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ABSTRACT

THE EFFECT OF HSP70 OVER-EXPRESSION ON GLOBAL CHANGES IN 
PROTEIN PHOSPHORYLATION IN HEAT-STRESSED CELLS

Jodie Simard
University of Guelph, 2007

Supervisor:
Professor D. Mosser

The expression of the molecular chaperone Hsp70 is induced upon heat shock and 

has critical roles in mediating proper protein folding. Heat shock induces a number of 

signal transduction pathways by modulating the activity of various cellular kinases and 

phosphatases. Suppression of these signalling pathways, in particular the c-jun N- 

terminal kinase (JNK) pathway, by Hsp70 is associated with inhibition of apoptosis. In 

this study, a human lymphoblastic T-cell line harbouring a tetracycline-regulated Hsp70 

expression plasmid was used to examine the global changes in protein phosphorylation in 

heat-stressed cells and the influence of Hsp70 overexpression. Two-dimensional gel 

electrophoresis followed by phosphoprotein-specific fluorescent staining revealed a 

protein target observed to be highly phosphorylated in heat-stressed cells that had a 

markedly reduced level of phosphorylation in Hsp70-overexpressing cells. The protein 

was identified by MALDI-TOF mass spectrometry as the actin-binding protein cofilin 

which depolymerizes filamentous actin in its unphosphorylated state. These findings 

indicate that heat shock induces the phosphorylation of cofilin thereby inactivating its 

depolymerizing activity. This may be an additional point at which Hsp70 overexpression 

increases apoptotic resistance.
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CHAPTER 1: LITERATURE REVIEW

Heat shock proteins and Hsp 70

The ability of a cell to cope with many types of mild stresses largely relies on the 

induction of a highly conserved group of proteins referred to as heat shock proteins (hsp). 

They are present in all cells from bacteria to mammals. The hsp family of proteins have 

both constitutively expressed members (e.g. Hsc70) as well as inducible members (e.g. 

Hsp70). The inducible hsp members have five classes: Hsp60, Hsp27, Hsp90 and Hsp70 

with the major mediator being Hsp70. Hsp70 functions as a molecular chaperone in 

folding of both nascent and non-native proteins. It also assists in the translocation of 

client proteins within the cytosol. As well, it prevents irreversible protein aggregation 

and targets damaged proteins for degradation [Lindquist & Craig, 1988], Hsp70 gene 

expression is induced by the oligomerization and activation of the heat shock 

transcription factor (HSF-1), which then binds to regulatory heat shock elements (HSE), 

present in the promoters of heat-inducible genes [Morimoto et al., 1992],

Hsp70 is assisted by cofactors to mediate its chaperoning function

In both physiologically normal and stressed cells, the primary role of Hsp70 has 

been defined by its ability to bind to hydrophobic regions of nascent or non-native 

peptides. The binding of peptides occurs through its carboxy-terminal peptide-binding 

domain [Bukau and Horwich, 1998], In addition, Hsp70 has an ATP-binding-domain, at 
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the amino-terminal end, which regulates the chaperone function. The refolding of non

native proteins occurs through cycles of substrate binding and release that are coupled 

with ATP binding and hydrolysis [Rudiger et al., 1997; Palleros et al., 1994], The 

overall affinity of Hsp70 for its substrate proteins is regulated by Hsp70 interactions with 

co-chaperones/cofactors HDJl/hsp40, Hip (hsc70-interacting protein) and Bag-1 

[Freeman et al., 1995; Demand et al., 1998; Hohfeld et al., 1995]. In the ATP-bound 

form, Hsp70 has a low affinity for its substrate. The binding of Hsp40 results in the 

conversion to the ADP-bound form resulting in a more stabilized interaction [Minami et 

al., 1996]. Co-factors Hip and Bag-1 compete for binding at the N-terminal ATPase 

domain of Hsp70 and further modulate substrate binding. While Hip appears to promote 

the ADP-bound Hsp70 [Hohfeld et al., 1995], Bag-1 has been shown to encourage 

substrate release [Hohfeld and Jentsch, 1997],

Heat shock proteins and the stress response

Heat shock has numerous deleterious effects on cells. It inhibits cellular 

metabolism, cell cycle progression, ion balance, as well as DNA, RNA and protein 

synthesis. Inhibition of protein synthesis occurs in part through phosphorylation- 

mediated inactivation of eIF2B [Scheper et al., 1997]. It also causes the induction of heat 

shock proteins and following non-lethal heat exposures this up-regulation of hsp induces 

a state of thermotolerance. Thermotolerant cells are resistant to subsequent and typically 

lethal stresses [Gemer and Schnieder, 1975]. The state of thermotolerance is transitory 

and serves to assist cells in tolerating natural fluctuations in their environment. It has 
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been suggested that the state of thermotolerance is largely due to the induction of heat 

shock proteins. An early study by Mosser and Martin (1992), confirmed that exposure of 

cells to mild heat shock results in apoptosis. In addition, cell lines exposed to brief 

periods of hyperthermia developed resistance to apoptosis which positively correlated 

with the induction of heat shock proteins and in particular, the increased synthesis of 

Hsp70 [Mosser and Martin, 1992]. Therefore it was proposed that overexpression of 

Hsp70 is sufficient to achieve resistance to multiple apoptotic insults, which was later 

confirmed [Mosser et al., 1997], This finding sparked interest into the mechanisms by 

which Hsp70 may mediate this anti-apoptotic function. Surprisingly, subsequent research 

has revealed multiple points of Hsp70 intervention in preventing cell death.

Apoptosis: A brief overview

In the presence of overwhelming stress, cells execute a controlled mechanism of 

cell death known as apoptosis. Apoptosis or programmed cell death is an essential 

process that is responsible for ridding the organism of damaged or excess cells. There are 

two general pathways: the intrinsic pathway and the extrinsic pathway. In both 

pathways, cell death is executed through the activation of effector molecules called 

caspases. Caspases are cysteine proteases with an exclusive specificity for an aspartate 

residue in the Pl position of the cleavage site. [Wolf and Green, 1999]. The extrinsic 

pathway is mediated by members of the tumour necrosis factor (TNF) receptor 

superfamily, which include TNFa and Fas. Upon activation of TNF receptors by ligand 

binding, the Fas-associated death domain (FADD) adapter molecule is recruited to the 
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cytoplasmic domain of the receptor and this subsequently recruits the binding and 

activation of caspase-8. The activation of caspase-8 engages the activation of 

downstream effector caspases, including caspase-3 [Walczak and Krammer, 2000], 

Conversely, the intrinsic cell death pathway is set in motion by the release of 

cytochrome-c from mitochondria [Liu et al., 1996], which occurs in response to cellular 

stresses such as heat shock. Cytochrome-c release is mediated by the translocation of the 

pro-apoptotic Bcl-2 family member Bax from the cytosol to the mitochondrial outer 

membrane where its oligomerization leads to the formation of channels through which 

cytochrome-c can escape [Wei et al., 2001], Once cytochrome-c enters the cytosol, it is 

able to bind to the apoptotic protease-activating factor (Apaf-1) together with dATP 

causing it to oligomerize. This complex, referred to as the apoptosome, then recruits and 

activates the initiator caspase, procaspase-9. The apoptosome mediates procaspase-9 

activation through the direct interaction of the caspase recruitment domain (CARD) of 

Apaf-1 and procaspase-9 [Saleh et al., 2000]. Procaspase-9 is self-processed and is then 

able to activate a series of downstream caspases, caspase-3, 6 and 7, that are responsible 

for the execution of apoptosis. The activation of either the intrinsic or extrinsic cell death 

pathway is determined by the specific initial upstream stimulus, either cellular stress or 

ligand binding to a death receptor.
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The role of Hsp70 in apoptosis

The state of thermotolerance correlates with the induction of Hsp70 [Li et al., 

1982], One major question remaining is whether Hsp70 induction is sufficient to allow 

cells to overcome normally lethal stress and if so, how is this accomplished? Subsequent 

studies have clearly shown that induced overexpression of Hsp70 mimics a state of 

thermotolerance whereby cells are able to tolerate apoptotic insult [Mosser et al., 1997, 

Saleh et al., 2000, Beere et al., 2000, Jaattela et al., 1998, Yaglom, et al., 1999, Gabai et 

al., 1997]. However, there appear to be multiple points of Hsp70 intervention, some of 

which are conflicting. Some studies have shown that Hsp70 acts in blocking events 

downstream of cytochrome-c release. [Beere et al., 2000; Saleh et al., 2000; Jaattela et 

al., 1998]. In a report by Saleh et al., (2000), the formation of the apoptosome was 

blocked due to a direct interaction between Hsp70 (through its substrate binding domain) 

and Apaf-1 in heat shocked HeLa and Jurkat cells. This interaction prevented the 

processing of pro-caspase-9 following cytochrome-c release and thus abolished the 

caspase cascade that would have otherwise led to apoptotic cell death. In the results of a 

parallel study, Hsp70 was also shown to block apoptosis by the prevention of pro

caspase-9 processing. However, in this study Hsp70 was shown not to prevent the 

oligomerization of Apaf-1 but instead blocked the recruitment of pro-caspase-9 to the 

assembled apoptosome. Again this was mediated by a direct interaction between Hsp70 

and Apaf-1 [Beere et al., 2000], Hsp70 has also been shown to block apoptosis at points 

following caspase activation. In staurosporine, TNFa or doxyrubicin-treated cells, the 

response followed the normal apoptotic progression; however, downstream caspase 

5



targets such as phospholipase A2 appeared to be the source of apoptotic resistance 

[Jaattela et al., 1998]. Hsp70 has also been shown to have direct effects on additional 

downstream targets. The onset of apoptosis is partly regulated by the caspase-mediated 

activation of protein kinase C (PKC), a serine/threonine kinase [Ghayur et al., 1996], 

PKC has been shown to be necessary for heat shock factor (HSF1) phosphorylation and 

its subsequent activation, which is interrupted by the overexpression of Hsp70 [Ding et 

al., 1998]. However, no link between thermotolerance and PKC activity has been 

demonstrated. The points of Hsp70-mediated apoptotic resistance have also been 

extended to sites upstream of cytochrome-c release. Hsp70 appears to regulate the initial 

signalling pathways that lead to cell death upon heat shock or other stresses.

Heat shock and other stresses activate MAPK pathways: A summary of the pathways 

leading to cell death

Heat shock and other forms of cellular stress activates mitogen-activated protein 

kinase (MAPK) pathways. MAPK are divided into three signalling pathways that 

respond to different signals. One branch of the MAPK pathway leads to the activation of 

the extra-cellular signal-regulated kinase (ERK). Activation of the ERK kinase pathway 

in response to heat shock occurs through an agonist-independent induction of epidermal 

growth factor receptor (EGFR). The EGFR is a receptor tyrosine kinase that is capable of 

phosphorylating downstream targets, one of which is ERK. ERK activation leads to 

transcription of the c-Fos transcription factor gene. The induction of c-Fos and in 

cooperation with Myocyte-Enhancer Factor 2 (MEF2) directs the expression of c-jun
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[Eferl and Wagner, 2003]. Both c-jun and c-fos are involved in the formation of 

activating protein-1 (AP-1) and they appear to be necessary for AP-1 transcriptional 

activity in response to stress [Yang et al., 1997a]. AP-1 is a transcription factor known to 

induce transcription of genes required for both cell proliferation (e.g. Cyclin DI), and 

apoptosis (e.g. BIM). AP-1 appears to have a dual function that is dependent on complex 

formation and cellular context [Eferl and Wagner, 2003].

A second branch of the MAPK pathway leads to activation of INK or c-Jun NH2- 

terminal kinase. In the presence of potent stressors such as heat shock and UV- 

irradiation, INK activation has been shown to be an essential mediator of apoptosis 

[Adler et al., 1995]. In murine embryonic fibroblast cells (MEF), INK was shown to be 

necessary for caspase-9 activation since the targeted disruption of all three JNK genes in 

these cells resulted in the failure to undergo apoptosis upon UV-irradiation [Tournier et 

al., 2000]. JNK is encoded by three genes: jnkl,jnk2 and jnk3 which are alternatively 

spliced to generate ten different isoforms [Gupta et al., 1996], The isoforms differ in 

their response to upstream mediators due to their varied ability to interact with these 

kinases and phosphatases [Tanoue et al., 2000], The immediate upstream kinases of JNK, 

SEK1/MKK4 and MKK7 have three and six iso forms respectively. These are dual

specificity kinases that phosphorylate JNK at threonine and tyrosine residues crucial for 

its activation. Initial experiments suggested that JNK activation during heat shock is 

directed through the inhibition of a phosphatase, which inactivates JNK by its 

dephosphoylation [Meriin et al., 1999]. Once JNK activity is stimulated, JNK then 
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phosphorylates c-jun at critical serine residues [Adler et al., 1992] to induce its gene 

expression thus allowing the formation of AP-1 to occur.

The third branch of the MAPK signalling cascade is the p38 pathway. The p38 

kinase is activated in response to heat shock and other similar stresses such as anoxia and 

H2O2 treatment. The MAPKKK, apoptosis signal-regulating kinase (ASK1) is essential 

for p38 activation upon heat shock [Dorion et al., 2002], The direct downstream kinase 

MKK3/6 is phosphorylated by ASK1, which in turn phosphorylates p38. The p38 kinase 

regulates the activity of a number of transcription factors that control the expression of 

genes, which are mediators of apoptosis and cell signalling.

Hsp70 regulates the activation of MAPKpathways leading to apoptotic resistance

Brief exposure to heat shock induces a state of thermotolerance and induction of 

heat shock proteins namely, Hsp70. One major issue not yet resolved is how Hsp70 

prevents the release of cytochrome-c. Multiple studies have implicated the main site of 

intervention in normal apoptotic signalling by Hsp70 overexpression is the inhibition of 

the JNK signalling pathway, which acts upstream of cytochrome-c release [Lee et al., 

2005; Yaglom et al., 1999; Gabai et al., 1997; Mosser et al., 1997]. One site of Hsp70 

action was found in a human T-lymphocyte cell line (PEER) in which Hsp70 expression 

could be controlled by the tetracycline-regulated transactivator [Mosser et al., 1997]. 

Transient overexpression of Hsp70 in these cells provided increased resistance to heat 

shock. This resistance was found to be upstream of caspase-3 activation and it was 
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suggested that Hsp70 blocks signalling events upstream of JNK activation. However, 

resistance to cell death by inactivation of the JNK pathway in response to hyperthermia 

could not be extended to cells that constitutively overexpressed Hsp70 since JNK 

activation was not inhibited in these cell lines. However, the resistance of these cells to 

heat-induced apoptosis was likely due to another mechanism [Mosser et al., 1997]. 

These results suggest that there are multiple points of Hsp70 intervention, which are 

dependent on the dose and duration of Hsp70 induction.

The molecular mechanism of JNK suppression by Hsp70 has been revealed by 

studies carried out by Michael Sherman and colleagues. JNK is activated in response to a 

variety of stress conditions including protein-damaging stresses. However, rather than 

through activation of the upstream kinase SEKI, it was shown that in cells exposed to 

protein-damaging stresses, JNK is activated primarily through an inhibition of its 

phosphatase [Meriin et al., 1997], Protein phosphorylation is regulated such that the 

action of specific kinases is opposed by the action of target specific phosphatases that act 

on the same phosphorylation sites. In addition, Meriin et al., (1999) demonstrated that 

when Hsp70 was overexpressed in cells, JNK activation was suppressed during heat

shock due to the ability of Hsp70 to prevent the heat-induced inactivation of the JNK 

phosphatase. However, Hsp70 appears to have a broader regulatory role in the JNK 

pathway since Hsp70 can also inhibit the JNK pathway in cells exposed to stresses that 

do not directly result in protein damage such as interleukin-1 or UV-irradiation [Yaglom 

et al., 1999]. Therefore, Hsp70 can also suppress the JNK pathway by interfering with 

the signal transduction cascade upstream of the JNK kinase SEKI.
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In a recent study by Lee et al. (2005), both the ERK and JNK pathways were 

shown to be inhibited in cells containing elevated levels of Hsp70. This result was 

presumed to be due to the protective role of Hsp70 in limiting the heat-induced 

inactivation of the ERK phosphatase MAP kinase phosphatase (MKP-1). The activation 

of MKP-1 corresponded to increased levels of Hsp70 and decreased activation of the 

MAPK pathways JNK and ERK [Lee et al., 2005]. The significance of ERK inhibition in 

apoptosis suppression was not explored in this study.

The upstream mediators of the p38 pathway have distinct members. Apoptosis 

signal-regulating kinase (ASK1) activates the p38 pathway to induce cell death in the 

presence of H2O2. The regulation of the p38 pathway has also been shown to be 

mediated by Hsp70. Cells which have both exogenously-induced, continual Hsp70 

expression, and cells made thermotolerant by mild heat shock, were found to evade cell 

death upon H2O2 treatment [Park et al., 2002]. Hsp70 was found to directly interact with 

ASK1 thus preventing its homo-oligomerization and activation in cells exposed to H2O2. 

The inhibition of ASK1 corresponded to an inhibition of p38 activation and apoptotic 

resistance [Park et al., 2002].

Elevated levels ofhsp70 expression in tumour cells

There have been multiple accounts of elevated levels of Hsp70 in tumour biopsies 

and tumorigenic cell lines [Jolly and Morimoto 2000, Mosser and Morimoto 2004], How 

tumour cells are able to tolerate these high levels of Hsp70 is unclear as sustained high- 
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level expression of Hsp70 is generally not well tolerated leading to growth arrest and cell 

death. However, tumour cells that express high levels of Hsp70 become dependent upon 

its continued expression. Studies have shown that the down-regulation of Hsp70 in 

tumour cell lines is sufficient to promote growth arrest and cell death. Kaur et al., (2000) 

showed that apoptosis was induced when oral cancer cells that contained elevated levels 

of Hsp70 were incubated with Hsp70 antisense oligonucleotides. Another antisense 

approach used by Jones et al., (2004) in PC-3 prostate cancer cells showed similar results 

although to a lesser extent in that only 15% of the cells succumbed to cell death. 

Nylansted et al., (2000) studied the effects of Hsp70 depletion in breast cancer cell lines, 

which were shown to have increased levels of Hsp70. In this particular study, an 

adenovirus construct expressing a 300bp Hsp70 cDNA in the antisense orientation was 

introduced into breast cancer cells, which resulted in considerable cell death. 

Furthermore, this phenotype could be rescued by exogenous Hsp70 expression.

In an attempt to uncover pathways leading to cell death involved in Hsp70- 

depleted cancer cells, Rohde et al., (2005) used microarray technology to analyze the 

gene expression changes. Results showed the increased expression of numerous genes 

with macrophage inhibitory cytokine-1 (MIC-1) displaying the highest level of induction. 

In order to show a more direct involvement of MIC-1 expression, simultaneous depletion 

of MIC-1 and Hsp70 was carried out. The co-transfection of MIC-1 and Hsp70 siRNA 

into cancer cells rescued them from cell death that was normally induced when 

transfected with the Hsp70 siRNA alone. Rohde et al., (2005) also found that expression 

of p53 was upregulated when MIC-1 expression was ectopically induced, providing a 
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link between Hsp70, MIC-1 and apoptosis. In an attempt to analyze the consequence of 

Hsp70 suppression in prostate tumour cells, Gabai et al., (2005) used retroviral vectors 

containing an Hsp70-targetting siRNA. The reduction of Hsp70 by nearly 70% caused 

increased sensitivity (as monitored by PARP cleavage) to proteosomal inhibitors, 

anticancer treatments or following a brief heat shock. Short-term reduction of Hsp70 

caused a delayed inactivation of the JNK pathway following heat-shock recovery 

indicating that Hsp70 activity negatively modulates JNK activity.

In summary, heat stress has been shown to affect a number of signal transduction 

pathways controlling both cell proliferation and apoptosis. Many of these pathways are 

suppressed in cells containing elevated levels of Hsp70. However, what is lacking is a 

global perspective of the effects of heat shock on signal transduction. A recent study by 

Kim et al., (2002) used 2D gel electrophoresis followed by western blot analysis with a 

phosphotyrosine-specific antibody to probe phosphorylation events in fibrosarcoma cells 

exposed to heat shock. Nearly 100 proteins were identified by MALDI-TOF as being 

differentially phosphorylated in heat-shocked cells. For a subset of these proteins 

differences were noted when compared to results obtained with a heat-resistant variant of 

these cells. It would therefore be advantageous to study the signalling pathways, which 

normally lead to cell death upon heat shock and the points of Hsp70 intervention in 

thermotolerant cells. While transient induction of Hsp70 creates an apoptotic-resistant 

phenotype, constitutive overexpression is not compatible with cell proliferation. Several 

questions remain: How do cancer cells tolerate constitutively elevated levels of Hsp70 
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expression? Are there alterations in signalling pathways that occur in these cells that 

allows them to proliferate in spite of the high levels of Hsp70?

Objective

It has been shown from prior studies that heat shock affects signal transduction 

pathways regulating the cells decision to proliferate or die. The activities of a limited 

number of kinases and phosphatases that are affected by heat shock have been shown to 

be altered in cells containing elevated levels of Hsp70. The objectives of this project 

were to characterize global changes in protein phosphorylation in heat-shocked cells and 

examine the effects of Hsp70 overexpression on these events. The global changes in 

protein phosphorylation were analyzed using two-dimensional electrophoresis followed 

by phospho-specific staining. Spots were isolated and targets were identified by mass 

spectrometry.

Two-dimensional electrophoresis as a tool in proteomics studies

The method of choice to examine phosphoproteomic changes in heat stressed 

cells was two-dimensional electrophoresis. Two-dimensional electrophoresis (2DE) is a 

powerful technique used to separate proteins from a complex sample based on their 

isoelectric point (pl) (first dimension) and their size (second dimension) providing a map 

in which distinguishable spots in a polyacrylamide matrix correspond to individual 

polypeptides. 2DE not only provides a reproducible method to evaluate protein 

13



expression levels between samples, it also enables researchers to examine individual 

protein isoforms as well as post-translation modifications, which are not as easily 

distinguishable in traditional one-dimensional electrophoresis. Post-translational 

modifications are more easily identifiable in 2DE gel because they often result in a 

change in overall charge and only slight changes in molecular weight and it is often not 

possible to measure differences between individual proteins from different samples in 

one-dimension clearly. Proteomic changes can be clearly visualized in 2DE since 

proteins are separated based on two independent properties, charge and size. Separation 

based on these two properties results in a map where proteins of different charges are 

resolved horizontally and further separated based on their size vertically. Individual 

proteins are represented as spots, which can be matched and its expression compared with 

other samples.

In the first dimension, proteins are separated based on their isoelectric point or the 

pH at which the protein has no overall net charge. Proteins are amphoteric molecules and 

they are either acidic or basic depending on the pH of the surrounding environment. 

Therefore, applying proteins to a pH gradient will allow them to migrate toward their pl 

when put in an electrical field. Proteins that carry an overall positive charge will migrate 

to the cathodic end and proteins that have a net negative charge will migrate to the anodic 

end. Increasing the voltage in increments allows for the sharp focusing of proteins in 

narrow pH ranges while allowing highly charged contaminants to be removed in the 

initial low voltages. The pH gradient in the first dimension is supplied as a set of 

chemicals (referred to as immobilines) within a defined pH range, which are co
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polymerized in a polyacrylamide matrix on a plastic backing or strip. The pH range of 

the strip is chosen based on either the known or theoretical pl of the protein(s) of interest. 

If the pl of the protein is unknown, wider pH gradients allow for the inclusion of more 

proteins to be analyzed; however, narrow pH gradients allow for increased resolution. 

Sample preparation prior to the first dimension is the most critical step in obtaining 

reproducible and desirable results and it is highly dependent of the source of the sample 

and the type of proteins to be analyzed. Sample preparation in 2DE is made problematic 

due to the sensitivity of isoelectric focusing to ionic contaminants (e.g. salts) as well as 

other interfering substances such as lipids, polysaccharides and nucleic acids. The 

presence of contaminants in samples greatly interferes with protein resolution and gel-to- 

gel reproducibility. An ideal sample preparation protocol will maximize protein 

representation and ensure the removal of contaminants. In order to have a complete 

representation of the proteome, complete cell disruption and protein solubilization is 

essential. There are several methods for cell disruption such as sonication, grinding, 

freeze-thaw cycles etc.; the method of choice will ensure thorough cell disruption and 

curtail protein loss and degradation. Including a cocktail of protease inhibitors in the 

solubilization solution can diminish protein degradation, due to cellular proteases. 

Phosphatase inhibitors are also included when studying the state of protein 

phosphorylation. There are several components of the solubilization solution that are 

necessary for protein denaturation. All solubilization solutions contain urea, which is a 

non-ionic chaotropic agent that aids in unfolding proteins by disrupting hydrophobic 

interactions as well as hydrogen bonding and Van der Waals interactions. Solubilization 

solutions also contain non-ionic or zwitterionic detergents such as CHAPS, in order to
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prevent hydrophobic aggregation. The addition of a reductant such as DTT to the 

solubilization solution is also necessary to break disulfide bonds and allow for a complete 

unfolded protein state. Carrier ampholytes also help with protein solubilization by 

interfering with charged interactions as well as acting as an ionic scavenger (cyanate 

scavenger), which may interfere with the isoelectric focusing.

The first dimension is carried out on IPG strips, which have been rehydrated in a 

solution similar to that of the solubilization solution. Samples can be applied during 

rehydration of the strip (in-gel rehydration loading) or can be applied by cup-loading. 

The method of sample application is dependent on the amount of protein to be loaded and 

the pH gradient of the strip.

The resolution of the first dimension is dependent on the length of the IPG strip 

chosen as well as the pH gradient range. When greater resolution is needed, longer strip 

lengths can be used to accommodate larger protein loads and therefore greater protein 

representation. Increased resolution can also be obtained by using longer strips with 

narrow pH ranges, which focus only those proteins whose pl lie within the pH gradient 

chosen. Immediately prior to the second dimension, strips must be equilibrated to help 

their entry into the sodium dodecyl sulfate polyacrylamide gels. Composition of the 

equilibration buffer includes urea and DTT in order to ensure proteins remain fully 

denatured and disulfide bonds are reduced. It also contains sodium dodecyl sulfate (SDS) 

to coat proteins in net negative charge as well glycerol to aid entry into the second 

dimension. IPG strips are then equilibrated with iodoacetamide to alkylate thiol groups 
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to prevent their oxidation, which may result in artefacts or streaking. Sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) separates proteins based on their 

molecular weight. Proteins are saturated with anionic SDS, giving them a negative 

charge, and are allowed to migrate through the porous gel matrix. Migration of proteins 

through the polyacrylamide matrix occurs when an electric field is applied and proteins 

migrate towards the positive cathodic end. Proteins with a higher molecular weight will 

move more slowly through the gel matrix compared to the smaller molecular weight 

proteins, which will reach the bottom of the gel first. In order to have increased 

reproducibility between gel runs as well as accurate spot matching, the second dimension 

can be performed at constant power to help maintain constant temperature throughout the 

entire gel and avoid gel warping. Following the second dimension, there are a number of 

methods to visualize 2DE gels. Gels containing radioactively-labelled proteins can be 

autoradiographed by exposure to x-ray film, or the detection of proteins by 

immunological methods using antibodies, following the electrophoretic transfer of 

proteins to membranes. Protein spots can also be visualized by staining with either a 

general protein stain such as silver or Coomassie blue or they can be fluorescently 

stained. Novel fluorescent dyes such as Sypro Ruby (Molecular Probes), provide both a 

linear dynamic range for quantifying protein expression and can detect protein spots with 

as little as several nanograms. Fluorescently-labelled 2DE gels can be imaged using 

digital scanners which convert spot intensity into digital data that can be analyzed by 

computer software programs.

17



There are several computer software programs available for the analysis of 2DE 

gels. Software programs are designed to correctly detect spots within a gel and enable 

spot matching between gels by creating a reference gel. A reference gel is used to 

quantify changes in expression levels between proteins. An ideal computer program will 

correctly detect real spots and enable spot filtering so that spurious spots or artefacts will 

not be included in the analysis. Effective software programs will also detect spot 

matches and determine changes in protein levels between matched protein spots with 

little user intervention. In order to accurately compare multiple gels, computer software 

programs must normalize individual spot volumes against the total spot volume to 

account for any loading differences between gels.

Two-dimensional electrophoresis, when coupled to mass spectrometry such as 

matrix assisted laser desorption/ionization-time of flight (MALDI-TOF) mass 

spectrometry, is an effective method to identify unknown proteins. Protein spots are 

picked from the 2DE gel either manually or using automated, high-throughput 

instruments. They are subsequently destained and digested into smaller peptide 

fragments by enzymatic cleavage typically using trypsin. Following tryptic digestion, 

peptide fragments are analyzed by a mass spectrometer. A mass spectrometer consists of 

a sample inlet where the peptide sample is applied and ionized; a mass analyzer, which 

separates ionized molecules; a detector that detects analytes; and a data system, which 

integrates information from the detector and allows for subsequent analysis. In instances 

when the identification of larger molecular weight compounds such as protein/peptides 

are required, the sample inlet and ionization source used is MALDI. MALDI consists of 
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a laser, which emits light energy at a specific wavelength. The peptide fragments are 

combined with a matrix such as a cyano-4-hydroxycinnamic acid (CHCA), which is 

designed to absorb at the specific wavelength of the laser causing the ionization of the 

sample when a laser pulse is applied. In the analysis of peptides and proteins, it is 

referred to as positive ionization because amine groups are easily protonated. Following 

sample ionization, an electric field accelerates ions to the mass analyzer. The mass 

analyzer coupled with the MALDI source is the time of flight (TOF) which measures the 

time it takes for an ionized molecule to travel the distance of the flight tube. 

Theoretically, the ionized fragments enter the flight tube and the velocity at which it 

travels is dependent of the kinetic energy of the ionized molecule and its mass to charge 

ratio. Since the acceleration force (in this case it is an electric field) and the distance 

travelled by all ionized fragments is equivalent, the kinetic energy is also the same for all 

ionized peptides. The velocity of the ionized molecules is v = [2Vx e I (m/z)} where the 

voltage of the instrument (V) and the kinetic energy (e) applied to all ionized fragments 

are equivalent; therefore, the velocity of the peptide fragment across the flight tube is 

based solely on the mass to charge ratio (m/z). Conveniently, the charge of an ionized 

peptide is known (+1 for a protonated peptide) and therefore the velocity of the ionized 

fragment is based on its mass alone. Therefore, the larger peptides will take more time to 

travel across the flight tube compared to smaller fragments. The time taken to travel the 

distance of the flight tube is measured by the detector. The detector of a mass 

spectrometer detects the presence of the analyte by measuring its current, which is 

amplified as a signal to the datasystem. When attempting to identify unknown 

protein/peptides using MALDI-TOF mass spectrometry, the data system expresses the 
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results as a mass spectrum whereby, the abundance of the analyte is plotted against its 

mass to charge ratio (m/z). Individual peaks are representative of the peptide masses of 

the individual fragments produced. The peptide masses in higher abundance are used to 

search a database containing a collection of peptide masses, which would be produced 

during proteolytic digestion. This method of protein identification is referred to as 

peptide mass fingerprinting since each protein consists of a unique set of experimental 

peptide masses. There are several free software programs that are readily available to 

search the protein database.

The main advantages of MALDI-TOF mass analysis is the relatively low cost, the 

results are obtained quickly; there is a good tolerance to buffers and salts as well as 

having decent sensitivity. The combination of these benefits certainly can outweigh the 

poorer mass resolution. Recent advances in technology continue to address and improve 

the shortfalls of MALDI-TOF mass resolution.

In this study, the application of 2DE coupled to mass spectrometry resulted in 

successful identification of a protein of interest. Heat shock treatment of the T-cell 

lymphoblastic cell line induced multiple changes in phosphorylation status when 

analyzed by 2DE and phosphospecific staining. One protein spot which showed 

increased phosphorylation following heat shock which was markedly decreased in cells 

overexpressing Hsp70 was identified by mass spectrometry as the actin-binding protein 

cofilin. Cofilin is an actin-depolymerizing protein and a key player in microfilament 

dynamics.
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Actin filament dynamics

Microfilaments or actin filaments are vital for cellular processes such as motility, 

cytokinesis, endocytosis, cell growth and differentiation. Cell motility is a crucial 

function of microfilaments and it relies on rapid assembly and disassembly of filaments. 

Microfilaments are composed of the protein actin, which is an evolutionarily conserved 

and highly abundant cellular protein [Bamburg et al., 2002; Pollard, 2000], 

Structurally, actin has two equal-sized lobes separated by a central ATP/ADP binding 

cleft [Schutt et al., 1993] with the majority of actin monomers bound by ATP [Rosenblatt 

et al., 1995], The overall structure of a microfilament has been described as two actin 

helical subunits with the ATP/ADP-binding cleft aligned in a single direction. The 

uniform orientation of actin monomers within the microfilament gives rise to two distinct 

ends which are seen as a barbed end and a pointed end when myosin is bound to the 

filament and in this sense, exhibit a structural polarity [Bamburg et al., 1999; Pollard et 

al, 2000],

In general, the assembly and disassembly of actin filaments is regulated by the 

addition or removal of actin monomers from filament ends, which is carried out by 

several highly conserved and well-characterized proteins. Within the cell, actin 

monomers are bound by monomer-binding proteins thymosin-p4 and profilin, which 

compete for binding on overlapping sites [Pollard et al, 2000]. Binding of thymosin-P4 

to actin monomers does not allow its assembly into the microfilament; however, profilin- 

bound actin is incorporated into the microfilament at free barbed ends at which point, it 
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dissociates. Thymosin-[34 is more abundant than profilin with and helps to maintain a 

large pool of actin monomers by sequestering G-actin from profilin and its incorporation 

into actin filaments [Pollard et al., 2000]. Polymerization of microfilaments occurs at 

both ends; however, only unbound monomeric actin contributes to the assembly at the 

pointed end whereas both profilin-bound and free actin polymerize at free barbed ends. 

This contributes to an overall higher rate of actin polymerization at the barbed end 

compared to the pointed end. Both profilin and thymosin-p4 have a higher affinity for 

ATP-actin compared to ADP-actin and thus ATP-actin is incorporated into free barbed 

ends of actin filaments at a rate exceeding that at the pointed end. The rate of actin 

filament assembly is dependent on a critical concentration (Cc) or the threshold level of 

free/profilin-bound ATP-actin at which point actin polymerization exceeds actin 

dissociation. The critical concentration at the barbed end is lower than that of the pointed 

end due to contribution of profilin-bound ATP-actin incorporation [Pollard et al., 2000], 

Once incorporated, ATP is rapidly hydrolyzed to ADP + P,; however, dissociation of the 

y-phosphate is slow resulting in a large portion of newly synthesized filaments with 

ADP+ P, intermediates [Carlier et al., 1986]. ADP and ATP actin depolymerize from 

both filament ends; however, there is an increased rate of ADP actin dissociation at the 

barbed end compared to ATP actin, whereas at the pointed end, ADP and ATP actins 

disassemble at the same relatively slow rate [Pollard et al., 1986], At steady state, a 

phenomenon known as treadmilling, ATP-actin is polymerized at the barbed end while 

ADP-actin monomers dissociate from the pointed end with no overall growth in filament 

length.
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The stabilization of actin filaments is facilitated by capping proteins that bind to filament 

ends. There are several types of capping proteins, which serve to block actin 

polymerization and depolymerization at filament ends. Two major barbed-end capping 

proteins found in higher eukaryotes are gelsolin [Sun et al., 1999, Pollard and Borisy 

2003] and capping protein (CP) [Cooper and Schafer, 2000; Pollard and Borisy, 2003],

The initial phase of actin filament formation requires the presence of free barbed 

ends as a substrate for elongation. Free barbed ends can be generated by three main 

mechanisms; removal of regulatory capping proteins from filament ends; filament 

nucleation; or severing of existing actin filaments. The polymerization of microfilaments 

is regulated by CP, which is present in most eukaryotic tissues and cell types. Capping of 

filaments occurs at barbed ends and inhibits the incorporation of profilin-bound and free 

actin monomers into the actin filament [Schafer et al., 1995]. Removal of capping 

proteins mediated by several phospholipids such as phosphatidylinositol 4,5-bisphosphate 

(PIP2) and phosphatidylinositol 4-monophosphate (PIP) [Schafer et al., 1996], from F- 

actin binding allows for actin polymerization [Pollard and Borisy, 2003].

Another mechanism for generating free barbed ends is the de novo nucleation of 

actin filaments. The spontaneous dimerization of actin monomers is not favourable 

within the cell and requires the activation Arp2/3 complex by nucleation promoting 

factors (NPFs). NPFs are structurally diverse but share common elements that function 

in Arp2/3 activation. NPFs contain a CA element, which is responsible for Arp2/3 

binding as well as an adjacent G-actin/F-actin binding site. Via mechanisms not fully 
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elucidated, nucleation occurs by bringing in close proximity, an actin monomer and/or a 

pre-existing actin filament, which is facilitated by Arp2/3 and NPF [Welch and Mullins, 

2002],

A final mechanism for the generation of free barbed ends, promoting the 

polymerization of actin filaments is the severing of pre-existing filaments. The severing 

of pre-existing filaments can occur by ADF/cofilin family of proteins which generate 

multiple, shorter actin filaments that are then elongated with the help of the Arp2/3 

complex. However, the action ADF/cofilin proteins are linked more-so to the 

depolymerization of actin filaments contributing to actin turnover [Pollard et al., 2000],

The first member of the ADF/cofilins (AC) family of proteins was discovered in 

chick brain extracts using a DEAE-cellulose column to separate F-actin to identify 

possible proteins responsible for F-actin disassembly [Bamburg, 1980]. Numerous AC 

homologues have been identified in both vertebrates and lower eukaryotes. In single

celled organisms only one AC gene is present; however in multicellular organisms 

multiple AC genes have been discovered, some which are expressed only in specific 

tissues or distinct temporal stages [Bamburg, 1999], In humans, there are multiple 

isoforms of AC proteins which are differentially expressed; muscle-specific cofilin 

(CFL2) is predominately expressed in skeletal and heart muscles [Thirion et al., 2001]; 

ADF which is ubiquitously expressed in various tissues [Hawkins et al., 1993] and non

muscle type cofilin (CFL1), which was first identified from porcine brain extracts and 

was appropriately named due to the fact that it co-sediments with filamentous actin when 
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isolated using DNase I affinity chromatography [Maekawa, 1984], Sequence analysis 

reveals that there is over a 70% homology between the non-muscle type proteins, CFL1 

and ADF; however, both structural and functional differences remain. Structurally, 

residues/regions vital for secondary structure, actin-binding, which include a regulatory 

phosphorylation site, are highly conserved [Bamburg, 1999], ADF and cofilin function 

to depolymerize filamentous actin (ADF and CFL1 from vertebrates also have a 

conserved nuclear localization sequence similar to that of the SV40 large T antigen 

[Matsuzaki et al., 1988]). While regions of ADF and cofilin that are vital to their 

function have remained conserved, there are slight differences between actin-binding 

properties and their ability to depolymerize actin filaments [Bamburg, 1999]; however, 

recent literature often refer to them interchangeably and will be referred to as cofilin from 

this point on.

Cofilin is a phosphoprotein involved in actin filament depolymerization and has 

been shown to increase the rate of treadmilling by replenishing the G-actin pool through 

increasing the rate of ADP-actin dissociation at the pointed end [Carlier et al., 1987]; 

however, the mechanisms are not fully understood. Within the filament, cofilin binds 

ADP-actin more potently than ATP-actin or ADP+P, -actin [Maciver et al., 1991], which 

results in an overall increase in cofilin-bound ADP-actin at the pointed end. The binding 

of cofilin is thought to destabilize the filament by causing a change in the helical twist by 

shortening the length between crossovers [McGough et al., 1997], The change in 

filament structure may help to promote F-actin dissociation or severing since filaments 

are more easily broken when twisted [Tsuda et al., 1996]. Recent work observing single 
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filaments using real time microscopy, has shown that cofilin does not increase the rate of 

actin turnover by increasing ADP-actin subunit dissociation from pointed ends but rather 

boosts F-actin severing at certain concentrations of active cofilin [Andrianantoandro and 

Pollard, 2006]. Therefore, the increased amount of free filament ends generated from 

cofilin-mediated severing, gives rise to the observed increase dissociation of ADP-actin.

Role of cofilin in heat shock and apoptosis

Early efforts made to understand the link between heat shock and the induction of 

heat shock-inducible genes led researchers to discover of the formation of intranuclear 

actin rods following heat shock treatments [Iida et al., 1986]. Prior to heat shock 

treatment, the cytoskeleton of interphase C3H-2K cells was examined by 

immunofluorescence using an anti-actin antibody and found to have well-formed stress 

fibers. Following heat shock at 42-43°C of varying lengths (30-90 minutes), the stress 

fibers disintegrated and actin rods formed within the nucleus. Interestingly, these 

alterations were reversible following a 45 minute heat shock at 42°C when the cells were 

allowed to recover at 37°C. This result coincided with similar SDS-PAGE pattern 

between heat-shocked and control cells when pulse-labelled with [35S]-methionine with a 

notable exception of increased levels of a 68K protein in heat-shocked cells. As well, 

C3H-2K cells were protected from the formation of actin rods following a 42°C heat 

shock if exposed to a 4-hour mild heat treatment at 38.5°C. The mechanism by which 

intranuclear actin rod formation occurred in a predictable and reversible manner 

following heat shock, was not examined in this study.
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To further examine the formation of actin rods following heat shock treatment, a 

similar study looked at the heat-induced intranuclear actin rods in rat fibroblast cells 

[Ohta et al., 1989]. It was found that cofilin dephosphorylation and inactivation were 

associated with cofilin nuclear accumulation in heat shocked rat fibroblastic cells. This 

observation linked F-actin rod polymerization within the nucleus and cytoplasm, with 

inactivation of the depolymerizing activity of cofilin.

A potential role of cofilin phosphorylation in apoptosis was found in a recent 

study, which reported that cofilin is localized to the mitochondria in staurosporine (STS)- 

treated HL60 cells [Chua et al., 2003]. Staurosporine is a broad-range kinase inhibitor 

that induces caspase-mediated apoptosis. Translocation of cofilin was observed prior to 

caspase cleavage, which indicates that cofilin translocation is an upstream event in 

apoptosis induction. These results were extended to other cell lines as well as another 

apoptosis-inducing treatment, the topoisomerase inhibitor etoposide. Knock-down of 

cofilin expression in SH-SY5Y cells using dsRNA was then employed to further examine 

the effects of cofilin translocation on apoptosis induction. STS- and etoposide-treated 

cells with depleted cofilin expression did not show cytochrome-c release indicative of 

apoptotic cells. The phosphorylation status of cofilin was examined and while both 

phosphorylation and dephosphorylated cofilin were present in the cytosolic fractions, 

only dephosphorylated cofilin was translocated to the mitochondria. Regions in both the 

N- and C-terminus were identified as vital for mitochondrial translocation and cells that 

overexpressed plasmid constructs with mutations in these regions were sufficient in 

inducing apoptosis. Cofilin translocation was not dependent on actin binding; however, it
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was vital for apoptotic induction. It was postulated that upon stimulation by upstream 

pathways, cofilin is dephosphorylated and newly-bound actin is translocated to the 

mitochondria alongside cofilin to induce cytoskeletal changes involved in apoptosis.

Negative regulation of cofilin by phosphorylation

Cofilin is a phosphoprotein and its depolymerizing activity is negatively regulated 

by phosphorylation at a critical serine residue (ser-3) in the actin-binding domain [Agnew 

et al., 1995]. The phosphorylation of ser-3 inhibits cofilin from binding to filamentous 

actin and thus results in F-actin stability [Morgan et al., 1993]. Cofilin has been shown 

to be regulated by several upstream kinases and phosphatases. The LIM kinase family 

(LIM named after homeodomain-containing proteins; Lin-11, Isl-1 and Mec-3) has been 

established as a negative regulator of cofilin depolymerization [Arber et al., 1998, Yang 

et al., 1998]. The LIMK family are serine/threonine kinases, which consist of two closely 

related proteins, LIMK1 [Mizuno et al., 1994] and LIMK2. Structurally, LIMK1 and 

LIMK2 comprise of a protein kinase domain at the C-terminal end [Bernard, 2006], a 

PDZ domain and two tandem LIM domains in the amino terminal end [Okano et al., 

1995]. LIMK1 and LIMK2 expression has been detected in most tissues and cells 

examined thus far; however, subcellular localization between LIMK1 and LIMK2 differ 

[Bernard, 2006]. LIMK1 has splice variant, referred to as LIMK-short, which has lacks a 

20 amino acid region in the protein kinase domain and has non-functional catalytic 

activity [Bernard et al., 1994], LIMK2 has three isoforms, variant-1, 2a and 2b [Scott 

and Olson, 2007], The LIM kinase catalytic activity has been shown to be negatively
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regulated by binding of the N-terminal LIM domain to the C-terminal protein kinase 

domain [Nagata et al., 1999]. The catalytic activity of LIMK is enhanced when LIM 

domains are mutated and marked increased cofilin phosphorylation as well as distinct 

changes in actin reorganization are documented [Nagata et al., 1999]. To date, cofilin is 

the only bona fide substrate of the LIMK family.

Another identified cofilin kinase is the Nik-Related Kinase (NRK)/Nik-like 

embryo-specific kinase (NESK) [Nakano et al., 2003] which is a part of the germinal 

center kinase family. Although this study verified cofilin as a genuine NRK/NESK 

substrate independent of LIMK or JNK activation, the physiological conditions under 

which NRK/NESK invokes cofilin inactivation were not examined.

In contrast, another mechanism of cofilin regulation is by its dephosphorylation 

through the action of cofilin phosphatases. Recently, a cofilin phosphatase was identified 

in Drosophila melanogaster and appropriately named slingshot for causing a twisted 

hair/bristle phenotype in loss of function experiments [Niwa et al., 2002], There are 

three members of the human slingshot family, SSH-1L, SSH-2 and SSH-3 which have a 

phosphatase domain similar to that of the MAPK phosphatases. Using loss-of-function 

mutants of Drosophila, wild-type SSH could rescue the mutant phenotype in contrast to 

the catalytically inactive SSH. The phosphatase activity of SSH was found to be directed 

to cofilin dephosphorylation and was counterbalanced by LIMK expression [Niwa et al., 

2002]. Interestingly, the regulation of cofilin was also shown to be indirectly regulated 
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by slingshot-1 through the inactivation of LIMK via SSHIL-directed LIMK 

dephosphorylation [Soosairajah et al., 2005].

Rho, Rac and Cdc42 regulate the actin cytoskeleton

Actin dynamics are in part, regulated by signal transduction pathways that serve 

to integrate environmental cues to the cytoskeleton. Important players in the signalling 

pathways leading to cytoskeletal changes are the Rho family of GTPases. There are 22 

mammalian Rho GTPases known, which include Rac, Rho and Cdc42 each regulated by 

an intrinsic GTPase activity [Ridley, 2006]. Their activity is mediated by interconversion 

between two states. In the GTP-bound state, Rho GTPases are activated and can activate 

their downstream effectors whereas in the GDP-bound state, Rho GTPases are 

inactivated. The Rho family of GTPases are well established as regulators of the actin 

cytoskeleton. In response to various external cues, the activation of Rho, Rac and Cdc42 

have been shown to induce stress fiber formation, lamellipodia/membrane ruffling and 

filapodia structures respectively. However, much of the research that has been done has 

linked Rho-mediated actin cytoskeletal changes to surface receptor signalling such as the 

addition of extracellular ligands, or agonists e.g. insulin [Schmidt et al., 1998],

One of the first studies to link LIMK activation with cytoskeletal changes 

observed with Rac activation was accomplished by Yang [Yang et al., 1998]. 

Transfection experiments with functional LIMK in cultured HeLa and COS cells were 

visualized with rhodamine-phalloidin staining. Phalloidin competes with cofilin for 
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binding on F-actin and therefore, non-phosphorylated (active) cofilin is able to bind F- 

actin thus inhibiting phalloidin binding. Following rac-activation, LIMK and cofilin 

phosphorylation was observed and cells displayed F-actin accumulation [Yang et al., 

1998], Conversely, in Rac-activated cells that were transfected with mutant LIMK1 void 

of catalytic activity, cofilin was not phosphorylated, which coincided with no observed 

increase in filamentous actin. It was concluded that the catalytic activity of LIMK was 

necessary to induce F-actin accumulation through cofilin phosphorylation in Rac-induced 

lamellipodia formation [Yang et al., 1998], Other experiments have clearly demonstrated 

the role of LIMK phosphorylation in the formation of lamellipodia, membrane ruffles and 

filapodia following Rho activation [Hall et al., 1998]; however, no known studies have 

linked Rho activation to heat-induced intranuclear actin rod formation.

In this study, the phosphoproteome of the human acute T-lymphoblast cell line 

was examined by 2DE to characterize changes in protein phosphorylation following heat 

shock and to examine the effects of Hsp70 overexpression on phosphorylation status. It 

would be of great significance to identify phosphoproteins which are altered following 

heat shock which are further modified by Hsp70 overexpression. This may lead to the 

identification of proteins that help cells overexpressing Hsp70 incur apoptotic resistance. 

The employment of 2DE followed by followed by MALDI-TOF mass spectrometry 

analysis is a formidable technique to examine the differential expression and post

translation modifications of proteome and easily enables the identification of unknown 

proteins of interest.
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CHAPTER 2: MATERIALS AND METHODS

Cell lines

The PErTA70 cell line, which can be induced to express Hsp70, was derived from 

a T-cell lymphoblastic leukemia (PEER) and was originally described in Mosser et al., 

(2000). The cell line uses the reverse tetracycline-regulated expression system developed 

by Dr. H. Bujard [Gossen et al., 1995]. The PEER cell line was stably transfected with 

the pUHD172-lneo plasmid, which encodes the reverse tetracycline transactivator (rtTA) 

[obtained from Dr. Bujard], rtTA activates the expression of genes containing the tet- 

operator sequence in their promoter when cells are incubated in the presence of 

tetracycline or the more potent analog doxycycline. A PEER clone expressing rtTA 

(PErTA) was subsequently transfected with a dicistronic expression cassette that is under 

the control of the tetracycline-regulated transactivator. The first cistron of this cassette 

encodes the human Hsp70 gene (HSPA1A) and is separated from the second cistron 

encoding the green fluorescent protein (GFP) gene by an internal ribosome entry site 

from the encephalomyocarditis virus. Expression from this cassette produces a dicistronic 

mRNA encoding both Hsp70 and GFP. Co-expression of GFP facilitated the 

identification and cloning of transfected cells. This cell line has been used in a study that 

demonstrated a role for Hsp70 in preventing cytochrome c release and INK activation 

following heat stress [Mosser et al., 2000],
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Maintenance of cell lines

PErTA70, HCT116 (human colorectal carcinoma), HeLa (human cervical 

carcinoma) and Jurkat (human acute T cell leukemia) cell lines were maintained at 37°C 

and 5% CO2 in a water jacketed incubator (Series II) (Forma Scientific) in Isocoves’ 

Modified Dulbecco’s medium (Sigma) supplemented with 10% fetal bovine serum 

(Sigma) and 2 mM L-Glutamine (Gibco).

Heat Shock of PErTA 70 cell line for 2-dimensional gel electrophoresis

Prior to heat shock, log-phase PErTA70 cells were grown to a concentration of 

8.0 x 105 cells/mL. PErTA70 cells were counted using a haemocytometer and their 

concentration adjusted to 0.4 x 106 cells/mL. Half the PErTA70 culture was induced for 

20 hours by incubation with doxycycline (IpL/mL). The induction was confirmed by 

examining the extent of GFP fluorescence using a fluorescence microscope. Cells were 

counted using a haemocytometer and the OFF (non-induced) and ON (induced) cell 

concentrations were matched. Approximately 2.0 x 107 PErTA70 ON and 2.0 x 107 

PErTA70 OFF cells were washed once in PBS and resuspended in fresh media. Both 

PErTA70 ON and OFF were heat shocked at 43°C for 1 hour in parafilm-sealed 15 mL 

sealed conical tubes (Coming) using a circulating water bath. Two time points were 

collected, control (no heat shock) and time 0 (immediately following heat shock).
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Sample collection ofPErTA70 cells for 2-dimensional gel electrophoresis

Approximately 1.0 x 107 PErTA70 cells per time point were collected in 15 mL 

conical tubes (Coming) and centrifuged at 1000 rpm for 8 minutes to remove media. Cell 

pellets were washed once in 10 mL of PBS and centrifuged at 1000 rpm for 8 minutes. 

PBS was removed by aspiration and pellets were centrifuged again for 30 seconds to 

remove remaining PBS. Cell pellets were resuspended in 10mL of 250 mM sucrose 

solution with 10 mM Tris (pH 7.5) to remove PBS. Cells were centrifuged at 1000 rpm 

for 8 minutes and the sucrose solution was aspirated. Cells were then resuspended in 1 

mL of fresh sucrose solution and transferred to a 1.5 mL microcentrifuge tube. The cells 

were centrifuged at 4°C for 18 seconds at 10,000 rpm and the sucrose solution was 

removed with a 1 mL pipette. The remaining sucrose solution was collected using a fine 

tip by spinning pellet for an additional 10 seconds at 10,000 rpm. Cell pellets were stored 

at -80°C.

Two-dimensional gel electrophoresis

Cell pellets were lysed on ice in a lysis solution containing 7 M Urea, 2 M 

Thiourea, 4% CHAPS, 2% IPG buffer (pH 4-7), 60 mM DTT, 200 mM sodium 

orthovanadate, 200mM sodium fluoride and 200mM aprotinin. Cell lysates were 

incubated on ice for 15 minutes and then sonicated for a total of 45 seconds in 2.5 second 

pulses with 5 second ice incubations in between. Samples were then incubated for an 

additional 15 minutes on ice. Cell debris was pelleted by centrifugation at 4°C for 5 
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minutes at 14,000 rpm. Prior to the first dimension, protein samples were further 

clarified by precipitation using a 2-D Clean-Up kit (GE Heathsciences, formerly known 

as Amersham Biosciences). Precipitated protein pellets were resuspended in rehydration 

solution (7M Urea, 2M Thiourea, 2% CHAPS, 0.5% IPG buffer (pH 4-7) and 40mM 

DTT), sonicated briefly on ice and incubated at room temperature for 15 minutes. Protein 

samples were centrifuged at 14,000 rpm for 25 minutes immediately prior to loading and 

IPG strip rehydration. IPG strips of various lengths, 7cm (pl 3-10NL) (Bio-Rad), 11cm 

(pl 4-7) (Bio-Rad) and 18cm (pl 4-7) (GE Heathsciences) were rehydrated in rehydration 

solution (protein sample included) overnight at room temperature.

In-sample, IPG strip rehydration was performed at room temperature for 16-20 

hours using ETTAN IPGPhor reswelling tray (the 1st dimension apparatus and 

accessories were purchased from GE Heathsciences). The first dimension was performed 

using the IPGPhor apparatus and were focused using the ETTAN IPGphor cup loading 

manifold (7cm, 11cm and 18cm strips were focused for a total of 28,000, 32,000 and 

45,000 Volt hours respectively). The first dimension was performed at 20°C with a 

maximum current of 50pAmps and stored at -80°C.

Focused IPG strips were equilibrated twice for 15 minutes in 5mL of equilibration 

solution containing lOmg/mL of DTT and 25mg/mL iodoacetamide. IPG strips were 

rinsed once in SDS electrophoresis buffer and loaded onto second dimension, SDS- 

PAGE gels (7cm, 11cm and 18cm strips were loaded onto lab-casted mini-gels (Bio

Rad); 13cm Criterion Pre-cast gels (10.5-14% Tris-HCl) (Bio-Rad) and lab-casted large
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Ettan Dalt six gels (GE Heathsciences) respectively. IPG strips were sealed in placed 

with warmed 0.5% agarose solution. SDS-PAGE gels were run at constant power until 

the bromophenol blue dye front reached the bottom of the gel.

Phosphospecific staining

SDS-PAGE gels were fixed overnight in a fixative solution containing 10% TCA 

and 50% methanol on an orbital shaker (50 rpm). SDS-PAGE gels were rinsed with 

ddHjO three times for 20 minutes each. Phospho-specific protein staining was carried out 

in polystyrene dishes using 8-fold excess of Pro-Q diamond phosphoprotein stain 

(Molecular Probes). Polystyrene dishes were wrapped in aluminium foil to minimize 

light exposure. To reduce background, SDS-PAGE gels were destained in a destaining 

solution containing 50mM sodium acetate (pH 4.0) and 4% acetonitrile. SDS-PAGE gels 

were rinsed briefly in dd^O prior to imaging. Gel scans were carried out on the 

Typhoon 9400 imager (GE Heathsciences) using an excitation laser with a wavelength of 

532nm and an emission filter of 580run. The gels were scanned with a resolution of 

200pm and a PMT of 580 volts. SDS-PAGE gels were visualized using ImageQuant 

VI.4 software (GE Heathsciences).
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Total protein staining:

Pro-Q diamond-stained gels were then fixed for three hours on an orbital shaker 

(50 rpm) in fixative solution containing 10% TCA and 40% methanol. The gels were 

rinsed three times in ddEkO. Rinsed gels were post-stained with SYPRO Ruby total 

protein stain (Molecular Probes) overnight in polystyrene dishes. Staining dishes were 

covered with aluminium foil to minimize light exposure. To reduce background 

speckling, gels were destained with 10% methanol and 7% acetic acid three times. Gels 

were rinsed in ddH20 prior to imaging. SDS-PAGE gels were imaged using a laser

scanner (Typhoon Imager 9400) (GE Heathsciences) with an excitation laser wavelength 

of 532nm and an emission filter wavelength of 610nm. The gels were scanned with a 

resolution and imaged like the Pro-Q Diamond stained.

Coomassie Brilliant Blue Staining

2DE gels to be subsequently analyzed by mass spectrometry were immersed in a 

solution containing 0.1% Coomassie blue G250, 40% methanol andl0% acetic acid for 1 

hour and destained overnight in a destaining solution (5% methanol, 7% acetic acid) 

replaced with fresh destain solution as was necessary. Gels were then rinsed in ddH20 

prior to manual spot picking.
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Mass spectrometry Analysis

Protein spots of interest were selected based on differential spot staining of ProQ 

Diamond Phosphoprotein 2DE gels. Spots of interest identified in ProQ Diamond 

Phosphoprotein stain were later identified in Sypro Ruby-stained gels and matched to a 

second set of 2D gels stained with Coomassie Brilliant Blue. Note: Care was taken to 

minimize exposure of SDS-PAGE gels to keratin, dust and other contaminants during 

their handling. Only high purity water (Fisher Scientific) was used in preparing the gel 

slices for mass spectrometry analysis. Spots of interest were manually excised from 

SDS-PAGE gels using a razor blade (Value Line) and put into individual 1.5mL low 

retention microcentrifuge tubes (Eisherbrand). Gel slices were washed in 50 pL of 50 

mM ammoniumn bicarbonate for 5 minutes and liquid was removed. Gel slices were 

then dehydrated using 50 pL of 50% acetonitrile/25 mM ammonium bicarbonate for ten 

minutes. Gel slices were reduced in 30uL of lOmM DTT for 30 minutes at 56°C 

followed by alkylation with 30pL of lOOmM iodoacetamide (15 minutes in dark). Gel 

slices were dehydrated with 50 pL of 50% acetonitrile/25 mM ammonium bicarbonate 

and 50% acetonitrile/25 mM ammonium bicarbonate was removed prior to tryptic 

digestion.
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Digestion of Peptides

Dehydrated gel slices were rehydrated at room temperature for 1 hour in 20pL of 

0.12pg/pL Trypsin (Trypsin Gold, Promega) in 50mM ammonium bicarbonate. 50pL of 

50mM ammonium bicarbonate was added to the digest mixture and incubated at 37°C for 

16 hours.

Extraction of Peptides

Peptides were extracted by collecting the supernatant of the digestion mixture into 

a microcentrifuge tube. To remove residual digestion mixture from gel slices, 20pL of 

25mM ammonium bicarbonate was added to gel slices and incubated for 10 minutes. 

The supernatant was collected and added to the extracted peptides. 20 pL of 5% formic 

acid was added to the gel slices and allowed to incubate for 10 minutes. The supernatant 

was collected and added to the extracted peptides. lOOpL of acetonitrile was added to the 

gel slices and collected after a 10 minute incubation period. The supernatant was added 

to extracted peptides. The last two steps were repeated once more and the extracted 

peptides collected from the gel slices were stored at -20°C until being sent for mass 

spectrometry analysis. Samples were sent to the Mass Spectrometry Facility at the 

Advanced Protein Technology Centre (The Hospital for Sick Children, Toronto, Canada). 

Samples were evaporated down and zip-tipped cleaned using Cl8 Ziptips (Millipore) 

immediately prior to Matrix-assisted laser desorption/ionization Time of Flight (MALDI 

TOF) mass spectrometry analysis.
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Heat Shock of HeLa, HCT60, PErTA 70 and Jurkat cell lines

Log-phase cells were collected and cell concentration was determined by cell 

counting using a haemocytometer. Cells were washed once in PBS and pelleted by 

centrifugation (1000 rpm) prior to resuspension in media (concentration of 1.0 x 106 

cells/mL). Cells were heat shocked in 15mL conical centrifuge tubes (Coming) (sealed 

with parafilm). PErTA70, HeLa, HCT60 and Jurkat cells were subjected to a 43°C heat 

shock for 30, 60, 90 and 120 minutes using a circulating water bath. Collected cells were 

washed in PBS prior to freezing at -80°C.

Western Blotting

Cell pellets were lysed in Laemmli buffer (2% SDS, 10% glycerol, 50mM Tris 

(pH 6.8) lOOmM aprotinin, 200mM sodium orthovanadate, 200mM sodium fluoride). 

Cell lysates were sonicated for a total of 45 seconds to shear DNA and aid in cell lysis. 

Cell debris was pelleted by centrifugation at 4°C for 5 minutes at 14,000 rpm. The 

protein concentration was determined using the BCA Protein Assay Reagent (Pierce). A 

total of 40pg of each sample was diluted in Laemmli loading buffer and boiled for 5 

minutes at 95°C. Samples were loaded onto a lab-casted 13% SDS-PAGE gel alongside 

Pageruler • prestained protein ladder (Fermentas) and electrophoresed at 200 volts 

(constant voltage).
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The SDS-PAGE gels were then transferred to a polyvinylidene fluoride 

membrane (PVDF) (Millipore) using a Mini Trans-Blot® Electrophoretic Transfer Cell 

(Bio-Rad) at 300 mA at 4°C. SDS-PAGE gels were post-stained with Coomassie® 

Brilliant Blue stain (5% w/v OmniPur™ Coomassie® Brilliant Blue G-250, 50% 

methanol, 10% acetic acid) to verify sufficient transfer of protein. PVDF membranes 

were blocked for a minimum of 30 minutes at room temperature in 5% Casein solution 

(5% w/v Casein milk powder; IX TBS-T (IX Tris-buffered saline pH 7.6, 0.1%Tween- 

20). Membranes were incubated overnight at 4°C in primary antibody (detection of total 

cofilin with rabbit polyclonal Cofilin Antibody #3312 (Cell Signalling Technology®); 

detection of phophospecific cofilin using rabbit polyclonal Phospho-Cofilin (Ser-3) 

Antibody #3311 (Cell Signalling Technology®), rabbit polyclonal Slingshot Antibody 

(SSH-1L) (kindly donated by James R Bamburg, Colorado State University, Fort Collins, 

CO, USA), detection of total LIM kinase using rabbit polyclonal LIMK1 antibody #3842 

(Cell Signaling Technology) and detection of phospho-specific LIMK using phospho- 

LIMK1 (Thr508)/LIMK2 (Thr5O5) Antibody #3341(Cell Signaling Technology). 

Membranes were washed (3 x 10 minutes) in IX TBS-T and incubated with an anti

rabbit, HRP-conjugated secondary antibody in a 5% Casein solution. PVDF membranes 

were washed briefly and chemiluminescence was captured on Hyperfilm™ ECL (GE 

Heathsciences) using Western Lighting™ Chemiluminescence Reagent Plus. 

Hyperfilm™ ECL was developed using Kodak GBX developer and replenisher (Eastman 

Kodak Company) followed by fixation using Kodak Rapid Fixer (Eastman Kodak 

Company).
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Protein fractionation based on detergent solubility

Cell pellets were lysed in a buffer containing 50mM TrisCi (pH 7.5), 150mM 

NaCl, 1%NP-4O, 200mM sodium orthovanadate, 200mM sodium fluoride and incubated 

one ice for 10 minutes. Cells were centrifuged at 10, 000 x g for ten minutes at 4°C and 

supernatant was removed and put into new tubes and labelled as the soluble fraction. An 

equivalent volume of 2X Laemmli buffer containing 4% SDS, 20% glycerol, lOOmM 

Tris (pH 6.8) lOOmM aprotinin, 200mM sodium orthovanadate, 200mM sodium fluoride, 

was added to the soluble fractions. The cell pellets were resuspended in equivalent 

volumes of IX Laemmli buffer (2% SDS, 10% glycerol, 50mM Tris (pH 6.8) lOOmM 

aprotinin, 200mM sodium orthovanadate, 200mM sodium fluoride). Both the pelleted 

and soluble fractions were sonicated for a total of 45 seconds to shear DNA and aid in 

cell lysis. Cell debris was pelleted by centrifugation at 4°C for 5 minutes at 14,000 rpm. 

The protein concentration was determined using the BCA Protein Assay Reagent 

(Pierce). A total of 40pg of each sample was diluted in Laemmli loading buffer and 

boiled for 5 minutes at 95°C. Samples were then separated by SDS-PAGE and proteins 

were detected by western blotting as described in the section on western blotting.
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CHAPTER 3: RESULTS

Global changes in phosphotyrosine phosphorylation in heat stressed cells

Heat shock has been shown to modify the tyrosine phosphorylation status of many 

proteins, which may lead to activation of signalling pathways governing various cellular 

responses. One study compared heat-induced changes in protein tyrosine 

phosphorylation in RIF1 rat fibroblasts and a heat-resistant line by 2-dimensional gel 

electrophoresis [Kim et al., 2002]. A total of 93 proteins, identified by mass 

spectrometry, were shown to respond differently. We sought to determine whether 

Hsp70 overexpression on its own would have similar effects on heat-induced protein 

phosphorylation. We therefore examined phosphoproteomic changes in cells with 

tetracycline-regulated expression of Hsp70 (PErTA70). Following a 24-hour induction 

period, cells with induced Hsp70 expression (PErTA70-ON) and non-induced cells 

(PErTA70-OFF) were subjected to a one hour heat shock at 43°C and allowed to recover 

at 37°C.

The global protein changes of samples collected prior to heat shock (C), and at 

various recovery time-points (0-360 minutes), were analyzed by one-dimensional SDS- 

PAGE followed by western blotting with an anti-phosphotyrosine antibody (Figure 1). In 

general, PErTA70-OFF cells displayed a marked decrease in overall phosphotyrosine 

levels immediately following exposure to hyperthermia. Several bands remained 

unchanged; however, multiple bands are undetectable following heat shock treatment 

43



attributable to decreased tyrosine phosphorylation or protein degradation/downregulation. 

In contrast, the levels of tyrosine phosphorylation in cells that had induced Hsp70 

overexpression (PErTA70-ON) displayed a relatively similar tyrosine phosphorylation 

intensity following heat shock (Figure 1). These findings indicate that Hsp70 

overexpression may somehow minimize the effects of heat stress on tyrosine 

phosphorylation and potentially the signalling pathways associated with them. In 

general, cells that overexpress Hsp70; either by induced thermotolerance via a mild pre

heat conditioning or by ectopic Hsp70 expression, have a higher tolerance to heat shock 

and display a marked resistance to apoptosis [Mosser et al., 1997, Mosser and Martin 

1992],

Cofilin is a differentially phosphorylated protein following heat shock treatment

The changes visualized by western blotting with the anti-phosphotyrosine 

antibody indicate a number of differences in the phosphorylation status of cells following 

a heat shock treatment and Hsp70 overexpression appears to minimize these differences. 

In an effort to further elucidate potential phosphoproteins involved in the heat shock 

response as well as the ability of Hsp70 to regulate these changes, it was necessary to 

identify those individual proteins that are differentially phosphorylated. A practical 

approach to the identification of specific proteins that show differential expression or 

modification is the use 2DE followed by mass spectrometry. 2DE is a valuable technique 

for the proteomic analysis of complex samples since it resolves proteins in complex 

mixtures into single spots that can be easily extracted for identification. Changes in 
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protein expression levels as well as post-translational modifications, including 

phosphorylation, can be measured using 2DE. Given that protein tyrosine 

phosphorylation accounts for only 5% of the phosphorylated proteins in a cell, we felt 

that it would be highly beneficial to visualize as much of the phosphoproteome as 

possible. Therefore, we used a newly developed phospho-specific protein stain, Pro-Q 

Diamond (Invitrogen) to stain 2DE gels of lysates from control and heat shocked cells. 

This dye has been successfully used in similar phospho-proteome studies and was shown 

to provide an excellent representation of total phosphoproteins [Steinberg et al., 2003],

Following a one-hour heat shock at 43°C, PerTA-70 OFF and PerTA-70 ON cells 

were collected, lysed, and volumes corresponding to equivalent cell numbers were 

separated by 2DE on 11cm IPG strips with a pl range of 4-7. Following gel staining with 

Pro-Q Diamond fluorescent stain, the gels were visualized using a Typhoon 9400 imager. 

Images were examined with ImageQuant software VI.4. As expected, the intensity of 

most phosphoprotein spots remained unchanged (Figure 2a). Protein spots were noted as 

differentially phosphorylated by either increased or decreased spot intensity and by the 

presence of phosphorylation trains, several closely spaced spots along the pH gradient, 

that were also an indication of modified phosphorylation status. In some instances, spots 

were either absent or virtually undetectable in both PErTA70-OFF/ON cells prior to heat 

shock and appear in only PErTA70-OFF cells following heat shock (Figure 2a; spots #1- 

6 Figure 2c-e). This suggests that the overexpression of Hsp70 inhibited the 

phosphorylation status of these proteins in heat stressed cells. On the other hand, a 

phosphoprotein was observed in PErTA70-ON cells after heat shock that was not seen in
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PErTA70-OFF cells (Figure 2a spot #7). This suggests that Hsp70 could act to enhance 

the phosphorylation of specific proteins under conditions of cellular stress. Notable 

differences between PErTA70-OFF and PErTA70-ON cells were also observed in control 

cells (Figure 2a; spot #8 and #9), indicating that ectopic Hsp70 overexpression is 

sufficient to alter the phosphorylation status of some proteins in the absence of stress. 

The intensity of phosphoprotein #9 was reduced following heat shock; however, the 

intensity of phosphoprotein 8 was not affected, indicating that Hsp70 might differentially 

affect the phosphorylation status of these proteins. A protein spot was also found only in 

PErTA70-ON cells both before and after heat shock in relatively equivalent intensities 

(Figure 2a spot #8) indicating that increased Hsp70 expression may be causing a 

constitutively phosphorylated state.

In order to confirm that the observed changes in phosphorylation status were not 

simply attributable to increased protein expression or an unequal protein loading between 

gels, the 2D gels were post-stained with the Sypro Ruby total protein stain (Figure 2b). 

Equivalent spot intensities were observed each of the Sypro Ruby stained gels. Three 

independent experiments were performed and the 2D gels were found to have a 

reproducible Sypro Ruby staining pattern. Unfortunately, some of the changes in 

phosphorylation status were detected in some of the replicates and were not consistently 

observed in other replicates. However, one particular protein, with an approximate pl of 

6.5 and a MW of 20kDa, was consistently found to be highly phosphorylated after heat 

shock in PErTA70 OFF cells, while no change in phosphorylation occurred in the 

PErTA70 ON cells (Figure 2b). The increased level of phosphorylation in PErTA70-
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OFF cells was not attributable to increased total protein load (Figure 2c). We therefore 

sought to identify this protein by mass spectrometry.

In order to identify the differentially phosphorylated 20 kDa protein, a second set 

of gels were run, and stained with Coomassie brilliant blue stain. The phosphoprotein of 

interest was located on the Sypro Ruby stained gels to enable accurate matching to 

Coomassie stained gels. Once matched, the protein of interest was cut out from the 

Coomassie stained gel, destained, and subjected to an overnight tryptic digestion. 

Following peptide extraction, samples were sent to an outside mass spectrometry facility, 

where they were subjected to a purification step using Ci8 Ziptips (Millipore) 

immediately prior to Matrix-assisted laser desorption/ionization Time of Flight (MALDI 

TOF) mass spectrometry analysis.

A list of peptide masses was obtained (Table 1) from the mass spectra of the 

protein of interest (Figure 3) and these values were used in a search against a Swiss-Prot 

database using Protein Prospector MS-Fit. Four of the twelve peptide masses were 

matched to one of the existing 252,616 entries as human cofilin-1. The sequence 

coverage of the peptide fragments was 42% and had a MOWSE score of 360 indicating a 

high probability of a true match (Table 2).

The identification of cofilin by peptide mass fingerprinting was then verified by 

western blotting using anti-phosphocofilin and anti-cofilin antibodies (Cell Signaling 

Technology, Beverly MA). PErTA70-OFF and PErTA70-ON cells were subjected to a 

heat shock treatment (43 °C for 60 minutes) and then either collected immediately or 
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incubated at 37°C for 6 hours before collection. Protein samples were separated by one

dimensional gel electrophoresis and were then transferred to PVDF membranes and 

probed with anti-phosphocofilin and anti-cofilin antibodies. Primary antibody incubation 

was followed by incubation with an HRP-conjugated anti-rabbit antibody. The 

membranes were washed, incubated with ECL chemiluminescence detection reagents and 

then exposed to Hyperfilm™ ECL film to detect antibody complexes. Cofilin was not 

phosphorylated in control PErTA70-OFF cells; however, following exposure to 

hyperthermia, phosphorylated cofilin was abundant (Figure 4a). The level of 

phosphorylated cofilin diminished after the heat shocked cells were returned to 37°C and 

incubated for 6 hours. Heat induced cofilin phosphorylation was greatly reduced in the 

PErTA70-ON cells and returned to an undetectable level after incubation at 37°C. These 

findings were exclusive to changes in phosphorylation and not due to changes in protein 

levels since levels of total cofilin were roughly equivalent in all of the samples (Figure 

4a).

As a further confirmation that cofilin is phosphorylated in response to heat shock 

and to determine what percentage of total cofilin becomes phosphorylated, we separated 

samples by 2DE and probed western blots with the total (non-phosphorylation state 

specific) anti-cofilin antibody (Figure 4b). PErTA70-OFF cells were subjected to the 

same heat shock conditions (43°C for 1 hour) and samples were collected immediately 

after heat shock. Samples were separated by 2DE on IPG strips (pl 3-1ONL), and a 

western blot was performed using the anti-cofilin antibody. As expected, protein spots 

corresponding to an approximate pl of 8 were detected in extracts from both control and 
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heat shocked cells; however, in the heat shocked cells, the appearance of an additional 

spot migrating towards the positive end was also observed (Figure 4b). The presence of a 

spot with a pl shift towards the positive end of the strip and which has an equivalent 

molecular weight is indicative of increased phosphorylation. This result also indicated 

that only a fraction of the total cellular cofilin is subject to phosphorylation under the heat 

shock conditions that were used.

Cofilin is phosphorylated after heat shock in HCT116, Jurkat and HeLa cells

In order to establish whether the results observed in the PEER cell line could be 

extended to other cell lines, we examined cofilin phosphorylation in HeLa, HCT116 and 

Jurkat cells that were exposed to 43°C for 30, 60, 90 or 120 minutes. Protein samples 

were separated by one-dimensional gel electrophoresis and were then transferred to 

PVDF membranes and probed with anti-phosphocofilin and anti-cofilin antibodies 

(Figure 4c). The results of this time-course experiment showed that each cell line 

demonstrated the same trend as PEER cells whereby the levels of phosphorylation of 

cofilin were significantly increased following heat shock treatment (Figure 4c). HeLa 

and HCT116 cell lines had trace levels of cofilin phosphorylation prior to heat shock and 

a marked increase in phosphorylation occurred after 60 and 90-minute heat shock 

treatment in both cell lines (Figure 4c). The Jurkat cell line also showed increased 

phospho-cofilin levels after heat shock, although this cell line appeared to have a high 

degree of cofilin phosphorylation prior to heat stress (Figure 4c). These findings indicate 

that the phosphorylation of cofilin could be a universal response of cells to hyperthermia.

49



The inhibition of cofilin phosphorylation by Hsp70 overexpression could indicate that 

this may be a critical point of intervention by Hsp70 in the cellular response to heat 

shock.

Heat shock may alter the localization of cofilin such that its accessibility to a 

cofilin kinase or phosphatase may be altered leading to its increased phosphorylation. To 

determine if increased phosphorylation of cofilin following heat shock is associated with 

an alteration in cofilin localization, PErTA70-OFF cells were heat shocked for 30, 60, 90, 

120 minutes and extracts were separated into soluble and insoluble/pelleted fractions 

based on their detergent solubility for localization of cofilin and phospho-cofilin. The 

soluble and pelleted fractions were separated by IDE and western blots were probed with 

anti-phospho-cofilin and anti-cofilin (Cell Signaling Technology). The phosphorylated 

cofilin was found to be present in the soluble fraction only, indicating that 

phosphorylated cofilin is most likely localized to the cytosol. The western blot probed 

with the anti-cofilin antibody showed that only trace amounts of cofilin were present in 

the pelleted fraction. As well, heat shock did not appear to increase the amount of cofilin 

in this insoluble fraction. These results suggest that heat shock does not cause an 

insolubilization or transfer of cofilin to an intracellular compartment that would be 

pelleted at 14,000 rpm and therefore cannot account for the heat-induced phosphorylation 

of cofilin. This result does not rule out a heat-induced alteration such as insolubilization 

or intracellular localization of a cofilin kinase or phosphatase.
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LIMK is not phosphorylated following heat shock

The signalling pathways leading to cofilin phosphorylation following heat-shock 

have not previously been examined. Several studies have shown that cofilin 

phosphorylation is regulated by the LIM kinase family in response to insulin stimulation 

or a constitutively active form of Rac [Yang et al., 1998; Arber et al., 1998]. To date, 

cofilin is the only known substrate of LIMK. To ascertain whether the increased 

phosphorylation of cofilin in heat shocked cells is mediated by increased LIMK activity 

we analyzed total and phosphorylated LIMK levels in control and heat-shocked PErTA70 

cells. PErTA70-OFF and PErTA70-ON were subjected to heat shock for 1 hour at 43°C 

and then collected immediately post-heat shock (hsO). Samples were separated by IDE 

and probed with anti-phospho-LIMKl specific to phosphorylated threonine residue 508 

and LIMK2 phosphorylated threonine 505 and anti-LIMK antibodies (Cell Signaling 

Technology). Although LIMK protein was easily detected, we were unable to detect 

phosphorylated LIMK in either the control or heat-shocked samples (Figure 6a).

To further verify that LIMK was not phosphorylated in PEER cells following heat 

shock, samples were separated by 2DE on 7cm IPG strips (pl 3-10NL), transferred to a 

PVDF membrane and probed with the anti-LIMK antibody. In contrast to the results 

obtained with anti-phospho-LIMKl (thr508)/LIMK2(thr505) antibody, both control and 

heat shocked PErTA70-OFF cells showed two major spots of equivalent molecular 

weights potentially representative of non-phosphorylated and phosphorylated isoforms
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(Figure 6a). In contrast, only one major spot was detected in both control and heat shock 

PErTA70-ON cells which aligned with the more basic spot in PErTA70-OFF cells 

(Figure 6b) and which potentially indicates the absence of a phosphorylated isoform. 

From these results, it was concluded that there were no changes in the phosphorylation 

status of LIMK following heat shock in the PEER cell line. However, Hsp70 

overexpression may alter the phosphorylation status of LIMK since differences between 

the PErTA70-OFF and PErTA70-ON cell line were detected in the 2DE analysis. A spot 

corresponding to a putative phosphorylated LIMK isoform was absent in the PErTA70- 

ON cells. Confirmation of these results will require validation of the phospho-specific 

LIMK antibody. The identity of the acidic LIMK isoform detected in the 2DE analysis 

should also be tested for in vitro phosphatase sensitivity to determine whether this is in 

fact a phosphorylated isoform.

The phosphorylation status of a protein can be increased by the direct effects of 

specific kinases; however, this is opposed by the actions of protein phosphatases. 

Conceivably, cofilin may be phosphorylated in heat-shocked cells, not by the increased 

activity of LIMK, but because of an inhibition of the activity of a cofilin phosphatase. 

Such a mechanism has been proposed for the heat-induced activation of JNK (Meriin 

1999). The depolymerizing activity of cofilin is known to be positively regulated by the 

recently identified slingshot family of phosphatases [Niwa et al., 2002], In an effort to 

determine whether cofilin dephosphorylation is mediated by the slingshot phosphatase, 

PErTA70-OFF and PErTA70-ON cells were heat shocked and separated by IDE. 

Slingshot expression was confirmed by western blots probed with anti-SSH-lL (kindly
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donated by James R Bamburg, Colorado State University, Fort Collins, CO, USA), 

specific to the isoform 1. Expression levels remained unchanged between PErTA70-OFF 

and PErTA70-ON before and after heat shock, indicating that SSH-1L downregulation is 

not a possible mechanism of increased cofilin phosphorylation following heat shock.

Although, a complete understanding of the upstream regulators of Slingshot is 

currently lacking, slingshot has been shown to be negatively regulated by 

phosphorylation via PAK4 and 14-3-3 mediated sequestration [Soosairajah et al., 2005]. 

Potentially, heat-induced alteration in slingshot solubility or localization could affect its 

ability to dephosphorylate cofilin. We therefore examined SSH-1L localization/solubility 

in PErTA70-OFF cells that were heat shocked for 30, 60, 90, 120 minutes. Soluble and 

insoluble/pelleted fractions were separated by IDE followed by western blotting with 

anti-SSH-lL which detects total slingshot levels of isoform 1. In non-shocked cells, the 

majority of SSH was found in the soluble fraction. A higher MW band, which could 

represent phosphorylated SSH, was found in both the soluble and insoluble fractions with 

a slightly higher percentage being present in the pelleted fraction. Heat shock did not 

alter the pattern, although in this experiment the total abundance of SSH appeared to be 

elevated in the heat-shocked samples. This may simply reflect differences in sample 

loading, which could be verified by probing for cellular actin. These results therefore are 

not consistent with a model for heat-induced cofilin phosphorylation that is dependent 

upon SSH insolubilization/inactivation or altered cellular localization. Additional 

experiments will be required to determine whether a heat-induced alteration in the 

solubility or localization of a cofilin kinase or phosphatase is the determining factor 
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responsible for cofilin phosphorylation. A potential limitation of the detergent lysis and 

differential centrifugation experiment is that it may be only detect the formation of rather 

large protein aggregates. These results therefore do not rule out a heat-induced 

impairment of slingshot activity. Experiments designed to examine the effects of heat 

shock on slingshot phosphatase activity should resolve this issue. As well, the detergent 

lysis experiment provides only a crude indication of changes in subcellular localization. 

The centrifugation speed used should pellet nuclei and so we can conclude that heat 

shock did not result in the nuclear accumulation of cofilin, LIMK or slingshot. An 

examination of cellular localization of these proteins by immunofluoresence staining 

should provide a clearer indication of heat-induced alterations in their localization. This 

might reveal that although the activities of LIMK and slingshot are not altered by heat

shock, they may be translocated to a cellular localization that alters their ability to 

interact with cofilin.
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Figure 1: Global Changes in phosphotyrosine phosphorylation

Global changes in protein phosphotyrosine analyzed by ID SDS-PAGE and western 

blotting using an anti-phospho-tyrosine antibody in PEER cells with normal Hsp70 

expression levels (PErTA70-OFF) and doxycycline-induced Hsp70 overexpression 

(PErTA70-ON). Cells were subjected to a heat shock (Ihr) at 43°C and recovered at 37°C 

for various lengths of time (minutes). A marked decrease in tyrosine phosphorylation in 

PErTA70-OFF cells was observed immediately following heat shock when compared to 

control cells (C) whereas little change in phospho-tyrosine status was detected in 

PErTA70-ON cells.
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Figure 2a: Global changes in protein phosphorylation of Pro-Q Diamond fluorescently- 

stained 2DE gels.

a) PErTA70-OFF and PErTA70-ON cells were collected following a one-hour heat shock 

at 43°C, lysed, and volumes corresponding to equivalent cell numbers were separated by 

2DE on 11cm IPG strips with a pl range of 4-7. Following gel staining with Pro-Q 

Diamond fluorescent stain, the gels were visualized using a Typhoon 9400 imager. 

Images were examined with ImageQuant software V1.4. Spots 1 - 6 were absent/barely 

detected in PErTA70-OFF/ON cells prior to heat shock and appear in only PErTA70- 

OFF cells following heat shock. Spot 9 was only detected in PErTA70-ON cells prior to 

heat shock treatment. As well, spot 7 was seen in PErTA70-ON cells after heat shock, 

but was not seen in heat shocked PErTA70-OFF cells. Also, a protein spot (spot 8) was 

found only in PErTA70-ON cells both before and after heat shock in relatively equivalent 

intensities. This spot was not seen in PErTA70-OFF cells.
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Figure 2b: Protein expression levels in Sypro Ruby fluorescently-stained 2DE gel

In order to confirm that changes in the phosphorylation status of certain proteins were 

true changes and not due to increased protein expression or an unequal protein loading 

between gels, the 2D gels shown in Figure 2a were post-stained with Sypro Ruby total 

protein stain.
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Figure 2c: Differentially phosphorylated proteins in Pro-Q Diamond fluorescently-stained

2DE gels

Magnified images of the differentially , phosphorylated protein spots 1-4 and 6-9 from

Pro-Q Diamond fluorescently stain 2DE gels are highlighted by arrows.
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Figure 2d: Magnified images of spot #5 from Pro-Q Diamond stained 2D gels

Magnified images of spot #5 from Pro-Q Diamond stained 2D gels. Spot #5 was 

consistently found to be highly phosphorylated after heat shock in PErTA70-OFF cells, 

while no heat-induced change in phosphorylation occurred in the PErTA70-ON cells. 

Spot #5 had an approximate pl of 6.5 and MW of 20kDa.

Figure 2e: Magnified images of spot #5 from Sypro Ruby stained 2D gels

Magnified images of spot #5 from Sypro Ruby stained 2D gels. Equivalent levels of total 

protein are evident for spot #5 in the PErTA70-OFF and PErTA70-ON. This result 

confirms that the increased level of Pro-Q Diamond staining of spot #5 in the heat- 

shocked PErTA70-OFF cells is not due to differences in protein loading.
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Figure 3: Mass spectrum of differentially phosphorylated protein spot #5

To obtain the identity of spot #5, the protein of interest was matched from Pro-Q 

Diamond gels to a second set of gels stained with Coomassie Brilliant blue. Spot #5 was 

cut out from the Coomassie stained gel, destained, and subjected to an overnight tryptic 

digestion. Following peptide extraction, samples were sent to an outside mass 

spectrometry facility, and subjected to zip-tipped cleaning using Ci8 Ziptips (Millipore) 

immediately prior to Matrix-assisted laser desorption/ionization Time of Flight (MALDI 

TOF) mass spectrometry analysis. The mass spectrum of the protein of interest was 

obtained with peak intensities corresponding to detected analyte and plotted against the 

mass to charge ratio (m/z).
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Figure 4a: Confirmation of heat shock-induced cofilin phosphorylation by western blot

PErTA70-OFF and PErTA70-ON cells were heat shocked at 43°C (Ihr). Western blots 

were probed with anti-phospho-cofilin and anti-cofilin. Levels of phosphorylated cofilin 

are markedly increased immediately following heat shock (0) in PErTA70-OFF cells 

compared to PErTA70-ON cells which show minimal phosphorylation.

Figure 4b: Western blot of heat-shocked PErTA70-OFF cells separated by 2DE

PErTA70-OFF cells were heat shocked (Ihr) at 43°C and separated by 2DE (pl 3-10) and 

westerns were probed with anti-cofilin. There was the presence of a phosphorylated 

isoform at the positive end in heat shocked cells.

Figure 4c: Phosphorylation of cofilin in heat-shocked PEER, JURKAT, HeLa and 

HCT116 cells

PEER, Jurkat, HCT116 and HeLa cells were heat shocked for 30, 60, 90, and 120 

minutes at 43°C and western blots were performed using anti-phospho-cofilin and anti- 

cofilin antibodies. The results show that similar to the PEER cell line, there was a robust 

increase in cofilin phosphorylation following heat shock treatment in each of the cell 

lines examined.
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Figure 5: Differential solubility of phosphorylated and unphosphorylated cofilin

PErTA70-OFF cells were heat shocked for 0 (C), 30, 60, 90 or 120 minutes at 43°C and 

extracts were separated into soluble (S) and insoluble/pelleted (P) fractions based on their 

detergent solubility. The western blot was probed with an anti-phospho-cofilin (top) and 

anti-cofilin antibody (bottom). The results show that the majority of total cofilin and 

phospho-cofilin is soluble before and after exposure to heat shock.
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Figure 6a: LIMK expression in heat-shocked PErTA70-OFF and PErTA70-ON cells

PErTA70-OFF and PErTA70-ON cells were heat shocked (43°C for Ihr) and extracts 

were subjected to western blotting. The blots were probed with anti-phospho LIM kinase 

specific to phosphorylated LIMK1 (thr508) and LIMK2 (thr5O5) isoforms. No 

phosphorylation was detected in either cell line. Western blots using anti-LIMK 

indicated that LIMK could be detected, that the total level of LIMK protein was not 

altered by heat shock and that the PErTA70-OFF and PErTA70-ON cells contained 

equivalent levels of LIMK.

Figure 6b: LIMK is phosphorylated in PErTA70-OFF cells detected by 2DE and western 

blot

PErTA70-OFF and PErTA70-ON cells were heat shocked at 43°C for 1 hour and extracts 

were separated by 2DE on 3-10NL IPG strips. Gels were transferred to PVDF 

membranes and probed with anti-LIMK antibody. PErTA70-OFF control (c) cells and 

heat shocked (HS) cells exhibited two isoforms potentially corresponding to 

phosphorylated and non-phosphorylated LIMK species. PErTA70-ON cells had only the 

putative non-phosphorylated LIMK isoform.
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Figure 7a: SSH-1L expression in heat-shocked PErTA70-OFF and PErTA70-ON cells

PErTA70-OFF and PErTA70-ON cells were heat shocked (43°C for Ihr) and extracts 

were subjected to western blotting. The blots were probed with an anti-SSH-lL 

antibody. The antibody detects two bands in the molecular weight size range 

corresponding to SSH-1L. Although not certain, the upper band may represent the 

phosphorylated SSH-1L protein. Changes in total SSH-1L protein levels were not 

detected after heat stress of either PErTA70-OFF or PErTA70-ON cells.

Figure 7b: Differential solubility of SSH-1L in PErTA70-OFF cells following heat shock

PErTA70-OFF cells were heat shocked at 43°C for 0 (C), 30, 60, 90 or 120 minutes and 

extracts were separated into soluble (S) and insoluble/pelleted (P) fractions based on their 

detergent solubility. The samples were subjected to western blotting. The western blot 

was probed with an anti-SSH-lL antibody. Heat shock did not result in the 

insolubilization of SSH-1L.
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Results of Database search

Peptide masses (m/z) were used in a search against a Swiss-Prot database using Protein 

Prospector MS-Fit. Four of the twelve peptide masses were matched to human cofilin-1. 

The sequence coverage of the peptide fragments was 42% and had a MOWSE score of 

360.
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MS-Fit Search Results

Parameters

Database searched: SwissProt.2007.01.09
Digest Used: Trypsin
Max. # Missed Cleavages: 1
Cysteine Modification: acrylamide
Instrument Name: MALDI-TOF
Sample ID (comment): Magic Bullet digest
Minimum Matches: 4
Sort Type: Score Sort
Considered modifications: | Oxidation of M | Protein N-terminus Acetylated | Acrylamide ModifiedCys
Min Parent Ion Matches: 1
MOWSE On: 1
MOWSE P Factor: 0.4

Pre Search Results

Number of entries in the database: 252616
Molecular weight search (1000 - 30000 Da) selects 115092 entries.
Full pl range: 252616 entries.
Combined molecular weight and pl searches select 115092 entries.
Pre searches select 115092 entries.
MS-Fit search selects 1 entry.

Results Summary

MOWS % % Mea a MS- Protein
E Co TI " Tol Digest MW

„ Matche „ Err , P „ ,Score v C m PP Index # (Da)/pl
PPm ...

Accessi 
on # Species Protein Name

360 4(33) 42. 33.7 7 -1.81 8.50 329554 3 -------

Cofilin-1 (Cofilin, non- 
31/8, P23528 HUMAN muscle isoform) (18 kDa 

' phosphoprotein) (pl8)

Detailed Results

1.4/12 matches (33%).
Acc. #: P23528 Species: HUMAN Name: Cofilin-1 (Cofilin, non-muscle isoform) (18 kDa phosphoprotein) 
(pl 8)

Index: 32955 MW: 18371 Da pl: 8.3

m/z MH Delta Missed SequenceSubmitted Matched PPm
Start End Cleavages

1337.6290 1337.6260 2.3 81 91 0 (R) YALYDATYETK (E)

1340.7682 1340.7784 -7.6 152 165 0 (K) LGGSAVISLEGKPL (-)
1990.0688 1990.0684 0.19 95 111 1 (K) KEDLVF1FWAPESAPLK (S)
3062.5868 3062.5932 -2.1 45 72 1 (K) NIILEEGKEILVGDVGOTVDDPYATFVK (M)
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CHAPTER 4: DISCUSSION

Protein folding in the cell is facilitated by heat shock proteins which recognize 

and refold non-native proteins and thus help to prevent irreversible protein aggregation. 

Severe heat shock, and other types of protein-damaging stressors, trigger apoptosis 

mainly through the intrinsic pathway via cytochrome-c release. Exposure to mild heat 

stress increases the expression of heat shock proteins such as the major heat-inducible 

member Hsp70 and has been shown to provide increased resistance to a subsequent 

normally lethal heat shock, a phenomenon known as thermo tolerance [Mosser et al., 

1992]. It has been shown that transient Hsp70 overexpression was sufficient to prevent 

stress-induced apoptosis [Mosser et al., 1997]. Heat shock affects a number of signal 

transduction pathways, in particular the c-jun N-terminal kinase (JNK) pathway and 

modulation of these signalling pathways, by Hsp70 is associated with inhibition of 

apoptosis. A great deal of focus has been on the MAPK signalling pathways p38, ERK 

and JNK and their roles in the stress response. To date, the signalling pathways involved 

in the stress response have not been clearly defined nor has the role of Hsp70 

overexpression in providing increased apoptotic resistance. It would be valuable to gain 

understanding in the signalling events leading to apoptosis, particularly those upstream of 

cytochrome-c release and to determine the roles of Hsp70 in contributing to apoptotic 

resistance.

This study has shown that heat shock greatly affects the tyrosine phosphorylation 

status of many proteins in the PEER cell line. In general, there was an overall decrease in 
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the detection of phosphorylated residues following heat shock, which may be attributable 

to dephosphorylation of tyrosine residues. However, the marked reduction in phospho

tyrosine levels may also correspond to downregulation of a subset of proteins given that 

heat shock has been shown to inhibit the initiation of translation [Sheper et al., 1997].

The influence of Hsp70 overexpression in heat-shocked cells has been well 

documented. It has been shown to provide resistance to stress-induced apoptosis [Mosser 

et al., 1997] in part by mediating signal transduction pathways and in particular the c-jun 

N-terminal kinase (JNK) pathway [Mosser et al., 2000]. At present, we have found that 

PEER cells with induced Hsp70 overexpression displayed similar phospho-tyrosine 

levels following heat shock when compared to control cells. In contrasting the phospho

tyrosine levels following heat shock in PEER cells that overexpress Hsp70 with those 

that do not, Hsp70 overexpression appears to minimize changes in the phosphorylation 

status and may be a mechanism by which Hsp70 mediates the stress response. It has 

been demonstrated in previous studies that Hsp70 can suppress the MAPK signalling 

pathways involved in the stress response either through the inactivation of upstream 

kinases or activation of phosphatases [Meriin et al., 1997; Lee et al., 2005; Yaglom et al., 

2000; Park et al., 2002],

The detection of differentially phosphorylated tyrosine residues following heat 

shock and between cells that overexpress hsp70 provided preliminary evidence of the 

global phospho-tyrosine changes. However, individual proteins were indistinguishable in 
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the IDE format and prevented the quantification and identification of specific tyrosine- 

phosphorylated proteins.

To enable the identification of differentially phosphorylated proteins observed in 

the phospho-tyrosine-visualized IDE format and to expand the global changes to the 

entire phosphoproteome, 2DE followed by Pro-Q Diamond fluorescent staining was used. 

Pro-Q Diamond is a novel fluorescent dye enabling visualization of all possible 

phosphorylated residues. The results of the 2DE gels stained with Pro-Q Diamond 

phosphoprotein stain demonstrated several differentially phosphorylated spots; however, 

these changes were not observed in all replicates despite a reproducible 2DE pattern. 

These inconsistencies are most likely a result of non-specific staining as opposed to the 

2DE technique itself.

One highly phosphorylated protein found in heat-shocked PEER cells, that was 

minimally phosphorylated in cells overexpressing Hsp70 was identified by mass 

spectrometry as cofilin and confirmed by western blotting. Cofilin is an actin-binding 

protein critical to F-actin turnover and is negatively regulated by phosphorylation at a 

critical serine (ser-3) residue [Bamburg, 1980]. Cofilin phosphorylation following heat 

shock treatment has yet to be reported. There have been a large number of cofilin 

homologues found in vertebrates and lower eukaryotes which indicates a conserved 

mechanism for actin filament dynamics. In order to extend the results observed in the 

PEER cell line and establish cofilin phosphorylation as a general response for heat- 

shocked cells, Jurkat, HeLa and HCT116 cell lines were heat shocked and cofilin 
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phosphorylation was observed. Not surprisingly, cofilin was phosphorylated following 

heat shock in all cells lines examined indicating a potentially well-conserved response of 

cells in sensing heat shock. The phosphorylation of cofilin in the four cells lines that 

were tested was rapid and occurred 30 minutes after heat shock treatment. This finding 

points towards cofilin phosphorylation as an early event in the induction of apoptosis as 

is the case with JNK activation.

In searching for potential upstream kinases mediating cofilin phosphorylation, a 

phospho-specific LIMK1 (thr508)/ LIMK2 (505) antibody was used. However, no 

distinguishable signal was obtained. A control experiment, using TPA, a known LIMK 

activator also failed to produce phospho-LIMK that could be detected using this antibody 

(data not shown). Whether the dose of TPA that was used was effective in activating 

other MAPKs was not examined. However, the specificity of this antibody was in doubt. 

It was therefore necessary to separate lysates by 2DE and visualize total LIMK by 

western blotting. The 2DE blots showed the presence of 2 spots in the PErTA70-OFF 

cells, which indicates that the activation of LIMK occurs prior in the absence of heat 

shock and its phosphorylation status was not altered by heat stress. Interestingly, in 

PErTA70-ON cells, there was no phosphorylated isoform detected in either control or 

heat shocked cells. Hsp70 may therefore be inhibiting LIMK phosphorylation; however, 

inhibition of LIMK activation alone does not appear to be a mechanism by which cofilin 

phosphorylation is impeded in response to heat shock.
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Cofilin solubilization was investigated since it is plausible that cofilin maintains 

its activated (dephosphorylated) state by being complexed with other proteins that 

prevent access of LIMK (or other kinases) to its catalytic site. However, our observations 

indicate that phosphorylated cofilin remains soluble after exposure to hyperthermia.

It has been demonstrated that the depolymerizing activity of cofilin can be 

positively regulated by the slingshot family of phosphatases [Niwa et al., 2002]. Since 

there are no commercially available slingshot antibodies, anti-SSH-lL was kindly 

donated by James R Bamburg (Colorado State University, Fort Collins, CO, USA). 

Slingshot has been found to activate cofilin by dephosphorylating it directly [Niwa et al., 

2002] or by inactivating LIMK [Soosairajah, et al., 2005], Protein expression levels of 

SSH-1L were examined following heat shock to determine if heat shock may cause the 

downregulation of SSH-1L expression that leads to cofilin inactivation. However, 

western blots revealed no significant changes in slingshot protein levels in PErTA70-OFF 

and PErTA70-ON cells following heat shock.

Despite the unchanging SSH-1L protein levels following heat stress or between 

PErTA70-OFF and PErTA70-ON cells, it is possible that the phosphatase activity of 

SSH-1L is prevented by being complexed with other proteins or by forming insoluble 

aggregates. This mechanism of phosphatase regulation has been found for the JNK 

phosphatase M3/6 following heat shock [Palacios et al., 2001], JNK remains inactivated 

by interaction with the M3/6 phosphatase; however, upon heat shock JNK becomes 

activated due to the inhibition of M3/6 phosphatase to interact with it as a result of heat- 
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induced insolubilization. We therefore examined SSH-1L localization/solubility in 

PErTA70-OFF cells that were heat shocked. Overall, SSH-1L was mainly contained in 

the soluble fraction; however, a band appearing at a higher molecular weight, which may 

represent phosphorylated SSH-1L, was found in both the soluble and insoluble fractions 

with a slightly higher percentage being present in the pelleted fraction. If it is assumed 

that the upper band represents the phosphorylated SSH-1L, our findings indicate that 

proportion of soluble to insoluble following heat shock does not change and are therefore 

not consistent with a mechanism by which heat-induced SSH-1L inactivation is mediated 

by alteration in its solubility or localization. A potential limitation of the detergent lysis 

and differential centrifugation experiment is that it may only detect the formation of 

rather large protein aggregates. These results therefore do not rule out a heat-induced 

impairment of slingshot activity. Experiments designed to examine the effects of heat 

shock on slingshot phosphatase activity should resolve this issue. As well, the detergent 

lysis experiment provides only a crude indication of changes in subcellular localization. 

The centrifugation speed used should pellet nuclei and so we can conclude that heat 

shock did not result in the nuclear accumulation of cofilin, LIMK or slingshot. An 

examination of cellular localization of these proteins by immunofluorescence staining 

should provide a clearer indication of heat-induced alterations in their localization. This 

might reveal that although the activities of LIMK and slingshot are not altered by heat

shock, they may be translocated to a cellular localization that alters their ability to 

interact with cofilin.
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There have been no studies that have addressed the role of cofilin phosphorylation 

following heat shock. However, it has been shown that in the absence of stress, 

interphase cells have well-formed stress fibers [liwa et al., 1986], In healthy cells, stress 

fibers provide cells with tensile forces and facilitate cell adhesion to the substratum 

which coincides with active (dephosphorylated) cofilin and increased actin turnover 

[Gungabissoon et al., 2003], Upon heat shock, the formation of intranuclear actin rods 

occurs [liwa et al., 1986] which could be an initial step in the apoptotic process. Studies 

have shown that overexpression of cofilin, which is mainly phosphorylated, causes the 

increased cell motility, membrane ruffling and formation of actin bundles [Aizawa, et al., 

1996]. The formation of actin bundles, could potential bring about the necessary actin 

cytoskeletal changes required for apoptosis such as the cellular detachment from 

substratum.

In summary, heat shock was shown to phosphorylate the actin-binding protein 

cofilin, thereby inactivating the depolymerization of actin filaments. It has been shown 

from earlier studies that heat shock treatment induces the formation of intranuclear actin 

rods. It would be of great benefit to confirm the formation of nuclear rod formation or 

the actin cytoskeletal changes following heat shock and to determine if these actin 

structures are altered in cells that overexpress Hsp70. This could easily be accomplished 

by immunofluorescence using anti-actin antibody. Furthermore, it would be significant 

the determine cofilin localization within the cell with respect to actin to determine if 

cofilin has a role in mediating changes in actin structures. The localization of both LIMK 

and SSH-1L with respect to cofilin before and after heat shock could also be examined by 
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immunofluorescence. This may indicate that cofilin phosphorylation is regulated by

LIMK/SSH-1L in a manner determined by its cellular localization.
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