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ABSTRACT

Two major polypeptides of the 15- to 18-kilodalton class of
soybean (Glycine max) heat shock proteins (HSPs), obtained from
an HSP-enriched (NH4)2SO4 fraction separated by two-dimensional
polyacrylamide gel electrophoresis, were used individually as an-
tigens to prepare antibodies. Each of these antibody preparations
reacted with its antigen and cross-reacted with 12 other 15- to 18-
kilodalton HSPs. With these antibodies, the accumulation of the
15- to 18-kilodalton HSPs under various heat shock (HS) conditions
was quantified. The 15- to 18-kilodalton HSPs began to be detect-
able at 350C, and after 4 hours at 40'C they had accumulated to a
maximum level of 1.54 micrograms per 100 micrograms of total
protein in soybean seedlings and remained almost unchanged up
to 24 hours after HS. Accumulation of the HSPs was reduced at
temperatures higher than 400C. At 42.50C the HSPs were reduced
to 1.02 micrograms per 100 micrograms, and at 450C they were
hardly detectable. A brief HS at 45'C (10 minutes), followed by
incubation at 280C, which also induced HSP synthesis, resulted in
synthesis of this class of HSPs at levels up to 1.06 micrograms per
100 micrograms of total protein. Taking into consideration the
previous data concerning the acquisition of thermotolerance in
soybean seedlings, our estimation indicates that the accumulation
of the 15- to 18-kilodalton HSPs to 0.76 to 0.98% of total protein
correlated well with the establishment of thermotolerance. Of
course, other HSPs, in addition to this group of proteins, may be
required for the developement of thermotolerance.

The induction of HSP2 synthesis in response to thermal
stress occurs in all organisms examined, ranging from bacteria
to humans (20). Although the physiological function of HSPs
has not been clearly documented, their induction is well
correlated with thermotolerance in a time- and temperature-
dependent manner. On the basis of this correlation, it has
been hypothesized that accumulation of HSPs is an essential
component for protection from heat damage (10, 12, 16, 19).
Although studies of Drosophila have provided a basis for
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research in many systems, there are significant differences
among organisms in response to HS. A major difference is
the relative abundance of proteins synthesized during HS. In
Drosophila, the major HSPs are 83, 70, 68, 27, 26, 23, and 22
kD, and have a predominant synthesis of the 70-kD HSP
(13). Although plants synthesize HSPs with molecular masses
of 92, 84, 70, 68, and 15 to 27 kD, the complex group of 15-
to 27-kD proteins predominates (7, 23).
We have been studying the 15- to 18-kD class of HSPs,

which are synthesized when the seedlings are shifted from a
normal growth temperature of 28 to 400C. These 15- to 18-
kD HSPs accumulate to a detectable level, as seen by SDS-
PAGE separation followed by Coomassie blue staining (15).
They are present in the cytosol and become associated with
organelles in response to thermal stress (12).

Recently, we showed that isolated mitochondria that had
this 15- to 18-kD class of HSPs associated with them were
functional in oxidative phosphorylation at an HS temperature
of 42.50C, suggesting that this class of HSPs protected these
organelles from heat damage (1). Furthermore, we demon-
strated that the protection of soluble proteins from heat
denaturation in vitro occurred with the addition of an HSP-
enriched aliquot that was predominantly composed of the
15- to 18-kD class HSPs (4).

In this study of the 15- to 18-kD class of HSPs in soybean
seedlings, we show that 13 polypeptides, as resolved by 2-D
PAGE, are immunologically related. We establish a quanti-
tative immunological assay for the 15- to 18-kD HSPs under
various HS conditions. In addition, our results indicated that
HS conditions known to confer thermotolerance are associ-
ated with accumulation of a significant level of the 15- to 18-
kD HSPs. These results further support the notion that these
HSPs play a role in thermotolerance.

MATERIALS AND METHODS

Plant Material

Soybean seeds (Glycine max cv Taita Kaoshiung No. 8)
were germinated in rolls of moist paper towels at 280C in a
dark growth chamber as described by Lin et al. (12).

Preparation of HSP-Enriched Protein Fraction

Two-day-old soybean seedlings (3-4 cm in length) without
cotyledons were incubated in a medium containing 5 mm
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potassium phosphate (pH 6.0) and 1% sucrose before treat-
ment at different temperatures for varying periods of time.
Seedlings were harvested and homogenized with a Polytron
equipped with a PT-20 probe in a medium containing 0.5 M
sucrose, 0.25 M Tris-HCl (pH 8.8), 30 mn-m MgCl2, 0.1 M KCl,
1 mm DTT, and 1 mm PMSF. The homogenate was filtered
through a layer of Miracloth, and the filtrate was further
centrifuged at 300,000g for 2 h, as described previously (4)
for the preparation of the PRS. The PRS was further fraction-
ated by precipitation with (NH4)2SO4 at 65% to 100% satu-
ration. The precipitate was dissolved in buffer containing 50
mi Tris-HCl (pH 8.0), 1 mm EDTA, and 0.1% 2-mercapto-
ethanol before overnight dialysis against three changes of the
same buffer. All experimental procedures were carried out at
40C.

2-D Electrophoresis and Antibody Preparation

For separation of proteins by 2-D PAGE, the dialyzed 65
to 100% (NH4)2SO4 fraction was added to four volumes of
chilled acetone (-200C) and allowed to stand overnight to
precipitate proteins. The precipitate was pelleted, dried, and
resuspended in O'Farrell sample buffer (18). Proteins were
resolved by isoelectric focusing in the first dimension and
SDS-PAGE with a 15% (w/v) gel in the second dimension.
Coomassie blue R-250 was used to visualize the protein

spots on the gels. For preparation of antibodies, two major
HSP spots, identified by Coomassie blue staining were cut
out of the gel separately and washed thoroughly with distilled
water. About 35 jAg of each HSP was collected from 50 2-D
gels, homogenized with PBS, emulsified with complete
Freund's adjuvant, and injected subcutaneously into several
sites on the back of an adult New Zealand White rabbit. The
animal was boosted two times at 10- to 14-d intervals in the
same manner, except that incomplete Freund's adjuvant was
used and the amount injected was reduced to half of the
initial concentration. Two weeks after the final injection, 25
mL of blood was drawn from the ear vein and allowed to
clot at room temperature for 1 h and then left overnight at
40C. The serum was collected, (NH4)2SO4 was added to 45%
saturation, and the precipitate was collected by centrifuga-
tion. The pellet was washed twice with 45% (NH4)2SO4. The
precipitate was dissolved in a buffer containing 50 mm Tris-
HCI (pH 8.6), 0.15 M NaCl and dialyzed ovemight against
three changes of the same buffer. After dialysis, the serum
sample was brought up to the same volume as the collected
serum with the same buffer and stored at -200C.

SDS-PAGE and Immunoblotting

Total proteins were extracted from soybean seedlings in 5
mL of SDS extraction buffer as described previously (12). The
protein content of the final sample was determined by the
procedure of Lowry (14). One-dimensional gel electrophore-
sis was performed according to Laemmli (9) with 15% (w/v)
gels. For 2-D PAGE, the method of O'Farrell was used (18).
After electrophoresis, the gel was immersed in the transfer
buffer (25 mm Tris, 192 mm glycine [pH 8.3], 20% [v/v]
methanol) for 30 min before blotting. Protein transfer was
performed with a TE-52 transfer unit (Hoefer, San Francisco,

CA) according to the method of Towbin et al. (22). Proteins
were electroblotted onto 0.45-gm Immobilon PVDF transfer
membranes (Millipore) for 3 to 4 h at 0.7 A. Buffers were
used only once, and the temperature was maintained at 40C
during transfer. After transfer, the blots were blocked with
3% gelatin TBS. The gelatin used in this blocking step was
dissolved at 370C and allowed to cool to room temperature
during a 1-h incubation. Blots were then incubated in primary
antibody at 1:50 dilution with gentle agitation ovemight at
room temperature. Antibody solution was freshly prepared
in TBS containing 1% gelatin. After washing three times in
TTBS for 10 min per wash, the blots were incubated with a
1:2500 dilution of HRP-conjugated goat anti-rabbit IgG (Bio-
Rad) in TTBS containing 1% gelatin for 1 h at room temper-
ature. Blots were then transferred to clean trays and exposed
to HRP color development reagent containing 4-chloro-1-
naphthol (Bio-Rad) to develop the colored reaction product.
The color reaction was allowed to develop for a few minutes
and was stopped by rinsing in distilled water under the
conditions outlined in the instructions that accompany the
assay kit (Bio-Rad).

Quantitative Estimation of HSPs

The members of the 15- to 18-kD class of HSPs that cross-
reacted with the antibody (13 spots) were cut from 2-D gels,
bulked, and eluted, and the amount of protein was estimated
with Lowry's method (14). A known amount of these proteins
was then run on SDS-PAGE and blotted onto Immobilon
PVDF transfer membrane, and the color was developed after
reaction with HSP antibody and a second, anti-rabbit anti-
serum conjugated with HRP. The color that developed was
scanned with an LKB laser densitometer (Gel Scan XL, Soft-
ware 2-D Program Version 2.0, LKB). The color values were
expressed as AU x mm2, according to the manual.

RESULTS

Preparation of LMW HSP Antibodies

When soybean seedlings were shifted from 280C to HS
temperatures (400C), HSP synthesis was induced. These
HSPs were enriched in the 65% to 100% (NH4)2SO4 fraction
prepared from the PRS (4). This (NH4)2SO4 fraction was
resolved by 2-D PAGE and stained with Coomassie blue.
The 15- to 18-kD HSPs accumulated to a stainable level after
HS treatment (Fig. 1A). Thick arrows with asterisks in Figure
1A indicate the polypeptides that were cut out individually
from the 2-D gels, collected, and used separately as antigens
for preparation of monospecific antibodies. The antibodies
prepared from either polypeptide cross-reacted with at least
13 polypeptides of the 15- to 18-kD LMW HSP group (Fig.
1B). Neither high mol wt HSPs nor LMW HSPs in the range
of 20,000 to 30,000 were found to cross-react with the
antibodies. This indicates that the antigenicity of 15- to 18-
kD HSPs is different from that of the other families of HSPs.

Development of a Quantitative Assay for LMW HSPs

The 13 eluted polypeptides that cross-reacted with the
antibodies on 2-D gels were used as a protein source for
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Figure 2. Standard curve for quantitative estimation of the LMW
HSPs of 15- to 18-kD on western blots. All of the 15- to 18-kD
HSPs shown in Figure 1 were collected from the gels, and a known
amount of these HSPs was electrophoresed on a 1 -D SDS gel. The
gel was blotted to a nitrocellulose filter. The signal was generated
by assaying the HRP conjugated to the second antibody (A). The
developed western blots were scanned with an LKB laser densitom-
eter with the 2-D version of the program. The results were plotted
against the amount of protein applied to the gel (B).
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Figure 1. Coomassie blue staining (A) and western blot analysis (B)
of proteins from 400C heat-shocked seedlings after 2-D PAGE.
LMW HSPs indicated with a large thick arrow and an asterisk were
used individually for antiserum preparation. Cross-reacting poly-
peptides in panel B are equivalent to the Coomassie blue-stained
spots indicated by arrows in panel A.

standardization in a quantitative assay. Known amounts of
the eluted preparation were separated on SDS-PAGE for
immunoblot analysis (Fig. 2A). The intensity of the reaction
was determined with an LKB densitometer and the soft 2-D
program and is expressed as AU X mm2. A linear relationship
between the color unit (AU x mm2) and the amount of
protein applied was obtained, and the assay technique was

sensitive enough to detect as little as 0.5 ,ug of HSP (Fig. 2B).
To determine the optimum protein concentration for quan-

titation of HSPs from whole seedlings, soybean seedlings
were heat shocked for 3 h at 400C, and samples with crude
protein content ranging from 12.5 to 100 ,g were applied to
a gel for immunoblot analysis (Fig. 3A). Quantitation of the
result indicates that the amount of 15- to 18-kD HSPs de-
tected is almost linear up to 100 ,ug of protein applied (Fig.
3B). Accordingly, a 50-Ag sample of this total protein extract,
which was in the range of linearity, was used as an internal
standard in the subsequent quantitation experiments. When
compared with the standard curve from Figure 2, the results
obtained from Figure 3 indicate that the soybean seedlings
treated for 3 h at 400C contain 1.20 jig of 15- to 18-kD HSPs
per 100 Ag of total protein.
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Figure 3. Linear range of the HSPs assayed from the total proteins
extracted from soybean seedlings treated at 40'C for 3 h. The
protein samples (12.5 Ag [1], 25 Mg [2], 50 Mg [3], 75 tig [4], and
100 ,g [5]) were separated by 1-D SDS-PAGE, blotted to nitrocel-
lulose, reacted with the antibody and the second antibody conju-
gated to HRP, and assayed for HRP activity by color development
(A). The relationship between the color developed (AU X mm2) and
the amount of protein applied is shown in panel B.
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Accumulation of LMW HSPs under Various HS Conditions

Figure 4 shows the western blot analysis of the 15- to 18-
kD HSPs accumulated during a 4-h period at different HS
treatments. At 350C, the 15- to 18-kD HSPs started to accu-
mulate, and the accumulation increased parallel to an in-
crease in temperature. The optimum temperature for synthe-
sis of these LMW HSPs in 2-d-old soybean seedlings was
400C. There was no detectable synthesis of these HSPs at
450C; however, there was still considerable synthesis at
42.50C. These results are different from those of a previous
amino acid incorporation study in which protein synthesis
was shown to decline abruptly at 42.50C (6).
When soybean seedlings were heat shocked continuously

at 400C, the 15- to 18-kD HSPs started to accumulate within
30 min, reached the highest level by 4 h, and remained al
this same level even after prolonged heat treatment of up to
24 h (Fig. 5). The increase in the 15- to 18-kD HSPs was the
greatest during the first 30 min to 3 h (Fig. 5), and the
accumulated HSPs were stable for more than 24 h (5).
A brief exposure to a severe temperature (450C) followed

by an incubation at the normal growth temperature also has
been shown to induce a typical HS response (12). When the
15- to 18-kD HSPs induced by the 450C pulse treatment
were compared with HSPs synthesized at 400C HS with a
2-D immunoblot analysis, it was found that the two treat-
ments induced the same polypeptides (data not shown).
The amounts of 15- to 18-kD HSPs synthesized under the

various HS regimes are summarized in Table I. When the
seedlings were preheated at 400C for 2 h, or at 280C for 2 to
3 h after a brief HS at 450C, the seedlings were shown to
acquire thermotolerance (12). We estimated that under these
treatments, the soybean seedlings synthesized and accumu-
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Figure 5. Western blot analysis of the 15- to 18-kD HSPs synthe-
sized under continuous HS at 40°C. Protein samples (50 jg) from
seedlings treated at 28'C (1) or at 40°C for 0.5 h (2), 1 h (3), 2 h
(4), 4 h (5), 8 h (6), 16 h (7), and 24 h (8) were analyzed by 1-D
PAGE (A). The signal was generated as described above. Results
were plotted against the time of the HS treatment (B).

lated 0.76 to 0.98 ,ug of the 15- to 18-kD HSPs per 100 ,ug of
total protein. Therefore, this level of the 15- to 18-kD HSPs
appeared to be sufficient for the development of thermoto-
lerance. Of course, a requirement of additional proteins be-
sides these HSPs for acquiring thermotolerance may not
be excluded.

DISCUSSION
? 4
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Figure 4. Western blot analysis of the LMW HSPs synthesized at
different HS temperatures for 4 h. Protein samples (50 jig) from
seedlings treated at 28'C (1), 32.5'C (2), 35'C(3), 37.5°C (4), 400C
(5), 42.5°C (6), and 45°C (7) were analyzed by SDS-PAGE.

We were able to make antibodies using the most densely
stained LMW HSPs with a molecular mass of 17.5-kD and a
pI of either 6.1 or 6.3 (shown in Fig. 1B) as antigens. Each of
these two antibody preparations showed immunological
cross-reactivity with itself and 12 other polypeptides of the
15- to 18-kD class of HSPs. This immunological property
allowed us to do quantitative studies of the 15- to 18-kD
class of HSPs. Schoffl and Key (21) found that mRNA that
has been hybrid-selected by several HS-specific cDNA clones
was translated into 13 polypeptides of the 15- to 18-kD class
of HSPs, and Nagao et al. (17) isolated four genes for this
class of HSPs that had more than 90% homology in derived
amino acid sequence. These results, along with the immu-
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Table I. Quantitative Estimation of 15- to 18-kD HSPs Synthesized
under Various HS Regimens

Each value is the mean ± SE of three separate experiments.

HS Treatments
HSP Synthesized

Temperature Time

°C h gg HSPs/100 ug of protein
1. 32.5 4.0 0

35.0 4.0 0.16 ± 0.01
37.5 4.0 0.66 ± 0.03
40.0 4.0 1.54 ± 0.27
42.5 4.0 1.04 ± 0.09
45.0 4.0 0

2. 40 0.5 0.38 ± 0.04
1.0 0.60 ± 0.06
2.0 0.98±0.13
4.0 1.54 ± 0.29
8.0 1.58 ± 0.08

16.0 1.64 ± 0.05

3. 45 (10 min), 28 1.0 0.44 ± 0.05
2.0 0.76± 0.01
3.0 0.94± 0.08
4.0 1.06±0.11

nological cross-reactivity among this class of HSPs, suggest
that all 13 HSPs are probably closely related, although
sequence analyses of all of the HSPs in this class have not
been completed.
Our previous findings indicated that the acquisition of

thermotolerance was strongly correlated with the accumula-
tion of HSPs (12). Members of the 15- to 18-kD class of HSPs
behaved as a group in that they localized to organelles during
the HS and relocated to the cytoplasm during recovery from
HS (12). Therefore, it has often been suggested that this class
of HSPs provides protection from thermal damage (12). We
demonstrated that association of this class of HSPs with
isolated mitochondria actually provided protection of the
oxidative phosphorylation in vitro at high HS temperatures
(1). In addition, the 15- to 18-kD HSP-enriched fraction was
shown to stabilize other proteins from heat denaturation in
vitro (4). Thus, it has been of great interest to determine the
actual amounts of this class of HSPs that accumulate under
various HS conditions.
The quantitative assay technique is very sensitive. It al-

lowed us to estimate with reasonable accuracy quantities of
HSPs as little as 0.5 ,g applied to a 1-D gel. Our estimation
of the amount of HSPs that accumulated at various temper-
atures agreed with and was almost parallel to results of
previous studies of protein synthesis with labeled amino acids
at different HS temperatures (6). One exception occurred at
an HS of 42.50C; although there was a precipitable drop in
amino acid incorporation at this temperature, we still detected
an accumulation of 1.04 gg of HSPs per 100 ug of total
protein, which still accounted for two-thirds of the HSPs
synthesized at 400C. The discrepancy was probably due to
inhibition of uptake of the labeled amino acid caused by
cellular leakage at 42.50C (11). In general, the accumulation
of HSPs agreed with the mRNA levels reported by Kimpel et

al. (8). Recently, DeRocher et al. (2) reported a positive
correlation between accumulation of an 18.1-kD LMW HSP
and the corresponding level of mRNA, which was in agree-
ment with that reported by Kimpel et al. (8).
The estimated accumulation of the 15- to 18-kD class of

HSPs reached a maximum level by 4 h at 400C HS (1.54 mg/
100 mg protein) and remained fairly constant (1.64 mg/100
mg protein) throughout the 24-h HS period. Previous studies
indicated that the accumulated HSPs were stable for more
than 24 h (5), whereas mRNAs for this class of HSPs were
shown to decrease after 6 h of HS at this temperature (8).
These observations support the notion that the unchanged
level of HSPs during continuous HS was attributable to the
stability of HSPs rather than to an established equilibrium
between continuing synthesis and degradation. As postulated
for the 70-kD HSPs in Drosophila system (13), a shutoff of
transcription by autoregulation may also operate for this class
of HSPs in this system. In a previous study, synthesis of
HSPs at 400C for 2 h or after a brief HS at 450C for 10 min
following incubation at 280C for 2 h was shown to be
sufficient to provide thermoprotection in soybean seedlings
(12).
By our estimate in this study, the 15- to 18-kD class of

HSPs accumulated to the level of 0.76 to 0.98 ug/100 Mg
protein in 2-d-old seedlings under these HS conditions. We
conclude that accumulation to this level of this 15- to 18-kD
class of HSPs is sufficient for soybean seedlings to survive at
an otherwise lethal temperature, but we recognize that other
classes of HSPs may not be excluded as contributing to the
acquisition of thermotolerance. Whether members of the 15-
to 18-kD class of HSPs act as chaperones, as has been
proposed for the 90-, 70-, and 60-kD HSPs (3), or serves a
strictly structural role needs further investigation.
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