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Azetidine-induced Accumulation of Class I Small Heat Shock Proteins in the 
Soluble Fraction Provides Thermotolerance in Soybean Seedlings
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;
Accumulation of class I small heat shock proteins

(sHSPs) is induced by the proline analog, azetidine-2-car-
boxylic acid (Aze) in soybean seedlings to a level similar to
that induced by exposure to 40°C. However, only the treat-
ment with 10 mM Aze for 6 h and subsequently with
10 mM proline for 24 h protected the seedlings from dam-
age during subsequent exposure to 45°C as assessed by
2,3,5-triphenyltetrazolium chloride (TTC) staining. A chap-
erone activity assay showed that the purified class I sHSPs
induced by Aze were functional in vitro and protected pro-
teins from thermal denaturation. Amino acid composition
analysis indicated that Aze was not incorporated into de
novo synthesized class I sHSPs. Accumulation of class I
sHSPs in the soluble post-ribosomal supernatant fraction
was found to be important for acquisition of thermotoler-
ance. We suggest that both the accumulation of class I
sHSPs and their presence in the soluble fraction are impor-
tant for establishment of thermotolerance.

Keywords: Amino acid analog — Azetidine — Glycine max
— Heat shock — Plant class I sHSPs — Thermotolerance.

Abbreviations: Aze, L-azetidine-2-carboxylic acid; HS, heat
shock; sHSPs, small heat shock proteins; PRS, post-ribosomal super-
natant; TTC, 2,3,5-triphenyltetrazolium chloride.

Introduction

The induction of heat shock protein (HSP) synthesis in
response to heat stress (HS) is observed in a broad range of
organisms from bacteria to humans (Schlesinger et al. 1982). In
response to HS, plants synthesize small HSPs (sHSPs) encoded
by six different classes of multigene families (Waters et al.
1996), which are based on amino acid sequence homology,
immunological cross-reactivity and intracellular localization.
The molecular mass of these sHSPs ranged from 15 to 30 kDa.
Class I sHSPs representing the major sHSPs in plants are local-
ized in the cytosol. The other classes are localized in plastids,
endomembranes or mitochondria. Many studies indicate that
sHSPs act as a reservoir for molecular chaperones that stabi-
lize denatured proteins in a folding-competent state ready for

refolding (Jinn et al. 1989, Jinn et al. 1995, Yeh et al. 1997,
Young et al. 1999). Other chaperones, for example 70 kDa or
100 kDa HSPs, dependent on ATP, restore the sHSP-stabilized
proteins to their native physiological states (Parsell et al. 1994,
Veinger et al. 1998, Lee and Vierling 2000, Löw et al. 2000,
Queitsch et al. 2000, van Montfort et al. 2001, Hong et al.
2003).

Under HS the expression of sHSPs in soybean is dramati-
cally elevated, yielding final concentrations of up to ∼1% of the
total cellular proteins (Hsieh et al. 1992), which has been pro-
posed to be essential for providing thermotolerance (Lin et al.
1984, Key et al. 1985, Kimpel and Key 1985). Some sHSPs
become selectively localized in cellular organelles in a temper-
ature-dependent fashion, and relocate to the cytoplasm when
the plants are returned to 28°C for recovery. The relocalization
of class I sHSPs from cytoplasm to organelles during the sec-
ond HS, as shown by biochemical cell fractionation and immu-
nolocalization, may be essential for the acquisition of
thermotolerance in soybean (Lin et al. 1984, Chou et al. 1989,
Jinn et al. 1997).

In addition to HS, class I sHSPs genes are developmen-
tally regulated in seeds, fruits and flowers (Wehmeyer and
Vierling 2000). Amino acid analogs such as azetidine and cana-
vanine, heavy metals (arsenite, cadmium), alcohol, anoxia,
metabolic stress and chilling also induce synthesis of sHSPs.
Some of these agents induce sHSPs and also confer transient
thermotolerance (Ashburner and Bonner 1979, Levinson et al.
1980, Lin et al. 1984, Edelman et al. 1988, Jinn et al. 1995, Lee
et al. 1996, Sabehat et al. 1998, Kuo et al. 2000). In Dro-
sophila and mammals, canavanine (arginine analog) induces
synthesis of HSPs that are not functional and are incapable of
localization to the nucleus during heat treatment. The loss of
HSP function under these conditions may be due to conforma-
tional changes brought about by incorporation of canavanine
(DiDomenico et al. 1982, Li and Laszlo 1985). In bacteria, the
proline analog azetidine (Aze) was shown to affect protein con-
formation by altering protein tertiary structure by replacing
Pro, and thereby inhibiting their growth, as well as acting as a
false end-product inhibitor of Pro biosynthesis (Fowden et al.
1967, Zagari et al. 1994). In soybean, the induction and regula-
tion of HSP genes by Aze differs from that by HS at the tran-
scription initiation and post-transcriptional levels (Lee et al.
1996). The levels of accumulation of class I sHSPs induced by
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arsenite and also by Aze were similar to that induced by HS
(40°C for 2 h) in soybean (Jinn et al. 1995).

To understand the effect of the Aze on the HS response,
we investigated the levels of accumulation of HSPs, chaperone
activity and thermotolerance in 2-day-old etiolated soybean
seedlings. Biochemical cellular differential centrifugation
showed that significant amounts of Aze-induced class I sHSPs
were not localized in the soluble post-ribosomal supernatant
(PRS) fraction. Incorporation of Aze into HSPs was not
detected by amino acid analysis. Based on these results, we
conclude that the accumulation of class I sHSPs in the soluble
fraction is important for providing thermotolerance in soybean
seedlings.

Results

Class I sHSPs accumulate in response to Aze treatment
Fig. 1 shows class I sHSP accumulation during the time

course of treatment with Aze at various concentrations. Treat-
ment with 10 mM Aze (Fig. 1A) for 24 h (Fig. 1B) resulted in
accumulation of class I sHSPs at a level similar to that obtained
by exposure to 40°C for 2 h (40HS hereafter) (Fig. 1A, B, HS).
Accumulation of this level of class I sHSPs (∼1% of total pro-
teins) has been reported to protect 2-day-old soybean seedlings
from damage during exposure to 45°C for 2 h (45HS hereafter)
(Lin et al. 1984, Hsieh et al. 1992).

Thermotolerance of Aze-treated soybean seedlings
In Fig. 2, the viability of root tissue of soybean seedlings

was assessed by staining with 2,3,5-triphenyltetrazolium chlo-
ride (TTC) solution before (Fig. 2A) and after (Fig. 2B) expo-
sure to 45HS. The colorless TTC is reduced to a deep red,

insoluble formazan (Towhill and Mazur 1974) in viable cells.
Dead cells are not able to reduce TTC due to lack of active
reducing enzymes. TTC staining clearly revealed the viability
of the seedling and was consistent with the viability confirmed
by observation of seedling growth (Jinn et al. 1997, Kuo et al.
2000).

As shown in Fig. 2A, seedlings treated with 10 mM Aze
for 24 h accumulated class I sHSPs at levels similar to those
given 40HS (Fig. 1B), but did not provide thermoprotection
against the 45HS (Fig. 2B, Aze). Treatment with 10 mM Pro
for 24 h (as reference), did not protect the seedlings from dam-
age during exposure to 45HS (Fig. 2B, Pro).

Seedlings were treated with 10 mM Aze for 6 h followed
by incubation with 10 mM Pro for various durations (0–24 h)
before exposure to 45HS. Seedling viability also monitored by
TTC staining revealed that seedlings treated with 10 mM Pro
for 24 h were thermotolerant (Fig. 3A, 24 h). Fig. 3C shows the
results of Western blotting analysis of class I sHSPs accumu-
lated in the seedlings shown in Fig. 3A. Treatment with 10 mM
Aze for 6 h followed by 10 mM Pro for 24 h resulted in accu-
mulation of class I sHSPs to the levels obtained by the 40HS
treatment (Fig. 3C, 24 h). The levels of accumulation of class I
sHSPs during incubation in 10 mM Pro for 6, 12 and 24 h after
treatment with 10 mM Aze for 6 h were ∼50%, ∼70% and
∼100%, respectively, relative to that after 40HS treatment. The
Western blot data shown in Fig. 3C correlated with seedling
viability monitored by TTC staining (Fig. 3A). The accumula-
tion of class I sHSPs after the 40HS treatment (Fig. 3C, 24 h
and HS) essentially alleviated damage due to 45HS (Fig. 3A,
24 h). Partial recovery from 45HS was evident at 12 h, with
more TTC-stainable cells in root tissue than at 6 h, when seed-

Fig. 1 Western blot analysis of class I sHSP induction by Aze treat-
ments. Two-day-old soybean seedlings were treated with increasing
concentrations of Aze for 12 h (A), and with 10 mM Aze for increas-
ing incubation periods (B), as indicated. Total protein of each sample
was extracted and subjected to 1D SDS–PAGE followed by Western
blot analysis with the class I sHSP antibodies. The signal developed by
alkaline phosphatase conjugated to the second antibody was quanti-
fied by scanning the blot with a densitometer using ImageQuant soft-
ware as described in Materials and Methods. Lane C, 28°C for 2 h as
control and lane HS, 40°C for 2 h as heat shock response.

Fig. 2 TTC staining showing viability of 2-day-old soybean seed-
lings in response to heat shock. (A) Two-day-old soybean seedlings
were treated with 10 mM Aze for 24 h (Aze) or 10 mM Pro for 24 h
(Pro). (B) Seedlings corresponding to treatments shown in (A) were
subjected to a lethal HS treatment (45°C for 2 h). Seedlings kept at
28°C for 2 h (C) and 40°C for 2 h (HS) are shown as reference.
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lings accumulate ∼70% of the class I sHSPs relative to accumu-
lation by 40HS treatment (Fig. 3A). However, treatment with
5 mM Pro for 24 h after the treatment with 10 mM Aze for 6 h
was not as effective as 10 mM Pro for providing thermotoler-
ance (data not shown).

As shown in Fig. 3B, incubation with amino acids such as
10 mM glycine (Gly), phenyalanine (Phe), cysteine (Cys) and
glutamine (Gln) for 24 h, after the treatment with 10 mM Aze
for 6 h, did not protect the seedlings from damage by 45HS,
although the Western blot (Fig. 3D) indicated the accumula-
tion of the same amount of class I sHSPs as by 40HS. These
results were identical to those obtained by treatment with
10 mM Aze for 24 h (Fig. 2B, Aze), or 10 mM Aze for 6 h fol-
lowed by incubation in phosphate buffer for 24 h (data not
shown). Amino acids alone did not trigger induction of class I
sHSPs synthesis (data not shown).

Acquisition of thermotolerance is correlated with class I sHSP
accumulation and subcellular distribution specificity

We have shown that the amount of class I sHSPs induced
by treatment with Aze followed by treatment with Pro can con-
fer thermotolerance (Fig. 3A). However, it is not clear why
seedlings with the same amount of class I sHSPs accumulated
as the 40HS treatment could not provide thermoprotection by
Aze alone (Fig. 2B) and by incubation with several other amino
acids following Aze treatment (Fig. 3B).

According to Lin et al. (1984), arsenite induced the HS
response that protected the seedlings from damage at 45HS.
Thus, arsenite-induced class I sHSPs at 28°C in soybean seed-
lings is a good control for investigating their specific partition/
distribution in the subcellular fractions.

The 40HS treatment in Fig. 4A, with ∼32% of the total
class I sHSPs partitioned into the soluble PRS fraction (Fig.
4B, HS), was used to study whether the subcellular-specific
partition can be related to thermotolerance when seedlings are
given 45HS treatment. In the seedlings returned to 28°C for 4 h
after 40HS treatment (Fig. 4A treatment 1, recovery from HS),
up to ∼55% of the total class I sHSPs (∼0.4–0.5 µg) were found
enriched in the PRS fraction. However, class I sHSPs were
barely detected in the second pellet fraction (only ∼3% of
total), and ∼39% of the class I sHSPs were in the third fraction
(Fig. 4B, treatment 1).

In the seedlings exposed to a second HS, at a higher tem-
perature such as 42.5°C or 45°C for another 2 h following the
4 h recovery period at 28°C after the first 40HS (Fig. 4A, B,
treatments 2 and 3), class I sHSPs re-partitioned into the sub-
cellular fractions, ∼17% and ∼2% were present in the PRS frac-
tion, ∼33% and ∼62% in the second pellet, and ∼48% and
∼25% in the third fraction. Therefore, using biochemical cellu-
lar differential centrifugation for specific partitioning of the
class I sHSPs into the different subcellular fractions could cor-
relate physiological responses in the different HS conditions.

Treatment with 10 mM Aze (24 h) (Fig. 4A, B, treatment
4) can induce accumulation of class I sHSPs to a total amount
similar to that induced by 40HS, but did not provide thermo-
protection against 45HS (Fig. 2B, Aze). In this treatment, only
∼10% of the total class I sHSPs was found distributed in the
PRS fraction, and ∼37% and ∼52% were found in the second
and third pellets, respectively. This may be one of the reasons
why the seedlings treated with 10 mM Aze for 24 h accumu-
lated enough class I sHSPs but could not provide thermoprotec-
tion (Fig. 2B, Aze). We suggest that the acquisition of
thermotolerance by seedlings requires a sufficient amount of
class I sHSPs as reservoir in the PRS fraction for thermostabili-
zation of proteins to proceed.

In the seedlings treated with arsenite for 24 h (Fig. 4A, B,
treatment 5), the accumulated class I sHSPs were ∼38%, ∼7%
and ∼51% in the PRS fraction, and in the second and third pel-
let fractions, respectively. These seedlings showed partition of
class I sHSPs similar to that of seedlings after 40HS treatment
or after recovery from 40HS as shown in Fig. 4B (HS and treat-

Fig. 3 TTC staining showing viability of 2-day-old soybean seed-
lings in response to heat shock and Western blotting analysis of class I
sHSPs. (A) Two-day-old seedlings treated with 10 mM Aze for 6 h fol-
lowed by 10 mM Pro for various time intervals, as indicated, were
challenged with a lethal HS treatment (45°C for 2 h). (B) Two-day-old
seedlings treated with 10 mM Aze for 6 h followed by 10 mM of Gly,
Phe, Cys or Gln for 24 h, were further treated with 45°C for 2 h. (C)
and (D) Western blot analysis probed with class I sHSPs antibodies.
Proteins were extracted after each treatment as shown in (A) and (B),
respectively. Lane C, 28°C for 2 h and lane HS, 40°C for 2 h, as
controls.
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ment 1). The enriched class I sHSPs were specifically present
in the PRS fraction at a level needed to provide thermoprotec-
tion against 45HS.

It is necessary to confirm that seedlings with a sufficient
amount of class I sHSPs in the PRS fraction can provide ther-
motolerance, not the total amount of class I sHSPs accumulated
as detected by Western assays. Although treatment with vari-
ous amino acids resulted in accumulation of class I sHSPs to a
level similar to that obtained by 40HS, only treatment with
10 mM Pro for 24 h after a 6 h treatment with 10 mM Aze,
which showed the highest concentration of class I sHSPs parti-
tioned into the PRS fraction (∼43% of total), conferred thermo-
tolerance (Fig. 4C, D, treatment 7). Only ∼9%, ∼11% and ∼5%
of total class I sHSPs was partitioned in the PRS fraction,
respectively, by the 24 h treatment with 10 mM Aze, and 6 h
treatment with 10 mM Aze followed by 24 h treatment either
with 10 mM Gly or in phosphate buffer (Fig. 4C, D, treatments
6, 8 and 9) could not protect the seedlings from 45HS, probably
because physiological damage occurred at this temperature as
suggested by the partition of class I sHSPs.

Thermostabilization of soluble proteins in vitro by class I sHSP
complexes isolated from Aze-treated seedlings

Fig. 5 shows 2D-PAGE of class I sHSPs after 40HS treat-
ment followed by 4 h recovery at 28°C (Fig. 5A), 24 h treat-
ment with 10 mM Aze (Fig. 5B), and 6 h treatment with
10 mM Aze followed by 24 h treatment with 10 mM Pro (Fig.
5C) or 10 mM Gly (Fig. 5D). Proteins from all treatments
showed similar electrophoretic protein profiles of the class I
sHSPs, as shown previously (Hsieh et al. 1992, Jinn et al.
1995). Western blotting with an anti-class I sHSP-specific anti-
body showed that the class I sHSPs induced by Aze (Fig. 5E)
were identical to those induced by HS treatment (Fig. 5A, pro-
tein marked with an asterisk).

In Table 1, the purified class I sHSP complexes isolated
from seedlings treated with 10 mM Pro for 24 h after a 6 h
treatment with 10 mM Aze were used to confirm that Aze-
induced class I sHSPs could stabilize soluble proteins in vitro.
Up to ∼56.5% of total soluble protein was protected from heat
denaturation and the protection was also proportional to the
amount of class I sHSPs complexes added at 55°C.

A protein spot, a 17.5 kDa class I LWM HSP (pI 6.5)
marked with an arrow in Fig. 5A, B, C and D, the densest spot,

Fig. 4 Western blot analysis of class I sHSPs in the subcellular fractions by differential centrifugation. (A) Seedlings from various treatments:
(1) 40°C (2 h) → 28°C (4 h), (2) 40°C (2 h) → 28°C (4 h) → 42.5°C (2 h), (3) 40°C (2 h) → 28°C (4 h) → 45°C (2 h), (4) 10 mM Aze (24 h) and
(5) 100 µM arsenite (24 h). (C) Treatments (6), (7), (8) and (9) were 10 mM Aze (24 h), 10 mM Aze (6 h) → 10 mM Pro (24 h), 10 mM Aze (6 h)
→ 10 mM Gly (24 h), 10 mM Aze (6 h) → phosphate buffer (24 h), respectively. Seedlings were harvested, homogenized and fractionated into
nuclei-enriched (first pellet), mitochondria-enriched (second pellet), ribosome-enriched (third pellet) and PRS fractions by differential centrifuga-
tion as described in Materials and Methods. Each fraction is indicated at the left of the panels. The proportions of class I sHSPs partitioned into
each fraction after various treatments as shown in (B) and (E), plotted as the percentage of the total class I sHSPs for each treatment. Lane C,
28°C (2 h) and lane HS, 40°C (2 h) for reference. All % values are presented from different experiments with mean ± SD, n = 3.
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used previously for preparation of polyclonal antibodies (Hsieh
et al. 1992), was excised and collected from the Coomassie
blue-stained PVDF membranes for amino acid composition
analysis. The molar proportions of Pro and Aze in the total

amino acid composition is shown in Table 2. Aze molecules
were not incorporated into the 17.5 kDa HSP.

Immunolocalization of class I sHSPs in soybean seedlings
We localized class I sHSPs at the electron microscopic

level using conventional methods. In soybean at least two obvi-
ous changes were observed by the immunolocalization of class
I sHSPs during HS treatment: one was immunogold accumula-
tion in the nuclei and the other was the electron-dense regions,
which were insoluble denatured/aggregated protein structures
[with heat shock granule (hsg) localization] induced by HS, as
described by Jinn et al. (1997). Fig. 6 showed detection of class
I sHSPs with immunogold labeling in the partial region of the
cytoplasm, from the root apical cells under various HS treat-
ments and Aze treatments. Control cells (28°C) had no obvi-
ous immunogold labeling with only some non-specific
background signals, especially in the region of the middle
lamella (Fig. 6A). After 40HS treatment, many immunogold
particles were found in the electron-dense regions of the cyto-
plasm (Fig. 6B) confirming the previous findings. The electron-

Fig. 5 2D-PAGE analysis of class I sHSPs from soybean seedlings
induced by Aze treatments and the protein spots used for amino acid
composition analysis are shown. Coomassie blue-stained PVDF mem-
branes are from: (A) 40°C (2 h) → 28°C (4 h), (B) 10 mM Aze (24 h),
(C) 10 mM Aze (6 h) → 10 mM Pro (24 h) and (D) 10 mM Aze (6 h)
→ 10 mM Gly (24 h). Molecular weight markers indicated at the left
of (A) are 28, 18.9 and 14.3 kDa. In (B), (C), (D) and (E) only the
molecular weight ranging from 14.3 to 18.9 kDa are shown. The
stained protein spots belonging to class I sHSPs are marked with an
asterisk in (A), and one class I sHSP (pI 6.5; 17.5 kDa), marked with
an arrow, was excised and collected for amino acid composition analy-
sis. (E) Western blot analysis from the sample shown in (C) with anti-
class I sHSPs antibodies showing members of class I sHSPs.

Table 1 Thermostabilization of soluble [3H]proteins by the
addition of the purified class I sHSP complex from seedlings
after 10 mM Aze (6 h) → 10 mM Pro (24 h) treatment

To 2 mg of soluble [3H]proteins (44,670 cpm) from the PRS fraction,
various amounts of the purified class I sHSP complex were added; the
mixtures were heated at 55°C for 30 min. Samples were centrifuged at
16,000×g for 15 min after the heat treatment. Pellets were suspended in
100 µl Laemmli sample buffer, and 10 µl samples in triplicate were
measured for radioactivity (Jinn et al. 1989, Jinn et al. 1993, Jinn et al.
1997, Yeh et al. 1995). Each set of data is shown with the mean ± SE, n
= 3 from three different experiments.

Addition of class I sHSP complex 
pg

Proteins denatured 
µg cpm (%)

No addition 10,930 ± 160 (100.0)
20 8,620 ± 330 ( 78.9)
50 6,340 ± 120 ( 58.0)

100 4,760 ±  40 ( 43.5)

Table 2 Amino acid composition analysis of one member of
the class I sHSPs (pI 6.5; 17.5 kDa)

Proteins from the PRS fraction of soybean seedlings from various treat-
ments were fractionated by 70–100% ammonium sulfate saturation for
2D-PAGE, and were blotted onto PVDF membrane stained with
Coomassie blue. The stained protein spots of a member of class I
sHSPs (pI 6.5; 17.5 kDa) shown in Fig. 5 were excised and collected
for amino acid composition analysis.

Treatment Aze (%) Pro (%)

40°C (2 h) → 28°C (4 h) 0 4.6
10 mM Aze (24 h) 0 3.5
10 mM Aze (6 h) → 10 mM Pro (24 h) 0 4.2
10 mM Aze (6 h) → 10 mM Gly (24 h) 0 4.1
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dense regions that contain hsgs were similar to those seen in
tomato suspension cultures and other plant species reported by
Nover (1990) and Parsell et al. (1994). In cells kept at 28°C for
4 h to recover from 40HS treatment the aggregated protein
structures became disaggregated and the immunogold particles
were redistributed uniformly in the cytoplasm (Fig. 6C). In the
seedlings exposed to 45HS following 40HS, shown in Fig. 6D,
compact denatured/aggregated protein structures were
reformed in the cytoplasm, and decreased immunogold particle
distribution was localized in the cytoplasm. The distribution
pattern of immunogold particles in cytoplasm after an 18 h Aze
treatment (Fig. 6E) was similar to that after 45HS (Fig. 6D), as
well as after treatment with 10 mM Pro for 6 h after Aze treat-
ment (Fig. 6F), revealing a result similar to that in the seed-
lings kept at 28°C for 4 h after 40HS treatment (Fig. 6C) with
more immunogold particles distributed uniformly in the cyto-

plasm. The immunolocalization data corresponded to the sub-
cellular distribution of class I sHSPs analyzed by differential
centrifugation in the soluble PRS fraction (Fig. 4). Since treat-
ment with Aze was carried out at room temperature, we barely
detected an electron-dense region by this treatment (Fig. 6E).

Discussion

Class I sHSP accumulation is proportional to the concen-
tration and duration of Aze treatment, and all members in this
class can be detected. Continuous treatment with Aze for 24 h,
however, was not as effective as the pre-HS treatment for pro-
viding thermotolerance. HS response was also triggered by a
10 min exposure to 45°C followed by 28°C for 3 h resulting in
accumulation of class I sHSPs, which provide thermotolerance
in soybeans (Lin et al. 1984, Hsieh et al. 1992). Therefore, we

Fig. 6 Immunolocalization of class I sHSPs in soybean root
tip. The root tips were fixed in glutaraldehyde (0.5%)/parafor-
maldehyde (3.2%) and embedded in London Resin White.
After incubation with the anti-class I sHSP antibodies, locali-
zation of class I sHSPs was visualized by reaction with
secondary antibodies conjugated with 15 nm gold particles.
Treatments were as follows: (A) 28°C for 2 h as a control, (B)
40°C for 2 h as HS, (C) 40°C (2 h) → 28°C (4 h) as cells
recovered from HS, (D) 40°C (2 h) → 28°C (3 h) → 45°C
(2 h) as cells acquired thermotolerance, (E) 10 mM Aze
(18 h); (F), 10 mM Aze (18 h) → 10 mM Pro (6 h). CW, cell
wall; N, nucleus; NO, nucleolus; V, vacuole. mt indicates
mitochondrion. Bar = 1 µm.
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considered that the 6 h treatment with 10 mM Aze mimicked
the 10 min exposure to 45°C to elicit synthesis of HSP messen-
gers (at this treatment ∼50% of class I sHSPs mRNA were
induced when compared with 40HS, data not shown). Then
accumulation of HSPs was initiated following incubation for
24 h. Treatment with 10 mM Pro for 24 h after the 6 h treat-
ment with 10 mM Aze is sufficient to provide thermotolerance,
and the thermoprotection activity was proportional to the lev-
els of class I sHSPs accumulated during the 24 h incubation.
This establishment of thermotolerance correlated with the level
of accumulation of class I sHSPs as reported previously by
Hsieh et al. (1992).

DiDomenico et al. (1982) reported that the arginine ana-
log, canavanine, was incorporated into proteins resulting in
synthesis of abnormal proteins, which are responsible for the
signals regulating HSP70 accumulation (the major HSPs of
Drosophila cells). The non-functional HSP70 synthesis result-
ing from incorporation of this amino acid analog affected selec-
tive localization to the nucleus during HS. Here, we showed
that the class I sHSP complexes isolated from the Aze-treated
seedlings could thermostabilize soluble proteins in vitro due to
retention of chaperone activity, and Aze was not incorporated
into class I sHSPs. Other amino acids and modes of Aze treat-
ment tested could induce accumulation of class I sHSPs to an
amount equivalent to that induced by 40HS but were incapable
of providing thermoprotection in vivo.

We noticed that the second pellet was the most sensitive/
essential fraction for localization of HSPs. During the 4 h
recovery period at 28°C after 40HS, the class I sHSPs in the
PRS fraction (HSP pool) would first relocate into this fraction.
When exposed to 45HS, even the class I sHSPs already local-
ized in the third pellet fraction would be translocated into the
second pellet fraction. These observations indicate that class I
sHSPs are associated with organelles during heat stress to pro-
tect organelles from heat damage as suggested previously (Lin
et al. 1984, Chou et al. 1989, Nover 1990, Helm et al. 1993,
Jinn et al. 1997). We could not isolate the intact nucleus in this
study because an appropriate signal could not be detected from
the first pellet fraction by Western blotting. Unprocessed pre-
ribosomal RNPs in the nucleolus were co-fractionated with
ribosomes which were included in the third fraction. Jinn et al.
(1997) demonstrated that during 40HS treatment the class I
sHSPs were immunolocalized in the nuclei and specifically in
association with the RNP in the nucleolus, confirming the
results we obtained using the biochemical cell-fractionation
method and those reported by Lin et al. (1984). The isolated
mitochondria associated with class I sHSPs were functional in
oxidative phosphorylation under thermal stress (Chou et al.
1989), which corresponded well with the co-distribution/parti-
tion of HSPs with the mitochondria-rich fraction in the second
fraction. These observations suggest that functional recapture
of the heat-inactivated proteins in cytoplasm might be medi-
ated by a supply of energy from mitochondria, and is consist-
ent with the observation that relocalization of class I sHSPs to

the cytoplasm in vivo was energy dependent (C.Y. Lin, unpub-
lished data). Although the in vitro chaperone activity of class I
sHSPs that prevents proteins from aggregating was reported to
be energy-independent (Jinn et al. 1989, Lee et al. 1995), the
denatured proteins can be degraded by proteases in the cell, or
refolded by ATP-dependent chaperones HSP70, DnaJ and
ClpB/HSP100 (Lee and Vierling 2000, Hong and Vierling
2000, Queitsch et al. 2000, Hong et al. 2003). Cellular fraction-
ation methods disrupt the native state of cellular organization,
which may result in the loss or gain of proteins from cell-frac-
tion-sensitive structures, producing non-specific results. How-
ever, immunolocalization gave results comparable with those
obtained in the present study and also reported by Jinn et al.
(1997).

Treatments that failed to induce thermotolerance resulted
in a low concentration of total class I sHSPs accumulated in the
PRS fraction, while the Pro treatment that conferred thermotol-
erance resulted in a high concentration (43% of total class I
sHSPs), which was comparable to the level obtained by other
treatments conferring thermotolerance such as 40HS and arsen-
ite. Therefore, we propose that thermotolerance is acquired
mainly in seedlings with a sufficient amount of class I sHSPs
present in the PRS soluble fraction (HSP pool), which is
re-partitioned/distributed during HS. Here, we speculate that
seedlings that have accumulated up to ∼0.4 µg of class I sHSPs
specifically in the PRS soluble fraction can acquire thermotol-
erance.

Although the mechanism by which HSPs provide thermo-
tolerance still remains unclear, we show here that the levels of
accumulation of class I sHSPs and their subcellular localiza-
tion are strongly correlated with the acquisition of thermotoler-
ance in soybean seedlings. We found that Aze was not
incorporated into the class I sHSPs, and that chaperone activity
was maintained. This study supports the notion that a suffi-
cient amount of class I sHSPs localized in the soluble PRS
fraction provide thermoprotection.

Materials and Methods

Plant material
Soybeans (Glycine max cv. Kaoshing No. 8) were sterilized with

10% bleach for 20 min, rinsed thoroughly in water and allowed to ger-
minate in a roll of moist paper towels at 28°C in a dark growth cham-
ber (Lin et al. 1984). Two-day-old seedlings with cotyledons removed
were incubated with shaking in 5 mM phosphate buffer (pH 6.0), con-
taining 1% sucrose (w/v), and 50 µg ml–1 chloramphenicol. Aze,
arsenite and amino acids were included in the incubation buffer as
indicated. The treatments were performed in a shaking water bath
equilibrated at the desired temperatures.

Seedling viability assay by TTC test
For analysis of viability, soybean seedlings with cotyledons

excised were incubated overnight in 50 mM phosphate buffer (pH 7.4)
with 0.6% of TTC and 0.05% Tween-20 without shaking under a slight
vacuum in the dark as described (Towhill and Mazur 1974, Jinn et al.
1997).



Aze triggers HS response and thermotolerance1766
Subcellular fractionation
Seedlings were harvested and homogenized with a Polytron in

0.2 M Tris–HCl buffer (pH 8.8), containing 0.5 M sucrose, 0.1 M KCl,
30 mM MgCl2, 1 mM DTT and 1 mM PMSF. The homogenate was fil-
tered through two layers of Miracloth (Calbiochem), and the filtrate
was further subjected to differential centrifugation at 1,000×g for
10 min, 15,800×g for 35 min and then 300,000×g for 90 min, from
which three pellets were collected: the first, a nuclei-rich fraction; the
second, a mitochondria-rich fraction; the third, a ribosome-rich frac-
tion; the PRS as soluble proteins (Lin et al. 1984).

Electrophoresis, Western blot analysis and quantitative estimation of
class I sHSPs

Total proteins were extracted with 50 mM Tris–HCl (pH 8.5), 2%
SDS, 2% 2-mercaptoethanol and 1 mM PMSF at room temperature.
The protein concentration was determined by the method of Bradford
(1976) using a Bio-Rad protein assay reagent (Bio-Rad). One-dimen-
sional SDS–PAGE was performed according to the method of Lae-
mmli (1970) using 12.5% (w/v) polyacrylamide gels. For 2D-PAGE
the method of O’Farrell (1975) was used. Proteins were transferred to
PVDF membranes (Immobilon, Millipore) for immunoblotting accord-
ing to the method of Towbin et al. (1979). Protein bands cross-react-
ing with the class I sHSP antibodies were identified by reaction with
alkaline phosphatase conjugated with goat anti-rabbit IgG (Bio-Rad).
Bound antibodies were visualized by reaction with 5-bromo-4-chloro-
3-indolyl phosphate and nitroblue tetrazolium according to the manu-
facturer’s specifications (Bio-Rad). The amount of protein was quanti-
fied by scanning the PVDF membranes after immunoblotting with the
densitometer (model SI; Molecular Dynamics, Sunnyvale, CA, U.S.A.)
using ImageQuant software (Molecular Dynamics) as described previ-
ously by Hsieh et al. (1992).

Purification of class I sHSP complex and assay for thermal denatura-
tion of cellular soluble proteins

The native class I sHSP complexes obtained from the HSP-
enriched fraction were purified as described previously (Jinn et al.
1995), using 5–20% non-denaturing PAGE. Subsequently, protein
bands containing the complexes were excised and eluted from the gel.
The purified class I sHSP complex was added to the 3H-labeled soluble
proteins prepared from the PRS fraction of non-HS seedlings, and the
mixture was heated at 55°C for 30 min with shaking. The denatured
proteins were pelleted at 16,000×g for 15 min as described by Jinn et
al. (1989). The radioactivity in the pellet was measured after suspen-
sion in SDS-PAGE sample buffer (Laemmli 1970).

Amino acid composition analysis
Proteins spotted onto PVDF membrane and stained with

Coomassie brilliant blue R-250, were excised and pooled for amino
acid composition analysis by directed in situ derivatization of amino
acids after gas-phase hydrolysis as reported by Liu et al. (1993).

lmmunogold localization of class I sHSPs in soybean seedlings
Root tips (1–2 mm) were excised from 2-day-old seedlings and

fixed in 0.5% glutaraldehyde and 3.2% paraformaldehyde in 100 mM
potassium phosphate buffer (pH 7.2) on ice. The specimens were
dehydrated through an ethanol series, embedded in London Resin
White (London Resin Co., Basingstoke, United Kingdom) in gelatin
capsules and polymerized at 60°C for 36 h with an N2 gas flush. Thin
sections (pale gold–silver reflectance, 60–150 nm) of the specimens
were prepared using a glass knife with an ultramicrotome (MT2-B;
Sorvall Inc., Newtown, Connecticut) and then placed on Formvar-
coated gold grids.

Sections were blocked with a solution containing PBS with 2%
BSA, 2.5% lamb serum, 0.25% cold-water-fish-skin gelatin (Sigma),
20 mM Gly and 0.02% NaN3 for at least 4 h. Grids were then floated
on drops of immune serum or preimmune serum (1 : 10 dilution with
0.5× blocking solution) and incubated overnight at 4°C in a moistened
chamber. They were washed 10 times with 0.1× blocking solution,
placed on a drop (20 µl) of gold-labeled goat anti-rabbit antibodies
(GAR G15; Janssen, New Brunswick, NJ, U.S.A.) at a 1 : 25 dilution
with 0.5× blocking solution and incubated for 1 h at room tempera-
ture. Sections were rinsed 10 times sequentially with 0.1X blocking
solution, 1% glutaraldehyde and distilled water for 10 min, and were
then air-dried. After staining with 4% aqueous uranyl acetate (5 min)
and lead citrate (5 min), the sections were examined with an electron
microscope (Hitachi H-600), as described by Jinn et al. (1997).
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