate at Higher Temperatures

Under normal growth conditions (22°C) mature
TU8 plants were one-third smaller than the wild
type, although shoots revealed more branching (Fig.
1F). When cultivated at higher temperatures in the
greenhouse (.25°C), mutant plants showed a de-
crease in growth development and decayed after 2
weeks, whereas wild-type plants were essentially un-
affected. This increased thermosensitivity correlated
with the above described TU8 phenotype and segre-
gated in a 3:1 ratio in the F2 generation when TU8
was backcrossed with Columbia (Col) wild-type
plants (Table I).

Reduced growth of TU8 at elevated temperatures
was further investigated in detail by cultivating wild-
type and mutant plants for 16 d at 22°C and subse-
quently transferring them to growth chambers with
different temperatures. Wild type and mutant grown

at 22°C are displayed in Figure 1A, and Figure 1, B
through J, shows plants additionally exposed to the
indicated temperatures for 6 or 14 d . After 6 d no
major differences were observed in any of the plants
below 32°C (Fig. 1B). At 34°C however, TU8 plants
showed the first signs of senescence, whereas wild-
type seedlings were not affected (Fig. 1C). Higher
temperatures caused damage to both types with dif-
ferent severity (Fig. 1, D and E). Both wild-type and
TU8 plants were not able to survive long periods at
37°C (Fig. 1J); however, wild-type plants remained
alive for an additional 4 and 2 d at 37°C and 42°C,
respectively, as compared to TU8 plants (Figs. 1, D, E,
H, and J, and 2).

Differences in TU8 and Col decay under elevated
temperatures are summarized in Figure 2. At 32°C,
no TU8 plant survived after 3 weeks and only 50% of
the plants were able to survive at 27°C. At these
temperatures, all Col plants were still alive, although
they had started to show signs of senescence (yellow
leaves, dry flowers, and pod formation was inhibit-
ed), which increased as the temperature did. At 34°C,
the effect appeared to be more pronounced. At these
temperatures, more than 90% of the TU8 plants were

Figure 1. Phenotypes of Col wild-type (left) and TU8 mutant seedlings (right) at different temperatures. Sixteen-day-old
seedlings before exposure to elevated temperatures (A) and after 6 d at 22°C (B), 34°C (C), 37°C (D), and 42°C (E),
respectively. Col and TU8 plants after 14 d at 22°C (F), 27°C (G), 32°C (H), and 37°C (J). Bars represent 1 cm.
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dead by d 12. Col plants survived for an additional
10 d. Although other effects like water stress cannot
be ruled out, the results indicate that under our
growth conditions, the basal thermostability of Ara-
bidopsis wild-type seedlings is approximately 30°C,
whereas under the same conditions, TU8 plants were
not able to survive more than 22°C. These data were
confirmed by T50-values (days after transfer to ele-
vated temperatures with 50% survival rate) at differ-
ent temperatures. Although 42°C was lethal for Col
as well as for TU8, at 27°C a T50-value of 18 d was
determined for TU8, while all Col plants were still
alive (not shown).

The previously described data in Figures 1 and 2
were obtained with plants immediately exposed to
the indicated temperatures. However, if plants and
other organisms are exposed to a short heat pulse
followed by a recovery period at normal tempera-
ture, prior to a further heat treatment, it leads to an
increased synthesis of Hsps, which results in a better
survival rate at elevated temperatures. We were in-
terested to know whether a brief non-lethal heat
pulse (2 h at 42°C) of Col and TU8 mutant plants after
3 weeks of growth at normal temperature leads to an
increased capability to resist higher temperatures
during subsequent cultivation at 32°C. After 15 d at
32°C, plants were monitored for their phenotypes
and fresh weight.

In Figure 3A, representative wild-type and mutant
seedlings are shown. Whereas Col plants without
pretreatment were slightly reduced in shoot length
(Fig. 3A, left side), heat conditioned Col plants were
in better shape and showed no differences when
cultivated at 32°C, compared to plants grown at 22°
(Fig. 1F). On the other hand, TU8 seedlings suffered
dramatically at 32°C in general (Fig. 3A, right side), if
compared to mutant plants at normal temperatures
(Fig. 1). It could be shown that in contrast to Col
seedlings, an additional heat pulse of 2 h at 42°C
prior to incubation at 32°C did not increase TU8
ability to stand cultivation at 32°C (Fig. 3A, right

side). They had strongly reduced and senescing leaf
rosettes with multiple tiny shoots and, following an
initial heat pulse, TU8 showed slightly more damage
when grown at 32°C.

This effect can also be demonstrated when the fresh
weight of pretreated and non-treated seedlings after
15 d of incubation at 32°C was determined and
compared to plants grown at room temperature
(Fig. 3B); only preconditioned Col seedlings had no
significant difference in fresh weight compared to
control plants kept at room temperature. Non-
treated plants showed approximately 25% reduction
in fresh weight. In contrast, both non-treated and
heat-conditioned TU8 plants had a similar reduction
(approximately 60%) in fresh weight compared to
mutant plants grown at 22°C after 15 d. This sug-
gests that TU8 plants were not able to benefit from
an initial heat pulse and could not acquire increased
thermotolerance.

Figure 2. Survival rate of Col and TU8 plants at different tempera-
tures. Plants were grown at 22°C for 3 weeks and subsequently
placed in growth chambers set at the indicated temperatures. Sur-
vival rate was estimated every 3rd d.

Table I. Cross of Col and TU8 Arabidopsis plants
F2 was analyzed for segregation of the apparent TU8 phenotype

and the results of individual crosses are presented.

Parental
Plants

Resulting
Seedlings

TU8
Phenotype

Col
Phenotype

Ratio

1 63 13 50 1:3.8
2 57 19 38 1:2
3 52 16 36 1:2.3
4 59 16 43 1:2
5 52 9 43 1:4.8
6 60 14 46 1:3.3
7 57 16 41 1:2.6
8 60 18 42 1:2.3
9 63 17 46 1:2.7

10 57 8 49 1:6.1
11 60 13 47 1:3.6

640 159 481 1:3
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Western-Blot Analysis of Hsp Expression in
Wild-Type and TU8 Seedlings

One reason for the observed increased thermosen-
sitivity of TU8 may be reduced synthesis of Hsp
proteins. The presence of the four most prominent
Hsp representatives, Hsp101, Hsp90, Hsp70, and
small Hsps (sHsps) was tested in wild-type and TU8
seedlings kept under either control or heat stress
conditions (3 h at 42°C). A Coomassie-stained gel
showed no significant change in the overall protein
pattern between wild-type and TU8 mutant plants
after heat stress (Fig. 4A). Western-blot analysis,
however, revealed that Hsp101 and sHsps were
strongly induced after exposure to elevated temper-
atures, whereas Hsp70 was present in both control

and heat-treated seedlings, increasing slightly upon
heat. The expression pattern between wild-type or
TU8 seedlings was identical. Analysis of Hsp90 ex-
pression resulted in a different picture. Although
Hsp90 was present in both wild-type and mutant
plants under control conditions, the signal increased
only in wild-type seedlings at elevated temperatures,
whereas in mutant plants, the signal dropped below
the limit of detection (Fig. 4B).

In Situ Localization of Hsps in Wild-Type and TU8
Mesophyll Cells

Since Hsp90 homologs are reported to be localized
in other cellular compartments like plastids (Schmitz
et al., 1996), we were interested to know which
Hsp90 was affected in the TU8 mutant. For this rea-
son, we isolated protoplasts from Col and TU8 leaves
either kept under control conditions or exposed to a
moderate heat stress to induce Hsp synthesis. Proto-
plasts were incubated either with pre-immunserum,
which did not result in a detectable fluorescence
signal (not shown), or with sera raised against Hsp90.
Expression of Hsp17.6 was monitored for control of
the cellular heat stress response. The study of the

Figure 4. Protein pattern of Col and TU8 plants after incubation for
3 h at either 25°C (c) or at 42°C (heat stress). Equal amounts (20 mg)
of protein were separated by SDS-PAGE and either stained with
Coomassie Blue (A) or transferred onto nitrocellulose and subse-
quently incubated with antibodies directed against Hsp101, Hsp90,
Hsp/Hsc70, or Hsp17.6 (B).

Figure 3. Comparison of Col and TU8 seedlings after exposure to a
brief heat pulse (2 h at 42°C) followed by growth at 32°C for 15 d. A,
Col seedlings without heat pretreatment (1); Col with 2 h of heat
stress at 42°C prior to incubation at 32°C (2); TU8 without heat
pretreatment (3); and TU8 with 2 h of heat stress at 42°C prior to
incubation at 32°C (4). B, After 15 d of growth at 32°C, fresh weight
of 80 Col and TU8 plants each with or without heat pretreatment (2
h at 42°C) was determined and compared to plants grown at 22°C.
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intracellular Hsp90 distribution revealed two inter-
esting results (Fig. 5): (a) The fluorescence signal in
Col and TU8 was spread all over the cell, including
plastids, indicating that, in contrast to the sHsp an-
tibody used, Hsp90 antiserum recognized both plas-
tidic and cytoplasmic Hsp90; and (b) compared to
wild-type cells, the fluorescence signal in TU8 cells
was reduced, even under control conditions. Follow-
ing heat stress treatment, a strong overall increase
was observed in wild-type cells, whereas the signal
for Hsp90 disappeared in the cytoplasm of TU8 cells.
Still, a signal remained in the plastids, indicating that
the organellar Hsp90 in mutant cells was not
affected.

As expected, sHsp expression is strictly heat de-
pendent in mesophyll cells and no significant differ-
ence could be detected between wild-type and TU8
cells. In contrast to the Hsp90 antiserum, sHsps an-
tibodies recognized only the cytoplasmic protein. As
expected from the western analysis, no differences in
expression of sHsps were detectable between TU8
and wild-type cells, either in the amount or in their
capability of forming heat stress granules. These sub-
cellular particles leading to a spotty appearance of
the sHsp fluorescence signal emerge transiently in
plant cells under heat stress and contain mostly
sHsps (Nover et al., 1983; Stuger et al., 1999).

Transcript Analysis of Hsp90

To determine if the reduced levels of Hsp90 protein
in TU8 mutants are the result of reduced levels of
hsp90 mRNA, total RNA obtained from seedlings
grown under normal conditions (25°C) or from seed-

lings treated for 3 h at 42°C was analyzed for hsp90
transcripts. As a control, hsp70 transcript levels were
determined. A strong constitutive signal increasing
in intensity at elevated temperatures was detected in
both wild-type and mutant plants for hsp70 tran-
scripts (Fig. 6B). hsp90 transcripts, however, showed
a different expression pattern in wild-type and mu-
tant seedlings (Fig. 6B). Although an increase in
hsp90 transcript levels after heat stress was observed
for Col plants, the signal in TU8 plants was weaker
and did not increase under heat stress conditions.
High homology within the coding region of all cur-
rently known genomic Hsp90 members from Arabi-
dopsis makes it difficult to obtain probes specific for
individual members of the Arabidopsis Hsp90 fam-
ily. For this reason, transcript reduction cannot be
attributed to an individual member of the Hsp90
family and cross hybridization of the probe with the
gene coding for plastid hsp90 cannot be excluded.
Together with the data obtained by immunofluores-
cence, it is likely that the signal obtained after heat
stress may arise from hybridization with mRNA en-
coding organellar hsp90.

Transient Transformation with Hsp90 Increases
Thermostability in TU8 Mutants

To further investigate if the reduced amount of
Hsp90 is responsible for the heat stress sensitivity in
TU8 mutant, leaf mesophyll protoplasts were iso-
lated and transiently transformed with a plasmid
containing Brassica napus hsp90-1 cDNA under regu-
lation of a double 35S-cauliflower mosaic virus pro-
moter. As controls, wild-type and TU8 cells were

Figure 5. In situ localization of Hsps in wild-type and TU8 mutant cells. Leaf mesophyll cells were treated for 30 min at
38°C, for 30 min at 39°C, and for 2 h at 40°C. After fixation cells were incubated with antibodies against Hsp17.6 or Hsp90.
The antibody-protein complex was detected with an FITC-conjugated secondary antibody and analyzed using confocal
laserscan microscopy.
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mock-treated with empty vector. In addition, Col
cells were treated with an Hsp90 coding plasmid to
analyze whether additional Hsp90 could further im-
prove their thermostability. After 16 h, cells were
analyzed for Hsp90 expression and exposed to a
120-min heat stress at 44°C. Although this treatment
killed nearly all protoplasts, TU8 cells died faster
than wild-type cells (Fig. 7A). If TU8 cells were sub-
stituted with a cDNA coding for cytoplasmic Hsp90,
cells declined almost like wild-type protoplasts. This
suggests that the reduced thermostability of the TU8
mutant is most likely caused by deficiency in Hsp90
protein levels. Overexpression of Hsp90 in wild-type
cells resulted only in slightly increased amounts of
Hsp90, which had no apparent effect on the survival
rate of these cells. This result may reflect tight control
of Hsp90 synthesis in wild-type cells, since overex-
pression of chaperones, Hsp90 in particular, under
normal growth conditions often resulted negative
effects, as observed in yeast (Scheibel et al., 1999).

DISCUSSION

In the present study we show that the TU8 mutant
of Arabidopsis, which is deficient in glucosinolate
metabolism and fails to respond with an increased
auxin level following infection with P. brassicae
(Ludwig-Müller et al., 1999), is considerably less able

to survive elevated temperatures than wild-type
plants. At 32°C and above TU8 plants decayed pro-
gressively. Below this temperature mutant plants de-
veloped slightly faster than the wild type, but did not
show early senescence. Since TU8 plants started
bolting several days before the wild type, it can be
argued that the life cycle of these plants is shorter in
general. However, careful analysis of differences
concerning the survival rate of Col and TU8 at tem-

Figure 7. Transient expression of Hsp90 in TU8 leaf mesophyll
protoplasts. TU8 mesophyll protoplasts were transformed either with
the hsp90 coding vector or with vector alone. After overnight incu-
bation for protein expression, cells were incubated at 44°C for 120
min. A, Cell survival was estimated by adding Evans blue dye every
15 min. The average value of four independent experiments 6 SD was
taken. B, Presence of Hsp90 was verified by western-blot analysis of
control cells (lane 1), control cells expression construct (lane 2), TU8
cells (lane 3), and TU8 cells transformed with Hsp90, respectively.

Figure 6. Northern-blot analysis of Hsp transcripts under control (c;
25°C) and heat stress (hs; 42°C) conditions. Total RNA was isolated
and separated on denaturing gels (A) or transferred to solid support
and hybridized with probes coding for hsp70 and hsp90 (B). Lane 1
represents RNA from seedlings under control conditions; lane 2 RNA
from seedlings exposed for 3 h under heat stress conditions.
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peratures between 27°C and 34°C suggests that the
faster decay of TU8 plants is not in line with this
argument.

There are several reasons for reduced thermosta-
bility ranging from a deficiency in ribosome assem-
bly to a high temperature-caused block of tubulin
assembly. It can also be due to deficiency in expres-
sion of Hsps, as has been demonstrated for several
yeast mutants (for review, see Lindquist, 1986). Hsps
are a group of unrelated proteins involved in (re)fold-
ing of partially denatured polypeptides. Referred to
as molecular chaperones (Ellis and van der Vries,
1991), Hsps interact with partially folded proteins
and keep them in a folding-competent state (for re-
view, see Beissinger and Buchner, 1998; Forreiter and
Nover, 1998).

Some Hsp proteins act together as chaperone ma-
chines, as described for Hsp70 and Hsp40 or GroEL/
GroES proteins (Hartl, 1996; Bukau and Horwich,
1998). These chaperone machines are reported to be
linked, causing a cellular network for maintenance of
protein folding and refolding, which allows organ-
isms to endure temperatures beyond optimal condi-
tions (Frydman and Höhfeld, 1997; Johnson and
Craig, 1997). In this network every component has a
special task. Whereas the Hsp70/Hsp40-system (or
DnaK/J in prokaryotic organisms) plays the central
element in folding of nascent polypeptides or protein
transport (Bukau and Horwich, 1998), Hsp100 mem-
bers are reported to disassemble already aggregated
proteins (Schirmer et al., 1996) and small stress pro-
teins provide a non-specific surface for partially un-
folded proteins to keep them in a competent state for
refolding (Vierling, 1991; Ehrnsperger et al., 1997;
Forreiter et al., 1997; Lee et al., 1997).

A special role in this context has been discussed for
Hsp90, which is the most abundant constitutively
expressed Hsp in eukaryotic cells (Jakob and Buch-
ner, 1994; Buchner, 1996). Although Hsp90 is re-
ported to act as a molecular chaperone (Wiech et al.,
1992; Freeman and Morimoto, 1996; Scheibel et al.,
1998), the correlation between its abundance and its
chaperone activity is not very clear, particularly un-
der stress conditions. However, the crucial involve-
ment of Hsp90 in the maturation and folding of
several protein kinases and nuclear steroid hormone
receptors has been studied extensively (for review,
see Kimura et al., 1995; Buchner, 1999), suggesting a
regulatory role for Hsp90 in several developmental
processes. A hallmark for understanding Hsp90 func-
tion in this context was a recent publication by Ruth-
erford and Lindquist (1998) indicating that Hsp90
can serve as capacitor for morphological evolution in
fruitfly.

The observed thermosensitivity of TU8 and the
reduced amount of cytoplasmic Hsp90 in TU8 plants
in the present study point to a more general function
of Hsp90 as a molecular chaperone in Arabidopsis.
However, the TU8 phenotype is pleiotrophic as out-

lined above and backcrossing experiments revealed a
3:1 ratio in the F2 generation (data not shown), sug-
gesting that TU8 phenotype is caused by a recessive
mutation of a single locus. This suggests that Hsp90
deficiency is also responsible for some, if not all,
developmental dysfunctions in TU8 mutant plants.

Since transcript levels of Hsp90 were also reduced
in TU8 plants, the main reason for the observed
Hsp90 deficiency appears to be the reduced amount
of its mRNA under stress. Considering that Arabi-
dopsis contains up to four different members of
Hsp90 (Milioni and Hatzopoulos, 1997), we do not
know at present which of these members are affected.
In situ analysis of Hsp90 in isolated TU8 cells showed
a constitutive signal for plastidic Hsp90 signal under
stress, whereas the signal for cytoplasmic Hsp90 dra-
matically decreased. These data are consistent with
the results obtained by western-blot analysis. A
slightly reduced signal for Hsp90 compared with Col
seedlings was detected in mutant plants under con-
trol conditions, which declined under heat stress but
did not totally disappear under heat stress. It is pos-
sible that the remaining signal was due to the plas-
tidic counterpart of cytosolic Hsp90, the levels of
which were obviously not affected by heat stress.

Although reduced thermostability of TU8 may be
due to other reasons than deficiency in Hsp90 alone,
transient substitution by Hsp90 was able to overcome
the reduced survival rate of isolated TU8 cells at
elevated temperatures, suggesting that Hsp90 plays a
major role in this context. To investigate the genetic
cause of the pleiotrophic phenotype of TU8, we
started to map the locus. In addition, we plan to
establish a mutant cell line stably substituted with
the B. napus hsp90 to analyze whether stable expres-
sion of Hsp90 in TU8 plants will be able to fully
restore wild-type thermostability in the mutant. Such
a transformed mutant cell line will also be useful in
addressing further questions related to influence of
Hsp90 on auxin metabolism and glucosinolate
synthesis.

MATERIALS AND METHODS

Plant Material

The Arabidopsis mutant line TU8 was derived from Col
ecotype by ethylmethylsulfonic acid mutagenesis. The
original seeds, described by Haughn et al. (1991) as indole
glucosinolate deficient, were a gift from George Haughn
(University of British Columbia, Vancouver). Plants were
sown on a mixture of compost:peat:sand (3:2:1), vernalized
for 24 h at 4°C, and then grown at 22°C in 60% humidity,
in a 16-h light, 8-h dark cycle (60 mmol m22 s21; Philips
fluorescent lights (Phillips, Eindhoven, The Netherlands)
TL55 daylight and TL32 Warmton de Luxe). After 18 d of
growth (time point just before bolting of TU8 plants), seed-
lings were placed in growth chambers set at different tem-
peratures (23°C, 27°C, 32°C, 34°C, 37°C, and 42°C) and
further cultivated under the light and humidity conditions
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described above. Plants were inspected and photographed
every 3rd d. The number of surviving plants was moni-
tored. For each experiment, 16 plants were used and values
represent means of four experiments.

Genetic Analysis

TU8 and Col wild-type plants were backcrossed and the
resulting seeds were sown (F1). Seeds of single F1 plants
were collected, planted, and analyzed for TU8 phenotype
expression (F2). Between d 16 and 21, TU8 mutant seed-
lings could be easily identified because of their early shoot
development. At this stage Col seedlings still remained in
the rosette stage. Backcrossing was performed three times
and the resulting progeny was used for TU8 analysis.

Protein Analysis

To prepare cytosolic extracts, frozen plant material was
ground in liquid nitrogen. Tissue was thawed in electro-
phoresis buffer (Laemmli, 1970) without b-mercaptoethanol.
Protein concentration was determined according to Smith
et al. (1985). Twenty micrograms of total protein was boiled
in SDS-sample buffer in the presence of b-mercaptoethanol
and separated by SDS-PAGE (Laemmli, 1970). After elec-
trophoresis, proteins were blotted onto nitrocellulose
(Schleicher & Schüll, Dassel, Germany). Membranes were
blocked with 5% (w/v) non-fat dry milk in phosphate-
buffered saline and incubated with an antibody against
Hsp17.6 class I (obtained from E. Vierling, University of
Arizona, Tucson), Hsp70, (obtained from D. Neuman, In-
stitut für Pflanzenbiochemie, Halle, Germany), or Hsp101
(obtained from E. Vierling). Hsp90 was detected by using
the R2 antiserum (Krishna et al., 1997). All antibodies were
applied in a 1:2,000 dilution. Detection was performed with
the ECL-system (NEN Life Science Products, Boston) using
an anti-rabbit antibody conjugated to horseradish peroxi-
dase according to the manufacturers’ instructions.

Hsp Transcript Analysis

Total RNA was isolated using a modified guanidinium-
isothiocyanate method described previously (Forreiter and
Apel, 1993). Ten micrograms of total RNA from different
tissues was separated on agarose gels containing formal-
dehyde, transferred to Hybond N1 membrane (Amer-
sham, Buchler, Germany) and fixed by UV-irradiation in a
Stratalinker (Stratagene, Amsterdam). Blots were prehy-
bridized in 53 SSC, 50% (v/v) deionized formamide, 0.02%
(w/v) SDS, 0.1% (w/v) sodium-lauroylsarcosin, and 2%
(v/v) Denhardt’s reagent for 5 min. Hybridization was
performed at 42°C for 16 h according to standard proce-
dures (Ausubel et al., 1993) with probes coding for hsp90
from Brassica napus and hsp70 from petunia. Unspecific
bound probe was removed by washing filters at 55°C in the
presence of 0.1% (w/v) SDS and 0.13 SSC.

Indirect Immunofluorescence

Leaves of wild-type and TU8 plants were harvested 14 d
after germination. Protoplast preparation, fixation, and an-

tibody treatment were essentially performed according to
Lyck et al. (1997). After cell wall digestion, protoplasts
were subsequently treated for 30 min at 38°C, for 30 min at
39°C, and for 2 h at 40°C to induce Hsp formation. Anti-
bodies were diluted 1:300 for anti-Hsp17.6 and 1:500 for
anti-Hsp90. Fluorescein thiocarbamoyl (FITC)-conjugated
antibodies were applied at a 1:200 dilution. Confocal laser-
scan analysis was performed using a TCS NT confocal
microscope and software system (Leica Microsystems,
Wetzlar, Germany). Using an argon laser exciting at 488
nm, FITC-fluorescence was monitored at 540 nm.

Construction of an Hsp90 Expression Plasmid

For expression of Hsp90 in Arabidopsis wild-type and
mutant protoplasts, the coding region of the Hsp90-1 cDNA
from B. napus (Krishna et al., 1995) was placed under
regulation of a cauliflower mosaic virus double 35S pro-
moter in a pTRL expression plasmid (details of the con-
struct will be described elsewhere).

Transient Transformation of Leaf
Mesophyll Protoplasts

For transient expression of Hsp90 in mesophyll proto-
plasts, leaves of 14-d-old seedlings were excised and incu-
bated overnight in a solution containing 0.4 m mannitol, 7
mm CaCl2, 3 mm MES [2-(N-morpholino)-ethanesulfonic
acid], pH 5.7, 0.2% (w/v) macerocyme, and 0.5% (w/v)
cellulase. Resulting protoplasts were adjusted to 500,000
mL21 and transiently transformed using polyethylene-
glycol-mediated plasmid uptake with a vector (10 mg of
DNA per 50,000 protoplasts) carrying the coding region of
a B. napus hsp90-1 cDNA. For control, TU8 and wild-type
protoplasts were mock transformed with empty vector.
Cells were incubated overnight to allow Hsp90 expression
and then exposed to 44°C for 120 min. Cell vitality was
determined every 15 min by adding 1% (w/v) Evans blue
dye to the protoplast solution (Gaff and Okong’O-Ogola,
1971). Hsp90 expression was monitored by western-blot
analysis using the anti-Hsp90 antibody (see above).
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