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Abstract 

Heat shock response (HSR) is a systematic and well ordered process that regulates the generation of heat 
shock protein when the living cells are exposed to heat or acute stress conditions. To sustain through the 
deleterious environmental impact on the cells, the cells have evolved a network of responses that enable 
them to detect and control these adverse effects. In eukaryotes the major role of cellular stress regulations 
is controlled by heat shock transcription factors (HSF). When exposed to elevated temperature and other 
chemical and biological stress conditions, the heat shock factor act as transcriptional regulators of the 
Heat Shock Protein (hsp) genes and mediates the heat shock response by specifically binding to the heat 
shock elements (HSE) present upstream the hsp genes. Four HSFs have been identified in mammals 
among which HSF1 is believed to play a major role in transcriptional regulators while HSF2 is believed 
to play an important role in cell development and differentiation process. The detailed mechanism of 
stress regulation by the heat shock factors is not completely understood as the three dimensional structure 
of the HSF protein is not yet known. 

The current work is focused on the structural aspects of eukaryotic HSF, with the main aim to elucidate 
the three dimensional structures of HSF1 and HSF2. In order to achieve this goal, new constructs were 
prepared for production of the artificially modified recombinant proteins from humans (hHSF1 and 
hHSF2). The proteins were expressed and purified for the purpose of getting sufficient amount of proteins 
to use in crystallization trials. The artificial proteins were made by deletion of a long disordered loop 
containing a large number of hydrophobic residues. The aim was to bring close the structured region of 
the protein thereby preventing the exposure of the hydrophobic residues. The residues towards the C-
terminal of the protein were also deleted. 

Two sets of plasmids were built with different purposes. One was to produce a maltose binding protein 
(MBP) fusion protein with short linker in between in order to crystallize the protein without the removal 
of the MBP tag. Certain proteins having MBP tag attached showed higher solubility and the added protein 
was believed to aid crystallization trials. The second scheme was to insert a tobacco etch virus (TEV) 
protease cleavage site and a His-tag site in between MBP and the modified HSF in order to crystallize the 
protein after removal of the MBP tag.  

The artificially modified proteins were expressed in two different expression plasmids. Large scale 
purification and optimization for the constructs did not show satisfactory results. It seemed that the 
strategy failed to improve the production of soluble proteins. The protein with a TEV protease cleavage 
site and a His tag between the MBP and the modified HSF showed very low amount of soluble proteins, 
insufficient for crystallization trials. The MBP fusion protein formed soluble aggregates, which were 
further concentrated and used to set up initial crystallization experiments. 

An interesting finding was both HSF1 and HSF2 modified proteins formed trimers which were detected 
giving an insight that HR-C may be responsible to facilitate the trimer formation. The findings could 
provide an opportunity to further the study of HSF trimerization by an in-vitro method. 

In parallel, preliminary crystallization screening was done. Microcrystals observed were optimized by 
varying the experimental conditions and by seeding. 
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1. Introduction 

1.1 Heat Shock Response 
 

Living cells, during their life time are challenged by different kinds of stress. In order to survive 
the stress and the changing environmental conditions eukaryotic cells have developed a wide 
range of responses to control. One such response, known as the heat shock response (HSR) is a 
complex physiological defense mechanism which helps the cell to survive under unfavorable 
conditions. The heat shock response involves the expression of hsp genes which encode the heat 
shock proteins (HSP).These HSPs are essential in protecting the cell from any injury or 
molecular damage that may even result in cell death. HSP synthesis can be induced not only by 
hypothermia and elevated temperature but can also be triggered by various other factors such as 
exposure to heavy metals, glucose deprivation and virus infection. In mammalian cells some 
HSPs act as molecular chaperones and thus enable correct folding and assembly of proteins 
[Santoro, 2000, Pirkkala et al., 2001 and Voellmy, 2004]. 

1.2 Heat Shock Factors 
 

Heat shock factors are transcription factors that regulate the expression of the heat shock proteins. 
Heat shock response is triggered by binding of the heat shock factors (HSF) to the heat shock 
promoter element (HSE) which consists of repetitive purine and pyrimidine motifs [Lis and Wu 
1993; Morimoto 1993; Voellmy 1994, 1996; Wu 1995]. While yeast and Drosophila have a single 
HSF, it has been found that plants and higher animals have multiple HSFs. Among the various 
HSF genes it has been found that there is an overall sequence identity of 40% with high degree of 
structural conservation (Figure1.1.1). 

 

Figure1.1: General structure and regulatory features of Heat Shock factors (Reprinted with 
permission from genes and development, 1998) 
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1.3 Regulation of Heat Shock Response 
 

It has been observed that molecular chaperones such as the Hsp70 play a role in the auto 
regulation of the heat shock response. HSF1 is expressed in both the unstressed and stressed cells 
in eukaryotes. In unstressed cells HSF1 exists as a monomer bound to chaperones such as the 
Hsp70 and in this state it lacks transcriptional activity. Due to the intramolecular interactions and 
serine phosphorylation the DNA binding and the transcriptional transactivation domains are 
suppressed such that the transcription does not take place [Schöffl et al. 1998; Santoro, 2000, 
Pirkkala et al., 2001 and Voellmy, 2004]. 
 
Activation of HSF1 
It is widely believed that stress signal leads to denaturation of native proteins and the presence of 
these non-native proteins requires chaperones to prevent the aggregation of misfolded proteins. 
Chaperones bound to HSF1 are then released, and the DNA binding activity of HSF1 is activated 
from a repressed state. The effect of this activation results in trimerization of this protein, which 
is subsequently translocated to the nucleus where they become phosphorylated at specific serine 
residues. Once they are phosphorylated they bind to the Heat Shock Elements (HSE) resulting in 
stress induced transcription (Figure 1.2). 
 

 
 

Figure 1.2: Schematic drawing of regulation of Heat Shock Response (Reprinted with 
permission from genes and development, 1998) 
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1.4 Structural features of Eukaryotic Heat Shock Transcription factors 
 

Eukaryotic heat shock transcription factors are medium sized with an approximate molecular 
weight of 60kDa and they are classified as homotrimeric, sequence-specific DNA binding 
proteins. It contains several domains (Figure 1.3). 

 

Figure 1.3: Functional domains of HSF1 and HSF2 (Adapted from The FASEB Journal, Lea 
Sistonen et al., 2001 with permission). The pale green colour represents the DBD, the pale blue 
and blue colour corresponds to the Heptad hydrophobic B and C regions respectively while the 
orange colour represents the activation domain. 

The DNA-binding domain: The DNA-binding domain (DBD) is the most conserved part of the 
HSFs and is present near the amino (N) terminal end. It comprises a winged helix-turn-helix 
motif (wHTH) which is essential to interact with the heat shock element (HSE) [Harrison et al., 
1994; Vuister et al., 1994; Littlefield and Nelson, 1999; Cicero et al., 2001; Ahn et al., 2001]. 
Yeast and Drosophila HSF have similar DNA-binding domains. The DBD is in the form of a 
globular structure with three α-helices on one side and a four-stranded antiparallel β-sheet on the 
other. One distinguishing feature of HSFs is the presence of the winged loop between α-helices 2 
and 3. The α-helix 3 is the DNA recognition helix which inserts into the major groove upon 
DNA binding. The wing may help to mediate the protein-protein interactions (Figure 1.4). 
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Figure 1.4: Structure of the HSF DNA binding domain (Harrison et al., 1994; Vouister et al., 
1994) 

Heptad hydrophobic repeats: One characteristic feature of all the HSFs is the presence of a 
hydrophobic heptad repeat region (HR-A/B) following the DBD. These long heptad repeat 
region comprises a number of hydrophobic amino acids which are necessary for the trimerization 
of HSF. The heptad hydrophobic repeats are also composed of two regions namely region A and 
region B. While region A is made of single hydrophobic amino acid repeats, region B is made of 
two overlapping seven hydrophobic repeats which are essential and play an important role in the 
trimerization of HSFs [Pirkkala et al., 2001]. Certain studies by circular dichroism spectroscopy 
has proven that the trimerization domain forms a three stranded α-helical coiled coil which gives 
rise to an unusual 3-fold symmetry [Peteranderl and Nelson, 1992]. Oligomerization is 
considered to be important in the functioning of many DNA-binding proteins since it allows two 
or more subunits to bind cooperatively by increasing the affinity of the DNA-binding protein. 
Apart from this it also provides the requisite spatial organization to promote highly specific 
binding. 

Regulatory domain: This domain forms the central part of HSF protein and usually lies between 
the trimerization domains HR-A/B and the transcriptional activation domains. The regulatory 
domain is located from amino acid 221 to 310 and is conserved in the HSFs of human and 
chicken [Knauf et al., 1996]. It has been proven that the regulatory domain is capable of 
repressing the transactivation potential of the activation domains at a certain control temperature 
and thereby making them heat shock inducible [Newton et al., 1996].  
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Activation domain: The C-terminal region of a HSF functions as the activation domain with the 
exception of the HSF in S.cervisiae where it is located in the amino terminal end [Santoro, 2000, 
Pirkkala et al., 2001 and Voellmy, 2004]. The activation domain present at the C-terminus 
comprises multiple positive and negative regulatory modules which activate HSFs during stress 
conditions. One important activity of HSFs is the phosphorylation of two specific serine residues 
at normal temperature in the regulatory domain which modulates the activation domain. This 
constitutive phosphorylation is considered to be vital for the negative regulation of 
transcriptional activity to take place at normal temperatures. The phosphorylation is so specific 
that it is found to take place on serine residues 303 and 307 only. This site-specific 
phosphorylation was demonstrated by transient infection and assay of a chloramphenicol 
acetyltransferase reporter construct. This was subsequently proved when similar results were 
obtained with mutation of these serine residues in full length HSF1 [Kline and Morimoto., 1997]. 
Under non-stress conditions the activation domains have a low level of transcriptional activity, 
but under stress conditions it has been shown that they have high level of transcriptional activity 
[Bulman and Nelson, 2005, Pattaramanon et al., 2007]. 

1.5 Future research in Heat Shock Transcription Factors 
 

Recent research has focused on HSF as a therapeutic target for small molecule intervention in 
neurodegenerative disease and cancer. Since HSFs are known as the master regulators of HSP 
expression in cells, any change in its activity will affect the HSP expression. In this context HSFs 
can act as potential therapeutic targets and further research can be carried out in identifying new 
subclasses which can intervene in protein misfolding which is the case in many 
neurodegenerative diseases. 

1.6 Aim and objective of this research 
 

The main aim of our experiment was to produce artificial proteins from human HSF1 and HSF2 
and purify them to attain sufficient amount of soluble proteins to use in crystallization trials. In 
order to achieve this, deletion of the disordered region in between the heptad repeat region HR-
A/B and heptad repeat region H-C followed by the deletion of the C-terminal following the HR-
C region was done. The MBP fusion constructs (constructs having Maltose Binding Protein 
linked by a small linker consisting of three alanine residues) and the ones having the TEV 
protease cleavage site and the His tag in between the MBP and HSF ORFs were both prepared. 
The proteins were expressed and purified to get good amount of soluble proteins capable of 
growing good crystals of diffraction quality and enable the 3D structure determination. 
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2. Materials 
Table 2.1: Laboratory equipment 
______________________________________________________________________________ 
Company    Device / Instrument    Analytical Use 
______________________________________________________________________________ 
 
Pretech Instruments             Gilson Pipetman (2 to 1000μl)  to measure in μl  
    
Gilson     Pipette tips 10 μl, 200μ l and              to measure in μl 

1000 μl 
 

Sarstedt Ag & Co, 
Corning Incorporation  Plastic disposable pipettes 5  to measure in ml 

ml, 10 ml, 25 ml 
 

Filtropur V25 & V50    Vacuum filtration units 
 
Eppendorf    Micropipette (2.5 to 1000μl)  to measure in μl 

 
5415C table top centrifuge  Microcentrifugation 

 
PerkinElmer   GeneAmp PCR System 

9600 (Version 2.01)   Polymerase Chain 
Reaction 

 
Thermo Fisher Scientific Owl Separation Systems   Agarose Gel 
Inc         Electrophoresis 
 
Mettler    Mettler PM2500 Deltarange  Precision balance 
 
Sartorius   Sartorius    Analytical balance 
 
Spectroline Corporation  Standard series    UV Transilluminator 
 
Bio-Rad Laboratories   Gel Doc 2000     Agarose gel 

documentation system 
 

Mini-PROTEAN Tetra  SDS-PAGE  
Electrophoresis System 

 
Memmert GmbH  Incubator    Incubation 
ISIS     Minitron, Unitron Plus  Incubator shaker 
 
GE Healthcare Life  Phast Electrophoresis System  SDS-PAGE 
Sciences 

Ultrospec 300    UV/Visible 
                                                                                                            Spectrophotometer 
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_____________________________________________________________________________ 
Company    Device / Instrument    Analytical Use 
______________________________________________________________________________ 
 
GE Healthcare Life 
Sciences                                  ÄKTA Explorer   Protein purification 

 
XK 16/20 empty column  Protein purification 
 
HiTrap™ Heparin HP   Protein purification 
Column 5 ml 
 
HiLoad™ 16/60 Superdex  Protein purification 
200 column 
 
Mono Q™ HR 5/5 Column 1  Protein purification 
ml 
 
Mono S™ HR 5/5 Column 1  Protein purification 
ml 
 
HiTrap™ Phenyl FF HIC  Protein purification 
Column 5 ml 
 
Hybond-C membrane   Western blotting 

 
Thermo scientific   SnakeSkin™ Pleated   Dialysis of the protein 

Dialysis Tubing   samples 
 
Beckman    Coulter Beckman J2-M  High capacity centrifuge 
 

Beckman L8-70M   Ultracentrifuge 
   

Amicon    Centriprep YM50   Concentrate the protein 
Samples 

 
SCIE-PLAS    V20-SDB    Semi dry blotter for 

Western blot analysis 
 
FujiFilm    Fuji Super Rx medical X-ray  Western blot analysis 

film 
 
Kodak    Kodak X-Omat 1000   Western blot analysis 
             Processor 
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Table 2.2: Biochemical ingredients 
_____________________________________________________________________________ 
Supplier    Material 
_____________________________________________________________________________ 
 
American Bioorganics  Tris 
 
Sigma     EDTA, SDS, TEMED 
 
Fluka     Boric acid, Maltose 
 
Lonza    Agarose, SeaPlaque® 
 
Fischer Scientific  Glycerol, Acetic acid, Methanol 
 
VWR International   Bromophenol blue, Ethidium bromide 
 
Bio-Rad    Xylene cyanol, 30% Acrylamide/Bis 29:1, 10% Tween 

20 solution, Non-fat dry milk (blocker grade) 
 
Difco Laboratories   Bacto-tryptone, Bacto-yeast extract 
 
Calbiochem    IPTG 
 
Merck     PMSF, HCl, APS, NaPi 
 
Roche     DTT 
 
BDH Laboratory   Coomassie Brilliant blue R 250 
 
Kemetyl AB    Ethanol 
 
New England Biolabs  Amylose resin, Anti-MBP monoclonal antibody (HRP 

conjugated) 
 
Qiagen    QIAquick PCR Purification Kit, QIAPrep Miniprep Kit 
 
Invitrogen    PureLink™ Quick Gel Extraction Kit 
 
Pierce     SuperSignal® West Pico Chemiluminescent Substrate Kit 
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Table 2.3: Reagents and buffers 
_____________________________________________________________________________ 
Name   Content     Quantity 
_____________________________________________________________________________ 
 

TE Buffer   1.0 M Tris-HCl pH 7.4  10 ml 
0.5 M EDTA    2 ml 
ddH2O     1 L (final volume) 

 
 
10X TBE Buffer   Tris base    108 g 

Boric acid    55g 
0.5 M EDTA    40 ml  
ddH2O     1 L (final volume) 

 
1% Agarose gel   Agarose    4 g 

1X TBE Buffer   400 ml 
 
6X DNA Gel loading   Glycerol    1.2 ml 
Buffer    0.5 M EDTA    1.2 ml 

SDS (10% Stock)   600 μl 
Bromophenol blue (0.5% Stock) 60 μl 
Xylene cyanol (0.5% Stock)  60 μl 
ddH2O     10 ml (final volume) 

 
Ethidium bromide  Ethidium bromide   1 g 
(10mg/ml stock  ddH2O     100 ml 
solution) 

 
LB Medium    Bacto-tryptone   10 g 

Bacto-yeast extract   5 g 
NaCl     10 g 
ddH2O      1 L (final volume) 

 
IPTG (0.1M stock  IPTG     0.238 g 
solution)   ddH2O     10 ml (final volume) 
 
PMSF (100mM stock   PMSF     871 g 
solution)   Isopropanol    50 ml 
 
2X SDS sample buffer  0.5 M Tris-HCl, pH 6.8  2.5 ml 

SDS (10% Stock)   4.0 ml 
DTT     231 mg 
Glycerol    2.0 ml 
Bromophenol blue (0.5% Stock)  0.2 ml 
ddH2O     10 ml (final volume) 
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____________________________________________________________________________ 
Name     Content     Quantity 
____________________________________________________________________________ 
 

4X Stacking gel buffer Tris base    12.1 g 
(0.5M Tris-HCl pH  ddH2O     150 ml 
6.8)    HCl (concentrated)   ≈ adjust pH 6.8 
    ddH2O     200 ml (final volume) 
 
4X Resolving gel  Tris base    36.3 g 
buffer (1.5M Tris-HCl ddH2O     150 ml 
pH 8.8)   HCl (concentrated)   ≈ adjust pH 8.8 
    ddH2O     200 ml (final volume) 
 
APS (10% stock  APS     1 g 
solution)   ddH2O     10 ml (final volume) 
 
Resolving gel (7.5%)  Acrylamide/Bis (29:1) (30%    1.25 ml 

stock solution)     
1.5 M Tris-HCl pH 8.8   1.25 ml 
SDS (10% Stock)   50 μl 
TEMED    3.75 μl  
APS (10% stock solution)  25 μl 

    ddH2O     2.43 μl 
 
Stacking gel (4.0%)  Acrylamide/Bis (29:1) (30%  330 μl 

stock solution) 
0.5 M Tris-HCl pH 6.8   650 μl 
SDS (10% Stock)   25 μl 
TEMED    2.5 μl 
APS (10% stock solution)  12.5 μl 
ddH2O     1.5 ml 
 

5X SDS-PAGE  Tris base    75 g 
Running buffer  Glycine    360 g 
    SDS        25 g 
               ddH2O     5 L (final volume) 
 
Staining solution  Coomassie Brilliant blue R 250 125 g 
(SDS-PAGE)   Methanol    200 ml 
    Acetic acid     35 ml 

ddH2O     500 ml (final volume) 
 
Destaining solution  Methanol    150 ml  
(SDS-PAGE)   acetic acid    50 ml  
    ddH2O     500 ml (final volume) 
 
Gel drying solution       Ethanol    100 ml 

Glycerol    40 ml 
ddH2O     1 L (final volume) 
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____________________________________________________________________________ 
Name     Content     Quantity 
_____________________________________________________________________________ 
 

Column buffer (AAC)  1.0 M Tris-HCl pH 7.4   20 ml 
5.0 M NaCl    40 ml 
0.5 M EDTA    2.0 ml 
100 mM DTT    10 ml 
ddH2O      1 L (final volume) 
 

Elution buffer (AAC)     1.0 M Tris-HCl pH 7.4  20 ml 
5.0 M NaCl    40 ml 
0.5 M EDTA    2.0 ml 
100 mM DTT    10 ml 
1.0 M Maltose    10 ml   

 ddH2O     1 L (final volume) 
 
Binding buffer (HAC)   1.0 M NaPi pH 7.2   5 ml 

ddH2O     500 ml (final volume) 
 

Elution buffer (HAC)   1.0 M NaPi pH 7.2   5 ml 
5.0 M NaCl    100 ml 
ddH2O     500 ml (final volume) 

 
Gel filtration buffer  1.0 M Tris-HCl pH 7.4  20 ml 

5.0 M NaCl    30 ml 
ddH2O     1 L (final volume) 

 
Start buffer (HIC)   Ammonium sulfate   198.21 g 

1.0 M NaPi pH 7.2   50 ml 
ddH2O       1 L (final volume) 

 
Elution buffer (HIC)  1.0 M NaPi pH 7.2   50 ml 

ddH2O     1 L (final volume) 
 
1X Blotting buffer  5 X SDS-PAGE Running buffer 200 ml 

Methanol (100%)   100 ml 
ddH2O     1 L (final volume) 

 
10 X TBS buffer (pH  Tris base    24.23 g 
7.6)    NaCl     80.06 g 
    ddH2O     1 L (final volume) 
 
TBS-T Washing  10 X TBS buffer (pH 7.6)  50 ml 
buffer    10% Tween 20   10 ml 

ddH2O     500 ml (final volume) 
 
Blocking buffer  Non-fat dry milk (blocker  12.5 g 

grade) 
Washing buffer   250 ml 
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Table 2.4: Enzyme 
____________________________________________________________________________ 
Enzyme            Supplier 
____________________________________________________________________________ 
Phusion DNA Polymerase     Finnzymes 

Benzonase Nuclease      Novagen 

Restriction enzymes (EcoRI, NotI, SalI,)  Fermentas 

T4 DNA ligase      New England Biolabs, Fermentas 
_____________________________________________________________________________ 

Table 2.5: Primers used for PCR 
_____________________________________________________________________________ 
Name      Sequence 
_____________________________________________________________________________ 
 Deletion of disordered region 
 
Mut-hHSF1-221-rev    gga atg tgc tga gcc act gtc gtt c (Tm = 70.20) 
 
Mut-hHSF1-368-fwd    tcc acc cct gaa aag tgc ctc agc (Tm = 71.48) 
 
Mut-hHSF2-218-rev     ttt gac tat gtg ctg aaa cag gtt ctt ctt (Tm = 66.13) 
 
Mut-hHSF2-365-fwd    gac agt att gac tgc agt tta gag gac ttc c (Tm = 66.32) 
 
MBP fusion protein 
 
NotI-hHSF1-1     aat gcg gcc gca atg gat ctg ccc gtg ggc ccc 
 
NotI-hHSF1-15     aat gcg gcc gca gtc ccg gcc ttc ctg acc aag 
 
NotI-hHSF2-1     aat gcg gcc gca atg aag cag agt tcg aac gtg  

(Tm = 60.45) 
 
Sub cloning (Insertion of His-tag protease cleavage site and deletion of C-terminal) 
 
Histag-hHSF1-15      ggc cat cat cat cat cat cat gtc ccg gcc ttc ctg acc aag 
 
EcoRI-hHSF1-404     tcc gaa ttc cta gct gct cag cat ggt ctg (Tm = 59.19) 
 
SalI-hHSF1-404     ata gtc gac cta gct gct cag cat ggt ctg 
 
EcoRI-hHSF2-380     tcc gaa ttc cta tcc tga tag cat ggc ctg (Tm = 58.23) 
 
SalI-hHSF2-380     ata gtc gac cta tcc tga tag cat ggc ctg 
____________________________________________________________________________ 
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3. Methods 

3.1 Molecular Biology 

3.1.1 Amplification of HSF cDNA by Polymerase Chain Reaction 
 

The Polymerase Chain Reaction (PCR) is a scientific technique used to amplify the DNA 
fragments, generating thousands of copies of the particular DNA sequence. A typical PCR 
reaction includes the DNA template (DNA fragment to be amplified), a set of oligonucleotide 
primers (forward and reverse) containing sequences that is complementary to the target region of 
the template, dNTPs and DNA polymerase. The PCR method employs thermal cycles i.e 
alternate heating and cooling during multiple steps of denaturation, annealing and elongation. 
The PCR consists of 25-35 such cycles carried out in a programmable thermocycler which 
generates an exponentially increased number of copies of the DNA template. 

Previously prepared constructs containing the genes encoding the human HSF1 and HSF2 were 
used for the PCR. Two PCR schemes were carried out with different purposes. One design was 
to produce a Maltose Binding Protein (MBP) fusion protein with a shorter linker in between. The 
idea behind the production of this protein is to crystallize the fusion protein without removal of 
the MBP tag. The other set of constructs was prepared with a TEV protease cleavage site and a 
His-tag incorporated between MBP and the modified HSF ORFs. These constructs will lead to a 
fusion free protein after the removal of MBP. 

PCR was performed to amplify the desired DNA fragments using the forward and reverse 
primers (Table 2.5 Primers used for PCR) and DNA polymerase.  

The contents and protocol for the PCR reaction is given in Table 3.1 

Table 3.1: Mixture for PCR reactions 
______________________________________ 
Ingredients     Volume 
______________________________________ 
5 X HF Buffer    10 μl 
10 mM DNTP    1 μl 
 Forward (5’) primer   1 μl 
Reverse (3’) primer   1 μl 
DNA template    1 μl 
Phusion Enzyme   0.5 μl (1U) 
ddH2O     35.5 μl 
______________________________________ 
Final volume    50 µl 
______________________________________ 
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The PCR reaction was run in a Perkin Elmer GeneAmp PCR thermocycler system 9600 (version 
2.01) using the protocol described in Tables 3.2, 3.3, and 3.4. 

Table 3.2: Control protocol 

______________________________________________________________________________ 
Program   denaturation   annealing  extension 
______________________________________________________________________________ 
Initial preheating 98 °C for 30 sec 
PCR cycles (25) 98 °C for 10 sec  66 °C for 30 sec 72 °C for 3 min 
Final extension        72 °C for 7 min 
Hold at 4 °C forever 
______________________________________________________________________________ 
 
Table 3.3: HSF1 protocol 
_____________________________________________________________________________ 
Program   denaturation   annealing  extension 
______________________________________________________________________________ 
Initial preheating 98 °C for 30 sec 
PCR cycles (25) 98 °C for 10 sec  72 °C for 30 sec 72 °C for 3 min 
Final extension        72 °C for 7 min 
Hold at 4 °C forever 
_________________________________________________________________________ 
 
Table 3.4: HSF2 protocol 
______________________________________________________________________________ 
Program   denaturation   annealing  extension 
______________________________________________________________________________ 
Initial preheating 98 °C for 30 sec 
PCR cycles (25) 98 °C for 10 sec  69 °C for 30 sec 72 °C for 3 min 
Final extension        72 °C for 7 min 
Hold at 4 °C forever 
_______________________________________________________________________________ 

3.1.2 Purification of the PCR product 
 

The PCR product containing the amplified fragments of the DNA template was purified using 
the QIAquick PCR Purification Kit (Qiagen). The PCR product (45 μl) was mixed with 225 μl 
(five times the volume of the PCR product) of the Buffer PBI in a clean and sterile 1.5 ml 
Eppendorf tube. The content was then transferred into a QIAquick spin column placed in a 2 ml 
collection tube. The QIAquick spin column was placed in a table top centrifuge, centrifuged at 
≈18 000 x g for one minute. The flow through was discarded and the QIAquick spin column was 
washed with 750 μl of Buffer PE, centrifuged at ≈18 000 x g for one minute. The flow through in 
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the collection tube was discarded and the QIAquick spin column was further centrifuged for 
additional one minute to remove the remnants of the Buffer PE. The QIAquick spin column was 
then placed in a 1.5 ml clean and sterile Eppendorf tube and 50 μl of Buffer EB was added to the 
centre of the QIAquick spin column membrane. The column was allowed to stand for one 
minute, then centrifuged at ≈18 000 x g for one minute and the purified product was collected in 
clean and sterile 1.5ml eppendorf tubes. 

3.1.3 Analysis of the amplified PCR product by agarose gel electrophoresis 
 

Agarose gel electrophoresis is a common technique in molecular biology and biochemistry to 
separate and purify DNA and RNA fragments based on their length and identify the size of the 
separated fragments. The DNA fragments being negatively charged move through the agarose 
matrix towards the positive electrode when an electric field is applied. Agarose, a natural 
polysaccharide composed of galactose and 3, 6 - anhydrogalactose derived from agar acts as a 
sieve and traps the DNA molecules based on their size. The resolving power of the agarose gel 
depends on the pore size of the matrix which in turn depends on the concentration of agarose 
dissolved in the buffer 1X TBE. Separation of large DNA fragments requires a lower percentage 
of agarose and vice versa.  

Based on the requirement, an agarose gel of 0.8 - 1% was prepared. SeaPlaque® Agarose 
(Lonza) agarose was used.  In 1X TBE buffer the required amount of agarose powder was added 
and dissolved by heating in a microwave oven. The solution was allowed to cool for a few 
minutes and ethidium bromide, the most commonly used dye for making the DNA molecules 
visible under UV light was added to the gel solution such that the final concentration was 
0.5μg/ml. The agarose gel solution was then poured into the casting tray and the appropriate 
comb was inserted to get the desired number of wells. On solidification, the casting tray was 
placed into the electrophoresis chamber and 1X TBE buffer was poured in to the maximum level 
indicated. The comb was then carefully removed. The samples to be loaded onto the wells were 
prepared by adding the appropriate amount of 6X gel loading buffer to the purified PCR product. 
Subsequently the samples were loaded into the wells where the first well was loaded with a 1Kb 
DNA ladder. The 1Kb DNA ladder was used as a marker for appropriate size determination of 
the DNA fragment. The electrophoresis was carried out at 80-100 volts, until the samples 
travelled up to two thirds of the gel length. After completion of the gel run the separated DNA 
fragments were viewed under the UV transilluminator (Spectroline). The gels were photographed 
using a Gel Doc 2000 gel documentation system from Bio Rad.  

 3.1.4 Plasmid DNA purification 
 

Plasmid DNA was purified using the QIAPrep Miniprep Kit. The purification was done as 
described in the protocol. 

A single colony from the host E.coli cell containing the plasmid was inoculated in 3 ml of LB 
medium containing the appropriate antibiotic in adequate amount and cultured overnight at 37 
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°C. In a clean and sterile 1.5 ml Eppendorf tube the bacterial cells were pelleted using a table top 
centrifuge. The bacterial cell pellets were resuspended in 250 μl of Buffer P1 followed by 250 μl 
of Buffer P2 and mixed by gently inverting the tubes 4-6 times. An additional 350 μl of Buffer 
N3 was added and the sample in the tube gently mixed resulting in the formation of cloudy white 
precipitate. The tubes were then placed in the table top centrifuge, and centrifuged at 13,000 x g 
for 10 minutes. The cloudy white precipitate pelleted was discarded and the supernatant was 
applied to QIA spin column and centrifuged for 1 minute. The column was washed with 750 μl 
of Buffer PE and centrifuged for 1 minute. The flow through liquid collected in the tube below 
was discarded and further centrifuged for additional 1 minute to remove all traces of Buffer PE. 
The QIAspin column was then placed in a clean and sterile 1.5 ml Eppendorf tube and 50 μl of 
buffer EB was added. The column was allowed to stand for 1 minute. The plasmid was eluted 
and collected in the 1.5 ml Eppendorf tubes by centrifugation for 1 minute. The purified and 
isolated plasmids were stored in a -80 °C freezer for further use. 

3.1.5 Restriction enzyme digestion of the desired plasmid and amplified HSF fragments 
 

During PCR amplification the forward and reverse primers used introduced the restriction 

enzyme digestion sites at the 5ʹ and 3ʹ ends of the amplified cDNA fragments. MBP fusion 

proteins of HSF1 and HSF2 contained a NOTI site at 5ʹ end and an EcoRI site at the 3ʹ end.  

The amplified cDNA fragments of the MBP fusion protein containing the TEV cleavage site and 
the His-tag site in between the HSF coding genes required two steps of PCR. The forward and 

reverse primers used contained an EcoRI site at the 5ʹ end and a SalI site at the 3ʹ end. 

Expression vector pMAL-c4E was modified by the Surface Entropy Reduction (SER) technique, 
to reduce the surface entropy of MBP.  For experimental purpose three types of mutated 
expression vector pMALc4E were used of which pMALx (Wt), contained no mutations, in 
pMALx (C) aspartic acid at residue 82, lysine at residue 83, and lysine at residue 239 were 
replaced by alanine (D82A/K83A/K239A). In pMALx (E) aspartic acid at residue 82, lysine at 
residue 82, glutamic acid at residue 172, aspargine at residue 173 and lysine at residue 239 were 
replaced to alanine (D82A/K83A/E172A/N173A/K239A).  

The expression vectors used for the MBP fusion proteins of HSF1 and HSF2 were digested with 
restriction enzymes NOTI and EcoRI, while the expression vector used for the MBP fusion 
protein with the TEV cleavage site and the His-tag site was digested with restriction enzymes 
EcoRI and SALI. 

The protocol for restriction enzyme digestion is as given in Tables 3.5 and 3.6. The reactions 
were set up in 1.5 ml clean and sterile Eppendorf tubes. 
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Table 3.5: Protocol for digestion (in vitro)    Table 3.6: Protocol for digestion (in vivo) 
_______________________________                         _________________________________ 
Ingredient                        Volume (μl)          Ingredient          Volume (μl) 
_______________________________                         _________________________________ 
DNA          16 μl        DNA        16 μl 
Buffer    2 μl                   Buffer        2 μl 
NOT1    1 μl        SALI        1 μl 
EcoRI    2 μl        EcoRI                              2 μl 
ddH2O    9 μl                   ddH2O        9 μl 
______________________________                  _______________________________ 
Total     30 μl          Total        30 μl 
______________________________                             _______________________________ 
 
The restriction enzyme digestion of the plasmid DNA pMALx (wt, C, E) and the DNA 
fragments encoding the HSF genes was carried out at 37 °C for 30 minutes. Digested fragments 
were then run on 0.8 - 1 % (depending on the size of the cDNA fragments) agarose gel and 
purified.  

3.1.6 Purification of restriction enzyme digested HSF cDNA fragments and the plasmid 
DNA pMALX (wt, C, E) 
 

The restriction enzyme digested product was efficiently purified from the agarose gel using the 
PureLink™ Quick Gel Extraction Kit (Invitrogen). The digested product appeared as strong 
bands on the agarose gel when viewed under a UV light and were excised carefully using a clean 
and sterile scalpel. The bands were then transferred to clean and sterile 1.5 ml Eppendorf tubes. 
The Eppendorf tubes containing the gel were weighed and 3 volumes of buffer QG was added to 
1 volume of the gel. The tubes were then incubated at 50 °C for 10 minutes until the gel 
completely dissolved. If the mixture turned orange or violet, 10 μl of 3 M sodium acetate, pH 5.0 
was added to the tubes, else one volume of isopropanol was added. The samples were transferred 
to Quick Gel Extraction columns and centrifuged for 1 minute at ≈14,000 x g in a table top 
centrifuge. The flow through was discarded and the columns were washed with additional 500 μl 
of buffer QG followed with 750 μl of Buffer PE and centrifuged for one minute as before. The 
flow through was discarded and the Quick Gel Extraction columns were further centrifuged for 
additional one minute to remove any traces of the buffer PE. The Quick Gel Extraction columns 
were finally placed in clean and sterile 1.5 ml Eppendorf tubes and 50 μl of elution buffer was 
added. The columns were allowed to stand for one minute before centrifuging it for a minute at 
≈14,000 x g in a table top centrifuge. The purified restriction enzyme digested product collected 
in the 1.5 ml clean and sterile Eppendorf tubes were stored at -20 °C for further use. 
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3.1.7 Ligation of HSF1 and HSF2 HR-A/B to HR-C region with a short linker after the 
deletion of the disordered loop and ligation of HSF cDNA fragments into the plasmid DNA 
pMALX (wt, C, E) 
 

The process of ligation involves the formation of phosphor diester bonds between the 5ʹ 

phosphate group and 3ʹ hydroxyl group with the aid of T4 DNA ligase which catalyzes the 

required ATP dependent reaction for the ligation process. 

The disordered loop between HR-A/B and HR-C was deleted and HR-C was ligated to HR-A/B 
with a short linker in between for HSF1 and HSF2. The HR-C region was ligated close to HR-
A/B as described in the protocol given in Tables 3.7 and 3.8. The contents were centrifuged for a 
short time and incubated at room temperature for 5 minutes and chilled on ice before using it for 
transformation. 
 
Table 3.7: HSF1 protocol for ligation           Table 3.8: HSF2 protocol for ligation 
______________________________              _________________________________ 
Ingredients         volume (μl)  Ingredients   volume μl)   
______________________________            _________________________________ 
PCR product               2.0   PCR product               2.0 
Water    3.0   Water    3.0 
2 x ligation buffer  5.0   2 x ligation buffer  5.0 
T4 DNA ligase  0.5   T4 DNS ligase   0.5 
______________________________                       __________________________________ 
 
The general ligation protocol is described in Table 3.9 and the reaction was set up in clean and 
sterile 1.5 ml Eppendorf tubes. 
 
Table 3.9: Ligation protocol 
________________________________ 
Ingredients         volume (μl)   
________________________________  
Vector digest               4.0    
Insert digest   2.0    
Ligation buffer  2.0    
T4 DNA ligase  1.0 
ddH2O      11.0   
________________________________ 
 Total    20 
________________________________ 
 
The vector digest, insert digest and water was taken into clean and sterile 1.5 ml Eppendorf 
tubes, briefly centrifuged and incubated in the water bath at 65 °C for 5 minutes. The ligation 
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buffer and the T4 DNA ligase were then added and the samples incubated at room temperature 
for 30 minutes. The samples were then used for transformation. 

3.2 Microbiology 

3.2.1 Preparation of competent cells 
 

A single colony of the host strain (XL1) was picked from the transformation plates and 
transferred to a culture tube containing 3 ml LB medium and incubated overnight at 37 °C in a 
shaker at 200 x g. No antibiotics were added for the host strain XL1. Next morning 1 ml of the 
preculture was taken and transferred to a culture flask containing 100 ml LB medium. The flasks 
were incubated at 37 °C on a shaker at 200 x g for approximately 2-3 hours until the OD600 was ≈ 
0.3-0.4. In the meantime the bottles containing 100 mM magnesium chloride (MgCl2) and 100 
mM calcium chloride (CaCl2) were prechilled on ice. After reaching the desired OD, the culture 
flasks were taken from the incubator and placed on ice for 5-10 minutes. The cultures were 
harvested in 25 ml autoclaved centrifuge tubes by centrifugation at 5000 x g for 5 minutes at 4 
°C using a GSA 17 rotor. The cell pellets collected were gently resuspended in ¼ volume of ice 
cold MgCl2 and placed on ice for 5 minutes. The suspension was centrifuged at 4000 x g for 10 
minutes at 4 °C using a GSA 17 rotor before the supernatant was discarded. Cell pellets were 
then resuspended in 1/20 volume of ice cold 100 mM CaCl2 and 9/20 volume of 100 mM CaCl2 

was added before incubation on ice for 30 minutes. The cell suspension was centrifuged at 4000 
x g for 10 minutes at 4 °C in GSA 17 rotor.  The supernatant was discarded and the cell pellets 
were finally resuspended in 1/50 volume of ice cold 85 mM CaCl2 containing 15% glycerol. The 
competent cells were aliquoted in clean and sterile 1.5ml Eppendorf tubes and stored at -80 °C 
freezer for further use. 

3.2.2 Transformation of the recombinant plasmid DNA into the host competent cell 
 

The correctly ligated recombinant plasmid DNA was transformed into different types of host 
competent cells like the XL1 for cloning, TB1 + pRARE + pRK603 (in vivo cleavage), Rosetta2 
(DE3) + pLysS (in vitro cleavage) for expression. 

The aliquots of host competent cells in 1.5 ml clean and sterile Eppendorf tubes stored at -80 °C 
were taken out from freezer and thawed on ice for 5 minutes. The recombinant plasmid DNA of 
1-2 μl was added to host competent cells and gently mixed by pipetting up and down. The cell 
sample was incubated on ice for 5-10 minutes. The cell samples were given a heat treatment at -
42 °C for 90 seconds in a water bath and immediately placed on ice without shaking for 5 
minutes. To the sample 400 μl of the SOC medium (used for cloning) / LB (used for expression) 
was added and the cells were incubated at 37 °C in a shaker at 200 x g for 45 minutes. After 
incubation 150 μl of the cell sample was taken on the LB plates containing the desired antibiotics 
and incubated in an incubator overnight at 37 °C.  For cloning purpose the LB-Amp plates were 
used and LB-Amp-Cam plates were used for the expression of MBP fused HSF.  
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3.2.3 Analytical PCR for positive clones 
 

Analytical PCR is a technique employed to screen for successful transformations. The screening 
method determines which of the host competent cells have taken up the desired genes and also to 
determine the cells containing the correct recombinant gene insert. 

Single colonies were picked from the transformation plates containing multiple colonies in 
triplets and small inoculums were prepared using LB medium and the desired antibiotics. The 
cultures were incubated overnight at 37 °C in a shaker at 200 x g. The cells were lysed and 
plasmids were isolated and purified from the small inoculums using the QIAprep spin miniprep 
kit. For the purpose of analytical PCR the isolated recombinant plasmid DNA was used as the 
template for the PCR reaction. 
 
The PCR reaction mixture is described in Table 3.10 

Table 3.10: Mixture for analytical PCR 

________________________________________ 
Ingredients    volume (μl) 
________________________________________ 
5 X Phusion HF buffer  10 
25 mM dNTP    0.4 
malE primer (forward)  1 
M13 primer (reverse)   1 
DNA template    1 
Phusion DNA polymerase  0.5 
ddH2O     36.1 
_________________________________________ 
Total     50 
_________________________________________ 
 
The PCR reaction was run in Perkin Elmer GeneAmp PCR thermocycler system 9600(version 
2.01) using the protocol given in Table 3.11. 

Table 3.11: Analytical PCR protocol 
______________________________________________________________________________ 
Program   denaturation   annealing  extension 
______________________________________________________________________________ 
Initial preheating 98 °C for 30 sec 
PCR cycles (25-30) 98 °C for 10 sec  55 °C for 30 sec 72 °C for 30 sec 
Final extension        72 °C for 7 min 
Hold at 4 °C forever 
______________________________________________________________________________ 
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The amplified PCR product containing the recombinant plasmids were run on 1% agarose gel for 
analysis. The correct plasmids were sent out to Macrogen Inc., Seoul, Korea for sequencing. 

3.2.4 Pilot scale expression of recombinant fusion proteins for in vivo cleavage 
 

A single colony of transformed cells from TB1+pRARE+pRK603 containing the HSF 
recombinant plasmid was inoculated in 3 ml LB medium containing 100 mg/ml ampicillin 
(Amp), 34 mg/ml chloramphenicol (Cam) and 30 mg/ml kannamycin (Kan) and grown overnight 
at 37 °C in a shaker at 200 x g. Preculture of 120 μl was transferred into culture tubes containing 
12 ml LB medium and 12 μl of the antibiotics Amp, Cam and Kan. The cell cultures were 
incubated at 37 °C at 200 x g until the OD600 reached 0.5. On reaching 0.5 OD, 1 ml of the 
culture was pipetted into a 1.5 ml clean and sterile Eppendorf tube and centrifuged. The 
supernatant was discarded and the pellet was resuspended in 50 μl of 2 x SDS-Page sample 
buffer and saved at -20 °C. To the remaining culture 11 μl of 0.3 M IPTG was added and the 
cultures were incubated for 3 hours at 30 °C. After 3 hours 1 ml of the sample from the culture 
tubes was withdrawn and centrifuged, supernatant discarded and pellets resuspended in 50 μl of 
2 x SDS-PAGE sample buffer and saved at -20 °C. Finally 1 μl of 1 mg/ml of aTET was added 
to the culture tubes to generate the expression of TEV protease for in vivo cleavage and the 
cultures were incubated for 2 hours at 30 °C. After final incubation 1 ml of the sample was 
withdrawn from the culture tubes into two 1.5 ml clean and sterile Eppendorf tubes and 
centrifuged to collect the pellets. 

The cell pellets in one of the tubes was resuspended in 100 μl of 2 X SDS-PAGE sample buffer 
and saved at -20 °C.  The pellets in the other tube were resuspended and lysed using 100 μl 
BugBuster solution and incubated at room temperature for 10 minutes followed by 10 minutes 
centrifugation in a table top centrifuge. 50 μl of the supernatant (soluble fraction) was transferred 
to a clean and sterile 1.5 ml Eppendorf tube and 50 μl of 2 X SDS-PAGE sample buffers was 
added and saved at -20 °C. The remaining supernatant was discarded and the pellet at the bottom 
of the Eppendorf tube was resuspended in 50 μl of 1 % SDS and 50 μl of 2 X SDS-PAGE 
sample buffers and saved at -20 °C. All the samples collected and stored at – 20 °C were 
analysed by SDS-PAGE. 

3.2.5 Large Scale Expression of recombinant fusion proteins for in vivo cleavage 
 

The large scale expression of fusion protein was subsequently carried out by increasing the 
amount of substrates and antibiotics in equal proportions. Single colonies of transformed cells 
from TB1+pRARE+pRK603 containing the HSF recombinant plasmid were inoculated in the 
required volume of LB medium containing 100 mg/ml Amp, 34 mg/ml Cam and 30 mg/ml Kan 
and grown overnight at 37 °C in a shaker at 200 x g. Precultures were transferred into 50 ml 
Falcon tubes and centrifuged to obtain the cell pellets and resuspended in required volumes of 
fresh LB medium and used as inoculums. This was done to remove the secondary metabolites 
that would otherwise harm the growth of the cells. The required volumes of large scale cultures 
were set and the appropriate amount of antibiotics added. The cultures were incubated at 37 °C 
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until the OD reached 0.5. On reaching 0.5, the temperature was reduced to 30 °C and the bacteria 
were incubated for further 15 minutes. The cell cultures were then induced with 0.3 M IPTG and 
incubated for 3 hours followed by the addition of aTET to enable the expression of TEV 
proteases for in vivo cleavage and further incubated for 2 hours. Finally the cell cultures were 
harvested using JA-10 rotor at 6000 x g at 4 °C for 10 minutes. The supernatant was discarded 
and the bottles containing the pellets were stored at -20 °C for further use. 

3.2.6 Large scale expression of recombinant fusion proteins for in vitro cleavage 
 

A single colony of Rosetta2(DE3)PlysS containing the HSF recombinant plasmid was inoculated 
in the desired volume of LB medium containing 100 mg/ml ampicillin (Amp) and  34 mg/ml 
chloramphenicol (Cam)  and grown overnight at 37 °C in a shaker at 200 x g. Precultures were 
transferred into 50 ml Falcon tubes and centrifuged to obtain the cell pellets and resuspended in 
required volumes of fresh LB medium and used as inoculums. This was done to remove the 
secondary metabolites that would otherwise harm the growth of the cells. The required volumes 
of large scale cultures were set and the appropriate amount of antibiotics added. For in vitro 
cleavage 3 g/l glucose is added to the cell culture flasks to inhibit the growth of certain enzymes 
which would otherwise damage the amylose column. The cultures were incubated at 37 °C until 
the OD reached 0.5. On reaching 0.5, the temperature was reduced to 25 °C and further 
incubated for 15 minutes. The cell cultures were then induced with 0.3 M IPTG and incubated 
overnight at 18 °C in a shaker at 200 x g. The next morning the cell cultures were harvested 
using the JA-10 rotor at 6000 x g at 4 °C for 10 minutes. The supernatant was discarded and the 
pellets were resuspended in appropriate column buffer and stored at -20 °C for further use. 

3.3 Purification of proteins and analysis 

3.3.1 Preparation of cell lysate and purification 
 

The cells stored at -20 °C were completely thawed at room temperature by the freeze-thaw 
technique. In this method the cells swell during initial freezing due to the formation of ice 
crystals. On thawing the cells break / lyse on contraction thereby effectively releasing the 
recombinant protein out of the cytoplasm. 

The bottles containing the cell pellets stored at -20 °C were taken and thawed at room 
temperature to lyse the cells and release the recombinant protein from the cytoplasm. In in vivo 
cleavage the pellet were thawed and resuspended in lysis buffer (2 ml of 100% bug buster 
solution + 28 ml of respective column buffer) to lyse the cells and release the recombinant 
protein. During lysis nucleic acid (DNA) is released which makes the cell extract viscous and 
sticky. This could interfere with the purification process and to prevent this, 0.1 μl of 
Benzonase® Nuclease was added for 1 ml of cell lysate and the tubes were incubated on a rolling 
machine incubator for 30 minutes. The Benzonase® Nuclease degrades the DNA and helps in 
the effective purification of proteins. If the solution was found to be viscous, additional 
Benzonase® Nuclease was added and treated until the cell lysate became non-sticky. The non-
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viscous cell lysate was further transferred into ultracentrifuge tubes and ultracentrifuged at 5000 
x g for 45 minutes at 4 °C using a Beckman L8-70M Ultracentrifuge. 

The obtained clear supernatant was collected in a bottle and the cell debris discarded. The 
supernatant was filtered using the 0.45 μm Filtropur S filters and the loaded onto the appropriate 
columns for purification. 

3.3.2 Amylose Affinity Chromatography 
 

In the MBP fusion HSF protein, MBP is connected to the N-terminal end of the HSF with a short 
linker. MBP binds to the amylose resin (New England Biolabs) packed in XK 16/20 column (GE 
Healthcare) and can be eluted by the method of competitive displacement using maltose. The 
column was initially equilibrated with 5 column volumes (CV) of AAC column buffer. The 
protein sample was loaded at a constant flow rate of 1 ml/min. The unbound proteins were 
washed away with 2CVs of the column buffer. The elution buffer containing 0.01M maltose was 
passed through the column to elute the bound proteins. The elution was done by passing 5 CVs 
of the AAC elution buffer at a flow rate of 5 ml/min. The eluted fractions were analyzed by 
running them on 9%-12% (depending on the size of the protein) SDS-PAGE and the collected 
sample fractions were pooled for further purification. 

3.3.3 Immobilized Metal Ion Chromatograpghy (HisTrap column) 
 

HisTrap chromatography, a kind of affinity chromatography is based on non-covalent 
interactions between Ni2+ and histidine residues used to purify histidine tagged fusion proteins. 
The HisTrap column contains charged Ni2+ which helps to retain the His-tagged protein. The 
tagged protein bound to the column can be desorbed using elution buffers containing high 
concentration of imidazole. 

The HisTrap column was pre-equilibrated with binding buffer containing 25 mM imidazole. The 
sample was loaded maintaining a constant flow rate of 1 ml/min. The unbound proteins were 
washed using 2 CVs of 40 mM imidazole. Finally the elution was done passing 5 CVs of elution 
buffer containing 200 mM imidazole at a constant flow rate of 5 ml/min. The samples (50 μl) 
from the sample fraction were collected and analyzed on 12% acrylamide gel. The remaining 
sample fraction was pooled for further use. 

3.3.4 Gel Filtration 
 

Gel filtration also known as Size-Exclusion Chromatography (SEC) is a technique employed to 
purify protein based on their size. It is mainly used for proteins or other macromolecules. The 
method is referred to as gel filtration when an aqueous solution is used to transport the sample 
molecules in the column.  

The concentrated protein sample was loaded onto a HiLoad™ 16/60 Superdex 200 or Superdex 
75 column based on the size of the protein to be purified after pre-equilibrating the column with 
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gel filtration column buffer. A flow rate of 1 ml/min was maintained for the column run. The 
elution was done using 1.5 CVs of the same buffer. The eluted samples were analyzed on 10% 
SDS-PAGE gel and the sample fractions were pooled for further use. 

3.3.5 Dialysis 
 

Dialysis is a separation technique based on the principle of passive diffusion. The molecules 
move randomly from higher concentration to lower concentration across a semi-permeable 
membrane until equilibrium is reached. This method can effectively be used to change the buffer 
solution for proteins.  

The pooled sample fraction after gel filtration was transferred into a semi permeable bag, 
SnakeSkin™ pleated dialysis tube (Thermo Specific) and placed in a beaker containing 20 mM 
Tris, pH8.0, 50 mM NaCl and 5 mM Maltose overnight to reduce the maltose concentration from 
40 mM to a final concentration of 5 mM. The dialysed sample was collected and concentrated to 
get the required concentration of protein for setting up crystallization drops. 

3.3.6 Concentration of the protein samples collected in the sample fraction 
 

The proteins eluted from the initial chromatography column collected in the sample fraction 
tubes and after dialysis were pooled and concentrated for the next step of purification/ for setting 
up crystallization drops. Centriprep YM50 tubes with a nominal cut off 50kDa was selected 
depending on protein size. The pooled sample fractions were transferred to these tubes and 
centrifuged using the JA 25.50 rotor at 6400 x g for 30 minutes at 4°C. The samples were 
concentrated until the final volume was around 2-3 ml for gel filtration purification and 1.5 - 2 
ml of the sample containing about 2 - 2.5 mg/ml of the protein was used for setting up 
crystallization drops. 

3.3.7 Sodium-dodecyl sulphate polyacrylamide gel electrophoresis 
 

Sodium-dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) is a widely used 
technique in molecular biology and biochemistry to separate proteins based on their 
electrophoretic mobility. The method employs the principle of separation based on size i.e. 
molecular mass of the protein molecules.  Proteins to be analysed by SDS-PAGE are mixed with 
SDS a strong anionic detergent. SDS denatures the protein molecule and imparts a uniform 
negative charge on all the molecules, in proportion to the mass to give the same charge to mass 
ratio. A matrix of cross linked polyacrylamide monomers forms the polyacrylamide gel which 
acts as a sieve and separates the protein molecules based on their size after application of an 
electric field. Protein molecules being negatively charged move through the polyacrylamide gel 
towards the positive electrode. The smaller molecules traverse faster through the sieve when 
compared to the larger molecules resulting in the separation of protein molecules based on their 
size. The difference in mobility of the protein molecules is increased by the sieving property of 
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the cross linked acrylamide monomer matrix and the charge to mass ratio of the protein 
molecule. 

SDS-PAGE was performed using the Mini-Protean Tetra Electrophoresis System (Bio-Rad). To 
get the system running, initially the glass plates consisting of the spacer plates (1 mm spacer) and 
the shorter plate were assembled with the aid of the casting frame and casting stand. The 
stacking and resolving gel were prepared as per the recipe given in Table 2.3. Initially the 
resolving gel was prepared and poured into the space between the glass plates up to a certain 
level. A small volume of isopropanol was added to level the gel remove any air bubbles and 
prevent oxidation. The gel was allowed to stand for few minutes until it polymerized. After 
polymerization the isopropanol was decanted and traces were removed using a filter paper. The 
stacking gel was then prepared and laid over the resolving gel and the comb having the desired 
number of wells was inserted. This was further allowed to stand for a few minutes until the 
stacking gel polymerised. The gel plates were then carefully transferred into the electrophoretic 
chamber. The chamber contained the required amount of 1X SDS running buffer depending on 
the number of gels to be run and care was taken to keep the wells submerged with the running 
buffer and the comb was carefully removed. The protein samples collected in a clean and sterile 
1.5 ml Eppendorf tube mixed with 2X SDS Page sample buffer stored at -20 °C were taken and 
heated at 95 °C for 15 minutes and centrifuged for 5 minutes at 13000 x g using the table top 
centrifuge. The prepared protein samples were loaded on the gel with 5 μl of marker and 10-15 
μl of the protein sample. Electrophoresis was initially carried out at 80 V for 20 minutes until the 
sample traversed through the stacking gel and then increased to 120 V for efficient resolving of 
the protein molecules onto the resolving gel. After the completion of the electrophoresis, the gel 
was removed and transferred to a plate and soaked in Commasie Brilliant blue R250 staining 
solution for 30 minutes until the protein on the gel got stained. The excess stain was washed 
away using the destaining solution. The protein bands were analysed and the gel was scanned 
and stored for further use. 

3.3.8 Western Blot Analysis 
 

The fusion protein samples after purification were first electrophoresed on SDS-PAGE followed 
by the western blot analysis. For this purpose six filter papers of the size of the gel were cut and 
soaked in 1 x Blotting buffer. The polyacrylamide gel was transferred to Hybond-c membrane 
(GE healthcare) of the size of the gel according to the protocol given in SCIE-PLAS V20-SDB 
semi dry blotting unit user manual. The gel placed on the membrane was sandwiched between 
the six filter papers with three on either side and the whole stack was placed on the blotting 
system with the anode on the top and the cathode at the bottom. The system was run at 90 mA 
for 45 minutes during which the protein bands from the gel got transferred onto the Hybond-C 
membrane. The membrane was soaked in blocking buffer for an hour to reduce background 
noise followed by three washes with TBS-T washing buffer, each wash taking about 10 minutes. 
Anti-MBP monoclonal antibody (Horseradish peroxidise conjugated) of 1:20000 dilution or anti-
Histag antibody of 1:2000 dilution was made and membrane soaked for an hour with continuous 
shaking followed by six washes of five minutes each with washing buffer. The membrane was 
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finally treated with substrate from SuperSignal® West Pico chemiluminescent and incubated for 
2 minutes. The membrane was exposed to Fuji Super Rx medical X-ray film in dark room with 
appropriate exposing time and the film was developed with the aid of Kodak X-Omat 1000 
processor to check and analyse the bands. 

3.3.9 Setting up crystallization drops 
 

The crystallization drops were set up for the concentrated and purified protein samples at various 
(approximately 480) conditions using the crystal screen kits from Hampton research. The sitting 
drop vapor diffusion technique was used to set up initial crystallization drops. The reservoir of 
the crystallization plates were filled with 500 µl of mother liquor containing the precipitant, 
buffer and / or salt in higher concentration. Using a pipette 1 µl of the mother liquor was 
transferred to the small wells and mixed with 1 µl of 20 mg/ml protein sample. The 
crystallization plate was then sealed to maintain equilibrium in a closed system. 

The protein solution contains an insufficient amount of the precipitant required for 
crystallization. The principle involves the evaporation of the water molecules from the small 
drop to the larger reservoir, thereby gradually increasing the concentration of the precipitant in 
the protein solution to an optimal level to aid the crystallization process. On reaching the 
threshold of saturation the protein molecules might precipitate in an ordered manner to form the 
crystals after nucleation. 

The hanging drop technique was employed to set up initial crystallization drops for a few 
constructs and also to optimize a few crystallization conditions. The basic principle hanging drop 
method is very similar to sitting drop diffusion technique the only variation being in the vertical 
orientation of the protein solution droplet. The reservoir of the crystallization plate contained 500 
µl of mother liquor and 1 µl was transferred to a cover slip which was mixed with 1 µl of 20 
mg/ml protein solution. The cover slip was then inverted over the reservoir of the crystallization 
plate and sealed to maintain a closed system. The water vaporized from the protein droplet was 
absorbed by the reservoir.  The protein crystallized when the precipitant reached an optimum 
level of saturation. 

3.3.10 Optimization of DBD of HSF1 and HSF2 
 

Crystallization of the HSF1 DBD (1-120) was optimised by the micro seeding technique. 
Nucleation is often a problem and hinders the formation of crystals unless it is induced by some 
external vibrations or particles. In this technique the seed provides the template on which the 
protein molecule can adhere and grow with time to form the crystals. 

The plate cluster crystal was fished and transferred to a clean and sterile 1.5 ml Eppendorf tube 
containing the seed bead and vortexed for 90 seconds to break the crystal into smaller pieces. 
Serial dilution was made as per the requirement starting with 5 µl of the seed transferred into a 
new clean and sterile 1.5 ml Eppendorf tube containing 45 µl of the desired precipitant. 
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In the microseeding technique the pH cannot be varied and the buffer, pH and salt concentration 
were kept constant. The concentration of the precipitant PEG was varied to obtain 24 different 
conditions in order to optimize the crystallization process. The optimization conditions were set 
by varying the concentration of PEG from 23% - 26% in (4 different concentration of PEG) in 
six different dilutions (100 – 105) 

The reservoir of the crystallization plates contained 600 µl of the mother liquor of varying 
concentration. Using a pipette 1 µl of the PEG (varying concentration) was transferred into the 
small wells and 1 µl of the protein sample was added. The concentration of PEG in each of the 
smaller wells had halved. On vapour diffusion the concentration of PEG would change in each 
row (row1 - 4: 23% - 26 %), depending on the concentration of the mother liquor in the 
reservoir. 

Under some conditions of HSF1 and HSF2 DBD fused with MBP, microcrystals were observed 
in ammonium sulphate. The crystallization condition was optimized by varying the pH of the 
buffer and the precipitant concentration. In total 24 different conditions were set as described in 
the protocol. 
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4. Result and Discussion 

4.1 Production of artificial proteins 
 

The human HSF sequence shows the presence of a long confound region in between the 
hydrophobic repeat sequence (HR-A/B) and hydrophobic repeat sequence (HR-C, Figure 4.1). 
Removal of this loop sequence was done by deletion on the pMAL expression vector using the 
Phusion mutation kit from NEB, and thus the HR-C region was brought close enough to the HR-
A/B region to shield the exposed hydrophobic residues. 

 

Figure 4.1: Domain organization of HSFs: Starting from the N-terminus the green colored region 
represents the DNA binding domain (DBD) the yellow regions represent the heptad hydrophobic repeat  
regions ie HR-A, HR-B and HR-C region having hydrophobic residues. The figure shows the deletions of 
the disordered region after deletion mutation using the Phusion mutation kit from NEB. 
 

The deletion was successfully made as shown in 0.8 % agarose gel (Figure 4.2). 

                      

                                         1                  2         3 

Figure 4.2: Deletion mutation using the Phusion mutation kit.  Lane 1 represents the marker; lane 2 
and 3 corresponds to HSF1 and HSF2 respectively after deletion mutation of the disordered region. 

The PCR amplified samples were ligated and transformed into bacterial strain XL-1 of E.coli. 
The transformation was successful as shown in Figure 4.3. 
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Figure 4.3: Analysis of amplified PCR product on 1% agarose gel: Lane 1 corresponds to the 1 Kb DNA 
ladder, lanes 2-7 corresponds to mutHSF1 and lanes 10-15 corresponds to mutHSF2. From the gel 
picture it can be concluded the lane 4, 5 corresponding to mutHSF1 and lane 15 corresponding to 
mutHSF2 are positive. The deletion is successful and the HR-C is ligated close to the HR-A/B.  

The C-terminal sequence following the HR-C forming the disordered region was removed and 
amplified fragment was again inserted into the pMAL vector (Figure 4.4).  

 

Figure 4.4: Domain organization of HSFs: Starting from the N-terminus the green colored region 
represents the DNA binding domain (DBD) the yellow regions represent the heptad hydrophobic repeat  
regions ie HR-A, HR-B and HR-C region having hydrophobic residues. The figure represents the deletion 
of the residues towards the C-terminal. 

Two PCR schemes were carried out with different purposes. One design was to produce a 
maltose binding protein (MBP) fusion protein with a shorter linker. The purpose of production of 
such protein is to crystallize the fusion protein without removal of the MBP tag. The other set of 
constructs were prepared wherein a TEV protease cleavage site and a His-tag were incorporated 
between MBP and the modified HSF ORFs. These constructs will lead to non-fusion protein 
after the removal of MBP.  
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In summary, the following constructs were prepared: HSF1 (1-221 + 368–404), HSF1 (15-221 + 
368-404) and HSF2 (1-218 + 365-380) fused with MBP (Figure 4.5 A) and also HSF1 (1-221 + 
368–404), HSF1 (15-221 + 368-404) and HSF2 (1-218 + 365-380) fused with MBP but with a 
TEV cleavage site and a His tag in the linker (Figure 4.5 B). 

 

Figure 4.5: A: The MBP fusion protein with a short linker. B: The MBP fusion protein with a TEV 
cleavage site and His-tag site. 

4.2 Analytical PCR 
 

The recombinant fusion protein containing genes encoding HSF1 and HSF2 were screened for 
positive clones. The primers malE and M13 were used for PCR amplification and the results 
were analyzed by 1% agarose gel (Figure 4.6). 

               

      

Figure 4.6: A: Analytical PCR results of HSF 1. Lane 1 represents the marker, lane 3-8 and lane 10, 11 
and 13 depicts the positive results of analytical PCR. B: Analytical PCR results of HSF2. Lane 1 
represents the marker, lane 2-8, lane 10-13 and lane 15 depicts the positive results for analytical PCR. 
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4.3 Pilot scale expression of HSF1 and HSF2 artificially modified recombinant proteins 
 

The mutated recombinant proteins of HSF1 and HSF2 fused with MBP and also HSF1 and HSF2 
containing the TEV protease cleavage site and a His-tag site incorporated between MBP and 
HSF1, HSF2 were expressed in E. coli and a pilot scale test expression was carried out to check 
the solubility of proteins by in vitro and in vivo cleavage methods respectively.  

Initially the in vivo method was carried out to check the solubility of the proteins. The protein 
samples collected at various time intervals were analyzed on SDS-PAGE (Figures 4.7 and 4.8). 
The weak bands at 25kDa represent our protein of interest. From the figure it can be seen that 
very small quantity of the proteins are soluble after the in vivo cleavage. 

 

       

 
Figure 4.7: SDS-PAGE analysis of pilot scale expression of HSF1 (15-221 + 368-404) by in vivo 
cleavage: Lane 1 corresponds to SDS  protein marker, lane 3 is before induction for protein expression, 
lane 4 is before cleavage, i.e before injecting the cell culture with aTET for the expression of TEV 
proteases for cleavage (induction after protein expression), lane 5 is the TCP, i.e the total cell protein 
after cell lysis, lane 6 is the insoluble fraction and lane 7 is the soluble fraction. 
 

                                              

 
Figure 4.8: SDS-PAGE analysis of pilot scale expression of HSF2 (1-218 + 365-380) by in vivo 
cleavage: Lane 1 corresponds to SDS protein marker, lane 2 is before induction for protein expression, 
lane 3 is before cleavage, i.e before injecting the cell culture with aTET for the expression of TEV 
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proteases for cleavage (induction after protein expression), lane 4 is the TCP, i.e the total cell content 
after cell lysis, lane 5 is the insoluble fraction and lane 6 is the soluble fraction. 
  
From the gel picture we can see a weak band in the soluble fraction which shows that the in vivo 
cleavage worked but resulted in very small amount of the soluble protein. In was believed that by 
scaling up the amount of soluble protein may increase and result in sufficient amount of soluble 
proteins good enough for crystallization trails. 

4.4 Large scale expression and purification of artificially modified recombinant proteins 
 

Based on the results of pilot scale expression, scale up of the cell culture was done to achieve 
large scale expression of the artificially modified recombinant protein.  

The protein which was cleaved in vivo was purified using amylose affinity chromatography 
followed by a HisTrap column and finally a gel filtration column to get pure soluble monomeric 
proteins ideal for initial screening drops for crystallization. 

Purification of HSF1 (15-221 + 368-404) 

The HSF1 (15-221 + 368-404) was expressed and purified to get high concentration of 
homogenous soluble proteins. For this purpose the expressed protein was applied on Amlyose 
Affinity chromatography followed by a HisTrap column. The chromatogram represents the 
elution profile of the HisTrap column (IMAC chromatography, Figure 4.9) 

 HSF1 15 221 365 404:1_UV1_280nm  HSF1 15 221 365 404:1_Cond  HSF1 15 221 365 404:1_Conc  HSF1 15 221 365 404:1_Fractions  HSF1 15 221 365 404:1_Inject
 HSF1 15 221 365 404:1_Logbook
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Figure 4.9: Elution profile of HisTrap chromatography of HSF1 (15-221 + 368-404) after in vivo 

cleavage. The single eluted peak represents our protein of interest. 

The SDS-PAGE analysis of the fractions eluted from the HisTrap column was performed and the 
results are as shown in Figure 4.10. The bands around 25kDa represent our protein of interest, 
without the MBP tag. The samples from these fractions were pooled and concentrated for the 
next purification step. 
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Figure 4.10: The SDS-PAGE analysis of HSF1 (15-221 + 368-404) artificially modified recombinant 
protein purified from HisTrap column: Lane 1 corresponds to SDS protein marker; lane 3 is the crude 
sample from amylose affinity column chromatography, lane 5-8 corresponds to the expressed soluble 
artificially modified recombinant protein. The protein without the MBP tag calculated to have a size of 25 
kDa corresponding to the lane 5-8 in the chromatogram were pooled, concentrated and loaded on to a 
Superdex 75 column for the next step of purification step.  

The sample fraction collected from the His-trap column was pooled, concentrated and used as 
the sample to be injected for the next step of purification of size exclusion chromatoghraphy on 
superdex 75 column. The resulting chromatogram of size exclusion chromatography is shown in 
Figure 4.11.  

 His HSF1 15 221 368 404:1_UV1_280nm  His HSF1 15 221 368 404:1_Cond  His HSF1 15 221 368 404:1_Fractions  His HSF1 15 221 368 404:1_Inject
 His HSF1 15 221 368 404:1_Logbook
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Figure 4.11: Elution profile of size exclusion chromatography of HSF1 (15-221 + 368-404) after in 
vivo cleavge on a HiLoad 16/60 Superdex 75 column. The center peak represents our protein of interest. 

SDS-PAGE analysis of the fractions eluted from the Superdex75 column was performed and the 
results are as shown in Figure 4.12. The bands corresponding to 25kDA indicates our desired 
protein without the MBP tag. The corresponding samples fractions were pooled and concentrated 
for the next step of purification. 
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Figure 4.12: The SDS-PAGE analysis of HSF1 (15-221 + 368-404) artificially modified recombinant 
protein purified from superdex 75 column: Lane 1 corresponds to SDS protein marker; lane 4-7 
corresponds to the expressed soluble artificially modified recombinant protein having a molecular weight 
of 25 kDa.  

Purification of HSF2 (1-218 + 365-380) 

The HSF2 (1-218 + 365-380) was expressed and purified to get high concentration of 
homogenous soluble proteins. For this purpose the expressed protein was purified by Amlyose 
Affinity Chromatography followed by HisTrap column. Figure 4.13 shows the elution profile of 
HisTrap chromatography. 

 HSF2 1 380:1_UV1_280nm  HSF2 1 380:1_Cond  HSF2 1 380:1_Conc  HSF2 1 380:1_Fractions  HSF2 1 380:1_Inject  HSF2 1 380:1_Logbook
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Figure 4.13: Elution profile of HisTrap chromatography of HSF2 (1-218 + 365-380) after the in vivo 
cleavage. The single eluted peak represents our protein of interest. 

The sample fractions collected from the His-trap column were pooled, concentrated and used as 
the sample to be injected for the next purification step of size exclusion chromatoghraphy on a 
Superdex 75 column. The resluting chromatogram of size exclusion chromatography is as shown 
in Figure 4.14. 
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 HSF2 1 218 365 380:1_UV1_280nm  HSF2 1 218 365 380:1_Cond  HSF2 1 218 365 380:1_Fractions  HSF2 1 218 365 380:1_Inject  HSF2 1 218 365 380:1_Logbook
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Figure 4.14: Elution profile of size exclusion chromatography of HSF2 (1-218 + 368-380) after in vivo 
cleavge on a HiLoad 16/60 Superdex 75 column. The tall peak in the chromatogram corresponds to our 
protein of interest. 

The SDS-Page analysis for HSF2 showed similar results as in case of HSF1. 

From the elution profiles of HisTrap column and Superdex 75 it can be concluded that only a 
very small fraction of the protein was soluble. The large scale purification and optimization did 
not give satisfactory results. It seems more likely that the strategy failed to improve the 
production of the desired protein in soluble form. 

Alternately the large scale expression and purification of MBP fused HSF1 (15-221+368- 404) 
and HSF2 (1-218 + 365-380) was also done and the results are as shown below. 

Purification of MBPx-HSF1 (15-221 + 368-404) 

The artificailly modified MBP fusion protein of HSF1 (15-221 + 368-404) was expressed in 
pRK603+pLysS and purified using Amylose Affinity chromatography. The chromatogram in 
Figure 4.15 represents the elution profile of AAC column. 

 MBPwt HSF1 15 221 365 404:1_UV1_280nm  MBPwt HSF1 15 221 365 404:1_Cond  MBPwt HSF1 15 221 365 404:1_Conc  MBPwt HSF1 15 221 365 404:1_Fractions
 MBPwt HSF1 15 221 365 404:1_Inject  MBPwt HSF1 15 221 365 404:1_Logbook
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Figure 4.15: Elution profile of amylase affinity chromatography of HSF1 (15-221 + 365-404). 
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The sample fraction collected from the AAC column was pooled, concentrated and injected to a 
Superdex 200 column for size exclusion chromatography to get highly pure and soluble protein 
for setting up the crystallization drops (Figure 4.16).  

 MBP HSF1 15 221 368 404:1_UV1_280nm  MBP HSF1 15 221 368 404:1_Cond  MBP HSF1 15 221 368 404:1_Fractions  MBP HSF1 15 221 368 404:1_Inject
 MBP HSF1 15 221 368 404:1_Logbook

  0

 50

100

150

200

250

300

350

400

mAU

  0  50 100 150 ml

D8 D6 D4 D2 E1 E3 E5 E7 E9 E11 E13 E15 F14 F12 F10 F8 Waste  

Figure 4.16: Elution profile of size exclusion chromatography of MBP- HSF1 (15-221 + 365-404). The 
small shoulder peak represents the trimer formation of the expressed fusion protein on a HiLoad 16/60 
Superdex 200 column. 

SDS-PAGE analysis of the fractions eluted from the Superdex 200 column was performed and 
the results are as shown in Figure 4.17. The bands at approximately 65kDa represent our desired 
protein with the MBP tag. The samples from these fractions were pooled, concentrated and used 
for the next purification step 
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Figure 4.17: The SDS-PAGE analysis of HSF1 (15-221 + 368-404) artificially modified recombinant 
protein from Superdex 200 column: Lane 1 correspond to SDS protein marker, Lane 2-10 represents the 
sample from the sample fraction of Superdex 200 column. The bands corresponding to approximately 65 
kDa indicate the presence of out protein of interest. 
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Purification of MBPx-HSF2 (1-218 + 365-380) 

The artificially modified MBP fusion protein of HSF2 (1-218 + 365-380) was expressed in 
pRK603+pLysS and purified using Amylose Affinity chromatography. The chromatogram in 
Figure 4.18 represents the elution profile of AAC column.  

 MBPc HSF2 1 218  365 380:1_UV1_280nm  MBPc HSF2 1 218  365 380:1_Cond  MBPc HSF2 1 218  365 380:1_Conc  MBPc HSF2 1 218  365 380:1_Fractions
 MBPc HSF2 1 218  365 380:1_Inject  MBPc HSF2 1 218  365 380:1_Logbook
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Figure 4.18: Elution profile of amylose affinity chromatography of HSF2 (1-218 + 365-380). 

The sample fraction collected from the AAC column was pooled, concentrated and injected to 
Superdex 200 column for size exclusion chromatography to get highly pure and soluble protein 
for setting up the crystallization drops (Figure 4.19).  
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Figure 4.19: Elution profile of size exclusion chromatography of HSF2 (residue 1-218 + 365-380) after 
in vivo cleavge on a HiLoad 16/60 Superdex 200 column. 

SDS-PAGE analysis of the fractions eluted from the Superdex 200 column was performed and 
the results are as shown in Figure 4.20. 
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Figure 4.20: The SDS-PAGE analysis of HSF2 (residue 1-218 + 365-404) artificially modified 
recombinant protein from Superdex 200 column: Lane 1 corresponds to the SDS protein marker; Lane 
2-10 represents the sample from the sample fraction of Superdex 200 column. The bands corresponding 
to approximately 65 kDa indicate the presence of our protein of interest. 

The result of the MBP fused HSF1 (15-221+368-404) and HSF2 (1-218 + +368-380) by in vitro 
cleavage showed results similar to the in vivo cleavage of HSF1 (15-221+365-404) and HSF2 (1-
218 + +365-380) having His-tag cleavage site inserted between the MBP.  

The small amounts of proteins obtained from purification of MBP fusion protein were further 
concentrated and used for initial screening conditions. Around 480 crystallization screening 
conditions were set using the hanging drop technique. On checking the crystallization plates after 
about a month no real crystals were seen. In quite a few conditions phase separation and 
microcrystals were observed. The obtained results were not suitable for any diffraction studies. 

However, it was interesting to see both the artificially modified recombinant proteins form trimer 
regardless with or without the MBP tag as seen from size exclusion chromatography. It may be 
thus believed that the deletion of the disordered region HR-A/B and bringing closer the HR-C 
region facilitated trimerization. This could provide an insight and a possibility to study the HSF 
trimerization by an in vitro method. 

4.5 Preliminary results of crystallization of MBP fusion protein from set up crystallization 
drops 
 

The constructs of HSF1 and HSF2 DBD fused with MBP were prepared and purified and the 
material was obtained from studies performed previously in the same laboratory. The 
crystallization drops for these constructs were set using 480 different screening conditions from 
Hampton research. On analysis of crystallization drops for DBD fused with MBP, phase 
separation and microcrystal were observed (Figure 4.21). Microcrystal was seen under 
conditions containing 2.0 M ammonium sulfate and plate cluster under a condition of 0.2 M 
ammonium sulfate, pH 6.5 and 25% PEG 3350. 
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Figure 4.21: Preliminary crystals obtained from two out of the 480 screening conditions set. A and B: 
Ammonium sulfate as the precipitant. C: Plate cluster of HSF1 DBD, PEG as the precipitant. 

In case of HSF1 and HSF2 DBD fused with MBP optimization of ammonium sulphate condition 
was done by varying the pH of the buffer and precipitant concentration. In total 24 different 
conditions were set as per the protocol. 

In case of plate cluster HSF1 DBD fused with MBP the condition was optimised by 
microseeding technique. In microseeding the pH cannot be varied and buffer pH and salt 
concentration was kept constant. The concentration of precipitant PEG was varied to obtain 24 
different conditions in order to optimize the crystallization process. The optimization condition 
were set by varying the concentration of PEG from 23% - 26% in (4 different concentration of 
PEG) in six different dilutions (100 – 105) 

For obtaining better crystallization of the DBD fused with MBP large scale culture expression 
and purification of the constructs containing DBD fused with MBP was done and preliminary 
crystallization conditions were set using the hanging drop technique. 
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5. Conclusions and Future Work 
 

The heat shock factors play a major role in the transcriptional regulation of heat shock proteins. 
Exposure to various stress conditions leads to misfolding, denaturation and damage of native 
proteins, and even cell death in extreme cases. The HSFs induce the hsf genes for increased 
expression of the HSPs to assist refolding of the misfolded proteins and eliminate the damaged 
proteins through degradation mechanisms. Human diseases like cancer, neurodegerative 
disorders like Huntington’s, Alzheimer’s, Parkinson’s and prion disease are due to accumulation 
of misfolded protein aggregates. Understanding the structure and function of the HSFs has 
become the need of the hour to cope with the deleterious effect of protein misfolding and protect 
humans from diseases associated to protein misfolding.  

Various strategies to crystallize and determine the three dimensional structure of the HSFs have 
been employed, one of which was production of artificial proteins. The intact HSF being a 
complex molecule with a highly disordered region in between the heptad repeat HR-A/B region 
and the heptad region HR-C region caused serious issues for crystallization. To overcome this 
problem the protein was mutated by deletion of the disordered region between the heptad repeat 
HR-A/B region and heptad repeat  HR-C region thereby bringing the HR-C closer, which might 
fold back and prevent the exposure of hydrophobic residues on the surface of HR-A/B. The 
disordered region following the heptad repeat HR-C region was also removed. The newly 
prepared artificial protein was expressed in Rosette2 (DE3) + pLysS to get the MBP fusion 
protein which was then used for crystallization. In parallel they were expressed in TBI + pRARE 
+ pRK603 plasmid for in vivo cleavage. In this strategy a TEV protease and His tag site was 
inserted in between the MBP and HSF ORFs, such that the MBP could be cleaved from the 
proteins after expression before the purification step. 

Proteins with removed MBP tag by in vivo cleavage showed low expression levels with lower 
solubility while the protein fused with MBP showed relatively higher solubility levels. It both 
showed trimer formation which was evident from size exclusion chromatography of MBP fused 
artificial proteins. The crystallization drops for the MBP fused artificial protein were set though 
it did not show any pronounced results. 

The optimization of two crystallization conditions of DBD fused with MBP was carried out. The 
results were not satisfactory and the crystals obtained were not good enough for diffraction 
experiments. Time being a constraint, extensive optimization of the crystallization conditions 
was not possible. 

An interesting result obtained from the artificially modified protein constructs was the formation 
of trimers irrespective of the presence or absence of the MBP tag which is evident from the 
chromatograms of gel filtration Superdex columns. From the obtained results one could conclude 
that HR-C possibly facilitates trimerization. Further investigation could be carried out to study 
the HSF trimerization and its effects on biological activity. 
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Extensive work could be done to study and achieve the 3D structure of the DBD alone of hHSFs. 
Although the 3D structure of the protein from yeast and C. elegans have been determined by X-
ray crystallography and NMR (Vuister et al. 1994, Littlefield and Nelson 1999), it would be 
interesting to determine the DBD of hHSFs as it will be the first human homologue. The study 
could help to understand the structural variations between HSF1 and HSF2 and provide insight 
into the different HSE binding preferences. 

For the long run one could try and solve the structure of this vital protein by co-crystallization of 
the HSF with a binding protein or monoclonal antibodies. 
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