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Introduction

One of the adaptive responses in plants to high temperature stress 
involves accumulation of proteins, called heat shock proteins 
(Hsps). Heat shock proteins perform chaperonic functions and 
protect cellular proteins from heat-induced damage beside assist-
ing in refolding of the damaged proteins.1 Hsps accumulated in 
plants can be broadly categorized into five different families, viz. 
small Hsps (12–40 kDa), Hsp60 (chaperonin), Hsp70, Hsp90 
and Hsp100. In mammals, besides being implicated in refolding of 
newly synthesized and denatured proteins, the members of Hsp90 
family also play an important role in regulating key cellular signal 
molecules like glucocorticoid receptors. Recent studies suggest that 
in plants, Hsp90 buffers the wild type morphology against devel-
opmental or environmental perturbations.2 In vitro studies have 
shown that Hsp90 is a major repressor of heat shock transcription 
factor (HSF1), which is responsible for the induction of Hsp genes 
upon heat shock.3 In vivo evidence for the role of Hsp90 in heat 
shock response and heat acclimation of Arabidopsis has also been 
provided recently.4 Although the biochemical activity of Hsp90 is 
conserved between plants and animals, the molecular mechanisms 
involved in the regulation of Hsp90 are poorly understood in plants.

Recent studies carried out in our laboratory demonstrated that an 
85 kDa heat-modulated protein (Hsp85) from sorghum, identified 
as a member of Hsp90 family, exhibited calmodulin (CaM)-binding 
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property.5 Heat shock signals are transduced through changes in 
cytosolic free Ca2+ levels, which are detected by Ca2+ sensors, with 
CaM being the most extensively characterized.6 The active form 
of CaM (Ca2+-bonded CaM) binds and regulates the activity of 
diverse range of proteins, which are called CaM-binding proteins 
(CaMBPs).7 Although calmodulin was reported to regulate the 
expression of Hsp70 gene in wheat,8 the role of CaM in regulation of 
Hsp90 has not been studied as yet in plants. Since Hsp90 has been 
shown to act as a key regulator of heat shock response3,4 as well as 
normal development in plants,2 it is imperative that the physiological 
significance of CaM-Hsp90 interaction be elucidated. Therefore, in 
the present study we analysed the role of Ca2+-CaM pathway in heat 
shock-induced regulation of Hsp85 in sorghum seedlings by analyz-
ing the effects of Ca2+ channel blockers and calmodulin antagonists. 
Further, the effect of these pharmacological agents was also investi-
gated on the steady state levels of Hsp70 (Hsp75 and Hsp73) in sor-
ghum since earlier studies9 showed that maize Hsp70 binds to CaM 
and its expression at transcript level in wheat is regulated through 
Ca2+/CaM pathway.8 However, the changes in steady state levels of 
Hsp70 protein were not analyzed in the latter study.

Results and Discussion

Of the several Hsps synthesized by the cell in response to heat 
stress, Hsp90 is emerging as a central interface between organism, 
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LaCl
3
 and verapamil prevent Ca2+ influx across the plasma 

membrane in plants17 and block a voltage-dependent Ca2+ selec-
tive channel18 thus disturbing the Ca2+ homeostat of cells. The 
effect of these compounds on the steady state levels of Hsp90 
(Hsp87 and Hsp85) and Hsp70 (Hsp75 and Hsp73) at 37°C 
was determined at different concentrations. Our previous stud-
ies demonstrated that Hsp85 is constitutively expressed, whereas, 
Hsp87, is inducible by heat stress.5 It was observed that as com-
pared to control (without inhibitor treatment), the steady state 
levels of Hsp85 at 37°C were decreased significantly by LaCl

3
 and 

verapamil, with the latter at 1 mM resulting in almost complete 
disappearance (Fig. 1A), thus implicating the role of Ca2+ in the 
regulation of this protein. The role of Ca2+ as a positive regulator 
of Hsp85 was further supported by the fact that the expression 
of Hsp85 at 37°C was enhanced significantly at both concentra-
tions of exogenous Ca2+ (Fig. 2A). On the contrary, the steady 
state levels of Hsp73 at 37°C were neither decreased by LaCl

3
 or 

verapamil (Fig. 1B) nor increased by Ca2+ (Fig. 2B) in a statisti-
cally significant manner.

Calmodulin is one of the most well characterized sensors 
of intracellular Ca2+. To determine whether the Ca2+-mediated 
changes in Hsp85 under normal temperature (37°C) are regu-
lated through CaM, sorghum seedlings were exposed to CaM 
antagonists CPZ and W7. The accumulation of Hsp85 in the 
sorghum seedlings grown at 37°C was significantly lower in 
response to 200 μM CPZ as compared to the water grown 
control, whereas, CPZ at 50 μM did not show any significant 
effect (Fig. 3A). The W7 at 500 μM, another CaM antagonist, 
also reduced the levels of Hsp85 significantly, whereas, W5, an 
inactive analogue of W7, had no apparent effect thus implying 
that the expression of Hsp85 under normal growth conditions 
is likely to be mediated specifically through CaM. The steady 
state levels of Hsp70 protein at 37°C, however, were not affected 
significantly by CPZ or W7 (Fig. 3B) thus signifying that steady 
state levels of Hsp70 proteins in sorghum may not be regulated 
through Ca2+/CaM pathway.

The effect of heat stress on steady state levels of Hsp87, Hsp85, 
Hsp75 and Hsp73 was studied at sublethal (45°C) and lethal 
(50°C) temperatures for 3 h. In response to heat shock at 50°C 
for 3 h, the plants died after 24 h of transfer to 37°C, whereas, 
plants exposed to 45°C for the same duration continued to grow 
but at rates significantly lower than the seedlings maintained at 
37°C (data not shown). Although, compared to 37°C control, 
imposition of stress at both 45°C (Fig. 1A) and 50°C (Fig. 4A) 
resulted in significantly enhanced levels of Hsp85 and Hsp87 but 
enhancement in Hsp87 was several folds higher at 45°C which 
is consistent with our earlier observations.5 Temperature stress 
at 45°C (Fig. 1B) and 50°C (Fig. 4B) also resulted in significant 
increase in the steady state levels of Hsp73. An additional pro-
tein of 75 kDa (shown by arrowhead), which was induced only 
at 45°C, was also detected by anti-Hsp73 antibodies (Fig. 1B). 
The Hsp75 appears to be the inducible isoform of Hsp70 family, 
as reported earlier in Arabidopsis.19 However, the possibility that 
Hsp75 represents a post-translational modification, as observed 
for bean Hsp70,20 can’t be ruled out and hence warrants further 
investigations. As compared to 45°C, lesser induction of Hsp85 

development and environment.2,15,16 Members of Hsp90 family 
have been implicated in controlling heat shock response in plants. 
Recent study has shown that geldanamycin and radicicol, two spe-
cific inhibitors of Hsp90, induce heat shock genes and heat accli-
mation in Arabidopsis.4 These studies provide further evidence 
that as proposed earlier,3 the Hsp90 keeps the heat shock factor 
(HSF) in an inactive state thus repressing the heat shock response 
under non-heat stress conditions. Studies in our lab demonstrated 
that a constitutively expressed Hsp85 in sorghum, which was 
identified as a member of Hsp90 family, binds to CaM.5 Besides 
Hsp85, another protein of 87 kDa (Hsp87), which was inducible 
by heat stress, was also detected by these antibodies in our studies. 
However, the biological significance of interaction of CaM with 
Hsp85 in sorghum is not known. Since CaM is a key sensor of 
changes in intracellular Ca2+ we, therefore, employed Ca2+ chan-
nel blockers, LaCl

3
 and verapamil, and CaM antagonists, W7 

and CPZ for understanding the role of CaM in the regulation 
of Hsp85 under heat stress in the sorghum seedlings. The con-
centrations of the various inhibitors, which were comparable to 
that used in the previous studying reference 8, did not affect the 
viability of seedlings till the end of experiment (data not shown).

Figure 1. Immunoblot analysis of hsp87 and hsp85 (a), and hsp75 and 
hsp73 (B) in sorghum. The 24-h-old seedlings were treated for 24 h with 
Lacl3 and verapamil at 37°c and exposed to heat shock at 45°c for 3 h. 
25 μg of total proteins were resolved on 8% SDS-PaGe, transferred on 
to hybond c membrane and probed with anti-N. crassa hsp80 and anti-
S. bicolor hsp70 polyclonal antibodies. Densitometer scanning shows 
the fold change in intensity of hsp85 (□) and hsp73 (□) compared to 
the pre-treatment stage (48 h), whereas the intensity of hsp87(■) and 
hsp75 (■) is relative to the water grown heat-stressed seedlings (45°c) 
in this and subsequent frames. The data were subjected to one way 
analysis of variance. (a): Significant difference at p ≤ 0.05 with respect to 
37°c water-grown control at 51 h. (B): Significant difference at p ≤ 0.05 
with respect to 45°c water-grown seedlings.
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(200 μM) was used for studies at 50°C as it was more effec-
tive than W7 in inhibiting Hsp87 and Hsp85. The heat shock-
induced increase in Hsp87 and Hsp85 at 45°C was significantly 
decreased by both 50 and 200 μM CPZ, with the two proteins 
being barely detectable at higher concentration (Fig. 3A). The 
increase in Hsp85 at 50°C was also inhibited by CPZ (Fig. 4A). 
The W7, another CaM antagonist, also downregulated the lev-
els of Hsp85 and Hsp87 significantly at 45°C, the inhibition 
being marginally higher at 500 μM as compared to 50 μM 
(Fig. 3A), whereas W5 had no apparent effect. The attenua-
tion of the increase in Hsp87 and Hsp85 at 45°C by CPZ and 
W7, and at 50°C in the presence of CPZ implies that the accu-
mulation of these proteins under heat shock is also being regu-
lated by Ca2+/CaM pathway. On the contrary, the heat-shock 
induced increase in the steady-state levels of Hsp75/Hsp73 at 
45°C (Fig. 3B) and 50°C (Fig. 4B) was not affected signifi-
cantly by CPZ or W7. The lack of apparent effect of Ca2+ chan-
nel blockers and CaM antagonists on sorghum Hsp70 members 
(Hsp75 and Hsp73), observed in this study, is at variance with 
the earlier findings, which reported inhibition of HSP70 expres-
sion at transcript level by these inhibitors in wheat.8 This vari-
ability in response of Hsp70 between sorghum and wheat may 
either be due to genotypic differences and/or due to regulation 
of Hsp70 at post-transcriptional level.27 This study is, therefore, 

and Hsp87 and the absence of Hsp75 at 50°C may be due to 
general decrease in protein synthesis at higher temperature, as 
observed earlier also in sorghum.21

Role of Ca2+/CaM pathway in heat-shock regulation of Hsp90 
and Hsp70 members in sorghum at 45°C was studied using 
various concentrations of the different inhibitors. For studies 
at 50°C, only selected inhibitors at a single concentration were 
used. The heat stress-induced increase in Hsp85 and Hsp87 at 
45°C was lower in the LaCl

3
-treated plants as compared to water-

grown seedlings, with higher concentration (10 mM),22 being 
more effective as compared to 400 μM (Fig. 1A). The heat stress-
induced increase in Hsp85 and Hsp87 at 50°C was also inhibited 
significantly by exogenous LaCl

3
 (Fig. 4A). Verapamil at higher 

concentration (1 mM) resulted in almost complete inhibition 
in the accumulation of Hsp85 and Hsp87 at 45°C, whereas, 
at lower concentrations (50 and 400 μM) both the proteins 
were detected in the heat shocked seedlings, albeit at a signifi-
cantly lower level than the water grown heat-shocked seedlings 
(Fig. 1A). The expression of Hsp73 at both 45°C (Fig. 1B) and 
50°C (Fig. 4B) was not affected significantly by LaCl

3
 and vera-

pamil. These results imply that the presence of LaCl
3
 and vera-

pamil attenuated the heat stress-induced increase only in Hsp85 
and Hsp87. Intracellular levels of Ca2+ are elevated in response to 
heat shock23 which is attributed to depolarization of the plasma 
membrane and the influx of extracellular Ca2+ into the cells.24 
La3+ and verapamil block the Ca2+-channels thus preventing the 
Ca2+ influx. Inhibition of heat shock-induced synthesis of Hsp85 
and 87 by LaCl

3
 and verapamil, but not of Hsp73, therefore, 

implies the role of Ca2+ as a transducing signal in the regulation 
of Hsp90 in sorghum. The role of Ca2+ in regulation of Hsp90 
members was also evident from the fact that application of exog-
enous Ca2+ at 10 mM resulted in a significant enhancement in 
the heat stress-induced increase in Hsp85 and Hsp87 at both 
45°C (Fig. 2A) and 50°C (Fig. 4A). The effect of Ca2+ on Hsp70 
proteins was temperature dependent. Whereas, the steady state 
level of Hsp73 was not affected significantly by exogenous Ca2+ 
at 50°C (Fig. 4B), the levels of both Hsp75 and Hsp73 at 45°C 
were significantly decreased in the presence of Ca2+ (Fig. 2B). It 
is likely that Ca2+ may be mitigating the effect of heat stress in 
sorghum plants through increase in Hsp90s (Hsp87 and Hsp85) 
instead of Hsp70s (Hsp75 and Hsp73). Further, application of 
Ca2+ did not result in detectable induction of Hsp87 at 37°C 
in the absence of heat shock (Fig. 2A) thus further implying 
the inducible nature of this isoform. Four cytosolic isoforms 
of Hsp90, which are immunologically homologous, have been 
reported in Arabidopsis, out of which three are constitutive and 
one inducible.2,25 It is likely that Hsp87 may be a homologue of 
inducible Hsp90 of Arabidopsis,25 which needs confirmation by 
cloning of the sorghum Hsp87 gene. Alternatively, it is also pos-
sible that Hsp87 may be the result of a post-translational modi-
fication, as has been reported for small Hsps in A. thaliana26 and 
Hsp70 in bean.20

To determine as to whether the heat shock-induced regula-
tion of Hsp90 and Hsp70 in sorghum is mediated through CaM, 
the seedlings were treated with CaM antagonists CPZ, W7 and 
inactive analogue, W5, for studies at 45°C. However, only CPZ 

Figure 2. accumulation of hsp87 and hsp85 (a), and hsp75 and hsp73 
(B) in presence of ca2+ at 37°c and 45°c. Immunoblotting and densi-
tometric scanning was carried out as described for Figure 1. The data 
were subjected to one way analysis of variance. (a): Significant dif-
ference with respect to 37°c water-grown control at p ≤ 0.05. (B): Signifi-
cant difference with respect to 45°c water-grown seedlings at p ≤ 0.05.
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levels of Hsp73 showed a consistent but non-significant 
decline in the presence of GDA. Induction under non-
heat stress conditions by geldanamycin, therefore, pro-
vides further evidence that Hsp90 is likely to be one of 
the key regulators of heat shock response in sorghum. 
As proposed earlier for Arabidopsis,4 the geldanamycin-
induced heat shock response in sorghum (this study) may 
be due to the dissociation of Hsp90 from the heat shock 
factor (HSF), which is maintained in an inactive state by 
Hsp90 under optimal temperature conditions.3 Though 
information on molecular mechanisms that inhibit the 
binding of Hsp90 to HSF in vivo is scanty, a hypotheti-
cal model proposed by Yamada et al.37 suggested that 
unfolded proteins, produced under heat shock, may be 
interacting with Hsp90, thereby, releasing the HSF, 
which is responsible for activation of heat shock respon-
sible genes. Based on the present study it is proposed 
that besides unfolded proteins, the CaM, whose steady 
state levels are enhanced within 5–10 min under heat 
stress in plants23,38 including sorghum (our unpublished 
data), may also be responsible for binding to Hsp90 
thus resulting in the release of HSF and consequently 
the expression of heat shock proteins. We hereby propose 
a modification to Yamada’s model37 incorporating CaM 
also as one of the regulatory aspects (Fig. 6). Support for 
the CaM being a natural inhibitor of Hsp90 also comes 
from the earlier studies which reported the induction of 
Hsp genes in the transgenic Arabidopsis plants that over-
expressed CaM gene.38 These authors, however, attrib-
uted the induction of Hsp genes to the modulation of 
DNA-binding activity of HSF by CaM, which is incon-
sistent with the fact that inhibition of Hsp90 by specific 

inhibitor results in induction of heat shock response in both 
sorghum (this study) and Arabidopsis.4 Further investigations to 
elucidate the in vivo physical interaction of Hsp85 with CaM, 
and also the effect of Ca2+ and CaM on biochemical interaction 
of Hsp85 with HSF are underway for validation of the proposed 
model.

Materials and Methods

The seeds of sorghum (Sorghum bicolor L. Moench) cultivar 
GK908 were surface sterilized with 0.1% (m/v) mercuric chlo-
ride and 70% ethanol followed by washing with autoclaved 
double distilled water (ADDW). All chemicals used, except 
N-(6-Aminohexyl)-1-naphthalenesulfonamide HCl (W5), were 
of molecular biology grade and purchased from Sigma-Aldrich, 
USA. W5 was procured from (Enzo Life Sciences, Plymouth 
Meeting, USA). Seeds were imbibed overnight (12 h) in ADDW 
at 37°C and sown on autoclaved non-absorbent wet cotton for 
germination in the dark at 37°C for 24 h. To study the effect 
of CaCl

2
, Ca2+ channel blockers [Lanthanum (III) Chloride 

(LaCl
3
) and verapamil] and CaM antagonists [chlorpromazine 

(CPZ), N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide 
(W7) and W5 (inactive analogue of W7)], the 24 h-old-seed-
lings were transferred on to sterile, cotton bedded disposable 

Figure 3. effect of calmodulin antagonists, cPZ and W7, on accumulation of 
hsp87 and hsp85 (a), and hsp75 and hsp73 (B) in the 24 h-old seedlings at 
37°c and in response to heat shock at 45°c for 3 h. W5 was used as an inactive 
analogue of W7. Immunoblotting and densitometric scanning was carried out as 
described for Figure 1. The data were subjected to one way analysis of variance. 
(a): significant difference at p ≤ 0.05 with respect to 37°c water-grown control 
at 51 h. (B): significant difference at p ≤ 0.05 with respect to 45°c water-grown 
seedlings.

the first to provide evidence that instead of Hsp70, as reported 
in wheat,8 it is the expression of Hsp90 (Hsp87 and Hsp85) in 
sorghum, which appears to be modulated by Ca2+/CaM. We, 
however, acknowledge that the CaM antagonists, W7 and CPZ, 
are reported to bind to plant Ca2+-dependent protein kinases28,29 
and also affect the plants in a non-specific manner30 but the 
binding of Hsp90 with CaM in Ca2+-dependent manner5 sup-
ports its regulation by CaM. It is also pertinent to mention that 
despite the possible non-specific effects of these antagonists, 
several studies carried out recently have used this system and 
demonstrated CaM-specific inhibition.8,31-36 Furthermore, the 
differential changes in steady state levels of Hsp70 and Hsp90 
in response to Ca2+ channel blockers and CaM, as observed in 
the present study, also imply that the effect of these compounds 
on the two classes of proteins was specific and was not the result 
of a general effect on all proteins.

In order to gain insight into the role of Hsp90 in regulation of 
heat shock response in sorghum, the seedlings were treated with 
geldanamycin (GDA), a specific inhibitor of Hsp90. Incubation 
with GDA for a period of 6 h and 9 h, which was decided after 
time course studies (data not shown), resulted in significantly 
enhanced levels of Hsp87 and Hsp85 even in the absence of 
heat shock also (Fig. 5A), which is in confirmation with the ear-
lier observations in Arabidopsis.4 On the contrary, steady state 
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treated with water in an identical manner, except for W5 and 
W7 controls, which were irrigated with water containing equal 
volume of respective solvents. Effect of heat shock was studied 
after 24 h of inhibitor treatment by incubating the seedlings at 
45°C and 50°C for 3 h in an incubator. For studying the effect 
of geldanamycin (GDA) (stock of 10 mg/ml in DMSO) on 
Hsps, the seedlings were treated with the inhibitor (5 μM) for 
different time periods. All experiments were conducted as two 
or three biological replicates, each of which contained 50–60 
seedlings for every treatment. After imposition of treatments, 
the seedlings were harvested and stored in liquid nitrogen till 
further analysis.

Purification and identification of Hsp73. The Hsp73 was 
identified as a CaM-binding protein by 2-D electrophoresis fol-
lowed by CaM-gel overlay assay as described earlier in reference 
5. The CaMBPs, purified after CaM-affinity chromatography, 
were resolved on preparative SDS-PAGE gel. Before staining, 
a lane was sliced from the gel and transferred to Hybond C 

90 mm petriplates, which were irrigated with 30 ml of these 
solutions, and incubated at 37°C for further 24 h. Exposure of 
seedlings to inhibitors for 24 h ensured that the intracellular 
concentration of these compounds was not a limiting factor. 
Final working concentrations used for different inhibitors were; 
LaCl

3
-400 μM and 10 mM; verapamil-50 μM, 400 μM and 

1 mM; CPZ-50 μM and 200 μM; W7-50 μM and 500 μM; 
W5-500 μM; CaCl

2
-1 mM and 10 mM. Except for W5 (100 

mM in DMSO) and W7 (100 mM in methanol), all stock solu-
tions (100 mM) were prepared in water. The control plants were 

Figure 4. effect of heat shock at lethal temperature (50°c) on expres-
sion of hsp87 and hsp85 (a), and hsp75 and hsp73 (B) in 24 h-old 
sorghum seedlings treated for 24 h with cacl2, cPZ and Lacl3. Immu-
noblotting and densitometric scanning was carried out as described 
for Figure 1. The data were subjected to one way analysis of variance. 
(a): significant difference at p ≤ 0.05 with respect to 37°c water-grown 
control at 51 h. (B): significant difference at p ≤ 0.05 with respect to 50°c 
water-grown seedlings.

Figure 5. effect of geldanamycin (5 μM) on expression of hsp87 and 
hsp85 (a), and hsp75 and hsp73 (B) at 37°c at different time intervals. 
24 hr-old sorghum seedlings were treated with geldanamycin under 
dark conditions for 3, 6 and 9 h at 37°c. The respective controls were ir-
rigated with water containing equal volume of DMSO. Immunoblotting 
was carried out as described for Figure 1. The data were subjected to 
one way analysis of variance. (a): significant difference at p ≤ 0.05 with 
respect to the respective DMSO controls.
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to rabbits after 20 and 35 days of primary immunization. For 
booster, 100 μg of protein was mixed with Freunds incomplete 
adjuvant in 1:1 ratio and injected intramuscularly on both the 
hind legs. Rabbits were bled from marginal ear vein and blood 
was collected in sterile vial. The whole serum was separated from 
blood by incubating the vials at 37°C for overnight followed by 
centrifugation at 14,000 rpm. The serum was transferred to a 
fresh sterile vial and stored at -20°C for titre determination and 
immunobloting.

Immunoblotting. Fifty seedlings for each treatment, in 2 or 
3 biological replicates, were homogenized in liquid nitrogen and 
0.2 g of the powder was transferred to autoclaved pre-chilled 
2.0 ml micro centrifuge tubes and extracted with 1.0 ml of ice 
cold extraction buffer [50 mM Tris-HCl (pH 7.5), 0.1% Triton 
X-100, 2 mM DTT, 30 μl protease inhibitor cocktail (Sigma 
Aldrich, USA)]. Insoluble material was removed by centrifu-
gation at 14,000 rpm for 30 min at 4°C. Total proteins were 
estimated according to Bradford’s method12 using different 
concentrations of bovine serum albumin (Sigma Aldrich, USA) 
as standard. Immunoblotting studies were carried out after 
resolving total proteins (25 μg) on 8% SDS-PAGE13 followed 
by transfer on to Hybond C membrane, which was probed with 
anti-Neurospora crassa-Hsp 80 antibodies, as described earlier in 
reference 5 and 14. The anti-S. bicolor Hsp73 antibody was used 
at a titre of 1:2,500. Equal loading of total proteins was con-
firmed by staining parallel gels with Coomassie brilliant blue 
R-250. For densitometer scanning of the blots, the intensity of 
Hsp85 and Hsp73 was normalized with respect to the pre-treat-
ment stage (48 h), whereas the intensity of Hsp87 and Hsp75, 
which were induced only under heat stress, was compared rela-
tive to the water grown seedlings heat-stressed at 45°C. Proteins 
from both 37°C and 45°C seedlings were resolved on the same 
gel and developed together on the same blot. Therefore, the 
band intensity is comparable between 37°C and 45°C treat-
ments within each panel of Figures 1–3. Further, the standard 
curves for quantification, by using densitometric scanning of 
the blots carrying different amounts of crude protein, were gen-
erated (Sup. Fig. 1) to ensure that the crude protein loaded was 
within the linear range.

The data obtained were subjected to one way analysis of vari-
ance using the software SPSS version 11 (SPSS for Windows, 
Rel. 11.0.1. 2001. Chicago: SPSS Inc.).
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membrane for CaM-gel overlay assay. Rest of the gel was sub-
jected to Zn2+-reverse staining according to Ortiz et al.10 Briefly, 
the gel was incubated in 0.2 M imidazole and 0.1% SDS for 15 
min at room temperature. After brief washing with ADDW, the 
gel was soaked in 0.2 M ZnSO

4
 till the development of trans-

parent bands against a white background. The 73 kDa band, 
which corresponded to the CaM-binding protein on Hybond C 
membrane, was excised and the protein was eluted and electro-
dialyzed against 50 mM Tris-Cl pH 7.5 for 1 h using Electro-
Eluter (Model 422, Bio-Rad laboratories, USA), as per the 
manufacturer’s instructions. The identity of the extracted pro-
tein (Hsp73), as a member of Hsp70 family, was established by 
MALDI-TOF/TOF analysis before immunization. The eluted 
protein was digested with Trypsin and the digested peptides 
were used for obtaining mass spectrum using MALDI-TOF/
TOF (Autoflex II TOF/TOF, Bruker Daltonics, Germany). 
The obtained spectrum was further used for MASCOT search 
to get the homology of the peptide fragments with known pro-
teins in the database. This analysis clearly indicated the protein 
to be a member of Hsp70 family.

Raising of polyclonal antibodies. The polyclonal antibod-
ies against sorghum Hsp73 were raised in female New Zealand 
White rabbits (2.0 kg) according to Harlow and Lane.11 100 μg 
of purified Hsp73 protein was mixed with Freunds complete 
adjuvant in 1:1 and mixed thoroughly using Luer Lock syringe 
and injected subcutaneously on dorsal thorax and lumbar area 
of female rabbits. First and second antigen boosters were given 

Figure 6. Modification of the hypothetical model (a), proposed by 
Yamada et al. (2008),37 to understand the molecular mechanisms 
underlying the regulation of hsp90 family members (hsp85 here) in 
the absence and presence of heat shock. It is proposed that besides 
denatured proteins, calmodulin (caM) may also be regulating the heat 
shock response (B). heat shock-induced transient increase in intracel-
lular ca2+ activates apocalmodulin (apocaM; inactive form) to its ca2+-
bound active form. The ca2+-caM binds to hsp90 and dissociates the 
monomeric heat shock factor (hSF), which trimerizes and interacts with 
heat shock elements (hSe) thus resulting in upregulation of the heat 
shock-inducible genes.
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