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Cortical parenchyma cells of mulberry (Morus bombycis Koidz.)
trees acquire extremely high freezing tolerance in winter as a result
of seasonal cold acclimation. The amount of total proteins in endo-
plasmic reticulum (ER)-enriched fractions isolated from these cells
increased in parallel with the process of cold acclimation. Protein
compositions in the ER-enriched fraction also changed seasonally,
with a prominent accumulation of 20-kD (WAP20) and 27-kD
(WAP27) proteins in winter. The N-terminal amino acid sequence of
WAP20 exhibited homology to ER-localized small heat-shock pro-
teins (smHSPs), whereas that of WAP27 did not exhibit homology to
any known proteins. Like other smHSPs, WAP20 formed a complex
of high molecular mass in native-polyacrylamide gel electrophore-
sis. Furthermore, not only WAP20 but also 21-kD proteins reacted
with antibodies against WAP20. Fractionation of the crude micro-
somes by isopycnic sucrose-gradient centrifugation revealed that
both WAP27 and WAP20 were distributed on a density correspond-
ing to the fractions with higher activity of ER marker enzyme,
suggesting localization of these proteins in the ER. When ER-
enriched fractions were treated with trypsin in the absence of
detergent, WAP20 and WAP27 were undigested, suggesting local-
ization of these proteins inside the ER vesicle. The accumulation of
a large quantity of smHSPs in the ER in winter as a result of seasonal
cold acclimation indicates that these proteins may play a significant
role in the acquisition of freezing tolerance in cortical parenchyma
cells of mulberry trees.

Cold acclimation is a complex adaptive process by which
plants increase their tolerance to equilibrium freezing (Lev-
itt, 1980). During cold acclimation, diverse intracellular and
extracellular changes, including ultrastructural changes in
cytoplasmic organelles (Niki and Sakai, 1981; Fujikawa and
Takabe, 1996), compositional changes in plasma mem-
branes (Steponkus, 1984; Yoshida, 1984; Zhou et al., 1994),
accumulation of intracellular compatible osmolytes (Hare
et al., 1998), increased rigidity of cell walls (Rajashekar and
Lafta, 1996), and even compositional changes in apoplastic
solutions (Griffith and Antikainen, 1996), occur in plant
cells. Although all of these diverse changes due to cold
acclimation are associated with the acquisition of freezing
tolerance in many plant cells, the significance of these

changes in the acquisition of freezing tolerance is still
unclear. Efforts to clarify the molecular basis of cold accli-
mation in plants may lead to an understanding of the
mechanisms of freezing tolerance as a result of cold accli-
mation. Studies along this line have led to the identification
of numerous cold-induced genes and gene products.

Various genes encoding signal transduction and regula-
tory proteins have been shown to be up-regulated in re-
sponse to low temperature (Guy, 1990; Hughes and Dunn,
1996). A number of enzymes that contribute to freezing
tolerance, such as fatty acid desaturase and Suc phosphate
synthase, are also induced in response to low temperature
(Guy, 1990; Hughes and Dunn, 1996). A growing number
of genes that encode hydrophilic and boiling-stable
polypeptides (Lin et al., 1990; Gilmour et al., 1992; Kazuoka
and Oeda, 1992; Neven et al., 1992; Thomashow, 1994, 1998;
Kaye and Guy, 1995) have been reported to be cold in-
duced, and many of these belong to one of a few multigene
families, particularly the late-embryogenesis abundant/de-
hydrin family (Kaye et al., 1998). It has been suggested that
these hydrophilic and boiling-stable polypeptides might
contribute to freezing tolerance by mitigating the effects of
dehydration associated with freezing (Thomashow, 1998).
Cold acclimation also induces accumulation of antifreeze
proteins, which inhibit or reduce extracellular ice-crystal
growth in the apoplastic spaces of plants, suggesting their
possible contribution to the acquisition of freezing toler-
ance (Griffith and Antikainen, 1996).

Recently, a class of proteins that accumulate in response
to low temperature was identified as HSPs (Neven et al.,
1992). The genes and gene products of HSP70 are induced
in spinach (Neven et al., 1992; Anderson et al., 1994; Guy et
al., 1998) and soybean (Cabané et al., 1993), and those of
HSP90 are induced in Brassica napus (Krishna et al., 1995)
and rice (Pareek et al., 1995), in response to low tempera-
ture. Low-temperature stress also stimulates smHSP gene
expression in potato (van Berkel et al., 1994) and heat-
stressed tomato fruits (Sabehat et al., 1998). Different HSPs
may have different functional properties, but common to
all of them is their capacity to interact with other proteins
and to act as molecular chaperones (Jakob et al., 1993;
Schöffl et al., 1998). It has been speculated that HSPs might
contribute to chilling resistance (Guy et al., 1998) as well as1 This work was supported in part by a Grant-in-Aid for Science
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to freezing tolerance (Thomashow, 1998) by stabilizing pro-
teins against these stresses. To understand the general role
of HSPs in relation to cold acclimation of plants, however,
more studies are necessary.

Seasonal periodic temperature changes produce large
seasonal differences in the freezing tolerance of cortical
parenchyma cells of mulberry (Morus bombycis Koidz.)
trees. The freezing tolerance of cortical parenchyma cells of
mulberry trees growing in Sapporo, Japan, is above 25°C
in summer (June–August), increases gradually in autumn
(September–November), reaches a maximum of below
250°C in winter (December–March), and then decreases
gradually in spring (April–May) (Niki and Sakai, 1981;
Sakai and Larcher, 1987; Fujikawa, 1994). In the present
study, we examined seasonal changes in proteins of ER-
enriched fractions of cortical parenchyma cells of mulberry
trees. Our results show that in association with the process
of seasonal cold acclimation there is a large accumulation
of smHSP homolog (WAP20) in ER-enriched fractions, sug-
gesting that smHSP is related to the acquisition of freezing
tolerance by cortical parenchyma cells of mulberry trees.

MATERIALS AND METHODS

Plant Material

One-year-old twigs were collected from mulberry (Morus
bombycis Koidz.) trees growing on the campus of Hokkaido
University (Sapporo, Japan) from August 25, 1995, to June
20, 1996.

Isolation of ER-Enriched Fractions by Isopycnic Linear
Suc-Density Gradient Centrifugation

Fresh cortical tissues (25 g fresh weight) were removed
from twigs, cut into small pieces, and homogenized in 180
mL of the homogenizing medium using a polytron (model
T-20, Kinematika, Lucerne, Switzerland). The homogeniz-
ing medium consisted of 300 mm Suc, 75 mm Mops-KOH,
pH 7.6, 5 mm EGTA, 2 mm EDTA, 3% (w/v) PVP (molec-
ular weight 24,500), 10 mg mL21 2,6-di-t-butyl-p-cresol, 5
mm potassium metabisulfite, 1.5% (w/v) polyvinylpoly-
pyrrolidone, and 2 mm PMSF. The homogenates were fil-
tered through three layers of gauze. The filtrates were
centrifuged at 10,000g for 15 min, and the supernatants
were obtained. The supernatants were centrifuged at
200,000g for 20 min, and the precipitates were suspended in
a resuspension medium containing 10% (w/w) Suc, 15 mm
Hepes-bis tris propane, pH 7.3, 1 mm EGTA, 0.1 mm EDTA,
and 2 mm DTT and centrifuged again at 200,000g for 20
min. The final precipitates were mixed with the resuspen-
sion medium to make 4.5 mL in total.

Four milliliters of the crude microsome was overlaid on
28 mL of a continuous Suc gradient (15%–50%, w/w) con-
taining resuspension medium and centrifuged at 84,000g in
a rotor (model RPS-27, Hitachi, Tokyo) for 17 h. After
centrifugation, the gradient was fractionated from top to
bottom of the gradient into 1.2-mL aliquots using a density
gradient fractionator (model-640, ISCO, Lincoln, NE).

Activity of marker enzymes was measured in each frac-
tion for vanadate-sensitive H1-ATPase (plasma mem-
branes), nitrate-sensitive H1-ATPase or pyrophosphatase
(tonoplasts), antimycin A-insensitive NADH Cyt c reduc-
tase (ER), UDPase (Golgi membranes), and Cyt c oxidase
(mitochondria inner membranes), as described by Koike et
al. (1997). The fractions that exhibited the highest activity
of antimycin A-insensitive NADH Cyt c reductase were
used as ER-enriched fractions.

Analysis of Protein Amount

The amount of proteins in each fraction was determined
by a protein-assay kit (Bio-Rad) with g-lactoglobulin as a
standard.

Gel Electrophoresis

SDS-PAGE on 14% (w/v) polyacrylamide gels was con-
ducted according to the procedure described by Laemmli
(1970). Samples were solubilized in 43 SDS-lysis buffer
containing 60 mm Tris-HCl, pH 6.8, 10% (w/v) SDS, 8%
(v/v) 2-mercaptoethanol, 50% (v/v) glycerol, and 0.01%
(w/v) bromphenol blue and heated at 70°C for 10 min. The
apparent molecular masses of proteins were estimated by
comparison with the mobility of Mr standard proteins
(Daiichi-Kagaku, Tokyo, Japan) on the gel after SDS-PAGE.

IEF for the first dimension of two-dimensional electro-
phoresis was performed basically according to the method
of O’Farrell (1975). Protein samples for IEF were dissolved
in 8 m urea, 5 mm 2-mercaptoethanol, 2% (v/v) Triton
X-100 (Nacalai Tesque, Kyoto, Japan), and 2% (v/v) Phar-
malyte (1.5% [v/v], pH 3.0–10.0, 0.5% [v/v], pH 4.0–6.5)
(Pharmacia). Proteins on the gel after SDS-PAGE for the
second dimension were visualized by silver staining, as
described by Koike et al. (1997).

Native-PAGE was performed on 5.0% to 20.0% poly-
acrylamide linear-gradient gels prepared by the buffer sys-
tem of Laemmli (1970) without SDS. Protein samples were
treated with sonication or 0.1% Triton X-100 and ultracen-
trifuged at 200,000g for 20 min. The supernatant was mixed
with the same volume of buffer containing 20 mm Tris-HCl,
pH 6.8, 50% glycerol, and 0.01% bromphenol blue and
analyzed by native-PAGE. Electrophoresis was carried out
at 5.0 V cm21 at 4°C for 48 h to equilibrium.

Immunoblot Analysis

Electrotransfer of proteins onto PVDF membranes was
performed using a semidry transfer apparatus (Bio-Rad) as
described previously (Koike et al., 1997). Immunological
detection of proteins on the PVDF membranes was carried
out using a primary antibody and alkaline phosphatase-
conjugated anti-rabbit IgG antibodies from goat (Bio-Rad)
as a secondary antibody. The proteins, which reacted with
primary antibodies, were visualized with a reaction me-
dium containing 20 mm Tris-HCl, pH 9.2, 100 mm NaCl, 5
mm MgCl2, 0.165% (w/v) nitroblue tetrazolium, and
0.083% (w/v) 5-bromo-4-chloro-3-indolyl phosphate.
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Isolation of Proteins

After ER-enriched fractions were subjected to SDS-
PAGE, proteins in the gels were stained with 0.25% (w/v)
CBB containing 25% methanol and 10% acetic acid. After
destaining, the bands corresponding to the 20- and 27-kD
proteins were excised from the gels, and the gel slices were
soaked in electroelution buffer containing 25 mm Tris, 192
mm Gly, and 0.1% SDS. Each protein was electroeluted
from the gel slices using an elecroeluter (model 422, Bio-
Rad) with the same buffer system. When both protein
fractions were analyzed by SDS-PAGE, each fraction con-
tained a single protein band corresponding to the 20- and
27-kD proteins, respectively. The isolated proteins were
used for antibody production.

Antibody Production and Purification

Each of the isolated proteins was mixed with the same
volume of the complete adjuvant and injected into New
Zealand White female rabbits to generate antibodies, and
antiserum was taken after the second immunization using
the incomplete adjuvant. Preimmune serum was taken
from rabbits before immunization and used for the control
experiments. Antibodies were affinity purified from anti-
serum using the isolated antigens, which were electroblot-
ted on PVDF membranes after two-dimensional electro-
phoresis. Immunoblot analysis after two-dimensional
electrophoresis revealed that purified antibodies reacted
with each isolated antigen.

Analysis of Amino Acid Sequences

After two-dimensional electrophoresis of the ER-
enriched fraction collected in December (approximately 0.8
mg), the proteins in the gel were electrotransferred onto a
PVDF membrane, stained for 1 min with 0.1% (w/v) CBB
in 50% (v/v) methanol, and destained with 10% (v/v)
acetic acid containing 50% (v/v) methanol until the back-
ground was lowered. After sufficient washing with dis-
tilled water, the membrane was dried and the protein spots
were excised for analysis of the N-terminal amino acid
sequence. Edman degradation was performed with a gas-
phase sequencer (model PPSQ-10, Shimazu, Kyoto, Japan).
The homology searches of the amino acid sequences were
performed with the Basic Local Alignment Search Tool
using Netscape network services (GenomeNet).

Trypsin Digestion of ER-Enriched Fractions

Trypsin digestion of 1 mg of ER-enriched fractions was
performed with 0.1 mg mL21 trypsin (Sigma) in the pres-
ence or absence of 0.1% Triton X-100 and 2 m urea at 4°C for
90 min. After digestion, samples were mixed with 43
SDS-lysis buffer, and the proteins were detected by immu-
noblot analysis using these antibodies.

RESULTS

Changes in Protein Amount in ER-Enriched Fractions

The amount of total proteins in microsome fractions of
cortical parenchyma cells of mulberry trees increased from
25.7 mg/25 g fresh weight in August to 69.7 mg/25 g fresh
weight in December. It has also been reported that the total
protein amount in microsome fractions obtained from cor-
tical tissues of black locust increased as a result of seasonal
cold acclimation (Siminovitch et al., 1968).

Analysis by isopycnic linear Suc-density gradient centrif-
ugation also showed an increase in the amount of total
protein in ER-enriched fractions from August to December
(Fig. 1). The seasonal increases of total proteins in crude
microsome fractions, as well as proteins in ER-enriched
fractions, are approximately parallel with the gradual in-

Figure 1. Seasonal changes in the amount of total proteins (E) and
changes in the peak fraction of ER marker enzyme activity (F) in
microsome fractions isolated from cortical parenchyma cells of mul-
berry tree. Microsome fractions were prepared from 25 g fresh weight
of cortical tissues in each sample and were subjected to isopycnic
Suc-density gradient centrifugation. Marker enzyme activities were
measured as described in the text.
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crease in freezing tolerance of cortical parenchyma cells of
mulberry trees as a result of seasonal cold acclimation
(Fujikawa, 1994).

Seasonal Changes in Protein Profiles of
ER-Enriched Fractions

Examination by SDS-PAGE showed distinct seasonal
changes in protein profiles in the ER-enriched fractions
(Fig. 2A). The major seasonal differences in the protein
profiles were a decrease in protein bands with high molec-
ular mass and an increase in protein bands with relatively
low molecular mass in association with the process of
seasonal cold acclimation. Two protein bands correspond-
ing to molecular masses of about 27 and 20 kD, respectively
(indicated by arrowheads in A), specifically increased in
winter. In this study, we focused on the analysis of these
two proteins, named WAP27 and WAP20.

Immunoblot analysis using antiserum raised against
these two proteins confirmed the increases in WAP27 and
WAP20 in winter corresponding to the process of cold
acclimation (Fig. 2B; see also Fig. 6). The band of WAP27
was faint in summer (June–August), increased gradually in
autumn (September–October), reached a maximum in win-
ter (November–March), and decreased again in spring
(April–May). On the other hand, the band of WAP20 was
barely detectable in summer (especially in August), grad-
ually became apparent in autumn (September–October),
reached a maximum level in winter (November–April),
and gradually decreased from spring (May) to summer
(June). In addition, anti-WAP20 antibodies also reacted

with the 21-kD protein in a manner similar to the seasonal
appearance of WAP20 (Fig. 2B).

To characterize the nature of WAP27 and WAP20, two-
dimensional gel electrophoresis and immunoblot analysis
were performed (Fig. 3). Anti-WAP27 antibodies reacted
with at least two protein spots with pI values of 4.8 and 5.0
(Fig. 3C). This indicates that the 27-kD protein band in
one-dimensional SDS-PAGE includes at least two proteins,
WAP27A (pI 4.8) and WAP27B (pI 5.0). On the other hand,
WAP20 exhibited a main spot at pI 7.0 and a few spots
were detected around the main spot (Fig. 3D). One of them,
probably the spot of pI 6.8, seemed to be the 21-kD protein
detected in one-dimensional SDS-PAGE.

Figure 3. Two-dimensional gel electrophoresis profiles of ER-
enriched fractions prepared from August (A) and December (B–D)
samples. A and B, Protein profiles visualized by silver staining.
Arrowheads in B show WAP27A, WAP27B, and WAP20. C and D,
Profiles of immunoblot analysis. SDS-PAGE was performed with 30
mg (C) and 100 mg (D) of proteins and with anti-WAP27 (C) and
anti-WAP20 (D) antibodies.

Figure 2. Seasonal changes in the protein profiles in ER-enriched
fractions in cortical parenchyma cells of mulberry trees. A, SDS-
PAGE was performed using 40 mg of proteins in each lane and
staining with CBB. Arrowheads show WAP27 and WAP20. B, Im-
munoblot analysis was performed with anti-WAP27 and anti-WAP20
antibodies; 5 mg of proteins was used in each lane. The arrow shows
21-kD proteins cross-reacted with anti-WAP20 antibodies.
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Primary Structures of WAP27 and WAP20

N-terminal amino acid sequences of WAP27A, WAP27B,
and WAP20 were determined (Fig. 4). WAP20 had homol-
ogy to ER-localized smHSPs (Helm et al., 1993). WAP27A
and WAP27B did not have homology to any known pro-
teins. The partial sequences of these proteins, however,
were very similar to each other, suggesting that they are
isoforms.

To determine the native structures of WAP27 and
WAP20, native-PAGE was performed (Fig. 5). After pro-
teins trapped in ER-enriched fractions were released either
by treatment with 0.1% Triton X-100 or by sonication, they
were analyzed by native-PAGE. Proteins were detected by
CBB staining and by immunoblot analysis using anti-
WAP27 and anti-WAP20 antibodies. Immunoblot analysis
with anti-WAP20 antibodies after native-PAGE revealed a
single main band with a high molecular mass of approxi-
mately 260 to 300 kD, suggesting that WAP20 constituted a
high-molecular-mass complex in the native form. In the
case of the anti-WAP27 antibodies, two strongly immuno-
reactive bands of approximately 100 kD were detected. The
profiles of proteins released by sonication (data not shown)
were very similar to those of proteins released by treatment
with Triton X-100. These main protein bands correspond-
ing to WAP27 and WAP20 were also detected in CBB-
stained gels.

Subcellular Localization of WAP27 and WAP20

To confirm the ER localization of WAP27 and WAP20,
immunoblot analysis with anti-WAP27 and anti-WAP20
antibodies was performed on proteins in crude microsome
fractions, and the results were compared with the distri-
bution of marker-enzyme activity in the ER, tonoplast, and
Golgi apparatus (Fig. 6). The results showed that fractions
with higher activity of the ER marker enzymes corre-
sponded to the higher intensity of WAP27 and WAP20
immunoreactive bands in all of the months examined. In
contrast, the higher intensity of the WAP27 and WAP20
bands did not correspond to higher activity of the tonoplast
and Golgi marker enzymes. Peak activity of marker en-
zymes for plasma membranes and mitochondria was de-
tected in the fractions of a much higher Suc concentration

(data not shown). These results suggest that WAP27 and
WAP20 are predominantly located in the ER.

Detection of WAP27 and WAP20 in the ER

To examine the localization of WAP27 and WAP20 in the
ER, immunoblot analysis of ER-enriched fractions after
trypsin treatment was performed (Fig. 7). Both WAP27 and
WAP20 in the ER-enriched fractions were protected from
trypsin digestion in the absence of the detergent (Fig. 7A).
However, both WAP27 and WAP20 became susceptible to
trypsin in the presence of the detergent, although a slight,
lower-molecular-mass band of WAP20 remained undi-
gested. The remaining WAP20 was susceptible to trypsin
digestion in the presence of both detergent and urea (Fig.
7B). These results suggest that both proteins are located
inside of the ER vesicles.

DISCUSSION

In cortical parenchyma cells of hardwood species, in-
cluding mulberry (Niki and Sakai, 1981; Fujikawa and
Takabe, 1996), black locust (Pomeroy and Siminovitch,
1971), willow (Roberds and Kidwai, 1969), and horse chest-
nut (Rao and Catesson, 1987), which exhibit extremely high
freezing tolerance in winter, unique seasonal ultrastruc-
tural changes in the ER have been reported. Similar sea-

Figure 4. N-terminal amino acid sequences of WAP20 (A), WAP27A
(B), and WAP27B (B). Comparisons were made to heat-induced
smHSP in pea (Helm et al., 1993), cold-induced smHSP in potato
tuber (van Berkel et al., 1994), and heat-induced smHSP in soybean
(Helm et al., 1993). Homologous amino acids are enclosed in boxes.
Gaps (–) are indicated to produce optimal alignment.

Figure 5. Immunoblot analysis of ER-enriched fractions after native-
PAGE analysis. In the CBB-stained lane, 50 mg of proteins was
loaded. In immunoblot lanes probed with anti-WAP27 and anti-
WAP20 antibodies, 10 and 20 mg of proteins were loaded, respec-
tively. The arrowheads in immunoblot lanes of WAP27 and WAP20
indicate the main protein bands of WAP27 and WAP20, respectively.
Indicated molecular masses (in kD) represent, in ascending order, the
migration of BSA (60 kD), lactate dehydrogenase (140 kD), catalase
(232 kD), ferritin (443 kD), and thyroglobulin (609 kD).
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sonal changes in the ER are also found in xylem ray pa-
renchyma cells in cold-hardy hardwood species, including
Populus 3 canadensis (Sauter et al., 1996) and Stylax obassia
(Fujikawa et al., 1997). The morphology of the ER in these
parenchyma cells changes from flattened cisternae in sum-
mer to small vesicles in winter in parallel with the acqui-
sition of freezing tolerance as a result of seasonal cold
acclimation. It has been suggested that vesiculation of the
ER in winter may be directly related to the acquisition of
freezing tolerance (Fujikawa and Takabe, 1996; Sauter et
al., 1996).

Seasonal ultrastructural changes in the ER, as well as
seasonal changes in the amount of total proteins in crude

microsomes, have been reported for cortical parenchyma
cells of black locust (Siminovitch et al., 1968). The present
study using mulberry trees showed that the amount of
proteins in ER-enriched fractions, as well as total proteins
in the crude microsome fractions, increased in parallel with
the process of cold acclimation (Fig. 1). However, ER den-
sity was reduced during cold acclimation. This might be a
result of increased lipid content in the ER. The increase of
phospholipid in the plasma membrane has been reported
for mulberry trees during cold acclimation (Yoshida, 1984).

Our results showed that the profiles of proteins in ER-
enriched fractions changed in parallel with the process of
cold acclimation (Fig. 2). There was a decrease of high-
molecular-mass protein bands and an increase of low-
molecular-mass bands, with prominent increases of the
two proteins, WAP27 and WAP20, in ER-enriched fractions
in winter. Our examination showed that the N-terminal
amino acid sequence of WAP20 exhibited homology to
ER-localized smHSPs, whereas that of WAP27 did not ex-
hibit homology to any known proteins. We are currently
continuing our examinations to analyze the entire amino
acid sequences of WAP20 and WAP27.

Induction of genes or gene products of HSPs by cold
acclimation has been shown in only a few herbaceous plant
species (Neven et al., 1992; Cabané et al., 1993; Anderson et
al., 1994; Krishna et al., 1995; Guy et al., 1998). To our
knowledge, however, the only reported accumulation of
HSPs in woody plants by cold acclimation has been that of
HSP70 by Wisniewski et al. (1996). In that paper, seasonal
changes in the accumulation of HSP70 were reported for
crude extracts from bark tissues of four hardwood species,
indicating apparent winter accumulation of HSP70 only in
peach. Wisniewski and coworkers also examined seasonal
changes in BiP, an ER-luminal heat-shock cognate 70, and
they found the presence of heat-shock cognate 70 in all
seasons without distinct seasonal differences in the eight
hardwood species they tested.

The smHSPs are synthesized in all eukaryotes and even
in some prokaryotes in response to heat-shock stress; they
have molecular masses ranging from 15 to 30 kD, with a
conserved C-terminal region (Vierling, 1991). The smHSPs
have been classified as cytosol-localized (class I and II),
chloroplast-localized, ER-localized, and mitochondria-
localized smHSPs (Vierling, 1991; Lenne and Douce, 1994).

Figure 7. Localization of WAP27 and WAP20 in the ER prepared
from February samples. ER-enriched fractions were treated with 0.1
mg mL21 trypsin in the presence or absence of 0.1% Triton X-100 and
2 M urea, as described in the text. SDS-PAGE analysis of treated
samples was performed using 15 mg (WAP27) and 20 mg (WAP20) of
proteins. Immunoblot analysis of proteins was performed with anti-
WAP27 and anti-WAP20 antibodies.

Figure 6. Seasonal changes in the localization of WAP27 and
WAP20 in the crude microsome fractions and the relation with
marker-enzyme activities in three organelles (ER, tonoplast, and
Golgi). SDS-PAGE of fractionated proteins by isopycnic Suc-density
gradient centrifugation of microsome fractions prepared from 25 g
fresh weight of cortical tissues was performed using 6-mL samples in
each fraction. Immunoblot analysis of proteins was performed with
anti-WAP27 and anti-WAP20 antibodies. Marker-enzyme activities
were measured as described in the text.
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At present, only higher plants are known to have ER-
localized smHSPs (Boston et al., 1996). A common feature
of eukaryotic smHSPs is their tendency to assemble into
complexes of high molecular masses ranging from 200 to
800 kD (Lee et al., 1995). In mulberry tree, WAP20 also
formed complexes of high molecular mass of approxi-
mately 260 to 300 kD (Fig. 5). Furthermore, it has been
reported that in soybean, ER-localized smHSPs are en-
coded by at least two related genes, GmHSP22 and Gm-
HSP22.5 (LaFayette et al., 1996). In heat-stressed pea, two
heat-stressed products with similar molecular masses, 20-
and 21-kD proteins, are accumulated (Helm et al., 1993). In
mulberry trees, antibodies raised against WAP20 reacted
with two proteins with molecular masses of 20 and 21 kD
(Fig. 2). Although we have not yet analyzed the entire
amino acid sequence of WAP20, it is thought that WAP20
belongs to the smHSP family.

Our results showed that WAP20 is located predomi-
nantly in the ER. The higher activity of the ER marker
enzyme corresponded to fractions of higher intensity
of WAP20 (Fig. 6). Endomembrane localization of the
smHSPs PsHSP22.7 and GmHSP22.0 has been found in
heat-stressed pea and heat-stressed soybean, respectively
(Helm et al., 1993). In potato tubers, a cold-induced gene,
C119, has been shown to have homology to genes of
heat-shock-induced smHSPs localized in the ER of pea
(Helm et al., 1993), suggesting that the C119 gene product
may exist in the ER (van Berkel et al., 1994). In Arabidop-
sis, endomembrane localization of smHSPs has been sug-
gested (Helm et al., 1995). Cell-fractionation experiments
have also suggested that specific smHSPs may be located
in cellular compartments, including the endomembrane
system (Cooper and Ho, 1987; LaFayette and Travis, 1990;
Sticher et al., 1990). Our results further suggested the
localization of WAP20 inside of the ER vesicles by indi-
cating that WAP20 in ER-enriched fractions was not di-
gested by trypsin (Fig. 7).

At present, the significance of the abundant accumula-
tion of smHSPs in the ER of cortical parenchyma cells of
mulberry trees in winter as a result of cold acclimation is
unclear. However, it has been found that smHSPs have
protective effects against chilling injury. High-temperature
stress to plants has been found to have protective effects
against chilling injury in a number of fruits and vegetables,
such as avocado (Woolf et al., 1995), cucumber (Lafuente et
al., 1991; Junnings and Salveit, 1994; McCollum et al., 1995),
pepper (Mencarelli et al., 1993), tomato (Lurie and Klein,
1991; Sabehat et al., 1996), and mung bean hypocotyls
(Collins et al., 1995). In cucumber and mung bean, the loss
of protective effects against chilling is correlated with the
disappearance of HSPs from the tissues (Lafuente et al.,
1991; Collins et al., 1995). These results suggest that
smHSPs induced by high-temperature stress may protect
plants against chilling injury by preventing denaturation of
proteins from chilling (Sabehat et al., 1998).

The analysis by immunoprecipitation of spinach HSP70
indicates that low temperature causes an increased associ-
ation of some proteins with the cytosolic or ER-luminal
HSP70 (Guy et al., 1998). It has also been suggested that
cold-responsive HSP genes, hsp70 in spinach (Anderson et

al., 1994) and hsp90 in Brassica napus (Krishna et al., 1995),
might contribute to freezing tolerance by functioning as a
molecular chaperone to stabilize proteins against freezing-
induced denaturation (Thomashow, 1998). Like other
HSPs, smHSPs may play a role in protecting proteins and
cells against freezing-induced damage.

Induction of mRNA of smHSPs is also evident, indepen-
dently of temperature stresses, during embryogenesis from
somatic cells, microspore genesis, and pollen development
in alfalfa and tobacco (Györgyey et al., 1991; Zarsky et al.,
1995). Furthermore, in zygotic embryos, expression of
mRNA of smHSPs occurs during the maturation stage of
the seed, when cell division has ceased and seeds have
adapted to desiccation (Coca et al., 1994). In sunflower,
expression of mRNA of cytosol-localized class I and II
smHSPs seems to parallel seed desiccation (Coca et al.,
1994). Thus, it has been suggested that smHSPs are also
important for desiccation tolerance (Schöffl et al., 1998).
Cold acclimation of plants also results in reduction of
cellular water content (Sakai and Larcher, 1987). In cortical
parenchyma cells of mulberry trees, the osmotic concentra-
tion increases from 0.25 m in summer to 0.85 m in winter, in
close association with the process of cold acclimation (Sa-
kai and Yoshida, 1968).

Accumulation of ER-localized smHSPs (WAP20), which
are thought to act as a molecular chaperone to stabilize
proteins, might have possible roles in the adaptation to low
temperature in winter, in water reduction as a result of cold
acclimation, and in freezing-induced dehydration in corti-
cal parenchyma cells of the mulberry tree. Further studies
are needed to demonstrate the precise roles of the specific
ER proteins that accumulate during winter in relation to
the acquisition of high freezing tolerance in the cortical
parenchyma cells of the mulberry tree.
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