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Abstract 

Despite improvement in cancer treatment modalities, cancer remains one of the leading causes 

of death worldwide. Studies show that in 2012, about 14.1 million new cancer cases resulting 

in 8.2 million deaths were reported worldwide according to the WHO. Over the years, several 

unsuccessful attempts to completely eradicate cancer diseases from human life has led to 

variety application of therapies (such as immunotherapy, targeted therapy, antibody based 

therapy, chemotherapy, surgery) aimed at finding treatment and radical cure for this disease. 

Although, there have been major improvements in the application of these therapies, however, 

challenges of non-specificity, as well as several side effects, resulting from killing of normal 

cells by chemotherapeutic agents are still widespread. This has led to urgent and continuous 

need for alternative therapies aimed at finding alternative drugs, or improving the current 

available treatment modalities. In the same vein, researchers have exploited therapeutic 

potential of heat shock proteins (Hsps) as an alternative intervention against cancer because of 

their ever-presence in the pathology of different facets of cancer development. Studies have 

shown that tumour cells require Hsp chaperonin activities for survival and proliferation than 

normal cells, because most oncoproteins in invading cells are often unfolded, therefore require 

chaperonage protection of Hsps for survival. Hsp70.14, alternatively known as HSP70L1, is 

an Hsp70 variant that lacks the c-terminal domain but contains substrate binding domain and 

the ATPase domain. The postulated interaction of this protein with the RING finger domain of 

RBBP6, suggested their role in protein quality control system and chaperone-mediated 

ubiquitination. Therefore, this study aimed to recombinantly express, purify, characterize and 

investigate the interaction between Hsp70.14 and RING finger domain of RBBP6. In silico 

analysis using homology modelling and subsequent validation by Ramachandran plot revealed 

that modelled structures were of good quality. Molecular docking studies show a strong 

interaction between the two proteins with a high binding score (KD) of 16038. The 

recombinant proteins were successfully expressed in BL21 cells and subsequently purified 
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using GSH-agarose and on cobalt-recharged Nikel affinity chromatography columns. 

Structural characterization of the proteins using far UV, CD spectroscopy, tryptophan 

fluorescence and SE-HPLC showed that proteins were properly folded, predominantly α-

helices, absorbs light at 280 nm and contain no impurities or protein aggregates. ANS binding 

studies reveals more hydrophobic patches in Hsp70.14 than RING and complex. The binding 

results obtained from this study using molecular docking, size exclusion high pressure liquid 

chromatography and ANS binding assay revealed there was indeed an interaction between 

Hsp70.14 and RING finger domain of RBBP6, which holds a major therapeutic potential 

towards the development of alternative cancer drugs. 
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                             CHAPTER ONE 

 

 INTRODUCTION AND LITERATURE REVIEW 

       1.1 Introduction 

Cancer is a group of diseases that cause an increase in abnormal cell growth and have the 

ability to proliferate to other parts of the body. Cancer has been named as one of the leading 

causes of death and disease worldwide. Out of the 14.1 million new cases that occurred in the 

year 2012 alone, 7.4 million cases (53%) occurred in males while 47% (6.7 million) of the 

cases were diagnosed in females (Ferlay et al., 2013). Hsp70.14 like other classes of Hsp70 

has been hypothesized to be up-regulated in response to stress signals like in the onset of 

tumours. The up-regulation of Hsp70.14 in tumours has been linked to its interaction with 

cancer genes like the RING finger domain of RBBP6; hence it would be interesting to study 

the molecular basis of these proteins. 

Heat shock proteins (Hsps) which are primarily grouped into two according to their 

molecular weight are molecular chaperones released by cells in response to stressful signals 

such as heat: cytokines, acute or chronic infection, intense exercise (Asea, 2003), metabolic 

disruption, nutrient deprivation, the presence of oxygen radicals and viral infection (Searle et 

al., 1993). Hsp70, which is one of the high molecular weight chaperones is primarily known 

for its roles in protein folding, translocation of organellar across membranes, as well as 

facilitating the degradation of misfolded proteins through chaperone mediated protein quality 

control, thereby playing a vital role in maintaining protein cellular homeostasis (Mayer and 

Bukau, 2005; Shiber and Ravid, 2014). 
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Retinoblastoma binding protein 6 (RBBP6), through its conserved cysteine residue, is known 

to interact with many biologically important proteins including: tumour suppressor proteins 

(p53 and RB), as well as Yb-1 through the ubiquitin-mediated pathway (Chibi et al., 2008; 

Kappo et al., 2012). This interaction together with RBBP6’s up-regulation in esophageal 

cancer, overexpression in lung cancer and human carcinomas, suggests its function in 

oncogenesis, and presents it as a good therapeutic candidate for cancer drugs (Ntwasa, 2008; 

Mbita, et al., 2011; Motadi et al., 2011; Yoshitake et al., 2004). RING finger domains are 

small cysteine-rich domains which are known to adapt “cross brace” topology by 

coordinating two zinc ions and are classified according to their zinc ion coordinating pattern 

(Freemont, 2000; Kappo et al., 2012). RING finger domains which are grouped based on the 

length of their secondary structural elements, zinc ion coordination, and sequence homology, 

have been identified to adapt a number of common motifs, including C3HC4, C3HHC3, 

C2H2C4 and C4C4, with the C4C4 being the most common (Dominguez et al., 2004; Kappo 

et al., 2012). This study focuses on expressing, purifying and characterizing Hsp70.14 and 

ascertaining its association with the RING finger domain of RBBP6, as well as their role in 

the protein quality control system as previously suggested by Kappo et al., 2012. 

1.2 Literature Review 

1.2.1 Cancer 

Cancer remains one of the leading causes of death worldwide, in both developed and 

developing countries (Torre et al., 2012). Several reports suggest that this could be due to the 

increasing prevalence of associated factors such as obesity, smoking, unhealthy life style and 

diet, alcohol and lack of exercise. Studies have statistically shown that in 2012 about 14.1 

million new cancer cases and a resulting 8.2 million deaths were reported worldwide (WHO 
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GloboCan, 2015). Though cancer cases in South Africa are poorly documented due to the 

lack of nationwide surveillance in the country, studies have reported prostate cancer as the 

most common among men and boys and breast cancer among women and girls (Singh et al., 

2015). Lung and breast cancer have been reported as the leading causes of death worldwide 

in males and females respectively (WHO GloboCan, 2015).  
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  Figure 1.1: Chart estimating the number of new cancer cases in different regions of the world 

by the year 2012. Taken from WHO, GloboCan (2015). 

 

Various researchers have attempted over the years to explore ways of combating the effects 

and spread of cancer with some but still unsatisfactory success. Understanding structural and 

functional proteins such as heat shock protein 70.14 and its interactions with RBBP6 RING 

finger that plays biologically important roles in the formation of tumours would be an 

interesting aspect in cancer drug design, as well as in the early detection of tumours. 

1.2.2 Heat shock proteins (Hsps)  

Heat shock proteins (Hsps) are proteins usually produced by cells to protect themselves from 

any form of environmental stress both internal and external; and such stressors can be heat, 

cytokines, acute or chronic infection, intense exercise, metabolic disruption, nutrient 

deprivation, the presence of oxygen radicals and viral infection (Asea, 2003; Searle et al., 

1993). These responses enable cellular protection against protein denaturation and possibly 

degradation of misfolded proteins, which may in turn result in protein aggregation and 
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apoptosis (Sharma et al., 2012). Though heat shock proteins are mostly produced upon 

thermal induction, some Hsps are constitutively expressed and are termed heat shock 

cognates (Searle et al., 1993; Zügel and Kaufmann, 1999); these are crucial for cell survival 

during unfavorable conditions (Sung and MacRae, 2011). 

 Hsps are primarily grouped into two families according to their molecular weight, amino 

acid composition and the specific functions they perform; these are known as the high-

molecular-weight Hsps and the small molecular weight Hsps (Garbuz et al., 2011; Lanneau et 

al., 2010). The high molecular ones include: Hsp90, Hsp70, and Hsp60 (Lanneau et al., 

2010). Binding and folding of nascent proteins through their ATP-dependent allosteric 

organization is the main function of these families, though they differ in molecular structure 

and how they operate (Yik et al., 2013). The high molecular weight Hsps are ATP-dependent 

chaperones, whereas the small molecular weight Hsps are ATP independent (Lanneau et al., 

2010). The Hsps interact with the 26S proteasome degradation system in order to ensure that 

protein refolding and degradation is tightly controlled; this interaction certifies that protein 

quality-control mechanisms are maintained at all times (Lanneau et al., 2010; Shiber and 

Ravid, 2014). The failure of cells to maintain protein homeostasis due to environmental 

stressors that disrupt the protein quality-control (PQC) system results in improper folding and 

aggregation of proteins which in turn results in apoptosis. Such protein conformational 

changes can cause conformational diseases such as Alzheimer’s, Parkinson’s, and 

Huntington’s, which highlights the importance of the protein quality-control (PQC) system 

that is mediated by Hsps (Shiber and Ravid, 2014). This protein quality-control mechanism 

enables cell survival during unfavorable or harsh conditions.  
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Since the discovery of heat shock proteins in 1962 by Ritossa in the salivary glands of the 

Drosophila larvae, many studies have demonstrated the important functions of heat inducible 

proteins in response to various stressful signals including human cancer (Zhang et al., 2007) 

and cystic fibrosis, thus several research papers have been published on heat inducible 

proteins (Daugaard et al., 2007; Singh et al., 2008). Initially, it was thought that heat shock 

proteins are only produced in response to heat stress, however, subsequent studies have 

shown that heat induced proteins can also be produced in response to many signals such as 

degradation of improperly folded proteins by the U-box proteasome-system, protecting the 

aggregation of misfolded proteins by enhancing their recognition to U-box ligation, and 

shuttling ubiquititylated substances to proteasome degradation (Shiber and Ravid, 2014). 

1.2.2.1 Heat shock protein 70 (Hsp70) 

Hsp70s are molecular chaperones that are primarily involved in the folding of nascent 

proteins and degradation of improperly or misfolded proteins (Lanneau at el., 2010). Hsp70 is 

the most studied and most conserved protein in evolution in all cells (Searle et al., 1993; 

Shiber and Ravid, 2014; Sung and Mac Rae, 2013). Hsp70 which is encoded by the HSP-1A 

gene is the most produced heat shock protein upon thermal induction (Sharma et al., 2012). 

Its expression can be used as a stress indicator upon adaptation during unfavorable 

environmental conditions (Patir and Upadhyay, 2010).  

Hsp70 which weighs 70kDa is one of the high molecular weight Hsps that share almost 50% 

amino acid similarities with the DnaK homolog of Hsc70 (heat shock cognate 70) that is 

found in prokaryotic cells (Daugaard et al., 2007; Lanneau et al., 2010). The families of 

Human Hsp70 have no less than eight unique gene products that are different from each other 

in amino composition, sub-cellular localization, and expression level; with the exception of 
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Hsp70-5 and Hsp70-9 which are found in the lumen of the endoplasmic reticulum and 

mitochondria, respectively; the other six are confined to the nucleus and cytosol where they 

perform their particular cellular functions (Daugaard et al., 2007). 

Hsp70 is known to help a broad spectra of proteins in folding processes into three 

dimensional structures; these helper functions include: assembling and folding of nascent 

proteins, refolding of improper or aggregated proteins (Bukua et al., 2003; Hartl and Hayer-

Hartl, 2002), regulating the functions of regulatory proteins, and translocation of organellar 

across membranes (Ryan and Pfanner, 2002). Hsp70 is also involved in housekeeping 

activities, signal transduction pathways, protein quality control systems and in the chaperone-

mediated ubiquitination pathway. Hsp70 has the ability to proofread, identify, and repair the 

misfolded or improperly folded proteins (Bukua et al., 2003; Mayer and Bukau 2005). 

Reports suggest that Hsp70 assists approximately 15% of de novo folding of all bacterial 

proteins in relation to its size (Bukua et al., 2000; Hartl and Hayer-Hartl, 2002). 

The domain organization of Hsp70 shows three structural and functional domains: an N-

terminal 45kDa ATPase region (conserved ATPase), 15kDa peptide-binding domain 

(substrate binding site), and a C-terminal 10kDa region (Daugaard et al., 2007; MacAry et 

al., 2004). The N-terminal 44kDa ATPase region which contain 1-358 amino acids and a site 

for nucleotide binding, is responsible for the ATPase activity of Hsp70, while the substrate 

binding domain (359-494 amino acids) binds Hsp70 to substrate, and the C-terminal (495-

609 amino acids) contains an EEVD-motif for binding co-chaperones and other heat shock 

protein related families (Daugaard et al., 2007; Sung and MacRae, 2013). 
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1.2.3 Substrate binding domain of hsp70 

Though its functional differences are poorly understood, the substrate binding domain 

sequence is highly conserved among the hsp70 family and most information related to the 

structure of this domain is found in prokaryotic DnaK (specifically E. coli), a homolog of 

hsp70 (Mayer and Bukau, 2005). A study showed that substrate binding residues generate a 

sandwich of 2 helices and 2 β-sheets when the peptide binding domain X-structure was 

solved at 2.0Ȃ resolution together with a heptameric peptide substrate (Mayer and Bukau, 

2005; Zhu et al., 1996). The same study showed that the two β-sheets contain four loops that 

protrude upwards, and the two α-helices (A and B) are packed against loop L1,2 and loop L4,5 

inside the complex as shown in Figure 1.2 (Zhu et al., 1996).   

The β-sheets (1 and 2) and loops (L1,2 and L3,4) form the cavity of the substrate binding 

domain of hsp70. The opening and closing of this cavity is controlled through a salt bridge 

and hydrogen bonding between the outer loops (L3,4 and L5,6) and helix B, the lid of the cavity 

(Mayer and Bukua, 2005). The binding of ATP to the DnaK homolog of Hsp70 in E. coli 

actually opens the lid that closes the cavity, resulting in the release of the substrate. Co-

crystallization of the substrate domain DnaK with substrate peptide revealed two types of 

interactions over a stretch of five residues (Zhu et al., 1996).  
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Figure 1.2: The substrate domain organization of Hsp70.14. The domain consists of two α-helices, four β-

sheets pointing upwards, a substrate binding site, a lid that controls the opening and closing of the cavity, and 

numerous loops that form the cavity. Figure taken from Cegielska and Georgopoulos (1989). 

 

The hydrogen bonding between the backbone of the cavity give rise to two loops (L1,2 and 

L3,4)  and the substrate mediated backbone which recognizes the conformation of the 

extended peptide. According to Figure 1.2, the affinity of DnaK towards the hydrophobic 

peptide residues is shown by the van der Waal interactions of hydrophobic side chains in 

proximity to the substrate binding cavity, as well as the side chains of the substrate (Zhu et 

al., 1996).  Furthermore, Rüdiger and colleagues (2001) reported that DnaK has different 

preferences for authentic or inverse peptides even though they have similar composition of 

amino acids (Rüdiger et al., 2001). This means that DnaK has low affinity for the peptide in 

authentic sequence than in inversed sequence’s peptide, and cannot go back and bind to the 

other side of the N-terminus of bacterial Hsp70 homolog, DnaK (Mayer and Bukua, 2005; 

Rüdiger et al., 2001). Therefore, DnaK peptide interactions follow a specific direction of the 

structural backbone. Recent studies have shown that Hsp70 and HscA specifically bind to the 

substrate peptide in a reverse direction though the evolution of the Hsp70 family suggests that 
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peptide binding to the cavity is in a forward orientation manner (Cupp-Vickery et al., 2004; 

Tapley and Vickery, 2004). 

The central hydrophobic pocket, the α-helix and the arch enclosing the substrate peptide, are 

the three structural components of the cavity. These structural components of the cavity of 

the substrate binding domain are crucial for the functioning of this domain. The affinity of 

DnaK to bind the protein substrate and peptide reduces by 3 to 7-fold by the removal of the 

α-helix lid within the complex helix B, thereby increasing the dissociation rates (Buczynski et 

al., 2001; Mayer et al., 2000; Pellecchia et al., 2000; Slepenkov and Witt, 2002). More so, 

DnaK’s affinity for substrates reduces by 2 to 4-fold by simple substitution of Ala429 for Trp 

or Met404 for Ala within the arch in ADP state, and this alteration has a greater effect on the 

rates of dissociation (Mayer et al., 2000; Mayer and Bukua, 2005). The affinity of DnaK to 

bind the substrate decreases because the alteration of amino acids within the arch results in 

additional conformational changes in the specificity of DnaK, making it difficult to be 

recognized by the peptide substrates (Mayer et al., 2000; Mayer and Bukua, 2005). The 

central hydrophobic pocket contributes to the majority of binding affinity of DnaK to the 

substrates. Interestingly, studies have shown that the equilibrium dissociation rate of DnaK 

and the substrates increase by 20-and 40-fold respectively, due to the alteration of Val436 to 

Phe within the hydrophobic pocket. Studies have also shown that although the rate of 

dissociations in both ADP and ATP form remain the same over wild-type DnaK, the decrease 

in the affinity of Dnak to bind substrate could be generally caused by a decrease in the rate of 

dissociations (Mayer et al., 2000; Mayer and Bukua, 2005). The ability of the substrates to 

bind the protein’s mutant in the same away that it binds wild-type DnaK suggests the 

possibility of the substrates binding to DnaK in an induced fit-like fashion and high degree of 

flexibility of hydrophobic pocket, as previously suggested using nuclear magnetic resonance 
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(Pellecchia et al., 2000; Wang et al., 1998). Studies have shown that the introduction of 

amino acids with bulky side chains to the hydrophobic pocket impairs the functions of Hsp70 

chaperones in vivo and in vitro despite the high structural flexibility of the hydrophobic 

pocket, even at high concentrations of DnaK as observed in luciferase species grown at 40°C 

(Mayer et al., 2000). 

 1.2.3 Heat shock protein 70.14 (Hsp70.14) 

Hsp70.14 is a variant of Hsp70 (HSPA1A) that lacks the 10kDa C-terminal domain that is 

common to the Hsp70 family, but contains an N-terminal ATPase domain and substrate 

binding domain (Kappo et al., 2012). Although the function of Hsp70.14 is poorly 

understood, Searle and co-workers (1993) have suggested, based on work done on 

mitochondrial Hsp70 from Trypanosoma Cruzi, that both Hsp70.14 and Hsp70 molecules 

may perform similar functions within the same subcellular compartment in the 

trypanosomatid bacterial species (Searle et al., 1993). Even though Hsp70.14 is smaller in 

size as compared to Hsp70, both possess the same structural and functional similarities. 

However, Hsp70.14 has been reported to exhibit differences with Hsp70 when interacting 

with dendritic cells due to the fact that it elevates dendritic cell maturation and stimulation to 

secrete cytokines and chemokine (Wan et al., 2004). 
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Figure 1.3: structural organization of Hsp70.14: ATPase Domain and Substrate binding domain. The two 

domains of Hsp70.14 are linked to each other by a connector called “linker” through which the signal passes to 

the substrate binding domain whenever ATP binds to the ATPase domain. Taken from Nagarajan et al., 

(2012). 

 

1.3 Retinoblastoma binding protein 6 (RBBP6)  

Retinoblastoma binding protein 6 (RBBP6) is a multi-domain, multi-functional nuclear 

protein that weighs about 250kDa and has been identified in all eukaryotes; however, none 

have been identified in prokaryotes so far (Kappo et al., 2012, Mbita et al., 2012; Pugh et al., 

2006). RBBP6 has been reported to interact with tumour suppressor proteins pRb and p53 

directly, thereby suggesting its crucial role in tumour formation (Kappo et al., 2012; Mbita et 

al., 2012). This interaction has been reported to enhance p53 ubiquitination and degradation 

through the MDM2-mediated ubiquitination pathway since RBBP6 promotes the activity of 

MDM2 which is the major cellular repressor of p53 (Li et al., 2007; Ntwasa, 2008).  

SNAMA, a homologue of RBBP6 found in Drosophila, has been characterized to perform an 

important function in embryo development and apoptosis though it lacks p53 binding ability 

(Mather et al., 2005). Another homologue, Mpe1, which is found in yeast, forms part of the 
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polyadenylation complex and is known to play a role in pre-mRNA processing (Vo et al., 

2001). RBBP6, like other proteins, that contains the SR domain which interacts with nuclear 

antigens-SmG in the nuclear speckles. This interaction is additional evidence that suggests its 

function in mRNA-splicing (Simons et al., 1997). 

RBBP6, which is mapped to the chromosome 16p11.2-p12 encoding three protein products in 

humans, was reported to have protein degradation function because of its conserved N-

terminal RING finger domain (Motadi et al., 2011; Pugh et al., 2006; Yoshitake et al., 2004). 

Work done by Pugh and colleagues (2006) demonstrated that the presence of the conserved 

Domain With No Name (DWNN) suggests that RBBP6 may act as a novel ubiquitin-like 

modifier of many proteins through the ubiquitin-mediated pathway (Pugh et al., 2006). 

RBBP6 is involved in a variety of cellular functions, including mRNA metabolism (Shi et al., 

2009; Vo et al., 2001; Witte and Scott, 1997), control of the cell division cycle (Gao and 

Scott, 2002; Scott et al., 2003), oncogenesis (Yoshitake, 2004), and progression of cancer (Li 

et al., 2007). 

 RBBP6 has been implicated in invasive esophageal cancer, suggesting its possible function 

in the promotion of tumour cell proliferation as well as low rate of cancer patient survival due 

to the over-expression of P2P-R (Proliferation Potential-Related Protein) in cancer cells 

(Yoshitake et al., 2004). P2P-R is a homolog of RBBP6 that has been reported in many 

studies to interact with the p53-Hdm2 complex and enhance degradation of p53 through 

Hdm2-mediated degradation, though its exact effects on p53-Hdm2 complex is poorly 

understood (Motadi et al., 2011; Yoshitake et al., 2004). This observation presents RBBP6 as 

a good remedy for immunotherapy against diseases (Yoshitake et al., 2004). RBBP6 through 

its number of conserved domains has been shown to be involved in protein degradation, 
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programed cell death and cell cycle control (Kappo et al., 2012; Ntwasa, 2008; Pugh et al., 

2006). The alteration of tumour suppressor proteins normally results in tumour formation 

which will eventually lead to cancer, since RBBP6 has been reported to regulate the level of 

tumour suppressor proteins p53 and Rb. This interaction could be targeted for anti-cancer 

drug design (Ntwasa, 2008).  

The structure alignment of RBBP6 reveals that RBBP6 consists of an N-terminal ubiquitin-

like domain (DWNN), Zinc knuckle, SR domain, Rb binding domain, p53 domain and the 

RING finger-like domain (Pugh et al., 2006). 

 

 

 

 

 

 

 
Figure 1. 4: The domain structure of the RBBP6 family of proteins. RBBP6 homologues 

containing a DWNN domain, a zinc knuckle and a RING finger are found in all complete eukaryotic 

genomes analyzed to date, including the single celled parasite E. cuniculi, in which it is very much 

reduced in size. In vertebrates and insects, the protein includes a long C-terminal extension containing 

p53 and Rb-interaction domains in human and mouse. A short form consisting of the DWNN domain 

and a poorly conserved C-terminal tail is also found in vertebrates. Figure taken from Pugh et al., 

2006. 
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1.3.1 Domain with no name (DWNN) 

DWNN, which was discovered while screening the components of the genetic novel antigen 

through MHC class I (major histocompatibility), is the N-terminal domain of RBPP6 which 

has been reported to act as “novel ubiquitin-like modify” of other proteins (George, 1995; 

Pugh et al., 2006). The functions of DWNN of the RBBP6 protein in the ubiquitination 

pathway are largely unknown; however, literatures have reported that it shares almost 22% 

similarity folds with ubiquitin. These structural fold similarities suggest its function in cell 

cycle control, programmed cell death induced by camptothecin, as well as regulating cellular 

protein turn-over (Gao et al., 2002; Gao and Scott, 2003; Pretorius 2007). RBBP6, through its 

conserved cysteine residues, is known to initiate ubiquitination of Yb-1 protein by binding 

and blocking its transactivational activity, thereby decreasing its cellular level (Chibi et al., 

2008). Mbita et al, (2011), in support of work done by Li and colleagues (2007), suggest that 

the ability of the RBBP6 protein to regulate the cellular levels of tumour suppressor proteins 

(pRb and p53) is through its conserved RING domain in an ubiquitin-dependent manner (Li 

et al., 2007; Mbita et al., 2011;). Li and co-workers (2007) reported the involvement of 

RBBP6 in regulating the cellular level of p53 in ubiquitin-mediated degradation to be anti-

apoptotic. However, work by Chibi and colleagues (2008) a year later contradicted this 

observation, suggesting a pro-apoptotic function of RBBP6 in the degradation of Yb-1, an 

anti-apoptotic protein that enables cell survival (Chibi et al., 2008). However, more research 

is needed in this area to validate these claims.  
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1.3.2 RING finger domain  

RING (Really Interesting New Gene) finger domains are small cysteine-rich domains of 

approximately 70 residues in length that coordinate two zinc ions in a “cross braced” fashion. 

The Zn2+ are coordinated by four pairs of cysteine or histidine residues, meaning that both 

Zn2+ ions are coordinated by the first and third, as well as the second and fourth cysteine or 

histidine respectively (Kappo et al., 2012). RING fingers, which are folded independently 

with the aid of zinc ions, are grouped according to the pattern of the coordinating zinc ions. 

The RING finger motif can be written as a series of conserved cysteine and histidine 

residues: Cys-X(2)-Cys-X(9-39)-Cys-X(1-3)-His-X(2-3)-Cys-X(2)-Cys-X(4-48)-Cys-X(2)-Cys, where 

X represents any amino acid. The sequence was found in the human gene RING1 which is 

located closer to the histocompatibility region on chromosome 6 (Freemont, 2000; Kappo et 

al., 2012). A number of common motifs have been identified, including C3HC4, C3HHC3, 

C2H2C4 and C4C4, with the C4C4 being the most common (Dominguez et al., 2004; Kappo 

et al., 2012). RING finger domains are grouped based on the length of their secondary 

structural elements, zinc ion coordination, and sequence homology. The RBBP6-cysteine-rich 

domain is grouped as a RING finger domain because of the conserved cysteine residues but 

the presence of conserved hydrophobic residues suggests an alternative classification as U-

box family (Kappo et al., 2012). RING finger domain from RBBP6, which adapts C4C4 

motif in coordinating two zinc ions due to the presence of conserved eight cysteine-rich 

residues, consists of a central α-helix and the anti-parallel β-sheets connected by the long zinc 

ion stabilizing loops (Dominquez et al., 2004; Kappo et al., 2014). Similar folds are found in 

the U-box family, though they coordinate using salt bridges and hydrogen bonds to stabilize 

themselves rather than zinc ions (Ohi et al., 2003). MDM2 RING finger belongs to a novel 

C2H2C4 which has been shown to be different from other classical RING finger domains but 
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well adapted to perform E3 ubiquitin ligase on p53 by controlling its level, activity, and 

stability (Kostic et al., 2006). The RING finger domain is found in proteins that have been 

implicated in the following cellular processes such as apoptosis, viral infections, oncogenesis 

and ubiquitination (Borden, 2000). Other domains, other than the RING finger domain have 

also been demonstrated to adapt cross-brace topology in coordinating zinc ion-like RING 

fingers and these domains include U-box domains, PHD, FYVE and LIM, which coordinate 

zinc ions in zinc finger topology instead of cross brace fashion (Aasland et al., 1995; Capili et 

al., 2001; Stenmark et al., 2002). 

1.3.3 Other RING finger related proteins 

1.3.3.1 U-box family 

The U-box family is a group proteins, which possess similar folds and structural similarities 

to the RING finger, but coordinate salt bridges and hydrogen bonds instead of zinc ions that 

are more common to RING finger domains (Ohi et al., 2003). The primary function of these 

two proteins is to recruit protein to the E2 ligase and then transfer them to E3 ubiquitin for 

proteasomal degradation. This plays an important role in the protein quality control mediated 

pathway. Furthermore, U-box was originally considered an E4 ligase or elongation factor 

because it does not initiate de novo synthesis of ubiquitination chain but catalyses the 

elongation of already existing polyubiquitination chains (Cyr et al., 2002).    

1.3.3.2 PHD (Plant Homeodain) 

The plant homeodain, also called leukemia associated protein (LAP) which contains about 60 

amino acid residues, is a small domain that is found in many eukaryotic cells and is localised 

in the nucleus. PHD domains are known to associate with the maintenance of chromatin 
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structures and protein-protein interactions. PHD domain which was first discovered in 

homeodomain protein, is capable of E3 ligase activity on cellular kinase MEKK1 and is also 

involved in the development of plant roots where it got its name (Bienz, 2006; Bottomley et 

al., 2005; Capili et al., 2001; Dul et al., 2007). PHD adapts C4HC3 topology in cordinating 

zinc ions (Dominguez et al., 2004). 

 

 

 

 
Figure 1.5: Representations of the zinc coordinating pattern of RING finger domain (A) and LIM (B) 

respectively. RING coordinates the zinc ion in a cross topology, meaning that 1,3 His/Cyst and 2,4 

His/Cys coordinate first and second zinc ion respectively. Figure taken from Borden and Freemont, 1996. 

 

1.4 The Ubiquitination Pathway and Proteasomal Degradation 

The ubiquitin proteasome system is highly regulated to quickly and efficiently remove 

specifically targeted proteins from cells. This function is accomplished through the action of 

numerous important enzymes that tag target proteins to the 26S proteasome complex for 

degradation. The enzymes involved include ubiquitin activating enzyme E1, ubiquitin 

conjugating enzyme E2, ubiquitin ligating enzyme E3 and sometimes ubiquitin extension 

factor E4 (Koegl et al., 1999; Pant and Loranzo, 2014). Ubiquitin which contains about 76 

amino acids is present in eukaryotic cells but absent in all prokaryotic cells including bacteria 
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and archaea (Sorokin et al., 2009). Ubiquitin weighs 8kDa contains di-glycine at position 76 

and this feature enables it to conjugate side chains of lysine residues found on target proteins 

in a process known as ubiquitination or mono-ubiquitination. 
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Figure 1. 6: Schematic representation of the ubiquitination pathway system. E1 activating enzyme activates 

ubiquitin in an ATP-dependent reaction, and transfers it to E2 conjugating enzyme. E2 then transfers the 

ubiquitin to E3-ubiquitin ligase, which facilitate the transfer of ubiquitin to the substrate. The polyubiquitin 

chain is formed by repeated linkage of ubiquitin moieties. This chain is then recognized by 26S proteasome for 

degradation. The ubiquitin molecules are recycled by DUPs enzymes while the substrate is degraded. Figure 

taken from Rahimi, 2012.  

 

 

Typically, Lysine 48 and 63 link poly-ubiquitin chains to form polyubiquitination chains. 

Ubiquitination has been shown to give different results in response to proteasome degradation 

signals such as sorting into specific cellular compartments and endocytosis of receptors 

(Woelk et al., 2007). Ubiquitination can be reversed in the presence of iso-peptidase called 

de-ubiquitination enzymes or DUBs in the cells. These enzymes control the rate of 

ubiquitination by removing ubiquitin tags from proteins before degradation in the 

proteasome, thereby facilitating the recycling of ubiquitin molecules (Woelk et al., 2007). 

The main function of the E3 ligase is to recognize the substrate and bind it to the E2 

conjugating ubiquitin enzyme, thus containing both E2 binding and substrate binding 

domains. In contrast, E1 only recognizes E2 and ubiquitin and is therefore expected to have 
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fewer numbers per cell. More so, E2 recognizes a huge number of E3s and little of E1 and is 

therefore expected to have moderate number per cell in humans (Metzger et al., 2014; van 

Wijk and Timmers, 2010). The binding of E2 to ubiquitin plays an important role in the 

RING finger domain which acts as an adapter molecule that binds substrate and E2 together 

to facilitate the transfer of ubiquitin to the substrate (Metzer et al., 2014). 

1.4.1 Hsp70 in Protein Quality Control and Ubiquitin-mediated Pathway 

The Hsp70 molecular chaperone is known for its diverse functions in assisting the de novo 

nascent protein folding, refolding of misfolded proteins and proteasome degradation of 

proteins that cannot be folded. Hsp70 accomplishes these functions through its ATPase 

domain that provides needed energy as well as substrate binding, which it uses to bind to the 

exposed hydrophobic core of the substrates or targeted protein. Repetitive binding and 

dissociation of Hsp70 with substrates, subsequent hydrolysis of ATP leads to the release of 

ADP and inorganic phosphate, thus enabling the folding of the protein to continue until 

biological function of the particular protein is obtained. However, if the protein cannot be 

folded, this protein together with other misfolded proteins, are targeted for proteasomal 

degradation (Shiber and Ravid, 2014). Hsp40 together with nuclear exchanger factor (NEF) 

and sometimes Hsp90 and Hsp60, are co-chaperones that assist Hsp70 in protein folding and 

in degradation of improperly folded proteins. The function of these co-chaperones of Hsp70 

especially Hsp40, is to hydrolyse ATP to ADP so as to energize protein folding and 

degradation reactions respectively (Hartl et al., 2011). 

Although the mechanism by which E3 ligase enzymes and hsp70 interact with the protein 

quality control (PQC) system during protein degradation is poorly understood, the nature of 

interaction between Hsp70 and E3 ligase are suggested to be highly specific, since most E3 
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ligase enzymes in PQC work hand-in-hand with Hsp70 during protein proteolysis 

(Kriegenburg et al., 2012). Recognition of misfolded protein by E3 ligase is the first step of 

the ubiquitin-mediated pathway (Ravid and Hochstrasser, 2008; Shiber and Ravid, 2014). 

 

Figure 1.7: The schematic representation of Hsp70.14 roles in protein and ubiquitin-mediated 

degradation of misfolded proteins. In step I, Hsp70 identifies the hydrophobic side of misfolded protein and 

bind to it and keep it in soluble form. Step II, Hsp40 binds to the ATPase causing hydrolysis of ATP, release of 

inorganic sulphate (Pi), as well as conformational change at substrate binding domain (ATP to ADP state). In 

step III, nuclear exchange factor (NEF) binds to the complex reducing the affinity of ADP-bound to the 

complex. In step IV, ATP binds again to the complex causing the release ADP and regaining of ATP state. In 

step V, a protein is either folded or misfolded protein will be recognized by Hsp70 so the process will continue 

over and over until correct conformation is obtained. Diagram taken from Shiber and Ravid, 2014. 

  

Before the ubiquitination pathway actually begins, Hsp70 recognizes and binds to the 

hydrophobic core of the misfolded protein, solubilizes it, and prevents it from forming 

insoluble aggregates, since the targeted protein must be in non-aggregate and soluble form 

during protein folding or degradation. The binding of Hsp70 to the exposed hydrophobic core 

of the substrate targets it for possible ubiquitination. Hsp70 then facilitates the transfer of the 

targeted protein to the proteasome complex and at the same time protects the ubiquitin-

mediated sequestration of the targeted proteins (Shiber and Ravid, 2014). BiP/Kar2, the yeast 
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homolog of Hsp70 localized in the lumen of endoplasmic reticulum, has been found to keep 

secretory proteins in a soluble form, thereby promoting their folding as well as endoplasmic 

reticulum-associated proteasomal degradation (ERAD) (Nishikawa et al., 2005; Plemper et 

al., 1997). Interestingly, inhibition of BiP/Kar2 activities leads to the aggregation of mutated 

carboxypeptidase yscY and pro-α-factor (non-glycosylated form) under stressful conditions 

like high temperatures. In addition, during the above mentioned conditions, the functions of 

endoplasmic reticulum associated-proteasomal degradation are seriously impaired 

(Nishikawa et al., 2005). This observation suggests that ERAD cannot function properly in 

the absence of functional BiP/Kar2, thus highlighting their importance in the PQC system 

(Venkatraman et al., 2004).   

Work done by Nakatsukasa and co-workers (2008) showed that SSA (a Hsp70 homolog in 

yeast) is involved in folding and PQC mediated protein degradation, by keeping targeted 

substrates in a soluble form in various cell compartments such as in the cytosol, nuclear 

membrane and other membrane-embedded PQC systems (Nakatsukasa et al., 2008). Even 

though SSA-dependent degradation pathways are found in many cell compartments, the major 

SSA-pathways are located in cytosol. These cytosolic SSA-dependent degradations are 

mediated by E3 ligase Ubr1 and ER embedded E3 Doa10 respectively (Huyer et al., 2004; 

Metzger et al., 2008). The mechanism by which these cells switch from refolding to 

degradation of misfolded proteins is largely unknown, thus a possible explanation could be 

exposure of the hydrophobic residues in the misfolded proteins (Shiber and Ravid, 2014). 

1.4.2 The role of E3 ligase-RING finger domain in ubiquitination pathway 

Generally, the ubiqiutination pathway involves three important enzymes namely: E1 

ubiquitin-activating enzyme, E2 ubiquitin conjugating enzyme, E3 ubiquitin ligase, and 
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sometimes E4 or elongation factor (Koegl et al., 1999). E3 ligase-RING finger plays 

intermediate role in the attachment of ubiquitin to the substrates as well as the activation of 

ubiquitin moiety. Basically, it is thought that the specificity of ubiquitin binding to the 

substrates is mediated by E3 ligase, which interacts with both E3 ubiquitin conjugating 

enzyme and substrate, thereby, facilitating the transfer of Ubiquitin from E2 enzyme to the 

substrate. In this way, the E3 ligase binds to the lysine residues of the targeted protein 

substrate and forms an isopeptide bond before transferring it to the ubiquitin molecule for 

proteasomal degradation (Chibi, PHD, 2008). There are two major classes of E3 ligase 

enzymes: the RING finger domain and HECT domain proteins. E3 ligase enzymes are 

grouped based on their interaction with the substrates or the targeted proteins. According to 

reports, E3-containing RING finger domains are by far the biggest members of the E3 ligase 

family and over 600 RING-related proteins are encoded in the human genome (Li et al., 

2008). All known RING finger domains that form four molecular structures such as single 

chain, multi-component, homodimer and heterodimer, associate directly with the E2-

ubiquitin conjugating enzyme. The RING finger domain-E3 which is alternatively classified 

as U-box family due to the presence of hydrophobic residues binds to the substrate’s 

nucleophilic lysine residue and facilitates its transfer to the ubiquitin moiety. Furthermore, 

additional structural elements in the RING finger domain and U-box could play essential 

roles in their interactions with substrates. For example, the ability of the RING finger domain 

to form homo or hetrodimeric structures is attributed to elements close to them which control 

their activity and specificity to the substrates (Brzovic et al., 2001; Buchwald et al., 2006; 

Linker et al., 2009; Zhang et al., 2005). 

HECT family which has been characterized to show C-terminal amino acid similarity with 

that of C-terminal E6-AP and just like E1 and E2, form thio-ester bonds with the C-terminal 
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of activated ubiquitin due to the presence of its conserved cysteine residues. This implies that 

ubiquitin is first transferred to the E3 from E2, before transferring it to the substrate’s lysine 

side chain (Huibregtse et al., 1995; Zheng, 2003). E6-AP is a human papillomavirus-

interacting cellular protein which performs its E3 activity by repressing the cellular level of 

tumour suppressor protein p53 through the ubiquitin mediated pathway. The inability of this 

enzyme (E6-AP) to carry-out its cellular activity is the major cause of a neurological disorder 

called Angelman’s syndrome, (Zheng, 2003). E6-AP like HECT has been characterized to 

form thio-ester intermediates with ubiquitin through its C-terminal domain in the presence of 

E2 conjugating enzyme subfamilies such as UBC4/UBC5 and human UbcH5. Similarly, the 

formation of thio-ester intermediates by the RSP5, a family of HECT in yeast Saccharomyces 

cerevisiae, suggests the E3 activity of HECT (Nuber and Scheffner, 1999).   

1.5 Interaction between the substrate binding domain of Hsp70.14 and RING 

finger domain of RBBP6 

Work by Kappo and co-workers (2012) using yeast-2-hybrid system (Y2H) suggested that 

Hsp70.14 putatively interacts with the N-terminal domain of RBBP6-RING finger domain 

and that this interaction suggests possible function in the degradation of aggregated, 

denatured and misfolded proteins through the protein quality control and chaperone mediated 

ubiquitination system (Kappo et al., 2012). 

1.6 Biophysical characterization of Hsp70.14 and human RING finger of RBBP6 

Biophysical characterization of proteins has become a subject of interest in the 

biopharmaceutical field for understanding protein molecular structure and conformation 

which aid industries or researchers in designing new drugs. The characterization of proteins 

gives information that enables biopharmaceutical industries to understand different physio-



26 
 
 

chemical parameters and look out for the best interacting partners. In this way, the protein of 

interest can actually be targeted for drug design, since the biophysical properties of the 

protein are known. The following methods will be used in this study to characterize the 

substrate binding domain of Hsp70.14 and RING finger domain of RBBP6, circular 

dichroism (CD), Far-UV spec, SE-HPLC, molecular docking (PatchDock), homology 

modelling.  

1.7 PROBLEM STATEMENT 

Despite all efforts and improvement in cancer management and treatment, cancer remains 

one of the major global health threats of this century according to the World health 

organization. In fact, about 14.1 million new cancer cases and a resulting 8.2 million deaths 

were reported in 2012 (Torre et al., 2012). So far, the problem associated with the current 

drugs and other methods of treatment and management therapies or strategies are: they very 

expensive, non-specific, not easily accessible, and thus subjected to several healths concern 

as well as placing more burden in the world economy. Therefore, there is urgent and fast need 

to find alternative means of treatment, management or cure for cancer. 

Like other Hsps, Hsp70.14 have been shown to be upregulated during different stages of 

cellular stress including the onset of tumours, therefore, hypothesized to play a crucial role 

during cancer development due to its unique ability to elevate dendritic cells and provoke 

CD8+ CTL specific epitope response. On the other hand, RBBP6 through its RING finger 

domain have also been hypothesized to play a crucial role in tumour development by 

controlling the level of tumour suppressor proteins p53 and RB. Using yeast-2-hybrid system, 

these proteins have been hypothesized to show putative interaction in vivo. Therefore 

understanding the molecular structure and interactions between these two tumorigenic 
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proteins will not only serve as a therapeutic target, but will also aid in the treatment and 

management of cancer as well as novel vaccine candidate or improve the current cancer 

therapies efficacy. 

1.8 RESEARCH QUESTION 

Using yeast-2-hybrid system, Kappo and colleagues postulated the putative interaction 

between Hsp70.14 and RING finger domain of RBBP6, and their possible role in protein 

control mediated ubiquitination pathway. Hence this study seeks to determine if there is 

interaction between the two proteins and what is the strength of the interaction? 

1.9 AIM 

This study focused on the expression, purification and characterization of Hsp70.14, as well 

as its interaction with RING finger domain from RBBP6, with the aim of providing answers 

to questions relating to the involvement of these two tumorigenic proteins in tumour 

formation.  

1.10 OBJECTIVES 

The aim of this study will be followed through by these objectives: 

1. To perform homology and molecular modelling studies using SWISS model and 

PatchDock respectively. 

2. To heterologously express recombinant GST-RING and 6xHis-Hsp70.14, and purify 

them using GST agarose and Nikel affinity chromatography. 

3. To determine the secondary structure of the proteins using far-UV circular dichroism 



28 
 
 

4. To determine the light absorbance and subsequent ANS binding affinity using 

intrinsic tryptophan fluorescence and extrinsic 8-analino-1-napthalene sulfonate 

fluorescence spectroscopy 

5. To quantify the size of the proteins using size exclusion high pressure liquid 

chromatography (SE-HPLC). 

6. To determine the interaction using molecular docking (PatchDock), SE-HPLC and 

ANS binding essay. 
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Abstract: Heat shock proteins (HSPs) play cytoprotective activities under pathological conditions 

through the initiation of protein folding, repair, refolding of misfolded peptides, and possible 

degradation of irreparable proteins. Excessive apoptosis, resulting from increased reactive oxygen 

species (ROS) cellular levels and subsequent amplified inflammatory reactions, is well known in the 

pathogenesis and progression of several human inflammatory diseases (HIDs) and cancer. Under 

normal physiological conditions, ROS levels and inflammatory reactions are kept in check for the 

cellular benefits of fighting off infectious agents through antioxidant mechanisms; however, this 

balance can be disrupted under pathological conditions, thus leading to oxidative stress and massive 

cellular destruction. Therefore, it becomes apparent that the interplay between oxidant-apoptosis-

inflammation is critical in the dysfunction of the antioxidant system and, most importantly, in the 

progression of HIDs. Hence, there is a need to maintain careful balance between the oxidant-

antioxidant inflammatory status in the human body. HSPs are known to modulate the effects of 

inflammation cascades leading to the endogenous generation of ROS and intrinsic apoptosis 

through inhibition of pro-inflammatory factors, thereby playing crucial roles in the pathogenesis of 

HIDs and cancer. We propose that careful induction of HSPs in HIDs and cancer, especially prior to 

inflammation, will provide good therapeutics in the management and treatment of HIDs and cancer.  

Keywords: apoptosis; cancer; heat shock proteins; inflammation; reactive oxygen species; tumour 

necrosis factor-α 

 

1. Introduction 

Although some heat shock proteins (HSPs) are constitutively produced, most are molecular 

chaperones that are normally over-expressed by cells in response to inducible signals that may lead to 

protein denaturation [1]. These stressors include heat, nutrient deficiency, oxidative stress, acute or 

chronic inflammatory diseases, viral infections, ischemia, heavy metals, exercise, gravity, and 

bacterial infections [2–5]. These responses enable cellular protection against protein denaturation and 

possible degradation of misfolded proteins, which may, in turn, result in protein aggregation and 

cancer [6]. Some of these constitutively-expressed heat shock polypeptides are involved in protein 

folding and translocation of organelles across cellular membranes, prompting many authors to label 

them “molecular chaperones” [5–8].  

Since the discovery of heat shock proteins in 1962 by Ritossa in the salivary glands of the 

Drosophila larvae, the important functions of heat shock proteins in response to various stressful 

signals including human cancer and cystic fibrosis, has been well elucidated [9–11]. Upon discovering 
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these proteins, it is not surprising that HSPs have made a very large impact in various areas of 

research, including medical and biological fields, because of their diverse functions in both 

pathological and normal conditions [12,13]. 

Molecular chaperones, which are found in all living cells and form part of the defence system 

against both internal and external stressors, are primarily grouped into two major groups according 

to their amino acid composition, molecular weight, as well as their specific cellular function as the 

high molecular weight and the small molecular weight HSPs [14,15]. The high molecular weight HSPs 

which range from 60 to 110 kDa are ATP-dependent and their primary cellular function is binding 

and folding of nascent proteins through ATP-dependent allosteric organization, even though 

assembling, transportation, vaccination against cancer metastasis, and degradation of improperly-

folded peptides have also been reported [16,17]. Small molecular weight HSPs or heat shock protein β 

(HspBs), which range from 15 to 43 kDa, are ATP-independent molecular chaperones, of which their 

functions have been documented in embryo developmental processes, formation of respiratory 

organs, like cardiac muscles, as biomarkers for tumour formation, in exercise-induced stress, as well 

as in protein folding [5,15,18]. The classification, localization, and roles of HSPs are highlighted as 

shown (see Table 1). 

Table 3. 1 Classification of heat shock protein families. 

 
Classification Location Cellular Function Reference 

Hsp10 Mitochondria Serves as biomarker in endometrial cancer and helps protein folding [19,20] 

Hsp27 
Cytosol, endoplasmic 

reticulum & nucleus 

Facilitates refolding of denatured proteins (chaperoning activity) and 

serves as a biomarker in many cellular diseases such as cancer 
[21] 

Hsp40 cytosol Assists HSP70 in protein folding (co-chaperoning with HSP70) [22] 

HSP60 
Cytoplasm & 

mitochondria 

Assists in protein folding, prevents protein aggregation and 

assembling of unfolding proteins via the formation of the hetero-

oligomeric complex 

[23] 

Hsp70 Cytoplasm & nucleus 
Aids protein assembling, protein folding, degradation of improperly 

folded peptides and translocation of organelles  
[5] 

Hsp90 Cytoplasm 

Assists in protein folding, refolding and degradation. It also facilitates 

signal transduction and important roles in cancer and sarcomere 

formation as well as in myosin folding  

[5,24] 

Hsp100 Cytoplasm 
Complexes with other HSPs to refold aggregated or misfolded 

proteins 
[25] 

Hsp110 Cytosol & nucleus 
Helps immune response and complexes with HSP70 to promote 

protein refolding and cell survival under stress 
[26] 

The roles of HSPs in the pathology of many diseases including human inflammatory diseases 

(HIDs), has been well documented. Hsp70 and Hsp60 in particular have been reported to form part of 

the auto-antigen complex capable of eliciting immunoregulatory cascades, thus suppressing the 

immune response which is commonly observed in various HIDs, such as Type 1 diabetes, 

atherosclerosis, rheumatoid arthritis, asthma, and allergies [27]. Hsp functions in the immunology of 

HIDs could be attributed to their diverse properties: (1) their ability to assemble immune system 

apparatus to infectious sites; (2) they are capable of interacting with antigen-presenting cells and 
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initiating CD8+ immune responses and are, therefore, seen as potential cancer vaccines; (3) their 

ability to refold denatured proteins, including most immune cells, thus promoting their survival 

under stressful conditions [28,29]. In this review, we discuss in detail the interplay between HSPs, 

apoptosis, reactive oxygen species (ROS) and inflammatory diseases, as well as possible roles and 

potential target HSPs hold in HIDs and cancer. 

2. Role of HSPs in Apoptosis 

Apoptosis, which is alternatively called programmed cell death or “cellular suicidal”, is a process 

by which cells are selectively killed without deteriorating neighbouring tissues [30]. This process is 

normally induced during embryo development, cell division, aging, as well as maintenance of cellular 

homeostasis, although it has also been reported to form part of the immune defence mechanism in 

response to cellular damage including the onset of cancer, and neurodegenerative and human 

inflammatory diseases (HIDs) [31–33]. Inappropriate stimulation of apoptosis has been associated 

with a variety of human diseases, such as ischemic damage, neurodegenerative disorders, 

autoimmune diseases, as well as cancer, making it a good therapeutic candidate against human 

diseases [32].  

Studies have shown that apoptosis is mediated following the activation of caspases (a group of 

aspartate-specific cysteine proteases) that catalyses the addition or removal of specific cysteine or 

aspartic acid residues from target substrates, thereby activating or inhibiting the action of the targeted 

substrate [34,35]. These endoproteases are produced in an inactive state as zymogenes but upon 

activation, they play a central role in controlling apoptosis-mediated cell death, pyroptosis, 

necroptosis, as well as inflammatory reactions [36]. Caspases are broadly classified according to their 

roles in biological processes: apoptotic caspases (-7,-8, and -9) and inflammatory caspases (-1, -4, -5, 

and -12) in human and (-1, -11, and -12) in mice, respectively. The pro-inflammatory cytokines (such 

as interleukin 17, IL1β, TNF-α, IL-8, among others) and other inflammatory mediators are up-

regulated as a result of the activation of caspases that are involved in inflammatory responses 

resulting in the innervation of innate immunity responses to cellular insults [36,37]. 

Caspase mediation of apoptosis falls into two broad categories: intrinsic and extrinsic 

mechanisms. Intrinsic or mitochondrial apoptotic pathway is a highly regulated and active pathway 

that cells use to antagonize mitochondrial stimulations as a result of stressors such as DNA damage, 

hypoxia, growth factor deprivation, as well as the accumulation of misfolded proteins. In response to 

cell death signals which activate the diverse functions of Bcl-2 families, intrinsic apoptosis is known to 

induce mitochondrial-membrane permeability through the opening of the permeability transition 

pore (PTP), thus allowing the release of cytochrome c (a pro-apoptotic factor that plays an important 

role in intrinsic apoptosis) into the cytosol. Inside the cytosol, cytochrome c complexes with apoptotic 

protease activating factor-1 (Apaf-)—an adaptor peptide—to recruit and activate pro-caspase-9, 

thereby forming a complex called apoptosome. The active caspase-9, on the other hand, triggers the 

activation and release of downstream ‘executioner’ caspase-3, which facilitates the degradation of the 

targeted substrate [34,36,38]. 

The extrinsic apoptosis pathway is characterised by interactions between Fas receptors (TNFR1, 

DR3 or death receptor 3, TRAIL-R1 or DR4, and Fas or CD95) and Fas ligands (TNF, Apo2-L, and 

FasL) on the surface of lymphocytes in response to suicidal signals. The binding of Fas ligand to 

FADD adaptor protein causes the dimerization of Fas associated death domains (FADDs) found in 

both Fas receptor and FADD adaptor proteins. This interaction allows the death effector domain 

(DED) to relate with pro-caspase-8 resulting in the formation of a complex called the death inducing 

signalling complex (DISC). The subsequent innervation of pro-caspase-8, which then triggers the 

activation of other pro-caspases, which then leads to the suicidal execution of cells [31–34,36,39,40]. 

Cells respond to numerous stressors, ranging from external to internal stressors, by expressing 

highly-regulated proteins upon thermal induction called heat shock proteins (HSPs). These highly-
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conserved proteins are known for their diverse functions including protein folding, translocation of 

organelles across membranes, assembling and disassembling of proteins, signalling transduction, 

degradation of misfolded proteins, as well as ROS generation in the mitochondria capable of inducing 

apoptosis [41]. Overwhelming evidence has shown that HSPs have a wide array of functions in 

apoptosis, which in most cases, leads to the suppression of apoptotic pathways. Interestingly, the 

same stress signals that trigger apoptosis also stimulates the expression and release of HSPs. 

However, induction of HSPs represses apoptosis through inhibition of pro-apoptosis factors, such as 

p53, Bax, Bid, Akt, Apaf-1, and other Bcl-2 families. So far, numerous mechanisms of how HSPs incite 

cytoprotective effects against apoptosis has been proposed; one of them being the ability of Hsp27 to 

interact with cytochrome c and block its dimerization with Apaf-1, hence preventing the formation of 

apoptosome complex, which is the hallmark of mitochondrial cell suicide [36,42].  

Work by Rane and colleagues have shown that Hsp27 relates directly with the serine/threonine 

(Akt) signalling pathway and this association inhibits neutrophil-mediated apoptosis in a 

phosphorylation-dependent manner [43]. Although the exact mechanism is still obscure, subsequent 

studies have shown that another molecular chaperone, Hsp70, directly associates with Apaf-1, 

blocking the production of apoptosome in an ATPase-dependent manner rather than its chaperoning 

activity [34,38,44]. Goto and co-workers and Beere reported that Hsp70 together with its co-chaperone 

Hsp40 homologs, inhibits nitric oxide mediated apoptosis by blocking the mitochondrial 

translocation of Bax, a pro-apoptotic member of Bcl-2 family in both ATPase and chaperoning 

dependent-fashion [34,45]. In spite of all the negative functions of HSPs in attenuating apoptosis, 

members of Hsp60 located in the mitochondria, in complexes with Hsp10, are involved in the 

signalling complex that results in pro-caspase-3 activation in cytochrome c-dependent apoptosis. In 

addition, several studies have shown that cytosolic Hsp60 associates with Bcl-2 proapoptic protein, 

Bax, leading to its activation, as well as its mediated apoptosis [46,47]. This observation suggests 

HSPs’ roles in apoptosis to be complex, complicated, and controversial [34,38]. 

3. HSPs and Oxidative Stress 

Due to continuous mitochondrial oxidative respiratory reactions and other cellular and non-

cellular processes, including phagocytosis, inflammatory reactions, ionizing radiation, air pollutants, 

exercise, cigarette smoking, and ozone [48–50], cells frequently generate reactive oxygen species 

(ROS) and reactive nitrogen species (RNS), which disturb normal oxidant and antioxidant cellular 

homeostasis, leading to oxidative stress [51,52]. These oxygen-containing compounds can be broadly 

categorized according to their oxygen-containing capacity: superoxide anion (.O2−), hydroxyl radical 

(.OH), alkoxyl radical (RO.), peroxyl radical (HOO.), nitric oxide radical (NO.), nitrogen oxide (NO2.), 

as well as potent non-radicals, such as hydrogen perioxide (H2O2), ozone (O3), and oxygen singlet 

(1O2) [53,54]. Both ROS and RNS in accumulated levels are very reactive and more potent than normal 

oxygen and nitrogen, thus causing deleterious effects to the living system. 

In spite of all negativities associated with accumulated cellular ROS, several studies have shown 

that, at low or moderate levels of unknown concentration, ROS perform important cellular beneficial 

roles, including acting as secondary messengers in signal transduction, in immune defence, in 

antibacterial infections in the phagosome and vascular tone, as well as in ROS-induced programmed 

cell death in cancer cells [52,54–58]. The hydroxyl radical (.OH−) which is the most reactive and most 

dangerous radical, is regenerated when H2O2 (a product of enzymatic reactions) decomposes slowly 

in the presence of Fe2+ in a process called the Fenton reaction and through other cellular reactions, 

including one between NO and O2− to form a perioxynitrite intermediate which immediately 

decomposes to OH− [59]. Upon OH− formation, OH− is capable of abducting electrons from 

biomolecules, especially lipids (polyunsaturated fatty acids), thereby inflicting DNA, carbohydrate, 

protein, and lipid oxidation and, most importantly, resulting in oxidative stress when the antioxidant 

system is supressed [58]. The body uses the antioxidant system to neutralise free radical cellular 
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damage by converting them to less harmful substances under physiological conditions; however, this 

balance can be disrupted upon cellular stress leading to the accumulation of cellular levels of free 

radicals, especially ROS, thus activating many inflammatory cascades which have been implicated in 

various human inflammatory diseases (HIDs), such as arthritis, asthma, stroke, atherosclerosis, 

trauma, hepatitis, and in cancer [52,60–62]. 

The deteriorating cellular effects of free radicals in accumulated levels has been well 

documented; however, it is not surprising that biological systems protect themselves by increasing 

the expression level of highly-regulated proteins termed “heat shock proteins” in response to these 

reactive species (ROS) that may otherwise lead to oxidative stress. HSPs are known for their 

cytoprotective activities in response to a variety of cellular insults through their chaperoning activities 

ranging from polypeptide folding, assembling, and translocation of organelles across membranes, to 

conducting repairs, and the degradation of irreparable peptides [8,63]. Nevertheless, DNA 

fragmentation has been observed in cells undergoing ROS-mediated genotoxicity, but this effect has 

been rescued with the addition of the Hsp70 family, thereby suggesting that the cytoprotective effects 

of HSPs could be by protecting DNA breaks in response to ROS-induced insults [64]. Interestingly, 

HSPs have been reported to work hand-in-hand with the antioxidant system to inhibit or neutralise 

the cellular effects of ROS [65,66]. Accumulated ROS levels are said to induce apoptosis and are 

associated with a variety of inflammatory reactions, which is the hallmark of human inflammatory 

disease (HID) pathogenesis [53]. Hence, it is tempting to suggest that HSPs could play cytoprotective 

roles in the pathogenesis of HIDs and could be targeted as drug candidates for immunotherapy 

against HIDs.  

4. HSPs in Human Inflammatory Diseases (HIDs) and Cancer 

Inflammation, which forms part of the human first line of defence in response to stressful insults 

(such as pathogen invasion, oxidants, and cell damage), is characterized by swelling, pain, heat, and 

redness in the infected area [67]. This response enables cellular injury repair as well as elimination of 

any sign of necrotic cells, thereby activating innate immunity [68]. The inflammatory reaction is 

considered beneficial to humans in response to cellular insults because of the fact that it helps to clear 

and repair damaged cells and tissues. However, long-term unregulated inflammation may result in 

chronic inflammatory reactions marked with massive tissue and cell destruction, and this has been 

reported to play central role in the pathogenesis of many human inflammatory diseases (HIDs) [53]. 

HSPs have been reported to prevent inflammation through the inhibition of pro-inflammatory 

cytokines including tumour necrosis factor-α (TNF-α). The following sections in this review will 

hereby focus on the roles of HSPs in adult respiratory distress syndrome, rheumatoid arthritis, 

asthma, and cancer. 

4.1. Acute Respiratory Distress Syndrome 

Adult Respiratory Distress Syndrome (ARDS), which is alternatively called acute respiratory 

distress syndrome, is a lung inflammatory disorder characterized by Diffuse Alveolar Damage (DAD) 

as a result of the influx of liquid into the alveoli sacs (the site of blood-oxygenation), as well as the 

imbalance between pro-and-anti-inflammatory cytokines (interferon, TNF-α, interleukins, platelets 

derived growth factor) which, in most cases, leads to severe hypoxemia, stiffness of the lungs, 

pulmonary infiltration and organ failure, without causing cardiogenic pulmonary oedema [69,70]. 

Although ARDS mortality depends on several factors such as age, critical illness and other medical 

complications, ARDS has been estimated according statistical reports, to affect approximately 50 in 

every 100,000 people, resulting in almost 40% of deaths in infected patients worldwide [71,72]. So far, 

the actual causes of ARDS are obscured but, in most cases, ARDS has been reported in trauma or 
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critically ill patients. Age and other unhealthy lifestyles, like smoking and chronic alcoholism, have 

also been documented as predisposing factors associated with ARDS cases [73].  

In response to severe DAD cases, alveoli sac permeability of lung membranes is increased; this 

allows for the influx of neutrophils, tumour necrosis, macrophage inhibitory factor, together with 

platelet activation and sequestration, which are believed to be the centre stage for the development, 

progression, and pathogenesis of ARDS. However, elimination of activated inflammatory cytokines 

that cause tissue and cellular destructions in inflamed area have been reported to decrease morbidity 

and deaths in HIDs [74]. Nevertheless, heat shock proteins are known for their cytoprotective effects 

in response to cellular insults including inflammatory diseases; these proteins are said to be up-

regulated during this stage of infection. Wesis and colleagues demonstrated that Hsp70 has the ability 

to suppress inflammatory responses by initiating the refolding of protein aggregates, thereby 

preventing the cellular damage and destruction observed in the pathology of ARDS and sepsis [75]. 

In support of this finding, other studies have shown that decreased mortality rates immediately after 

heat shock protein administration to endotoxin may mark the events of ARDS after several hours of 

development, as previously observed in rats [72,76]. Overwhelming evidence has shown that loss of 

pulmonary cells promotes cell division which contributes massively to the pathogenesis of ARDS and 

heat shock proteins, Hsp70 in particular, has been previously shown to limit inflammation in HIDs, 

by inhibiting the pathway that leads to nuclear factor (NF)-kB activation as observed in pneumocytes 

[75]. Although the mechanism of Hsp-cytoprotective action in ARDS is largely unknown, it has been 

reported to follow the same mechanism as previously observed in other lung inflammatory diseases, 

like sepsis and pneumocystis [77]. 

4.2. Rheumatoid Arthritis 

Rheumatoid arthritis (RA) is a long-term autoimmune-inflammatory disease where, instead of 

the immune system defending the body, it attacks synovial fluid-membranes normally found in the 

wrist, hand, or joints of the feet. RA, like other inflammatory diseases, is characterised by stiffness, 

swelling, and warmness and pain of the joints which, if left untreated long-term, may result in severe 

inflammation, deformity, and several functional disabilities [78,79]. Severe inflammation is said to 

attract numerous immune cytokines, chemokine, lymphocytes, and other immune components to the 

area of the infection (normally in the joints), causing redness, warmness, and painful discomfort, 

which are the symptoms, observed in rheumatoid arthritis infection. To date, the exact cause of RA is 

poorly understood and there is no pronounced cure. However, RA has been reported to arise as a 

result of family history or genetics (people that are genetically predisposed to RA) and other 

predisposing factors, such as environmental effects, educational background, and low socio-economic 

status, as well as unhealthy lifestyles, such as smoking and lack of exercise [78,80–82]. 

In spite of all the efforts in treatment, different medications and improvement in lifestyle with 

added exercise and healthier nutrition, RA remains one of the leading inflammatory autoimmune 

diseases worldwide. According to statistical reports, 24.5 million people were effected by RA in 2015, 

with a rate of 100, 000 people every year [78]. RA, which occurs more in middle-aged females than in 

males, and has shown 10% mortality increase between 1990 and 2013, making it one of the prevalent 

health concerns according to the National Institute of Health (NIH). 

In response to RA infection which is characterized by severe inflammation, biological systems 

always increase the synthesis of heat shock proteins especially Hsp70, the most inducible protein 

upon stress. Hsp70 exerts its anti-apoptotic activities by inhibiting pro/inflammatory signals or factors 

that lead to apoptosis, inflammatory pathways, such as activation of caspases, JNK (Jun N-terminal) 

signalling pathway, the release of cytochrome c, and the formation of apoptosome, which is the 

hallmark of apoptosis and inflammation progression [34]. More so, it is not surprising that Hsp70 is, 

therefore, up-regulated in the synovial membrane during rheumatoid arthritis fibroblast-like 

synoviocyte (RA-FLSs) infection to modulate the effects of T-cells, as well as to control inflammation 



47 
 
 

via inhibition of pro-inflammation signals [83]. Surprisingly, Kang and colleagues reported that 

repression of Hsp70 by siRNA in an in vitro experiment decreased inflammation by protecting RA-

FLSs from nitric oxide mediated-programmed cell death, although the actual function of Hsp70 in the 

RA in vivo experiment is still not yet clear [84]. This observation suggests the pro-apoptotic and 

negative roles of Hsp70 in the pathogenesis of RA FLSs infection; thus, inhibition of Hsp70 expression 

in RA could be one of the mechanisms of controlling severe inflammation observed in rheumatoid 

arthritis. In addition, van Room and co-workers showed that T-cells taken from RA patients were able 

to react with human or self-Hsp60 and inhibit the activation of TNF-α (a pro-inflammatory factor) 

through the activation of Th2 cytokine regulator, whereas there were no regulatory effects observed 

in Hsp65 isolated from Mycobacterium tuberculosis [85,86]. Consistent with this finding, several studies 

have shown that T-cell response to self-Hsp70 and Hsp60 through production of interleukin-4 and 

interleukin-10 regulatory cytokines suppresses arthritis diseases in many animal models. These 

observations suggest that cross-reactivity of HSPs with T-cells could be one of the ways of controlling 

human inflammatory diseases, like RA, under stressed physiological states [86,87]. Taken together, 

the self-Hsp60 reactivity observed in Lewis rats and adjuvant arthritis [88] makes it easy to speculate 

that human Hsp60 and mycobacterial Hsp60 could be used as potential vaccines against autoimmune 

inflammatory diseases since they are capable of eliciting immune responses. 

4.3. Asthma 

Asthma is a multigenic and multifactorial bronchial chronic inflammatory disorder characterised 

by airway obstruction, bronchospasm and remodelling of the bronchial wall, thus resulting in 

thickness of airflow walls and difficulties in breathing [89]. The symptoms of asthma which can be 

caused by genetic or environmental factors (allergens and air pollutions), or both, range from chest 

tightness and wheezing sounds when breathing, down to shortness of breath; all these symptoms 

may vary in individuals. The various associations of different cellular networks, such as smooth 

muscle, macrophages, fibroblasts, eosinophil and epithelial cells may result in airway remodelling 

and inflammation [90]. This process of remodelling promotes further thickening of bronchial walls 

and narrowing the airflow, leading to the breathing difficulties commonly observed in the 

pathogenesis of asthmatic patients [91]. 

Statistics have shown that asthma affects 358 million people worldwide which has, so far, 

resulted in 397,100 deaths in 2015 alone, as compared to the 183 million people who were affected in 

1990 [92,93]. According to the Global Initiative for Asthma (GINA), South Africa remains the fourth 

leading country, globally, and the first on the African continent with the highest mortality resulting 

from asthma attacks [94]. Furthermore, an estimated 3.9 million South Africans were affected by 

asthma in 2012, accounting for 1.5% of deaths in this country every year [95]. Taking into account the 

cytoprotective roles of HSPs in response to cellular insults, several authors have reported the over-

expression of Hsp70 in asthmatic patients [96,97]. Surprisingly, recent studies have suggested that 

intracellular synthesis of Hsp70 chaperones in airways and alveolar sacs of asthma patients correlate 

with the deleterious effects and severity of the disease, probably by forming part of the inflammatory 

complex, where it may up-regulate THP-1 synthesis by inducing CD23 expression in the Th2 

environment [98–100]. Nevertheless, initial studies have proposed its autoprotective activities in 

response to asthma and lung complications by inhibiting TNF-α mediated-inflammation [96,101]. In 

support of this finding, many studies have conclusively stated with evidence that the interaction 

between anti-Hsp70 and anti-Hsp60 correlates with progression, poor prognosis, and severity 

observed in asthmatic patients, as previously suggested by Shingai and colleagues in a patient with 

autoimmune liver disease [102] and Mycobacterium Hsp65 in chronic human atherosclerosis [103]. 

Interestingly, serum Hsp70 circulation is said to increase in pregnant asthmatic patients and this 

elevated Hsp70 level correlates with foetal and maternal complications such as low birth weight in 

infants, pre-eclampsia and preterm delivery, and these result in an almost 35% increased death rate in 
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asthmatic pregnant women [104]. Other factors such as smoking and maternal obesity, on the other 

hand, have also been reported to promote perinatal death [105].  

The exact mechanism of Hsp70 activity during asthma development remains to be seen, 

although evidence has it that Hsp70 mostly targets T-cells and humoral immunity in response to 

infectious agents, and this may provide a link between T-lymphocyte cross-reactivity-induced 

autoimmunity and immune responses to infectious diseases [106]. Another possible explanation is the 

ability of Hsp70 to interact with antigen presenting cells (APCs) and amplify its activities, which 

plays a crucial role in the modulation and initiation of asthmatic attacks in chronic asthma patients 

[96,104]. Additional studies have shown the up-regulation of Hsp90 and Hsp72 in response to ROS-

induced asthma attacks in young children. Even though the exact functions of Hsp90 and Hsp72 

remain unknown, it has been suggested that the elevated levels of these heat shock proteins could be 

to refold denatured proteins that may result from ROS induced-oxidative stress [107], thereby 

preventing protein aggregates, cellular deteriorations, and further complications. Tong and Luo 

showed that elevated Hsp70 levels in peripheral blood mononuclear cells (PBMCs) suggest Hsp 

involvement in the pathogenesis of asthma infection [108]. Through these observations we, therefore, 

propose that enhancing Hsp inhibitors in asthmatic patients could reduce the severity in this disease 

and will become another interesting aspect in the management of asthma and other lung 

inflammatory diseases, nonetheless more research is needed in this area of study. 

4.4. Cancer 

Cancer is a term given to the group of diseases characterized by the abnormal invasion and 

proliferation of cells as a result of uncontrolled cell divisions or mutated tumour suppressor genes 

[109]. Cancer remains one of the major sources of global morbidity and mortality and persists as the 

leading cause of death in individuals below 85 years old in the United States despite recent 

improvements in treatment modalities [53,110]. This exponential increase in cancer cases could be due 

to increasing prevalence in related factors, such as obesity, unhealthy life styles (smoking, lack of 

physical activity and imbalance diet), as well as genetic predisposition [31].  

Hanahan and Weiberg proposed that the mechanisms by which cancerous cells survive in the 

human body are by increased resistance to anti-proliferative signals and apoptosis induced-suicidal 

or abnormal cell death [111]. Interestingly, several studies have reported that this resistance to 

apoptosis and antiproliferative signals observed in cancerous cells are actually induced in the 

presence of HSPs, which favour the refolding of denatured peptides through Hop (Hsp70/Hsp90 

organizing protein) chaperoning related activities instead of peptide degradation [112,113]. Previous 

studies have shown that HSPs inhibit both pro-inflammatory and pro-apoptotic caspases, by binding 

and blocking their activation, thus increasing cancer cell survival [114]. Overexpression of Hsp27 in 

prostrate, ovarian and bladder cancers have been shown to correlate with down-regulation of p53 

induced-stimulation of the p21 gene and up-regulation of matrix metalloproteins (MMPs), proteins 

that are known to pave the way for cancer cell migration, invasion, proliferation, and metastasis, 

thereby inhibiting p53 mediated senescence, apoptosis and cell cycle arrest [115]. These observations 

are simple indications of the roles of Hsp27 in prognosis, angiogenesis, proliferation, as well as 

metastasis of cancer cells. 

In line with this, Hsp27 has been reported to promote epithelial-to-mesenchymal transition 

(EMT) in prostate cancer patients. EMT is an important event that occurs during organ 

morphogenesis and embryogenesis, characterized by the actin cytoskeleton remodelling, loss of 

apico-basolateral polarity and cell-cell junction dissolving, thus resulting in proliferation and mobility 

of cancer cells [116]. Down-regulation of Hsp27 using OGX-427 (an antisense therapy) decreases 

cancer cell invasion, migration, phosphorylation of LL-6-dependent STAT3 (a major mediator of EMP 

in many cancer types) and nuclear translocation, as well as matrix metalloproteinase, thereby 
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reversing EMT activity. This observation suggests that Hsp27 is needed for interleukin LL-6 to induce 

EMP possibly through the modulation of the STAT3 signalling pathway [117]. 

Similarly, overexpression of Hsp70 corresponds with an increased proliferation of malignant 

cells and knockdown of Hsp70 experiments in various malignant tumours have been shown to 

increase the susceptibility of cancer cells to certain chemotherapy agents, suggesting the negative 

roles of Hsp70 in the invasiveness and proliferation of cancerous cells [118]. In addition, Hsp70 also 

acts as a cancerous cell-surviving factor by inhibiting TNF-α mediated-apoptotic cell death, thus 

promoting carcinogenesis and cancer cell oncogenic potential through the mechanism of escape 

immunology [115]. Furthermore, studies have reported that either Hsp90 or Hsp70 can bind and 

block the activation of apoptotic protease activating factor 1 (Apaf-1) and indirectly inhibit pro-

caspase activation, apoptosis, as well as enhance abnormal cell survival [119]. Nevertheless, Hsp60 

has been reported to show pro-carcinogenic activity through the inhibition of dusterin in 

neuroblastoma cells, cyclophilin D mediated-mitochondrial cell death, and promotion of cell survival 

via nuclear factor-kB activation [120,121]. 

Conversely, previous in vivo experiments by Chalmin and colleagues showed that the down-

regulation of Hsp70 correlates with cancer cell survival due to the reduced immune killing of cancer 

cells [122]. Consistent with this finding is that Hsp40 homolog-DNAJA3 has been shown to inhibit 

squamous cell carcinoma invasion, migration, growth, recurrence and proliferation in both in vivo 

and in vitro experiments [115], possibly through induction of mitochondrial apoptosis, as previously 

observed in MCF-7 breast cancer cells [123]. These findings suggest that Hsp70 could suppress 

tumour cells when co-expressed with DNAJA3 in the absence of other molecular chaperones, like 

Hsp90, via CHIP (C-terminal HSP70 interacting protein)-mediated protein degradation. 

5. Association between Heat Shock Proteins, Oxidative Stress, Apoptosis, Human Inflammatory 

Diseases (HIDs), and Cancer 

Although accumulated levels of ROS have been proposed to cause deleterious effects to 

biomolecules, such as lipids, carbohydrates, proteins, and nucleic acids, ROS at moderate levels of 

unknown concentrations have been documented to play significant roles, such as acting as secondary 

messengers in signal transduction, immune defence, antibacterial infections in the phagosome, as well 

as ROS-induced programmed cell death in cancer cells [52,54]. Biological systems employ 

antioxidants (reduced glutathione, catalase, superoxide dismutase) to nullify the negative effects of 

free radicals, as well as to prevent ROS-mediated cellular damages and functional impairments. 

However, this antioxidant system can be supressed under severe cellular stress conditions as a result 

of elevated ROS levels, resulting in oxidative stress and amplification of inflammatory reactions, as 

well as activation of immune system cascades, a proposed central stage in progression and 

pathogenesis of several HIDs [53,124,125]. 

Inflammation is said to be part of the first line of the innate immunity complex that responds to 

cellular damage caused by infectious agents or xenobiotics [53]. Onset of stress has been established 

to attract several inflammatory cells, such as cytokines, macrophages, and chemokines, at the site of 

damaged cells, which is a process mediated upon toll-like receptor (TLRs) activation. The aim of this 

TLR mediated-inflammatory response is to eliminate detrimental cells and promote cellular repair via 

the mechanism of apoptosis. However, long-term un-regulated inflammatory reaction may lead to 

excessive and amplified apoptosis, resulting in chronic inflammation characterized by massive tissue 

and cellular destruction, commonly seen in many chronic and neurodegenerative diseases [62,126].  

The roles of ROS induced-apoptosis in inflammatory reactions can be viewed as a double-edged 

sword. ROS-induced apoptosis under normal cellular conditions performs beneficial roles in suicidal 

killing of cells via mitochondrial apoptosis, but the abnormal stimulation of this mechanism under 

stressful conditions could result in excessively amplified intrinsic apoptosis, leading to the massive 

cellular destructions observed in the aetiology of several HIDs [127,128]. In line with this, elevated 



50 
 
 

levels of ROS in the airways of asthmatic and ARDS patients suggests their roles in the pathogenesis 

and progression of HIDs by inducing severe inflammation [129,130]. HSPs, on the other hand, are 

mostly induced upon heat stress and, therefore, it is not surprising that HSPs are highly expressed in 

the inflamed area, possibly to refold denatured peptides caused by ROS-induced reperfusion injury 

on the inflammation sites identified in rheumatoid arthritis [131]. Heat is also one of the major 

characteristics of inflammation, and excessive inflammation leads to HIDs. Although some HSPs 

perform pro-inflammatory/apoptotic functions, most HSPs are known for their anti-

apoptotic/inflammatory potential, including the inhibition of pro-inflammatory/apoptotic factors or 

pathway capabilities such as through the nuclear factor (NF-kB), activation of caspases and c-Jun 

NH2-terminal kinase pathway [132]. Suppression of HSP expression levels, therefore, leads to worse 

inflammation cases, which can be linked to the severe inflammation seen in several HIDs. 

6. Future Direction in the Use of HSPs as Therapeutic Candidates 

From this point, it can be proposed that carefully regulation of inflammatory responses, 

induction of apoptosis and endogenous generation of ROS would definitely help in the management 

or treatment of HIDs. In many studies, HSPs have been reported to play crucial roles in the 

pathogenesis of HIDs and cancer due to their modulating effects in inflammation cascades that lead 

to the endogenous generation of ROS and apoptosis [27,34,133], possibly via their chaperoning 

activities of refolding misfolded proteins, or via inhibition of pro-inflammatory cytokines under 

pathological conditions. Under stressful conditions, HSPs has been suggested to play a prominent 

role by binding to the lipid rafts inside lipid membranes, thus maintaining lipid membrane stability, 

physical orderliness, as well as preventing lipid membrane functional impairments. Altered 

membrane functionality has been associated with cancer, neurodegenerative diseases, and diabetes, 

suggesting the possible role of HSPs as therapeutic targets in the management of these diseases [134]. 

Up–regulation of HSPs in cancerous cells has been well documented and has been associated 

with poor prognosis, proliferation, cell differentiation, invasion, progression, and metastasis 

[135,136]. Among others, Hsp90, Hsp70, and Hsp27 in particular, have been reported by many studies 

to increase tumour cell survival via inhibition of pro-inflammatory cytokines and ROS-mediated 

apoptosis [119,136,137]. Chauhan and co-workers demonstrated that Hsp27 can promote the survival 

of malignant tumours by conferring resistance to the inflammatory drug dexamethasone (a drug for 

treating HIDs such as rheumatoid arthritis, skin inflammation, and cancer) in myeloma cell lines via 

the inhibition of SMAC (mitochondrial release of second mitochondrial-derived activator of caspases) 

and cytochrome c, both of which are masters of intrinsic apoptosis mediators [138].  

Hsp27 can also act as an anti-apoptotic factor by promoting the activities of nuclear factor-kB 

(NF-kB) while blocking apoptosis pathways mediated by NF-kB inhibitor (IkBα), thereby promoting 

cancer cell proliferation and survival [135]. Hsp27 involvement in cancer could be through 

phosphorylation at three-serine residues mediated by MAPKAPK2 (mitogen-activated protein kinase 

activated protein kinase). This phosphorylation enables the Hsp27 to form oligomers up to 100 kDa, 

making it ideal in preventing protein aggregation by refolding denatured peptides in an ATP-

independent manner [119]. Similarly, Hsp70 and Hsp90 function in cancer cell survival has been 

previously elucidated. Work by Nylandsted and colleagues showed that selective inhibition of Hsp70 

in breast cancer lines increased the susceptibility of cancer to chemotherapy and sensitized them to 

caspase-mediated apoptotic death [139]. Hsp90 is known to play a crucial role in cancer cell survival 

and has been reported as a drug target in many cancer types. Inhibition of Hsp90 in leukaemia, 

colorectal, breast, lung, melanoma, and bladder cancer correlates with decreased invasion, motility, 

and prognosis of cancer, as well as an increase in the susceptibility of cancer cells to therapy [115]. 

This may be possible via the inhibition of signalling pathways that confer resistance to chemotherapy. 

In view of this, Zuninga and Shonhai previously postulated that Hsp70 and Hsp90 are the most 

druggable HSPs due to the fact that most Hsp inhibitors either mimic or target their ATPase activity 
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[140]. This could be via the inhibition of Hsp70/Hsp90 organizing protein (Hop), which favours the 

refolding of aberrant peptides while blocking CHIP-mediated peptide degradation. Interestingly, 

subset studies have shown that physical exercise induces Hsp expression [141–143], and is one of the 

ways of managing HIDs and cancer. Furthermore, one can then speculate that one of the health 

benefits of exercise is to induce Hsp expression, which is known for its cellular cytoprotective 

activities, probably by forming part of the immune protective system against infection.  

The onset of stress increases ROS generation, as well as inflammatory reactions. The generated 

ROS and inflammation activates the immune response and induces apoptosis, which aims at fighting 

off the infectious agent. However, if this mechanism is not well stimulated, it could degenerate to 

chronic inflammation. Interestingly, heat shock factor-1 (HSF-1) is also upregulated during this stage 

of infection. HSF-1 increases the synthesis of protective HSPs, which stops inflammatory reactions 

and massive cellular destruction through apoptosis, as well as further ROS generation, possibly via 

inhibition of pro-inflammatory factors and activation of the immune system, thus preventing chronic 

inflammation, HIDs, and cancer progression, as proposed in Figure 1. 

HSPs have been reported to perform beneficial cytoprotective effects when induced prior to 

inflammation and deleterious effects after propagation of pro-inflammation reactions [132]. We, 

therefore, proposed that induction of HSPs prior to inflammation and carefully regulation of ROS, 

inflammation and apoptosis through the induction of HSPs as well as the inhibition of HSPs in cancer 

and certain HIDs (asthma and ARDS) and enhancement of HSP activities in RA may, and will, serve 

as future study references as proposed in the model (Figure 1), which highlights the possible roles of 

HSPs in HIDs and cancer.  

 

  

Figure 2.1: Model proposing the roles of heat shock proteins in HIDs and cancer. The above model 

represents the proposed roles that heat shock proteins play in human inflammatory diseases and cancer. (1) the 

onset of the stress signal; (2) stress activates inflammatory reactions which aims at repairing the damage caused 

by the stress; (3) generation of ROS from the infected area; (4) activation of the heat shock factor-1 (HSF-1), 

which increases the synthesis of the cytoprotective heat shock proteins; (5) activation of heat shock proteins; (6) 

stress, as well as inflammation and heat shock proteins, activate the immune response and form part of the 
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innate immune response (7); cytoprotective heat shock proteins inhibit further generation of ROS, as well as 

inflammation, thus blocking excessive ROS and inflammation mediated-apoptosis via the inhibition of pro-

inflammatory and pro-apoptotic factors; (9) excessive apoptosis mediated by ROS; (8) accumulated level of 

ROS leading to oxidative stress; (10) immune response, inflammatory reaction, accumulated ROS level and 

excessive apoptosis mediated by ROS as a result of antioxidant suppression, leading to oxidative stress and 

chronic inflammation marked with massive cellular and tissue destruction; and (11) long-term uncontrolled 

chronic inflammation degenerates to HIDs and cancer. 

7. Conclusions 

The search for new drugs for the treatment of HIDs and cancer continues, and new studies are 

now focused on discovering drugs that will have minimal side effects. Recently, HSPs have attracted 

a great deal of research interest because of their ever-present occurrence in a variety of human 

diseases, including HID-tested patients, even though their action in some HIDs is still unclear. From 

our perspective as proposed in the model (Figure 1). We, therefore, suggest that targeting HSPs in 

HIDs will serve as good potential candidates towards the treatment and management of many HIDs, 

as well as early detection of these diseases.  
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Abstract: The historical relationship between cancer and inflammation has long been evaluated, and dates back 

to the early work of Virchow (1863), where he hypothesised that chronic inflammation as a direct cause of 

tissue injury and infection, could actually promote tissue proliferation. At that period in time however, the exact 

mechanisms that mediated this relationship were little understood. Subsequent studies have since then 

demonstrated that chronic inflammation plays significant roles in microenvironments, mostly in the progression 

of tumours, probably, through over-secretion of proinflammatory cytokines and other immune-killing apparatus 

such as reactive oxygen species (ROS) which cause damage to normal cells leading to DNA damage and 

increased cellular mutation rates. Recently, the identification of DNA lesion 5-chlorocytosine (5-CIC) created 

by hypochlorous acid (HOCl) secreted to nullify or kill infectious agents and toll-like receptor 4 (TLR4)-

mediated chronic inflammation in the human gut, has become the latest evidence linking inflammation directly 

to cancer. The key to cellular survival and adaptation under unfavour- able or pathological conditions is the 

expression of heat shock proteins (HSPs) also called molecular chaperones. These proteins play essential roles 

in DNA repair processes by maintaining membrane integrity, orderliness and sta- bility of client proteins that 

play prominent roles in DNA repair mechanisms. More so, HSPs have also been shown to modulate the effects 

of pro-inflammatory/apoptotic cytokines through the inhibition of cascades leading to the gen- eration of ROS-

mediated DNA damage, while promoting the DNA repair mechanism, thus playing prominent roles in various 

stages of DNA repair and cancer progression. Hence, studies targeting HSPs and their inhibitors in inflam- 

mation, DNA damage, and repair, could improve current cancer therapeutic efficiency. Here the focus will be on 

the relationship between HSPs, inflammation and cancer, as well as roles of HSPs in DNA damage response 

(DDR). 

 

Keywords: Heat shock proteins, inflammation, cancer, DNA damage response, 5-chlorocytosine, hypochlorous 
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Heat Shock Proteins 

Due to continuous exposure to cellular stressors (e.g. heat, heavy metal stress, viral and bacterial infections, 

nutrient deficiency, exercise, oxidative stress, cold, acute or chronic inflammatory diseases, ischemia injury, 

drought, UV-light), cells frequently produce a family of evolutionary conserved proteins termed heat shock 

proteins (HSPs) or molecular chaperones [1, 2]. These proteins enable cell survival under pathological 

conditions, metabolic changes and environmental adaptation, which may lead to protein aggregation and 

denaturation thus resulting in several neurodenerative disorders such as motor neuron, frontal temporal lobar 

degeneration, Alzheimer’s, Huntington’s and Parkinson’s diseases, as well as aging and cancer [3-5]. Although 

most of these polypeptides are generally expressed upon thermal induction and stress, some that are involved in 

the folding of nascent proteins, signal transduction and translocation of organelles across cellular membranes, 
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are constitutively expressed under physiological states and are termed heat shock cognate (Hsc) proteins [6-8]. 

These constitutively expressed HSPs perform important ‘housekeeping’ activities, which are critical in 

maintaining cellular homeostasis [9].  

HSPs were first identified in the salivary glands of Drosophila larvae by Ritossa in the early 1960s and are 

broadly categorized into two main groups: high molecular weight and small heat shock proteins. High molecular 

weight HSPs (hHSPs) range from 40 to 110 kDa, (including HSPs 110, 100, 90, 70 and 60), and are ATP-

dependent. They bind nascent and non-native proteins, and actively refold them into their 3-D structure. They 

also direct irreparable proteins to proteasomal degradation [9]. Small molecular weight HSPs (sHSPs) on the 

other hand, range from 8 to 30 kDa (including HSPs 40, 27, 15, 10 and ubiquitin), and are ATP-independent. 

These proteins, especially those which are encoded by HSPB genes, are structurally classified by flanking C-and 

N-terminal residues characterized by the existence of well-preserved α-crystallin and β-sandwich domains [10]. 

They are involved in the refolding of misfolded peptides, degradation of irreversible proteins and prevention of 

stress labile polypeptide aggregations [11]. More so, these proteins have been shown to be involved in complex 

immune responses to diseases such as cancer, as well as participate in the modulation of several inflammatory 

cascades, especially in the microenvironment [10]. 

Inflammation 

Inflammation, forms part of the non-specific immune system and is the first line of defense in response to all 

forms of cellular injuries (e.g. viral or bacterial infections, toxins and chemicals) and is identified normally by 

heat, pain, redness, and swelling in the inflamed area [12]. Inflammatory response clears cellular damage caused 

by cellular injuries and initiates cellular repair and healing. It can be broadly classified into two: acute and 

chronic inflammation. Acute inflammation is a short-term and a self-limiting response that occurs under 

physiological conditions. It is thought to be beneficial to the cellular system when short-lived, but if long-termed 

and uncontrolled, it could degenerate into chronic inflammation characterized by increased inflammatory 

mediators, acute-phase reactants, inflammatory signalling pathway activation and increased production of 

abnormal cytokines [13]. Chronic inflammation leads to the destruction of several healthy cells and tissues, and 

in most cases, degenerates into organ failure and mortality, as observed in several human inflammatory diseases 

(HIDs) and cancer [14]. The major causes of chronic inflammation are currently still a topic of debate. Recent 

studies, however, have shown that inflammatory instigators such as microbial infections or bodily injuries are 

not the only causes. Hormonal imbalance and malfunctioned tissues caused by complications from other human 

diseases such as aging, HIDs and cancer also play a major role [15, 16]. 

Inflammatory response is normally mediated by proinflammatory signalling molecules as well as the secretion 

of proteins called cytokines. Cytokines are a large group of molecular proteins that are secreted normally by the 

Helper T-cells and macrophages. These molecules mediate specific interactions and communications between 

immune cells thus, stimulating inflammatory reactions and immune responses [17]. Generally, cytokines are 

named according to their mode of action and/or site of production; examples include interleukins produced by 

leukocytes, lymphokines produced by lymphocytes, chemokines produced to play chemotactic roles, monokines 

produced by monocytes and interferons [17, 18]. Interleukins (ILs) are the minute component of cytokines 
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immunomodulatory proteins secreted by one leukocyte to act on neighbouring leukocytes, therefore acting as 

“second molecular messengers” which activate these cells during inflammation and immune response [19]. 

Unlike other amino acids and steroidal-derived hormones which act on the endocrine system, interleukins act in 

an autocrine or paracrine manner due to their effects on neighbouring cells. ILs can also act as both pro- and 

anti-inflammatory stimulators and have been reported to modulate immune cell activation, growth, and 

differentiation during inflammatory reactions, infection and regulation of neuronal proteins, cell injury and 

invasion [20]. Those ILs which can stimulate inflammation and immune response under both physiological and 

pathological conditions are grouped into classes (IL1-IL17) according to their common structural elements and 

peptide sequence conservation. This makes them ideal therapeutic targets in several human diseases [18].  

Cancer 

Cancer is a group of diseases caused by uncontrolled cell growth, proliferation and invasion, and has the ability 

to metastasize to other parts of the body through the bloodstream and lymphatic nervous system [21]. Despite 

improvements in treatment modalities, this disease persists as one of the leading global health threats in both 

developed and developing countries. In the United States alone, cancer accounts for higher mortality rate more 

than heart diseases in individuals below the age of 85 years [22]. Furthermore, statistical and epidemiological 

studies compiled by the National Centre for Health Statistics (NCHS), National Cancer Institute (NCI), North 

American Association of Central Cancer Registries (NAACCR) and Centres for Disease Control and Prevention 

(CDC) have shown that 1 in every 4 deaths was as a result of cancer and 1,529,560 new cancer cases and 

569,490 deaths were predicted to occur in 2010 [22].  

Cancer can be broadly classified according to the tumour cells’ originality; these include carcinoma, leukaemia, 

sarcoma, blastoma and germ cell tumour [23]. Carcinomas originate from epithelial cells such as colon, lung, 

breast, pancreas and prostate, and are most common in adults [24]. Leukaemia develops from the cell lining of 

the blood vessels, and they account for almost 30% of cancer cases in young children [25]. Sarcoma develops 

from connecting tissues outside the bone such as cartilage, nerve, fat and bone. Blastoma originates from 

immature cells or embryos and is more common in children than in adults [26]. Germ cell tumours originate 

from the gonads, testes and the ovaries [27].  

Cancer and Inflammation 

Genetic mutations, environmental factors (e.g. ultraviolet radiation, air pollution, ionizing radiation, cancer-

causing chemicals and occupational exposures), lifestyle (e.g. smoking, lack of exercise, imbalanced diet and 

excess alcohol consumption) and hormonal imbalance, have emerged as the major sources of cancer morbidity 

and mortality worldwide [28, 29]. Although bacterial and viral infections such as human papillomavirus (HPV) 

are now gaining momentum, persistence chronic inflammation resulting from long-term invasion of infectious 

(e.g. Helicobacter pylori) and non-infectious (e.g. chronic pancreatitis, esophagitis, Barrett’s and metaplasia) 

agents contribute immensely towards the development of several cancer types [30]. In fact, it is estimated that 

nearly 25% of all cancer cases are connected to chronic inflammation due to infectious or physico-chemical 

agents, with persistence H. pylori and hepatitis A and C promoting the risk of stomach and hepatocellular 
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carcinoma, respectively [31]. This could be due to improper stimulation and regulation of inflammatory 

cytokines, as well as immune cells leading to DNA damage and mutation of oncogenes, which in turn leads to 

tumour development. An adequate stimulation of inflammatory response can lead to quick clearance of the 

immune cell apparatus and inflammatory cytokines (e.g. chemokines, interleukins) via phagocytosis and 

apoptosis, immediately after acute inflammation [32]. The phagocytosis of apoptotic factors by phagocytes 

further supports anti-apoptotic action by promoting the production of anti-apoptotic transforming growth factor-

β (TGF-β). Transforming growth factor-β in complex with a serine/threonine kinase binds to TGF-β receptors to 

trigger signalling cascades that regulate chemotaxis, cell differentiation, proliferation and several immune cell 

activators resulting in the inhibition of cancer progression [33, 34]. However, inadequate regulation of 

inflammatory response results in chronic inflammation characterized by massive cellular and tissue destruction 

and neoplastic transformation, which may lead to cancer progression and other inflammatory diseases [35, 36].  

Link between HSPs, Inflammation and Cancer: A Potential Cancer Therapeutic Target 

The link between chronic inflammation and cancer has long been an area of debate. Nevertheless, the precise 

mechanisms by which persistence inflammation leads to cancer are now beginning to unfold. A DNA lesion or 

site of structural damage in the DNA called 5-chlorocytosine (5-CIC) created by inflammatory cells during the 

inflammatory response, has been identified as a major DNA mutant that links chronic inflammation to cancer. In 

response to infectious agents, biological systems stimulate the synthesis of the immune apparatus referred to as 

”battery of chemical warfare” with the aim of killing infectious agents and initiating cellular repair. These 

immune apparatus includes T-and B-lymphocytes, leukocytes, interleukins, cytokines, chemokines, reactive 

nitrogen species (RNS) (e.g. hydrogen peroxide, hypochlorous acid, and nitric oxide) and ROS. The reactive 

oxygen molecules designed to nullify the effects of invading pathogens can also in the process cause collateral 

damage to normal healthy cells resulting in irreparable DNA damage and mutation [37].  

For instance, hypochlorous acid (HOCl) generated from the oxidative reaction between H2O2 and chloride ions 

(Cl-) catalysed by the heme enzyme myeloperoxidase, plays major roles in the killing of foreign pathogens [38]. 

However, when in excess and under acidic conditions, this molecule is capable of chlorinating cytosine on the 

DNA strand to form 5-chlorocytosine, resulting in a lesion seen at the inflammatory site and present during 

inflammatory-related diseases such as atherosclerosis [39, 40]. Furthermore, because 5-chlorocytosine is 

relatively unstable, its conversion to 5-chlorouracil either spontaneously or through enzymatic deamination, 

causes irreparable damages and mutations in DNA which can lead to cancer [41, 42].  

The other mechanism directly linking inflammation to cancer is the incidence of toll-like receptor 4 (TLR4) 

expressions in colon cancer [43]. TLR4 plays a significant role in activating the immune system, inflammatory 

response, as well as clearance of invading pathogens; however, this receptor can also sustain chronic 

inflammation, for example, the TLR4 response to bacteria found in the human gut, due to frequent food intake. 

These bacteria constantly gets replenished, therefore, cannot be completely cleared by the immune response. In 

this way, TLR4 can sustain persistent chronic inflammation, which is not only involved in cancer formation but 

also promotes different phases of cancer progression [44].  
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Moreover, one of the key factors of cellular survival under stressful conditions is the expression of highly 

regulated and conserved proteins termed HSPs. These proteins are upregulated in response to stress signals such 

as inflammation and the onset of tumours. Therefore, it is not surprising that these proteins are elevated in every 

facet of cancer development and inflammatory reactions. According to recent studies, HSPs form part of an 

immune-inflammatory complex that responds to infectious agents, cellular damage as well as DNA breaks [16]. 

The DNA is frequently subjected to lesion-inducing agents, it exogenous (genotoxic chemicals, UV or ionizing 

radiation) or endogenous (reactive oxidants), which subsequently leads to the generation of several DNA lesions 

including 5-CIC, double-stranded breaks, single-stranded breaks, and single base modifications. In the case 

where these errors are not properly repaired, they may lead to genome instability which increases the risk of 

oncogenesis, as a result, multi-dangerous gene mutations [45]. The evidence of heat shock proteins in reducing 

mutation frequency in Saccharomyces cerevisiae responding to elevated temperature, as well as the elevation of 

HSP70 in glioblastoma cell lines induced by UV or γ-rays interaction with p53, may however suggest their 

functions in apoptosis, cell cycle control and DNA repair processes [46, 47]. Furthermore, HSP70 and HSP27 in 

particularly have demonstrated association with base excision repair (BER) enzymes such as human AP 

endonuclease (APE1) and uracil DNA glycosylase (UDG). This observation suggests the significant roles of 

HSPs in DNA repair mechanisms, as well as presenting HSPs as modulators of certain DNA repair systems; and 

since most therapies targeting cancer exert their action by disrupting the normal integrity, structure, and 

functions of DNA, proper DNA repair mechanisms mediated by HSPs are therefore crucial in maintaining 

genome stability, integrity and orderliness, which may increase cancer therapeutics efficiency [48, 49].  

Interestingly, scientific evidence exist showing that HSPs interact with and stabilize key client proteins that play 

crucial roles in DNA damage response (DDR) mechanisms and cancer progression. DDR mechanisms refer to 

pathways that are involved in cell-cycle checkpoints, activation of signalling networks, detection of DNA 

damage, and induction of cell death or DNA repair [50]. The mechanisms that are involved in the DNA repair 

processes include base excision repair (BER), direct DNA damage reversal and nuclear excision repair (NER). 

The ability of DDR to respond to DNA damage is controlled by the balancing act between client protein 

synthesis and their degradation mediated by HSPs. HSP90 in particular binds to DDR proteins and prevent them 

from E3 ubiquitin-CHIP (chaperoning) mediated ubiquitination and degradation [49]. These proteins include 

checkpoint kinase 1 (CHKI), O6-meG-DNA methyltransferase (MGMT), MLH1 and MLH2, and APE1, among 

others.  

Emerging evidence has shown that cells inability to repair DNA damage caused by stress has been associated 

with the loss of genomic integrity, organisation, structure, and function, which may increase the rate of tumour 

development [51]. These findings reveal the significant roles of HSPs in genetic stability, DDR and tumour 

progression [52]. Moreover, the roles of HSPs in inflammation cascades have been well elucidated. According 

to Ikwegbue and co-workers, HSPs exert cytoprotection against inflammatory reactions through the modulation 

of inflammation cascades that lead to the activation of pro-inflammatory cytokines such as TNF-α, thereby 

attenuating chronic inflammation [16]. So far there is no study linking HSPs directly to 5-CIC lesion and DDRs, 

but it can be hypothesised that a similar mechanism observed in other DNA damages and DDRs is followed. 

Based on these findings, it is tempting to propose that any study that is targeting HSPs (especially HSP90) and 
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their inhibitors in membrane and genetic stability, as well as inflammation, could give new mechanistic insight 

and may serve as a promising target to improve cancer therapeutics efficacy as proposed in the model (Figure 

1). 

Conclusion 

Tremendous efforts have been made over the years in devising strategies to prevent, manage, cure and even 

vaccinate against cancer, yet with several unsatisfactory results. More so, recent studies have focussed on testing 

therapeutic efficacy of HSPs and HSP inhibitors in cells and animal models, while other efforts are focussed on 

conducting clinical trials using HSPs in different stages of cancer development. However, any study aimed at 

understanding the functions of excess HOCl during inflammatory response, and the roles 5-CIC lesion (created 

by HOCl) which links chronic inflammation to DNA damage, and crucial roles of HSPs in maintaining the 

integrity and stability of the proteins that are involved in DNA repair processes, could be promising targets in 

improving current cancer therapies. Based on this promising aspect of HSPs and its inhibitors in inflammation, 

DNA repair, and cancer, one can therefore be optimistic that improved therapies and a cure for cancer is to be 

expected soon.  
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Figure Legend 

Figure 3.1: Proposed model showing biological cooperativity between heat shock proteins and inflammation as 

a promising target towards improved cancer therapeutics. (1) The presence of infection causes the transcription 

of the heat factor -1 (HSF) gene, which enhances the synthesis of heat shock proteins (HSPs). Infection could 

also activate acute inflammation, and sometimes initiate chronic inflammatory response and DNA damage 

directly; (2) Synthesis and activation of HSPs (70, 90, and 27); (3) HSPs together with several immune cells 

including macrophages, neutrophils, interleukins, and several cytokines as well as ROS (HOCl), form part of 

acute inflammation aimed at eliminating infectious agents and initiating cellular repair; (4) Nevertheless, if the 

immune cell apparatus, especially ROS (HOCl in particular) are not properly stimulated, inflammation could 

persist and degenerates to chronic inflammation. (5) Chronic inflammation is characterized by massive cells and 

tissue destruction, resulting in DNA damage; (6) DNA damage activates several DDR pathways which can 

repair DNA damage and prevent accumulation of damaged proteins and tumour development; (7) Central to 

DNA repair mechanism is the synthesis of heat shock proteins, which maintain and stabilize the DDR proteins 

and prevent peptides aggregation and cancer; (8) DNA damage and lesions created by chronic inflammation can 

directly lead to tumour development; (9) If the DDR mechanisms fail due to the presence of HSPs inhibitors, the 

result could be malignant cells progression; (10) Improper stimulation of HSPs during tumour formation can 

lead to tumour invasion, progression, and metastasis. 
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CHAPTER FOUR 

MATERIALS AND METHODS 

Despite all efforts towards improvement in cancer management and treatment, cancer 

remains one of the major global health threats of this century according to the World Health 

Organization. Central to the cellular response to infectious diseases and other stress signals 

including the onset of malignant tumours, is the synthesis of the highly conserved proteins 

termed heat shock proteins. These proteins play crucial roles in cell survival and adaptation 

under unfavourable conditions through folding of newly synthesis polypeptides, refolding of 

aberrant proteins, and translocation of organelles across membrane, thus enhancing the 

cellular survival rate (Ikwegbue et al., 2017). Among other classes of HSPs family that play 

crucial roles in the pathology of many diseases, HSP70-like protein (called HSP70.14) is now 

gaining momentum due its ability to interact with APCs and initiate its maturation, as well as 

activating Th1 and CTL responses, which play prominent roles in the killing of tumour cells. 

More so, using yeast-2-hybrid system has shown that HSP70.14 interact with human RING 

finger domain of RBBP6, this interaction suggests their function in protein quality control 

system (Kappo et al., 2012). 

Dysfunction of tumour suppressor protein p53 has been associated with almost 50% of cancer 

initiation, progression and invasion. The major negative regulator of p53 is MDM2, and its 

interaction with RING finger domain of RBBP6 has been reported to promote p53 

degradation through ubiquitination mediated pathway (Li et al., 2007). This observation 

suggests their roles in the ubiquitination of p53 where it acts as an E3 ligase enzyme, and 

mostly importantly, in the suppression of p53 and development of tumours. Hence, this 

project focused on expression, purification and characterization of novel HSP70.14 which has 
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been suggested as emerging candidate for the development of cancer vaccine, and also 

ascertained its interaction with RBBP6-RING finger domain as they have been postulated to 

play a role protein quality control system (anti-protein aggregation). The upreguation of these 

two proteins have been reported during cancer development, therefore their interaction could 

give a lead towards understanding the cascades of events that occur during cancer initiation, 

progression and invasion. 

4.1 Preparation of competent cells E. coli BL21 (DE3) pLysS cells 

The whole idea of making cells ‘competent’ is to manipulate and enable bacterial cells to take 

up foreign DNA. Firstly, all glassware used was washed, rinsed with distilled water and 

subjected to an autoclave to heat sterilize them. The bacterial strains XL1Blue and BL21 

were streaked on Luria agar plates and incubated overnight at 37°C. Colonies were picked 

from the plates using a sterile yellow tip and was inserted into a test tube containing 5 ml YT 

broth. This was further incubated overnight at 37°C with shaking. The overnight culture was 

then poured into 50 ml YT broth the next day and was further incubated for 2hrs at 37°C with 

shaking, until the optical density (O.D.) was between 0.4-0.6. Thereafter, the absorbance was 

read at 600 nm wavelength using a spectrophotometer. The mixture was transferred into a 

sterile Eppendorf tube and spun at 5000 rpm for 5 mins. The supernatant was discarded and 

10ml of ice cold and sterile pre-prepared MgCl2 solution was added to the pellet, mixed 

gently and then incubated on ice for 20 mins. The mixture was then spun down for 10 

minutes at 5000 rpm and the supernatant discarded. A 10 ml sterile and ice-cold CaCl2 

solution was then added to the pellet, mixed gently and incubated on ice for 4hrs. Thereafter, 

the mixture was spun down and the supernatant was again discarded. Finally, 3 ml CaCl2 and 

3 ml 30% sterile glycerol stock were added to the pellet and mixed gently. Thereafter, the 

mixture was aliquoted into 200 µl micro centrifuge tubes and stored at -800C until later use. 
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4.2 Bacterial transformation of E. coli BL21 pLysS competent cells with pGEX-6P-2- 

Hsp70.14 and RBBP6 RING plasmid 

The already prepared competent cells were allowed to thaw on ice and 2 µl of plasmid DNA 

and 100 µl of the competent cells was mixed together in a sterile Eppendorf tube. This was 

then incubated on ice for 20 mins. The mixture was subjected to heat shock for 5mins at 37°C 

and was further incubated on ice for 5 mins. A 900 µl sample of pre-warmed YT broth 

without ampicillin was added to the mixture and mixed gently by inverting the tube a few 

times. Thereafter, the mixture was incubated with shaking at 37°C for 2hrs. Afterwards, 100 

µl was taken from the incubated culture and spread on ampicillin-agar plates, which was then 

incubated at 37°C overnight. The remaining 800 μl was spun down at 15 000Xg and 700 μl 

of the supernatant discarded. This was mixed with the pellet, spread on ampicillin-agar plates 

and also incubated at 37°C overnight. 

4.3 Small scale protein expression 

Four colonies were picked randomly from overnight transformed plates and inoculated in 5 

ml broth with ampicillin. These mixtures were incubated at 37°C for 4hrs, after which two 1 

ml samples were taken out from the mixture and transferred into sterile micro-centrifuge 

tubes. One was induced with 0.5 mM IPTG whereas the other was left as the un-induced 

sample with no added IPTG. Both mixtures were incubated further with shaking at 37°C for 

2hrs. The remaining 3 ml samples were also left for incubation until screening of the colonies 

was over. Cells from the cultures were harvested by centrifugation for 5mins at the highest 

speed. The supernatant was discarded and 50 µl of 2X sample buffer added to the pellets. The 

mixtures were vortexed and boiled at 90°C for 5 minutes. A 20 µl sample was taken from 

each culture and loaded onto an SDS PAGE gel (as described below in 2.5). A 100µl sample 

of the best expressing clone was used to induce an overnight culture for large scale 
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expression from the remaining 3 ml culture. The rest was made into glycerol stock in case of 

further use. 

4.4 Large scale protein expression and extraction  

A 100µl of the best expressing culture (taken from the remaining 3ml mixture) was used to 

inoculate 100ml of LB broth with ampicillin and was incubated at 37°C with shaking 

overnight. The next day, the culture was scaled up to 2L and incubated further at 37°C with 

shaking until the OD600 was between 0.4 – 0.6. The culture was then induced with 0.5mM 

IPTG and was left for further incubation at 25°C overnight. The next day, the cells were 

harvested by centrifugation at 5000rpm for 10mins. The supernatant was discarded and lysis 

buffer was added to the pellets kept at -800C. The cells were extracted by allowing the frozen 

cell pellets to thaw on ice which was followed by three cycles of freeze-thawing where the 

total bacterial cell lysate was placed in -80°C for 10 minutes, which was followed by 

incubation at room temperature for 10 minutes; this was done 3 times at 30 minutes interval. 

Thereafter, the mixture was sonicated for 5minutes and further incubated overnight at -80°C. 

The clear lysate (supernatant) containing the protein of interest was then obtained by 

centrifuging the cells at top speed (14000 Xg) for 30 minutes.  

4.5 Affinity purification 

Glutathione (GST)-Agarose beads were first prepared by weighing out the required amount 

and allowing the beads to swell overnight by suspending them in deionized water at 4°C. The 

next morning, the mixture in semi-liquid form was poured inside a 5 column volume affinity 

chromatograph column and was left to settle for a few hours. GSH cleansing buffer 1 (0.1 M 

borate buffer containing 0.5 M NaCl was prepared adjusted to pH 8.5 using NaOH) was 

prepared together with GSH cleansing buffer 2 (0.1 M acetate containing 0.5 M NaCl, 
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prepared using sodium acetate and adjusted accordingly to pH 4.5 with acetic acid). 250 ml 

of each cleansing buffer was passed through GST-agarose column to remove impurities. In 

between these runs, 0.02% NaN3 was passed onto the column. Thereafter, equilibration buffer 

[(1% Triton-X 100, 100 mM lysozyme, 1 mM DTT, 50 mM ZnS04) prepared in PBS 

containing 137 mM NaCl, 27 mM KCl, 43 mM Na2HP04)] was used to equilibrate 11CV for 

20 times. The clear lysate was poured onto the column and the flow-through collected. This 

was followed directly by washing the column with 10CV equilibration buffer. GST-RING 

was then eluted with 10 mM glycine at pH 10 and the protein was collected in the fraction of 

5 ml per 15 ml test tubes. The column was washed again with 0.1 M borate and 0.5 M acetate 

buffer and store at 4 ℃. 

For 6XHis-tag (Hsp70.14), a Nikel-NTA column recharged with cobalt was used. The 

column was first connected to AKTA prime plus purification machine stripped and washed 

high concentration of salt to remove contaminants. Thereafter, the column was recharged 

with 0.1 M cobalt (which turns pink color). This was followed with equilibrating the column 

using equilibration buffer (50 mM Tris, 400 mM NaCl, 20 mM imidazole and 0.02% NaN3 at 

pH 7.4) until the line become straight. The clear lysate was poured onto the column and the 

flow-through collected, and column was further incubated until the blue line wavelength 

become straight again. The 6XHis-Hsp70.14 was purified using (50 mM Tris, 400 mM NaCl, 

500 mM imidazole and 0.02% NaN3 at pH 7.4) elution buffer and rapid increase in blue line 

peak (Spec monitor) was observed and protein was collected. The column was then 

equilibrated for some time and washed with high concentration of salt to remove unbounded 

proteins. All the eluted protein was subjected to SDS-PAGE analysis using the reagents as 

listed in Table 2.1. The purified pure proteins were then subjected to other Biochemical and 

biophysical characteristics. 
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Table 4.1: Composition of a 16 % SDS PAGE gel 

 Separating gel Stacking gel 

Deionised water  3.20 ml 3.17 ml 

Separating buffer  2.63 ml          _ 

4X Stacking buffer         _ 1.25 ml 

40 %  Acrylamide 37.5:1 4.00 ml  0.50 ml 

10 % SDS  150.00 μl 50.00 μl 

TEMED 7.50 μl 5.00 c 16μl 5 μl 

4.6 Quantification and Qualitative analysis 

Extinction coefficient is a measure of light absorption in a medium, which is used to estimate 

the concentration of purified proteins or to identify protein fractions. Aromatic amino acids 

(tryptophan, tyrosine and phenylalanine) are known to exhibit high UV-light absorption. The 

protein’s UV-light absorption is directly proportional to their concentration and aromatic acid 

content. However, using UV-light absorption is not always accurate because other molecules 

like nucleic acids and some impurities that absorb UV-light at 280nm wavelength may be 

present, which will not give accurate protein concentrations. Light absorption of Hsp70.14 

and that of RBBP6 RING finger domain were determined in a 100-300 nm wavelength range. 

A small amount of each sample was poured in a quartz cuvette of 1cm in length and light 
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absorbance of the protein was determined at 280nm wavelength. The relationship between 

concentration, absorbance, molar extinction coefficient and path length was used as describe 

by Beer-lambert law shown below: A= ℇ𝓵Ⅽ 

Where: 

A is absorbance (no unit) 

ℇ is molar extinction coefficient (M-1 CM-1) 

C is concentration (M) 

ℓ is path length (CM) 

The quantification and analysis of purified recombinant proteins (pQE-30-Hsp70.14 and 

pGEX-6P-2- RBBP6 RING) were done in serial dilution of 1:100 using Jasco V-630 

spectrophotometer which monitored and measured absorbances at A280 and A340 wavelength 

respectively. The corrected calibration curve plotted against dilution factor was used to 

determine the gradients, which were employed in the equation below to estimate the 

concentration of both proteins: 

Conc (mg/ml) =  

The absorbance was measured at A280 and A340 respectively since most proteins absorb light 

at A280, and absorbance at A340 wavelength was measure to monitor the protein aggregation. 
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4.7 Structural characterization 

4.7.1 Secondary structure determination 

Circular dichroism (CD) is an excellent technique that is used extensively in the field of 

structural genomics and proteomic studies to ascertain the secondary structure, binding 

characteristics and folding state of proteins (Greenfield, 2006). This technique works by 

passing a beam of light through a polarizer, which will polarize the light and pass it to a 

prism called a photoelectric modulator (PEM). The polarized light will oscillate in a 

sinusoidal wave-like manner, which when viewed cross-sectionally, will show a trace of 

circular wave motion. The PEM detector will then interpret light into the left-handed circular 

polarized light which rotates in an anti-clockwise direction and right-handed circular 

polarized light which rotates in a clockwise direction (Greenfield, 2006). The two circularly 

polarized light waves was passed through the optical active sample, which  shows 

“differential absorption rates” and refraction between the two polarized waves since each one 

rotates in the opposite direction. The light produced as result of the two circular polarized 

waves is called “elliptically polarized light” (Greenfield, 2006). In this study, CD was used to 

determine the secondary structures of Hsp70.14 and RING finger domain, possible 

interaction, as well the correct folding state between them. Any changes due to ligand binding 

or conditions that change the basic structure of the β-sheets, α-helix or the turns (coils) in a 

protein, with the respect to the control, will give information as how or why the changes in 

the secondary structure occurred if the spectra are compared. In this way, CD gives useful 

information in ascertaining the folding or unfolding state of the protein, as well as secondary 

structure of the protein (Greenfield, 2006). 
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Hsp70.14 in an elution buffer of 50 mM Tris, 40 mM NaCl, 500 mM Imidazole, and 0.02% 

NaN3 (W/V) at 7.4, was diluted with mili-Q water to reduce the effects of imidazole and salt 

signal noise which could interfere with light absorption and CD structural determination of 

the protein in general. In the same vain, RING finger in PBS (137 mM NaCl, 27 mM KCl, 43 

mM Na2PH04 and 14m M KH2PO4) was diluted with miliQ water to reduce the salt signal 

noise effects. 3 µl of Hsp70.14 and 100 µl of RING were measured and analyzed in the 

absence presence of denaturing urea (10 M urea). The far-UV CD spectra was measured 

using 2 mm pathlength quartz cuvette at scanning speed of 100 nm/min, bandwidth of 5nm, 

data pitch 0.5nm  and every 1 second response time that start from 250nm and end 185nm 

with average number of 3 accumulations. Furthermore, the mean residue ellipticity 

calculation was employed to standardize the recorded spectra using the equation below: 

θ =  

Where, 

θ is molar mean ellipticity residue (degree.CM2.dmol-1) 

C is molar concentration (mM) 

n is total number of residue in the protein 

l is pathlength (CM) 
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4.8 Tertiary structural characterization 

4.8.1 Intrinsic tryptophan fluorescence spectroscopy 

The continuous invention and improvement of sophisticated optics and electronics has led to 

useful application of fluorophores in various biochemical analyses which offers more 

advantage over difficult to handle and expensive radio tracers (Ladokh et al., 2000). 

Fluorescence spectroscopy is a technique that is widely employed today to measure the 

radiation emitted energy, which absorbs light at a specific wavelength (λ). When an 

electromagnetic radiation is absorbed, it transfers radiation energy to the molecules (proteins, 

lipids, nucleic acids) leading higher energy state (excitation state). A portion of this energy 

will be re-emitted as light which usually has longer wavelength and lower energy compared 

to the excitation state. Stoke’s shift which can be recorded as differences in excitation and 

emission, is loss of energy as a result of vibration relaxation (Mehta, 2013). This technique is 

concentration dependent and function better at lower concentration because fluorescence 

intensity is directly proportional to the concentration of the molecule. There are different 

kinds of fluorescence available commercially and the choice of fluorophore depends mostly 

on quantum yield and stokes shift, emission wavelength and absorption, ease and selectivity. 

One of the main challenges of fluorescence molecules is their photolability which may lead to 

irreversible photobleaching or degradation (Ghisaidoobe and Chung, 2014). The excitation 

wavelength of indole group found in tryptophan is highly sensitive to aqueous environment 

normally at 295nm and between 300nm to 350nm emission. When stoke shifts occur in 

Tryptophan fluorescence, it means that emission wavelength is totally dependent on 

tryptophan environment, especially in hydrophilic environment. Due to its hydrophobicity, 

tryptophan residues are buried in hydrophobic environment and exhibit high quantum jump 

and fluorescence intensity. 
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To obtain the fluorescence spectra of these proteins (RING finger and Hsp70.14), a Jasco FP-

6300 with a spectra software manager (v1.5.00), and 10 mm path length quartz cuvette was 

used. An 11 µl RING and 12 µl were added to 189 µl and 188µl of size exclusion buffer (50 

mM Tris and 0.5 M NaCl) respectively. Once more, these were done in the presence 

(denatured) and absence of 10M urea. Emission spectra were obtained at scan speed of 200 

nm/min, 2.5nm (emission), 5nm slit widths and excited at 295 nm wavelength. Fluorescence 

spectra were recorded between 280 nm and 400 nm wavelength, and all graphs were plotted 

by subtracting the blank from each sample. 

4.9 Extrinsic ANS-Fluorescence spectroscopy and ANS binding studies 

8-Aminonaphthalen-1-sulfonic (ANS), alternatively called 1-anilino-8-naphthalensulfonate is 

an extrinsic fluorescence spectroscopy used to probe hydrophobic binding pocket of the 

partially folded proteins due to its strong affinity toward denatured proteins (Ali et al., 1999). 

The hydrophobic interaction of ANS (hydrophobic fluorescent dye) with protein has been 

widely applied in different aspect of protein analysis to characterize folding state, detect 

protein aggregates as well as measure surface hydrophobicity of the proteins (Latypov et al., 

2008). In most cases, ANS is considered a non-fluorescence probe because of its low 

fluorescence intensity when bound to the proteins exposed binding sites in a polar 

environment; though its properties of increasing fluorescence lifetime, intensity and shifting 

of fluorescence emission maxima, suggests hydrophobicity functions suitable for florescence 

probe (Gasymov and Glasgow, 2007). 

To determine ANS concentration, powdered form of ANS was dissolved in dH2O and serial 

dilution of 1:100 was carried out to obtain a concentration of 260 mM stock solution which 

was stored in a dark place, covered with foil to prevent photodecomposition since ANS is 
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very sensitive to light. Furthermore, because of the high concentration of ANS, serial dilution 

(1:10) was done to bring the stock solution (260 mM) down to working concentration of 26 

mM. Thereafter, RING sample (11µl) was incubated with 15.4 µl in a 173.6 µl size exclusion 

buffer (50 mM Tris and 0.5 M NaCl) and was allowed to stand for few hours. A 12 µl of 

Hsp70.14 was also incubated with 15.4 µl in a 172.6 µl in the same size exclusion buffer for 

few hours. More so, a mixture of 11 µl RING, 12 µl Hsp70.14 and 15.4 µl ANS was also 

incubated in the same of size exclusion buffer (161.6 µl) and was allowed to stand for few 

hours. All these samples (mixtures) were prepared in both presence (denature) and absence 

(native) of denaturing agent (urea). Blank samples were also prepared and analysed using 

Jasco FP-6300 fluorimeter, scan at speed of 200 nm.mn-1, 5nm slit widths, excitation at 

390nm and emission was recorded between the wavelength of 400-600 nm. The spectra of 

blank samples were subtracted from each sample (i.e native blank-/+native sample and 

denatured blank-/+ denatured sample) in both native and denatured samples, and this was 

done to all the samples. 

4.10 Size exclusion high pressure liquid chromatography (SE-HPLC) 

Size exclusion-high pressure liquid chromatography (SE-HPLC), preferably called size 

exclusion or gel filtration because its rapid molecule separation and high resolution, is high-

throughput analytical technique which separate proteins based on diffusion coefficient, 

hydrodynamic size or volume and surface properties (Schrag et al., 2014). Initially, it was 

thought this chromatography to be more suitable for separation of protein molecules than 

peptides, however recent application suggests that this techniques can operate in the 

fractionation range of less than 10000 Daltons (10KDa) (Irvine, 1997). The fractionation 

range is determined by the diameter pores in the stationary phase. When the Sephadex 

material is used, it is controlled by the degree of cross-linking which is inversely proportional 
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to the bead pores. The LC phenomenex HPLC column which has a length of 300 mm and a 

diameter of 7.8 mm is filled with silica beads and arranged in 3-dimensional shape to restrict 

the movement and migration of small molecules whereas allowing the free movement of 

larger molecules. In this way, small molecules penetrate the bead pores and become trapped, 

and this restrict their movement whereas larger molecules move freely and come out first 

(Alpert, 1999).  

To ascertain the size of the proteins, Size exclusion silica column (Yarra 3u SEC-2000 

coupled to Phenomenex Security Guard ULTRAguard column) was used. The column was 

equilibrated with size exclusion (50 mM Tris, 0.5 M NaCl and 0.02% NaN3 at pH 7.4) and 

connected to Shimadzu Prominence HPLC system (SPD20A) prior to equilibration and ran at 

0.25 mL.mn-1 flow rate. Column calibration was done using bovine serum albumin (66.6 

kDa), CLIC-1 (30 kDa) as standard. After few hours of equilibration, this was followed by 

injection of 20 µl of protein samples for a period of 30 minutes each. The mixture of the two 

proteins (RING and Hsp70.14) was incubated for 1 h, and a 20 µl of the sample was injected 

with a syringe into the column. The quaternary structure of the proteins and complex of the 

interaction were obtained using calibration curve of size exclusion standard. 

4.11 PreScission protease Cleavage of GST and recovering of free RING 

GST-RING were pooled together and poured into a freshly prepared 3C-PreScissionTM 

Protease cleavage buffer (250 mM Tris, 750 mM NaCl, 5 mM EDTA and 5 mM DTT at pH 

6.3). The high concentration of salt and lower pH was used to bring down the pH of elution 

buffer (10 mM glycine at pH 10) to pH 7.0, since glycine is amino acid with weaker ionic 

strength therefore there was no need to dialyze glycine out of the solution. Furthermore, some 

cleavage trials were carried out to ascertain when GST tag would be totally cleaved off the 
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protein. Firstly, 1 ml of the protein, 0.25 ml of cleavage buffer and 75 µl of PreScission 

protease were incubated over a period of time and 50 µl sample been taken out at 15 minutes 

interval. These samples were then analyzed on SDS-PAGE in order to ascertain the time 

interval when protease will completely cleave off GST; this was noted and used to incubate a 

larger volume of the mixture. A 4 ml of the protein (GST-RING), 1 ml of cleavage buffer and 

250 µl of PreScission protease were incubated overnight at 4 ℃. The next morning, the 

sample was analyzed on the SDS-PAGE. 

Following the cleavage, the mixture was then returned to the GST-agarose column connected 

to benzamidine column, which traps protease enzyme and RING finger was collected as 

unbounded protein during wash with equilibration buffer, and GST was eluted with 10 mM 

glycine. 

4.12 Molecular docking studies  

Docking is a well-known computational tool that is commonly used to predict the protein-

protein or protein-ligands association complexes. Molecular docking actually helps to 

ascertain the interactions between two or more biomolecules and finding the best possible 

orientation that would minimize the total energy expenditure of the interactions, especially in 

the case of protein-ligands interactions (Dar et al., 2016). The knowledge obtained from 

protein-ligand orientation could actually be used to predict the energy of the binding, free 

energy, binding affinity as well as the stability of the complex. 

Molecular docking has been applied extensively in environmental clean-up (bioremediation) 

and most importantly in drug discovery and drug designing, making it the interesting aspect 

of research for pharmaceutical industries (Suresh et al., 2008). Since the first application in 

the early 1980s, this technique has attracted wide array of interesting research in both 
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medicinal and pharmaceutical companies because it allows for protein-small molecule 

interaction at atomic level, as well as characterizing their behaviours and other fundamental 

biochemical processes (Meng et al., 2011; McConkey et al., 2002).   

In the stimulation approach technique of docking, ligand is allowed to bind into the groove of 

the protein, causing “conformational moves” that limit the total energy released while 

allowing ligand flexibility. This theory suggests that ligand fits into the grove of the target 

protein in induced-fit manner (Meng et al., 2011). In shape complementary approach, the 

ligand and protein have structural related features which enables their interaction with each 

other (Dar et al., 2016), this can be linked to the enzyme lock-and-key theory as proposed by 

Fisher in enzyme model (Fisher, 1894).  

In silico molecular docking of the proteins (Hsp70.14 and RING) was carried out using 

PatchDock to ascertain the putative interaction between the proteins. PatchDock is a type of 

rigid online server which is based on size and shape complementarity to predict interactions 

between two proteins in lock-and-key manner. In short, the PDB files 3-D structure of 

Hsp70.14 substrate binding domain (receptor) and RING finger domain of RBBP6 (ligand) 

were uploaded (https://bioinfo3d.cs.tau.ac.il/PatchDock) and RMSD default setting (cluster 

4Å), and complex type set at protein-protein was used prior to submission. The result of 

interaction between the proteins was observed, examined and visualized using PyMol 

Molecular Graphics System (2003). DeLano Scientific, LLC, USA. http://www.pymol.org. 

 

https://bioinfo3d.cs.tau.ac.il/PatchDock
http://www.pymol.org/
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CHAPTER FIVE 

RESULTS 

5.1 Bioinformatics Analysis 

Prediction of protein structure, functions and possible interacting partners prior to wet-lab 

experiments has made a huge stride in the field of biomedical research. Bioinformatics, as the 

name applies, is the application of informatics techniques to study biological processes. 

Advances in bioinformatics studies in the last two decades have helped to gain more insight 

in predicting the structure and functionality of biological important molecules such as 

proteins, ligands and enzymes. For this reason, bioinformatics has attracted attention in recent 

years because it broadened our understanding of biological molecules, and most importantly, 

it helps to study and understand pathology of several diseases at molecular level (Chen et al., 

2014). Basically, the traditional ways of studying protein structure, function and interacting 

partners needed for diseases interventions, is through in vitro/in vivo experiments which is 

sometimes time consuming and difficult to understand the functions and structure of newly 

sequenced proteins. Thus, this could limit the utility of newly sequenced proteins. Hence, in-

silico approaches for the interactions that occur between proteins and other important 

biological interacting partners as well as pathways within the living cell (Chang et al., 2010), 

could help to overcome these challenges faced by in vitro/in vivo studies. 

5.1.1 Construction of homology modelling of the proteins 

Advancement of computational tools application to study and predict protein structures has 

increased in the last three decades. Most of the tools merely involves the use of protein of 

interest and compare it to other characterized (known) proteins in database, in order to gain 

and analyze statistical or evolutionary profile of the target protein. Determination or 
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prediction of 3-D structure of a protein is very important in different aspect of biological 

experiments such as in the discovery of the structural based specific inhibitors or side 

directed mutagenesis. It is estimated that the number of proteins that are structurally 

characterized in Protein Data Bank (over 33 000 proteins) are far less than the number of 

known sequences in UniProt protein database (~2.3 million sequences), hence, several 

computational modelling methods has been developed to overcome these challenges (Arnold 

et al., 2006). Since the 3-D structure of the proteins are more conserved compared to their 

respective sequences, it is therefore possible to identify protein homologous that is 

structurally characterized for a given protein sequence. Homology modelling, which is 

routinely used in virtual screening or sequence variation has proven to be the best and most 

reliable method in generating 3-D model of a protein from its constituent amino acids. This 

modelling method is mostly employed to generate 3-D models when the experimental 

characterized protein structures are not available in PDB (Biasini et al., 2014). 

Among other homology modelling methods (e.g. Homer, Modweb, (PS)2, (PS)2-V2, 

CPHmodels and Phyre2), SWISS-MODEL has proven to be one of the best methods of 

choice for generating 3-D model of proteins without a need of downloading a large software 

or a complex software package. SWISS-MODEL is an automated web server used to build 

quality 3-D models in different functional states (Biaini et al., 2014). For this reason, SWISS-

MODEL was employed in this study to predict the 3-D models of SBD of Hsp70.14 and 

RING finger domain of RBBP6, and since the quality built 3-D models are the pre-requisite 

for docking (PachDock) experiment. Figure 5.1 (A) shows 3-D model of SBD of Hsp70.14, 

which predicted 4 β-sheets, 3 α-helices, and many random coils joining them together; 

whereas (B) depicts 3-D models viewed with Pymol, which revealed 2 β-sheets and 2 α-

helices, joined by random coils. 
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Figure 5.1: Homology modelling structure of the proteins. Diagram (A) represent Hsp70.14 substrate 

binding domain, whereas diagram (B) represent RING finger domain.  

 

To validate the overall quality of the built models, Ramachandran plot was generated by 

employing the PROCHECK principles. PROCHECK is used to validate the quality or the 

accuracy of the built model, and also to generate residues of Proline and Glycine plots 

respectively. Ramachandran principle is on the basis of torsion angles φ, ψ and ω, which are 

among the key local parameters that determine rotation and control the folding states of a 

protein (Best et al., 2012). In essence, if the torsion angles of a particular protein are 

predicted, it can actually predict the 3-D structure of the protein. Ramachandran plot also 

provides information on allowed and disallowed regions of torsion angles and their values. 

Therefore, it is seen as essential factor for the assessment of local proteins quality and 3-D 

folding states. PROCHECK validation server queries the final protein models against 

standard stereochemical parameters and experimental data (where they were generated), as 

well as give a broad view of the protein quality structures such as torsion angles, planarity, 
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covalent geometry, distribution of restrained violations, accessibility and precision  

(Laskowski et al., 1996). 

Ramachandran plot analysis showed that SWISS model has 94.0 % of residues of Hsp70.14 

in most favourable region, 6.0 % in additional allowed region, and 0.0 % in both generously 

allowed region and disallowed region as shown in figure 4.2 (A). As inset in figure 5.2 (B), 

which shows that RING have 81.5 %  residues are found in most favourable region, 16 % in 

additional allowed region, and 1.2 % in both generously allowed and disallowed regions. 

These results imply that the models built are of good quality and stable, therefore good 

enough to carry out PatchDock experiment. 
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Figure 5.2: Ramachandran validation of the model built using PROCHECK. (A) Represents 

Ramachandran plot of Hsp70.14. It shows 94.0 % of residues in most favourable region, 6.0 % in additional 

allowed region, and 0.0 % in both generously allowed and disallowed region. (B)  Presents Ramachandran plot 

of RING finger domain. 81.5 % are found in most favourable region, 16 % in additional allowed region, and 1.2 

% in both generously allowed and disallowed region. 
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Figure 5. 3: Docking prediction of putative interaction between Hsp70.14 and RING finger domain. The 

diagram was viewed with PyMol. 

 

PatchDock is an effective algorithm used for protein-protein and small ligand-protein 

interaction, which is based on the principle of size and shape complementarity. This aimed at 

finding the best transformations of which when applied, produces both little amounts of steric 

clashes and wide interface area (Schneidman-Duhovny et al., 2005). PatchDock algorithm 

predicted the strong interaction between the proteins (Hsp70.14 and RING). The residues that 

are involved in the interaction were mapped out using PyMol. These interacting residues 

include Glu21, Arg34, Ile56, Ile67 and Leu52. PatchDock also predicted significant 

important values such as the binding score (16038), area of the binding/interaction (2603.70) 

and contact atomic energy (-125.15).  

5.2 In vitro experiments 

Expression and purification of proteins are very integral part of Molecular Biology and 

Biochemistry in general. Among other microorganisms used in protein expression, 

Escherichia coli (E. coli) is the most preferable and widely used organism for recombinant 

expression owing to the facts that it is readily available, cost effective, fast to grow and 
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genetically easy to manipulate for the construction of recombinant proteins. Although 

recombinant proteins can be produced in this way, there has been a challenge of inclusion 

bodies formation due to the presences of consecutive disulfide bonds, thus, resulting in the 

production of insoluble proteins aggregates (Rosano and Ceccarelli, 2014). Recently, various 

fusion tags have been employed to overcome this challenge and to improve the solubility and 

expression of recombinant peptides (Esposito and Chatterjee, 2006). Hence, enhancing the 

purity and quality of purified proteins is needed for structural and functional studies. Purely 

purified proteins are very essential for characterization and interaction studies used in 

different facets of drug discovery and vaccine interventions for several diseases including 

cancer (Kosano et al., 1998). For this purpose, this section lays emphasis on protein 

expression, purification, characterization and interaction between RING finger domain of 

RBBP6 and Hsp70.14. 

5.2.1 Transformation of E. coli BL21 competent cells with substrate binding domain 

(SBD) of Hsp70.14 and RING finger domain constructs 

Prior to transformation procedure, BL21 competent cells were first prepared. This is a 

process that makes use of high concentration of calcium chloride to alter and neutralize the 

negative charge on the bacterial cell membrane for easy uptake of foreign DNA. Based on the 

coding sequences of SBD of Hsp70.14, fused to 6xHis was constructed and bought from 

Genescript, while RING finger domain fused to Glutathione-S-transferase (GST) was mini-

prepped from the previous purchased constructs. ExPASy ProtParam web-sever 

https://web.expasy.org/cgi-bin/protparam/protparam was visited in order to calculate the 

molecular weight of the SBD-Hsp70.14 using amino acid sequences, as well as to obtain 

isoelectric point of the protein. Approximately 14.6 kDa molecular weight and 6.4 isoelectric 

point was obtained. Given that the molecular weight of 6xHis tag is less than 1 kDa, hence 

https://web.expasy.org/cgi-bin/protparam/protparam
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the expected weight of 6xHis-SBD-Hsp70.14 fusion protein is around 16.0 kDa. 

Transformation is a molecular biology process by which bacterial cell walls are genetically 

altered for the purpose of up-taking foreign DNA from their immediate environment. BL21 

cells were competent cells of choice due to their availability and their ability to fold proteins 

to their 3-D as well as enhancing their solubility. The cells were transformed using both 

SBD-Hsp70.14 and RING finger constructs in order to determine their competency. No 

growth was observed in the control plate, whereas the test plate (supernatant and pellet) 

shows moderate and high growths respectively. This is simple indicator of positive 

transformation and the cells were competent since there was no contamination in the control 

plate. 

5.2.2 Expression screening of the positive transformants  

Prior to large scale expression, four colonies were randomly picked from the positive 

transformed plate in order to check for the presence of protein of interest. This was followed 

by the analysis of total bacterial lysate using 16% SDS-PAGE. Figures 5.4 and 5.5 show the 

proteins to be expressing at the correct weights which are approximately 15 kDa for 

Hsp70.14 and 37 kDa for RING, respectively. Lane 1,3,5,7 represents un-induced samples 

whereas lanes 2,4,6,8 represent induced samples. Ideally, more expression (dark bands) are 

expected from induced lane due the presence of 0.5 mM IPTG used to induce protein 

expression, however, this was not the case in this study. Figure 5.6 shows good expression 

(dark bands) in both induce and un-induced lanes, this could be due to leaky expression 

where protein expression takes place without induction of IPTG (Weickert et al., 1996). The 

results obtained from SDS-PAGE analysis in this study indicate that these proteins were 

successfully expressed BL21 and T7 cells. 
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Figure 5.4: Expression screening result of GST-RING finger domain transformed into BL21 cell. Lane M 

represents molecular marker in kDa. Lanes 1, 3, 5 and 7 represents un-induced samples of total bacterial lysate 

whereas lanes 2, 4, 6 and 8 represents total bacterial lysates induced with 0.5 mM IPTG. 

 

 

Figure 5.5: Expression screening result of 6xHis-SBD of Hsp70.14 transformed into BL21 cells. Lane M 

represents molecular marker in kDa. Lanes 1, 3, 5 and 7 represents un-induced samples of total bacterial lysate 

whereas lanes 2, 4, 6 and 8 represents total bacterial lysates induced with 0.5 mM IPTG. 

 

The advantages of expression screening are: it is less time and quicker way of determining 

the presence and expression of protein of interest, also it could help to overcome the 

challenges of large scale expression which are inclusion body formation and insoluble protein 

aggregates.  Using the SDS-PAGE gels as referencing points, the best expressing lanes (dark 

bands) were used to scale up for large expression.  
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5.2.3 Large scale expression  

Well folded and soluble proteins are required for structural and functional characterization in 

the various fields of Biotechnology, Biochemistry and Molecular Biology. Hence the use of 

recombinant protein expression in pharmaceutical industries for the production of 

recombinant vaccines and drugs, is now gaining momentum. Subsequent studies on 

recombinant protein expression (using E. coli) over the years has increased the knowledge of 

its application in various arrays of in vitro studies such as protein, ligands or enzyme 

interactions (Papaneophytou and Kontopidis, 2014). Sufficient and soluble proteins are need 

for ion exchange, gel filtration and affinity purification; it is for this purpose that large scale 

expression was done to obtain the large quantity and soluble proteins needed for interaction 

and characterization studies. 

The best expressing lanes from SDS-PAGE analysis were used to inoculate 100 µm (both 

proteins) overnight at 37 °C and next morning, the cultures were scaled up to 2 litres and 

induced with 0.5 mM IPTG at 25 °C. The cells were harvested and extracted by 

centrifugation, and SDS-PAGE gels were used to evaluate the expression of recombinant 

proteins. The figures 5.6 and 5.7 shows the proteins were expressing and progression of 

expression at (5µl, 10µl, 15µl and 20µl of the loaded samples), and that 0.5 mM IPTG was 

able to induce sufficient recombinant expression of the two proteins. 
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Figure 5.6: Large scale result of GST-RING finger domain transformed into BL21 cells. Lane M 

represents molecular marker in kDa. Lane 5µl, 10µl, 15µl and 20µl represents the samples obtained after 

overnight incubation of post 0.5 mM IPTG induction. 

 

 

Figure 5.7: Large scale result of 6xHis-SBD of Hsp70.14 transformed into BL21 cells. Lane M represents 

molecular marker in kDa. Lane 5µl, 10µl, 15µl and 20µl represents the samples obtained after overnight 

incubation of post 0.5 mM IPTG induction. 
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5.2.4 Affinity purification of the proteins 

The soluble recombinant 6XHis-Hsp70.14 and GST-RING were purified using Nikel-NTA 

column (recharged with cobalt) and GST-agarose affinity column respectively. These 

columns allow for non-denaturing and fast purification of tag proteins. These proteins bind to 

their respective columns which allowed impurities and non-specific proteins that do not have 

affinity for either GSH or Nikel column to flow out. A single step elution was carried out; 

where GST-RING was eluted with 10 mM glycine at pH 10, whereas 6XHis-Hsp70.14 was 

eluted with 50 mM Tris, 400 mM NaCl, 500 mM imidazole and 0.02% NaN3 at pH 7.4. The 

collected fraction of proteins was subjected to SDS-PAGE analysis to determine how pure 

the proteins are, as shown in figure 5.8 (A and B).         

 

Figure 5.8: Purification gels. Diagram (A) represent Hsp70.14; M stand for molecular weight marker, lane 1 is 

uninduced sample, lane induced sample, lane is total bacterial lysate, lane is flow through and lane 5 is elution. 

Diagram (B) represent RING domain; lane (1-9) represent purified RING elution collected at different fraction 

of 5 ml. 
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The SDS-PAGE analysis showed that the proteins are pure enough for other biophysical and 

biochemical characterization owing to the clear-single band that is observed in lane 5 figure 

5.8 (A) and lane (1-9) figure 5.8 (B), respectively. No single band corresponding to the size 

proteins on the flow through which indicates that all the proteins of interest bond to the 

respective column, and simple indication of successful purification. The good expression 

observed in un-induced sample (lane 1 in figure 5.8. A) is an indication of leaky expression 

and uncontrolled lac promoter, which means that the protein expresses in the presence and 

absence of IPTG. The slight band that appeared at approximately 26 kDa [figure 5.8 (B)] 

corresponds to GST cleaving itself off, this could due to the absence of PMF which inhibit its 

protease activities.   

5.2.5 GST cleavage trials  

Due to the big size of GST (26 kDa), it could interfere with protein (RING) absorption at 280 

nm wavelengths and most especially, its interaction with other peptides (especially Hsp70.14) 

thus there is a need to separate GST from RING before it could be subjected to 

characterization and interaction studies. Following the incubation of GST-RING with 3c-

protease, a 50 µl sample was taken out at every 15 minutes interval. As shown in the figure 

5.9 (B), after T240 and O/N incubation which was where the protein was completely 

separated from GST tag. Additionally, figure 5.9 (A) showed cleavage trial in the presence 

and absence of chelating agent (EDTA). According to studies (Biegel and Makriyannis, 

2003), the 3C-protease activity is inhibited by metal ion (such as Zn+2) and figure 5.9 (A) 

shows there is a little different between lane 1 and 2 in terms of protease activities thus, a 

buffer containing EDTA was used. This was done to determine the activity of 3C protease in 

the presence and absence of its inhibitor; the result shows it has little or no effect. 
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Figure 5.9: Cleavage trials. Diagram (A) present cleavage trial in the presence and absence of EDTA; lane 1 

shows the activity of protease in the present of EDTA whereas lane presents action of protease in the absence 

EDTA. (B) represents cleavage trials over a period of time with sample taken at every 15 and 30 mins interval; 

lane is T0, lane 2 is T15, lane 3 is T30, lane 4 is T60, lane 5 is T90, lane 6 is T120, lane 7 is T240, lane 8 is O/N. 

 

 

 
 

Figure 5.10: Removal of GST tag and recovery of RING. Lane M represent molecular marker, lane 1 is 

cleavage (GST+RING), lane 2 is cleaved GST and lane 3 is RING finger protein. 
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5.3 Determination of the proteins concentration 

Ultraviolet (UV) spectroscopy was used to analyse the quality and concentrations of the 

purified proteins. UV spec aids to detect nucleic acid impurities or aggregates between 240-

340 nm wavelengths. A serial dilution (1:100) was used to ascertain the proteins 

concentration, and absorbance was monitored in the range of 260 nm-340 nm wavelengths. 

The absorbance was plotted against the dilution. The equation below was derived from linear 

plotted graph. 

y=15.05x-0.312 

Conc. (mg/ml) =                            …. (1) 

                         =  

                           =56.2 mg/ml 

Conc. (mol/L) =  

                         = =0.0034 mol/L ~3400 µM 

Therefore, the calculated protein concentration is 3400 µM  

No peak was observed at 260 and 340 nm wavelength and a single peak seen at 280 nm 

wavelength, is an indication of pure protein with no impurities such as nucleic and non-

nucleic acids contaminant. 
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Figure 5.11: Quantitive and qualitative assessment of Hsp70.14. (A) UV absorption analysis and quality of 

the purified Hsp70.14, monitored between 245 and 365 nm. The absence of peaks at 260 nm and 340 nm 

indicates absence of protein aggregates and DNA impurities. (B) Dilution series (1:100) was used to ascertain 

the concentration of pure Hsp70.14, and corrected absorbance was plotted against the dilution factor (R2=0.999) 

which was obtained. The resulting slope 15.05 was used to determine the concentration of the protein (mg/ml). 

(C) Dilution series (1:100) was used to ascertain the concentration of purified RING, and corrected absorbance 

was plotted against the dilution factor (R2=0.999) which was obtained. The resulting slope 12.95 was used to 

determine the concentration of the protein (mg/ml), by substituting the value in equation (1). 

 

5.4 Determination of the protein secondary structures 

In the far-ultraviolet, the circular dichroism spectra for protein in a particular region have 

peculiar characteristics based on the proteins secondary structure adaptation (Hamilton and 

Sion, 2008). Therefore, far-UV was used to determine the secondary structural nature of the 

proteins (Hsp70.14 and RING). RING is predominately α-helix which have the highest and 

most characteristic spectra with distinct peak between 185-195 nm, with minima or trough at 

200 nm wavelength (figure 5.12A). Like RING, Hsp70.14 composed mainly α-helix with 

highest peak at 192 nm and distinct trough between 206-277 nm wavelengths (figure 5.12B). 
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This is in contrast with bioinformatics results using I-TASSER (homology modelling) which 

predicted predominate β-sheets (4:2) for Hsp70.14 and evenly composition of α-helices and 

β-sheets (2:2) for RING, respectively. 
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Figure 5.12: Circular dichroism spectra of the proteins using Far-UV spec. (A) represent the far-CV of 

RING in the absence (native) and presence (denatured) of 8 M Urea. The red dotted line represent denature 

whereas black solid line represent native sample which predominately α-helices. (B) Represent the secondary of 

Hsp70.14 in the presence and absence of 8 M urea.  The red dotted line represent denature sample whereas black 

solid line represent native sample which predominately α-helices with a few β-sheet. All the experiment was 

carried using JASCO J810 far-UV spec at 20℃. 

 

5.5 Determination of tertiary structure of the proteins 

Tryptophan, phenylalanine and tyrosine are aromatic and dominantly fluorescent amino acids 

found in proteins due to their ability to absorb light frequency at 280 nm wavelengths. Any 

protein which lacks these amino acids especially tryptophan is likely to have little light 

absorbance capacity. Among the three, tryptophan has the highest light absorbing capacity 

and can absorb light at wavelengths longer than 295 nm owing to its indole group which 

absorbs and emit light at different wavelength, even though it is solvent dependent (Kerwin 

and Remmele, 2007). Intrinsic fluorescence spectroscopy was employed to characterise the 
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tertiary structures of the proteins in the presence and absence of denaturing agent (urea) in 

relation with their local environment. RING has total of 3 Phe, 2 Tyr and 0 Trp residues; 

whereas Hsp70.14 has total of 8 Phe, 0 Trp and 3 Tyr residues. The spectra were selectively 

excited at 295 nm and emission of light and quantum yield was monitored at 300 -500 nm 

wavelengths. The maximum emission wavelength was observed between 300 nm and 400 nm 

(280 nm) and 350 nm and 400nm (295 nm) for the proteins (Hsp70.14, RING and RING + 

Hsp70.14), in presence and absence of urea as shown in figure 5.13 (A and B). 
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Figure 5.13: Intrinsic fluorescence emission spectra of the proteins. (A) Shows the absorption spectra of the 

proteins at 280 nm in the presence (denatured) and absence (native) of 8 M urea. The red dotted line represents 

denatured Hsp70.14, and solid black line represent native its native sample. In addition, the dotted pink line 

represent denature RING sample whereas solid blue line represent its native sample. (B) Shows the absorption 

spectra of the proteins at 295 nm in the presence (denatured) and absence (native) of 8 M urea. Once again, the 

red dotted line represents denatured Hsp70.14, and solid black line represent native its native sample. Whereas 

the pink dotted and blue line represent denatured and native RING samples, respectively. Each spectrum was 

excited at 295 nm and collected in triplicate at average of three accumulations. The emission was monitored 

between 300 nm and 500 nm wavelength at 20℃.  

 

5.6 Extrinsic ANS binding studies 

8-Aminonaphthalen-1-sulfonic (ANS) is a probe that is used to ascertain the existence of 

hydrophobic pockets in the proteins. ANS binding assay was used to investigate the presence 

of hydrophobic and ANS binding patches in Hsp70.14 substrate binding domain, RING and 

the effects of ANS on the Hsp70.14-RING complex. All the aforementioned binding studies 

were done in the presence and absence of denaturing agent (8 µM urea). 
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Following the excitation at 395 nm, a major rise in the level of quantum yield associated with 

blue shift in emission maxima was witnessed when far-UV monochromatic light was passed 

through native Hsp70.14 compared to denatured sample. This could signify binding between 

Hsp70.14 and ANS. RING finger samples (denatured and native) showed no significant 

increase in the emission spectra, and it is likely it has little or no hydrophobic pockets 

therefore, leading to decrease of the quantum yield. In addition, native Hsp70.14-RING 

complex showed notable increase in quantum yield, shift in emission maxima and 

fluorescence intensity compared to the denatured one which decreased in fluorescence 

intensity (figure 5.14. A and B). 
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Figure 5.14: ANS binding fluorescence emission analysis. (A) Extrinsic ANS fluorescence spectra of native 

samples. Lime green line represent native Hsp70.14, solid black line shows RING and red dotted line shows 

Hsp70.14 + RING. The emission spectra was monitored and collected between 300 nm to 500 nm. (B) Extrinsic 

ANS binding spectra of denatured samples. Black line represent ANS binding to denatured Hsp70.14, blue line 

shows ANS binding to RING and red dotted line shows ANS binding to Hsp70.14-RING complex. A 15.4 µl of 

200 µM of ANS concentration was, and it allowed to bind to 11 µl RING and 12 µl Hsp70.14. ANS was excited 

at 395 nm, and spectrum emission collected between 300-500 nm wavelengths. (C) Represent the serial dilution 

ANS binding essay used to determine the concentration of ANS (200 µM). 

 



111 
 
 

5.7 Size exclusion high pressure liquid chromatography (SE-HPLC) 

SE-HPLC is often employed to separate protein molecules based on diffusion coefficient, 

hydrodynamic size or volume and surface properties. SE-HPLC was used to characterize the 

quaternary structure of proteins (Hsp70.14 and RING), and also to ascertain the possible 

binding between the proteins by monitoring their retention. Ideally, the bigger proteins are 

supposed to be eluted first but sometimes proteins behave differently on SE-HPLC column 

because of their hydrodynamic volume which increases their retention time. To determine the 

size and retention time of the proteins, a column calibration was done using bovine serum 

albumin (66.6 kDa), CLIC-1 (30 kDa) as standard. This standard of known size was used to 

estimate the molecular size of Hsp70.14 as shown in (figure 5.15.A). In the light of this, the 

possible interaction between Hsp70.14 and RING was ascertained considering the graphical 

shift, the retention times of the proteins and the complex (figure 5.15.B). 
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Figure 5.15: SE-HPLC chromatogram of the proteins. The elution profile of the proteins was resolved using 

SE-HPLC. (A) Represent the elution and retention of the proteins [BSA-65 kDa (blue line), CLIC-31 kDa 

(green line) and Hsp70.1 (yellow line)] which was used to estimate the size of Hsp70.14 based on their retention 

time using gel filtration standard. (B) Shows the possible interaction between the two proteins using SE-HPLC. 

Blue solid line-Hsp70.14, orange line-RING and green line-Hsp70.14-RING complex. Gel filtration standard 

was used to estimate their molecular mass based on their hydrodynamic volume. 
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CHAPTER SIX 

GENERAL DISCUSSION AND FUTURE RECOMMENDATIONS 

6.1 General discussion 

Cancer is a group of diseases characterized by abnormal cell growth and invasion resulting 

from mutated tumour suppressor genes or uncontrolled cell divisions. Despite improvement 

in cancer treatment modalities, cancer remains one of the leading causes of death worldwide, 

in both developed and developing countries (Ikwegbue et al., 2017). Cancer has a huge 

impact on society well-being across the globe. In United State alone, ~609,640 mortalities 

resulting from cancer were expected to occur in 2018, which are nearly 1,700 deaths every 

day. With lung cancer been the most prevalence sources of death, breast, prostate and 

colorectum cancers accounts for nearly 45 % of all the cancer mortalities (Torre et al., 2018). 

Though cancer statistics in Africa setting are poorly documented due to the lack of 

nationwide surveillance in Sub-Sahara Africa, studies have reported prostate cancer as the 

most common among men and boys and breast cancer among women and girls (Singh et al., 

2015). 

Over the years, the several unsuccessful attempts to completely eradicate cancer diseases 

from human life has led to variety of application therapies (such as immunotherapy, targeted 

therapy, antibody based therapy, chemotherapy, surgery) aimed at finding treatment and 

radical cure for these diseases (Padayachee et al., 2019). Although there has been a major 

improvements in the application of these therapies over a decade now (Siegel et al., 2017), 

yet, they are still faced with challenges of non-specificity and several side effects, resulting in 

the killing of normal cells by chemotherapeutic agents. This has led to continuous look out 

for alternative therapies aimed at finding alternative drugs or to improve the current available 

treatment modalities. In the same vain, many researchers have exploited the application of 
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heat shock proteins (Hsps) as a therapeutic intervention against cancer because of their ever-

presence in the pathology of different facets of cancer development. Studies have shown that 

tumour cells requires Hsp chaperonage activities for survival and proliferation than normal 

cells, owning to the fact that most oncoprotein in invading cells are often unfolded therefore 

require chaperonage protection of Hsps for survival (Chatterjee and Buns, 2017). Hsp70.14, 

alternatively known as HSP70L1, is a variant of Hsp70 that lacks c-terminal but contains 

substrate binding domain and ATPase domain. The involvement of this protein in cancer 

development has been well documented. According the work by Kappo and colleagues 

(2012) which postulated the putative interaction between this protein (Hsp70.14) and RING 

finger domain of RBBP6, this interaction suggests their function in the protein quality control 

system (Kappo et al., 2012). RING finger domain of RBBP6 is a cysteine rich domain that 

coordinate Zn+2 in a “cross braced” topology. Additionally, studies have implicated RING 

finger domain in the ubiquitination and proteolysis degradation of tumour suppressor protein, 

p53 (Pugh et al., 2006). These findings suggest its function in the events that lead to cancer 

progression and proliferation. 

In order to ascertain the interaction between these proteins, these proteins were recombinatly 

expressed in E. coli cells (BL21 and T7 cells), purified and characterized using Far-UV, CD 

spec, SE-HPLC. Prior to expression, several bioinformatics and computational tools were 

employed to analyze, predict, interpret and validate the physiochemical and structural 

characterization of the proteins. In the last decade, bioinformatics has been employed in the 

different areas of drug design and discovery to predict the structure of a protein or to get 

useful information about proteins or ligands or protein-protein interaction prior to wet-lab 

experiment (Gill et al., 2016). As presented in chapter five [figure 5.1 (A)], the 3-D structural 

analysis of Hsp70.14 revealed 4 β-sheets, 3 α-helices, and many random coils joining them 
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together; whereas figure [5.1 (B)] depicts 3-D models viewed with Pymol, which revealed 2 

β-sheets and 2 α-helices, joined by random coils.  

Homology modelling revealed about 90 % residues of Hsp70.14 and 81 % residues RING are 

found in most favored region. Furthermore, Ramachandran plot analysis in RAMPAGE 

which employs PROCHECK was used to validate the overall stereeochemical parameters and 

quality of models built, which showed that overall structures are of good quality and stable 

(figure 5.2 A and B).  Following the homology modelling, molecular docking was carried out 

using PatchDock which based on principle of size and shape complementarity (Schneidman-

Duhovny et al., 2005). The result (figure 5.3) revealed the interaction and binding behaviour 

of Hsp70.14 with RING finger domain, which when visualized with PyMol, gives 

information on the residues (GLU-21, ARG-34, ILE-56, ILE-67 and LEU-52) that are 

involved in the binding. PatchDock result also gave useful information on binding affinity 

(Kd)-16038, area of the binding/interaction (2603.70) and contact atomic energy (-125.15). 

Overall PatchDock studies revealed there is strong binding between the proteins judging by 

high binding affinity score (16038) of the interaction. 

Recombinant protein expression and purification are essential and prerequisite for many 

structural, functional, characterization and interaction studies use in different facets of drug 

discovery and vaccine interventions for several diseases including cancer (Kosano et al., 

1998). Recombinant 6xHis-Hsp70.14 and GST-RING were successfully expressed (BL21 

and T7 cells) and purified using Nikel NTA column (recharged with 0.1 M cobalt) and GST 

agarose column (agarose beads) respectively as shown (figure 5.4&5.5). The SDS-PAGE 

analysis of the recombinant proteins revealed ~37 kDa for GST-RING and ~17 kDa for 

6xHis-Hsp70.14. 
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Prior to characterization and interaction studies, GST tag was cleaved off the RING finger 

domain to get a pure soluble RING protein for characterization and interaction studies as 

shown in figure 5.9.  Different cleavage trials and at different concentration of PreScission 

protease were carried out in the presence and absence metal chelating agent (EDTA). The 

results revealed that in the absence of EDTA, the activity of 3C protease is slower compared 

to the presence of EDTA which chelate Zn+2 present in the RING finger elution buffer (fig 

5.9.A).  SDS-PAGE analysis revealed GST tag was completely cleaved off after overnight 

incubation with the protease. These results indicated that purified proteins were suitable for 

characterization and interaction studies. 

Assessment and characterization of the purified proteins are essential step for application in 

this and further studies. For these reasons, UV spec, far-UV, SE-PLC, CD spec, among others 

was employed for the characterization of these proteins as well as obtaining their ANS 

binding affinities. A typical UV protein spectrum (figure 5.11.A) showed a peak at 280 nm 

which is wavelength where most proteins with exposed aromatic rings (tryptophan, tyrosine 

or phenylalanine) residues absorb light. The number of peak observed at 340 nm indicates the 

absence of protein aggregates and contamination by nucleic acid molecules. Serial dilutions 

(Figure 5.11 B&C) used to determine the concentration of proteins, with Hsp70.14 (3.4 mM) 

and RING 3.7 mM, respectively. Furthermore, SE-HPLC was used to determine the 

quaternary structure and molecular weight of Hsp70.14 using known molecular size BSA (65 

kDa) and CLIC 31 kDa as gel filtration standard. According result (fig 5.15A), the molecular 

size of Hsp70.14 was estimated to be 9 kDa whereas the expression and purification for SDS-

PAGE analysis showed 17 kDa. This could be due to gel filtration standard used (BSA). BSA 

is globular protein with ability to dimerize with other proteins (Sun et al., 1985). 

Nevertheless, the fact the proteins were eluted according to their molecular weight (from 
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biggest to smallest) is evidence of successful size exclusion experiment and quaternary 

determination of Hsp70.14. 

Secondary structures of the proteins were determined using CD spectrometer. The CD spectra 

of the proteins depicted in (figure 5.12A&B) revealed a predominantly α-helices for both 

proteins in contrast with bioinformatics homology modelling which predicted predominately 

β-sheets for Hsp70.14 and evenly balance (2α-helices and 2β-sheets) for RING (figure 

5.1A&B). Secondary structure analysis revealed the polypeptide backbone of the proteins, 

however, there is no observable difference between the native and denatured RING samples, 

and this could spell no interaction between the protein and denaturing agent unlike Hsp70.14 

which shows distinctive interaction with urea.  

Intrinsic fluorescence spectroscopy was employed to characterize the tertiary structures of the 

proteins in the presence and absence of denaturing agent (urea) in relation with their local 

environment. RING has total of 3 Phe, 2 Tyr and 0 Trp 2 residues; whereas Hsp70.14 has 

total of 8 Phe, 0 Trp and 3 Tyr residues. It is observable that almost all the Trp residues in 

RING is buried in the hydrophobic core whereas few of Hsp70.14 Trp are exposed to 

hydrophilic environment. This is evidenced in figure 5.13A where absorption of light 

intensity increased in the presence of denaturing agent represented with dotted red and pink 

line, and this indicates that the proteins are in their 3-D structure (properly folded). The 

inability for RING to absorb more light owes to its less composition of aromatic amino acids. 

The ability of native Hsp70.14 to absorb light at 295 is further evidence of its abundance 

composition of aromatic amino acids and also the presence of some aromatic amino acids in 

hydrophilic environment. 
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Furthermore, the ANS fluorescence characteristics hydrophobic probe is very valuable in 

assessing conformational changes in protein structures as well as in the determination of 

hydrophobic binding pockets. Hsp70.14 shows interaction with ANS as a result of an 

increase in the quantum yield (green line) between 420-620 nm wavelengths compared RING 

(black line) which shows little ANS binding capability (5.14A). This is an indication of 

hydrophobic patches found in Hsp70.14 where ANS can bind. Interestingly, Hsp70.14-RING 

complex (dotted red line) shows an increase in quantum yield compared to RING alone and 

decrease compared to Hsp70.14. The shift in quantum yield in this complex could signal 

interaction between the two proteins and ANS. It could also be possible that Hsp70.14 bound 

to RING, and that decreases its ability to bind ANS hence maxima emission spectra reduces. 

Nevertheless, it is not surprising that there was no observable increase in quantum yield of 

denatured sample of the proteins and complex, as well as their interaction with ANS.  This is 

clear evidence in (figure 5.14B), owning to the fact that proteins have been denatured with 8 

M urea therefore could not interact properly (weak interaction) with themselves or with ANS 

in an unfolded form. 

In support of ANS binding studies which showed a shift in the maxima emission quantum 

yield or increase in the fluorescence intensity as result of binding, and PatchDock molecular 

docking which predicted a strong binding between Hsp70.14 and RING finger domain. SE-

HPLC which separates proteins based on their size and hydrodynamic volume was used to 

assess the possible binding between the proteins taking into consideration their retention time 

at 280 nm wavelength. Following the SE-HPLC analysis RING (smaller in size) was eluted 

first around 17 mins, whereas Hsp70.14 was eluted one minute later (18 mins) depicted in 

figure 5.15B. Ideally, the bigger proteins are supposed to be eluted first from the column but 

sometimes proteins behave differently on SE-HPLC column because of their hydrodynamic 
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volume which increases their retention time. Thus, RING may have bigger hydrodynamic 

volume than substrate binding domain of Hsp70.14. Also, for the fact that molecular weight 

of Hsp70.14 obtained from SE-HPLC (figure 5.15A) is 9 kDa, could explain its behaviour in 

size exclusion chromatography and why RING (11 kDa) was eluted first. Furthermore, the 

complex of Hsp70.14-RING showed different elution pattern (two peaks) in such a way that 

the peak of the complex was eluted first and as retention time decreased whereas the second 

peak corresponds to RING elution peak (figure 5.15B). The decrease in the elution profile of 

the complex (first peak) is further evidence suggesting the interaction between two proteins 

as well as formation of protein complex (Hsp70.14-RING). It is difficult to calculate the 

binding affinity and strength of interaction at this point, however, based on molecular 

docking result, ANS binding studies and SE-HPLC results, it can be postulated that there is 

interaction between the proteins. 

6.2 Recommendation for future studies 

The finding in this study shows that the proteins can recombinatly expressed, purified, 

solublized and stablized. Additional, ANS binding study, SE-HPLC and molecular docking 

have shown interaction between the two proteins. The future work will be to ascertain 

binding affinity (KD) and stoichiometry of the binding using MST or NMR, as well as solve 

the structure of the complex using X-ray crystallography, in order to test their therapeutic 

applications in cancer drug. 
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