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1. Introduction 
 

Protein misfolding is a distinctive characteristic feature of a large group of 

diseases known as protein conformational diseases as well as aging. 

Conformational diseases arise from misfolding and aggregation of specific 

proteins in postmitotic tissues including the liver, skeletal muscle, eye lens 

and the brain. Proteins may misfold due to inherent mutations, mistranslation, 

posttranslational modifications and upon denaturing stress. Our knowledge on 

protein aggregation comes largely from studies on models of 

neurodegenerative diseases mostly affecting the brain. When proteins misfold, 

they expose previously hidden hydrophobic segments, which tend to associate 

with each other and stabilize in a β-sheet structure to form soluble prefibrillar 

oligomers. Once formed, these oligomeric species rapidly polymerize to give 

rise to protofibrils. Amyloid fibrils can then form via self-assembly of 

protofibrillar intermediates, which finally results in formation of large 

insoluble aggregates known as inclusion bodies and aggresomes even visible 

under light microscope. Although specific abnormal proteins responsible for 

the pathogenesis are completely different in sequence, structure and function, 

all neurodegenerative disorders share the common end-stage of protein 

aggregation and deposition. Among the species generated in this process, 

soluble monomers and oligomeric or protofibrillar intermediates are thought 

to be the ones causing cytotoxicity, whereas the insoluble amyloid fibrils and 

inclusion bodies are considered to serve a cytoprotective role. The molecular 

basis of aggregate toxicity is the incorrect interactions of 

monomeric/oligomeric species of misfolded proteins with essential cellular 

components such as transcription factors, proteasomes, lysosomes and the 
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plasma membrane. Such aberrant interactions lead to sequestration and/or 

inhibition of these key elements, compromising a diverse set of cellular 

functions. Importantly, these mechanisms are supported by studies using both 

neurodegenerative-associated repeat-expansion mutants and non-disease-

associated aggregation-prone proteins. Therefore, a gain of cytotoxic function 

seems to be a common feature of misfolded proteins and their oligomeric 

aggregates.  

 

Protein misfolding is a continuous threat to cells even in the absence of any 

pathological condition. Cells of all living systems have therefore evolved 

natural defense mechanisms against protein misfolding and aggregation, 

which act either to facilitate refolding of misfolded proteins by molecular 

chaperones or to remove them by proteolytic degradation pathways including 

the ubiquitin-proteasome system (UPS) and lysosome-mediated autophagy. A 

proper balance between these protein quality control systems constitutes the 

central element of protein homeostasis, also known as proteostasis. Molecular 

chaperones, many of which are designated as heat shock proteins, provide the 

main line of defense against protein misfolding in cells. Hsp70 acting in 

concert with its different co-chaperones determines the fate of misfolded 

proteins by directing them to interconnected routes of refolding, degradation 

or aggregation. Levels of molecular chaperones are substantially increased in 

cells under proteotoxic stress via a highly conserved adaptational response 

known as the heat shock response (HSR). HSR is considered to be the prime 

sensor of abnormal, misfolded proteins accumulating in the cytosol and is 

transcriptionally activated by heat shock factor 1 (HSF1). Accordingly, 

increased chaperone expression by genetic or chemical means has been 
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extensively shown to suppress protein aggregation-induced toxicity in many 

cell culture and animal models of neurodegenerative diseases. 

Neuroprotective mechanisms employed by molecular chaperones may not be 

exclusively limited to their direct inhibitory effects on protein misfolding, but 

can also involve suppression of downstream events leading to neuronal 

apoptosis. Protein aggregation seems to result from failure and/or exhaustion 

of the above-described quality control systems due to genetic mutations in the 

components of these systems or chronic proteotoxic stress, as both 

concomitantly occur during aging. Indeed, the heat shock response declines in 

aging with a concomitant accumulation of protein aggregates especially in 

postmitotic tissues. Both aging and chronic expression of neurodegenerative 

disease-associated proteins disrupt protein folding homeostasis in C. elegans, 

causing aggregation of otherwise soluble proteins. Moreover, degradative 

capacities of the proteasome and autophagy pathways are all known to decline 

during aging. As a consequence, protein aggregation seems to be an inevitable 

part of aging even in a non-disease setting.  

 

Although protein aggregation is strongly associated with toxicity in models of 

neurodegenerative diseases, cytotoxicity observed in these studies cannot be 

completely isolated from a loss of physiological function of the specific 

disease protein upon aggregation. Therefore, the exact contribution of 

misfolded protein structures per se to toxicity remains largely unknown. To 

specifically analyze the role of protein misfolding on cellular physiology in 

transformed mammalian cells, we used two unrelated, destabilized protein 

models, namely GFP-degron and ∆9CAT, devoid of repeat expansions, 

specific cellular functions and interactors, as bona fide inert misfolded 
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proteins, allowing us to isolate only the gain-of-function of non-native 

structures. GFP-degron is a C-terminal fusion of GFP to a 16-residue degron 

peptide and has been previously shown to form perinuclear aggregates in C. 

elegans and in mammalian neurons. ∆9CAT is a C-terminally truncated form 

of the bacterial enzyme chloramphenicol acetyltransferase (CAT) that has 

been reported to deposit in inclusion bodies in E. coli, however, the effect of 

this deletion on CAT folding in the eukaryotic cytosol has not been 

investigated so far.    
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2. Objectives 
 

The main purpose of this study was to elucidate the general impact of protein 

misfolding per se on cellular physiology in transformed proliferating 

mammalian cells. The specific aims were as follows: 

 

1. To investigate the effects of misfolded proteins on the heat shock response, 

chaperone-mediated folding capacity, cell proliferation and survival under 

basal and stress conditions 

 

2. To investigate how genetic upregulation of major stress-inducible defense 

mechanisms combats the challenge induced by protein misfolding 
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3. Materials and Methods 
 

3.1. Cell culture, transfection and treatments 

African green monkey kidney fibroblast-like COS-7 cells were cultured in 

DMEM media supplemented with serum and antibiotics in a humidified 

incubator at 37°C with 5% CO2. Transient transfections were performed by 

Lipofectamine LTX reagent. In some experiments, cells were stressed either 

by heat shock (43°C, 30 min) or by the specific proteasome inhibitor MG-132 

(2 µM, 20-40 hr). Cells were processed for analyses at 24 or 48 h post-

transfection.  

 

3.2. Purification of aggregates and Western blotting   

Cells were lysed in 1% Triton X-100 in PBS with protease inhibitors and 

sonicated. After centrifugation, supernatants with soluble proteins were 

transferred to new tubes. Pellets containing aggregated proteins were 

solubilized in urea buffer (2% SDS, 6 M urea, 30 mM TrisHCl, pH 7.6) in the 

same volume. Equal volumes of protein extracts from each fraction were 

resolved by SDS-PAGE. Western blots were probed with antibodies against 

GFP, Hsp70, HSF1, SIRT1 and SIRT6 and immunodetection was performed 

by ECL.  

 

3.3. Estimation of misfolded protein expression levels 

Cells were trypsinized, split and the ratio of GFP-positive cells was 

determined by flow cytometry. The rest of the cells were lysed in urea buffer, 

and protein concentration was determined by detergent-compatible BCA 

protein assay. Total protein extracts were loaded on SDS-PAGE along with 
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known quantities of recombinant GFP. GFP expression levels (% of total 

protein) were determined by densitometric analysis of the GFP Western blots 

and normalized to the corresponding GFP-positive cell ratio. 

 

3.4. Immunofluorescence microscopy 

Cells grown on poly-L-lysine-coated glass coverslips were fixed, 

permeabilized in methanol, blocked and probed by an anti-Hsp70 mouse 

monoclonal antibody and a Cy3-conjugated anti-mouse secondary antibody. 

Nuclei were stained with DAPI. Coverslips were visualized by 

epifluorescence microscopy. 

 

3.5. HSF1 transactivation and luciferase folding assays 

For HSF1 transactivation assay, cells were cotransfected with a reporter 

plasmid harboring the hsp70 promoter region upstream of the firefly luciferase 

gene (hsp70.1pr-luc) and a β-galactosidase (β-gal) plasmid as an internal 

control. For luciferase folding assay, a firefly luciferase plasmid harboring the 

thymidine kinase minimal promoter (TK-luc) was used instead. Cells were 

lysed and processed for β-galactosidase and luciferase assays, respectively 

(Promega). Absorbance at 420 nm and luminescence were measured by a 

plate reader and expressed by dividing luminescence values by β-gal activities 

(luc/β-gal).  

 

3.6. BrdU incorporation 

Cells grown on poly-L-lysine-coated coverslips were pulse-labeled with 

BrdU. Cells were fixed in paraformaldehyde and permeabilized in 1% Triton-

X, then stained with FITC-conjugated anti-GFP antibody. Following genomic 
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DNA denaturation in 2 M HCl, cells were stained with Alexa Fluor 546-

conjugated anti-BrdU antibody and DAPI, and BrdU positivity in the GFP-

positive vs. negative population was analyzed by epifluorescence microscopy. 

 

3.7. Annexin assay 

Cells were trypsinized and stained with annexin V-Alexa Fluor 647 conjugate 

and immediately analyzed by flow cytometry to determine annexin positivity 

in the GFP-positive and negative population using quadrant statistics. 

 

3.8. Analysis of cellular DNA content 

Cells were trypsinized and fixed in 70% ethanol and incubated in extraction 

buffer (200 mM Na2HPO4, pH 7.8 adjusted with 200 mM citric acid) 

containing RNase A. The remaining nuclear DNA was stained by propidium 

iodide (PI) and analyzed for GFP and PI fluorescence, respectively. For data 

analysis, only the percentage of GFP-positive cells with an intact cell cycle 

(i.e. combination of G1-S-G2/M peaks) out of the gated total population (i.e. 

UR values obtained from the quadrant statistics) was taken into consideration. 

 

3.9. Statistical analysis 

Data were analyzed using the SPSS software 15.0 and compared by Student’s 

t test. All data were presented as means ± S.E.M. of indicated number of 

independent experiments. Statistical significance was indicated as follows: 

n.s., non-significant, *p<0.05, ** p<0.01, *** p<0.001. 
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4. Results 
 

4.1. GFP-degron and GFP-∆9CAT display characteristics of misfolded 

proteins, undergo proteasomal degradation and activate the heat shock 

response  
 

To facilitate visualization and detection, we first generated GFP-fusions of 

CAT variants, and throughout the study used GFP and GFP-wtCAT as soluble 

wild-type controls for GFP-degron and GFP-∆9CAT, respectively. After 

construction of models, we transiently transfected them into COS-7 cells to 

investigate their solubility by sequential extraction into detergent-soluble and 

insoluble fractions. Both GFP-degron and GFP-∆9CAT sedimented 

predominantly in detergent-insoluble pellet fraction, characteristic of 

misfolding and aggregation. Moreover, deletion of the 9 C-terminal amino 

acids in GFP-∆9CAT also caused total loss of CAT enzymatic activity. 

Fluoresecence microscopy revealed that both GFP-degron and GFP-∆9CAT 

prevailed predominantly as intense deposits of perinuclear aggregates 

resembling aggresomes. Expression of both GFP-degron and GFP-∆9CAT 

increased the levels of Hsp70 protein, as revealed by both Western blot and 

immunofluorescence analyses where Hsp70 seemed to associate transiently 

with the protein aggregates. Taken together, these results establish both GFP-

degron and GFP-∆9CAT as bona fide inert misfolded proteins (Fig. 1).  

Misfolded proteins are usually degraded by the proteasome. Indeed, using the 

proteasome inhibitor, MG-132, we detected an increased ratio of both GFP-

degron- and GFP-∆9CAT-positive cells by flow cytometry. We also found 

that 3-methyladenine, a specific inhibitor of macroautophagy, did not increase 

GFP-fluorescence when applied alone or in combination with MG-132, ruling 
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out any involvement of macroautophagy in the clearance of GFP-degron. We 

determined the expression levels of GFP-degron and GFP-∆9CAT to reach 

2.2 vs. 0.9% of total cellular protein, respectively, when under proteasome 

inhibition. These results define the proteasome responsible for the degradation 

of these misfolded proteins (Fig. 1). 

Since we could see an accumulation of Hsp70 protein with both misfolded 

proteins, we were interested whether they would induce transcriptional 

activation of HSF1, responsible for the induction of hsp genes. To this end, we 

used a reporter construct harboring the hsp70 promoter fused to firefly 

luciferase. GFP-degron expression resulted in a moderate induction of the 

reporter at 37°C by up to 4-fold compared to that of GFP, whereas GFP-

∆9CAT led to a smaller (3-fold) induction in comparison to GFP-wtCAT (Fig. 

1). Although misfolded proteins did not significantly alter the induction of the 

heat shock response by a moderate heat stress (43°C), higher basal levels 

resulted in a reduced reserve capacity of the heat shock response, 

compromising plasticity of the response.  

As chronic expression of neurodegenerative disease-associated proteins was 

previously shown to disrupt protein folding homeostasis in C. elegans, we 

wanted to test this possibility in our cellular model using firefly luciferase, a 

metastable protein commonly employed as a model substrate to monitor 

chaperone function. Overexpression of GFP-degron caused a 25% decrease of 

luciferase activity compared to that of wildtype GFP-cotransfected cells, 

whereas GFP-∆9CAT surprisingly enhanced luciferase activity by 20% in 

comparison to GFP-wtCAT. Hence, we conclude that transient acute 

expression of misfolded proteins exerts a modest effect on chaperone-

mediated protein folding.  
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Figure 1. Misfolded proteins in transformed mammalian cells 

 

 

4.2. Inert misfolded model proteins inhibit cell proliferation, and promote 

stress-induced cell death that is prevented by upregulation of stress-

responsive pathways 
 

We next investigated the consequences of protein misfolding on cell 

proliferation, an essential property of the replicative compartment by 

analyzing the incorporation of the thymidine analog bromodeoxyuridine 

(BrdU) into genomic DNA. We found that both GFP-degron- and GFP-

∆9CAT-positive cells incorporated less BrdU than their wild-type controls. 

Induction of cell proliferation arrest by misfolded proteins was more 

pronounced with GFP-degron than with GFP-∆9CAT, suggesting a stronger 

impact of GFP-degron on cell growth, in agreement with stronger alterations 
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provoked by the degron peptide on solubility, turnover and the induction or 

Hsp70 (Fig. 1). 

Although misfolded proteins inhibited cell proliferation, we detected neither 

necrosis by propidium iodide exclusion nor apoptosis by sub-G1 peak analysis 

of DNA with their short-term expression per se. However, GFP-degron and 

GFP-∆9CAT transfection combined with MG-132 treatment resulted in a 

lesser amount of intact GFP-positive cells compared to their wild-type 

controls already at 37ºC. Importantly, there was a further sharp decrease in the 

number of GFP-degron- and GFP-∆9CAT-transfected intact cells when they 

were given a moderate heat shock (43°C), which did not affect on GFP and 

GFP-wtCAT controls (Fig. 1).   

To obtain an independent measure of cell death, we performed annexin 

staining, detecting cell death from early apoptosis through late necrosis. 

Similarly to the previous propidium iodide and sub-G1 data, in the absence of 

MG-132, there was no significant difference between annexin stainings of 

misfolded models compared to their wild-type controls (cca. 10%). MG-132 

treatment resulted in an increased annexin positivity from around 10% to 

25%, consistent with a general proteotoxicity induced by proteasome 

inhibition. However, MG-132-treated GFP-degron-expressing cells yielded an 

even higher annexin positivity compared to GFP, rising from 25% to 35%. 

Although GFP-∆9CAT did not result in increased annexing positivity in 

comparison to GFP-wtCAT in this setting, when GFP-∆9CAT cells 

underwent a moderate heat shock (43°C), they also displayed an increased 

annexin positivity comparable to that of GFP-degron. Thus, misfolded 

proteins sensitize cells to manifest enhanced cytotoxicity in response to 

proteotoxic stress such as heat shock or proteasome inhibition (Fig 1). 
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We next addressed how genetic activation of stress-responsive mechanisms 

would combat the cytotoxicity induced by GFP-degron. Along with the well-

known regulators of the heat shock response, HSF1 and Hsp70, we used the 

sirtuins SIRT1 and SIRT6 that are NAD+-dependent protein deacetylases, 

implicated in metabolic regulation. SIRT1 has been reported to protect against 

cytotoxicity of various neurodegenerative disease models, and such a role of 

SIRT6 has not been studied. Overexpressions of HSF1, Hsp70 and SIRT1, but 

not SIRT6 were found to prevent cell death in MG-132-treated GFP-degron-

expressing cells. Interestingly, SIRT1-mediated recovery from GFP-degron-

induced cytotoxicity was independent of the deacetylase activity of SIRT1, as 

both wildtype (wtSIRT1) and the deacetylase-deficient H363Y mutant 

(ddSIRT1) were protective, which suggests a novel, non-catalytic mechanism 

of SIRT1 for cytoprotection (Fig. 1).  
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5. Conclusions 
 

1. I have constructed a novel, misfolded mutant protein, ∆9CAT, which is 

devoid of disease-associated repeat expansions, specific eukaryotic cellular 

functions and interaction partners.   

 

2. I have characterized both GFP-degron and GFP-∆9CAT as novel 

mammalian cellular models of inert misfolded proteins. Both mutants exhibit 

decreased solubility, form perinuclear aggregates, activate the heat shock 

response, colocalize with and induce the chaperone Hsp70, and are degraded 

by the proteasome in SV40-transformed monkey kidney fibroblast-like COS-7 

cells.  

 

3. I have shown that short-term expression of these proteins does not 

compromise chaperone-mediated folding capacity, but induces cell cycle 

arrest and promotes stress-induced cell death upon proteasome inhibition or 

heat shock in COS-7 cells, which suggests that misfolded proteins sensitize 

cells to manifest increased susceptibility to proteotoxic stress.  

 

4. I have demonstrated that genetic upregulation of two stress-responsive 

mechanisms, the heat shock response (HSF1 and Hsp70) and the sirtuin 

SIRT1, confers protection against stress-induced cell death by GFP-degron. 

Importantly, the deacetylase-deficient mutant form (H363Y) of SIRT1 proves 

to be equally protective, suggesting a novel, non-catalytic mechanism of 

cytoprotection for SIRT1 in response to protein misfolding.  
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