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ABSTRACT 
The range of temperature fluctuation which a plant can withstand depends on its genotype and on the available time to acclimatize to 
novel temperature. The plant responses are entirely mediated by signaling processes by which the plant can sense the changes in the 
environment and signal its genes to respond. A family of nuclear-encoded trans-acting transcription factors, termed the heat shock factors 
(HSFs), governs the expression of heat shock proteins (HSPs), which in turn, protect plant from heat shock effects. The enhanced 
expression of HSPs is regulated by heat shock factors (HSFs). Plant HSFs are structurally complex and they are typically composed of 
multiple exons and introns in the encoding region. In the present investigation, a 7-day old tobacco (Nicotiana tabacum cv. ‘Bright Yellow 
2’) cell culture was used to investigate the membrane-based heat activation of HSFs under heat shock. A time course study of HSF1 and 
HSF2 accumulation using immunoblotting was used to study the synchronization of both HSFs activation in the cells. The effect of 
membrane fluidity and cytoskeleton reorganization in activating and accumulation of HSF1 and HSF in tobacco cells were demonstrated. 
In addition, the role of the Heat Activated MAP Kinase (HAMK) in mediating the activation of HSFs was also examined. Comparative 
analysis of tobacco HSFs and their counterparts in different organisms revealed a high degree of similarities in a corresponding domain, 
indicating similar function. 
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INTRODUCTION 
 
Heat shock response is induced in different organisms as 
diverse as bacteria, fungi, plants and animals by sudden 
increases in temperature, and is characterized by elevated 
synthesis of a set of proteins called heat shock proteins 
(HSPs) (Baler et al. 1993; Pirkkala et al. 2001; Richter and 
Buchner 2001). Plants contain highly complex multigene 
families encoding heat shock factors (HSFs) which bind 
specifically to heat shock promoter elements (HSE), which 
are palindromic sequences rich with repetitive purine and 
pyrimidine motifs (Clos et al. 1990; Wu 1995; Nover et al. 
2001). Promoters of eukaryotic heat shock (hs)-inducible 
genes share common HSF recognition elements with the 
palindromic consensus sequence (AGAAn)(nTTCT) located 
within a few hundred base pairs of the 5� flanking regions of 
heat shock genes (Pelham 1982; Pelham and Bienz 1982; 
Nover 1987; Prandl et al. 1997; Schoffl et al. 1998). Dele-
tion analyses of plant small HSPs (sHSP) promoters initi-
ally pointed out that the cis-elements necessary for the heat 
shock response were also required for developmental regu-
lation (Coca et al. 1996; Prändl and Schöffl 1996). 

In turn, HSPs act as molecular chaperones and play a 
central role not only in protection against stress damage but 
also in folding, intracellular distribution and protein degra-
dation (Baler et al. 1993; Richter and Buchner 2001). HSPs 
comprise several evolutionarily conserved protein families, 
such as HSP100, HSP90, HSP70, HSP60 and sHSPs (Mori-
moto 1998). 

Sequencing of the Arabidopsis genome revealed a 
unique complexity of the HSF family with 21 members, in 

contrast to yeast and Drosophila with one HSF and verteb-
rates with four HSFs (Wu 1995; Nover et al. 2001). Analy-
ses of expressed sequence tag (EST) libraries revealed that 
the size of the HSF family is also comparable in other 
plants, with 17 HSFs thus far identified from tomato ESTs 
(Nover et al. 2001). 

In mammals, HSFs play an important role in both heat 
response and development (Takaki et al. 2007). For ins-
tance, HSF1 was shown to be the predominant heat induci-
ble HSFs (Murapa et al. 2007), while HSF2 responds to 
developmental signals (Baler et al. 1993). 

Phosphrylation of HSFs play a major role in its activa-
tion. For instance, serine phosphorylation of Hsf1 was 
shown to be an important determinant of the trans-activating 
potency, in addition, the latent form of mammalian Hsf1 
under normal conditions was shown to be constitutively 
phosphorylated (Pirkkala et al. 2001). Recently, it was 
shown that activation of Protein Kinase A (PKA) mediates 
the suppression of an intermediary protein kinase, extracel-
lular Regulated protein Kinase (ERK)1/2, which phospho-
rylates and suppresses the activation of the heat shock trans-
cription factor 1 (HSF1) (Melling et al. 2007). 

In that regard, mitogen activated protein kinases 
(MAPKs) are believed to be ubiquitously involved in signal 
transduction during eukaryotic responses to diverse stimuli. 
The involvement of MAPK cascades in signaling various, 
biotic and abiotic, stresses is well established (Zhang and 
Klessig 2001; Zwerger and Hirt 2001). For instance, a cold 
shock-activated MAP kinase (SAMK) has been identified 
and well characterized (Jonak et al. 1996). A heat shock-ac-
tivated MAP kinase (HAMK) has been identified in alfalfa 
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(Sangwan et al. 2002; Sangwan and Dhindsa 2002; Suri and 
Dhidsa 2008) and tomato (Link et al. 2002) cells. Although 
HAMK has yet to be purified and characterized at the mole-
cular level, it is immunologically related to ERK super-
family of protein kinases. Thereby, anti-phosphoERK (anti-
pERK) antibody recognizes the activated form of HAMK 
(Sangwan et al. 2002; Sangwan and Dhindsa 2002). Al-
though the sequence of upstream events leading to the heat-
activation of HAMK has been examined, their downstream 
targets and possible roles in heat-specific gene expression 
are presently unknown. 

In the present investigation, we studied the time course 
of HSF1 and HSF2 which control the expression of HSPs 
and examined their activation by HAMK. We showed that 
membrane fluidity and cytoskeleton remodeling play an im-
portant role in heat signaling and HSF activation. Exploring 
the structural similarity between NtHSF1 and NtHSF2 with 
their counterparts in different organisms showed similar do-
mains in different species indicating similar function. 

 
MATERIAL AND METHODS 
 
Plant cell suspension 
 
One-week-old tobacco BY-2 (Nicotiana tabacum cv. ‘Bright Yel-
low 2’) suspension culture cells were grown in 250 ml Erlenmeyer 
flasks containing 50 ml of MS basal salts media (Murashige and 
Skoog 1962) (Sigma Chemicals Co., Oakville, Canada) sup-
plemented with 2.72 mM KH2PO4, 100 mg.l-1 myo-inositol, 1 
mg.l-1 thiamine, 3 % (w/v) sucrose and 0.9 �M 2,4-dichlorophe-
noxyacetic acid (2,4-D). The pH of the media was adjusted to 5.0 
prior to autoclaving. Cultures were incubated on a rotary shaker at 
130 rpm with a 16-h photoperiod at a light intensity of 40 �mol  
m-1 sec-1 at 25 � 0.5°C and 60% relative humidity. Cells were sub-
cultured every 7 days. 
 
Cell viability 
 
Cells from the control and variously treated samples were tested 
for their viability by using tetrazolium chloride (TTC) (Towill and 
Mazur 1974) and optical density was measured at 400 nm. For 
comparisons among several treatments, three to five replicates of 
each were stained and then the absorbance data was statistically 
analyzed. All data obtained in the experiment was subjected to 
analysis of variance according to Snedecor and Cochran (1967) 
and the comparison of means was done using the LSD test at the 
0.05 level of probability, as mentioned by Cochran and Cox (1957). 
 
Heat treatment 
 
Control and variously pre-treated cells were harvested and subjec-
ted to heat shock by adding them to 5 mL of MS medium pre-
heated and maintained at 37°C in a water bath. After the heat 
shock treatment, the cells were immediately harvested by vacuum 
filtration, frozen in liquid nitrogen and stored at -80°C until use. 
All experiments were repeated at least three times and yielded 
similar results. 
 
Protein extraction and quantification 
 
The frozen tissue (250 mg) was grounded in liquid nitrogen and 
total protein was extracted in 400 �l of the extraction buffer (100 
mM HEPES pH 7.5, 5 mM EDTA, 5 mM EGTA, 10 mM Na3VO4, 
10 mM NaF, 5 mM EDTA, 10 mM DTT, 50 mM �-glycerophos-
phate, 5 �g ml-1 antipain, 5 �g ml-1 aprotinin, 5 �g ml-1 leupeptin, 
10% (v/v) glycerol and 7.5% polyvinylpolypyrrolidone). The ho-
mogenate was centrifuged at 13,200 rpm (~20,000 × g) for 20 min 
at 4°C. Supernatant was quickly frozen in liquid N2 (l) and stored 
at –80°C until analysis. The protein was quantified by using the 
Bradford dye-binding assay (BioRad laboratories, Hercules, USA) 
with BSA as a standard. 
 
Immunoblot analysis for HSFs 
 
Proteins in cell lysates were resolved in a 10% SDS-PAGE gel and 

electro-blotted onto Hybond�-C Extra nitrocellulose membranes 
(Amersham Bioscience, Baie d’Urfe, QC, Canada). Membranes 
were blocked at RT with 3% (w/v) BSA in TBST (10 mM Tris pH 
8.0, 150 mM NaCl, 2.5 mM EDTA pH 8.0 and 0.1% (w/v) Tween-
20) followed by incubation with the primary antibody for 60 min 
at a 1: 1000 dilution. Primary antibodies used were anti-HSF1 
antibody (Cell Signaling Technology, USA) to visualize the ac-
cumulation of HSF1, and anti-HSF2 antibody to monitor the level 
of HSF2 protein accumulation. Membranes were washed in TBST 
and incubated for 50 min with horseradish peroxidase-linked Pro-
tein An antibody (Amersham Biosciences Corp, Baie d’Urfe, QC, 
Canada) diluted in TBST (1: 10,000 dilution). Antigen-antibodies 
complexes were visualized using the Supersignal� chemilumines-
cence kit (Pierce Biotechnology Inc, Rockford, USA). 
 
S35 labeling of proteins 
 
Tobacco cells were harvested by sieving through Miracloth (Cal-
biochem-Novabiochem, San Diego, CA, USA). 200 mg of cells 
were suspended in 1 ml MS medium and 200 uCi S35 methio-
nine/ml was added to it and incubated at 37°C for 3 h. For RT con-
trol, cells were incubated at RT for 3 h. Media was removed by 
spinning shortly four times to wash off unincorporated S35-labeled 
methionine, quickly immersed in N2 (l) and stored at -80°C until 
use. Protein was extracted from these cells (as mentioned in the 
previous section), and separated on 12% SDS PAGE. Proteins 
were fixed on the gels by treating the gel with a fixative (H2O + 
CH3COOH, 93+7) for 30 min and rinsed with Amplify (Amer-
sham) for 30 min. Gel was vacuum dried and autoradiographed. 
 
Chemical treatments 
 
Cells were harvested aseptically by sieving through Miracloth� 
(Calbiochem-Novabiochem) and 250 mg cells were added to each 
treatment solution (1 ml). The roles of MEK-related MAPK kinase 
in the heat activation of HAMKs, and accumulation of HSF were 
investigated. In these experiments, cells were pretreated with the 
appropriate chemical, mentioned below, for 2 h at 25°C prior to 
their exposure to heat-shock at 37°C. 
 
Membrane fluidity, cytoskeleton stability 
 
Membrane fluidity and cytoskeleton stability were experimentally 
modulated as described before (Sangwan et al. 2002). Briefly, ben-
zyl alcohol (BA; 20 mM; Sigma, Oakville, ON, Canada) or di-
methylsulfoxide (DMSO, 450 mM; Fisher Scientific, Nepean, ON, 
Canada) were used to fluidize or rigidify the cellular membranes, 
respectively. Further, jaspakonolide (JK; 25 �M; Molecular Probes, 
Eugene, OR, USA) and taxol (50 �M; Sigma) were used as stabili-
zers of microfilaments and microtubules, respectively. Latrunculin 
B (Lat B; 25 �M; Sigma) and oryzalin (Ory, 100 �M; Sigma) were 
used to de-stabilize microfilaments and microtubules, respectively. 
 
Bioinformatics analysis 
 
The bioinformatics analysis domains similarities were conducted 
using analytic software available at: http://www.ncbi.nlm.nih.gov/, 
http://us.expasy.org/tools/, http://www.bioinformatics.vg/index2. 
shtml, and http://www.ebi.ac.uk/interpro. 
 
RESULTS AND DISCUSSION 
 
7-days-old culture BY-2 cells are the optimum age 
 
The viability and growth rate of tobacco BY-2 cells under 
our growth conditions was examined according to Towill 
and Mazur (1974). Examining the density of cultured cell 
using a spectrophotometer shown that tobacco BY-2 cells’ 
best growth rate was reached after 7 days’ incubation when 
the color of the culture was bright (yellowish-green; (Fig. 
1A). The cell viability test confirmed these results and 
showed that the cultures were mostly viable after 7 days’ 
incubation (Fig. 1B). Thus we concluded that a 7-days-old 
culture was the optimum age and growth rate for conduc-
ting our experiments. 
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De novo protein synthesis in response to heat 
shock 
 
After 3 h of exposure to heat stress in tobacco BY-2 cells, 
HSP70, HSP90, HSP101 and sHSPs were 60% dominant. 

In agreement to this work hsp90, hsp70, high molecular 
weight immunophilins and a Hop-like protein have been 
identified in plant complexes of hsp90 (Owens-Grillo et al. 
1996; Stancato et al. 1996; Reddy et al. 1998; Pratt et al. 
2001; Zhang et al. 2003). 

In addition, many regular proteins which would nor-
mally be found at RT were absent (Fig. 2). The dominance 
of Small HSPs in response to heat shock is in agreement 
with identified heat dominant proteins indentified in A. tha-
liana genome (Waters et al. 1996; Scharf et al. 2001). The 
existence of some small HSPs in both gel patterns, the 
stressed and non-stressed, indicates their important roles in 
cell regulation and its important role under normal condi-
tions in folding, intracellular distribution and protein degra-
dation as suggested by Baler et al. (1993) and Richter and 
Buchner (2001). 
 
Time course study of HSFs 
 
Time course accumulations of HSF1 and HSF2 in BY-2 
cells were examined. HSF1 accumulation was apparent 
after 15 min of heat shock and reached a maximum after 2 h 
(Fig. 3 upper panel). After 4 h of heat shock no more ac-
cumulation of HSF1 was observed. In contrast, some ac-
cumulation of HSF2 was observed at RT. Despite the fact 
that the maximum accumulation of HSF2 was also observed 
at 2 hours of heat shock, after 4 hours the accumulation of 
HSF2 was constant (Fig. 3, lower panel). 

This time course study of NtHSF1 and NtHSF2 showed 
that NtHSF1 is predominantly heat inducible, while NtHSF2 
is expressed in the cell constitutively (Fig. 3). These results 
suggest that NtHSF1 is the predominant heat-inducible HSF, 
while NtHSF2 responds to the developmental signals, so 
that it is constitutively expressed in the cells. This hypothe-
tically agrees with what was found in mammalian erythro-
leukemis cells by Baler et al. (1993) findings suggesting the 
involvement of HSFs in both regulatory processes. 
 

Membrane fluidity and cytoskeleton remodeling 
activate of HSF1 
 
A well known mechanism for temperature signaling is 
based on temperature-triggered rapid and reversible chan-
ges in membrane fluidity (Carratu et al. 1996; Örvar et al. 
2000; Sangwan et al. 2002). Relatively little is known about 
the role of phosphorylation and membrane-based activation 
of HSFs in the plant heat shock response. It has been pre-
viously reasoned that temperature, being a pervasive ther-
modynamic factor, is sensed at many places in the cell 
(Kawczynski and Dhindsa 1996). Therefore it was expected 
that as temperature change spreads over the protoplast and 
it was also expected that membranes may sense it before it 
has any effect on cytosolic proteins. Recently, it was repor-
ted that Heat-induced HSP70 accumulation requires mem-

1 day       2 days     3 days      4 days      5 days     6 days 7 days

A

B

0

0.5

1

1.5

2

2.5

3

Da
y 

1
Da

y 
2

Da
y 

3
Da

y 
4

Da
y 

5
Da

y 
6

Da
y 

7
Da

y 
8

Da
y 

9
Da

y 
10

Da
y 

11
Da

y 
12

Da
y 

13
Da

y 
14

600 OD Grow th rate 

Fig. 1 The growth of tobacco cell cultures on MS media from 1 to 14 
days. (A) The optimum growth was observed after 7 days using the spec-
trophotometer, therefore most of our experiments has been done in this 
age. (B) Using cell viability test (TTC) as an indicator for cell growth 
during 14 days confirmed that 7days old flask was the most viable age for 
conducting the experiments. 

RT                         37oC

HSP101

HSP70

sHSPs

HSP90

Fig. 2 S35 labeling of de novo synthesis proteins in response to heat 
treatment. After heat shock for 3 hours some newly synthesized proteins 
HSPs is accumulating in the cell to increase the cell tolerance, other pro-
teins disappeared from the gel pattern after the heat shock. HSPs 70, 90, 
101 and small HSP27 appear very clearly in the gel pattern. 

HSF1

RT 15 m  30 m  1 h     2 h     3 h    4 hA
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RT     15 m   30 m  1 h    2 h    3 h     4 hB

Fig. 3 Time course study for HSF1 and HSF 2 in tobacco cells. (A) The 
cells were exposed to 37°C and samples were collected at the specific 
time as shown in the Upper panel. (B) The accumulation of HSF1 was in-
creased by the treatment and reached its maximum at 2 h. Although HSF2 
constitutively present at low levels, there was a considerable increase after 
15 min of heat shock reaching the maximum at the same time of 2 h as 
shown in the lower panel. 
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brane fluidization and cytoskeleton reorganization (Suri and 
Dhindsa 2008; Mansour 2008). Accumulation of HSFs at 
37°C was prevented by chemicals that either rigidify the 
membrane (DMSO) or stabilize the cytoskeleton (jaspla-
kinolide and taxol) (Fig. 4); and HSF1 accumulation was 
induced at 25°C by chemicals that either fluidize the mem-
brane (BA) or destabilize the cytoskeleton (latrunculin B 
and oryzalin) (Fig. 4). 

Our results suggest that chemicals that alter rigidity of 
the membrane or stabilization of the cytoskeleton affect 
NtHSF1 accumulation (Fig. 4). Thus, as expected, tempera-
ture-induced changes in membrane fluidity trigger a cas-
cade of signaling events (Sangwan et al. 2002). Therefore, 
we suggested a causal link between heat membrane fluidity 
and cytoskeleton reorganization and accumulation of 
NtHSF1, as a prominent component of the heat shock res-
ponse in diverse phyla of organisms (Rabindran et al. 1991; 
Baler et al. 1993; Murapa et al. 2007; Lee et al. 2008). 
Based on these results, it was concluded that the heat-in-
duced accumulation of HSF1, which is the predominant 
heat-inducible HSF, requires membrane fluidization and re-
organization of the cytoskeleton. 
 
MEK inhibitors inhibit the accumulation of pHSF1 
and pHSF2 
 
MAP kinases are believed to be ubiquitously involved in 
signal transduction during eukaryotic responses to diverse 
stimuli and involvement of MAPK cascades in signaling 

various biotic and abiotic stresses is now well established 
(Zhang and Klessig 2001; Zwerger and Hirt 2001). The ac-
tivation of specific MAPKs is one of many events that 
occur during the perception and transduction of temperature 
signals (Sangwan et al. 2002). A HAMK has been identified 
in alfalfa (Sangwan et al. 2002; Sangwan and Dhindsa 
2002) and tomato (Link et al. 2002) cells. The flavone com-
pound known as PD98059 (2’-amino-3’-methoxyflavone) is 
a potent, selective, cell permeable inhibitor of MEK that 
acts by inhibiting the activation of MAP kinase and sub-
sequent phosphorylation of MAP kinase substrates (Alessi 
et al. 1995; Kultz et al. 1998). Likewise, U0126 (1,4-di-
amino-2,3-dicyano-1,4-bis (2-aminophenylthiol) butadiene) 
is a potent and specific inhibitor of MEK1 and MEK2 and 
the inhibition is non-competitive with respect to MEK sub-
strates, ATP and ERK (de Silva et al. 1998; Favata et al. 
1998). In previous investigation, different concentrations 
(0-125 �M) of these MEK inhibitors were tested for the in-
hibition of HAMK activation or HSP70 accumulation (Man-
sour 2008). In this study, the accumulation of pHSF1 and 
pHSF2 (phosphorylated form of HSF1 and HSF2) was pre-
vented by using both inhibitors of MEK (a MAPKK), sug-
gesting that the HAMK cascade is an essential upstream 
component of the heat shock response leading to HSFs’ 
phosphorylation and accumulation in tobacco cells (Fig. 5). 
This suggestion is in agreement with the observation that 
HAMK can specifically phosphorylate and activates HSF3 
in-vitro in tomato cells (Link et al. 2002). 

 
 
 
 

NtHSF1      

25oC                                     37oC

37oC       25oC     BA       Lat B     Ory DMSO      JK TX     

Fig. 4 Modulation of HSF accumulation by chemicals that alter mem-
brane fluidity or cytoskeleton stability. Cells were treated with the 
membrane rigidifier (DMSO), microfilaments stabilizers (jasplakinolode, 
JK) and microtubules stabilizers stablizers (taxol) for 2 hours at 25°C and 
challenged to heat-shock at 37°C for 3 h. The expression of HSF1 protein 
has not affected. Treatment of cells with plasma membrane fluidizer (ben-
zyl alcohol, BA), microfilaments de-stabilizer (latrunculin B, Lat B) and 
microtubules destablizer (oryzalin) resulted in accumulation of HSF pro-
tein at 25°C. 
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Fig. 5 The treatment of cells with MEK inhibitors strongly inhibited 
the phosphorylation of (A) pHSF1 and (B) pHSF2. 

 

Fig. 6 The predicted phosphorylation sites in tobacco NtHSF1 and NtHSF2 sequence using computer based software NetPhos 2.0. Phosphorylation 
sites predicted, Serine (S), Threonine (T) and Tyrosine (Y). 

292 Sequences 
 

MSQRTVPAPFLTKTYQLVDDATTDDVVSWNESGTTFVVWKTAEFAKDLVPTYFKHNNFSSFVRQLNTYGFRKIVPDKWEF      80
ANENFKRGQKELLTAIRRRKTVTPTPAGGKSVVPGTSASPDNSGEDLGSSSTSSPDSKNPGSVDTPGKSQFADLSDENEK     160
LKKDNQMLSSELAQAKKQCDELVAFLNQYVKVAPDMINRIISQGTSGSSYGELVKEVIGGVNDLEAQGSDDDEKGDTLKL     240
FGVLLKENKKKRGPDENADISGSRGKMMKTMDYNLPWMKMSSAPGESNKVCN                                 320
.....................TT....S....................................................      80
....................T.T...............S...S......SS.SS..S.......T...S.....S.....     160
............................Y............S...S..SY..................S.......T...     240
....................S...............................                                 320

 
Phosphorylation sites predicted: Ser:15 (S), Thr: 6(T), Tyr: 2(Y) 

408 Sequences 
 

MDEATCSTNALPPFLTKTYEMVDDPSSDAIVSWSSSNKSFVVWNPPDFARDLLPRYFKHNNFSSFIRQLNTYGFRKVDPE      80
KWEFANEDNFFRGQPHLLKNIHRRKPVHSHSAQNLHGLSSPLTESERQGYKEDIQKLKHENESLHLDLQRHQQDRQGLEL     160
QMQVFTERVQHVEHRQKTMLSALARMLDKPVTDLSRMPQLQVNDRKRRLPGNSCLYNETDLEDTRAISSRALTWENMNPS     240
SLLTINAELLNQLDSSLTFWENVLQDVDQAWIQQNCSLELDESTSCADSPAISYTQLNVDVGPKASDIDMNSEPNANTNP     320
EVAAPEDQAAVAGTTTNVPTGVNDIFWEQFLTENPGSVDASEVQSERKDIGNKKNESKPVDSGKFWWNMKSVNSLAEQLG     400
HLTPAEKT                                                                             480
.........................S.........S............................................      80
............................S.............T.S...................................     160
.................T.................................................S............     240
....................................S.....S.S...S................S..............     320
..............TT....................S...S...S................S...........S......     400
..T.....                                                                             408

 
Phosphorylation sites predicted: Ser: 15 (S), Thr: 5 (T), Tyr: 0 (Y) 
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In silico prediction of possible phosphorylation 
sites of NtHSF1 and NtHSF2 
 
Phosphrylation of HSFs play a major role in its activation. 
For instance, serine phosphorylation of Hsf1 was shown to 
be an important determinant of the trans-activating potency, 
in addition, the latent form of mammalian Hsf1 under nor-
mal conditions was shown to be constitutively phosphory-
lated (Pirkkala et al. 2001). This encouraged us to check 
possible phophorylation sites of NtHSF1 and NtHSF2 as 
predicted by their structure using computer based phospho-
rylation prediction software, Netphosphos 2.0 (Blom et al. 
1999) (Fig. 6). 

In this study, possible phophorylation sites of NtHSF1 
and NtHSF2 were predicted by their structure using com-
puter-based phosphorylation prediction software, Netphos-
phos 2.0 (Blom et al. 1999) (Fig. 6). The in silico prediction 
revealed multiple potential phosphorylated serine(S) and 
tyrosin (T) sites which could be linked to its activation. 

In this regard, it was reported that a subset of phos-
phorylated sites involved in Hsf1 repression have been 
identified. To date, a single site only, Ser230, has been 
linked with inducible transcriptional activity (Holmberg et 
al. 2001). In this regard, the yeast Hsf is also an inducible 
serine by phosphorylation (Cotto et al. 1966). Moreover, it 
was reported in Drosophila that HSFs undergo phosphory-
lation at some sites and dephosphorylation at others in res-
ponse to heat shock, however, with no net increase in the 
steady state level of HSF phosphorylation (Fritsch and Wu 
1999). 
 
Similarity analysis of NtHSFs conserved domain 
among different species 
 
The evolutionary process has produced DNA sequences that 
encode proteins with very specific functions. The power 
and ease of using sequence information has however, made 
it the method of choice in modern analysis. Luckily, in 
agreement with evolutionary principles, scientific research 
to date has shown that all genes share common elements. 
Common genetic elements include promoters, enhancers, 
polyadenylation signal sequences and protein binding sites. 

By comparing the size of both NtHSF1 (292 aa) and 
NtHSF2 (408 aa) sequences, it was clear that NtHSF2 has 
more sequences (Fig 7A). However, the “DNA binding do-
main” of NtHSF1 is longer than its counterpart in NtHSF2 
(Fig. 7B). This domain is functionally important for HSF to 
bind to DNA and activates Heat shock genes; in addition, it 
is a common domain in most NtHSFs. By blasting the DNA 
binding domain of NtHSFs1 and 2 elements with different 
the available cellular organisms’ genomes in NCBI (Natio-
nal Center of Biotechnology Information) genomic resour-
ces to date, a similar conserved domain was found among 
almost 199 of them (Fig. 7C). These results suggest that 
similar function of HSFs could be found in other organisms. 
The presence of common HSF recognition elements ex-
plains the possibility for the same HSFs to be activated bet-
ween different plants. For instance, it was reported recently 
that the expression of rice heat shock transcription factor 
OsHsfA2e enhances the tolerance of transgenic Arabidopsis 
to environmental stresses in as shown in (Yokotani et al. 
2007). 
 
Taxonomy display 
 
In this investigation, we aimed to provide a view of the 
taxonomic range of the sequences associated with NtHSF 
and the number of sequences associated with each lineage. 
The expected results of this trial were expected to reveal 
evolutionary revaltionship and development of HSFs in 
different taxa. Thus, InterPro© software was used to display 
the taxonomy of NtHSF (Nicola et al. 2007). As shown in 
Fig. 8, the circular display has a taxonomy-tree with the 
root as its centre, which is NtHSF in this case. Selected 
model organisms populate the outermost circles. Moreover, 
nodes of the taxonomy-tree are placed on the inner circles. 
No significance is attached to the position of the node on a 
particular inner-circle. However, the nodes themselves are 
either true taxonomy nodes or artificial nodes created for 
this display. Furthermore, some protein records may have 
more than one taxonomy. For example, where a mouse and 
human sequence have been merged, this will result in 
multiple taxonomy counts for a protein. The DNA-binding 
component of HSF lies to the N-terminus of the first 
nuclear localization signal NLS region, and is referred to as 
the HSF domain. These results suggest that a similar func-
tion of HSFs could be found in other organisms. That ex-
plains the possible swapping HSFs between different plants 
(Yokotani et al. 2007). 
 
Cellular localization of NtHSF1 and NtHSF2 
 
Heat shock activation results in relocalisation to the nucleus 
(Rabindran et al. 1991). Using WolFPSORT©, a computer 
program for the prediction of protein localization sites in 
cells, it was shown that NtHSF1 exists not only in the nuc-
lease but also in the cytoplasm and chloroplast. However, 

A

B
NtHSF1 

NtHSF2 

NtHSF1 

199 cellular 
organisms 

HSF2 

C
NtHSF2 

199 cellular 
organisms 

HSF1 

Fig. 7 Blasting of HSF sequences. (A) Comparing NtHSF1 and NtHSF2 
gene total length. (B) comparison of NtHSF1 and NtHSF2 DNA binding 
domains total length. (C) Blasting of tobacco HSF conserved domain with 
their counterparts in different cellular organisms shows 199 similar do-
main in eukaryotes. 

Fig. 8 Taxonomy display of NtHSF providing a view of the taxonomic 
range of the sequences associated with each NtHSF and the number of 
sequences associated with each lineage. 
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NtHSF2 is excited only in the nuclease. This indicates more 
possible roles of NtHSF1 in the cell (Lee et al. 2008). 
Under normal conditions, HSF is a homo-trimeric cytoplas-
mic protein, but heat shock activation results in relocali-
sation to the nucleus (Rabindran et al. 1991). Using 
WolFPSORT©, it was shown that NtHSF1 exists not only in 
the nuclease but also in the cytoplasm and chloroplast. 
However, interaction between the N- and C-terminal zip-
pers may result in a structure that masks the NLS sequen-
ces: following activation of HSF, these may then be un-
masked, resulting in relocalisation of the protein to the nuc-
leus (Schuetz et al. 1991). 
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